
 1 

1949 

 

 

 

 

 

 

 

 

 

SUSTAINABILITY ASSESSMENT OF USING GREEN 

CONCRETE MATERIALS FOR RESIDENTIAL BUILDINGS IN 

EGYPT 

 

Thesis for the Degree of Doctor of Philosophy (PhD) 

 By  

 

Heba Alsayed Marey Madi  

 

Supervisors:  

 

Professor György Szabó 

Professor Gábor Kozma 

 

UNIVERSITY OF DEBRECEN 

 

DOCTORAL COUNCIL OF NATURAL SCIENCES AND INFORMATION 

TECHNOLOGY 

DOCTORAL SCHOOL OF EARTH SCIENCES 

 



 2 

DEBRECEN, 2024 

 

Hereby I declare that I prepared this thesis for the Doctoral Council of Natural 

Sciences and Information Technology, Doctoral School of Earth Sciences, 

University of Debrecen in order to obtain a PhD Degree in Natural 

Sciences/Informatics at Debrecen University. 

The results published in the thesis are not reported in any other PhD theses. 

 

Debrecen, 10 th December 2024  

 Heba Alsayed Marey Madi  

signature of the candidate 

 

 

Hereby I confirm that Heba Alsayed Marey Madi, candidate conducted his/her 

studies with my supervision within the Landscape Protection and Climate 

Doctoral Program of the Doctoral School of Earth Sciences between 2019 and 

2024.The independent studies and research work of the candidate significantly 

contributed to the results published in the thesis. 

I also declare that the results published in the thesis are not reported in any 

other theses. 

I support the acceptance of the thesis. 

Debrecen, 10th December 2024    

Prof. György Szabó 

 signature of the supervisor 

 

 

 

 

Hereby I confirm that Heba Alsayed Marey Madi  candidate conducted his/her 

studies with my supervision within the Landscape Protection and Climate 

Doctoral Program of the Doctoral School of Earth Sciences between 2019 and 

2024.The independent studies and research work of the candidate significantly 

contributed to the results published in the thesis. 

I also declare that the results published in the thesis are not reported in any 

other theses. 

I support the acceptance of the thesis. 

Debrecen, 10th December 2024  

Prof. Gábor Kozma 

 signature of the supervisor 



 3 

 

 

Sustainability Assessment of Using Green Concrete Materials for 

Residential Buildings in Egypt. 

Dissertation submitted in partial fulfillment of the requirements for the 

doctoral (Ph.D.) degree in  

Earth Sciences 

 

Written by: Heba Alsayed Marey Madi, certified Master in (MFA) 

  

 

Prepared in the framework of the doctoral school of the University of 

Debrecen 

 

Landscape Protection and Climate Programme  

 

Dissertation advisors: Prof. Dr.  György Szabó   

                                                            Prof. Dr. Gábor Kozma 

 

The official opponents of the dissertation: 

 

                                     Dr. …………………………                    ………… 

 

 Dr. …………………………                    …………                                        

   

The evaluation committee: 

 chairperson: Dr.  ..................................................   ...................  

 members: Dr.  ..................................................   ...................  

  Dr.  ..................................................   ...................  

  Dr.  ..................................................   

 

The date of the dissertation defence: ……………… 20…  

 

 

 

 



 4 

 

ACKNOWLEDGEMENTS 

I would like to express my profound gratitude and high appreciation to the 

supervisors, Prof. Szabó György and Prof. Kozma Gábor. Their continuous 

support and encouragement in research, PhD dissertation, and my doctoral 

journey. 

I wish to extend my heartfelt thanks to my dear husband for his strong support 

and cheerleading throughout my doctoral journey; he has been a constant 

source of my strength. He always encouraged me and stood by me step by 

step. Also, I am grateful to my sons for their eternal love, care, and support 

during my difficult times in the doctoral journey. 

Additionally, I extend my heartfelt gratitude to my colleagues and scholars at 

the Doctoral School of Earth Science of the Faculty of Sciences and 

Technology, University of Debrecen, for their efforts and valuable knowledge 

sharing, which have increased and improved my teaching and academic skills 

during my doctoral journey.   

 

  

 

 

 

 

 



 5 

LIST OF PUBLICATIONS 

1.  Marey, H.,Kozma, G,. Szabó, G.:Green concrete materials selection 

for achieving circular economy in residential buildings using system 

dynamics. ,Elsevier, Cleaner Materials 11,2024  IF 8.5 

2. Marey, H.,Kozma, G,. Szabó, G.: Assessing the using green concrete 

materials for residential buildings for achieving the Sustainable Development 

Goals (SDGs).2024 (Submitted). 

3. Marey, H.,Kozma, G,. Szabó, G.:Effects of Using Green Concrete 

Materials on the CO2 Emissions of the Residential Building Sector in Egypt, 

Sustainability, 2022, 14, 3592, 2022 IF 4.2 

4. Marey, H.,Kozma, G,. Szabó, G.:The Role of Using Natural-Based 

Solutions in Residential Building Materials for Achieving Sustainable 

Development Goals ,EGU, General Assembly Conference, 2024 EGU24.  

5. Marey, H.,Kozma, G,. Szabó, G.:Towards Circular Economy by 

Using Green Concrete in the Egyptian Building Sector, EGU General 

Assembly Conference, 2023 EGU-4293. 

6. Marey, H.,Kozma, G,. Szabó, G.:Using the Nature-Based Solutions 

for Applying Circular Economy for the Construction Materials Sector in 

Egypt.   EGU General Assembly Conference, 2022 EGU22-7997. 

7. Marey, H.,Kozma, G,. Szabó, G.: Developing a framework for 

sustainable building materials criteria in Egypt. n: XXV. Tavaszi Szél 

Konferencia 2022 : Absztraktkötet. Szerk.: Molnár Dániel, Molnár Dóra, 

Doktoranduszok Országos Szövetsége, Budapest, 214, 2022. ISBN: 

9786158205481  In: XXV. Tavaszi Szél Konferencia 2022 : Absztraktkötet. 

Szerk.: Molnár Dániel, Molnár Dóra, Doktoranduszok Országos Szövetsége, 
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1. INTRODUCTION  

1.1. Research Background  

 

Rapid population growth is associated with a high construction activity 

rate that increases the number of residential buildings worldwide. The United 

Nations Habitat (UNH) reported that about 40% of the world's population is 

expected to live in residential buildings by 2030 [1]. In 2022, the new housing 

number reached 96,000 units per day globally to meet the demand for the 

nation's urbanization. Consequently, this resulted in an exponential increase 

in construction activities, particularly in the residential sector [85],[2],[3]. The 

construction industry is strongly responsible for achieving sustainability in 

three bottom pillars: economic, social, and environmental [4],[3]. At the same 

time, the sector is a significant contributor to economic growth, such as 

participating (5–10) % of employment rate and creating (5–15) % GDP 

(UNEP, 2018). On the contrary, building sector construction is a primary 

consumer of non-renewable energy and natural resources. Furthermore, it 

causes approximately 40% of energy consumed, 12% and 16% of water and 

freshwater use, and about 30% of greenhouse gas emissions worldwide, as 

well as solid waste generation [1],[2],[5],[6]. 

Countries rely heavily on concrete to support their urbanization needs 

for socio-economic growth, particularly in countries experiencing rapid 

population growth and fast urbanization [3]. Therefore, concrete and cement 

are the most common and widely used man-made materials and have become 

the second-fastest growing industry worldwide [7]. From an environmental 

perspective, the negative impact of using conventional concrete materials 

(CCM) will lead to natural resource depletion and release vast amounts of 

negative environmental impacts that are expected to continue for the next 

decades [8]. Conversely, concrete is considered an essential building material 

with several advantages, such as strength, durability, workability, and cost, 

and the most concrete type used is Portland cement concrete (PCC), which has 

a high production rate, reaching about six billion tons globally [7],[9]. 

Demand for concrete has increased due to its versatility in many structural 

applications, resulting in significant growth in the cement industry, 

particularly in producing Ordinary Portland Cement (OPC). Consequently, 

this growth has harmful effects, resulting in high energy loads and CO2 

emissions [10],[11]. The production of OPC demands a substantial amount of 

energy as the materials, such as calcareous and argillaceous substances, must 
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be melted at high temperatures of up to 1700◦C. Furthermore, the chemical 

reaction that decomposes limestone (CaCO3) into (CaO + CO2) significantly 

contributes to a large carbon footprint. For each 1 ton of cement produced, 

approximately 0.9 tons of carbon footprint is generated, leading to an 

estimated global carbon footprint of 21.6 billion tons [12],[13]. According to 

the (World Energy Outlook 2016), cement production has about 8% of the 

total anthrophonic carbon footprint (The International Energy Agency) 

[8],[9],[14]. According to the global carbon budget 2023, the data of the CO2, 

on territorial emissions in millions of tons in 2022, as well as the world cement 

production from 2015 to 2022 per billion metric tons, are shown in Figure 1, 

which reached 4.1 by the year 2022.  

a) 

 
b) 

 

Figure 1. a) The cement production globally in billion tons, and b) the global 

annual CO₂ from the cement industry, which is measured in millions of tons  

[15],[16], Global Carbon Budget (2023). 
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Nowadays, increasing the priority for using sustainable construction 

materials with low environmental impacts and cost-effectiveness is highly 

recommended. At the same time, the continuous consumption of natural 

resources may prevent sustainability in the future [15]. Therefore, using GCM 

for future residential building projects to meet the needs of the nation's 

urbanization while reducing the construction industry’s environmental 

burdens became crucial [17]. Whereas GCMs refer to concrete that contains 

recycled materials or has a low environmental impact in its production 

process. GCMs are essential for reducing the negative environmental impact 

and play a vital role in the building's life cycle. It can incorporate innovative 

technology and eco-friendly materials [18],[13],[19].  

 The GCM, in which the OPC is partially replaced with various 

supplementary cementitious materials (SCMs), like fly ash (FA), ground 

granulated blast furnace slag (GGBS), and silica fume, can reduce the 

environmental impact. For example, integrating the two types can reduce CO2 

emissions by 60%, incorporating 70% of FA and GGBS. Similarly, alkali-

activated concretes reduce the GHG by approximately 70–75% [52]. While 

high-performance concrete can enhance durability and strength when 

compared to OPC concrete [20],[21]. Therefore, reusing recycled industrial 

wastes as a substitution for cementitious materials is considered an effective 

tool for cement reduction. This can help with environmental protection, such 

as energy savings, raw materials conservation, eliminating CO2 emissions, and 

reducing waste generation even from industry or municipality waste, like 

construction and demolition waste (CDW) from construction activities 

[22],[23],[11].  

Recently, the using of GCM in the residential sector has shown 

promising solutions as an alternative green material of CCM, and by using 

effective designs and techniques from the early project stages, which can 

achieve environmentally friendly and sustainable construction solutions 

[8],[24],[4],[25]. Furthermore, selecting the right GCM suitable for residential 

buildings is crucial for achieving several sustainability strategies, such as the 

circular economy (CE) and realizing the sustainable development goals 

(SDGs) [26]. For instance, using GCM is vital in eliminating waste generation 

based on reducing, recycling, and reusing strategies (WGBC, 2016). Most of 

the previous GCM research efforts mainly focused on GCMs’ strength and 

durability. Still, the influences of sustainability dimensions for using GCM in 

the Egyptian residential building sector need more investigation [25],[27]. 
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Meanwhile, the residential buildings sector plays a tremendous role in 

achieving sustainability, essential for ensuring the urban quality of life for 

people worldwide. Consequently, the sector can reduce natural resource 

consumption and energy use, which will lead to a decrease in emissions by 

50% to reach the Paris Agreement climate goals in 2030 [1],[2],[4],[28]. 

Furthermore, it enables stakeholders to meet the development needs without 

realizing the environmental load throughout the building lifecycle [29],[30].  

The lack of environmentally conscious buildings in the construction 

industry regarding the role of GCM resulted in a variance in stakeholders’ 

understanding of the GCM concept. This raises questions about whether 

implementing GCM can achieve sustainability and what opportunities and 

obstacles exist when utilizing materials in the residential sector. Furthermore, 

sustainable construction materials procurement should be considered to meet 

the needs of present construction activities without compromising the future 

scarcity of natural resources and decreasing the negative impacts of residential 

building projects. Therefore, this dissertation investigates the role of using 

GCM to realize sustainability and seeks insight into the drivers and challenges 

of selecting and using GCM by developing a sustainability framework based 

on evidence-based solutions and eco-friendly methods for the Egyptian 

residential sector to bridge the gap between industrial and academic realms.   

 

 1.2 Objectives  

 

This dissertation aims to assess the sustainability performance of using GCM 

and investigate the effects of using and selecting the GCM on natural resource 

consumption, CO2 emissions, waste generation, and cost-effectiveness, based 

on CE core principles, SDGs, and three sustainability pillars in the design and 

construction phases of residential building projects in Egypt, in this regard the 

following steps will be considered: 

 First, the GCM sustainability indicators (GCM-SI) will be identified by 

proposing a conceptual framework based on the primary data collected 

from the real and existing Egyptian residential building case studies. 

Additionally, secondary data was collected through the literature 

review, concrete codes and standards, green rating systems, and 

Egyptian residential building case study regulations 



 14 

 Second, the effects of using GCM in the context of resource efficiency will 

be investigated based on concrete scenarios from the building case study I 

in the early design stage. 

 Third, quantify and identify the parameters that influence the use of GCM 

to achieve CE by investigating the circularity transition for several GCM 

scenarios during the construction phase of a residential project based on 

case study II. 

 Fourth, the simulation model will be created to select GCM’ circularity 

performance for future use in residential projects. 

 Fifth, developing a GCM sustainability framework (GCM-SF), integrating 

sustainability pillars and SDGs as a governing context for evaluating and 

enhancing the use of GCM in the RB sector. Finally, the contribution of 

using GCM and its opportunities and challenges to realizing sustainability 

will be evaluated.  

 

1.3 Research Questions 

 

To achieve that, the research attempts to answer the following: 

1. What are the sustainability indicators for using GCM in the Egyptian 

residential building sector? 

2. What are the effects of using GCM instead of CCM on cement 

consumption, natural aggregate, and CO2 emissions in the design phase of 

residential projects? 

3. How can several hypothetical concrete scenarios enhance the selection of 

GCMs during the construction phase? 

a) How can system dynamic modeling (SDM) improve the selection of GCM 

to achieve a circular economy (CE)?  

b) What are the sustainability criteria keys and indicators for using GCM in 

residential buildings?  

4. How can GCM realize sustainability in future residential buildings? 

a) What are GCM’s contributions to achieving SDGs?  

b) How can the GCM-SF participate in assessing sustainability in the 

design and construction phases? 
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1.4 Research Significance 

 

The current dissertation is considered the first attempt to develop an 

assessment framework for investigating GCM’s sustainability performance in 

Egyptian residential building projects in the design and construction phases. 

Furthermore, the novelty of using an eco-friendly approach based on the 

design-based solutions and system dynamic-based framework for developing 

the sustainable and SD simulation model presents the first sustainable GCM 

model for residential buildings, which promotes flexibility for comparing and 

using different GCM types and strategies. Investigating real case studies 

provides strong evidence and opportunities for future implementation. 

Additionally, the GCM-SF provides a call of action for environmental 

scientists, regional developers, researchers, and construction industry 

stakeholders, such as (engineers, architects, material manufacturers), and 

policymakers, to utilize the materials in future residential projects.  

Meanwhile, developing a holistic sustainability approach based on the 

integration of the global common sustainability perspectives, such as CE, 

three pillars, and SDGs, promotes a wide investigation of the obstacles facing 

GCM’s sustainability analysis. Furthermore, the importance of flexibility in 

promoting international-level implementation after modifying the local code, 

standards, and building regulations will open the door for more future 

investigations and research efforts. This will improve the use of the GCM in 

future residential projects by the following: 

 Provide a sustainability indicators framework that assesses and analyses 

the use of the GCM for residential buildings. 

 Integrating the global sustainable strategies, such as (CE, SDGs, and 

Pillars) and explaining the GCM contributions for applying sustainability. 

 Investigating the inner variables and the complex system interrelations of 

GCMs selection in the design and construction phases.  

 Promote sustainability assessment framework by integrating the indicators 

framework and case studies to analyze and evaluate sustainability 

performance based on quantification and qualification considerations.  

 Increase sustainability practices by using GCMs for the residential building 

sector at local and international levels. 

 Enhance future research by opening the door for more investigation for 

other building typologies with different and various GCM types and 

strategies. 
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2 LITERATURE REVIEW 

2.1 The Construction and Residential Buildings Industries 

 

The rapid population growth and urbanization resulted in an increasing 

number of new residential buildings and a high rate of construction materials 

consumption worldwide [1]. Natural resources such as water and aggregate 

used in cement and concrete production are considered the most essential and 

common construction materials used in the building sector. Consequently, the 

continuous consumption of natural resources causes a supply shortage and 

prevents sustainability in the future [15]. On the one hand, the United Nations 

Habits estimates that three billion people of the world's population expect to 

live in housing by 2030, which resulted in an increase in residential building 

numbers by 96.000 units per day globally [1]. This increases the average house 

floor area, massive materials, energy consumption, CO2 emissions, and waste 

generation. Meanwhile, the construction of new buildings caused more than 

50% of embodied carbon emissions by using six construction materials only, 

for example, concrete and steel, which were responsible for approximately 

70% of these emissions [23],[31]. Since the building industry was caused by 

(38% and 14 GT) of energy-related greenhouse gas (GHG) emissions, it 

additionally consumed 16% of freshwater [32].  

Despite all the previous global decarbonization, the construction 

industry can reduce emissions by approximately 50% by 2030, still 

considering the sector one of the three critical sectors that can achieve 

circularity and realize sustainability [28].  

 

2.1.1. Global Perspective for Using Sustainable Construction Materials  

 

In Europe, the construction industry is the largest employer, reaching 

about 20 million jobs in 2019, according to (The Concrete Initiative, 2019). 

Therefore, applying sustainable construction materials in European countries 

influences the final energy consumption and GHG emissions and reduces the 

extraction of raw materials by 42%, 35%, and 50%, respectively, by 2050. 

Additionally, the reduction of water consumption will be enhanced by 30% in 

the next few decades based on the roadmap for resource efficiency in Europe 

[33],[2],[34],[35],[36]. For instance, the investigation of the environmental 

impact and the addressing of sustainable new building strategies have been 

applied in several European countries.  
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In Sweden, new and innovative sustainable building codes are 

considered to improve the building lifecycle in terms of emissions and energy. 

Implementing environmental certifications to regulate and revise the CO2 

levels during the construction process of residential buildings.  

Meanwhile, Switzerland applied a CO2 emissions cap for the new and 

existing buildings and supported sustainable building systems, which are 

concerned with using sustainable materials and building insulation systems to 

reduce fossil fuel consumption [37],[38]. 

 In Germany, the government established new measures for emissions 

reduction and parameters to meet the UN Agenda 2030 goals and targets. 

Increasing energy efficiency efforts for most densely residential building 

areas, by applying additional measures, such as tax relief for resources and 

energy-efficient renovation of old buildings [36],[37] 

In the same regard, Canada applied the Green Building Code, which 

seeks to achieve high-performance, sustainable buildings with innovative 

technologies and sustainable construction practices, as a net-zero-energy-

building code to reduce emissions and achieve a CE that can enhance climate 

resilience and recommends adopting by 2030 in most provinces and territories  

[34].  

In the same point of view in Japan, applying the net-zero for residential 

buildings, in accordance with reaching zero energy consumption by the end of 

the current century. Especially for new residential projects, considering the 

building lifecycle from the production of the construction materials until 

renovation, dismantling, reuse, demolition, and disposal to landfill. 

In the same regard 2018, in Latin America and Africa, the buildings & 

construction industry's final energy and CO2 emissions accounted for 

approximately (24% of 21%), and (61% and 32%), respectively. Meanwhile, 

China, & India accounted for the regional energy and CO2 emissions, about 

27% of 24% respectively, and all the previous without accounting for the 

building materials manufacturing [2],[36],[39]. Approximately 450 km2 of 

residential floor space in China was added to the market due to extensive urban 

development and excessive expansion by 2018 [40]. Therefore, raw 

construction materials are consumed severely, resulting in illegal sand mining 

to cover the high demands nationwide [41]. Furthermore, the massive 

extraction rate threatens the richness of biodiversity; for instance, the world's 

largest sand mining operation in Poyang Lake, in China, reached 

approximately 236 million m3 of sand between 2005 and 2006 [42]. 
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In the same context, in Vietnam, the domestic demand for natural 

aggregate as a construction material, such as sand and gravel, has exceeded 

the country’s limit, affecting the biodiversity and ecosystems of the country's 

rivers, lakes, and ocean Furthermore, the high demand for fine aggregate has 

led to massive illegal sand mining in the industry. India's southwestern coast 

also has massive and indiscriminate sand mining, damaging floodplain areas 

and river basins [43].  

 

2.1.2.  The Egyptian Residential Building Sector 

 

Egypt, one of the Middle East North Africa (MENA) region countries, 

is concerned with an urbanization strategy to improve natural resources and 

energy consumption and apply sustainability. The Egyptian construction 

sector is considered one of the crucial sectors for national economic growth 

and has several relationships with other sectors, future plans, and social and 

economic activities [44]. Nowadays, the sustainable practices inside the sector 

have witnessed interest from the stakeholders and construction experts due to 

the increasing consumption rate of construction materials in residential 

building projects. Meanwhile, residential buildings are the most common 

proportion of the total building stock, which accounts for approximately 

83.2% of the different building typologies. This has reached about 13.5 

million units in 16.2 million buildings [45]. 

Therefore, the sector is one of the highest energy and building materials 

consumers. Based on the 2020/2021 Electricity Holding Company report, the 

residential sector’s electricity consumption accounted for 40.5%, compared 

with commercial buildings, which recorded 13%. Furthermore, concrete 

materials consumption will increase, resulting in increasing energy 

consumption, CO2 emissions, natural aggregate, and waste generation 

streams, and it is expected to increase in the near future [46]. 

Meanwhile, the residential sector plays an important role in the national 

strategy for economic growth, which is considered one of the dynamic sectors 

and has gained tremendous attention from the private and public sectors. For 

example, the percentage of housing units implemented by the private sector 

reached 92.6% in 2021/2022, respectively, based on the Central Agency for 

Public Mobilization and Statistics [47]. However, the GDP growth contributed 

to an increase from 6.3% to 6.8% for the years (2018–2019) & (2020–2021), 

respectively, for the construction sector [44]. Accordingly, the Egyptian 
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government's economic reform strategy, established in 2016, paid more 

attention to the construction sector to meet market needs for new residential 

buildings as a solution for facing the challenges of population growth, 

improving the urban quality of life, additionally achieving sustainable 

development, and Egypt Vision 2030 (HBRC Arabic, 2023),[48]. 

Consequently, the country's investment in the sector reached approximately 

865 billion (LE) Egyptian pounds between 2016 and 2022, approximately 173 

billion LE, as shown in Figure 2.    

 

 

 

 

 

 

Figure 2. The sector investment from 2016 to 2022 [47]. 

However, the government reform strategy is concerned with increasing 

the urbanization rate across the country and integrating development 

initiatives. The new residential building rules, regulations, and codes are 

concerned with using sustainable materials and applying energy standards. 

Still, the lack of awareness of sustainable practices that led to using 

conventional materials highlighted the necessity for new legislation supported 

by empirical studies [38]. For instance, many raw materials are available in 

Egypt; still, the sector will severely consume concrete and cement materials 

through increasing national projects and establishing new cities nationwide. 

Therefore, more investigation is needed to assess the sustainability of using 

the GCM for the design and construction phases of Egyptian residential 

buildings to facilitate the transition to sustainable construction and achieve the 

sustainability dimensions.   
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2.2. Concrete and Green Concrete 

 

2.2.1.  Conventional Concrete 

 

CCM is considered the most widely man-made construction material 

used; due to its availability and severe consumption, it is the most polluting 

construction material globally [49],[50],[15]. The PCC is the common 

concrete type used in residential buildings due to its ability and flexibility for 

site preparation, curing processes, and different characteristics and 

ingredients. Concrete comprises four main ingredients: water, Portland 

cement, aggregates, and air. It consists of two parts: aggregates and paste.  

Aggregates are fine and coarse, accounting for 60 to 80 percent of the concrete 

component. The paste comprises cement water and entrained air, usually 

accounting for 20% to 40% of the overall composite amount [51].  

The global demand for construction materials exceeded 26.8 billion 

tons/year and is expected to continue increasing in the future [52]. For 

instance, in 2006, concrete production reached approximately 7.5 billion cubic 

meters per year, about one cubic meter per person globally. In 2020, the CCM 

volume reached 14.0 billion m³ globally, and the residential market 

contributed about 40% of total concrete consumption. Furthermore, the global 

cement and concrete market value reached about $440 billion. Notably, by 

2050, the world population is expected to reach 9.8 billion, and approximately 

68% will live in cities [50],[53],[54]. Consequently, this will increase CO2 

emissions, dust, particulate matter, water pollution, primary energy use, and 

the depletion of non-renewable resources [51],[55],[56],[57]. 

 

2.2.2.  Cement.  

 

Cement is a concrete composite binder, accounting for 10-15% of the 

PCC volume. Global cement production reached 4.1 billion tons by 2022 and, 

due to increased demand, is expected to increase in the next decades 

worldwide [15],[50],[58]. In this regard, the annual CO2 emissions in Egypt 

due to cement production reached 20.6 million tons in 2022. Thus, cement 

production is expected to increase by 40% by 2050 if there is no action taken 

for reduction measures. The contribution is about 7% of anthropogenic GHG 

emissions and approximately 8% of global CO2 [14],[53]. One ton of cement 

causes 0.9 tons of carbon footprint in the atmosphere [59],[60],[61].  
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OPC is considered the third producer of CO2 after fossil fuel 

consumption and land-use change based on energy consumption and cement 

production [12],[62],[63]. Global production has reached more than 4-fold 

since 1990, and 73% of global cement production is consumed in China 

[64],[65],[66]. The first step in cement production is the production of clinker, 

which involves heating carbonate limestone and CaCO3 to produce oxides 

lime and CaO and release CO2. Unfortunately, this process requires a huge 

amount of energy and CO2. Additionally, a large amount of fossil fuels is used 

to generate significant heat to reach temperatures of over 1000°C, called 

"energy" emissions. This adds further to the problem, accounting for around 

60% of emissions [12],[62],[66],[65]. 

 Furthermore, it is responsible for over 70% of the construction 

industry's greenhouse gas emissions. Thus, the cement industry has grown 

rapidly due to the increasing demand for concrete materials worldwide 

[15],[35],[61]. Recommended that the industry reduce its direct emissions of 

greenhouse gases by at least 24% compared to current levels by 2050 to have 

a greater than 50% chance of keeping the global average temperature rise 

below 2°C. [67],[13]. Increasing the consumption of raw materials in concrete 

production, such as sand, water, and aggregates, is crucial for achieving 

sustainability in the construction industry.  

Since GCMs are considered one of the most effective solutions for 

addressing these challenges, for example, supplementary cementitious 

materials (SCMs) can be used to reduce the total cement consumption and 

decrease the CO2 emissions from the production process [49],[68]. This will 

be accrued with the collaboration between all decision-making parties, such 

as environmental scientists, developers, architects, engineers, concrete 

manufacturers, and the public and private construction sectors should be 

considered for further investigation [69],[70],[71],[5],[72],[73],[74],[75]. 

 

2.2.3 Green Concrete Material (GCM) 

 

Sustainable concrete is an important starting point that promotes 

opportunities for sustainable practices when considering its use and selection 

from the early stage. It can also enhance residential projects’ sustainability 

such as environmental, economic, and social aspects [24]. GCM is defined as 

concrete containing recycled materials in its components and/or having an 

environment-friendly manufacturing process while it’s maintaining high 
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performance by incorporating innovative technology and eco-friendly 

materials. Using these materials for residential building types is crucial for 

reducing the negative environmental impact and plays a significant role in a 

building's life cycle [76],[77],[78],[79],[13].  

GCM has received tremendous attention in recent decades due to its 

ability to play an essential role in reducing the negative environmental impact 

by substituting cement and NA with recyclable materials in the concrete 

mixture. This greatly contributes to achieving economic and environmental 

sustainability for construction activities [13],[80],[81],[82]. Notably, several 

scholars have suggested that optimizing the recycled materials used as 

alternative cementitious materials can improve the properties of GCM, such 

as strength, durability, workability, and fire resistance. Therefore, the 

substituting of concrete mixtures with different SCMs, like industrial and 

municipal wastes, can help in reducing the emissions of the CCMs component 

[83],[84],[85],[86],[71],[87].  

For example, the use of FA, including calcareous and siliceous (ground 

granulated blast furnace slag (GGBFS) and silica fume (SF), is considered a 

viable choice for realizing sustainability [88]. Additionally, the substitute of 

recycling materials based on municipal waste, such as CDW, can reduce the 

NA of the CCMs portion and produce eco-friendly materials [88[,[89],[90]. 

However, compressive strength is the most important parameter of GCMs. It 

depends on the ratio of the concrete component, cement type, source of 

aggregates, and their properties, which determine the concrete's behavior and 

function. Hence, the variety and availability of GCM types and strategies can 

reduce natural aggregate consumption, like RAC based on local recyclable 

materials can improve the final residential unit cost [91].  

 

2.2.3.1. Recycled Aggregate Concrete (RAC)  

 

Aggregates are considered the major component of concrete; 70% - 80% 

of OPC volume is sand and coarse aggregate, and the global demand for 

aggregates in the construction industry has been estimated at about 20 billion 

tons per annum [92],[93].  

Consequently, this indicates that massive consumption will lead to 

significant energy use, depletion of natural resources, and global ecological 

degradation. In the same context, the production of RAC is affected by RCA 

in terms of their collection, classification, recycling, and transportation, 
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whereas the manufacturing process of RAs faces difficulties due to the 

transportation process from the demolition sites, which affects the final cost 

of concrete material, thereby the total project cost [94].  Moreover, the 

recycling process includes different stages such as classification, screening, 

eliminating pollutants, and removal of other construction materials such as 

steel, ceramic, brick, and wood to transform the concrete debris into different 

fragment sizes to produce high-quality RCA.  

On the other side, rapid urbanization in Egypt resulted in generating a 

large number of CDWs from the demolition process and reconstruction of old 

residential buildings in many areas, which increased the opportunities for 

recycled materials availability and high-quality aggregate with different 

particle sizes for different durability ranges of GCM mix [26]. Therefore, 

using GCM can provide an eco-friendly solution, especially depending on 

reusing and utilizing the CDW, by using RCA production based on RAC that 

achieves environmental and economic benefits [87],[95],[96],[97].  

Several studies have highlighted the necessity for careful consideration 

and evaluation of these materials and their important role in enhancing the 

durability of concrete materials, particularly GCMs, which contain RCA 

[98],[97],[98],[99],[100],[101]. 

However, defining the RAC physical properties faces challenges due to 

the significant regional differences in the RCA, which are shared in concrete 

components. Therefore, the quality of NCA can be enhanced after properly 

treating and controlling the particle size distribution to maintain the final 

concrete quality and compressive strength, which is associated with achieving 

cost-effectiveness [102],[103]. Meanwhile, shown that GCMs containing less 

than 50% mixed RCA do not experience significant changes in compressive 

or flexural strength [104],[105],[106]. Furthermore, the study by Azevedo et 

al. [100] evaluated recycling CDW in mortar production, investigating the 

properties of four different mortar mixtures after partial and complete 

substitution of natural fine aggregate. The results showed that using CDW 

enhanced the compaction degree and increased the compressive strength of 

the mortar.  

In the same context, to meet the mortar's standards and requirements, 

replacing natural sand with CDW should not exceed 25% to avoid increasing 

water use, which is investigated by Colangelo et al. and Marvila et al. 

[99],[107]. In the same context, Al-Gahtani et al. [95] studied the 

sustainability benefits of using demolition and industrial waste as replacement 
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materials for aggregates and cement, respectively, to produce GCM. They 

used crushed demolition site waste, which contained concrete waste as fine 

and coarse aggregate. The study showed that using such demolition recycled 

materials as replacement materials did not significantly change their 

mechanical characteristics and enhanced the properties of GCM.  

Al-Mansour et al. [97] also discussed using RCA in concrete mixes to 

replace NCA. They found a reduction in environmental impact and the cost of 

NA, as well as controlling the particle size distribution and keeping the 

balance between resistance and concrete compressive strength; the proper 

treatment should be applied to enhance the concrete quality. Furthermore, the 

substitution ratio of 25% to 100% by RCA reduced the mechanical strengths 

by 5% and 25%, respectively, recommending that it be suitable using the 

material for general works and moderate conditions. In the same regard, Tam 

et al. [102] discussed using CDW as recycled aggregates for infrastructure 

development, highlighting that it depends on their specification and quality. 

They suggested using RAC in construction projects could offer environmental 

and economic benefits by reducing CO2 emissions and promoting civil 

engineering works, such as concrete pavements and roadways.  

Meanwhile, El-Hawary et al. [108] examined the quality of recycled 

concrete and recycled aggregates as a complete replacement for natural coarse 

aggregates (NCA). They found that the mechanical properties of the concrete 

products increased in strength to 35 MPa, with a fixed 0.48 water-to-cement 

ratio for all concrete mixes. They also observed that reducing the mechanical 

strengths by 5% or 25% had no significant differences, recommending that the 

materials can be used for general practice purposes and moderate conditions. 

However, various GCM strategies improved the properties of RCA. They 

modified it for use in high-grade applications by increasing the quality of RA 

with integration with SCMs, such as curing RCA by carbonation to enhance 

the concrete properties and reduce its negative environmental impact rat.  

Further investigation and development of the characteristics and 

applications of CDW in the residential building sector are needed 

[103],[109],[110],[111],[112]. Rahal K.[113] discussed the mechanical 

properties of RAC, which are made from old concrete structures demolished 

within the NAC, by comparing ten concrete mixes of RCA with different 

ranging strengths starting by 20 and reaching 50 MPa. The 28-day cube and 

cylinder, the compressive strength, and the indirect shear strength of RAC 

were an average of 90% of the NAC in the same mix proportions and played 
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a similar role.  Additionally, the RAC modulus of elasticity is low by 3% 

between 25 and 30 MPa compressive strengths, compared with NAC, and the 

strain at peak stress in RAC is like NA. 

  

2.2.3.2.   Supplementary Cementitious Materials (SCMs) 

 

 However, the OPC in the cementitious concrete component is 

associated with the major CO2 emissions concern; partially substituting 

cement with SCMs is considered an effective strategy for decreasing the 

cement production process's energy consumption and reducing waste 

generation and GHG emissions [114]. For example, 1-kilogram substitution 

by SCMs is estimated to reduce 1 kg CO2, such as FA, ground granulated blast 

furnace slag (GGBFS), silica fume, and rice hush ask (RHA) [115]. For 

example, GGBS is a by-product of pig iron production and is used in different 

ratios in cement replacement to reach 50% by mass of total cementitious 

content. Furthermore, it can improve concrete workability and reduce thermal 

cracking by improving the concrete chloride resistance [110]. In the same 

regard, the SF is considered a by-product of the (silicon and ferrosilicon) 

industries and is used for high-performance and high-strength concrete with 

difficult environmental conditions [109],[116].  

 

2.2.3.3. Fly Ash Concrete (FA) 

 

FA is the most widely used SCM that is substituted at varying levels for 

cement and is considered a famous by-product material of the burning coal to 

generate electricity at power stations [117],[118]. Since coal is considered the 

main source of electricity worldwide, the massive amount of coal consumption 

resulted in a large quantity of FA, defined as “by-product materials from coal-

based power stations resulting from coal combustion [118],[119]. Despite the 

increasing movement of replacing fossil fuels with renewable energy sources 

such as wind, solar, and biogas, increasing energy demand has caused a 

reliance on “coal-fired power plants” worldwide, which has increased FA uses 

in various fields [120].  

For example, using FA in concrete as a partial cement substitution 

started in the late 20th century, which can improve the compressive strength 

and durability of the concrete [83],[85].  
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Furthermore, FA can improve workability and pumpability and enhance 

concrete resistance.  

One of the advantages of FA has been researched to mitigate the waste 

disposal problem; additionally, reducing CO2 emissions and energy 

consumption is considered a clean production solution [121].  Consequently, 

the partial substitution of OPC with FA reduced waste disposal and cement 

consumption, increasing concrete performance and supporting CE principles 

[84],[122].  

On the one hand, using FA is considered a sustainable option because it 

closes the materials' loop by recycling waste materials and reusing them as 

new materials sources [123]. For instance, it can replace concrete ‘cement by 

20% to 60% in volumes of concrete materials, which is higher than the OPC 

in long-term strength, so it can be used in several structural engineering 

applications and is suitable for various applications [124]. Furthermore, it can 

improve natural resource consumption's concrete cost and efficiency at the 

local, regional, and global levels [88].  

 Therefore, using FA as a substitution material for concrete production 

has obstacles and challenges, such as slow pozzolanic reaction, dark gray 

color, varying its quality based on the source, increasing transportation costs, 

and unavailability in rural and suburban areas [123]. However, the slow 

pozzolanic reaction of the concrete containing a high FA proportion can 

increase compressive strength compared to the CCMs, which leads to high 

recommendations and is suitable for use in residential applications 

[125],[126]. Therefore, the selection of FA in this dissertation to investigate 

its role as a by-product waste material for producing GCM to achieve the 

following: (reducing waste generation, keeping resources in use for as long as 

possible, and maximizing their value). Which is considered a sustainable 

option and perfectly embodies the core sustainability performance and 

principles of GCMs. Furthermore, using these materials in residential 

applications, especially low-rise residential projects, allows opportunities for 

more experimental investigation of the partial substitution of FA concrete 

instead of CCMs [124]. 
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2.3 Sustainable Strategies and Green Concrete Materials   

 

2.3.1. Circular Economy Principles for Using Green Concrete Materials 

 

The CE concept was applied based on regenerative and restorative 

methods when natural resources are used long-term to maximize their benefits. 

Additionally, it supports economic growth and environmental conservation by 

promoting (recycling, reducing, and reusing) strategies for waste materials 

and enhancing their performance (Ellen MacArthur Foundation, 2012), [127], 

[128]. CE strategy offers numerous economic benefits and opportunities, 

complements reducing carbon emissions, and promotes decarbonization in the 

cement and concrete industries, leading to a more sustainable and prosperous 

future scenario (Ellen Macarthur Foundation, 2019) [50],[129],[130]. Using 

GCMs has influenced the construction and concrete industries by selecting the 

optimum sustainable scenario to meet the resource efficiency and energy use 

criteria. Thereby, it is necessary for several scenarios to investigate and define 

suitable alternative materials for circularity drivers through the characteristics 

of the material’s value and scarcity of natural resources [122]. Figure 3 shows 

the GCMs circularity principles for residential buildings, such as redesign for 

cement reduction, cost-effectiveness, reselecting the design for durability, 

replacing with alternative sustainable materials, remanufacturing or recycling 

the waste materials for producing new materials, reusing as a new source, and 

reducing the waste quantity for disposal to landfill during the building life 

cycle [131,[144],[134].  

 
 

Figure 3. Circular economy principles for green concrete materials (GCMs),  

[24],[135],[136].  
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Therefore, the transition to CE in the construction process of residential 

buildings needs modifications to recognize the causality relationship between 

economic and ecological systems in concrete and cement usage 

[23],[128],[130].  

Meanwhile, the CE seeks to apply resource extraction from waste 

materials [135],[137],[138],[139]. Therefore, operationalizing circularity in 

the construction process should be cross-disciplinary decision-making from 

the first project stage [134],[135]. Moreover, GCMs have excellent hardened 

properties, which lead to reduced maintenance and improved building 

lifespan, which is considered an indicator for achieving CE core principles by 

scoping innovation and developing new methods that can help improve the 

uses of recyclable materials instead of natural resources for the future 

residential projects [77],[78],[97],[142]. 

 

2.3.1.1.  Applied Circular Economy in the Early Construction Process 

Phase  

 

The challenges for applying CE in the construction process of residential 

buildings started from the first project stage, such as selecting the optimum 

concrete materials associated with improving the project quality, minimizing 

negative environmental impact, and reducing the total project cost [24],[136]. 

However, the construction process consists of five phases, starting with 

planning, design, pre-construction, procurement, construction, and followed 

by post-construction; therefore, starting from the initial phase, which consists 

of three steps (feasibility study – schematic design -contract documents), by 

managing the project challenges such as proper design, suitable materials 

procurement, and project management have an essential role in investigating 

and solving the obstacle of the complex issue [143],[144].  

Therefore, investigating the causal change cycles between 

socioeconomic and natural systems should be accounted for by applying more 

clarification of CE principles to enable the construction and environmental 

stakeholders to consider a long-term strategy for selecting concrete materials 

[130],[145]. Despite the difficulties and obstacles the construction 

stakeholders face transitioning from a linear economy (LE), such as the 

massive consumption of concrete materials and the absence of a resource 

efficiency strategy [143].  Using simulation models to select the most optimal 
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materials that can be applied to CE promotes a new opportunity to address the 

challenges and interventions in the construction industry [134],[146].  

Additionally, increasing the cooperation between the project team for 

materials and information needed leads to appropriate decisions and selection 

between different concrete types [147]. To facilitate cross-disciplinary and 

informed decision-making, adopting the GCMs selection perspective and 

predicting future scenarios should be investigated to fundamentally 

operationalize CE [128],[145],[144].  

Therefore, the growing interest in simulation tools facilitates and 

clarifies the inner relations between the GCMs’ parameters and investigates 

the positive and negative relations that can affect one parameter to another. 

 

2.4  System Dynamics for Circular Economy Transition 

 

 SD has allowed the development of complex system models in recent 

decades. Several scholars proved that SD could be a vital tool for facilitating 

and identifying the CE complexity process by promoting models that can 

analyze complicated variables through simulation software. This would 

facilitate the investigation of the inner and interconnection variables and their 

feedback inside the complicated system [148].  

SD was developed by Jay.W. Forrester in 1950 and was considered a 

simulation modeling technique that can represent the complex structure for 

the systems feedback loops of the materials and information based on stocks, 

fluxes, and auxiliary variables [149]. It helps manage the complexity in 

different fields by encouraging closed-loop thinking and comprehending the 

causal structures underlying behavior [149].  

Using SD to investigate the selection of GCM promotes proactive 

system experimentation and gives more insights into policy and decision 

outcomes. For instance, (SD-based simulations) can be used for investigating 

the trends of CO2 emission and predicting energy consumption in the urban 

context [150],[151],[152]. Furthermore, it can be used for regional planning, 

natural resources management, and environmental protection, enabling the 

stakeholders to investigate complex issues effectively. In the same context, 

the study [153] investigated integrating environmental assessment and 

management among various modeling approaches. Meanwhile, the SD 

applications investigated urban development through household structure and 

population. 
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Therefore, SD's ability to understand and examine quantitative and 

qualitative data during construction projects in the concrete and cement 

industries helps predict future challenges. The system dynamic model (SDM) 

is a policy tool for sustainable cement and concrete investigation 

[148],[152],[154]. For instance, the SDM was used to assess several 

CO2 emissions policies in the Indian cement industry between (2001 and 

2020), [155]. While the study by Ansari et al. [156] developed SD to estimate 

the future energy consumption and CO2 emissions from 2005 to 2030, they 

analyzed the cement industry's CO2 emissions and developed SDM with 

different scenarios.  

Furthermore, Proaño et al. [157] investigated the economic evaluation 

of cement industry emissions. Furthermore, Ekinci et al. [158] discussed using 

SDM to assess the cement industry's environmental management in the 

streaming data. Notably, Pieroni et al. Pieroni et al. [159],[160] addressed 

using SD for the business model to apply CE transitions, a novel tool for 

decision-makers concerned with reducing uncertainties for managing 

dynamics and anticipating future scenarios.  Therefore, for applying CE 

transitions in a complex system like the construction industry, which is 

dependent on linear practices and the massive use of natural resources, there 

is a necessary for more empirical studies were needed to bridge the gap 

between academic and industrial realms, as well as enhance sustainable 

practices. 

 

2.5 The Green Concrete Materials for Residential Buildings’ 

Sustainability Aspects 

 

The history of the sustainable development concept refers to 

maintaining environmental quality [161]. Defined as “meeting the needs of 

the present without compromising the ability of future generations to meet 

their own needs,” this is called (our common future) and was established by 

the Brundtland Report, which characterized the sustainable development 

between the three pillars (environment, economy, and society), as shown in 

Figure 4, [162],[163].  

However, the most common two global perspectives are sustainability’s 

three pillars and the United Nations (UN) sustainable development goals 

(SDGs). Integrating the two perspectives will provide a valuable outlook on 

sustainability evaluation due to the increased implementation of sustainable 
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strategies between the environmentalists and construction stakeholders 

[75],[164]. Additionally, they have various paradigms and scopes, such as the 

pillars being widely concerned, while the SDGs have more defined goals and 

specific targets [165]. 

 

 

 

 

 

Figure 4. The three pillars of sustainability and the sustainable development 

goals adopted from the UN 2030 agenda [65],[154],[155]. 

 

However, assessing GCM sustainability is still unclear, and need for a 

comprehensive understanding of sustainability [143]. Therefore, investigating 

GCM sustainability requires applying sustainable development by integrating 

several eco-friendly strategies, which is essential for evaluating sustainability 

performance and using it as a valuable assessment tool for the future [136]. 

 

2.5.1. The Sustainable Construction Materials 

 

Using sustainable construction materials for residential buildings, 

enhancing environmental protection, and promoting recycling, reusing, and 

reducing strategies are essential for realizing sustainability. Contrary to 

conventional construction materials, which consume severe natural resources, 

these materials lead to environmental burdens, which require urgent action 

from construction and environmental stakeholders' organizations. According 

to the World Green Building Council, increasing the suggestions for 

environmental scientists, engineers, and designers to use multidisciplinary 

approaches to integrate SDGs into residential building projects provides 

countless benefits for reducing economic and societal challenges, such as 
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improving human health [73]. Furthermore, international rating systems, such 

as Leadership in Energy and Environmental Design (LEED), focus on energy 

and water efficiency, which strongly contributes to SDGs [166],[167].  

Therefore, selecting appropriate sustainable building materials, 

including recyclable materials such as industrial, agricultural, and municipal 

waste, which can reduce energy use, CO2 emissions, and depletion of natural 

raw materials, and is considered a starting point for sustainable development 

[66],[65],[168],[5]. Furthermore, applying sustainability performance became 

crucial throughout the project’s phases, from the design and construction 

process to operation and maintenance throughout a building's life span [167].  

In this context, the study by Sánchez-Garrido et al. [72] is concerned 

with applying modern construction methods that enable eco-friendly materials 

to improve the economic benefits of conventional construction materials. 

Therefore, Goubran et al. and Goubran S. [75],[169] developed the two 

mapping tools to examine the sustainability in the design process of building 

projects by focusing on achieving the (SDG4, SDG6, SDG7, SDG9, SDG11, 

SDG15, and SDG17 from the SDGs. They investigated the relationship 

between the building design phase's direct and indirect impacts, which aligned 

with (SDG6, SDG7, SDG9, SDG17), and (SDG4, SDG8, SDG11, and 

SDG15), respectively. Moreover, analytical tools for integrating the design 

phase approaches based on the SDGs' vision are proposed. They found that 

17% of the SDGs related directly to construction and 27% indirectly. They 

concluded that the construction activities are most important for achieving 

SDG11, SDG6, and SDG7.  Additionally, Sánchez-Garrido et al. and Zastrow 

et al. [72],(Zastrow et al. 2017) analyzed the economic and environmental 

aspects from the design perspective and reflected that high-quality housing 

could be constructed without making it more expensive. Therefore, Agbesi et 

al.; Goubran [171], [75] focused on adopting sustainable practices of 

construction procurement materials to face the challenges of achieving SDGs 

in construction projects.  

 

2.5.1.1. Green Building Materials and Sustainable Development Goals 

 

In the context of investigating the role of green building materials in 

achieving SDGs.  Wen et al. [172] proposed a mapping tool for quantifying 

the relationship between sustainable and green buildings and the SDGs, which 

validated it in a LEED-certified building as a case study. This resulted in 
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SDG3, SDG7, and SDG11; SDG12 were considered the most related goals; 

meanwhile, it was considered that target 7.3 was the intermediate pathway in 

the green building rating tools. However, they found that the contribution to 

SDG9, SDG13, and SDG15 was relatively small. Furthermore, the study by 

Secher et al. [173] suggested that the choice of green building materials has a 

significant direct and indirect effect on several goals, including ‘SDG3, SDG6, 

SDG7, SDG8, SDG9, SDG11, and SDG12.  Similarly, Alawneh et al. [4] 

identified a strong relationship between energy and water efficiency and 

contributing to various SDGs, such as: [SDG6, SDG9, SDG12, SDG13, and 

SDG15]. They proposed an evaluation framework of the contribution of the 

previously mentioned SDGs during the building project life cycle. Moreover, 

Scrucca et al. [5] recommend sustainable practices and tools for implementing 

the SDGs, with the consideration of prioritizing certain goals. 

In the same regard, the study by Omer et al. [174] developed a 

conceptual framework for the contribution of SDGs and building materials 

and found that selecting building materials is considered an important step to 

achieving SDGs, concluded the importance of creating a multi-criteria 

optimization tool to evaluate the material's efficiency in the early construction 

stage. They clarified how green buildings can play a significant role in 

achieving SDGs and found that nine of the SDGs, including “SDG3, SDG7, 

SDG8, SDG9, SDG11, SDG12, SDG13, SDG15, and SDG17” can contribute 

towards meeting sustainable development.  

Since sustainable concrete materials were founded in the 2000s, the 

sector has taken steps towards sustainability to reduce negative impacts. These 

are considered eco-friendly materials that can be enhanced to contribute to the 

2030 agenda established in 2015. The lack of a GCM's conceptual standards 

definition prevents its theoretical underpinnings from being detailed, which 

allows for various interpretations from different perspectives.  

The study by Burgass et al. [175] discussed an understanding of the 

measurable systems that depend on category contributions in conceptualizing 

sustainable development. According to ISO 14040:2006, the life cycle 

assessment (LCA) is “the compilation and evaluation of the inputs, outputs, 

and potential environmental impacts of a product system throughout its life 

cycle.” Similarly, Anastasiou et al. [176] assessed and compared the GCM’s 

environmental benefits by considering the LCA as a vital tool for assessing 

sustainability.  
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Meanwhile, Teh et al. [53] identified the GHG from geopolymer, 

concrete, and cement-based on LCA's four main stages in Australia. Also, 

Marinković et al. [177] identified and presented a comparative assessment for 

different GCM mixes with the same compressive strength and workability 

using LCA, considering the construction activities, transportation, and local 

materials in Serbia. The study proved that the alkali-activated FA concrete 

with natural aggregate NA and the high-volume FA with RAC had the best 

environmental performance, and the lowest performance was the RAC mix, 

which included cement binders.  

Furthermore, the LCA applied by Borghi et al. [178] quantified and 

evaluated the energy use and CO2 emissions related to the construction process 

in all the stages regarding material consumption, energy use, and 

environmental emissions. Additionally, Atmaca et al. [179] identified primary 

energy consumption and CO2 emissions by building LCA in two residential 

buildings in Turkey. However, the construction activities for residential 

buildings generate a high value in the economic and environmental aspects, 

but these projects usually consume more material than their needs. Therefore, 

achieving the same mechanical durability and strength of concrete using RAC 

with low cement content in the building’s structural works is possible. 

In this regard, Guo et al. [180] identified the environmental impact and 

mechanical properties of RCA building blocks by using LCA. They showed 

that the RAC is considered to have less environmental impact than CCM and 

can play a crucial role during the building life cycle and enhance sustainable 

development.  Meanwhile, Marey et al. 2022 [24] investigated the effects of 

using GCM in residential buildings in Egypt. The study identified the role of 

substituting the GCM performance in the early stage of construction processes 

and the reduction in carbon emissions by replacing the CCM with RAC for 

selected non-structural building parts after improving the original building 

design.  

 

2.5.2.  Assessing the Sustainability Performance for Realizing 

Sustainable Development Goals SDGs 

 

According to the UN (Resolution 70/1-Transforming our world), the 

2030 Agenda for Sustainable Development specifies the 17 SDGs and their 

169 targets as a sustainable framework. Therefore, assessing the sustainability 

performance through construction activities becomes essential in improving 
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the sector. In this regard, Rajabi et al. [181] integrated the sustainability pillars 

with the SDGs agenda to implement at regional levels based on the 

stakeholders' national regulations and specific priorities. This identifies the 

sustainability keys and indicators for evaluating the execution phase 

sustainability performance. Additionally, Sharma et al. [182] identified and 

mapped the parameters for using the phase change materials on a large scale 

in concrete, and the study showed that a significant use promotes the potential 

for achieving (net-zero-ready buildings), during its lifespan and could 

contribute to SDG 7, SDG 11, and SDG 12 which is strongly related to 

realizing SDGs.  Gettu et al. [94] proposed a framework for selecting the 

properties of the concrete mixture based on sustainability aspects; they 

depended on the two objective indices of energy intensity, integrated CO2 

emissions, and concrete durability parameters. A study by Opoku et al. 2022 

[27] highlighted the importance of applying GCM to enhance infrastructure 

and biodiversity evaluation for achieving the 15 goals of the SDGs.  

Furthermore, Panesar et al. [166] investigated optimizing material 

consumption and reducing carbon footprint. Meanwhile, Opon et al. [183] 

explained the sustainability of the concrete material indicators framework; the 

study focused on integrating the performance and operationalized 

sustainability indicators. They identified the indicator's causality and 

established the link between sustainability pillars and the SDGs, which helped 

select the most appropriate concrete sustainability indicators for evaluation.  

However, the LCA was performed for the different binders, and by-

product materials such as fly ash and slag were used as an OPC substitution. 

Conversely, the CDW is part of the GCM mixture and is considered an 

environmentally friendly manufacturing process for recycled concrete 

components. In this regard, Tam et al. [102] explored the possibility of 

utilizing CDW as recycled aggregates (RA) for infrastructure development. 

The RA specifications and quality define the CDW potential for RAC, which 

could offer substantial environmental advantages by decreasing CO2 

emissions and facilitating civil construction projects for roadways and 

pavement. As such, they strongly suggest implementing RA materials on a 

larger scale in construction initiatives. 

Therefore, using RAC-based CDW is considered an example of GCM 

sustainability behavior. It reduces cement consumption and energy use by 

(50–75%) and results in reducing landfill disposal and CO2 emissions by (10–

30%), respectively [21],[107,184]. Using high technology and innovative 
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solutions are investigated by Alami et al. [185], which identified the role of 

using new technology, such as 3D concrete printing. The study demonstrated 

the three types of cementitious mixtures and found a cost reduction between 

78% and 60% and a water reduction of approximately 20%. However, various 

studies have compared different building materials and positively reported 

that GCM is more environmentally friendly and has the same functionalities 

and properties as CCM regarding building life services were investigated by 

Al-Mansour et al.; Rahal K.; El-Hawary et al. [103],[108],[113].  At the same 

time, there is an absence of awareness of using GCM, which is still a new 

direction and needs more public and private sector practices and usage in the 

construction industry and more attention to the material’s roles to achieve 

SDGs [165]. Additionally, it is necessary to identify the materials’ social, 

economic, and ecological behaviors among the construction industry 

stakeholders. The cooperation for applying new rules and regulations 

considered attention from several parties, such as the policymakers, regional 

developers, engineers, architects, environmental scientists, builders, market 

suppliers, and consumers, for actively participating in driving SDGs 

[182],[186],[187]. 

Despite this, GCM is considered a sustainable and environmentally 

conscious choice and offers a range of benefits for the residential building 

industry, which will be investigated further in future research [72]. Many 

obstacles exist to using GCM in the residential building sector to achieve 

sustainability, such as skilled labor, supplies, safety conditions, and the 

absence of GCM’s specific regulations. These lead to the necessity of 

assessing sustainability frameworks that can help public and private 

organizations develop new policies and technical standards. 

 

2.5.3. Residential Buildings Sustainability Features 

 

However, GCM is defined as a concrete material produced using eco-

friendly materials and practices [71], [6], [7], [185], [186]. Concrete is widely 

employed in residential buildings for its numerous advantages, such as high 

durability, fire resistance, and energy efficiency, making it an optimal choice 

for residential construction projects. Meanwhile, residential buildings have a 

distinctive typology that diverges from other structures using concrete 

materials, often prioritizing aesthetics, occupant comfort, cost-effectiveness, 

and extending the building's life span. However, constructing low-rise 
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residential buildings requires smaller size, scale, and load requirements than 

other building types. Still, safety and well-being are needed to select the right 

concrete materials properly. 

This resulted in increased use of GCM for different purposes, such as 

decorative walls and polished floors, which usually differ from other building 

types. Even though the concrete compressive strength for the residential 

buildings construction process, the quality of concrete used for finishing 

surfaces is often given more attention. Despite the environmental perspective 

that the rapid urbanization and construction activities of residential buildings 

have adversely affected the ecosystem and biodiversity. Despite recently 

increasing global recommendations for using GCM, it has garnered 

tremendous attention in the research agenda worldwide, and the necessity for 

sustainability evaluation to clarify the right actions that will contribute to 

realizing SDGs.  
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3 MATERIALS AND METHODS 

Developing a sustainability framework for assessing GCM is considered 

a comprehensive process. Therefore, applying a suitable methodology to 

identify the research scope and limitations promotes the principles and 

procedures of the current dissertation. Eco-friendly assessment approaches are 

developed and used in various research stages to develop the sustainability 

framework by including theoretical and empirical methods. Therefore, several 

methodologies and strategies are introduced to evaluate the GCMs’ 

sustainability performance usage for residential buildings in Egypt.  

However, integrating primary and secondary data for GCM use in 

residential buildings is crucial for both the early design phase and the 

construction process. Providing a comprehensive understanding of GCMs 

where necessary for using a precise blend based on primary and secondary 

data. For example, primary data, such as concrete component quantities, 

building design, information, dimensions, measurements, classifying various 

concrete specimens, and several concrete scenarios incorporating varying 

proportions of RAC and FA for structural and non-structural building parts, 

provides empirical evidence on reducing the consumption of concrete of the 

same and equivalent mechanical properties and durability of the building. 

Simultaneously, the secondary data, like concrete codes and standards, 

residential building rules and regulations, and government reports, support the 

establishment of the benchmark for acceptable performance. Furthermore, by 

comparing the primary data against these secondary standards, the study can 

assess the suitability of GCM for specific applications. For example, using 

both alongside each research stage plays a vital role in identifying the local 

availability, labor cost, and concrete cost, which can inform the social and 

economic feasibility of using and selecting GCMs. Therefore, the integration 

approaches ensure that the research findings are both scientifically sound and 

practically relevant, promoting the adoption of GCM as a sustainable 

construction practice. Therefore, using qualitative and quantitative analyses, 

which include primary and secondary data working together as a 

complementary work, adds more accuracy to research findings, and the 

methodology consists of the following stage: 

First, the theoretical part is applied based on the literature review of the 

previous research efforts for each research phase to cover all the investigation 

needs in the context of research goals. For example, it is applied to identify 
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sustainable construction, residential buildings, CE core principles, 

sustainability perspectives, green building rating systems, GCM types and 

strategies, and SDGs for creating and consolidating the GCM sustainability 

indicators framework. It will be discussed in detail in the next section. The 

importance for this step helps to understand the most important research 

efforts and recent findings. 

Second, in the empirical studies based on real and existing residential 

building case studies, methods to investigate the following: 

 The effects of using GCM by quantifying and weighing their consumption 

based on optimizing concrete materials through the early design stage by 

using a design–based solution method for applying GCM as alternative 

materials.  

 The selection of GCM for achieving CE core principles uses system 

dynamic-based framework methods to select the most optimum scenario 

among various hypothetical scenarios in the construction process phase. 

 Allow for the identification of the relation between the GCM variables 

during the construction process.  

During the case studies process, information and data are gathered in 

various ways, including the official project documents, on-site measurements, 

Government reports for residential buildings rules and regulations, concrete 

codes, on-site observations, and in-depth discussions. 

Third, the GCM sustainability framework was developed using an 

assessment-based approach that integrates subjective and objective 

approaches to identify the GCM-SI as an assessment method for realizing 

sustainable development. Therefore, the GCM sustainability indicators are 

detailed and weighted to identify and analyze contributions through the two 

global perspectives (SDGs and sustainability pillars) using the analytical 

hierarchy process AHP.   

 

3.1. Identify GCM Strategies and Types for the Residential 

Building Sector 

 To identify the parameters of sustainability indicators, the literature 

review was thoroughly searched using Google Scholar, Scopus, and Science 

Direct for publications on sustainable construction materials, green concrete, 

SCMs, sustainability indicators, residential buildings, CE principles and 
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strategies, three sustainability pillars, and SDGs. Furthermore, the material 

durability, strength, maintainability, and workability for GCMs, considering 

natural resource consumption, energy efficiency, waste management, cost-

effectiveness, and keywords, were compiled, as shown in Table 1. This step 

aims to define and categorize the most important GCM indicators that could 

contribute to achieving sustainability.  

 

Table 1. Green concrete materials’ literature review keywords.   

keywords  Synonymous   

Green concrete materials  Sustainable concrete - eco-friendly concrete - 

conscious concrete  

Green concrete strategies  Recycled aggregate - supplementary cementitious 

materials SCMs - innovative concrete technology. 

Green concrete types  RAC- FA- CDW- NCA- RCA. 

Green concrete component Sand - coarse aggregate - water – cement.  

Environmental impact  CO2 emissions - energy use – pollution.  

Residential building  Structure building parts – nonstructural building 

parts. 

Green concrete specification Sustainable methods - alternative materials- code 

and standards- residential building regulations. 

Sustainability assessment   Circular economy principles - SDGs -sustainability 

pillars.  

Concrete performance  Concrete behavior, Properties, strength, durability. 

maintainability.   

Waste reduction  Waste recycling, CDW, by-product.  

 

3.1.1. GCM Specifications and Standards for Residential Buildings 

 

Defining the GCMs sustainability indicators based on the specifications 

and standards of residential buildings in the Egyptian residential sector. The 

specifications and standards are benchmarks for quality performance for 

physical and chemical properties such as strength, durability, etc., and other 

building functional requirements. This plays a crucial role in quantifying the 

benefits of using GCMs compared with conventional concrete materials, such 

as CCMs. Furthermore, ensuring that the GCM production process reaches 

industrial standards.   
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3.1.2. Proposing GCM Sustainability Conceptual Indicators 

Framework 

 

After the previous step, the conceptual framework for GCM’s 

sustainability indicators will be developed based on analyzing these previous 

and various resources, considering the CE and core principles as a judgment 

tool for evaluating and adapting. Consequently, selecting the indicators can be 

suitable for the context of the residential building sector.  

 

3.2. Case Studies  

 

By mapping and screening, the growth of urbanization is expanded 

based on the new urban development strategy. AutoCAD software will 

identify and analyze the spatial land use distribution of residential building 

construction projects and attempt to answer the most common building 

typology suitable for the study investigation. This led to the identification of 

the selection area for studies, which consists of two new Egyptian cities, Borg 

Alarab City and New Cairo City, for applying empirical studies and 

investigating the effects of using GCM to achieve resource efficiency and 

sustainability in the new Egyptian cities’ residential sector.   

  

3.2.1. Early Design Stage, Case Study I  

 

This step investigates the design role using the design-based solution 

(DBS) strategy to investigate the use of GCM in the early project stage and its 

effects on CO2 emissions, cement, and NA consumption [24].  

 

3.2.1.1. Building Data and Information  

 

This step concerns identifying information and data from the 

original project documents for the residential building in New Borg Alarab 

City, Egypt, and it is confirmed by visiting site observation and in-situ 

measurement. 
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3.2.1.2. Classify and Quantify the GCM 

 

In this stage, the CCM and GCM in the original and hypothetical 

building scenarios, such as ordinary Portland cement concrete (OPCC) and 

RAC made with RCA from CDW concrete debris, are identified and 

investigated as follows: 

The concrete materials are classified into three groups:  

- (C1) reinforced concrete with CCM. 

- (C2) non-reinforced concrete with CCM. 

- (C3) non-reinforced concrete with GCM.  

Reviewing the original building design to improve the design based on 

(re-design and re-selecting techniques for optimum solution), for obtaining the 

hypothetical design options with the same building dimension and equivalent 

functionality and durability features. The modified design was suitable for 

applying GCM for non-structural concrete works and several selected building 

parts. Combining AutoCAD and Revit to select the most optimum design, 

AutoCAD is used for initial design concept development and 2D. At the same 

time, Revit created the 3D modeling, analysis, and documentation. Therefore, 

both tools promote the investigation of different design options. For example, 

AutoCAD software reviews and creates 2D drafts for the modified building 

design details, like floor plans and elevations. This is important for clarifying 

architectural styles and identifying the layout options of the early design stage.  

Furthermore, propose the final building drawings and documents, which 

include dimensions and specifications. The role of Revit software in 

residential building redesign is to produce 3D modeling that allows a deep 

understanding of the building design, component interactions, spatial 

relationships, and geometry. Furthermore, it enables more investigation of the 

impact of modifying building components through various design options in 

the 3D model. Additionally, it facilitates collaboration between the project 

teams in different disciplines and promotes more sustainability analysis. 

 

3.2.1.3.  Identify Concrete Materials 

 

Develop two reference designs (original and modified), which have 

subcategories (A) and (B) categorized as follows; 

- Original A; original design with CCM. 

- Original B; original design with GCM. 
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- Modified A; modified design with CCM. 

- Modified B; modified design with GCM.  

The proposal to replace the CCM with GCM concrete materials made 

from RCA is an eco-friendly solution. This was followed by calculating the 

mix proportions of concrete compositions and the total concrete materials in 

each scenario to identify the corresponding components, such as cement, sand, 

natural aggregate, and recycled aggregates, using the absolute volume method 

(AVM) and Microsoft Excel. Identifying the effect of modified design and the 

substitution of GCM on the CO2 emissions from the production of OPC. Early 

CO2 estimates based on the CDIAC’s method were reported by [52],[147], 

[148].  

Which assumed that cement was of OPC type and the unit quantity per 

ton, which was reported by [12],[14],[188],[189]. (Griffin,1987 and Andrew 

R. M 2018) required that cement production data in tons be multiplied by the 

fixed factor (0.136) to obtain how many tons of carbon are emitted as CO2. 

For example, 1-ton cement production caused 0.136 × 3.667 = 0.50 tons of 

CO2 [3],[4],[18],[19],[23],[43],[46]. 

 

3.2.1.4.  Compare Concrete Materials for Original and Modified 

Buildings 

 

A comparative analysis was applied to assess the concrete quantities of 

the building references after replacing CCM with GCM, using SPSS and 

Jamovi software to identify the greatest reduction in cement material 

consumption. This step is applied based on the data collected from the official 

government documents and original project documents, such as bill of 

quantity documents (BOQ), original building drawings, feasibility project 

study, and official contractor documents. Followed materials specifications 

based on (the Egyptian Standards Specification for Concrete), (the Egyptian 

Building Code), and supported with the third-party revised report [24]. 

  

3.2.2. Construction Process Stage, Case Study II 

 

 The second case study concerns selecting the most appropriate and 

suitable GCMs that can achieve circularity performance during the 

construction process by developing a simulation model-based Framework 

(SD-BF) using the SD technique [136], which consists of the following steps. 
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3.2.2.1   Building Data and Information 

  

Investigate the relationship between different GCM scenarios through 

the construction process based on the data collected for the family housing 

building type in New Cairo city using the same previous case study data 

collection techniques (see section 3.2.2). Furthermore, the project timeline 

documents are essential for developing the simulation model.  

 

3.2.2.2.  Classify and Quantify the GCM 

 

VENSIM and AutoCAD software develop the simulation model based 

on three concrete types: PCC, RAC, and FA, which are used for classifying 

five different concrete types as follows; 

- Type 1): Portland cement concrete reinforced (PCC-R).  

- Type 2): Portland cement concrete non-reinforced (PCC-N).  

- Type 3): Fly ash concrete reinforced (FA-R).  

- Type 4): Fly ash concrete non-reinforced (FA-N).  

- Type 5):  Recycled aggregate concrete non-reinforced (RAC-N).  

These previous types create seven concrete scenarios (S1…,S7), divided 

into S1 as an original reference and the remaining six scenarios as hypothetical 

scenarios. 

 

3.2.2.3.  Quantify the Concrete Materials 

 

Quantifying the seven scenarios to investigate the mix proportions of 

CCM and GCM concrete compositions in their corresponding components for 

(cement, sand, coarse aggregate, recycled aggregate, (concrete waste, and 

cost) circularity principles by using the AVM, Microsoft Excel, and MS 

Project software.  

Meanwhile, CO2 emission was estimated based on the CDIAC’s method 

from cement production reported by [12],[78],[190],[191],[192].   

 

3.2.2.4   Developing the Simulation Model for Optimum Scenarios  

 

Developing a simulation model based on causal loop diagrams (CLD) 

for causal interdependencies, followed by creating stock and flow (SF) 

diagrams, presents feedback loops to investigate the inner relations among the 
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GCMs variables based on the five stages [149,[193]. This will help select the 

most appropriate GCM scenarios for achieving CE, thereby clarifying and 

mapping the sustainability assessment for the GCMs in the construction stage. 

Figure 5 identifies the step-by-step research methodology and structure of case 

study II research methodology. 

 

  

Figure 5. Case study II research methodology structure. 
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3.3. Developing a Sustainability Framework 

  

The GCM sustainability framework (GCM-SF) was developed to 

investigate the benefits of using GCM in the construction and design phases 

for Egyptian residential buildings.  The assessing-based approach is used to 

identify the contribution of the GCMs based on the previous case studies and 

assessment criteria analysis was linked with the integration of the two 

sustainability perspectives. The criteria considered CO2 emissions, energy 

and recourses efficiency, waste reduction, cost-effectiveness, and occupants’ 

comfort level. Achieving that requires a multi-pronged approach to 

investigate the contributions between GCM, SDGs, and three sustainability 

pillars consists of the following stages:  

First, through literature reviews, the context of sustainability pillars and 

SDGs is identified and linked with GCMs.  

Second, the GCM-SI for the Egyptian residential building sector was 

obtained based on the data and simulation model obtained from the previous 

case studies in the design and construction phases. Furthermore, considering 

the concrete code, green building rating system, government reports, and 

Egyptian residential building rules and regulations.  

Third, investigate the links between GCM-SI, SDGs, and three 

sustainability pillars by creating the causality relation and contribution by 

applying weights to various assessment criteria and developing a scoring 

system for quantifying the performance of each criterion due to their 

importance for achieving the sustainability goal. Thereby identifies the 

opportunities and obstacles to using GCM in the Egyptian residential 

buildings sector. Finally, this is followed by an analysis of the effectiveness 

of GCM-SF for encouraging scalability contributions; the current stage 

provides a novel tool and real evidence for environmental scientists, regional 

developers, construction sector stakeholders, and concrete manufacturers to 

achieve SDGs in Egyptian residential building projects.  

 

3.3.1.  Define the GCM Sustainability Indicators in the Residential Sector 

 

In this stage, the sustainability pillars and SDGs were identified and 

linked with GCMs. In the current stage, the network analysis technique is used 

to identify the relationship between the SDGs, pillars, and GCM-SI in the 

context of the previous Egyptian case studies. Analyzing the link between 
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GCMs, SDGs, and three pillars by defining the score matrix that connects each 

target to all the SDGs, whereas each target has been linked with its own goal 

and other goals obtained from [194]. Therefore, the contribution of GCM-SI 

and the interconnection within SDGs are defined, and the higher and lower 

levels are created and modified based on [164],[195]. This followed by an 

investigation to develop the GCM Sustainability framework for using the 

GCM in Egyptian residential buildings. Furthermore, identifying the GCM-SI 

behavior considering the SDGs and three pillars that are interconnected, based 

on their role, for achieving various SDGs is considered. Meanwhile, seeking 

SDGs is considered to enhance the achievement of innovative and GCM 

solutions [26],[69].  

 

3.3.1.1.  Selection criteria for GCM-SI list 

 

The indicators were obtained by identifying the parameters and metrics 

for using GCM and linked to sustainability pillars and the SDGs. Ensure that 

their specifications and standards are based on the concrete code and green 

building rating system, and support them with data and information from 

government reports and Egyptian residential building rules and regulations.  

In the same regard, the selection of the indicators has reliability, validity, 

and applicability for implementation and measures, and they are additionally 

supported with accessible data to enhance implementation value. Therefore, 

the indicators of sustainability behavior are suitable for understanding by a 

wide range of residential sector stakeholders of various backgrounds and 

realms, which ensures their validity for long-term implementation in the future 

use of residential buildings.  

Notably, the synonymous meaning of indicators is filtered and 

summarized to become clearer and understandable. Therefore, we integrated 

GCM indicators in different forms by integrating several indicators into one 

indicator to reduce complexity. For example, when referring to natural 

resource consumption, which may be raw materials and/or water 

consumption, CO2 emissions are based on cement production, energy use, and 

transportation [70]. 
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3.3.2.  Determine the Contribution 

 

The GCM sustainability indicator contribution determined based on the 

scoring level is shown in Table 2. The five points (from 1 to 5), one very low 

and five very high, can be calculated by summing the individual scores. The 

score is supported by a color scheme to clarify and identify the contribution 

level between green and yellow. However, the links between GCM, SDGs, 

and targets may not apply to fall between the five points of the scale system. 

Still, they reflect the most significant relationships that help achieve 

sustainability. The highest overall score is considered the most sustainable 

indicator and can evaluate the GCM in achieving SDGs.  

 

Table 2. The contribution score for GCM for achieving SDGs and 

sustainability pillars. 

 

Green concrete materials sustainability score  Level  

1 Very low  

2 Low  

3 Medium  

4 High  

5 Very high  

 

3.3.3. Develop the GCM Sustainability Framework (GCM-SF) 

 

This step proposed the framework to investigate and identify the contributions 

between GCM-SI, sustainability pillars, and SDGs. After summarizing and 

combining the indicators, we suggest that 27 indices be identified to clarify 

and facilitate understanding of the materials’ contributions. The selected 

indicators are also based on their applicability, reliability, understanding based 

on the previous case studies and the various stakeholder backgrounds, and the 

ability for long-term implementation.  

 

3.3.4. Analyzed the sustainability framework 

 

The framework was analyzed and discussed in the context of the 

potential of the SDGs and three sustainability pillars for future research 

recommendations. The critical analysis reveals the indicator's behavior that 

increases sustainability performance and identifies the interrelation for 
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improving the GCM indicators' positive value. Finally, the final GCM 

sustainability framework evaluates the scalability of achievement of 

sustainable development in the future of the Egyptian residential building 

sector. In this current research stage, the framework was constructed based on 

the approach described in Figure 6. 

 

 
 

Figure 6. The assessment-based approach for developing the green concrete 

sustainability framework (GCM-SF). 

For more clarity and consistency, the relation between the research 

goals, research questions, and methodology stage was identified. Table 3 

shows the relationship between the research goals, research questions, and the 

methodology used for the study. 
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Table 3. Relation between the research’s objectives, questions, and methods.  

 

Aims  Questions Methods  

Identify the GCM sustainability indicators 

(GCM-SI) by proposing a conceptual 

framework. 

How can GCM realize 

sustainability in future 

residential buildings? 

In stage1,2 and 3, 

we investigate the 

GCM-SI 

Investigate the effects of using GCM, in te 

context of resource efficiency and 

environmental based on concrete scenarios 

from the building case study I in the early 

design stage. 

 

What are the effects of using 

GCM instead of CCM on 

cement consumption, natural 

aggregate, and CO2 emissions 

in the design phase of 

residential projects? 

In stage 1, we 

identify the 

benefits of using 

GCM through  

Case study I 

Quantify and identify the parameters that 

influence the use of GCM to achieve 

circular economy (CE).    

How can several hypothetical 

concrete scenarios enhance 

the selection of GCMs during 

the construction phase? 

In stage 2 Case 

study II 

Create a simulation model to select GCM’ 

circularity performance for future use in 

residential projects. 

   

How can system dynamic 

modeling (SDM) improve the 

selection of GCM to achieve a 

circular economy (CE)?  

In stage 2  

Case study II 

Develop a GCM sustainability framework 

(GCM-SF), based on integrating 

sustainability pillars and SDGs as a 

governing context. 

How can GCM realize 

sustainability in future 

residential buildings? 

In stage 3, we 

develop GCM 

sustainability 

framework 

(GCM-SF), based 

on  case study I, 

case study II, and 

literature.  

Evaluate and enhancing the use of GCM in 

the residential buildings sector. 

How can the green concrete 

sustainability framework 

GCM-SF participate in 

assessing sustainability in the 

design and construction 

phases? 

In stage 2, and 3, 

we assess the 

GCMs’ 

sustainability 

performance. 

Evaluate the contribution of using GCM 

and its opportunities and challenges to 

realizing sustainability   

 

What are GCM’s 

contributions to achieving 

SDGs? 

In stage 3, we 

identify the 

contributions 

between GCMs 

and SDGs  
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3.4.  The methodology limitations 

 

Therefore, the current dissertation discusses the usage of GCMs in the 

residential building sector in Egypt, which concerns the specific building type, 

which is the common building type in the study’s urban context. Furthermore, 

the selection of the case studies was limited to the new cities through the 

government reform strategy, so the choice of the materials is based on that.   

However, this methodology also focused on using and selecting GCMs 

in the early design and construction stages. Therefore, focusing on using 

different hypothetical concrete scenarios based on the FA and RAC, which are 

limited for implementation in a low-rise residential building in Egypt. Still, it 

can be applied to other building typologies in different regions after 

considering the local building regulations and resource availability. 

In contrast, this methodology encounters application difficulties such as 

limited data, materials specification, local knowledge, and ‘awareness for 

developers and homeowners. Furthermore, there is an absence of regulations 

that encourage using GCM, labor skills, and SD technique practices in the 

construction industry and concrete market. Figure 7 illustrates the dissertation 

and methodology structure. The dissertation structure identifies the chapters, 

the methods and techniques used, and the collected data to present the research 

process and workflow step by step. Furthermore, it helps connect the main 

research points to the methods used to connect with research questions and 

subsections.   

 

 

 



 52 

 
 

Figure 7 The dissertation and methodology structure.  
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3.5. Area of Study 

 

3.5.1 New Egyptian Cities 

 

The New Urban Communities Authority (NUCA) was established 

according to law 59/1979, based on the Egyptian transformation and 

development strategy for increased urbanization to face rapid population 

growth. This strategy aims to create new cities to achieve quality of life and 

economic prosperity. The new area is considered an attraction destination, and 

the urban extension should be redistributed to the new desert and remote areas, 

which face urban sprawl in the agricultural lands in the Nile valley. 

Furthermore, the strategic plan for the selected appropriate sites for 

constructing the new cities should be applied on different social, 

environmental, and economic bases. 

The general structure of new Egyptian cities includes the common 

elements of sustainable cities. For example, the core elements consist of 

residential districts, including various housing types and most amenities, and 

various services to address different categories of population needs, supported 

by commercial and business districts. These cities are designed to meet 

sustainability principles, emphasizing eco-friendly practices, energy 

efficiency, and resource conservation. Additionally, they support innovative 

technologies in infrastructure management and citizen services. 

New urban communities promote the planning of new cities by using 

the latest innovative and sustainable urban systems. For instance, NUCA 

emphasizes increasing the availability of low-income and economic housing 

units, which raises the quality of life in society. Consequently, NUCA has 

promoted several housing projects that can be suited to different inhabitant 

levels and have all amenities and facilities. In this regard, Egypt has undergone 

an urban transformation in the last three decades by establishing and 

constructing several new cities according to law (59/1979) all over the 

country. These projects aim to reduce the overcrowded pressure on the old and 

existing cities, improve the quality of life, promote modern living standards, 

and create socio-economic hubs. These new cities aim to achieve Egypt’s 

vision for a sustainable future (New Urban Communities Authority). 
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3.5.1.1.New Borg El Arab City 

 

New Borg El Arab City is considered the first city of four generations 

of new Egyptian cities. It is an important growing urban center located about 

55 km from Alexandria, about 8 km from Egypt's Mediterranean coast, and 

about 3 km from Borg El Arab City. It has a dry and humid climate, is 28 

meters higher than the sea level, and has a total area of about 191 Km2. It was 

established to extend Alexandria city and absorb the rapid population growth. 

[196]. Therefore, the selection of this city for investigating using GCM due to 

the urban context, including a large number of new residential projects that 

are considered common building types, which have a great chance and ability 

to utilize eco-friendly materials furthermore a crucial impact on achieving 

sustainable practices. There are about thirteen residential neighborhoods, 

including various residential building types with all the amenities such as 

schools, government services, commercial centers, hospitals, and sports clubs, 

adding to ten industrial zones with various industrial activities.  

 According to the statistics for 2022, the population reached about 

170,000 people [197]. The city is designed based on sustainable urban 

development by incorporating advanced and green infrastructure. It promotes 

a planned community with a great opportunity to apply GCM, natural resource 

management, and environmental protection strategies that enhance urban 

planning principles and realize sustainable development [196],[198]. Figure 

8. illustrates the New Borg El Arab City map.   
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Figure. 8 Location map of the study area, building case study I, and building 

location in New Borg El-Arab City in Alexandria, Egypt, source (Google 

Maps, 2024).  

 

3.5.1.2.  New Cairo City 

 

New Cairo was established in 2000, and three towns were merged into 

settlements. It started on an area of about 67,000 acres, then extended to 

become 85,000 by 2016. The city could eventually host a population of 5 

million in 2017. According to the “New Urban Communities Authority” 

(NUCA), the city’s population was estimated at 1.5 million, with an expected 

growth target population of 4 million. In this regard, Figure 9. identifies the 

location of new urban communities in New Cairo City. The city is located in 

the Egyptian eastern desert, built east of Cairo city, which ranges 820 and 

1,007 ft) above sea level. Figure 10. illustrates the Cairo context map with new 

urban areas. Furthermore, the location of the building case study II is defined 

as shown in Figure 11 (New Cairo City, Egypt (Google Maps, 2024). 
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Figure 9. Left-side Building location in New Cairo City, Egypt, and right-side 

general plan of New Cairo City, source (Google Maps, 2024)[199,200].   

 

Figure 10. Cairo context map, with new urban areas [200]. 
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Figure 11 Location map of the study area, of building case study II (New Cairo 

City, Egypt (Google Maps, 2024). 
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4 RESULTS AND DISCUSSION 

 

4.1. Investigation of Egyptian Residential Buildings 

 

In Egypt, the most residential building typologies in the Egyptian new 

cities are (multi-family apartment buildings, Townhouses, Villas, and Single-

family houses). The total number of residential units by 2021/2022 reached 

246.1 per thousand units, with an investment of about (143.5 billion) Egyptian 

pounds (LE), compared with 2020/2021, which scored 336.3 thousand units 

with 150 billion pounds investment.  Figure 12 shows the distribution of 

building types according to their construction type. 

 In contrast, Economic housing reached 139.8 thousand units by 57%, 

followed by average housing with 69.8 thousand units, and achieved 28% 

Followed by luxurious housing, and above-average housing reached 22.6 and 

13.8 thousand units and accounted for about 9%, and 6% respectively of the 

total residential unit in 2021/2022 (Annual Bulletin of Construction and 

Buildings).   

 

 

 
 

Figure 12.  The number of residential building units and types in Egypt 

2021/2022. 

 

4.1.1. Description of Egyptian Residential Building Types 

 

The variety between public and private residential building types was 

found to promote the rights of a wide range of populations to improve their 

quality of life at all societal levels.  Furthermore, the cooperation between the 

57%28%
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public and private sectors has resulted in different sizes and prices for 

residential units. For example, the year 2021/ 2022 is shown in Table 3. 

Economic housing was described for youth and low-income people; its area 

reached 90 m2, usually three rooms. Similarly, the average housing area is 

between 100 and 150 m2 and consists of 3 rooms, which is recommended for 

middle-income citizens. Otherwise, prompted for high-income citizens, a type 

of luxury housing usually described as villa-type with a private garden and/or 

located inside a closed compound with a guarded system, considered gated 

communities.  

 

Table. 3 The residential types of public and private sectors by 2021/ 2022. 

 

Unit Types Public/ 

thousand 

units 

%, Private/ 

thousand 

units 

 % Total  

 

Investment/ 

billion 

pounds 

Economic 

housing 

97.30 74.5% 42.5 

 

36.8%,   

Above average 

housing 

16.30 12.5% 53.5 46.3%,   

 Average 

housing 

00.14 0.1% 13.7 11.9%,   

luxurious 

housing 

16.80 12.9%, 5.8 5%   

 

Total  

 

130.50 

 

100 

 

115.5 

 

100 

 

246.1 

 

143.5 

  

Meanwhile, the Cairo governorate ranked first, followed by Alexandria, 

in the number of building units in the public and private sectors, with 50.1 and 

26.5 thousand units and 38.3% and 23%, respectively. Therefore, the two new 

cities were selected as study areas due to their tremendous importance in 

facing the population growth and high density in the two capital cities, Cairo 

and Alexandria, in Egypt. Furthermore, they have an essential role as a 

representative of the situation in Egypt and allow us to draw insight into 

investigation for applying the development strategy.  
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4.2. Case study I 

 

4.2.1. The Building Data and Information 

This case study was applied to the residential building project during the 

early design phase. The building location is shown in Figure 13, located in the 

urban scope of (New Borg El-Arab City), Alexandria Governorate, Egypt. The 

building is considered a standard family building and the most common 

building typology within the Egyptian government’s development program. 

Therefore, this type has the flexibility to apply GCM, encourage sustainable 

construction materials, and realize sustainability. Additionally, Figure 14 

illustrates the general strategy plan for New Borg Alarab City and describes 

the land use for residential buildings and other building types in the urban 

context. 

Figure 13. The building is located in New Borg El-Arab City in Alexandria, 

Egypt, source (Google Maps, 2022). 
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Figure 14. The general strategy plan for New Borg Alarab City, (source author 

Modified based on) [196]. 

In this case, the modified design presented a hypothetical option for the 

GCM standard since the building data and information were collected from 

BOQ, official project requirements and reports, the original project plan, in 

situ measurements, and official government documents, such as Egyptian 

building code and building authority regulations [192],[193]. Thus, the data 

are considered valid, precise, reliable, and suitable for use in all the project 

phases and each selected building part. Furthermore, it was revised and signed 

by a third-party consultant team to ensure that it meets the Egyptian building 

code specifications and is valid with the residential construction regulations. 

4.2.2. Original and Modified Building 

 

The result showed that the modified building design considers all the essential 

building elements of the original design and their corresponding parts. 

Furthermore, it has the same building dimensions and equivalent land use. 

Table 4 shows the basic data and information, such as floor space area, 

dimensions, and building parts.  
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Table 4. The original building data and information. 

 

4.2.2.1. The Role of Design for Applying GCM 

 

 In this stage, the original building design was modified, concerned with 

the selected specific building parts suitable for applying GCM. Meanwhile, 

based on the parameters, the materials selected included concrete quality with 

recyclable materials, considering equivalent CCM's durability, strength, and 

functionality. In this regard, RAC, produced from local CDW, was selected 

due to its ability to reduce natural aggregate consumption and waste 

generation. Therefore, GCM is applied for non-structural works as (C3) in the 

selected building parts, with the same strength and durability to play the same 

function role. In all scenarios, even in original and modified buildings, 

reinforced concrete was applied in the building parts, such as beams, columns, 

suspended slabs, and staircases. Notably, non-reinforced concrete was applied 

to internal building parts such as secretes, lintels, lift walls, wall boundary 

panels, printed concrete, and entrance steps, while carp stone, soft landscape, 

flowerbeds, and pavement were applied to external parts. The final selection 

of non-structural building parts is shown in Figure 15. 

 

 

Figure 15. The selected (structural, & non-structural) building parts. 

Building Part  Dimensions Floor Space Area, m2  

 Length, m  Width, m Height, m Area, m2 

Basement 14.39  13.40 13.50  192.81 

Ground floor 15.54  13.65 4.00  212.09 

First floor 15.54  13.65 3.50  212.09 

Penthouse  6.13 8.00 3.00  49.01 

Total build area     666.00 

Total land area  20.00 25.00   500.00 
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4.2.2.2. Modifying and Original Building Design 

 

By optimizing the building's original design, we found that the modified 

design reduced the CCM consumption that accrued in the internal space area, 

such as the basement and on the ground floor. These areas were optimized by 

reducing the number of unnecessary walls and staircases. Furthermore, the 

aesthetics of the building were improved by enhancing the external decorative 

works, landscape, sidewalks, and entrance. Figure 16 shows the original and 

modified designs' front elevation, typical site plan, and the basement, ground 

floor, first floor, and penthouse floor.  

Figure 16. (a) Original design front elevation (left) and the typical site plan 

(right). (b) Modified design front elevation (left) and the typical site plan 

(right), (source, author). 
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In this stage, the modified design promotes the first attempts at a 

sustainable building model using GCM in residential buildings, thereby being 

considered as a starting point and indicator for meeting sustainable 

construction practices that help for sustainable strategies such as material 

efficiency and cost-effectiveness during the construction phase. 

 

4.2.3.  Classifying The Concrete Materials 

 

In this section, the concrete materials are classified into three categories: 

first, C1, which is (reinforced concrete), PCC, used for [panels, beams, 

suspended slabs, foundations, and staircases). Second, (C2) is a (non-

reinforced concrete) with OPC used for different fundamental construction 

works, such as entrance steps, wall boundary panels, carp stones, flowerbeds, 

soft landscapes, walkways, printed concrete, lintels, lift walls, and secretes. 

Third, C3 which is a (non-reinforced concrete), RAC made from RCA 

obtained from CDW. These are considered the most important and common 

construction materials worldwide and are usually used for general uses in 

Egypt. Therefore, the selection of concrete materials, depending on their 

functionality and durability, thereby applying different concrete mixes, such 

as 1:4:8 (M10) and 1:2:4 (M15) for non-structural selected building parts and 

1:1:2 (M25) for structural parts such as beams, columns, and foundation. 

However, considering the same design, GCM quantities are estimated for non-

structural works in the selected parts. Therefore, the cement, natural 

aggregate, and sand for each reference and hypothetical design volume are 

calculated by AVM, Microsoft Excel, and a rectangular cross-section of each 

building part based on BOQ. 

 

4.2.3.1 Concrete Materials’ Quantities for Specific Building Parts 

 

This is the first attempt to reduce the total consumption of concrete 

materials through design modification before integrating GCM. It recorded a 

reduction in CCM quantities by 8.14% from (original A) to (modified A). 

Table 5 shows the C1 and C2 quantities for original A and modified A in the 

selected building parts. Additionally, the result identified the relationship 

between the selected building parts and (C1 and C2) quantities.  
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Table 5. The concrete quantity (C1& C2) in selected building parts for original 

and modified building designs.  

 

Concrete 

Specification  
Building Part Concrete with Ordinary Portland Cement  

  
Original Building A 

C1 and C2, m3  

Modified Building A 

C1 and C2, m3  

Non- structural 

concrete 
Internal floor (secrete) 47.8  52.9  

 Wall boundary panel 26.5  26.5  

 
External sidewalk, carp 

stone, printed concrete 
38.9  38.9  

 
Internal walls (lintels and lift 

walls) 
37.5 36.8 

 Entrance steps 3.6 3.6  

Structural 

concrete 
 347.3 302.0  

 Total concrete 501.5 460.7  

 Percentage 100% 91.9% 

 

Due to the design modification, the internal floor area increased; 

consequently, the CCMs quantity in modified A increased compared with the 

original, as shown in Figure 17. 

 

Figure 17. The relationship between selected building parts and C1 and C2 

concrete materials in original A and modified A. 
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4.2.3.2  Concrete Materials for Selected Building Parts 

 

The result showed a reduction in the concrete quantity from [original A, 

(C1 & C2)] at (347m3) and (154m3), respectively, to [modified B, (C1& C3)] 

at (302m3) and (159m3), respectively. On the other hand, the cement quantity 

in [original A, (C1 and C2)] was (189kg) and (48kg), respectively, while in 

[Modified B, (C1, and C3)], it was (164kg) and (27kg), respectively. Table 6 

quantifies the materials consumption by using (C1, C2, and C3) as concrete 

material through all building scenarios: original A, original B, modified A, 

and modified B, respectively. Furthermore, the quantity for each reference for 

natural coarse aggregate (NAC) and sand. 

 

4.2.4. The Selection of the Most Optimum Building Scenario 

 

Based on the previous section, (Modified B), which contains the GCM 

as a (C3), is considered the optimal building scenario with cement 

consumption of about 191kg, representing 80.6% of the total concrete 

materials. Additionally, there are no significant differences between (Original 

B), the cement consumption of which is (215kg), and (Modified A), for which 

this value is (214kg).  However (Original A) is the most cement consumer, 

with a total of (237,002 kg). On the other hand, the quantities of sand, natural 

coarse aggregate, and RCA show a significant reduction. Therefore, modified 

B was considered a significant building reference in reducing materials and 

was selected as the optimal reference for cement, sand, NA, and RCA, as 

shown in Table 7. 

 

Table 6. The cement and concrete quantities for all building scenarios. 

 
Original Building A and B and Modified Building A and B 

 Original A Original B Modified A Modified B 

Total Concrete, m3 502 502 461 461 

 C1 C2 C1 C3 C1 C2 C1 C3 

Concrete, m3 347  154 347 154 302 159 302 15  

 Cement, Sand, Natural Aggregate, and RCA 

Code Specification  
CI  C2 CI  C3 CI  C2 CI  C3 

1:1:2 1:2:4 1:1:2 1:4:8 1:1:2 1:2:4 1:1:2 1:4:8 

Cement/ton  
189 48 189 26 164 49  164  27 

237 215 214 191 
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 Table 6 (continue). The cement and concrete quantities per ton are for all 

building scenarios.  
Original Building A and B and Modified Building A and B 

Cement, %  100% 90.1% 90.2% 80.6% 

Sand/ton 
410 208  410 112 357  214 357  115 

618  522 571 472  

Sand, % 100% 84.5% 92.3% 76.3% 

NA/ton 
715  362  715  -- 622  373 622 --- 

1077 714  994 622  

 100% 66.3% 92.3% 57.7% 

RAC/ton 
--- --- --- 195 --- --- ---- 201 

--- 195 --- 201  

NA + RAC/ton 1077 910  994  822  

Aggregate, % 100% 84.5% 92.3% 76.3 % 

 

 

Table 7. The quantities of C1 and C3 concrete in modified building B. 

 

C1  Concrete Component C1, Modified Building B. 

 Cement Sand Aggregate 

Mix/Ratio  1 1 2/NCA  

ton 164 357 622 

C3 Concrete Component C3, Modified Building B 

Mix/Ratio 1 4 8/RCA 

ton 27 115 201 

 

 

4.2.4.1  The Steps for Reducing Cement Material 

 

The reduction for the cement materials consists of three steps: The first 

reduction recorded was 9.3% due to (Original A) being modified to (Original 

B). The second reduction recorded was 10.7% due to applying GCM via 

(Modified A) and (Modified B). The final reduction between (Modified B) 

and (Original A) was 19.4%, a positive indicator of reducing negative 

environmental impact and realizing sustainability. Table 8 illustrates the 

reduction steps in detail. 
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Table 8. The reduction in concrete and cement quantities through the three 

steps of the modified process. 

 

 First   

Description 
Original Building  

Notes 
Original A Original B 

Concrete type  C1      and           C2 C1     and           C3  

Concrete type/m3 347.3                           154.1 347.3           154.1 Total saving 

of cement 

(OPC) in the 

project. 

Total concrete, m3 501.5 501.5 

 Cement, ton 189.0                   47.9 189.0               25.8 

Total cement, ton  237.0  214.9 

Cements, % 100% 90.7% 9.3% 

                     Second 

Description 
Modified Building  

Notes 
Modified A Modified B 

Concrete type C1               and         C2 C1        and       C3  

Concrete type, m3 302.0                         158.6 302.0                    58.6 Total saving 

of Cement 

(OPC) in the 

project. 

Total concrete, m3 460.7 460.7   

Cement, ton 164.4                  49.3 164.4                 26.6 

Total cement, ton 213.7 190, 9 

Cements, % 100% 89.4% 10.6% 

 Third   

Description 
Original Building A and Modified Building B 

Notes 
Original A  Modified B 

Concrete type C1        and             C2 C1        and             C3  

Concrete type, m3 
347.3               154.1 

501.5 

302.0               158.6 

460.7 
Total saving 

of cement 

(OPC) in the 

project. 

Total concrete, m3   

Cement, ton 189.0              47.9 164.4                26.6 

Total cement, ton  237.0 190.9 

Cement% 100% 80.6% 19.4% 

 

 

4.2.4.2  Comparison Analysis of CCM and GCM 

 

A comparative analysis was applied to the quantities of CCM and GCM 

in all Scenarios and their components, presenting the relationship between the 

CCMs' quantities and their components before adding GCM. The results 

showed that reducing raw materials consumption after using RAC and 

(Modified B) (Modified B) provides the optimal reduction in cement, sand, 

and NA consumption, as shown in Figure 18. 
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Figure 18. The distribution between the CCMs and CCM quantity 

components, cement, sand RCA, and NA. 

4.2.4.3 Cement Production and CO2 Emissions 

 

 In this section, the CO2 emissions were estimated for cement 

production, assuming that OPC is the cement used. Consequently, the quantity 

of cement is calculated per ton using (CDIAC’s method) [188,189]. 

Consequently, emissions estimates showed that (Original A) cement 

consumption is [236.9 tons] and produced [118.45 tCO2], (Original B) cement 

consumption is [214.8 tons], and produced [107.4 tCO2], (Modified A) cement 

consumption is [213.7 tons], and produced [106.85 tCO2]. Finally, (Modified 

B) cement consumption is [191.0 tons], and it is produced [95.5 tCO2]. 

Therefore, the reduction in CO2 emissions from (Original A) to (Modified B) 

was 22.95 tCO2, representing a 19.4% reduction. Table 9 shows the 

relationship between the Original and Modified building scenarios regarding 

structural and non-structural concrete. Whereas the current research has been 

limited to investigating cement consumption in specific and selected building 

parts, the results show that (Modified B) contributed a 19.5% reduction in 

cement consumption from (Original Building A). Therefore, the cement 

consumption was reduced by 44% for the non-structural building parts, 

considered a positive indicator in environmental conservation and promoting 

sustainable development, and should be considered for future residential 

projects. 
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Table 9. The cement consumption/ton and cement reduction for all the 

building scenarios. 

 

Original Building A and B and Modified Building A and B 

 Original A Original B Modified A Modified B 

Concrete, m3 501.51 501.501 460.68 460.68 

Mix type CI  C2 CI  C3 CI  C2 CI  C3 

Cement, ton   189.0 47.9 189.0 25.9 164.4 49.3 164.4 26.6 

Cement, ton 236.9 214.8 213.7 191.0 

Cement C1, C2 

and C3 %  
100% 90.07% 90.2% 80.6% 

Cement C1, C2 

and C3 

Reduction % 

100% −9.3% −9.8% −19.5% 

Cement C2 and 

C3, ton  
47.9 25.9 49.3 26.6 

Cement C2 and 

C3 % 
100% 53.8% 102% 55.5% 

Cement C2 and 

C3 reduction % 
100% −46.2 +2.9% −44.5% 

 

4.2.4.4. The Most Benefits of Using GCM 

 

According to all previous studies, cement consumption and reduction 

have a strong relationship with the order process for the previous building 

scenarios; for example, we noticed that (Modified A) had the highest cement 

consumption due to increasing the floor area. Meanwhile, (Modified B) is 

considered the most optimum scenario for reducing cement consumption and 

CO2 emissions by 44.5% compared with (Original A). This result indicated 

that it should be concerned with applying this strategy in the same order to 

obtain the most benefits and optimal results to achieve optimum cement 

consumption. Figure 19 illustrates and clarifies the cement amount among 

concrete types C1, C2, and C3 regarding structural and non-structural works 

for all scenarios (Original A, Original B, Modified A, and Modified B) based 

on the production of OPC.  Furthermore, the cement amount in C2 and C3 

considers non-structural works for each building scenario.  
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Figure 19. The relation between cement consumption and all scenarios.  

   

Therefore, in this case study, the investigation was concerned and 

limited to the non-structural works in selected building parts. Using RCA 

produced locally from CDW allows for more opportunities and investigation 

in some cases and plays a vital role in protecting the environment and 

enhancing sustainability practices in the construction sector at the local and 

international levels. 
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4.2.4.5. Sustainable Building Model I 

 

For more clarification of the benefits of using GCM, Finally, the most 

optimum scenario has the benefits of using GCM, which is considered 

(Modified B); thereby, the 3D model was created to be considered as a clear 

guide to reflect the conceptual framework for using GCM in the early project 

stage. 

In this stage, the framework summarizes the design process, starting 

with redesigning and modifying the original building design to develop a 

conceptual reference that can substitute CCMs with GCMs in specific selected 

building parts. This is followed by reusing recycled materials such as RCA, 

made from CDW, to reduce natural aggregate, cement, and CO2 emissions. 

This result considered the final optimal model as a guideline for environmental 

protection and construction industry stakeholders. This can help decide new 

rules and regulations regarding GCM used in residential buildings. 

Additionally, it presents evidence for the crucial role of the design phase in 

concrete and cement consumption for the sector, which positively impacts on 

applying sustainable construction materials on a wider scale nationwide. 

Figure 20 shows the concept design framework and its contribution to material 

consumption and environmental protection. 
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Figure 20. The conceptual design framework of applying GCM to the 

building scenario, Modified B, with the 3D model (source author). 

The modified design applied green concrete material 

(GCM) for non-structural concrete works to obtain 

hypothetical options with the same basic design 

features and equivalency in functionality and 

durability levels. 

      

      Develop Modified Refernce  

 

Selecting the most proper green concrete type, such as 

recycled concrete aggregate (RCA) materials, is 

suitable for non-structural works and specific building 

parts. 

  

Replacement was applied by subsisting the 

conventional concrete CCM with GCM materials 

while keeping similar strength and workability 

under the Egyptian building code. 
 

 

 

 Egyptian concrete code.  

 

   

RAC made from recycled aggregate concrete made by 

construction and demolition (C&D) waste concreting 

materials, based on local availability, reduce the 

negative environmental impacts.  

 

Reuse of old concreting materials produced from the 

waste construction after modified and prepared for 

the specific purposes. 

Reduce the cement consumption, natural coarse 

aggregate, sand, and CO2 emissions, and result in the 

modified building model being able to apply GCM 

materials. 
 

 

Redesign  

  

Reselect 

Reuse  

Reduce  

 Recycle  

Replace  

 

  Modified building 

Model 3Dmax  
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4.3 Case study II 

 

4.3.1. Building Location and Map 

 

The second case study is a project of a new residential building in New 

Cairo City, Egypt.  The study aims to investigate the selection and effect of 

using GCM to apply circularity performance during the construction phase by 

using SD. Since the building case study II is considered the most common 

building typology in the new urban context of New Cairo City, as shown in 

Figure 21, Economic and Social housing are given tremendous attention and 

priority in the development strategic plan [24],[130]. 

Figure 21. New Cairo City general strategic plan (source author, based on) [199]. 

 

4.3.2 Building Data and Information Case Study II 

 

The building's structural system is reinforced concrete (RC), based on 

the data collected from the building’s official documents, consultant, project 

timeline, and official government documents, supported by site observation, 

land area measurements, and discussions with the project team and consultant 

experts. 
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In this regard, AutoCAD details the geometric information and 

measurements for various building components like walls, floors, and roofs. 

This provides important data for calculating the required building concrete 

material for the construction process during the 30 months. Therefore, Table 

10 identified the building dimensions, area, and information. 

 

Table 10 The Building 2 Dimension and Information 

 

Description Area dimension (m)  Floor area (m2) Building 

height (m) 

Total land area 29.2 x 21.9   639.9  - 

Basement  16.9 x 14.8   249.9   3.4  

Ground floor 17.5 x 15.7   274.1  4.0    

First floor 17.5 x 15.67   274.1  3.6    

Penthouse  8.8 x 14.8   130.1 3.1    

Total built area - 928.2    -   

Total building height - - 12.0  

 

4.3.3. Case Study II Building Drawing  

 

The building drawing was created based on consistent standards, 

ensuring accurate building information. The AutoCAD drawings are 

considered the foundation used to update the project progress and identify the 

required adjustments by calculating volumes and concrete material quantities 

in all the construction process steps. This ensures accurate and reliable 

estimation of the quantity of the material needed. According to the site visits 

and observations, urban sprawl is increasing due to the same building type in 

the urban context. Figure 22 describes the building case study II land area 

before construction. Additionally, Figure 23 illustrates the building drawing, 

identifying the front and rear elevations and the ground floor plan. 
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Figure 22 The location of building case study II before the construction 

process (source author). 

 
 

Figure 23.  Building drawing and site plan (source author).  
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4.3.4. GCM Classification for Case Study II 

  

In the current stage, more CGM is used and investigated, such as FA, 

RAC, and PCC, furthermore utilized in several concrete hypothetical 

scenarios to add valuable insight through the simulation process, allowing 

more circularity and resource efficiency based on the CE core principles. 

Therefore, the variety of concrete types, such as C1 (PCC-R), C2 (PCC-N), 

C3 (RAC-N), C4 (FA-R), and C5 (FA-N), as shown in Fig 5. Whereas the 

classification of the hypothetical different GCM scenarios is based on the 

CCM scenario, considering the application of the construction process and 

their suitability and local availability. After defining the concrete types, the 

original scenario S1 will be categorized, followed by other scenarios (S2, S3, 

S4, S5, S6, and S7).  Then, we identified the concrete function [FA-R & PCC-

R] used for reinforced concrete and [PCC-N, RAC, and FA + RAC] for non-

reinforced. Therefore, each scenario quantity is calculated considering the 

building dimensions and areas for the concrete quantity by using AVM, 

standard formulas, and conversion factors. The total concrete quantity showed 

a constant value of 482.16 m3 in all scenarios. In this stage, the concrete 

materials for the building are classified as shown in Figure 24.  

 

  

 

 

 

 

 

 

 

 

 

 

Figure 24. Classification and types of concrete materials used for different 

scenarios, (source author). 

 

More details and investigation were needed, which led to more 

clarification on using GCM for the residential building sector. Therefore, 

Table 11 shows the classification of concrete types and scenarios in the 
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context of concrete code specification and components. In this regard, S1, S2, 

and S7 were selected as SD modeling and concrete types and scenarios 

classification examples to investigate CE principles and provide holistic 

insights into the construction process and the timeline for using recyclable 

materials, reducing and reusing. 
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     Table 11 classified the quantity of concrete types and concrete scenarios. 

 

 

Scenario

s/ 

Concret

e type    

 

 

Scenario1 

PCC-R & 

PCC-N 

 

Scenario 2 

PCC-R& 

RAC-N 

 

Scenario 3 

PCC-R&FA-N 

 

Scenario 4 

FA-R& RAC-

N 

 

Scenario 5 

FA-R& FA-N 

 

Scenario 6 

PCC-R& FA-R & 

PCC-N 

 

Scenario 7 

PCC-R& FA-R& 

RAC-N 

Concrete 

quantity/

m3   

CI  C2 C1 C3 C1 C5 C4 C3 C4  C5 CI  C4 C2 CI C4 C3 

320   162.2  320   162.2   320   162.2   320   162.2   320   162.2  190 

  

130 

  

162.

2 

190 

  

130 

  

162.2   

Strength  35 N 20 N 35 N 16 N 35 N 20 N 30 N 16 N 30 N 20N 35N 30N 20N 35N 30N 16 N 
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4.3.4.1.  Modeling of the GCM Parameters  

 

Investigate the (positive and negative) inner relations among the 

parameters, which help enhance the GCMs’ selection. Therefore, the study 

demonstrates the creation of system dynamic models (SDM) at various levels and 

in various details. Vensim simulation software anticipates the model’s 

performance over time. In this context, the SD approach estimates the changes 

and inner relations in the systems between different scenarios. GCM parameters 

are shown in Table 11.  

 

4.3.5. Model Development 

 

Based on the previous section, which is concerned with identifying the 

most critical variables and parameters for GCM, in this section, we added actual 

data for the residential project case study II, to integrate all together to investigate 

the role of selecting GCM for achieving CE and sustainability. First, based on the 

previous section. (2.3.1), which involves an in-depth analysis of previous 

research efforts on green material selection, including sustainability assessment, 

residential buildings, green building rating system, CE report, concrete code, and 

Egyptian residential regulation. Second, developed the conceptual framework for 

applying SDM and using GCM for CE transitions, focusing on recycled 

materials. This framework identified the sustainability benefits of using GCM, 

considering cement and natural aggregate consumption, strength, CO2 emissions, 

waste generation, and cost-effectiveness. 

 

4.3.5.1.The GCM for Achieve CE Principles  

 

Therefore, using GCM, including recycled materials for partial cement 

replacement, such as by-product industrial and municipal waste such as FA 

and/or CDW, can cover several parameters for achieving sustainability. CE’s 

core principles concern regenerative resources, long-life use, efficiency, and 

reuse of waste as a new source, which are considered when selecting GCM [123]. 

Thereby, RAC and FA can improve concrete utilization [86]. Most of these 

variables and parameters are linked with international and local residential green 

rating systems, such as the green building certification developed by the 

Building Research Establishment (BRE) in the United Kingdom and the 

Building Research Establishment Environmental Assessment Method 
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(BREEAM). Furthermore, Leadership in Energy and Environmental Design 

(LEED) is the US green building certification program, the Green Pyramids 

Rating System (GPRS) for sustainable building practices in Egypt, and the 

Egyptian residential concrete codes. Consequently, Table 12 presents the 

essential GCM variables. These variables and parameters help develop the 

framework for achieving GCM circularity.  

 

Table. 12 The GCM variables and parameters help CE transitions  

 Refers to the sustainability aspects of GCM while (  ) referring to the 

various green rating systems parameters. 

4.3.5.2  The Description of Different and Constant Variables Values of 

GCM Scenarios 

 

This research found that GCM value depends on chemical and physical 

properties and functions; therefore, constant and various variables were 

identified. Constant parameters that cannot change should be considered when 

GCM Variables   Env  Eco  Tech  LEED BREAM  GPRS 

Waste management            

Reused raw material           

Recycled materials            

Durability           

Local Availability            

Resource efficiency          

Cost effectiveness         

Carbon emissions            

Renewable materials            

Hazard management           

Site storage            

Prefabricated on site          

Maintainability           

Project cost          

Embodied Energy          

Waste recycled on site           

Recycled aggregate          

Minimize Pollution           
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selecting substitution materials, such as durability, strength, and lifespan, which 

should be equivalent to PCC. In the same context, OPC's unit price is considered 

a constant in all scenarios obtained from local market prices for concrete 

materials. These variables are estimated based on government regulations such 

as Egyptian official building documents, concrete code specifications, and 

standards [203,204]. Various variables, including recyclability, availability, and 

maintainability, can be affected with natural resources, final cost, energy, waste, 

and CO2 emissions) by different reduction rates. For example, data on the 

availability of local materials are collected from suppliers and residential project 

procurement. Meanwhile, the GCM quantity of the hypothetical scenarios is 

calculated based on the BOQ of the original project documents. The CO2 

estimation calculated is based on the cement production process and the 

(inventory of carbon and energy, ICE),[12],[14],[205],[206]. For more validity 

and accuracy, the concrete cost data is determined from the annual construction 

process cost, final construction project cost, and materials procurement, and the 

recyclable materials waste percentage is calculated based on the concrete code  

[204]. Furthermore, it was revised by third parties and supported by expert 

consultants’ discussions in the construction industry.  

 

4.3.5.3 The Conceptual Framework for Achieving GCMs Circularity 

Performance   

 

The conceptual framework was developed based on the CE (10Rs) and 

GCM' selected parameters. It is considered an initial step and aims to examine 

GCM circularity using SDM based on the five stages [193]. In this research, the 

framework for selecting GCM in the construction process of residential building 

case study indicates the CE essential considerations for assessing the GCM's 

modeling initiative based on the quantities analysis of different hypothetical 

scenarios. The inputs and output expectations exemplify the optimum feedback 

between the process stages. Thereby, the framework helps as a crucial tool for 

investigating GCM’ circularity by rejecting conventional materials, rethinking 

new and innovative solutions, redesigning for reducing consumption scenarios, 

followed by reselecting, replacing, reusing, and recycling purposes, and finally, 

recovery and redesigning new policies and regulations. Figure 25 describes the 

framework of CE transitions for selecting suitable GCM in the construction 

process of residential building projects. 

 



 83 

 

Figure 25. The conceptual framework of the SDM for GCM circularity 

transitions (source author). 

4.3.6. The Causal Loop Diagram (CLD) 

 

The current research created and developed a causal loop diagram (CLD) 

to visualize the feedback and demonstrate the SDM’s structure. Additionally, it 

clarified how the dynamic interactions between variables can improve and 

influence the system and how the feedback loops in the dynamics system are 

determined. Consequently, the feedback loops that describe the different GCM 

scenarios and their dynamic behavior were investigated qualitatively. Figure 26 

identifies the construction phase and the individual and group causal links of the 

residential building case study for achieving CE, thereby, sustainability. The 

CLD variables were selected based on GCM parameters, which were modified to 

suit the residential case study type and data. This allows the long-term 

investigation to be used for applying new policies for future residential 

construction projects.  

In this regard, the study found that the positive feedback loops appeared in [R1- 

R2 -R3, R4], where the variables in the loops positively affect themselves, and 

any change in one variable will change another variable in the same direction. 

For example, the positive feedback loop R1 identified increases the CCM 

amount, increases project cement consumption and production, and increases 

embodied energy, thereby increasing CO2 emissions and, finally, the concrete 

cost. This will increase the total final project cost and add to the total amount of 

CCM consumption. Figure 26 illustrates the details of the positive feedback loop 

(R1).  
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Figure 26. The green concrete material (GCM) causal loop diagrams (CLD) for 

achieving circular economy transition, (source author). 

 

Furthermore, in the positive feedback loop R4, a significant waste increase 

indicates a decrease in the cement reduction strategy, a decrease in the CDW’s 

remanufacture strategy, and a decrease in the total recyclable materials % rate. 

This increases the total amount of disposal to the landfill, increases concrete 

costs, and decreases the amount of waste. Eventually, an increase in the amount 

of concrete consumption will increase the concrete cost of residential building 

projects in the future, as shown in Figure 26, and apply the same context of the 

feedback loops R2 & R3.  

On the other hand, the research found negative feedback loops in the loops 

[B1- B2- B3, B4], which are described as the following: in loop B1, noticed that 

there is a negative loop showing that any changes in variables in the causal loop; 

negatively affects the opposite direction. For example, the consumption of 

concrete increases the raw materials consumption rate, which leads to additional 

waste, increasing the opportunities for the number of recycled materials. This 

increases the CDW remanufacture strategy, and then additional RAC materials 

are added, which increases the total amount of GCM and then decreases the total 
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amount of CCM. Finally, reducing extra CCM leads to using more GCM in the 

project. 

In the same context, the B2 loop shows that an increase in GCM usage will 

reduce the raw materials rate consumption and remanufacturing of CDW as a 

lower-strength RAC, which leads to a reduction in GCM usage in future projects. 

In Loop B3, we found that increases in total project cost caused an increase in 

concrete cost and consumption and an increase in recycled materials and recycled 

aggregate, which decreased the total project cost. 

Whereas we found in the B4 loop, the amount of waste decreased in the 

cement reduction strategy, then a decrease in the CDW remanufacture strategy 

led to a decrease in the total recyclable materials rate. Consequently, increasing 

the total amount of waste disposed to the landfill reflects increasing the concrete 

cost, then decreasing the total amount of concrete, and finally decreasing the 

amount of waste. Clarifying the model's underlying assumptions is crucial before 

proceeding to the GCM-SF diagram to enhance its robustness and applicability. 

CE transition, the model's behavior variables should meet the core principles' 

needs, and each GCM scenario's effects were analyzed and handled in the same 

context. 

 

4.3.7 The Stock and Flow Diagram (SF) 

 

SF diagram identifies relationships among the various system components 

and is considered a central idea of dynamic theory by Sterman 2000 [193] due to 

its ability to map the stock and flow networks by using conceptual and 

mathematical definitions. Therefore, based on CLD, the SF diagram was created 

using Vensim software to clarify and identify the circularity between concrete 

materials' parameters during the thirty months of the construction process by 

2022 and 2023. The typical SF diagram structure and its notation are followed, 

as noticed in Figure 27 based on Sterman, 2000 [149]. 
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Figure. 27. Stock and Flow Diagram notations [149],[193]. 

4.3.7.1  Model Boundary and Key Variable 

 

First, the model boundary and key variables that affect GCM selection are 

defined. Table 13 describes the most significant variables in the SF diagram.  

Second, the diagram was executed for the SD model by formulating the 

equations and using flow rate conjunctions to add to the stocks. Furthermore, the 

parameters were identified using the inputs and testing of structure and outputs 

to confirm the structure's ability to validate the behavior observed. Based on 

Table 13, which describes and identifies each parameter, the flow rates and stock 

combinations of simulating the SD mode are shown in Figure 28.
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Table 13.  The variables of the stock-flow (SF) diagram. 

Abbreviation Name of variables and description Value Unit 

ANACM Amount natural aggregate monthly  54.5 ton 

ANA Amount natural aggregate 1636.2 ton 

ANARM Natural aggregate reduction  298.5 ton 

BFAM Building floor area monthly  31 m2 

TCCM Total amount concrete consumption monthly  16 m3 

TAC Total amount concrete 482.16 m3 

TAOPC Total amount OPC consumption  224.6 Ton 

RAC Recycled aggregate concrete 162.1 m3 

RCWR Increase concrete waste recycle  80% % 

ICWR Reduce concrete waste recycle  20% % 

TAOPCM Total amount OPC consumption monthly  7.5 ton 

TAS Total amount sand 596.8 ton 

TACA Total amount coarse aggregate  1039.4 ton 

ITACM Increase total amount reduction cement monthly  0.5 % 

TARCM Total amount of reduction cement monthly 19.8% % 

DTARCM Decrease total amount reduction cement monthly 20.5 % 

1TARCM increase total amount reduction cement monthly 0.5 % 

ACMWM Amount concrete material waste monthly  0.3 % 

TACMW  Total Amount of concrete material waste 10 % 

PCCS1 Reduction cement cost S1 0.0 LE 

PCCS2 Reduction cement cost S2 47,066 LE 

PCCS3 Reduction cement cost S7 89,890 LE 

TCC Total concrete cost  2,117,1 LE 

TCCM Total concrete cost monthly 70,570.2 LE 

UCOPCM Unit cost OPC monthly  15,123.0 LE 

COPC Cost OPC 453,6913 LE 

TARCC Total amount reduction cement cost  136,95.6 LE 

VROPCCS1 Value reduction OPC cost S1 00.0 % 

VROPCCS2 Value reduction OPC cost S2 10.4 % 

VROPCCS3 Value reduction OPC cost S7 19.6 % 

OPCCS1 OPC cost S1 453,691.3 LE 

OPCCS2 OPC cost S2 406,683.4 LE 

OPCCS3 OPC cost S7  363,804.6 LE 
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Table 13.(continue)  The variables of the stock-flow (SF) diagram. 
Abbreviation Name of variables and description Value Unit 

OPCCS1M OPC cost S1monthly 15,123.0 LE 

OPCCS2M OPC cost S2 monthly 13,556.0 LE 

OPCCS3M OPC cost S7 monthly 32,646.0 LE 

TFA-NM Total Fly ash – non-reinforced monthly  0.63 ton 

FA-N Fly ash – non-reinforced concrete 162.16 m3 

IPCRFA-N Industrial product cement replacement fly ash non 

reinforced 

30% % 

TPCC-NM Total Portland concrete- non reinforced monthly  1.68 ton 

TPCC-N/M Total Portland concrete- reinforced monthly 5.8 ton 

TRAC-NR/M Total recycled aggregate concrete- non reinforced 

monthly 

0.9 ton 

TFA-R/M Total flay ash - reinforced monthly 4.1 ton 

PCC-N Portland concrete- non reinforced 162.16 m3 

PCC-R Portland concrete- reinforced 320 m3 

RAC-N Recycled aggregate concrete- non reinforced 162.16 m3 

FA-R Fly ash – reinforced concrete 320 m3 

PCC-NHC Portland concrete-non reinforced high consumption 

cement  

162.16 m3 

PCC-R/HC Portland concrete- reinforced high consumption 

cement  

320 m3 

RAC-N/HR Recycled aggregate concrete- non reinforced high 

recyclable   

63.3 % 

IPCR/FA-R  Industrial product cement replacement fly ash- 

reinforced % 

30% % 

TCO2   Total CO2 emission reduction  34.9 ton 

CO2M   CO2 emission monthly  5.9 ton 
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                                 Figure 28. The Stock and Flow Diagram (Source author). 
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All the key variables that affect the use of GCM in residential buildings were 

identified as related to the CLD and converted to an SF diagram using VENSIM 

software, as shown in Figure 28. All the construction process of the building case 

study II variables are described and quoted in detail, based on Table 13. 

4.3.8 System Dynamic Model 

 

4.3.8.1. The GCM Simulation Process 

 

Each variable is assigned as a value to allow for quantitative analysis based 

on calculating and estimating the essential variable value from a case study of the 

real residential project, considering the government residential building rules and 

regulations in the same urban context, and revised with third-party consultancy 

to ensure the validity of model parameters and equations in the proposed SD 

model. The developed model provided input values for specific parameters to run 

the simulation. This ensures the model accurately represents the actual 

environment before running the simulation [136],[207]. 

The GCM simulation process was applied after identifying the parameters 

that needed value input to run the simulation. For example, the simulation results 

investigated cement, natural aggregate, waste reduction rate, CO2 emissions, and 

concrete cost for an exciting building case study (2) for the structural and non-

structural works based on the project timeline for the construction process phase.   

 

4.3.8.2. The Cement Consumption for Different Concrete Types Scenarios  

 

The results showed that the cement consumption in different concrete types 

is as follows: Cement test 1: the total PCC-R per month (TPCC-R/M) showed the 

highest monthly cement consumption, followed by the total FA-R monthly (TFA-

R/M), the total PCC-N monthly (TPCC-N/M), the total RAC-Monthly (TRAC-

N/M), and the total FA-N monthly (TFA-N/M), respectively. Figure 29 illustrates 

test 1, the simulation result of cement consumption in various concrete types used 

in scenarios S2 and S7.  
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Figure 29. The Cement consumption in various concrete types  

 

Cement test 2: examined the waste consumption as industrial and municipal 

waste in the form of (FA and RAC) for cement replacement. The result showed 

in Figure 30 that the variable as [industrial product cement replacement FA-

reinforced per month (IPCFA-R/M)] is higher than [recycled aggregate concrete- 

non-reinforced high recyclable (RAC-NHR)], and [industrial product cement 

replacement fly ash- nonreinforced (IPCRFA-N)] has no consumption, due to its 

usage limitation. 

 

 

 

 

 

 

 

 

 

 

 

Figure 30. Cement replacement by using industrial and municipal waste and 

recycled aggregate consumption.  

  

4.3.8.3.  Natural Aggregate (NA) and Recyclable Materials  

 

In test 1, the simulation result showed the relation between the [amount of 

natural aggregate consumption monthly (ANACM)] and the [amount of natural 

aggregate reduction monthly (ANARM)] after applying the reduction strategy 
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and using RA. Additionally, the relation of [increased the total amount of 

concrete monthly (ITACM)] and [reduced total amount of concrete monthly 

(RTACM)], with the [total amount of coarse aggregate (TACA)] and the [total 

amount of sand (TAS)].  Figure 31 illustrates the natural aggregate test1. 

 

 

 

 

 

 

 

Figure 31.  The simulation result of the amount of NA and concrete 

consumption and reduction of monthly.  

Test 2: Figure 32 shows the relation between concrete types with recyclable 

materials. The [total FA-R monthly (TFA-R/M)] is the most concrete type that 

has a recyclable materials quantity, followed by the [total RAC non-reinforced 

monthly (TRAC-N/M)], and the [total FA non-reinforced monthly (TFA-N/M)], 

and noticed that there is no effect on [reduction total concrete consumption, 

(RTACM)], due to, it was considered as a constant variable.   

 

 

 

 

 

 

 

 

 

 

 

Figure 32. Simulation results for the total amount of three concrete types 

monthly usage recycled materials.   
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4.3.8.4. The CO2 Emissions in Different Concrete Types 

 

 In this section, the CO2 emission estimated based on the calculation using 

CDIAC’s method, which is concerned with the cement production OPC type, 

considered that one ton of cement produced 0.136 × 3.667 = 0.50 tons of CO2 

reported by (Andrew 2019; Marey et al. 2022, 2024; Yang et al. 2015c). In this 

regard, the simulation illustrates the highest CO2 emissions per month for 

different GCM types. Therefore, the value of CO2 reduction based on the OPC 

quantity reduction started from the concrete type FA-N>RAC-N >PCC-N >FA-

R >FA-N compared to the OPC quantity of concrete S1, which is considered a 

high CO2 producer as referred by CO2M shown in Figure 33. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 33. Simulation results for CO2 emissions for OPC cement production.   

 

4.3.8.5. The Construction Waste Reduction Amount and Different 

Concrete Types 

 

As noticed in Figure 34, the relation between the total [amount rate of 

concrete materials waste monthly (ACMWM)] caused for [increased the concrete 

waste recycling (ICWR)] rate and [reduced concrete waste recycling (RCWR)] 

rate. Moreover, the relations are identified between the rates of [decreased and 

increased total amount of reduction cement monthly (DTARCM)] and [ increase 

the total amount of reduction cement monthly (ITARCM)] over time. 

Consequently, this indicates that the project’s overall amount of concrete waste 

reduction is still marginal. Meanwhile, it shows a lack of applied circularity and 

poor implementation of waste regulations in residential projects. Thus, the most 
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optimum and fundamental solution for reducing the total amount of waste is to 

apply on-site sustainable waste management and improve waste regulations by 

increasing the recycling, remanufacturing, and reusing strategies for concrete 

waste, then reducing waste generation and eliminating illegal dumping of CDW 

in landfills [46],[209].   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 34. Simulation results for identifying concrete waste's increase and 

decrease. 

 

4.3.8.6. The Cost-Effectiveness of Different Concrete Types 

  

In this dissertation, the cost of the three types of concrete identified depends 

on the cement and supplementary materials, natural aggregate, and recycled 

aggregate. The cost is limited to several aspects of OPC and supplementary 

cementitious materials such as FA and RAC. For example, the cement cost of 

scenario S7 increases by 76% compared with the cement cost of scenario S1. 

Meanwhile, the cement cost of scenario S2 is the lowest price, and the total cost 

decreased by 16.6%.  In Figure 35, the simulation results show that the relation 

between the cement and OPC cost of scenarios is ordered as OPCCS7M > 

OPCCS1M > OPCCS2M. 
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Figure 35. The amount of OPC cost for three scenarios: S1, S2, and S7. 

 

4.3.9 Concrete Scenarios Analysis 

 

4.3.9.1 The Effects of Using GCM for Achieving CE    

 

However, this study aims to identify the parameters that affect GCM 

selection in the context of CE principles. Therefore, investigating and analyzing 

the previous scenarios to select the most optimum one suitable for achieving CE 

in the construction of residential buildings occurred based on considering the SI 

as a base- scenario and the other six as hypothetical scenarios. The simulation 

showed how various scenarios could influence CE principles, like cement 

consumption, CO2 emissions, natural aggregate, waste reduction, and materials 

cost. As shown in Table 14, the benefits of using different concrete scenarios led 

to selecting the most optimum scenario, highlighting the three selected scenarios. 

Table 7. identified the total concrete quantity for the building case study drawing 

and dimensions.  

The result showed the OPC percentage in seven scenarios in CCM and 

GCM (RAC&FA). The cement reduction reached 19.8% and 11.4% (S7&S2) in 

the most optimum scenarios, as a follow, started with full ratio cement 

consumption of 100% in the CCM as an S1, followed by [S2 by 89.6 %, S3 by 

86%, S4 by 66.37%, S5 by 62.75%, S6 by 90.55%, and S7 by 80.19%]. The total 

amount of cement per ton used to estimate the cost in the six hypothetical 
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scenarios is 89.6%, 86%, 66.37, 62.75, 90.55%, and 80.19 %, from [S2, …, S7] 

respectively.  

On the other hand, the reduction of NA started after using recycled 

materials, reaching the most reduction by 19.1% in S2, S4, and S7. The lowest 

consumption level reached approximately 81%, amounting to 842.1 tons, 

followed by S3 and S5, which reached 83%, amounting to 863.7 tons, compared 

with S1 and S6, which consumed 100%, amounting to 1039.5 tons, which is the 

original NCA amount in the reference scenario.  

This result promotes variety, which adds more evidence for controlling the 

consumption of cement and NA. Consequently, it reflects that there is a high 

ability to apply GCM and achieve circularity in the residential sector. 

Furthermore, it provides insights into GCM selection to investigate their 

suitability for reducing, reusing, and recyclability of the total quantity of concrete 

components. Table 14. The benefits of using GCM circularity in cement include 

reduction of CO2 emissions, natural aggregate, and cost-effectiveness. 
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Table 14.  The benefits of using GCM circularity in cement reduction CO2 emissions, Natural aggregate, and cost-effectiveness. 

 
Concert   

 

Senario1 Scenario 2 Scenario 3 Scenario 4 Senario5 Scenario 6 Scenario 7 

Concrete 

Type 

 

PCC-R PCC-N PCC-R RAC-N PCC-R FA-N FA-R RAC-N FA-R FA-N PCC-R FA-R PCC-N PCC-R FA-R RAC-N 

Concrete ratio 

 

1:1:2 1:2:4 1:1:2 1:4:8 1:1:2 0.3:0.7:4:8 0.3:0.7:1:2 1:4:8 0.3:0.7:1:2 0.3:0.7:4:8 1:1:2 0.3:0.7:1:2 1:2:4 1:1:2 0.3:0.7:1:2 1:4:8 

Cement 

amount /ton. 

174.2 50.4 

  

174.2 27.2 

  

174.2  19 

  

121.9 

  

27.2 

   

121.9 

  

19  

 

103.4 49.5 

  

 

50.4 

  

103.4 49.5 

 

 

27.2 

Total Cement/ 

ton 

224.6  201.4   193.2   149.1  140.9   203.3   180.1   

Cement/ bag 4492.0  4026.6   3863.6   2981.5   2818.6   4067.5  3602  

Cements % 

 

 

100 % 

 

89.6 % 

 

86 % 

 

66.37 % 

 

62.75 % 

 

90.55 % 

 

80.19 % 

t CO2   

 

176.3 158 151.7 117 110.6 159.7 141.4 

 Sand /ton  378   219   378  118  378 118 378   118 378   118 224.4  154 219 224.4 154 118 

Sand/ ton  

597 

 

496  

 

496 

 

496 

 

496 

 

597.4 

 

496.8 

Sand %  

100 % 

 

83.1 % 

 

83.1 % 

 

83.1 % 

 

83.1 % 

 

100 % 

 

83.1 % 

  

Aggregate/ton 

658.3  381.2  658.4  185  658.4 205.3 658.4 

  

185  658.4 

  

205.3  391 268 

  

381.3  391 

  

268 

  

185   

 

 NCA/ ton 

 

 

1039.5 

 

843.4  

 

863.7  

 

843.4  

 

863.7  

 

1040.3  

 

844  

NCA %   

  

100 % 81 % 83 % 81 % 83 % 100 % 81 % 

Cement  

Cost/LE 

351,826   101,865   351,826   54,857   351,826   274,664   1,028,872   54,857   1,028,872   274,664   208,896   715,633   101,865   208,896   715,633   54,857   

453,691  406,683   626,490   1,083,729   1,303,536   1,026,394   979,386   
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4.3.10 The Circularity and Sustainability Performance of the GCMs 

Optimum Scenarios 

 

The study found that applying GCM’s circularity performance by selecting 

the most optimum scenarios can enhance the construction sector's sustainability 

performance. The CE 10R principles can realize sustainable concrete materials 

for construction and suitable residential buildings. Figure 36 illustrates and 

summarizes the 10Rs CE principles for the optimum five concrete scenarios. The 

process started with rejecting CCM and massive natural resource consumption 

by refusing the use of materials and products that harm the environment. This 

allows for redesigning, rethinking, and reselecting innovative GCMs [24],[130]. 

Furthermore, reducing negative environmental impacts by substituting recycled 

materials that can be applied easily when the GCM meets the same strength and 

durability [128],[140]. Meanwhile, replacement and repurposing are crucial in 

recycling and reusing the waste as new material sources, such as RAC and FA 

[82],[94],[95],[201]. This will enable redesigning new policies and regulations 

that enhance and recover natural resources and reduce the waste stream for 

concrete materials during their life cycle. 
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Figure 36. The 10Rs CE principles for using GC in the construction process of 

residential buildings (source author). 
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4.4.  Green Concrete Materials Sustainability Framework 

 

However, applying sustainability performance by using GCM in residential 

buildings still faces challenges, which require more investigation that can help 

professional organizations in the public and private sectors apply new policies, 

residential regulations, and technical standards. Therefore, this dissertation's 

empirical practices promote opportunities for using and selecting GCM, which is 

considered a first attempt and presents a great chance for insight look and further 

investigation. In this regard, developing a GCM sustainability framework to 

address the construction sector challenges from the perspectives of 

environmental scientists, engineers, and designers became crucial. Thus, the 

GCM data and information in this section are introduced based on a holistic 

approach consistent with the residential buildings' requirements for quantifying 

the GCM-SI based on the previous building case studies and the global 

sustainability perspective, such as CE, SDGs, and sustainability pillars, which 

introduced in the previous section in Chapter 2. This step attempts to unify the 

GCM sustainability potential framework, promoting a comprehensive and 

holistic outlook for using GCM in residential buildings. Furthermore, clarifying 

the indicators at a specific scale, such as the residential sector, will enable a more 

extensive sustainability analysis and definition of the most important priorities 

for GCM. Additionally, the framework considers the first call of action in the 

Egyptian residential building, which will illuminate GCM’s contributions toward 

realizing the UN 2030 sustainability agenda. 

  

4.4.1. The Residential Building Construction Features for Using GCM 

Therefore, the residential sector sustainability indicators are identified 

based on the previous sections' literature and research case studies,[24], 

[44],[203],[210],[211],[212],[213],214],[215]. We found that using GCM is 

increasingly important and has a wide impact on environmental, economic, and 

social aspects, especially in residential projects, to reduce natural resource 

consumption, negative environmental impact (CO2 and waste), cost-

effectiveness, and promoted occupants’ comfort level, due to the following 

factors: 

 The number of residential buildings has increased in recent decades, 

encouraging the use of alternative green materials and sustainable solutions 

[18],[59].  
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 Residential features focus on building aesthetics, property value, floor size, 

load requirements, occupants’ comfort level, durability, budget constraints, 

building regulations, and customization, which are considered when 

selecting GCM for constructing residential projects,  

 The variety of GCM types and strategies are suitable for residential building 

materials characteristics and design compared with other building typologies  

[97],[216]. This leads to more investigation into using several types of GCM 

as a sustainable practice for various building parts.  

 GCM offered ideal residential-use materials due to their functionalities and 

versatility for achieving sustainability [24],[95],[217].  

 The GCM choice in the construction process of residential buildings involves 

homeowners' preferences, especially for including various finishes in colors 

and textures.  

 The residential building often requires comfortable and flexible interior 

spaces to accommodate different lifestyles, which results in the use of GCM 

for interior purposes and finishes, such as decorative elements. 

 It was found that the total concrete quantity used in residential construction 

is typically less, but the quality and surface finishing are often emphasized. 

 Durability is crucial for all residential building types, and the aesthetics of 

concrete surfaces have the same priority. 

 GCM supports the loads associated with the structure, for instance, in the case 

of the current research case studies, they have lower load requirements than 

other building typologies, such as commercial and industrial, which are 

suitable for using GCM and can influence the project in the design and 

construction phases. 

  Sustainable residential building specifications require specific thermal and 

acoustic properties to enhance comfort. Therefore, specific types of GCM, 

commonly used in residential buildings, play an insulating and soundproofing 

role.  

 Budget limitations can affect the choice of concrete materials and the 

selection of the most cost-effective solutions that meet quality and aesthetic 

expectations.  

 Maintenance costs for GCM are very important, homeowners usually prefer 

lower-maintenance materials.  

 Local availability and transportation are important for increasing the use of 

GCM; therefore, the materials that have the local recycled waste materials of 

their component are considered the most optimum solution, such as RAC, 

which is made from recycled CDW from the same and nearest construction 

site.  
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4.4.2.  Green Concrete Materials (GCM) Strategies and Types for 

Residential Building 

 

The current research has investigated the GCM's suitability for residential 

buildings and found that the most common and eco-friendly concrete strategies 

focus on energy and resource efficiency by reducing low-primary energy use and 

using sustainable alternative materials and chemical admixtures [21]. In this 

regard, partial replacement with SCMs, such as FA and RAC, is used as by-

product manufacturing waste and municipal waste [184],[21],[107],[218]. 

In the meantime, these materials can be used in low-rise buildings, 

providing the same durability and strength as CCM, even used for structural and/ 

or non-structural works considering reinforced and non-reinforced concrete on 

various building parts [21],[219]. This is because GCM has a wide variety of 

types regarding their mechanical properties, compressive strength, durability, and 

workability, which promotes the material’s broad use with different strategies, 

considering the residential buildings codes and regulations [220],[221].  

We found that the use of GCM in residential buildings should be considered 

during the building's lifespan, from the early design stage until demolition and 

materials disposal at landfills [222],[223],[224],[225]. 

 

4.4.3. The Relation Between the GCM and the Three Sustainability Pillars 

 

The current section discussed the relationship between the GCM and the 

three bottom pillars of sustainability. The study found that using GCM for 

residential buildings requires 36 indicators based on previous case studies, LR, 

Egyptian building code, concrete code, and international and national green 

building rating systems such as the Green Pyramids Rating System (GPRS) 

[203],[7],[66],[167],[172],[186],[226],[227],[228],[229]. For example, the 

environmental indicators are focused on reducing CO2 emissions, waste 

generation, natural resource consumption, pollution, and energy use. Meanwhile, 

the economic indicators are concerned with monetary aspects, like final project 

cost, property value, maintenance, and material cost; furthermore, the cost of 

production processes, transportation cost, local availability, building methods, 

and technology. However, many indicators concern regional and geographical 

features and are always measured with the limitations and constraints of concrete 

codes and building type regulations, but there are indicators classified as global 

standards. Figure 37 presents the GCM sustainability indicators based on the 

sustainability pillars and dimensions. 
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Figure 37.  The GCM sustainability indicators are distributed with sustainability 

dimensions for residential buildings (source author). 

 

The study found several indicators have a multidimensional contribution, 

realizing more than one sustainability pillar. Consequently, the distribution of the 

GCM indicators for use in the residential building reflects the economic, social, 

and environmental sustainability pillars by 33%, 27%, and 24%, respectively, as 

shown in Figure 38. However, many indicators are aligned between two pillars, 

such as the social-economic (Soc-Eco) and the Social Environment (Soc-Env), 

with 8%. For example, the GCM’s durability and strength have contributed to 

Soc-Eco indicators by affecting property costs, new markets, and new jobs. 

Meanwhile, Soc-Env is aligned with the disposal and recycled material costs.  
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Figure 38. The distribution of the GCM indicators and three sustainability 

dimensions. 

 

4.4.4. The GCM- SI for achieving SDGs 

 

The benefits of applying GCM in the residential sector increase the 

importance of investigating their contribution to achieving sustainable 

development [175],[230]. The integration of sustainability perspectives, CE, 

three pillars, and SDGs provides a solid context for examining the GCM that can 

embody the goals of SD. Therefore, selecting the indicators with strong linkages 

and balancing the three pillars aims to validate the final selection. Consequently, 

the linkage of each pillar and indicator is identified to trace its causality 

relationship [231],[162],[194]. In this regard, we narrowed the indicators to 27 

selected in the analysis, whereas each pillar contributed 9 of GCM-SI. We found 

that each GCM-SI has a different contribution and score level with SDGs; 

thereby, we focused on high and low contributions only by applying multicriteria 

analysis. Therefore, the 27 GCM-SI are identified and combined by (weighted 

sum) based on an indicator-based assessment approach for GCM sustainability 

evaluation.  

Therefore, the evaluation was applied by using equal weights for 

sustainable indicators (SIw = 1.000) for more simplicity and dimensional 

equality.  Thereby, the GCM-SI weights were calculated by using the following 

expression:  

Wi = SIw  N⁄    

Meanwhile, the Wi: GCM-SI weight, SIw weight assigned per SDGs, and N 

number of GCM-SI and SDG contributions (high or low). “For instance, in the 
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weighting process for high levels (including high and very high) in the 

environmental pillar and SDG1, the GHG indicator was assigned with (Wi)= 

0.22 since (N)= 9 and participation of (SIw) = 2. 

4.4.5. Green Concrete Material Sustainability Indicators (GCM-SI) for 

Achieving Sustainable Development Goals SDGs 

 

Considering SDGs as a structured basis, GCM-SI can be defined and 

distinguish between their differences and similarities by identifying the 

contributions between the 17gials and their targets, as well as the sustainability 

performance [94],[183],[219],[226],[232],[234],[235],[236],[237],[238].  

The SDGs network for using GCM in the residential building sector is 

identified based on the proposed framework by Le Blanc [190], which was 

concerned with identifying the link and relation between SDGs and their targets.  

Therefore, the assessment was accrued by identifying GCM-SI based on two 

global sustainability perspectives (SDGs and three sustainability pillars) 

[164],[195]. Primary and specific indicators are investigated, such as CO2 

emissions, energy efficiency, raw materials consumption, recycled materials 

usage, waste generation, pollution, and building lifespan. Additionally, the 

indicators are proven based on case studies 1 and 2, methods for assessing and 

investigating the GCM types, and strategies, which prove their suitability for 

achieving sustainable benefits for residential building projects. The study found 

that using GCM for residential buildings is linked to SDGs, but it is necessary to 

investigate the comprehensive classifications of these indicators and understand 

the direct and indirect sustainability relationship.  

 

4.4.6. The Sustainability Framework for GCM-SI Contribution to the 

Pillars and SDGs  

This section investigates the contribution of the SDGs, sustainability’s 

three pillars, and GCM-SI and identifies in detail. We found that using GCM can 

be vital in realizing the SDGs. The results showed potential effects in reducing 

environmental, economic, and social challenges, especially for residential 

projects. Table 15 identifies in detail the indicators and their contribution level 

for the SDGs and pillars.  
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4.4.7. The GCM-SI High Contribution 

 

The study found that GCM-SI’s high contribution level strongly 

contributes to achieving several SDG goals. As shown in Figure 39, SDG6 and 

SDG12 have the highest environmental contributions [43]. While in the 

economic pillar the contribution with “SDG3, SDG8, SDG9, SDG11, and 

SDG12”, and social pillar is contributed to “SDG5, SDG9, SDG11, and SDG12” 

within the highest level. Consequently, these high-level goals indicated that 

indicators significantly contribute to SDGs. Furthermore, it is indicated that using 

GCM for the residential sector faces may face challenges if the SDGs and 

sustainability pillars are not considered as a whole strategy. 

 

Figure 39. The high level of the contribution between the SDGs, environmental, 

social, and economic pillars, and GCM-SI. 

4.4.8.  The GCM-SI Low Contribution  

 

However, the identified contribution by light and dark yellow (see in the 

previous section) is referred to as low and very low levels. The result showed that 

these indicators contributed to environmental, social, and economic through 

(SDG4, SDG10, SDG16), (SDG14, SDG1, SDG2, SDG16), and (SDG4, SDG5, 

SDG14, SDG15, SDG16) respectively. Thus, these indicators have an obstacle, 

which needs more investigation in future research efforts and support within new 

rules and regulations for the future residential projects and concrete market. As 
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noticed in Figure 40 the high value indicates that these indicators have a low 

contribution to the SDGs. 

 

 
Figure 40. Low-level contribution for GCM-SI. through the SDGs and pillars.  

 

4.4.9.  The most GCM-SI contributed to achieving SDGs 

 

Therefore, this section identified the overall high relation between the 

GCM-SI and SDGs through the sustainability pillars. Figure 41 clarifies the 

distribution of the high and very high contribution levels between the GCM-SI 

and the SDGs.  The previous levels were clarified by considering SDG17's 

constant goal with all three pillars. The study found that 13 goals contributed to 

the high and very high levels between GCM and the environmental pillar, and 12 

are in both the social and economic pillars. Figures A1, A2, and A3 in the 

appendix present the GCM-SI contribution within three sustainability pillars 

(environmental, economic, and social) and the SDGs based on the five-point 

scale identified previously in the section. 
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Figure 41. Most GCM-SI and SDG contribute through the sustainability pillars 

to high and very high levels. 

 

In the same context, for more investigation of high-level contributions, 

which consist of (high level – very high level), we found that using GCM in 

residential buildings strongly contributes to SDGs. Figure 42. shows the high 

contribution to SDGs of 92%, 85%, 77%, 74%, and 70% in SDG12, (SDG11, 

SDG6), SDG9, SDG7, and (SDG3, SDG7) respectively. Furthermore, scored 

44%, 33%, 18%, 14%,11%, within the SDG13, (SDG1, SDG5), SDG10, 

(SDG15, SDG2), and (SDG14, SDG16) but with limitation with other goals 

drivers. 
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Figure 42. The most relevant SDGs for using GCM in residential buildings. 

 

4.4.10.  Green Concrete Materials Sustainability Framework (GCM- SF) 

 

The framework is considered a tool for discussing the most important 

contributed SDGs and for utilizing GCM in Egyptian residential buildings' design 

and construction phases. It considers the inner links and network between the 

SDGs, and their targets for realizing SD 2030 agenda. For instance, SDG3 and 

its target 3.3 are aligned to enhance indoor air quality and improve human health 

by substituting CCM with GCM, which can reduce toxicity and pollution. In the 

same context, SDG12, in target 12.2, supports resource efficiency, reduces 

pollution, and decreases embodied carbon. Furthermore, target 12.5 is aligned 

with reducing waste, whereas the support for using sustainable construction 

materials is aligned with target 12.8. Figure 43. presents some of the most 

relevant SDGs and their targets, which strongly relate to realizing SDGs when 

using GCM in the Egyptian residential building sector. This will help apply a 

comprehensive and clear image for academic and industry realms.  Furthermore, 

the framework increases scalability for more sustainable practices in future 

residential building projects. Therefore, GCM-SF is considered the first eco-

friendly attempt. It can reduce and eliminate CCM's negative environmental 

impacts and improve its economic and social aspects. 
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Figure 43.  illustrates the most relevant SDGs and their target (source, author). 
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5.  CONCLUSION  

 

The current dissertation investigated the utilization of several GCMs 

scenarios, types, and strategies that are considered an environmentally friendly 

material in the design and construction phases of Egyptian residential building 

case studies. The eco-friendly approaches are used to introduce the use, selection, 

and evaluation of GCM to reduce negative environmental impacts such as CO2 

emissions, natural aggregate consumption, waste generation, and cost-

effectiveness, which was consist of three stages as a following: 

First, in the early design stage, the effects of using GCM were identified 

by the applied design-based solutions method for the building case study I, which 

was considered a novel tool to help reduce concrete and cement consumption, 

consequently protecting the environment and reducing negative environmental 

impacts, that can help achieve sustainability in the construction materials sector. 

The process started with redesigning the building to utilize the GCM, followed 

by the reselection, replacement, recycling, reuse, and reduction strategies. 

Furthermore, the substitution of CCM with GCM was analyzed and compared 

based on the original and modified scenarios using different concrete types for 

specific and selected building parts. Therefore, the replacement GCM is based on 

accurate and actual data for real and existing residential buildings located in New 

Borg Alarab City, Egypt. The selection of the building is due to its being 

considered a common building type in the study area’s urban context. Thereby 

can successfully improve the sustainable features and promote the sustainable 

model to achieve a broad impact in the residential buildings sector. Consequently, 

the original design of the residential case study was modified to present a 

sustainable model that can replace CCM with GCM in non-structural works in 

specific building parts. This resulted in a significant reduction in cement that 

reached 19.5% in the modified B compared with the original A. Additionally, it 

resulted in a 44% reduction for the non-structural concrete for the selected part 

after applying RAC instead of OPC in non-structural works. In the same context, 

the study showed a significant reduction I sand, and NCA consumption after 

substituting CCM materials with GCM, which promotes a significant reduction 

in environmental burdens.  

Second, in the construction process stage, the study investigated the role 

of GCM selection in reducing the environmental and economic impacts and 

emphasized the GCM’s role in achieving a CE.  Therefore, The SD-BF method 

was used to create the SDM for assessing the GCM circularity performance based 
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on real construction data collected from the second building case study located 

in New Cairo City, Egypt.  

In this regard, the Vensim software was used to create the CLD and SF 

diagrams, revealing interrelationships in optimal GCM scenarios. The SD-BF 

method, aligned with CE principles, assesses the circularity performance of the 

most optimum scenarios. Identify and quantify the performance of different 

scenarios in terms of cement, NA, CO2 emissions, waste, and cost-effectiveness 

during the construction phase. In this stage, the study explored the selection of 

GCM in residential building projects by partially substituting CCM with concrete 

types containing FA and RAC, considering the equivalent strength, durability, 

and functionality of CCM. We found that using an SDM can potentially affect 

GCM selection in actual and real-case studies of residential applications by 

providing time and cost benefits in the early stages of the construction process. 

Furthermore, SDM promotes the opportunity to identify the proper GCM type 

and scenario that contributes to the maximum benefits for reducing the CCM’s 

negative impacts and applying CE. 

Third, the dissertation identifies the GCM’s role in attaining sustainable 

development by integrating the two global sustainability perspectives, SDGs and 

three sustainability pillars, to introduce the GCM types and strategies, especially 

suitable for residential building applications to identify and quantify the GCM-

SI and their relation with SDGs in the sector. Therefore, the GCM-SF is being 

developed for sustainable development based on the two previous case study 

stages, supported by the comprehensive literature review of the previous research 

efforts. Thereby, the contributions of the GCM indicators were identified and 

classified based on an assessment-based approach to clarify the sustainability 

relationship. In this section, the study identified 27 GCM-SI contributed to the 

pillars and SDGs, which were classified to create the GCM-SF. In this regard, 

the high and low contribution levels were identified, which reflect the most 

important interactions, and found that the total number of goals had a significant 

contribution to GCM-S. 

For example, there are 13 goals in the environment pillar, 12 goals within 

the social pillar, and 12 goals in the economic pillar; in the case of the goal, 

SDG17 is considered a constant goal. The results showed that in levels (very high 

and high), the most contribution goals are found in SDG12 and SDG11, and the 

minimum contribution in the levels (high and very high) found in both (SDG14 

&SDG16), which are considered vital tools in achieving sustainability.  
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The dissertation proved that using GCM instead of CCM can reduce 

cement and natural aggregate consumption, waste generation, and CO2 

emissions, adding to the economic and social benefits. Therefore, the 

replacement of CCM should be considered during the design and construction 

stages. The simulation model promotes the first attempt for the construction and 

environmental stakeholders to identify the proper GCM types and scenarios that 

can contribute to CE maximum benefits and reduce the CCM’s negative impacts 

on residential building projects. Finally, based on the results of this study, it is 

expected that GCM will yield sustainable construction activities in the residential 

building sector worldwide.  
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6. RECOMMENDATIONS 

 

This dissertation recommended that formulating new rules and 

regulations and promoting cooperation between the decision-making and 

stakeholders regarding utilizing GCM in residential building projects have a 

tremendous role in achieving sustainability. An eco-friendly approach is a crucial 

solution and should be considered as a starting point for protecting the 

environment during the residential building’s design and construction phases. 

Furthermore, it plays a crucial role for environmental scientists, architects, 

engineers, contractors, stakeholders, authorities, decision-makers, and cement 

and concrete industries. 

While the dissertation’ GCM-SF is limited to residential cases, it can be 

easily updated to use on various GCM for other building typologies at the 

construction and design phases and simulate the environmental performance to 

increase the benefits of reducing negative impacts and realizing sustainability for 

future construction projects. The dissertation emphasizes that more data and 

empirical studies are needed to promote further potential investigation, which 

will offer the possibility of integrating GCM knowledge required in new policy 

formulation and regulations for achieving CE. Meanwhile, selecting and using 

GCM to achieve sustainability requires more investigation for various project 

scales at local, regional, and global levels.  Additionally, it emphasized that social 

indicators have a crucial role in increasing the utilization of GCM, and there is a 

need for more highlighting and investigation in future research. 

  

6.1  The Study’s Impact on Future Directions  

  

Assessing the use and select GCM in the design and construction phases 

for the Egyptian residential building sector can provide future research by: 

 Promote a conceptual framework to analyze the factors that influence the 

selection of GCM in residential buildings.  

 Identify the utilization of GCM such as FA, RAC, and PCC, and compare 

various hypothetical GCM scenarios with the original scenario of (reinforced 

and non-reinforced) concrete for both (structural and non-structural) building 

parts enhanced the circularity performance and closing the CCM loop. 

 Creating an SD-BF based on CE core principles helps identify the 

performance of GCM scenarios. 
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 Enhance the GCM selection by analyzing the simulation model through 

various scenarios. 

 Using dynamic conditions to investigate the GCM variables provides valuable 

insights into the decision-making process.  

  CLD clarifies the interrelationships of the GCM and the circularity variables. 

 Develop the SF to help investigate the most optimum scenarios to quantify the 

reduction in cement, NA, CO2 emissions, cost, and waste during the 

construction phase. 

 SD model can provide various benefits for time and cost from the early stages 

of the construction process for GCM selection in real and existing residential 

building projects. 

 GCM-SF presents an opportunity to facilitate the complexity of utilization of 

GCM in residential buildings and investigate strengths and weaknesses 

between the GCM-SI that contribute to the achievement of SDGs. 

 

 

6.2 Suggestions for Future Research  

The dissertation is a starting point for further research by expanding the 

sustainability assessment for various construction applications and building 

typologies. Furthermore, future research efforts should investigate different 

stages of using GCM, such as operation, maintenance, renovation, 

reconstruction, and disposal of landfills. In the same regard, the investigation for 

other GCMs should be extended, and their behavior with other sustainable 

building materials, considering other sustainability strategies and, moreover, 

addressing the challenge of long-term assessment for GCMs in the structural and 

non-structural building part under various climate conditions by using and 

integrating different types of GCM that can be applied to enhance workability 

and maintenance. Finally, this dissertation is considered a first attempt to 

examine the use and selection of GCM in the Egyptian residential buildings 

sector and is considered a call to action for different research directions in the 

future.  
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7. SUMMARY 

 

Increasing the consumption of construction materials for residential 

buildings due to rapid population and urbanization growth has significant 

negative environmental impacts worldwide. In recent decades, the production of 

OPC has been associated with 8% of the world’s human CO2 emissions and 

significant negative environmental impacts due to its production process. It is 

considered the most common construction material used at the local and global 

levels and is considered one of the largest producers of CO2 during its production 

process. However, the fast rate of population growth in Egypt has led to an 

increase in the number of residential buildings all over the country, resulting in a 

massive consumption of concrete and cement materials. Therefore, it is necessary 

to demonstrate alternative, innovative green solutions, such as GCM, to meet the 

needs of the country’s urbanization without compromising natural resources for 

future development projects. 

Therefore, the dissertation aims to assess the use and selection of GCM in 

the design and construction phases for residential buildings in Egypt in terms of 

reducing negative environmental impacts and consumption of natural resources. 

In this regard, the eco-friendly approach applied, consisting of three stages, as 

Design–based Solutions, system dynamic–based framework, and assessing-

based approaches to investigate the benefits of using and selecting GCM applied 

in two residential buildings located in two new Egyptian cities, New Borg El-

Arab City and New Cairo City in Egypt, as case studies. This selection of the 

building type was obtained due to it being considered a common building type in 

the study area’s urban context. 

In the case of study, I the dissertation aims to investigate the effects of 

substituting CCM with GCM in non-structural concrete works. It is considered 

the first attempt to answer what are the effects of using GCM on cement, natural 

aggregates, and CO2 emissions. In this regard, we applied redesign, reduce, 

reselect, reuse, and recycle strategies to find an optimal solution for applying 

RAC as a replacement material in the selected building parts. By modifying the 

original design, we are obtained two building designs (the original and modified) 

with four different scenarios. Therefore, comparative analyses were applied to 

investigate the effects of different concrete materials to show the most optimum 

building cement and concrete reduction.  

For example, 19.4% reduction in cement consumption in terms of the total 

concrete of the building and a 44.5% reduction in CO2 emissions due to the 
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reduction of cement in specific building parts. In addition, this solution decreased 

NCA consumption by 23.7% in the final concrete.  

 In the second stage, the dissertation aims to identify and analyze the 

parameters affecting the selection of the GCM for case study II, based on the 

application of circularity performance and the achievement of CE principles by 

developing an SDM during the construction process. The system dynamic-based 

framework (SD-BF) is used to develop the CLD and SF diagrams to investigate 

the relation between the GCM variables during the thirty-month construction 

process for a residential building case study II located in New Cairo City, Egypt, 

by using Vensim software. 

 To investigate the simulation interaction of the variables between the 

GCM original and several hypothetical scenarios. Consequently, after running 

the simulation and analyzing the most appropriate scenarios that  GCM, including 

fly FA  and RAC in terms of cement, natural aggregate, CO2 emissions, cost-

effectiveness, and waste generation, the results showed that using various 

concrete scenarios could enhance the GCM selection, furthermore, the cement 

reduction is the most effective variable, and the reduction reached 19.8% and 

11.4% in the most optimum scenarios, while the NA reduction reached 19.1% 

compared with the original scenario.  

However, understanding the relationship between the GCM-SI and 

realizing SDGs remains an important task for using the GCM in the scope of the 

2030 Agenda. Therefore, in the dissertation’s third stage, the identification and 

assessment of the sustainability performance of GCM are introduced based on 

the two global sustainability perspectives, the SDGs and the three pillars as a 

governing context. Using an approach showed that GCM-SF has a significant 

role in clarifying the GCM and SDGs; for example, the level of the contribution 

showed that SDG 12 has a strong relation with 92%, as well as (SDG11 & SDG6) 

at 85%, while the (SDG14 &SDG16) have lower contributions by 11%, this for 

Egyptian residential building sector. 

The current dissertation recommends that GCM close the loop of 

cementitious material consumption to reduce environmental impacts and achieve 

sustainability in the Egyptian building sector. Furthermore, SDM is considered a 

first attempt vital for achieving CE and closing the CCM loop, which helps 

construction decision-makers select suitable GCM for future residential projects.  

This can help in applying new rules and regulations for the use of GCMs in future 

residential projects. Further investigation is recommended to determine different 

building typologies and social sustainability aspects, considering the cooperation 

between private and public sectors in the Egyptian residential building industry.  
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7.1  New Scientific Achievements  

 

Developing a sustainability assessment system for using GCM for 

residential buildings in the design and construction phases by providing a 

comprehensive approach consisting of three stages plays a crucial role in 

reducing the environmental burdens of the construction sector in Egypt. 

Integration between the sustainability perspectives promoted tremendous 

attention to the GCM’s role as a starting point for enhancing the utilization of 

environmentally friendly materials and promoting sustainable practices in the 

future as a following: 

 Develop a novel approach to design-based solutions or reducing 

environmental impacts by substituting CCM with GCM by applying re-

design and modification in concrete materials for the structural and non-

structural concrete in the specific building parts in the early design stage. 

 Compare the original and modified building scenarios used to reduce cement 

consumption, which reached 19.5%, followed by estimating the CO2 

emissions based OPC production in all references and scenarios. 

 Identify the most optimum scenario after quantifying the CCM and GCM in 

all scenarios’ components by comparing cement, sand, natural coarse 

aggregate, and recycled coarse aggregate. 

 Create the SDB-F as a novel tool for selecting GCM and identifying the 

circularity performance for achieving CE during the construction phase.  

 Develop the CLD that is able to visualize the individual and causal links and 

feedback loops for several GCMs. That played a crucial role in 

demonstrating the selection of GCMs in the construction process as a 

complex system and applied the system structure based on the CE core 

principles for residential case study II. 

 Create an SF diagram to enhance the GCM selection, which is considered a 

novel tool that can help in selecting between several GCM scenarios. 

Furthermore, the most optimum scenario can reduce the negative 

environmental impacts and enhance circularity performance during the 

construction process. 

 Promote the GCM-SI based on previous results from the two case studies in 

the Egyptian residential sector and analyze the GCM   behavior to realize 

SDGs. 

 Develop a novel GCM-SF for residential buildings, which plays a crucial role 

and provides important insights to policymakers, environmental scientists, 

and stakeholders in the construction industry.  
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[14] Le Quéré C, Andrew RM, Canadell JG, Sitch S, Ivar Korsbakken J, 

Peters GP, et al. Global_Carbon_Budget_2013_v1.3.xlsx. Earth Syst Sci 

Data 2017. 

[15] Habert G, Miller SA, John VM, Provis JL, Favier A, Horvath A, et al. 

Environmental impacts and decarbonization strategies in the cement and 

concrete industries. Nat Rev Earth Environ 2020;1:559–73. 

https://doi.org/10.1038/s43017-020-0093-3. 

[16] Garside M. G cement production 1995–2019. No TitleGlobal cement 

production 1995–2019. Statista, Dostupno Na: Https://Www Statista 

Com/Statistics/267364/World-Cement-Production-

Bycountry/(Pristupljeno: 17 Siječnja 2020) n.d. 

[17] Chen H, Chow CL, Lau D. Developing green and sustainable concrete in 

integrating with different urban wastes. J Clean Prod 2022;368:133057. 

https://doi.org/10.1016/j.jclepro.2022.133057. 

[18] Sivakrishna A, Adesina A, Awoyera PO, Kumar KR. Green concrete: A 

review of recent developments. Mater Today Proc 2020;27:54–8. 

https://doi.org/10.1016/j.matpr.2019.08.202. 

[19] Suhendro B. Toward green concrete for better sustainable environment. 

Procedia Eng 2014;95:305–20. 

https://doi.org/10.1016/j.proeng.2014.12.190. 

[20] Dhanya BS, Santhanam M, Gettu R, Pillai RG. Performance evaluation 

of concretes having different supplementary cementitious material 

dosages belonging to different strength ranges. Constr Build Mater 

2018;187:984–95. https://doi.org/10.1016/j.conbuildmat.2018.07.185. 

[21] Hafez H, Kurda R, Cheung WM, Nagaratnam B. A systematic review of 

the discrepancies in life cycle assessments of green concrete. Applied 

Sciences (Switzerland) 2019;9. https://doi.org/10.3390/app9224803. 



 121 

[22] Amran YHM, Alyousef R, Alabduljabbar H, El-Zeadani M. Clean 

production and properties of geopolymer concrete; A review. J Clean 

Prod 2020;251:119679. https://doi.org/10.1016/j.jclepro.2019.119679. 

[23] Meyer C. The greening of the concrete industry. Cem Concr Compos 

2009;31:601–5. https://doi.org/10.1016/j.cemconcomp.2008.12.010. 

[24] Marey H, Kozma G, Szabó G. Effects of Using Green Concrete 

Materials on the CO2 Emissions of the Residential Building Sector in 

Egypt. Sustainability (Switzerland) 2022;14. 

https://doi.org/10.3390/su14063592. 

[25] Yu W Der, Cheng ST, Ho WC, Chang YH. Measuring the sustainability 

of construction projects throughout their lifecycle: A Taiwan Lesson. 

Sustainability (Switzerland) 2018;10. 

https://doi.org/10.3390/su10051523. 

[26] Zhao Y, Yu M, Xiang Y, Kong F, Li L. A sustainability comparison 

between green concretes and traditional concrete using an emergy ternary 

diagram. J Clean Prod 2020;256:120421. 

https://doi.org/10.1016/j.jclepro.2020.120421. 

[27] Opoku A, Deng J, Elmualim A, Ekung S, Hussein AA, Buhashima 

Abdalla S. Sustainable procurement in construction and the realisation of 

the sustainable development goal (SDG) 12. J Clean Prod 

2022;376:134294. https://doi.org/10.1016/j.jclepro.2022.134294. 

[28] WBCSD and ARUP. Net-zero buildings: Where do we stand ? Wbcsd 

2021:103. 

[29] Ruparathna R, Hewage K. Sustainable procurement in the Canadian 

construction industry: Current practices, drivers and opportunities. J 

Clean Prod 2015;109:305–14. 

https://doi.org/10.1016/j.jclepro.2015.07.007. 

[30]   Ershadi, M., Jefferies, M., Davis, P., & Mojtahedi, M. Barriers to 

achieving sustainable construction project procurement in the private 

sector. J Cleaner engineering and technology 2021; 

https://doi.org/10.1016/j.clet.2021.100125 

[31] Nilimaa J. Smart materials and technologies for sustainable concrete 

construction. Developments in the Built Environment 2023;15:100177. 

https://doi.org/10.1016/j.dibe.2023.100177. 

[32] Baynes TM, Musango JK. Estimating current and future global urban 

domestic material consumption. Environmental Research Letters 

2018;13. https://doi.org/10.1088/1748-9326/aac391. 

[33] Frischknecht R, Birgisdottir H, Chae CU, Lützkendorf T, Passer A. IEA 

EBC Annex 72 - Assessing life cycle related environmental impacts 

https://doi.org/10.1016/j.jclepro.2015.07.007
https://doi.org/10.1016/j.clet.2021.100125


 122 

caused by buildings - Targets and tasks. IOP Conf Ser Earth Environ Sci 

2019;323. https://doi.org/10.1088/1755-1315/323/1/012042. 

[34] Bobba S, Carrara S, Huisman J, Mathieux F, Pavel C. Critical Raw 

Materials for Strategic Technologies and Sectors in the EU - a Foresight 

Study. 2020. https://doi.org/10.2873/58081. 

[35] Miller SA, Horvath A, Monteiro PJM. Impacts of booming concrete 

production on water resources worldwide. Nat Sustain 2018;1:69–76. 

https://doi.org/10.1038/s41893-017-0009-5. 

[36] Global Alliance for Buildings and Construction, International Energy 

Agency the UNEP. GlobalABC roadmap for buildings and construction: 

towards a zero-emission, efficient and resilient buildings, and 

construction sector. Paris: n.d. 

[37] International Energy Agency. 2019 Global Status report for Buildings 

and Construction. 2019. 

[38] Gamaleldine M, Corvacho H. Compliance with Building Energy Code 

for the Residential Sector in Egyptian Hot-Arid Climate: Potential 

Impact, Difficulties, and Further Improvements. Sustainability 

(Switzerland) 2022;14. https://doi.org/10.3390/su14073936. 

[39] Romo-Orozco JM, Contreras-Jiménez JC, Corona-Armenta JR, Morales-
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APPENDIX 

Table15. Green Concrete Material Sustainability Indicators GCM-SI 

Contribution to three sustainability pillars and the SDGs.  

 
Environmental 

SDGs GHG Waste  Water    Global 

warming  

 Pollution  Energy    CO2    Cement   Resources   

SDG1          

SDG2          

SDG3          

SDG4          

SDG5          

SDG6          

SDG7          

SDG8          

SDG9           

SDG10          

SDG11          

SDG12          

SDG13          

SDG14          

SDG15          

SDG16          

SDG17          

Social 

  Aesthetic Maintenance Safety Affordability Community Human 

Health 

Comfort 

Level 

New Job Lifespan 

SDG1          

SDG2          

SDG3          

SDG4          

SDG5          

SDG6          

SDG7          

SDG8          

SDG9          

SDG10          

SDG11          

SDG12          

SDG13          

SDG14          

SDG15          

SDG16          

SDG17          

Economic 

 Project 
Cost  

materials 
Cost  

 Transport  Energy 
Saving  

Property 
Value  

Disposal 
Cost  

Durability  Strength  Labor Cost  

SDG1,           

SDG2          

SDG3          

SDG4          

SDG5          

SDG6           

SDG7          

SDG8          

SDG9          

SDG10          

SDG11          

SDG12          
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SDG13          

SDG14          

SDG15          

SDG16          

SDG17          

“Dark yellow Color (very low), light yellow (Low), grey (moderate), light green (high), and dark 

green (very high)” are the levels of contribution between the GCM indicators and each SDGs.    

 

 

 

Very low Low Moderate  High Very high 
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Figure A1 Green Concrete Material Sustainability Indicators GCM-SI Contribution to environmental  pillar and the SDGs. 
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Figure A2 Green Concrete Material Sustainability Indicators GCM-SI Contribution to social  pillar and the SDGs. 
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Figure A3 Green Concrete Material Sustainability Indicators GCM-SI Contribution to Economic Pillar and the SDGs.  
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