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Abstract

:

The construction industry (CI) has a significant impact on the environment and on climate change due to the emission of greenhouse gases like carbon dioxide. Globally accepted Sustainable Development Goals (SDG), specifically SDG 7 (Access to Affordable, Reliable, Sustainable and Modern Energy for All), SDG 9 (Industry, Innovation and Infrastructure), and SDG 11 (Sustainable Cities and Communities) stress the responsible utilization of energy in various industries, including construction. The CI uses almost half of the world’s produced energy. Therefore, this research presents insights into the efficient use of energy in the building sector and shows how energy efficiency can be achieved by altering different parameters and components like orientation, materials, glazing, and HVAC systems through a case study of a hospital building in Green Building Studio (GBS). This paper also aims to use the Building Information Modelling (BIM) approach to make environmentally sustainable decisions to reduce energy waste in projects. Initially, beneficial factors of BIM on green buildings were identified in the literature and later ranked, based on expert opinions collected using a set of questionnaires. Average Index was used for data analysis. The identified benefits were validated by conducting energy analyses on a hospital model through 3D BIM. It was concluded that a substantial share of energy cost, carbon dioxide (CO2), and electricity can be saved using this approach. It was determined that a quick and sustainable design process, improved energy efficiency, enhanced building performance, and provision of better design alternatives are the key benefits of the adoption of BIM by such projects. A Cronbach’s alpha value of 0.822 was obtained, which further validates the results. The proposed approach may lead future structures to be sustainable and enriches the culture of energy-efficient green buildings.
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1. Introduction


The architecture, engineering, and construction (AEC) industry has been a big contributor to environmental pollution, producing tons of waste and carbon emissions. The construction industry (CI) produces 50% of landfill wastes and is responsible for around 40% of the pollution detected in drinking water. It causes around 23% of air pollution [1], and uses 40% of the world’s energy, mostly in the operation phase, producing a large amount of greenhouse gas emissions. Techniques like prefabrication have been introduced to cut carbon emissions and reduce waste. Additionally, green and zero-energy buildings are being built to counter the adverse effects of CI on climate change. A recent conference was focused solely on the urgency of the issue of greenhouse gas emissions and the adoption of sustainable and green practices [2]. Even in developing countries like Pakistan, people are interested in investing in and availing of the benefits of zero energy buildings [3].



Building Information Modelling (BIM), on the other hand, is not only efficient in sustainability analyses and management, but also has a positive impact on the operation, maintenance, and demolition phases of buildings [4,5,6]. Some authors have merged BIM and green building concepts, defining the priorities of the Green BIM concept as follows: “to accomplish established sustainability goals by 3D modelling, producing and working with coordinating building data during project life cycle to enhance the efficiency, quality and performance of the building” [4,7]. The reason BIM is being widely used for the construction of green buildings and even traditional buildings is the coordination benefits between project stakeholders like architects, engineers, designers and, most importantly, the client [5]. Better collaboration will ensure better project designs [8]. Additionally, the cost of the project is reduced. The use of BIM for construction projects and more green sustainable buildings has been a major trend in CI in recent years. Project stakeholders have observed an outstanding relationship between BIM and green buildings [8]. Since the 2010s, firms in the AEC industry have opted to use BIM for their traditional projects and the Green BIM concept for sustainable projects.



Integrated design approaches through BIM are making it beneficial for the design of green buildings [7]. Research is being done on BIM tools that can benefit the design, construction, and operation of green buildings, like software for energy simulations, air analyses, and reuse and recycle analyses of construction waste [4]. Further, Leadership in Energy and Environmental Design (LEED), which gives certification to green sustainable buildings, has some recommendations for the construction of green buildings, like optimizing building mass, green facades, having green vegetated roofs which reuse greywater and control temperatures, and putting lighting sensors to optimize energy consumption [9]. As such, the current research covers some of these aspects by applying changes to the mentioned parameters and reviewing their effects on energy efficiency, resulting in the prospective attainment of the respective Sustainable Development Goals (SDGs). A great deal of research has been conducted to date, e.g., to correlate the attainment of SDGs through building material development and usage [10] and stakeholder management for the effective adaptation of green building concepts in the industry [11]. In a recently conducted study for Chinese CI, the authors investigated the barriers which hinder the adoption of sustainable practices and the attainment of SDGs. The specific objectives of current study include the identification and ranking of BIM factors imparting a positive influence on green buildings and the validation of those benefits through an integrated energy analysis of a case-study 3D BIM model using Green Building Studio (GBS).




2. AEC, BIM, and Sustainability


“Sustainable Development” (SD) in the 21st century has emerged as the latest development tag where a wide range of governmental organizations, as well as the nongovernmental agencies, have taken it as the modern mode of development. This includes problems related to the environment and confusion about the concepts of sustainability and participation [12]. Increasing concerns relating to ecology and resources in the 1980s led to the advent of the sustainable development concept, which focused on meeting the needs of present generations without compromising the ability of future generations to meet their own needs, as outlined in the ‘Brundtland Report’ [13,14]. The construction industry is regarded as the primary consumer of natural raw resources, and hence, the SD requires CI to function in a sustainable manner [15]. Initially, the SD only focused on environmental issues, but with the passage of time, SD has come to encompass ethical, social, and economic issues. Since then, SD has become an amalgamation of economic, ecological, and social issues [16].



The 2005 World Summit Outcome, drafted by the General Assembly of the United Nations, identified three interdependent components of sustainable development: Economic development, social development, and environmental protection [17]. As the oft-quoted phrase, John Elkington translated this idea: “planet, people and profit,” which defines the triple bottom line of greening society [18]. Furthermore, the indicators and targets such as Indicator 7.1.1, Indicator 7.2.1, Target 9.4, and Indicator 11.7.1 of the SDGs (set by United Nations) emphasize for the provision of electricity, increment in renewable energy’s share, up-gradation and adoption possibility of the infrastructure facilities to sustainable approaches, and provision of open spaces for public use ultimately for their wellbeing and leading to sustainable development [19,20,21,22,23,24]. The summarized literature depicts the research literature review’s efforts below. It depicts researchers’ efforts in different regions of the world for the highlighted SDGs’ direct and indirect achievements.



Despite the concept of “environmental sustainability” and “sustainable development” being very well known to the AEC industry for many years, the industry is still considered an infant in terms of controlling and managing carbon emissions and is criticized for being a major carbon emitter [4]. After being hit by disastrous global warming issues, environmental degradation, unexpected climatic changes, the shortage of energy resources, and increasing energy costs, the AEC industry is continuously being pressured to minimize their energy consumption to avoid carbon emissions and tackle the concerns. Therefore, humans in general and the AEC industry have shifted their focus towards the building and development of the low carbon green buildings and environmentally friendly cities [3,18]. The green design can be best served through an integrated design process, and BIM is best known for facilitating this. Taking this into account, continuous endeavors are being made in exploring the possibility of BIM in facilitating the development of green buildings. The innovation of BIM technology in green and sustainable buildings has brought some latest means to predict, manage, and monitor the environmental impacts of construction through its virtual prototyping and visualization technology. Due to BIM integration and coordination features with different models like Mechanical, Electrical, and Plumbing (MEP), and architecture; it can enclose and incorporate loads of information within one single model, which helps in efficient analyses of environmental performances and to enhance sustainability measures more precisely [4]. BIM is possibly the best methodology to integrate the analog-energy buildings, airflow analysis, and buildings’ sunshine ecosystems. Using BIM helps us reduce energy consumption and construction waste to a greater extent and improve construction quality [25]. With the availability of innovative software like GBS that uses cloud computing technology for different building analyses by gathering data from its nearest weather station. It can perform tasks such as estimation of energy consumptions, production and use of renewable energy, and calculations regarding the building’s annual carbon footprint [4].



BIM tools are beneficial in selecting good orientation and moderating other components of the building and result in energy cost and optimization of the building envelope. Techniques like water harvesting to reduce water usage in the building can also be implemented by using BIM in the design stage. The viable options for sustainability design can be studied in a model and geospatial data to locate and import building site information to place it within the context and contribute to an understanding of issues relating to climate, surrounding systems, and resources. The real coordinates then help lessen the impact and utilize the surrounding environment sustainably to reduce energy requirements, such as solar orientation [26], as is done in the current study. BIM tools give the power to see the path of the sun and its shadows on the buildings. Energy can be saved by utilizing more efficient technology to have higher levels of comfort with less cost by using daylight as a primary light source, which helps in reducing building energy demand [27], as artificial lights in buildings consume 18% of the total energy produced in the world [28]. For example, the facade in office buildings’ amount of glass used is more than a residential one, so better designs are needed to avoid glaring and thermal discomfort problems. The thermal discomfort can be responsible for extra energy consumption. A proposed solution to minimize the solar gain could be horizontal louvres for the south facade and vertical louvres for the east facade [29].



Furthermore, vegetation is used for shading purposes on the roof, and its effectiveness changes with growing in spring and wilting in winter. In summer, the dense leaf of the plants absorbs the solar radiation and trough evapotranspiration process decreases the air temperatures. In winter, the bare branches of the plants provide the low angle for solar radiation into the interior of the building [30]. BIM software like GBS can calculate the amount of renewable energy production through solar and wind, so their feasibility can be assessed [31,32,33]. BIM helps designers and engineers choose optimal design schemes balancing carbon emissions, energy, and cost for the client through a multi-objective optimization model [34]. The software also provides water analysis mainly at the design phase by estimating water usage based on relevant factors. They help optimize the water distribution system of buildings of waste products that will be generated at the site [31]. The increasing number of construction activities have multiplied the ill environmental impacts of construction and demolition waste (C&D) and has become a severe socio-environmental concern and a political issue. However, with the growing awareness of environmental sustainability, governments and industries are looking towards effective C&D management practices. For this purpose, practitioners have also been working hard to create BIM-based tools for estimating the waste from the demolitions of buildings [4]. Sustainable construction’s aspect of waste reduction can also be achieved through BIM [35]; as researched for Pakistan’s CI, BIM and Artificial Intelligence can help in waste reduction and management [29,30].



As mentioned before, the author in [3,36,37] worked out the interests of people in developing countries like Pakistan and their willingness to pay extra for adaptation of net-zero energy buildings. From this study, it is determined that people are willing to pay the price for energy-efficient homes, which can be made possible with integrated concepts like BIM, sustainability, and green building. Furthermore, review and case-based studies have been conducted on the economic sustainability assessment of the residential buildings with BIM [38] for the effective integration of both concepts. In this research paper, the factors have been identified from the research done previously about BIM and energy efficiency of building through BIM. However, there was a lack of practical approach in those research papers which is considered in this work with energy analysis through GBS and its savings in carbon emissions, energy, and its cost by doing several alternatives, as explained further below. BIM and its beneficial relationship with green buildings have been well established in the literature, and the relevant factors are summarized below in Table 1. Identified factors were later utilized in the questionnaire survey.




3. Research Methodology


Following the approach by authors in [49] for buildings energy and carbon emission analysis in the operational phase, a multi-step methodology was adopted, as shown in Figure 1. In the initial phase, journal articles, conference proceedings, books, and reports were attained from various scientific databases. Obtained documents were then scanned for beneficial factors concerning the integration of BIM in green buildings. After the literature mapping of these factors (benefits), interviews were conducted with the industry experts related to BIM to verify their existence with Pakistan’s CI. In the next phase, factors were assembled in a questionnaire format which consisted of two parts: Demographics of construction personnel and benefits of BIM integration in green buildings. The perceptions of construction sector practitioners were acquired through the questionnaire. They were asked to rank the factors on a five-point Likert scale ranging from strongly disagree to strongly agree. Data Analysis was performed using SPSS version 24 to obtain the top-most significant factors based on Average Index (AI) value obtained for each factor. In the third phase, a case study model was prepared for a hospital to know the ranked factors’ validity through energy analysis. The analysis was done by designing a Autodesk RevitAutodesk Revit model and exporting that in gbXML format to GBS. The case-study hospital building’s exact location is provided as an input to GBS to fetch the data from the nearest weather station for accurate energy analysis. The top ranked factors were validated by different trials conduction on the GBS platform. In the end, conclusions were drawn, and recommendations were put forward, followed by the future research gaps.



3.1. Questionnaire


In this study, a structured questionnaire was used to collect data. A well-drafted questionnaire was prepared to seek the opinions of relevant construction practitioners of the country. The first part focused on knowing the education level, positions, experience, type of organization, types, and size of projects, while the second part urged the respondents to rank the BIM-related factors influencing green buildings.




3.2. Likert Scale


A five-anchored point Likert scale explained in Table 2 was used in this research.




3.3. Average Index Method


SPSS version 24 was used to calculate average indices of factors mentioned in a questionnaire so that the significance of each factor can be observed and judged. The AI Formula (1) was adopted from similar factors’ identification and ranking studies [43,45].


  AI   =       ∑      (  5 n 1   +   4 n 2   +   3 n 3   +   2 n 4   +   1 n 5  )      ∑      (  n 1   +   n 2   +   n 3   +   n 4   +   n 5  )     



(1)




where:



n1 = Count of respondents for scale 1;



n2 = Count of respondents for scale 2;



n3 = Count of respondents for scale 3;



n4 = Count of respondents for scale 4;



n5 = Count of respondents for scale 5;



(n1 + n2 + n3 + n4 + n5) = Total respondents.




3.4. Model Development


Autodesk Revit was used to develop the model for energy analysis on GBS. The model of the hospital was developed after the consultation of the stakeholders. The architectural, structural, and MEP model was developed on Autodesk Revit. The model was exported in gbXML format from Autodesk Revit, which is a required data exchange format for analysis on GBS. The hospital model is designed with Level of Detail (LOD) 300 and by looking at structural safety and sustainability practices. The building has a gross floor area of 3562.6 m2 and a base floor area of 815.65 m2. Keeping these principles in mind, the model was designed with a structural framing system made up from concrete, which amounts to 1334.981 cubic meters. The recyclable bricks were used to construct walls, as such bricks are sustainable in the long run and can be recovered, reused, and recycled for new projects [50]. Figure 2 shows the steps which were followed for the model development. GBS, which is a cloud-based software, uses data from the nearest weather station for energy analysis. The carbon emission calculations are based upon the onsite material and energy use, the source of production of electricity which is to be used during the operational phase, and it can be based on fossil fuels or renewables. A higher percentage of carbon emissions shows that electricity production used for that project is based majorly on fossil fuels. The project considered in this research work is in Hyderabad, Pakistan, where the peak temperatures are around 45 °C in summer. The same temperatures were used by GBS for analysis. Rates used for calculation of cost were taken from local energy suppliers in Hyderabad which are set by the government for the hospital buildings.





4. Results and Discussion


4.1. Response Rate


The survey was conducted through Google forms, emails, and by hand. Forty-four number questionnaires were distributed, and 30 valid responses were obtained from industry professionals, making the response rate 68% for the acquired data. The lower response rate is due to the fact, pointed out in the literature [51,52], that there is very low awareness about green buildings in developing countries. Moreover, the study [3] also claimed that only 28.6 percent of respondents were aware of the green buildings phenomenon in Pakistan, and hence, the lower response rate was unavoidable.




4.2. Demographics of Respondents


The respondents’ demographics include education level, positions, experience, type of organization types, and size of projects, as detailed below.



4.2.1. Working Position of Respondents


The position of respondents in their respective organizations is shown below. The respondents had various posts in their organizations, such as CEOs, Directors, project managers, site engineers, academics, and others, as represented in Figure 3.




4.2.2. Types of Projects


The survey respondents with industry professional experience had undertaken various projects such as buildings, infrastructures, build-infrastructures, etc., as shown in Figure 4.





4.3. Reliability of Collected Data


Cronbach’s Alpha value determines the reliability of the collected data. The value indicates the internal consistency of the set of items. Hence, it can be concluded that the higher values of Cronbach’s alpha denote greater consistency and reliability in data. The alpha values ranging from 0.7 to 0.95 are considered highly acceptable values [46]. For the present research, the obtained value of Cronbach’s alpha is presented in Table 3.




4.4. Ranking Factors


The use of BIM technology for the construction of green buildings is quite beneficial. In the questionnaire form, the respondents were asked to rank the factors of BIM imparting positive impacts on green construction. The factors are presented in Table 4. Along with rank and AI value of each factor.



It can be seen from the ranking factors that the majority of these correlate and link to the sustainability aspects of the building, resulting in improved efficiencies, better design provisions, economical and green alternatives for the buildings, carbon savings, and resources’ reusability potential and waste reduction aspects, which ultimately lead to the attainment of the SDGs. The top position is acquired by the factor that BIM helps in making the design process sustainable.




4.5. Conceptual Framework of the Proposed Case Study


Today, various software are developed that can be used by industry professionals at any stage of construction. BIM provides the platforms to design 3D models and store information utilized in different stages of design, construction, and operational phase. Using the BIM-based software programs and by utilizing the information present in those models, we can make informed decisions and can alter the designs, improve their accuracy, identify the conflicts, and avoid them to get more predictable results.



Typically, construction projects are conventionally executed after thorough planning. Still, due to recent environmental threats, new approaches are needed to optimize the use of resources during the planning and design phases. It is highly recommended in the United Nations’ SDGs to design new trends to save natural resources depletion. This study proposes a solution that can be integrated during the construction industry project’s design phase to achieve various benefits mentioned in earlier sections. This model incorporates the various indicators considered in sustainable structures, green buildings, and SDG 7 during the building design phases. Now, it is evident that conventional building design approaches cannot integrate all the indicators. Therefore, this study provides an integrated approach between these tools, sustainability indicators, and green building concepts. Figure 5 and Figure 6 show the complete conceptual framework.



This approach will improve the design part of the construction project activities, and the 3D visualization will make it more user-friendly to modify as per client needs. This study proposes a smart solution to optimize the natural resources in upcoming construction projects. The solution, if applied, can save energy, cost of living, and be a sustainable solution. The targets SDG 7.1 and SDG 7b can be significantly contributed to by this model.




4.6. Developed Building Models


The primary 2D model drawing was transformed into 3D in Revit, and the different constructional elements are added in the whole model, as an example, the structural model is shown in Figure 7.



The model shows the complete structural key elements of the building, and appropriate sections are also added in the model. Similarly, the whole Mechanical Electrical and Plumbing (MEP) model was created, and the complete drawing is shown in Figure 8.



In the next phase, the complete rendering has been done for the building where ventilation and sunlight are the key elements with other secondary elements of sustainable and green buildings, as shown in Figure 9.



The model developed after the integration of all models is shown in Figure 10. The cross-sectional elevation shows the different services and utility details.



These models and relevant data were utilized later for the energy, carbon emission, and cost analyses in GBS. The results are mentioned in the next section with a comparative assessment with the conventional method to analyze the difference in both approaches.




4.7. Optimization and Energy Analysis


Combining BIM with specialized energy modeling software, every part of a building, from MEP systems and orientation elements to interior comfortability elements, can be simulated and optimized for energy efficiency. The top 5 ranking factors were analyzed on a hospital model. Its energy use was calculated along with carbon emissions of the building, which helps to reduce the cost of the project and make effective changes in the design. In GBS, a total of thirteen trials were run on the model. Table 5 contains the results of different trials, which shows the building type, which was analyzed, along with the floor area of the model, annual electric cost, and annual fuel cost of the hospital building according to local rates. Moreover, annual electric use in KWh and annual fuel use in MJ are provided for different trials and base runs without any changes in the model. Further, the energy use intensity of the building is provided. The results also contain the amount of carbon emissions of the building with different trials, which is an important aspect to be considered because CI is a big contributor to carbon emissions in the environment. The amount of carbon emissions in tons per year that can be saved is mentioned as well.



Several trials were based on changing the building’s orientation up to 15 degrees, and changes were observed in the model along with better airflow and reduced energy use. When changes in orientation and low emission glazing on windows, daylighting sensors, and the HVAC system were done, it reduced energy use and saved up to 32 tons in carbon emissions. In some trials, framing and wooden insulation frames were also used on windows of the building to reduce the amount of heat entering the building. Additionally, it can be observed in Table 5 that one trial resulted in an increase in carbon emissions as well. Figure 11 shows the comparison of the results between the base run and the best alternative design.



The former is without any changes in the building design. The later result is after changing the building’s orientation at 15° with alteration in the HVAC system to the underfloor air distribution system and the use of low emissivity glazing on windows. The glazing allows the visible light to pass through the glass, but reflects the heat, reducing the use of electricity for internal cooling or heating [53]. The authors [54] stated that the underfloor air distribution system is energy efficient and improves the living environment for occupants as well. The best design alternative results also prove the statements that the use of an underfloor air distribution system with low E glazing of windows reduces the energy use and cost significantly. This reduction in energy use also has a major impact on reducing carbon emission. The results show that 32 tons of carbon emission can be achieved by doing these changes. The design alternative to reach the optimum design and energy efficiency can reduce the annual peak demand from 53.2 KW to 34.7 KW and reduce electricity use, as it is costly in a developing country like Pakistan. This reduces annual peak demand and grid electricity use, which can be further reduced by using the PV system on the roof of the building, reducing the carbon emissions further. These interventions also proved effective for annual and lifecycle energy cost. The anticipated annual energy cost after the changes was reduced by almost 1 million rupees, and lifecycle energy cost was reduced by almost 13 million rupees. The summarized optimization results are also represented in Table 6. It is observed from Table 6 that there is a significant saving of resources using the suggested approach mentioned in this paper.





5. Strengths and Limitation of the Research


A hospital model was selected to perform the case study of reducing the operational energy use and carbon emissions, which account for nearly 85% [55] of buildings’ energy consumption and carbon emissions. A hospital model is chosen, as it is functional and requires constant electricity, fuel, and water for its day-to-day functions. The location for the project is Hyderabad, which has an arid climate and high temperatures during the day. There have not been many significant studies being done on the hot arid climate of Pakistan, especially hospitals in these regions. This study of hospital tries to reduce the building’s operational energy in arid climates to achieve sustainability. As for the calculation of carbon emissions during the building’s construction phase, values of several coefficients are required, which have not been accurately worked out for the manufacturing and construction industry in Pakistan. Hence, this limits our research to calculating energy use and carbon emissions during the operational phase only. Further validation of only the top five BIM-based benefit indicators was done by performing different GBS trials. Moreover, a realistic approach has been adopted for the cost calculation of energy use. The specific rates for hospitals were obtained from regional service providers for fuel and electricity.




6. Conclusions and Recommendations


The present study sought to identify the benefits of BIM-based approaches from the literature, and then the ranking of identified factors was done through collaboration with green building professionals. It is concluded that BIM-based sustainable approaches expedite the design and execution processes at reduced physical and non-physical resources. In particular, the BIM-based approach employed on the hospital model in this study aided in saving the annual electric and fuel cost and reduced carbon emissions.



Though the literature mentions barriers such as lack of skilled personnel, legal and security issues, high cost of implementation, etc., in adopting BIM in developing countries’ adoption, specifically in Pakistan [56], BIM has proved its benefits in green building. The use of BIM is very clear in the early design stage. It gives the best results in this stage because of different alternative trials through software such as GBS, and implementing the one that gives the feasible (economical, green, sustainable) results. This study proposes a smart solution to optimize the natural resources in upcoming construction projects. The solution can save energy, costs of living, and be a sustainable solution. It is concluded that a substantial share of cost and electricity can be saved using this approach. This model can significantly contribute to the targets SDG 7.1 and SDG 7b. Based on the results of the study, the following recommendations are suggested.



	
The government should take major actions to devise smart systems in the buildings.



	
New building and structural codes should be designed to promote energy-efficient buildings.



	
The government should introduce a mandatory certification like LEED Green certification to promote smart building concepts.



	
The government should provide some incentives and tax relaxation to people and organizations supporting and constructing energy-efficient buildings.



	
Academia and industry should work together to design better cost and time-efficient methods for energy-efficient buildings.



	
An independent agency should be formulated to support the idea of smart and energy-efficient buildings which will monitor the continuous improvements in the SDG 7, 9, and 11.
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Nomenclature




	Low E
	Low emission glass which reflects up to 90% of heat but admits light



	VAV
	Variable Air Volume (A type of HVAC System)



	PVAV
	Polyvinyl Variable Air Volume



	VAC
	Ventilation and Air Conditioning



	HVAC
	Heating, Ventilation, and Air Conditioning



	CEO
	Chief Executive Officer



	KW
	KiloWatt



	KWh
	KiloWatt Hour



	MJ
	Mega Joule



	LCA
	Life Cycle Analysis/Assessment
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Figure 1. Research methodology flowchart. 






Figure 1. Research methodology flowchart.



[image: Sustainability 13 03675 g001]







[image: Sustainability 13 03675 g002 550] 





Figure 2. Process flow chart of model development. 
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Figure 3. Position of respondents. 
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Figure 4. Types of projects. 
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Figure 5. Elementary phase of the planning. 
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Figure 6. Case study conceptual framework. 
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Figure 7. Structural model in Revit. 
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Figure 8. Mechanical Electrical and Plumbing (MEP). 
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Figure 9. 3D rendered exterior view of hospital model. 
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Figure 10. 3D integrated view of structure and MEP. 
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Figure 11. Comparison of results. 
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Table 1. Benefits of Building Information Modelling (BIM)-based modelling approaches.
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	S. No.
	Benefits of BIM
	Sources/References





	1.
	Enhanced Building Performance
	[4,5,25,39,40,41]



	2.
	Improved Energy Efficiency
	[4,5,25,39,40,41,42,43,44]



	3.
	Quick and Sustainable Design Process
	[4,5,25,41,44,45,46,47]



	4.
	Provision of Better Design Alternatives
	[4,5,25,41,44,47]



	5.
	Viable Options for Low Carbon Footprint
	[5,47]



	6.
	Carbon Saving during Building Operation
	[5]



	7.
	Construction Waste Reduction
	[5,41,43]



	8.
	Calculations of Water Availability and Usage
	[5,43]



	9.
	Estimation of Grey Water Reuse Potentials
	[42]



	10.
	Quantification of Rainwater Harvesting Systems
	[5,25,43]



	11.
	Green Innovation and Supply Chain Collaboration
	[5,39,40,45,47]



	12.
	Improved Facility Management
	[5,39,40,44,45]



	13.
	Better Project Definition
	[5,41]



	14.
	LCA of Energy, Water, and Fuel Usage
	[5,41]



	15.
	Estimation of Potential Green Energy Production
	[41,45,48]



	16.
	n-Dimensional Visualization
	[4,5,25,39,40,46,48]



	17.
	Efficient Procurement of Materials
	[5,41,43]










[image: Table] 





Table 2. Likert scale description.
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	Values
	Description





	1
	Strongly Disagree



	2
	Disagree



	3
	Undecided



	4
	Agree



	5
	Strongly Agree
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Table 3. Reliability statistics.
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	Cronbach’s Alpha
	No. of Items





	0.822
	17
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Table 4. Ranking of BIM factors. AI: Average Index.
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	Rank No.
	Factor
	AI





	1.
	Quick and Sustainable Design Process
	4.4828



	2.
	Improved Energy Efficiency
	4.4483



	3.
	Enhanced Building Performance
	4.3448



	4.
	Provision of Better Design Alternatives
	4.3103



	5.
	n-Dimensional Visualization
	4.2759



	6.
	Improved Facility Management
	4.2414



	7.
	Green Innovation and Supply Chain Collaboration
	4.1724



	8.
	Better Project Definition
	4.1379



	9.
	Construction Waste Reduction
	4.1034



	10.
	LCA of Energy, Water, and Fuel Usage
	3.9655



	11.
	Calculations of Water Availability and Usage
	3.8621



	12.
	Quantification of Rainwater Harvesting Systems
	3.7586



	13.
	Carbon Saving during Building Operation
	3.6552



	14.
	Estimation of Grey Water Reuse Potentials
	3.6207



	15.
	Viable Options for Low Carbon Footprint
	3.3448



	16.
	Estimation of Potential Green Energy Production
	3.3437



	17.
	Efficient Procurement of Materials
	3.3432
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Table 5. Results from Green Building Studio (GBS).
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	S. No.
	Design Alternatives
	Building Type
	Floor Area (m2)
	Annual Electric Cost (Rs)
	Annual Fuel Cost (Rs)
	Annual Electric Use (KWh)
	Annual Fuel Use (MJ)
	Energy Use Intensity (MJ/m2/year)
	Carbon Emissions (Tons)
	Carbon Emission Saved (Tons)





	1
	Thesis GBxml.xml (Base Run)
	Hospital
	815.65
	3.24 × 106
	5.29 × 104
	2.16 × 105
	9.29 × 104
	1067.40
	114.20
	



	2
	15° VAV Gas Boiler
	Hospital
	815.65
	2.94 × 106
	5.88 × 104
	1.96 × 105
	1.03 × 105
	991.58
	104.20
	10.00



	3
	30° low E with gas boiler
	Hospital
	815.65
	2.99 × 106
	5.69 × 104
	1.99 × 105
	1.00 × 105
	1002.82
	105.80
	8.40



	4
	15° change in orientation
	Hospital
	815.65
	3.24 × 106
	5.28 × 104
	2.16 × 105
	9.29 × 104
	1067.58
	114.20
	0.00



	5
	180° with low E glazing
	Hospital
	815.65
	3.24 × 106
	5.29 × 104
	2.16 × 105
	9.30 × 104
	1067.64
	114.20
	0.00



	6
	15° PVAV economizer low E
	Hospital
	815.65
	3.27 × 106
	6.19 × 104
	2.18 × 105
	1.09 × 105
	1095.53
	116.07
	−1.87



	7
	15° VAV Underfloor air distribution _2
	Hospital
	815.65
	2.27 × 106
	7.23 × 104
	1.52 × 105
	1.27 × 105
	825.30
	82.20
	32.00



	8
	15° PVAV Gas Boiler with sensors
	Hospital
	815.65
	3.23 × 106
	5.97 × 104
	2.15 × 105
	1.05 × 105
	1079.30
	114.53
	−0.33



	9
	15° VAV 80% gas boiler with daylight sensors
	Hospital
	815.65
	3.10 × 106
	6.08 × 104
	2.07 × 105
	1.07 × 105
	1043.81
	110.10
	4.10



	10
	VAV with metal frame
	Hospital
	815.65
	2.86 × 106
	6.23 × 104
	1.91 × 105
	1.10 × 105
	975.39
	101.70
	12.50



	11
	PVAV with low E glazing
	Hospital
	815.65
	3.15 × 106
	6.08 × 104
	2.10 × 105
	1.07 × 105
	1057.64
	111.77
	2.43



	12
	15° with metal frame insulation
	Hospital
	815.65
	2.88 × 106
	5.86 × 104
	1.92 × 105
	1.03 × 105
	975.28
	102.30
	11.90



	13
	15° Wooden frame insulation VAC 80% gas boiler
	Hospital
	815.65
	2.82 × 106
	5.92 × 104
	1.88 × 105
	1.04 × 105
	957.67
	100.10
	14.10
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Table 6. Optimization results.
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	Feature
	Unit
	Conventional

(Ref)
	Proposed
	Saving





	Annual Energy Cost
	PKR
	3,292,336
	2,346,582
	945,754



	Lifecycle Cost
	PKR
	44,841,622
	31,960,448
	12,881,174



	Annual CO2 Emissions
	Tons
	114.2
	82.3
	31.9



	Electric Emissions
	Tons
	109.1
	75.3
	33.8



	Annual Electric Use
	kWh
	215,965
	151,617
	64,348



	Lifecycle Electric Use
	kWh
	6,478,959
	4,548,519
	1,930,440



	Annual Peak Demand
	kW
	53.2
	34.7
	18.5
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