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ABSTRACT.  Governments in developing countries serve low income people by constructing low income housing projects. Most of 

total life cycle cost (LCC) of these projects is incurred during the operational phase, making these projects lose their economic aspect 

of sustainability. Decreasing the cost of low income housing projects and taking into consideration the available resources are two cru- 

cial facets that should be taken into consideration. Therefore, this paper focuses on two aspects of the sustainability of building through 

its life cycle, which are environmental and economic aspects using environmentally friendly materials in construction. To accomplish 

this aim, a framework is developed that integrates Building Information Modeling (BIM) with computer simulation, optimization and 

system dynamics in Low Income Housing (LIH) projects. The developed framework helps in determining LIH project duration and 

selecting the optimum alternative with to material systems. The sustainability aspects of building are achieved by considering a LCC of 

these buildings and the number of points that can be awarded under the Leadership in Energy and Environmental Design (LEED) ra- 

ting system. It aids government and/or contractors in adopting BIM technology to minimize life cycle cost while achieving maximum 

LEED materials credits points for LIH projects. Social Housing project in Badr City-Egypt is considered as a case study to demon- 

strate the use of the developed prototype and to illustrate its essential features. The results have shown that selection of sustainable- 

building materials for the construction has a crucial role in the formation of a sustainable building as they affect the performance of 

building. Therefore, the Egyptian government should consider building materials with sustainable properties and a low LCC in the de- 

sign phase to mitigate the negative impacts of LIH projects. 
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1. Introduction 

Housing has a fundamental relevance indispensable for 

any community due to its effects on quality of life and human 

welfare. Ambition of many Egyptians lies in owning a house. 

The continuing rise in housing costs currently in Egypt has 

adverse social effects on low-income households. In Egypt, 

these households represent about 80% of the total population. 

Therefore, their basic needs that represent in housing cannot 

be fulfilled by the open-market policy (JLL, 2011). For redu- 

cing the gap between the demand and the supply of the hou- 

sing units for low-income households, Egyptian government 

has adopted many affordable housing strategies from 1950s 

up till now to meet the growing needs for housing demands. 

However, all these strategies do not take into their considera- 

tion any sustainable practices and/or green materials in cons- 
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truction (Mansour et al., 2007). Consequently, traditional con- 

struction approach of such housing has contributed to raising 

costs of low-income housing (LIH) over its life cycle, where 

most of these costs are incurred after construction during the 

operating phase for being unhealthy, besides its undesirable 

impacts on the environmental performance not only nationally 

but also globally. On a global scale, about 25% of all ozone- 

depleting chlorofluorocarbons are emitted by building air con- 

ditioners and manufacturing building materials (Bilec, 2007). 

Almost 50% of energy flows are used for weather condition- 

ing in heating and cooling the buildings (Pulselli et al., 2007). 

For that, there is a need to integration the sustainable practices 

in earlier stages of building during planning and design proce- 

sses. Selection of environmentally friendly building materials 

has been considered as the easiest method for designers to 

incurporate principles of sustainability in building projects 

(John et al., 2005). From this point, the Egyptian government 

can construct a large number of housing units with less possi- 

ble use of the country’s energy resources if principals of sus- 

tainability and low cost materials are employed (Mansour et 

al., 2007). However, there is a growing concern for many sta- 

keholders about creating sustainable buildings with the belief 
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that green building costs outweigh the traditional building co- 

sts. This misconception is due to the lack of perception of the 

concept of cost and focusing on initial costs without conside- 

ring a life cycle cost (LCC) of a sustainable building that lea- 

ds to the continuation of minimizing the initial costs of project 

rather than minimizing the total project cost. This paper aims 

to determine a LIH project duration and selecting the opti- 

mum material alternative systems taking in consideration two 

aspects of sustainability of building; environmental and eco- 

nomic aspects. The sustainability aspects of building are achi- 

eved by considering a LCC of these buildings and the number 

of points that can be awarded under the Leadership in Energy 

and Environmental Design (LEED) rating system. 

The LEED (Leadership in Energy and Environmental 

Design) has been developed by the U.S. Green Building Cou- 

ncil in 2000 to quantify the degree of the environmental sus- 

tainability of building designs through providing a framework 

from recognized measurements for developing and operating 

high-performance green buildings. Where, LEED is consider- 

ed as a point-based rating system, which means that the per- 

formance of building projects is evaluated according to the 

number of points that can be awarded for each credit when it 

satisfies green building criteria (USGBC, 2012). The Perfor- 

mance of building is evaluated across five key areas of envi- 

ronmental and human health: sustainable site development, 

water savings, energy efficiency, materials selection, and in- 

door environmental quality. There are also two additional are- 

as: innovation in design and regional priority. Innovation in 

design area deals with sustainable building expertise and de- 

sign measures that did not discuss by other areas. While, re- 

gional priority gives bonus points based on geographical loca- 

tions of projects. However, projects outside the US are not 

eligible for regional priority credits (USGBC, 2009). Azhar et 

al. (2011) proposed a conceptual framework shows that sus- 

tainable BIM softwares may be used for preparing LEED cre- 

dits supporting documents directly or indirectly. Despite the 

importance of achieving the criteria of all LEED's areas for 

the performance of building, a materials selection area repre- 

sents the highest priority for developing a sustainable building 

(Florez and Castro-Lacouture, 2013). 

 

2. Literature Review 

Plenty of efforts have been spent to model construction 

operation using computer simulation. Marzouk and Moselhi 

(2004) presented a framework that utilize computer simula- 

tion and genetic algorithms for optimizing earthmoving ope- 

rations. The main objectives of the optimization were to mini- 

mize time and cost of earthmoving operations, taking in con- 

sideration equipment availability, project indirect cost, and a 

group of qualitative and quantitative variables that influence 

the productivity of earthmoving operations. Zhang (2008) pre- 

sented a framework that integrates simulation with multi-ob- 

jective optimization for earthmoving operations. It utilizes 

par-ticle swarm optimization to select best equipment-confi- 

gurations through earthmoving operations simulation. Mar- 

zouk et al. (2008) presented a special-purpose simulation mo- 

del that aids government agencies in planning the construction 

of bridges’ decks using cast-in-place and precast balanced 

cantilever techniques. Marzouk et al. (2010) presented a fra- 

mework that utilize genetic algorithm to determine the dura- 

tion and total cost of the pre-cast hollow core with hollow 

blocks bearing walls method for low income projects. Song & 

Eldin (2012) integrates real-time tracking with heavy constru- 

ction operations simulation for automatic schedule updating 

during construction field operations. Cheung et al. (2012) pro- 

posed a multi-level cost estimation based tool for early build- 

ings designs by the integration of BIM model environment 

with a proposed cost estimation module. Chen and Huang 

(2013) proposed a 3D visualized modeling method for Dis- 

crete-event simulation of transport operations in construction. 

This method integrates Augmented Reality technology with 

STROBOSCOPE as a simulation engine for modeling trans- 

port operations in construction. Based on this review, it can be 

concluded that the integration of the multi-criteria decision 

approaches in a framework has a great ability in improving 

the decision-making process in the selection methodology. 

Therefore, this paper proposes a framework that integrates 

Building Information Modeling (BIM) with computer simula- 

tion, optimization and system dynamics to develop sustaina- 

ble LIH buildings to determine low-income housing project 

duration and select the optimum material alternative systems 

taking in consideration sustainability aspects.  

 

3. Life Cycle Cost Analysis 

Creating a sustainable building for low-income groups 

requires selecting building materials consumes a minimum 

costs through the life cycle of the building. LCC analysis is as 

an engineering economic analysis tool that uses to evaluate 

the total cost of asset ownership (Stanford University, 2005; 

Fuller, 2010). It allows the designer or manager to quantify 

the differential costs of various competing alternatives of bui- 

lding materials over its expected life cycle within the limits of 

the available data. Therefore, it does not guarantee a particular 

result, but allows making a reasonable comparison among the 

alternatives and then it can determine the most cost-effective 

option among them (Frenning et al., 2001). LCC of the pro- 

ject can be evaluated by considering all relevant economic fa- 

ctors associated with each alternative of materials for the con- 

struction operations, starting from initial cost to end of life 

cost including discounting rates of money. In this paper, the 

components of a life cycle cost analysis are divided into four 

economic groups: initial cost (construction cost), operational 

and maintenance costs, replacement cost, and end-of-life costs 

including residual value. These costs are individually estima- 

ted for each competing alternative in each construction opera- 

tion of building. Life cycle cost of building is the sum of LCC 

for all systems of building. As any residential building, it oft- 

en has a life span of 50 to 100 years. For that, some cost ele- 

ments will be incurred at the outset and others may be incu- 

rred at different times throughout its lifespan. It is therefore 

practicable, these costs can not directly comparable for gett- 

ing LCC of a building. In order to accurately assess the LCC, 
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the time value of money must be incorporated into estima- 

tions using discounting process that converts future costs to 

present value. This process is conducted by employing a dis- 

count rate, which reflects the opportunity cost of money over 

the time horizon (Fuller, 2010). 

Net Present Value method (NPV) is the most commonly 

used economic evaluation method for LCC. It is based on 

time value of money concept to convert all future cash flows 

to their present-day equivalent value (Kibert et al., 2010). For 

that, NPV method is used to evaluate the economic perfor- 

mance of competitive alternatives in this research. For obtain- 

ing an accurate comparison between different alternatives by 

using NPV method, the analysis period and the discount rate 

must be the same for all alternatives. For that, the length of 

study period is considered the normal lifespan of a LIH buil- 

ding in Egypt (i.e. 50 years) and the discount rate taken for 

this research is 5%. According to Beatty (2002), LCC analysis 

of a building is performed by following four steps: (1) iden- 

tifying the life-cycle period and costs for each alternative, (2) 

defining all the pertinent costs of ownership for each alterna- 

tive, (3) estimating the total LCC for each implementation op- 

tion so that it would be able to be directly compared to other 

options, and (4) analyzing and interpreting the results. Equa- 

tion (1) is used to calculate NPV for each building system. 

 
NPV = I + R + A + N –S (1) 

 
where I is present value of initial costs; R is present-value of 

replacement costs of building systems and/or components; A 

is present value of annual recurring program, operation, main- 

tenance, utility and other costs; N is present value of non- 

annual recurring program, operation, maintenance, utility, and 

other costs, and S is present-value of residual value (resale va- 

lue, scrap value, salvage value) less disposal and demo lition 

costs. To achieve the desired aim of this research, this paper 

presents a framework that integrates Building Information 

Modeling (BIM) with optimization, System Dynamics (SD), 

and Simulation in Low Income Housing projects in an effort 

to assure sustainability. Equation (2) is used to determine the 

present value P for construction cost, replacement cost, and 

salvage value or resale value that occur after n periods in the 

future. 

 

 1
n

P F i


   (2) 

 

Construction cost consists of material cost, labor cost and 

equipment cost. And it occurs at time zero. Replacement cost 

depends on the system service life. It occurs at the beginning 

of the system service life. If the system has a service life less 

than 50 year, it will be replaced more than one time. Salvage 

value is like replacement cost, but it happens at the end of 

system service life.  

Operational costs contain the non-investment costs rela- 

ted to the use of building system including energy costs. Whi- 

le, maintenance costs are the expenses of amendment, refini- 

shing, or replacing sub components such as gaskets including 

the cost of regularly scheduled preventative maintenance and 

emergency repairs. Equation (3) is used to determine the pre- 

sent worth p for the annual operational and maintenance cost 

A. 

 

(1 ) 1

(1 )

n

n

i
P A

i i

  
  

  

 (3) 

 

where i is the interest rate used, and n is the operational life 

time (i.e. 50 years). 

 

4. Proposed Framework 

The developed framework (named LIH_Sustain) helps 

government agencies and/or contractors in integrating BIM 

technology with optimization and system dynamics in mini- 

mizing life cycle cost while achieving maximum LEED mate- 

rials credit points for LIH projects. Integrating BIM with 

computer simulation assists in determining total duration for a 

LIH project, taking in the consideration the number of resour- 

ces used and number of the building required to be built. Whi- 

le, system dynamics model is used as a decision making-tool 

for the possibility of establishing a sustainable housing for 

Low-Income groups using green-building materials. This is 

done by analyzing the scenario that will be chosen by the 

decision-makers from possible optimum solutions that were 

extracted from optimization model. SD can be used for moni- 

toring the costs in the different years of operational lifetime of 

the building. The two main functions of the proposed frame- 

work are; determining low-income housing project duration 

and selecting the optimum material alternative systems taking 

in consideration sustainability aspects. The framework can de- 

velop the low-income housing projects with unlimited number 

of building units with any number of floors that ranges from 

one to six. The framework is also flexible with respect to the 

type of input data relating to activities duration. It has the abi- 

lity to receive the productivity rate for each resource as a pro- 

bability distribution or a discrete number. Then, it calculates 

the corresponding duration for activities in a dynamic manner. 

LIH_Sustain is implemented using .net C# windows applica- 

tion language. It utilizes Stroboscope (Martinez, 1996) as si- 

mulation engine. The proposed framework consists of four 

main components; BIM model, Project Duration Simulation 

model, LEED optimization model, and System Dynamics mo- 

del (see Figure 1). 

The BIM model is developed using Autodesk Revit 

architecture (Building information modeling software). This 

model is used to represent the geometrical information and the 

other properties of LIH building such as building elements 

properties, material properties and its quantities, design alter- 

natives and project location. The different material data are 

extracted from the generated model. These data are used in 

calculating project duration and materials cost. Also, the mo- 

del allows LEED credit calculation by extracting these quan- 

tities from the BIM model and importing them in the optimi- 
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zation model. It also allows integrating the extracted data with 

the simulation model to calculate the project duration, taking 

in consideration utilized resources. Simulation model is deve- 

loped using Stroboscope simulation engine (Martinez, 1996). 

It is responsible for estimating the total duration of low-inco- 

me housing projects. LIH building is divided into four main 

processes; excavation, foundation, concrete skeleton, and fini- 

shing. Figure 2 shows a sample of the proposed model. 

 

4.1. Sustainable Material Optimization Model 

This Model focuses on the credits of materials selection 

area in LEED 2009 for new construction and major renova- 

tions. Five credits are selected to track the effect of their cha- 

racteristics on the evaluation. These credits are Materials Re- 

use, Recycled Content, Regional Materials, Rapidly Renew- 

able Materials, and Certified Wood. For each credit, indivi- 

dual points are awarded when selected materials achieving the 

requirements based on its sustainable data. The number of 

LEED points awarded for the targeted five credits are eight 

points. Additional points are provided for achieving exempla- 

ry performance that exceeds the level of requirements for each 

credit. One point is awarded for each exemplary performance 

achieved by passing double the credit requirements and/or 

passing the next incremental percentage threshold of each cre- 

dit. A maximum of three innovation points in design can be 

awarded for the exemplary performance (USGBC, 2009). 

LEED Materials calculator uses the predefined sustaina- 

ble material data to calculate the LEED points achieved and 

its related life cycle cost (LCC). The cost is determined using 

the quantities extracted from Revit and the predefined alterna- 

tives. A typical Low Income Housing (LIH) building consists 

of eleven systems of building materials: PC foundation cas- 

ting, RC foundation casting, Water Insulation, Columns Cas- 

ting, Slabs & beams Casting, Block Works, flooring, plaste- 

ring, Painting, Roof insulation, and Windows & Doors Insta- 

llation. Each system has a number of possible materials alter- 

natives. Each alternative is associated with a certain sustaina- 

ble material data and cost. Table 1 illustrates an example for 

material alternatives of flooring system. For calculation of to- 

tal LEED credits achieved for a specific alternatives scenario, 

LEED calculator has to calculate the following for this scena- 
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Figure 1. Proposed LIH_Sustain framework. 

 

 

Figure 2. Sample of the proposed simulation model. 
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rio: 

1. Total material initial cost. 

2. Total reused Materials Percentage using Equation (4). 

3. Total material recycled content value and percentage 

using Equations (5) and (6). 

4. Total regional Materials Percentage using Equation (7). 

5. Total rapidly renewable Materials Percentage using 

Equation (8). 

6. Total Certified Wood Percentage using Equation (9). 

 

Then it calculates the total achieved credits based on this 

scenario. 

 

Cos Re
Re *100

Cos

Total t of used Material
Percentage used

Total Materials t
  (4) 

 

Re

(% . .* Cos )

0.5(% . .* Cos )

cycled ContentValue

Postconcumer R C Materials t

Preconsumer R C Materials t

   (5) 
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Total t of Rapidly RenewableMaterial

Total Materials t
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*100
Cos

PercentageCertifiedWood Material

FSC Certified Wood Material Value

Total NewWood Material t


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In order to select the optimum building materials that mi- 

nimize LCC cost while achieving maximum LEED credit, an 

optimization model is developed using Microsoft Excel add- 

in which uses NSGA-II genetic algorithm to solve multiple- 

objective problem. NSGA-II is multi-objective optimization 

algorithm based on non-dominated sorting. The procedure of 

NSGA-II optimization model developed by Deb et al. (2002) 

has six main steps: 

 Step 1: 

The optimization model retrieve the parameters needed 

by the NSGA-II algorithm, which include: number of genera- 

tions (g), population size (s), mutation rate (m), and crossover 

rate (c), and then the algorithm generate the first population 

with different (s) solutions. 

 Step 2: 

For each solution in the population, the two main obje- 

ctive functions (cost and LEED Credits) are calculated based 

on the LEED Calculator. 

 Step 3: 

In this step the algorithm finds all solutions that are not 

dominated by other solutions  

 Step 4:  

All solutions defined as non-dominated solutions in the 

previous step constitute The first front of non-domination, 

then the solutions of first front are excluded and step 3 are 

repeated to form the second non domination front, which do- 

minated by the individuals in the first front only and so on. 

 Step 5: 

After completing the non-dominated sorting, each solu- 

tion in each front is assigned rank values. First front solutions 

are given a fitness value of 1 and second front solutions are 

assigned fitness value of 2 and so on. In addition to fitness va- 

lue another parameter (crowding distance) is calculated for 

each individual. The crowding distance parameter measures 

how close an individual is to its neighbors. Large average 

crowding distance will result in better diversity in the popu- 

lation. 

 Step 6: 

A new child population is created using genetic algorithm 

operators of selection, crossover and mutation. The selection 

operator chooses the solutions that will go through the repro- 

duction process. Solutions with better (lower) rank will be se- 

lected. If there are two solutions have the same rank then the 

solution with larger crowding distance will be selected. In ca- 

se that both solutions have the same rank and also crowding 

distance then selected solution is chosen randomly. The cro- 

Table 1. Material Alternatives of Flooring Activity 

Task Name 
Sustainable Material 

LCC Cost (LE/unit) 
ID Name 

Flooring Fl1 Ceramic Tile With Recycled Glass 75% RC 54.1 

Fl2 Linoleum Flooring 198.9 

Fl3 Terrazzo 83.9 

Fl4 Wood Plank Flooring 858.6 

Fl5 Natural Cork Flooring with 93% RC renewable 767.3 
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ssover operator is designed to share information between indi- 

viduals to create entirely new solutions, which have some of 

the attributes of their parents. Normally, two solutions are cro- 

ssed at randomly determined point and swapped the variables 

at this point. The mutation operator is designed to provide 

new genetic material during an optimization. Without the mu- 

tation operator, the algorithm could find locally optimal solu- 

tions without searching for better globally optimal solutions. 

The mutation operator works by selecting a gene at random in 

a chromosome and changing it to a random value. 

Then, a new combined population with 2s size is formed 

by combining the initialized population with the new child 

population. Then, the previous steps are carried out for the 

new population to assign the fitness and calculate the crow- 

ding distance for each solution in the new population to be 

sorted again based on non-domination and only the best (s) 

individuals are selected. The previous steps are continued till 

the number of generations is completed. 

The decision variables (genes) for this algorithm are the 

main 11 system of building materials: Pc foundation casting, 

Rc foundation casting, Water Insulation, Col Casting, Slab & 

beam Casting, Block Works, flooring, plastering, Painting, 

Roof insulation, and Windows & Doors Installation. 

 

4.2. System Dynamics Model 

System dynamics (SD) is considered a simplified mode- 

ling technique used for the representation of the real-world 

behavior with time. It is typically used as a decision-making 

tool, especially for complex issues and systems. This is due to 

its ability in giving a broad vision on how various components 

interacts with each other over time by focusing on the feed- 

back processes that take place within the system as well as 

concentrating on the key to the problem and its content (Tang 

and Vijay, 2001). In addition, SD provides systematical expla- 

nations and alternatives for policies that are often discerning 

and counterintuitive (Park et al., 2009). What-if scenarios can 

be created using SD technique for understanding how small 

changes can effect on a whole complex system (Saunders, 

1998). Therefore, it facilitates quantitative computer simula- 

tion modeling and analysis to help understanding of system 

structure (Wolstenholme, 1985). Since developing SD in the 

1950s by Professor Jay W. Forrester to assist corporate mana- 

gers in improving their understanding of industrial processes 

(Radzicki and Taylor, 2008), several studies have utilized sys- 

tem dynamics technique for simulating the scenarios and ana- 

lyzing the policies in many different applications in business, 

economic, agricultural, social, and environmental systems.  

In construction field, most of construction projects mana- 

gement issues have been addressed in many of research con- 

tributions using system dynamics modeling as a simulation 

engine in studying the impacts of change and rework in cons- 

truction project management systems (Love et al., 2002); in- 

vestigating the cost and time overruns of construction project 

(Marco and Rafele, 2006); studying strategies of Design-Bui- 

ld delivery system (Park et al., 2009); assessing the effects of 

design errors in construction projects (Han et al., 2013); opti- 

mal selection of green building materials (Marzouk et al., 

2013); analysis of environmental and economic effects of 

construction and demolition waste (Yuan et al., 2011; Mar- 

zouk and Azab, 2014); determining the waste disposal char- 

ging fee (Yuan and Wang, 2014); assessing the effects of recy- 

cling aggregate on sustainable road construction (Mallick et 

al., 2014); monitoring construction workers’ safety attitudes 

and safe behaviors (Shin et al., 2014); study the impacts of 

green building related policies on the GHG emissions stock 

(Onat et al., 2014). 

For better understanding the problem and clarifying the 

interactions amongst the various components of system for 

evaluating effects of selection the green building materials on 

LCC and LEED credits points that should be awarded for LIH 

building, it is needed to account the problematic behavior of 

the system. Casual-loop diagram (CLD) is presented in this 

paper using VENSIM software to visualize cause and affect 

relationships of the key variables within a system (see Figure 

3). The first step towards developing the model structure (CL- 

D) is defining the key variables forming the model boundary 

and affecting the model behavior. The key variables are divi- 

ding into three main groups. The first one contains the essen- 

tial construction operations of LIH building, which are repre- 

sented in the model by one variable named building system. 

The second group covers the essential variables that represent 

the basic requirements of the LEED credits. These require- 

ments are based on the sustainable properties of building ma- 

terials that are selected for building such as the percentage of 

reused material, post-consumer recycled content, pre-consu- 

mer recycled content, regional material, rapidly renewable 

material, and certified wood. The third group contains the four 

main groups of LCC of building (initial cost, operational and 

maintenance costs, replacement cost, and end-of-life costs in- 

cluding residual value). 

In the proposed model, systems of building have two 

costs. The first one is sustainable cost, which is used for the 

calculations of LEED credits points, whereas the second one 

is the cost of their life cycle. The second step towards develo- 

ping CLD is to consider how the interaction of different varia- 

bles in each group with each other to decide the final environ- 

mental and economic behaviors of building. As depicted in Fi- 

gure 3, If any changing occurs in the state of any variable in 

model, it will affect directly on the behavior of building. As 

such, the economic behavior of building will be effected by 

changing the LCC value. For that, life-cycle cost of any cons- 

truction operation in LIH building is increased due to increa- 

sing the quantity of materials necessary for these operations 

and the costs's unit from initial costs, operational and main- 

tenance costs, replacement costs, and end of-life costs through 

their life cycle. As a result, LCC of building will be increased 

when more costs are incurred depending on the choice of a 

certain type of building materials. This in turn leads to crea- 

ting negative effect on the economic behavior of LIH buil- 

ding. 

Also, environmental behavior of building will be affected 

by changing the number of LEED credits points awarded for 

it. As per Figure 3, according to materials and resources credit 

30



 M. Marzouk et al. / Journal of Environmental Informatics 28(1) 25-38 (2016) 

 

 

3: Materials Reuse (MRc3) that encourages the use of reused 

materials, the percentage of reused materials is affected by the 

type of materials that used in each construction operation 

where if the selected materials for the construction operations 

have a significant percentage of reused materials; this leads to 

an increase in total costs of reused materials. As a result, per- 

centage of reused materials will be increased when more reus- 

ed materials takes place instead of virgin material. This in turn 

leads to an increase in the chance of earning this credit. By 

referring to impacts of materials and resources credit 4: Re- 

cycled Content (MRc4) on number of credits that will be 

gained for project, it can be noted also if the selected ma- 

terials for the its construction operations contain a significant 

percentage of recycled materials whether post-consumer or 

pre-consumer recycled content this leads to raising the recy- 

cled content value for each building system and thereby the 

total recycled content value of project will be raised. As a re- 

sult, total percentage of recycled content will be raised. This 

in turn leads to raising the chance of earning this credit. How- 

ever, the post-consumer recycled content has a greater value 

than pre-consumer recycled content owing to its increased 

environmental benefits over the life cycle of the product (US- 

GBC, 2009). Materials and resources credit 5: Regional Mate- 

rials (MRc5) gives the priority for building materials and pro- 

ducts that are extracted and manufactured within the region. 

For that, if the materials that are used in the project are consi- 

dered regional materials, it will lead to an increase in total 

cost of regional materials and then raising percentage of these 

materials in the project based on cost, which leads to increa- 

sing the chance of improving environmental performance, 

which expressed by LEED points acquired. By referring to 

materials and resources credit 6: Rapidly Renewable Mate- 

rials (MRc6) that encourages the use of rapidly renewable 

materials, it can be noted that if the selected materials contain 

a significant percentage of rapidly renewable materials, this 

will lead to raising their content in the project and then helps 

in raising the total cost of rapidly renewable materials, which 

leads to increasing the total percentage of rapidly renewable 

content materials for project. As a result, the number of LEED 

points for this credit will be gained. For materials and resour- 

ces credit 7: Certified Wood (MRc7), raising the use of certi- 

fied wood products and materials in project helps in earning 

the credit. This reflects the keenness of the project of using 

sustainable timber, preserving wildlife habitat and biodiversity, 

maintaining soil and water quality, minimizing the use of har- 

mful chemicals, and conserving forests that have high value. 

 

5. Framework Implementation 

As referred to earlier, the framework contains four main 

software components (BIM Model, Simulation Model, Opti- 

mization Model, and System Dynamic Model). These compo- 

nents have been built or coded using different programming 

tools. A computer prototype, name LIH_Sustain, is developed 
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Figure 3. A causal loop diagram of assessing LCC of LIH building based on LEED-rating system. 
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using .net C# windows application to integrates all of these 

models. Approximately 2500 coding statements have been 

written to receive different data from the end user. The main 

function of the prototype is helping the user to input all data 

in an easy manner and then obtain the models outputs. Figure 

4 depicts the data form Data for LIH Activities. BIM model is 

developed using Autodesk Revit software. The BIM model is 

extracted into a database file. This file contains more than 230 

tables. The relationships between these tables are also expor- 

ted. To retrieve the needed data for simulation model or sus- 

tainable model from the BIM model, five queries were de- 

signed. These queries are used to retrieve columns, beams, 

walls, floors, and foundations data. For example, column que- 

ry is used to summarize the quantities for concrete, reinforce- 

ment and formwork for columns per each level. The quantities 

of these materials are used in calculating project duration 

through simulation. Also, they are used in calculation LCC 

and LEED Credit through optimization model. 

Stroboscope engine is used to code simulation model for 

the LIH building, whereas, Visio 2007 is used to represent the 

activities and its relations as graphical network. It uses Stro- 

boscope to ease the process of modeling and reduce code wri- 

ting since it supports graphical format. The model is exported 

into a .str file. The main data needed to run the simulation is 

the number of crews and the productivity for Combi activities 

in the model. Also, the quantities date retrieved from BIM 

model, no. of floors and no. of building are needed to run the 

model. Figure 5 shows sample of the code that allows opening 

the simulation file and writing in the opened file. On the other 

hand, STELLA software is used for supporting the analysis of 

quantifing numbers of LEED credits and LCC of LIH buil- 

ding. A link with building information modeling (BIM) prog- 

ram has been conducted for populating the SD building model 

with the data necessary to represent LIH building.  

 

6. Case Study 

This section describes the implementation of the propo- 

 
 

Figure 4. Data form for LIH activities. 
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sed frame work on a LIH Project located in Badr City - Egypt. 

The project has 20 typical concrete building that consists of 

five floors with a floor area of 308 m2. 

 

6.1. Case Modeling 

Based on 2D CAD drawings, BIM model is developed 

using Autodesk Revit software. The different material quanti- 

ties such as concrete, plastering, painting, bricks, flooring ma- 

terials are determined based on the developed model. Sustain- 

able material data are utilized within the Revit model such as 

Material Recycled content, Rapidly Renewable Material con- 

tent, and Regional Materials content as per Figure 6. After 

developing the BIM Model, the model is exported to a data- 

base file. This file is used as an input file for the simulation 

model. Subsequently, the simulation input data are fed are lis- 

ted in Tables 2 to 5. Table 6 lists LCC for different material 

alternative. 

 

Figure 5. C# code to access simulation model. 

 

 

  
 

Figure 6. Material data and quantities extracted from BIM Model. 

 

 Table 2. Project General Input Data 

No. of 

building units 

No. of 

floors 

No. of working 

hours per day 

No. of working 

days per week 

Excavation Data 

Truck capacity No. of Trucks No. of Excavators 

20 5 8 6 10 m3 3 3 

 

Table 3. Excavation Duration Input Data 

Activity Description Duration (min.) 

Excavation Triangular [4, 20, 25] 

Hauling Normal [10, 0.2] 

Dumping Pert [1, 3, 5] 

Returning Uniform [7, 20] 
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Table 4. Foundation & Skeleton Input Data 

Activity Description Productivity Productivity (unit) No. of Crews 

Concrete Triangular [50, 150, 250] m3/day 2 

Col Reinforcement Pert [0.2, 0.3, 0.4] Ton/day 4 

Floor Reinforcement Pert [0.25, 0.35, 0.45] Ton/day 4 

Foundation Reinforcement Pert [0.3, 0.4, 0.5] Ton/day 4 

Col Formwork Normal [8, 0.4] m3/day 4 

Floor Formwork Pert [10, 15, 20] m3/day 4 

Foundation Formwork Triangular [12, 14, 20] m3/day 5 

 

 

Table 5. Finishing Input Data 

Activity Description Productivity Productivity (unit) No. of Crews 

Brick Walls Normal [100, 0.8] m2/day 5 

Plastering Triangular [80, 120, 150] m2/day 5 

Painting Uniform [50, 120] m2/day 5 

Flooring Triangular [40, 60, 80] m2/day 5 

Doors & Windows Discrete (20) Unit/day 5 

Roof Insulation Discrete (150) m2/day 5 

 

Table 6. Material Alternatives Data 

Task Name 
Sustainable Material 

LCC Cost LE/unit 
ID Name 

PC Foundation Casting Pc1 21 mpa Concrete with Portland Cement 500 

Pc2 15% Fly Ash Cement 21 mpa 550 

Pc3 30% Fly ash Cement 21 mpa 570 

Pc4 Generic Concrete Products with Slag 21mpa 650 

Pc5 Precast Conc 21mpa 900 

RC Foundation Casting RcF1 28 mpa Concrete with Portland Cement 1099.9 

RcF2 15% Fly Ash Cement 28 mpa 1119.9 

RcF3 30% Fy Ash Cement 28 mpa 1139.9 

RcF4 Generic Concrete Products with fly Ash 28 mpa 1159.9 

RcF5 Precast Conc 28 mpa 1499.9 

Water Insulation WrIn1 Cold Applied Bitumen 18 

WrIn2 High-density Polyethylene (HDPE) (5% reuse) 55 

WrIn3 Ansomat (5% reuse) 50 

WrIn4 Water Proofing Liquid 40 

WrIn5 Insultion Type 5 88 

Columns Casting CoCs1 28 mpa Concrete with Portland Cement 1500 

CoCs2 15% Fly Ash Cement 28mpa 1550 

CoCs3 30% Fly Ash Cement 28mpa 1650 

CoCs4 Concrete with fly Ash 28mpa 1700 

CoCs5 Precast Conc 28mpa 1950 

Slab Casting SlCs1 21 mpa Concrete with Portland Cement 1500 

SlCs2 15% Fly Ash Cement 21 mpa 1550 

SlCs3 30% Fy Ash Cement 21 mpa 1650 

SlCs4 Concrete with Fly Ash 21 mpa 1700 

SlCs5 Precast Conc 21 mpa 1950 

Block Works Bk1 Generic Brick ( Clay Bricks) 420.3 

Bk2 Concrete Masonry Units (CMU) 467.4 

Bk3 Lightweight Aerated Concrete Block 1205.6 

Bk4 Lightweight Precast Aerated Concrete Wall Panel 1403.2 

Bk5 Rice-straw Based Brick 430 

1 
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6.2. Case Output 

Simulation report is generated by Stroboscope. It has de- 

tailed statistics for all resources and activities. Resources de- 

tailed and activities statistics (Average, minimum and maxi- 

mum duration) are calculated as shown in Figure 7. LEED 

Materials calculator uses the defined material data to calculate 

the LEED points achieved. The cost is determined using the 

quantities extracted from Revit and the defined alternatives. 

The optimal solutions are obtained by using the genetic algo- 

rithms add-in. System dynamics is used as a decision-making 

tool for constructing sustainable LIH projects by conducting a 

detailed analysis of the costs and LEED credits through the 

various years of building life cycle. For genetic algorithm 

operators in the optimization model: population size, number 

of generations, crossover rate, and mutation rates are set to 50, 

100, 0.5, and 0.2, respectively. The best solution that can be 

chosen by decision-makers in the Egyptian government of 

building-materials alternatives to achieve the sustainable LIH 

with reasonable life cycle cost by fewer premiums for LEED 

advantages is based on the optimization model's scenarios that 

shown in Figure 8. Because low-income groups are not al- 

ways willing to pay a premium for gaining green buildings, 

Plastering Ps1 Cement Mortar 55 

Ps2 American Clay Earth Plaster 107 

Flooring Fl1 Ceramic Tile With Recycled Glass 75% RC 54.1 

Fl2 Linoleum Flooring 198.9 

Fl3 Terrazzo 83.9 

Fl4 Wood Plank Flooring 858.6 

Fl5 Natural Cork Flooring with 93% RC renewable 767.3 

Painting Pn1 Jotun Paints 95.5 

Pn2 Hashmi Stone 181.6 

Pn3 Waterborne (or Latex) Paints 109.4 

Pn4 Stucco 189.3 

Pn5 Terraco Paints 87.8 

Insulation In1 Solid Foam (5 cm) 65 

In2 Rockwool 150.1 

In3 Blown Cellulose 130.1 

In4 Rice Hulls 30.1 

In5 Vegatable-based Foam 145 

Doors & Windows Installation D&W1 Wood Doors and Windows 1 1838.2 

D&W2 Wood Doors and Windows 2 815.6 

D&W3 Wood Doors and Windows 3 870.4 

D&W4 Aluminum Doors and Windows p.s Type 1006.9 

D&W5 Aluminum Doors and Windows Tango Type 1281.9 

1 

 

 

 

 

 

 
 Figure 7. Simulation output statistics. 
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the decision-makers try to prepare a sustainable design as mu- 

ch as possible (Langdon, 2009). For that, scenario of PcFn1, 

RcFn1, WrIn1, CoCs1, Sl&BCs1, Bk1, Ps1, Fl1, Pn5, ThIn4, 

and D&W2 that has a total LCC of 2,188,530 LE and asso- 

ciated 8 LEED credits has been selected for simulating and 

monitoring the effect of the building materials that have been 

selected on environmental and economic behaviors of LIH 

building through different years in its life cycle. Figure 8 sho- 

ws how the total LCC cost and LEED points are changed 

throughout the generations. 

 

6.3. Decision Analysis 

Based on the qualitative analysis for the behavior of the 

SD model through a CLD, model formulation in form of 

equations and codes is considered to facilitate conducting a 

computer simulation and the quantitative analysis of proposed 

model. The simulation is performed over a total period of 50 

years. After feeding a SD model by initial values and nece- 

ssary functions of its variables, quantitative results are derived 

by simulation. Figure 9 shows simulation results of LCC of 

the building through its operational lifetime. A closer looking 

at the simulation results can be concluded that the total cost of 

ownership will increase gradually from LE. 1,834,536 ($262, 

076) during the construction phase to LE. 2,188,530 ($312, 

647) by the end of simulation run. As a result, costs required 

from operation phase to demolition phase would be approxi- 

mately LE. 353,993 ($50,570). Comparing the operational co- 

st of this scenario with any other scenario contains traditional 

building materials can be concluded that the operational costs 

of sustainable materials are much less than those from the tra- 

ditional materials. Based on the sustainable properties of ma- 

terials of this scenario, the building will achieve eight-credit 

points of LEED out of the 11 points available, but fails to sati- 

sfy those from credits 4 and 6 related to recycled content and 

rapidly renewable materials. 

 

7. Conclusions 

This research presented a framework that integrates Buil- 

ding Information Modeling (BIM) with computer simulation, 

optimization and system dynamics in Low Income Housing 

(LIH) projects. The proposed framework consists of four main 

components; BIM model, Project computer Simulation Model, 

LEED optimization model, and system dynamics model. The 

BIM model is used to represent the geometrical information 

and the different properties of Low Income Housing building 

such as building elements properties, material properties and 

its quantities, design alternatives and project location. Whe- 

reas, simulation model is developed using Stroboscope lang- 

uage to estimate the total duration of buildings construction in 

a LIH project, taking in the consideration the number of utili- 

zed resources for a given number of the buildings in a specific 

project. Optimization model considers Leadership in Energy 

and Environmental Design (LEED) rating system to evaluate 

the sustainability of buildings. The problematic behavior of 

the system was visualized by the Casual-Loop Diagram (CLD) 

using VENSIM software. STELLA software package was us- 

ed to formulate the analytical model of SD to be capable of 

simulating and conducting the necessary analysis for the deci- 

sion of experts.  

A case study was presented for Social Housing project in 

Badr City – Egypt study to demonstrate the use of the practi- 

cal use of the proposed framework. The optimal solutions are 

obtained by triggering optimization model. Different genetic 

algorithm operators were altered including; population size, 

number of generations, crossover rate, and mutation. Sub- 

sequently, system dynamics model was used as a decision- 

making tool for constructing sustainable LIH projects by con- 

ducting a detailed analysis of the costs and LEED credits 

through the 50 years of building life cycle. For the considered 

analyzed scenario, the result revealed that the operational co- 

sts of sustainable materials are much less than those from the 

traditional materials. 
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