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AN ABSTRACT OF THE THESIS OF
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Title: Simulation, 5D Visualization and Optimization of On-Shore Wind Farm
Construction

For the past few decades, renewable energy, such as wind power, has been
increasingly sought after as an alternative to traditional energy sources which are
limited, costly and not environmental-friendly. Although Europe and North America
combine for awind power capacity of 113.6 GW, other regions and countries are far
behind and still suffer from electricity shortages.

Particularly, Lebanon has been experiencing electricity cuts for the past thirty
years, thus compelled to import it and use noisy and extremely unhealthy generators at
very high prices with mediocre quality. The construction of alarge on-shore wind farm
in Lebanon could be a big step towards resolving the electricity shortage problem.
However, the construction of such projects can be very challenging and complex as it
offers unique challenges (e.g. challenging topography, absence of an existing road
network, impact of high wind speeds, etc.). In order to address these construction
complexities, this thesis presents work targeted at efficiently designing and planning the
on-shore wind farm construction process, particularly for the region of Marjaayoun,

L ebanon.

The solution to the electricity shortage and to the complexities of on-shore
wind farm construction is described in details using a ssmulation model developed in
AnyLogic 7.0 software, including 5D visualization (3D animation with time and cost
data). The developed work illustrates the different construction stages from
topographical surveying to wind turbines erection. The ssmulation model is tested on a
case study in Marjaayoun, Lebanon and is then optimized to minimize the project’s
construction cost and duration by varying the resource quantities.

The results highlighted the potential of using AnyLogic 7.0 for ssimulating,

visualizing and optimizing complex construction processes offering unique challenges
such as those found when constructing on-shore wind farms.

Vi



CONTENTS

ACKNOWLEDGEMENTS ... v

ABSTRACT ... Vi

LIST OF ILLUSTRATIONS .......coooooiisrssseceeeeiiissseseee X

LIST OF TABLES.........c i xii
Chapter

1. INTRODUCTION........ccooimirmiiriiiminnssriereeeiiiissssssseesssseeessssssesessssseeee 1

1.1, RESEAICH BACKGIOUNG. .-vrvvverserrserrsesrserssersserssenesessssesssensne 1

1L L. OVEIVIBW..orerrerrcersserssersserssenessesssesssersssessenesssesnen 1

1111, WiN POWER...oosevreercerssersersennsnsnsserssersen 1

1.1.1.2. SIMUIaLiON iN CONSTUCHON...cvevrverrerrerrceeen 3

1.1.2. LIEraUre REVIBW. ..ccoseververreersersersssnsssesssensserssense 5

1.2, RESEAICH PYOBIBM.....ocevrevrcererrersenssesssensensene e ere 3

1.3, THESIS ODJECIVES.....orerrverrerrersernsenssssssesssersserssenssessssessnen 9

1.4. Thesis Methodology and Research MEthod............ceverrverrerrsevee 10

2. ON-SHORE WINDFARMS OVERALL

CONSTRUCTION PROCESS..........cccooseeceeeeeeeeeeseeseesionn. 12
2.1. Construction Packages and ACtiVItIES.........ccevvecereereccr e 12

2.2. Activities Resources and Daily OQULPULS..........cccvverereeneerieseeseeeeenn 15
2.2.1. Topographical SUrveying..........ccccceeeeveeieieeseecee e 15

2.2.2. BEATNWOIKS......oviiiiiieceee s 15

2.2.3. ROA0 CONSIIUCLION. ......coiveeieeeeeieeiesieesee e see e eee e nee e 16

2.2.4. Foundation CONSLIUCLION. .........cevereereerieeieseeesee e seeeneeeneas 17

Vi



2.2.5. ElECICA WOIKS. ...t 17
2.2.6. Wind Turbines CONStrUCE ON..........eueeeeeeeeeeeeeeeeeeeeeeenenenennnens 18
2.2.7. SUMmMary Table......oooiiiiieiee e 19

3. SSIMULATION MODEL OF ON-SHORE WIND FARM

CONSTRUCTION.......oeeeeceeeeeeeeeeeeeese e 21
3.1. Definitions of AnyLogic 7.0 Modeling Element..........cccccccovecieieenene 29

3.2. Detailed SImulation MOGEL............cooeririeieere e 23
3.2.1. Topographical SUrVeying..........ccecceeeererieneeseeie e 25

3.2.2. EArtNWOIKS......ccviiiieieieeee e 26

3.2.3. Road CONSLIUCTION......couveuiiiiienie et 28

3.2.4. Foundation Construction and Electrical Works.................. 29

3.2.5. Wind Turbines Erection...........cccccvevveeeneeiesceeneee e 29

3.3. Modeling TiMe and COSt........cccueveereeieseereeee e eee et 31

4. 5D VISUALIZATION AND OPTIMIZATION.............. 33
Va1 (oo [FTox 1 o o SO RSSOTPRRR 33

4.2. 5D ViSUBIIZAHON. ....ccueeueeieiisiesie et 34

VA R @ o 1] 402 (o] o SRR 38
4.3.1. Optimization Objective and Variables...........cccceevveevennnnns 38

4.3.2. Optimization using ANYLOGIC 7.0.....cccceveeverienienneeierenee 40

5. CASE STUDY: MARJAAYOUN, LEBANON................ 42
5.1. Site Selection and LayOUL..........ccccueveeieeiieceesece e 42
5.1.1. SIte SElECON.....cciiiieieeee e 42

5.1.1.1. WiINd SPEed.......coceiviririririeiesiesie s 42

5.1.1.2. Geology and Topography.........ccceeveeeervereereene 43

5.1.2. Wind TurbiNeS LayOUL..........ccceeererireneneneeiesesesiesieniens 44

5.2. Construction Quantity Take-Off.........ccccevveiiiieneee e 47
5.2.1. Topographical SUMVEY.........ccceceereeiieeieeseere e 47

5.2.2. EAITNWOIKS......ocviiiiiieiecee e 48



5.2.3. ROAA CONSITUCTION. ... eeeeeeea e e e e eaaaes 49

5.2.4. Foundation CONSIUCLION. ........cecvreereerieeeesieenee e sieeneeeneas 50

5.2.5. Electrical WOrKS.........cocoiiiiiiiiieeeeee e 51

5.2.6. Wind Turbines Erection...........cccccvevvienenienceneeneeeenen 51

5.3 CONSLTUCHION COSES.....coiveeniirieesiieiesee et sbe e s 51

TGN I oo g (0 = SO SRS 52

5.3.2. EQUIPMENE COSL......oiveeieriiniiesieeie e 53

5.3.3. Maerial COSt......covueieieriiriesiiniesesesee et 53

5.4. ACtiVItIES D@y TIMES......ccceeieieireeiesieseee et 54

5.5. Simulation and 5D Visualization...........ccoceverieninnenseneseenesee e 54

5.6. Optimization Results and FINAINGS..........ccoovviriririeiere e 59

5.6.1. Initial RESUILS.......cceeiieeiicieieeecee e 59

5.6.2. Optimization of Activitieswith one Resource.................... 60

5.6.3. Optimization of Activities with more than one Resource... 62

5.6.4. Optimized RESUILS..........cceevivieeciee e 64

6. CONCLUSION........ooooeeeceeeeeeeeeeeeeeeeseeeeeeee e ees s 67
6.1. Summary of Research FiNdingsS.........cccceviveriereeneeie e eee e 67

6.2. Research SIgNifiCanCe...........cccveveeieieececce e 68

6.3. Research Limitations and Recommendations for Future Research..... 69
BIBLIOGRAPHY ..ot 72



Figure

10.
11.
12.
13.
14.
15.
16.
17.
18.

19.

ILLUSTRATIONS

Total Wind POWer CapaCily.........cccooeieererrieniesieeie e

Research Method SEEPS.........ccveivieiece e

Illustrated On-Shore Wind Farm Construction Packages............c..........

On-Shore Wind Farm ConstrucCtion ProCESS...........eeeeeeeeeeeeeeeeeenans

Typical Wi

N TUINDINE. e e e e

On-Shore Wind Farm Construction Simulation Model in AnyLogic.....

Space Markup Palette.............ccoveveiieiieie e

3D shapes asSigNed tO MESOUICES.........ccuerurrueeriereeseesreseesreeseeseesseeseesneas

ANAYSISPAIELTE. ... s

Lebanon's Geological Map..........ccceevieeieieeniecie e

Wind Farm Layout LOocCation (ZOOM-0UL).........ccerererereeeeeeneeseesee e

Wind Farm Layout Location (ZOOM-iN)........cceeereeeeeieeneesieseeseeneeeeens

ROBO CrOSS SECHION. ...cceeiiiieieeeeeeeeeeeeeeeeeeeee e eeeeee e eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeees

Road Vertical Profile Snapshot...........cccvieeviiinieese e

Foundation Design for E82 Wind TUrbines...........cccecvveecveieseecieenen,

Gantt Chart of the ProjeCt........cccooviieiiereeeeeeeeee e

Total Cost for Each Package...........cccevvevieeieiieiece e

Initial Resource Utilization RaLES.........oooeeeeeeeeeeeeeeeee

AnyLogic Animation Snapshots of the Wind Farm Construction

Operations

11

13

14

18

24

35

36

37

45

46

49

50

55

56

56

57



20.

21.

22.

23.

24,

25.

26.

27.

Case Study 5D Visualization SCreenshot..........cccveeeveevesieeseeseeee e
Example of Cost Data QULPUL............cceevereeiecie e
Earthworks Cost OptimiZation..........c.coerererieeieenene e
Foundation Construction Cost Optimization.............ccceevevevieereeieesieennns
Road Construction Cost OptimiZation...........ccocereereneerenniesee e
Wind Turbines Installation Cost Optimization............ccceevvereseerieennn.
Project Gantt Chart After Optimization............ccceeeeeevecveveere e,

Optimum Resource Utilization Rates...........cccceeveeeneennsie e

Xi

58

59

63

63

63

63

65

65



TABLES

Table
1 Activities Resources and Daily OULPULS..........ccceevereenerienneenienieseeenns
2. AnyLogic General Library Elements...........ccccceevvrieevecinsieeseee e
3. AnyLogic Process-Centric Library Elements...........cccooviveviiveieecienen.
4. Road Design Specifications USEd..........ccooererininenineeeeeesesesesieniens
5. Key for Figure 15: Foundation Design for E82 Wind Turbines.............
6. Typical Labor Daily Wagesin Lebanon...........cccoeevereneeiniinneenienns
7. Daily Costs of Crews Involved in Wind Farm Construction Process.....
8. Equipment Daily Cost for Each Construction Package.............cccccueune...
0. MEEENTAI COSL......ecueieeriieiieeee e e
10. Resultsfor Processes with One Single Resource...........cccovveeeveevieceennens
11.  Initial vS. Optimized RESUILS.........ccceiieiie e

Xii



CHAPTER 1

INTRODUCTION

1.1. Resear ch Background
1.1.1.Overview
1.1.1.1. Wind Power

In the past few decades, renewable energy has been increasingly sought after
mainly due to the diminishing quantity of fossil fuel resources and due to the traditional
energy sources negative impact on the environment [1]. Renewable energy is based on
the use of natural resources such as wind, solar and hydro power. Wind power has
become the leading mechanically-based source of renewable energy [2]. It is harvested
through wind turbines which consist of blades connected to arotor fixed at the top of
the turbine' stower. The blades, when exposed to wind, rotate and generate electricity.
Wind turbines may vary greatly in size. Small ones can be independently installed to
supply energy for specific households, but the main wind power supply is generated by
systems of large interconnected wind turbines called wind farms. These can be either
on-shore or off-shore. The scope of this research focuses on on-shore wind farms.

The leading countries in cumulative wind power capacity are Germany, Spain
and the United States (USA). In fact, Europe and North America capture 75% of the
worldwide market as shown in Figure 1. In that area, Asia (excluding the Middle East)
comes next with 19.4%, followed by the remaining countries, all together adding up to
4.7%, which clearly shows that several countries, specifically the Middle East, are far

behind.



North America
316 GW (21.1 %)

Asia
259.0 GW (19.4%)

L. America & Carribean
3.2 GW (2.2 %)

Europe
82.0 GW (54.8 %)

Africa & M. East
1.3 GW ({0.9%)

Pacific
2.4 GW (1.6 %)

Figure 1. Total Wind Power Capacity

Despite being far behind, the geography and climate conditionsin the Middle
East and North Africa (MENA) are highly conducive to the development of wind
energy production. As amatter of fact, anumber of governments (e.g. Iran, Jordan, etc.)
in the Middle East have started devel oping national plans for renewable energy, with
Iran being the leader in that field [3]. In comparison to the MENA region, Lebanon is
considered behind in terms of wind power energy. Not only isit behind in terms of wind
energy, but the country has also been experiencing cuts in electricity for the past few
decades, thus compelled to import it and to use unhealthy generators, at high prices and
low quality. It is believed that an extensive development of wind energy can play a
crucial rolein resolving, or at least reducing, the electricity supply shortages currently
faced. Lebanon has a set goal of reaching 12% of renewable energy by 2020 [4]. The
construction of an-shore wind farm in Lebanon can be a huge step towards achieving
this goal especially that several regionsin that country (e.g. Marjaayoun, Dahr El Baidar

and Akkar) are favorable for such projects primarily due to elevated wind speeds [4].



1.1.1.2. Simulation in Construction

The construction of alarge on-shore wind farm, despite having aspects
common to other types of construction projects, offers several challenges. In fact, such
projects are relatively new in Lebanon. Additionaly, given large Site aress, site
topography becomes increasingly challenging especially when it comes to earthwork.
Moreover, wind farms are usually constructed in empty areas where there are generally
no existing road networks. Furthermore, the site selection for such projectsis mostly
based on having high wind speeds. Erecting wind turbines requires the use of cranes.
Such activitiesinvolving cranes and executed at high elevations become greatly
challenging when subjected to high wind speeds as execution needs to be stopped when
wind speed is above a certain value. These are some of the challenges faced in such
projects, therefore, the construction process needs to be perfectly well planned and
studied before execution.

Nowadays, the construction industry is becoming increasingly challenging due
to the rising competition in the market and due to the growing complexity of projects. In
order to match these complexities and to remain in the competition, many tools are
continuously created and developed to find new ways to improve construction
performance. One of the important additions to the construction industry has been the
emergence of Building Information Modeling (BIM) which is*adigital representation
of physical and functional characteristics of afacility” according to the US National
Building Information Model Standard Project Committee. It is“a shared knowledge
resource for information about afacility forming areliable basis for decisions during its
life-cycle; defined as existing from earliest conception to demolition.” [5]. Instead of

using traditional 2D drawings, BIM focuses more on 3D models. One of the advantages



of BIM istheintegration of all project information such as 2D drawings, 3D models,
schedules which turn the models into 4D models (with time as the 4™ dimensions) and
cost data which result in a5D model (with cost as the 5™ dimension). Quantity take-offs
and project cost cal cul ations thus become much more easily generated. Another
advantage isthat BIM provides acommon and shared interface for all trades and fields
through which communication and collaboration becomes easier anong stakeholders
[5]. With the emergence of BIM, many tools are increasingly being adopted such as
simulation modeling, 5D visualization, optimization, etc. Simulation modeling consists
of creating amodel that isthe “imitation of the operation of areal-world process or
system over time” [6]. It takes as input data from the model creator based on historical
data and assumptions. The model itself consists of logical relationships and processes
defined by the modeler. The output consists of results based on the interaction of the
input data with the designed model. In many cases, it is useful to accompany a
simulation model with visuals to provide the viewers with an animation of the process
being ssimulated. Visualization can serve as a verification tool [7] and can aid viewers
that are unfamiliar with smulation to understand the model. Finally, optimization
consists in “the selection of a best element (with regard to some criteria) from some set
of available alternatives’ [8]. These three tools can be very useful in construction and
are usually all applied prior to execution. In fact smulating, visualizing and optimizing
construction processes can help planning teams in improving construction performance.
Some of the advantages of these methods are that they allow construction companiesto
visualize construction processes virtually early on which can be very helpful to foresee

and prevent all kinds of risks and potential problems that might arise during



construction and to optimize the process before execution by minimizing costs, wastes

and project duration.

1.1.2.Literature Review

Numerous previous research efforts have addressed wind farm processes and
their optimization. Most of them have focused on the optimization of the design of wind
farms and wind turbines to maximize their energy yield. More specifically, several
models, programs and algorithms have been developed and used to optimize wind farm
layout in order to maximize power generation and minimize project costs. For instance,
Gonzalez et al. proposed an evolutive algorithm to optimize the wind farm layout, the
goal of which isto find the optimum turbines positioning in order to maximize the
present value of the yearly net cash flow [9]. Chen et a. also worked on the turbines
layout but their research included wind turbines with different hub heights and their
optimization was made using a genetic algorithm to maximize power output [10].
Additionally, Zhang et a. present constraint programming and mixed integer linear
programming models that incorporate non-linearity of such problems. Different wind
scenarios are studied and additional constraints are taken into consideration such as
landowner participation and noise constraints [11]. Chowdhury et al. worked on
optimizing both layout and turbine size for a given wind turbine using constrained
Particle Swarm Optimization [12]. Another approach was used by Eroglu et al. and it
consists of a particle filtering approach to design the optimum layout to minimize the
wake effects and to maximize power generation focusing mainly on site boundaries and
turbine spacing as constraints [13]. Finally, Chen et al. used a greedy algorithm to

optimize the wind farm layout [14].



Other design aspects have also been tackled as well, such as the optimization of
the turbines tower structure, blades, rotors and noise reduction in order to design the
most efficient wind turbines[15, 16, 17, 18]. Negm et a. describe several optimization
models for the design of typical wind turbine tower structures to maximize the system
performance as awhole [15]. Similarly, other research works addressed the
optimization of wind turbine blades (aerodynamic and structural). Xudong et al.
devel oped blade design methods to maximize the energy yield of wind turbines for a
given size of turbines[16]. The turbine rotors were studied as well by Fuglsang and
Madsen. They present a developed numerical multi-disciplinary optimization method
for the design of horizontal axiswind turbines with the objective of minimizing cost of
energy [17]. A completely different aspect was a so studied, which iswind turbine
noise. Oerlemans et al. worked on reducing wind turbine noise by using optimized
airfoils and trailing-edge serrations [18].

In addition to the design phase, the post-construction phase has also been
addressed by some researchers with the aim of minimizing operations and maintenance
(O&M) costs. Infact, Tian et al.’s research aimed at reducing the operation and
mai ntenance costs of wind power generation systems[19].

Hence, alot of research efforts sought to optimize wind farms processes by
addressing several aspects related to the design phase or the O& M phase. Nonetheless,
the construction of wind farms has still not been widely addressed.

This paper presents work aiming at efficiently designing, planning, and
optimizing the construction process of on-shore wind farms. Thisis mainly achieved
through the use of Discrete Event Simulation (DES) and visualization techniques which

have been increasingly used in the field of construction. Martinez and 1oannou



introduced a DES tool, STROBOSCORPE, to efficiently simulate construction processes
and get valuable data such as utilization rates of the different resources, idleness, cost
data, etc. [20]. Furthermore, Kamat and Martinez acknowledged the importance of
verifying and validating simulation models created in STROBOSCOPE and thereby
proposed 3D visualization as a potential solution by creating VITASCOPE [21]. Some
research efforts utilized both these simulation and visualization tools to intelligently
preempt in the construction process of amanmade island for an airport [22] and
efficiently plan and design construction operations at airports in away that has the least
impact on airside operations [23]. Nevertheless, it is worth mentioning that few works
attempted at simulating wind farm construction operations using DES. Although Byon
[24] used DES to simulate and optimize wind farm O&M operations and Atef and
Nassar used DES to simulate installation of turbines according to wind effects, only
Nassar et a. [25] worked on simulating the wind farm construction operations using
DES, in particular the STROBOSCOPE software. It focused on the selection of access
road routes to reach optimal access road selection and optimize the whole process.
However, the latter research effort presented a simplified simulation model
without sufficient granularity representing wind farm construction operations. The
proposed study, on the other hand, offers the simulation modeling of the whole on-shore
wind farm construction process from topographical survey to wind turbines installation
and provide generic data (e.g. materials, resources, daily productivities, etc.) that can be
adopted for any other project and easily tailored to match its scale. Additionaly, this
study uses AnyL ogic 7 (Educational Version) [26], which has been rarely used in
construction, and takes advantage of its various features to not only simulate wind farm

construction processes in detail but also verify and validate their credibility by



visualizing them in 3D. Furthermore, this research effort visualizes project time and
cost data and thereby presents a 5D visualization model as well as uses the available
optimization features to efficiently allocate resources and minimize time and cost.
Therefore, this paper, modeling for a specific challenging site in Lebanon (Marjaayoun),
can serve as aguide for using AnyLogic 7 for simulation, 5D visualization and
optimization of not only wind farm construction operations but any other construction

operation or even other processesin various fields.

1.2. Research Problem

The on-shore wind farm construction process can be very costly and
challenging. In fact, it requires alot of heavy and expensive equipment such as cranes,
trucks, excavators, etc. On-shore wind farms are typically constructed in rural areas
where the topography is challenging and where there are no existing road networks. A
considerably big road network is essential for the construction process because of the
vehiclesinvolved in it, including trucks delivering the wind turbines to site.
Additionally, sites selected for such projects are subject to high wind speeds which
restrict the cranes’ operation since there are wind speed limits above which such
equipment cannot operate which also adds to the complexity of the construction
process.

Complex construction projects are increasingly using new methods to improve
construction performance. Some of these methods are simulation and visualization.
These help in predicting construction performance results. They can aso be used to

optimize construction planning and results.



For the case of Lebanon particularly, for the past thirty years, the country has
been experiencing cutsin electricity, thus compelled to import it and use noisy and
extremely unhealthy generators. This happened at very high pricesin contrast to a
mediocre quality. Hence, an adequate solution to this shortage in electricity supply can

be achieved through the use of renewable energies, in particular wind energy.

1.3. Thesis Objectives
The overall objective of thisresearch isto efficiently plan, design, validate, and
optimize the on-shore wind farm construction processes. Five specific objectives are

identified in the proposed study:

e Create ageneric and detailed ssmulation model of the whole on-shore wind
farm construction process from topographical survey to wind turbine
installation and provide generic data (e.g. resources, productivities, etc.) that
can be used for any on-shore wind farm project

e Verify and validate (i.e. face validity) created simulation models by animating
and visualizing processesin 3D

e Create a5D visualization model by visualizing as well construction project’s
time and cost data

e Enhance the performance of models by optimizing project cost and
minimizing project duration

e Evaluate the technical aspects of the research and the effectiveness of the
designed models by assessing its performance on an actual site in the region of

Marjaayoun, Lebanon



1.4. Thesis Methodology and Research Method

In order to address and achieve the above stated objectives, this thesis takes the
required steps to create a simulation model that serves as atool to meet these objectives.
So the thesis methodology is mainly based on simulation modeling and visualization, in
addition to a case study to test the created simulation model. Asfor the research
method, the detailed steps taken to achieve the thesis objectives are thoroughly
described below.

Asafirst step, the detailed on-shore wind farm construction process is fully
defined including its different packages and activities. All activities are clearly defined
and sequenced as per the logical relationships between them. The resources required for
each activity are listed as well asthe activities' respective productivities or daily
outputs. The resources and daily outputs are found mainly using local and international
manuals.

Once the construction processis fully detailed and defined, a discrete-event
simulation (i.e. process-centric) model is developed using AnyL ogic 7.0 software which
is the only simulation software that includes the three types of modeling: Agent Based,
System Dynamics and Discrete Event (i.e. Process-centric) [26]. The software also
offers different types of experiments such as simulation, parameter variation and
optimization experiments. An additional advantage isthat AnyL ogic allows the user to
create 3D animations for the designed models and to express results in a user-friendly
way. As such, the following step consists in turning the simulation model into a 5D
visualization. 3D shapes are associated to the different elements of the model and cost
parameters are added. The goal is to have amodel that can present to the users the

construction process in 3D animation, varying with time, and presenting cost data as
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well. Time and cost are the fourth and fifth dimension which explains the term 5D
visualization.

After that, the Optimization Experiment is set up, also using AnyLogic 7.0. The
experiment consists of defining an objective function as well as the parameters that need
to be varied. In this research work, the optimization is based on resource allocation. The
goal isto find the optimum resource allocation for construction to complete the project
in the shortest duration at the lowest cost. Therefore, minimizing time, and mainly cost
were selected as the objectives of the optimization.

The next step consists of testing the created model on a case study for a
specific sitein Marjaayoun, Lebanon. The latter location is favorable for such projects
(i.e. wind farms) mainly because of the elevated wind speed there which is equal to
approximately 7.5 m/s on yearly average [4]. The required construction quantities are
calculated for all the activities ranging from topographical survey to wind turbines
erection. The construction unit-costs are also found for the specific market conditions.
The gathered data such as the quantities, unit-costs, etc. all serve asinputsto the
simulation model. The model is then run and outputs the 5D visualization as well as the
optimum resource allocation that results in a minimum duration and minimum costs.
These optimum results are then be compared to other resource allocations to assess the
extent to which resource alocation can affect a project’s cost and duration.

Figure 2 isa summary diagram of the research method.

Define Develop \ \ Develop Tegon \
Construction > > Simulation O . CreaesD

p I » »Optimization Case
Process / Model // Vlsuallzatlon/,::_ Experiment // Study

y

Figure 2: Research Method Steps
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CHAPTER 2

ON-SHORE WIND FARMS OVERALL
CONSTRUCTION PROCESS

2.1. Construction Packages and Activities

The on-shore wind farm construction processis divided into six main packages
which are topographical surveying, earthwork, road construction, foundation
construction, electrical works and wind turbines erection.

Thefirst package, topographical surveying, is essential because it provides all
the site' spoints elevations. It accurately determines the relative locations of pointson
the site’ s surface. On-shore wind farm sites typically do not have existing road
networks. Moreover, large sites with wide roads are needed in order for the trucks to be
able to access and move around the site to deliver the wind turbines. To that end, the
second and third packages are needed which consist of earthwork and road construction.
First, through earthwork, cut and fill activities are performed to prepare the road. Then
theroad is paved resulting in aroad network. Wind turbines are huge structures subject
to high wind speeds and thus require to be fixed on strong foundations, which bring in
the next construction package, foundation construction. Furthermore, the ultimate goal
of such projectsisto generate el ectricity which meansthat thereisinevitably an
electrical works package which consistsin linking the turbines to a substation that will
be distributing electricity to households. Finally, the last construction package iswind
turbine installation or erection. The turbines are delivered to site, lifted to their
respective foundations and fixed to become operational.

These different packages are illustrated and shown in Figure 3.

12
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1. Topogr aphical
Surveying

5. Electrical
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Works
\
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Figure 3: lllustrated On-Shore Wind Farm Construction Packages
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Each of these packages includes one or more activities. These activities within

each construction package, as well as their relationships, are shown in Figure 4.

[ Topograhical Surveying J

Earthwork 3
4 A
Hauling Empty —» Excavating —» Hauling Full —»| Filling —» Compaction
4 \
»
Road Construction ¥
<
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Electrical Works v N foundation Construction N
Excavating Steel .
Trenches FormV\_/ork » Reinforcement > Pouring
Erection . Concrete
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Loading Backfilling i« Curing
Cables
J | J
. . . SS
Wind Turbines Installation
/ N\
Erection of Erection of
Delivery » tower lower » tower upper » Nacelle Lifting
section section i
Bolting Blade Lifting Blade Assembly of |, .
Hub D Hub D Blades to Hub | Nacelle Bolting
\\ J

Figure 4: On-Shore Wind Farm Construction Process

In the scope of this research work, the substation construction and the

connection to the electrical grid were not incorporated. Among electrical activities, only

the ones interfering with the construction process were included.
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2.2. Activities Resour ces and Daily Outputs

In the following subsections, the above activities are defined in details and for
each, daily outputs and required resources (i.e. equipment and crews) are listed. These
are generic inspired from common construction practices and productivity manuals [27],
and can thereby be applicable to any other site where similar construction operations are

to take place and easily adjusted for project scale and location using factors.

2.2.1. Topographical Surveying

Thefirst activity of the processis topographical surveying which consists of
measuring the elevation of the site’ s different points. The resources needed to complete
this activity are a surveying crew and one electronic level. The crew is made of one
chief of party, one instrument man and one rodman. For this crew, the daily output is

equal to 13355 m?[3.3 acres).

2.2.2.Earthworks

After surveying is finished, the earthwork package can begin. The purpose of
this construction part is to perform cut and fill operations on the soil so that road
construction can occur. This part includes five activities, the first of whichis
excavating. The resource involved in excavation is a dozer (410 HP). For this resource,
the daily output is 489 bank m* [640 BCY]. The second activity is filling which requires
adozer (200 HP). The daily output in that case is 765 loose m* [1000 LCY]. In parallél
to excavating and filling, hauling would be taking place as well. The resource needed
for hauling is adump truck with a9 m® [12 CY] capacity and with a speed of 32

km/hour [20 MPH]. The last activity involved in earthwork is compaction which is

15



performed on the filled soil using a sheepsfoot roller (240 HP) at a daily output of 994
m?® [1300 ECY]. The sequencing of these activitiesis shown in Figure 4. In case fill
volume is greater than cut volume, borrow needs to be brought to site. Loading borrow

onto the trucks is done at arate of 917 loose m*/day [1200 LCY /day].

2.2.3.Road Construction

Once earthwork activities are done, road construction may begin. The first step
of road construction, is overlaying the 30 cm aggregate base course for roadways. In
order to do that, a crew made of aforeman and two laborers, aloader of capacity 1.1 m*
[1.5 CY] and an aggregate truck are required. The daily output for this activity is 3177
m? [3800 SY]. The second activity consists of grading which requires a grader. The
same crew mentioned above isinvolved for all road construction. Road grading is done
at arate of 1672 m?day [2000 SY/day]. Then, the road needs to be watered using a
water truck at arate of 2500 m?/day [2990 SY/day]. Afterwards, the road is compacted
using a sheepsfoot roller (240 HP) at a daily output of 990 m® [1500 CY]. Finally, the
last activity istesting, to make sure the road segments were well compacted. Only one
laborer is needed and it assumed that 20 tests can be performed every day with one
laborer. Each test is performed on 30 meter road segments.

When the road construction is finished, foundation construction and electrical
works may begin. For every finished foundation, awind turbine can be installed. Most
importantly, the roads are now available for al kinds of vehiclesto enter the site and

perform the necessary works.
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2.2.4.Foundation Construction

The wind turbines will eventually be standing on reinforced concrete
foundations. In order to construct these, the first activity consists of erecting the
formwork by acrew of three carpenters and one laborer. The daily output of this activity
is 29 m? CA [315 SFCA]. Then, steel reinforcement installation is performed by a crew
of four rodmen at arate of 3.6 tons/day [7200 Ibs. /day]. Afterwards, concrete placing is
performed. The resources required for that are a concrete crew, a concrete truck and two
gas engine vibrators. The concrete crew is made of aforeman, five laborersand a
cement finisher. The daily output of placing concrete is 306 m* [400 CY]. Then the
activity of curing is performed by two laborers at arate of 511 m?/ day [55 CSF / day].
Finally, once the foundations are complete, they are backfilled using a dozer (200 HP)

having a daily output of 810 loose m® [1060 LCY].

2.2.5.Electrical Works

Since the purpose of wind farmsis to generate electrical power, electrical
works definitely form a big part of the construction process. Indeed, an electric network
connects the turbines to a substation to harvest and supply electricity. There are two
main activities included in the electrical works package. The first one consists of
electrical trenches excavation which requiresa 1.1 m* [1.5 CY] excavator to perform at
363 m*/day [475 BCY/day]. The second activity is the cable installation which requires
three electriciansto install 110 m [3.6 CLF] per day.

In this paper, the substation construction and the connection to grid are not
included in the simulation model. The paper is only dealing with the electrical activities

interfering with the construction process.
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2.2.6.Wind Turbines Erection

The last construction part consists of the wind turbines installation. This
process begins with the delivery of the wind turbine parts to the site using delivery
trucks which move at a speed of 32 km/hour [20 MPH]. Unloading the different turbine
partsis assumed to take 30 minutes per turbine. The different parts include the tower
(lower and upper parts), the nacelle, the role of which isto transform the wind energy
into electrical energy, the rotor, and the blades. These different parts are shownin

Figure 5.

N\,

Nacelle —, #&j+—— Rotor

+— Blades

T oW T

Figure5: Typical Wind Turbine

After the delivery, the tower’s lower section is erected using a secondary crane
and a tower erection crew at a rate of one per day. This crew is made of one chief of
party and five laborers. Then, using the main crane and that same crew, the upper part
of the section is erected, also at a rate of one per day. After that, the nacelle is lifted
using the main crane and bolted by a bolting crew composed of one chief of party and

three laborers. Lifting one nacelle takes one and a half hour while bolting it takes up to
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two and a half hours. The next activity consists of the assembly of the blades to the
rotor which requires a bolting crew. That activity takes three hours to be completed.
Lastly, the rotor and bolted hubs are lifted using the main crane and bolted by a bolting

crew to the top of the tower. These two activities take one hour and a half and two hours

and a half respectively to be completed.

It isimportant to note that all the activities requiring the use of amain crane

have a condition that needs to be satisfied in order for them to be executed. This

condition isrelated to wind speed. In fact, if the wind speed is above 9.8 m/s[22 mph],

the concerned activities need to be stopped until wind speed goes back to an allowable

speed since the main crane cannot operate at wind speeds greater than 9.8 m/s[28].

2.2.7.Summary Table

On the following page, Table 1 summarizes all previously described activities

with their respective resources and daily outputs given the listed resources.

Table 1: Activities Resources and Daily Outputs

Activity Resour ces Daily Output
Topographical Surveying = 1 surveying crew (1 chief of party, 1 13,355 m*
instrument man & 1 rodman)

= 1 electronic level
Earthwork
Excavating = 1 dozer (410 HP) 489 bank m®
Filling = 1 dozer (200 HP) 765 loose m°
Hauling = 1 dump truck (9 m® capacity) 32 km/h (speed)
Compaction = 1 sheepsfoot roller (240 HP) 994 m°
L oading borrow » 1 dozer (200 HP) 917 loose m°
Road Construction
Overlaying = 1road crew (1 foreman & 2 laborers)* 3177 m°

= 1loader (1.1 m® capacity)

= 1 aggregate truck
Grading » 1 grader 1,672m’
Watering = 1 water truck 2,500 m*
Road Compaction = 1 sheepsfoot roller (240 HP) 990 m°
Testing = 1 laborer 20 tests
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Activity | Resources | Daily Output
Foundations Construction
Formwork Erection = 1 formwork crew (3 carpenters & 1 laborer) | 29 m* CA
Steel Reinforcement « 4 rodmen 3.6tons
Installation
Concrete Placing = 1 concrete crew (1 foreman, 5 laborers& 1 | 306 m°
cement finisher)
= 1 concrete truck
= 2 gasenginevibrators
Curing = 2 common laborers 511 m’
Backfilling = 1 dozer (200 HP) 810 loose m°
Electrical Works
Electrical Trenches Excavation | = 1 excavator (1.1 m° capacity) 363m°
Cable Installation = 3electricians 110 m
Wind Turbines Erection
Turbines Unloading = 1 delivery truck 16 turbines
Tower Lower Part Erection = 1 secondary crane 1 turbine
= 1 tower erection crew (1 chief of party & 5
laborers)
Tower Upper Part Erection = 1 main crane 1 turbine
= 1 tower erection crew (1 chief of party & 5
laborers)
Nacelle Lifting = 1 main crane 5.3 turbines
Nacelle Bolting = 1 bolting crew (1 chief of party & 3 3.2 turbines
laborers)
Blades Assembly to Rotor = 1 bolting crew (1 chief of party & 3 2.7 turbines
laborers)
Lifting Rotor = 1 main crane 5.3 turbines
Bolting Rotor to Tower = 1 bolting crew (1 chief of party & 3 3.2 turbines
laborers)
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CHAPTER 3

SIMULATION MODEL OF ON-SHORE
WIND FARM CONSTRUCTION

Simulation is used to imitate real life processes, operations, situations, etc.
Simulations usually happen over a period of time. The importance and benefits of
simulation isthat it can help predict outcomes of certain situations based on different
scenarios. The flexibility of simulation is very important since the level of detail, speed
of simulation, varying parameters, etc. can all be adjusted and are usually selected based
on the case modeled and based on the expected and required outcomes. Simulation can
be practically applied to any field with examples such as healthcare, manufacturing,
marketing, construction, etc. Additionally, different types of simulation exist of which
the three most important and commonly used are Discrete Event, System Dynamics and
Agent Based.

In discrete event simulation, the scenario in question is modeled as a sequence
of discrete events or activities. Entities arrive into the model at a certain arrival rate and
go through its elements one at a time sequentially. In system dynamics the real-world
processes are represented in terms of stocks, flows between these stocks, and
information that determines the values of the flows [26]. Lastly, agent based modeling
is an essentially decentralized and individual-centric approach. When designing an
agent based model the modeler identifies the active entities, the agents (which can be
people, companies, assets, vehicles, etc.), defines their behavior, puts them in a certain
environment, establishes connections, and runs the simulation. The global behavior then

emerges as aresult of interactions of many individual behaviors [26].
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AnyL ogic software, which is used as part of this research, isthe only tool that
brings together these three modeling types within one modeling language and one
model development environment. In addition to that, AnyL ogic provides network based
modeling which falls under the discrete event type. It is specifically designed for
“gpace-aware” processes which involve the movement of entities and/or resources. This
modeling type uses the same elements as discrete event (i.e. process-centric) simulation
but also includes elements that define movement [26].

For the case of the on-shore wind farm construction process simulation, the
modeling type used is the discrete event (i.e. process-centric) type in addition to

network based modeling which is essential for the animation later on.

3.1. Definitions of AnyL ogic 7.0 Modeling Elements

In order to explain the simulation model developed for the on-shore wind farm
construction processit isimportant to start by defining all the elements that are used in
the model. The two main libraries used are the general library and the process centric

library. The elements used from each are defined in Table 2 and Table 3.

Table 2: AnyLogic General Library Elements

General Library

£ event An event allows the user to schedule an action to occur based on a
condition or at a specific time or in acyclic manner.

A parameter is used to model the characteristics of the modeled
(@ parameter objects (e.g. speed of vehicles). Parameters are usually static and do
not change during amodel run.

) varisble A variableis also used to model characteristics of amodel. However,
it usually varies during model execution (e.g. wind speed).

{§o collection A collection represents a group of any types of objects.
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Table 3: AnyLogic Process-Centric Library Elements

Process Modeling Library

resource type

A resource type is used to define resources. It allows the user to

o assign to each resource an animation shape and parameters.
source A sourceisusually the starting point of every modeled process. It is
M the element that generates the entities that are going to flow through
- the process.
sink A sink isthe last element an entity goes through. Once a process is
O0—x) done, entities are thrown in the sink.
CErVICE
oo A service seizes a specific number of resources, then delays the
a0 flowing entities and then releases the seized resources.
resourcePool A resource pool is used with the service element. It is the resource
—_— needed for the specified service to be executed. When an entity is at
= the service element, it withdraws the resource and releases it after the
delayed time.
delay
e ¢ O A delay ssimply delays entities flowing through a process.
Teize
o0 The seize element withdraws a certain number of resources from a
Ce==en specified resource pool.
DA
D'ieaj] The release element returns the specified resources to their respective
ﬁ resource pools.
selectOutput | The sdlect output element is used when there are two alternative paths
s to choose from. The entity will flow through one of the ports
= depending on the specified condition or probability.
held The hold element blocks the entities from flowing through the
Lred process at specific times or for specific conditions.
queue A gueue is required when the next element’ s capacity isless than the
o 37 arriving entities. Waiting entities will be stored in the queue until

they can be processed.

3.2. Detailed Simulation M odedl

The simulation model of the construction process, using the af orementioned

elements, is presented in Figure 6.
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Figure 6: On-Shore Wind Farm Construction Simulation Model in AnyLogic
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The model isdivided into six parts matching the six construction packages. At
this point, it isimportant to note that the model is purely of type discrete event
simulation and still has no network based modeling characteristics yet. Those are
developed and explained for the purpose of visualization in Chapter 4. In the following
section, each package is explained respectively given that the model elements’ functions

have been all explained in Table 2 and in Table 3.

3.2.1. Topographical Surveying

First of all, the ssimplest part of the model is topographical surveying because it
consists of only one activity. The model starts with a source which generates entities.
The entities coming out of the source represent the parts of the site to be surveyed.
Their number will depend on the case being modeled. An entity from sourcel could
represent a square meter, an acre, a sub-area or any other measure of area aslong as the
delay time is adjusted later accordingly. The most important property of the source
element isits arrival rate. For the activitiesinvolved in this model, the constraints on
execution are not placed by the entities; instead, they are placed mainly by the
resources availability or by the activities' relationships. To that end, there is no need
for aspecific arrival pattern for the entities. In fact, once an activity is unconstrained, all
entities can be generated and placed in the activity’s queue. So, the properties selected
for sourcel are arrivals defined by “interval time” where the interval timeis equal to
zero and where the number of arrivalsis limited to asingle one. The entities per arrival
are equal to the amount of entities required to cover the whole site depending on what
the entity is selected to represent by the modeler (e.g. 10 acres, 1 km? etc.). Ina

nutshell, these properties mean that at time zero, the selected number of entities per
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arrival is queued at the service called “ Surveying”. The properties of that service
element are selected as follows: the “resource quantity” is equal to one which means
that only one resource isrequired for the service to be executed. The “delay time” is

selected based on what each entity is modeled to represent and are equal

acres per entity

, , , — . Lastly, the ResourcePool object is assigned to
daily output (in acres/time unit)

SurveyingCrew which is the resource pool that represents surveying crews. The number
of crewsit holdsis one of the optimization parameters later on. The capacity of the
serviceis set to maximum as its capacity is constrained by the available resources. The
last element isthe sink. It receives the entities after they are executed. In anutshell,
entities are generated by sourcel, they are then executed by the service Surveying using

the resource pool SurveyCrew and are disposed in sinkl.

3.2.2.Earthworks

The next construction package is earthworks and has surveying asits
predecessor with a finish-to-start relationship. This relationship is modeled with the use
of an event. The event’srole isto evaluate the content of sink1 and order an action

accordingly. The code executed is as follows:

if(sinkl.count() == X)
{

source2a.inject(Y);
source2b.inject(Zz);

}
X represents the total number of entitiesto be surveyed, Y represents the
number of entities to be cut and Z represents the number of entities to be filled. In the
last two cases, each entity represents a volume of soil equal to the capacity of the truck.

The function inject allows the user to inject entities into sources manually. All source
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elements aside from sourcel have entities injected to them manually. So the code means
that when site surveying is complete, cut and fill operations can begin. Earthwork part
of the model is the most complicated one as compared to the others. The main reason
for the complexity is that the same resource, which is the dump truck, can serve
different roles whether full or empty. When empty, it is aresource for the excavating
activity, when full it becomes aresource for the filling activity. To differentiate between
these two states, two additional resource pools are added and are called Empty and Full.
The latter isinitialy equal to zero at the start of the model run, as al trucks are empty at
the beginning. Asfor Empty, it isinitially equal to the number of trucks assigned to the
project. Each time an excavation occurs and atruck isfilled, the resource Full is
increased by one and the resource Empty is decreased by one. For this part of the model,
instead of using service elements for the activities, delay elements were used,
accompanied by seize and release elements. The use of three seize elements before each
of the two delays (Excavating and Filling) is critical because it sets some sort of priority
to the resources. It isimportant to note that once aresource is seized, it can only be
released when it reaches arelease element. Had the seize, delay and release elements
been replaced by a service element, there would be a possibility for the model to be
stuck. Let’s say for example that there is one dump truck available. As such, initialy,
there would be one Empty resource and zero Full resources. In the case where a service
is used, there would be equal priority to al services. The truck would be seized by either
Excavating or Filling with equal chances. If seized by Filling at first, it would have to
wait for the resource Full to be seized aswell in order to be executed, but which won't
be seized for being initially equal to zero. Excavating is not be able to be executed

either since the truck is stuck at the filling activity. To avoid this situation, seize
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elements were added in a certain order to make sure that no truck is seized unlessits
state (empty of full) matches the one required. Then, after the delay is executed, the
resources are released and entities are disposed in the sink. For the case of cutting,
before the entities are disposed in the sink, one more service needs to be executed,
which is compaction. This process is repeated until earthworks are completed.

A case aso needs to be addressed which is the situation where cut quantities
are less than fill quantities which means that borrow material must be present on site. To
model this scenario, the delay time of the excavation service needs to be made dynamic,
which means it changes based on the model conditions. When the quantity to be
excavated isfinished, the delay time is adjusted dynamically to match the daily output
of the activity “filling truck with borrow material”. Now similarly to the transition
between packages 1 and 2, an event is added with a code to inject the required amount

of entities into source3 when sink? isfilled.

3.2.3.Road Construction

The road construction part of the model is similar to topographical surveying
with more activities placed in series. The addition here is the presence of the select
output element named PassOrFail. Two out-ports come out of this element: one to
represent the road segments that have passed the compaction test and the other to
represent those who have failed the test and that need to be compacted again. In fact, for
the second case, the entities are sent back to compaction where they are compacted
again and tested again until they pass the test. At the end of this package, again and
again, an event is executed. The difference is that this time, more than one source has

entitiesinjected in it, since it is assumed that the construction of foundations, the
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excavation of trenches and the installation of cables all start together. So once road
construction is complete, foundation construction and electrical works begin at the same

time.

3.2.4.Foundation Construction and Electrical Works

These two packages are quite straightforward given that the previous packages
have been explained. A good practice for foundation construction is to consider that the
entities coming out of the source correspond to foundations and not to units of works
such as m? for formwork or m® for pouring. As such, the unit (i.e. foundation and not m?
or m®) will be consistent throughout all services. However, the delay times will need to

be adjusted according to the quantities for one foundation.

3.2.5.Wind Turbines Erection

The last remaining package is the wind turbines erection. The sequence of this
package is different from the others. In fact, it has a start-to-start relationship with the
foundation construction package. Each time afoundation is constructed, awind turbine
may be installed on it. Elementsin AnyLogic have fieldsin their properties called “on
enter” and “on exit”. These allow the user to write a code that will be executed each
time an entity enters or exits the element. Thisis relevant to represent the relationship
between foundation construction and wind turbine installation. The code executed in the

“on enter” field of sink4 is asfollows:

source7.inject(1);

Thefirst activity, represented by the service named Delivery, consistsin

delivering the turbines to their respective locations on site using a delivery truck,
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represented by aresource pool. The next element is of type “seize” and consistsin
seizing the main crane. The purpose for using an independent seize element is that the
main craneis assumed to remain working during the process until the turbine isfully
installed. The assumption is as such because it is not practical to move amain crane
back and forth between turbines before each one is completed, so the main crane
remains at each turbine until the latter isfully installed, and thisis shown through the
release element placed right before the sink. The second service after Delivery
represents the erection of the lower part of the tower. It seizes the secondary crane as
well as the tower erection crew. Once completed, only the secondary tower craneis
released since the tower erection crew would still be needed for the erection of the
upper part of the tower. Since the erection crew is already seized, there isno need to use
aservice, adelay is enough but should be followed by arelease element to release that
crew which will not be needed for the next activity. The next activities are simply
services seizing their needed resources. An element used in this part of the model for the
first timeisthe hold element. The reason it is used at this point, preceded by a queue, is
to model the wind conditions. In fact, as previously mentioned, the main crane cannot
operate in case wind speed is above 9.8 m/s[28]. So in case wind speed surpasses this
value, the hold element blocks the flow of entities and places them in a queue until wind
speed becomes lower than 9.8 m/s. A hold element is added before each activity that
involves the use of the main crane. A variable named WindSpeed is created, the value of
which is random within arange that varies depending on the location of the construction
process that is being modeled. The following code is continuously executed along each

run:

if(WindSpeed >= 9.8)
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{hold1l.setBlocked(true);
hold2.setBlocked(true);
hold3.setBlocked(true);}
if(WindSpeed < 9.8)
{holdl.setBlocked(false);

hold2.setBlocked(false);
hold3.setBlocked(false);}

Onelast event is added to model project completion. Once all the sinks include

their maximum number of entities, the model is stopped.

3.3. Modeling Time and Cost

Besides modeling the different processes, modeling the overall project time
and cost is deemed necessary as well. Asfor the delay times of every service and delay,
they need to be adjusted according to what each entity represents for each activity, that
is an entity representing 100 m? has a delay time 100 times longer than that of an entity
representing 1 m?.

Obtaining thereby overall time data is achieved by setting conditions to control
the disposal of Entitiesinto Snk elements. For example, to compute surveying activity
time, the code below is used, where N represents the total number of entitiesto be
surveyed. When N entities are dumped in the sink, topographical surveying is complete
and time is recorded through the variable phasel. Similarly, durations of the other
packages can be found by subtracting the start time from the end time when all
respective entities get disposed in sinks.

if(sinkl.count() == N)

{
phasel = time();

}
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Asfor cost, in order to output the required data, several parameters need to be
added. These parameters can be divided into two groups as follows:. the unit costs of
resources and the quantities of these resources. The cost of each resource used on this
project is calculated using the following formula:

ResTC = NRes* DC * Dur

In the above, ResTC isthe total cost of using a specific resource, NResis the
number of that specific resource used, DC isthe daily cost of that resource and Dur is
the duration of the package in which that resource is used. To find the cost of awhole
package, simply, the sum of the costs of each resource used on that packageis
calculated. Similarly, the cost of the whole project is found by adding up the cost of
each package. These two values (packages cost and project total cost) are important
because they will be used for the optimization as objective functions, when looking to
minimize the project cost.

Finally, in addition to cost and time, an additional indicator used to analyze
project performance is the utilization rate of each resource type on the project.

AnyLogic offersafunction named utilization() that alowsto get that value.
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CHAPTER 4

5D VISUALIZATION AND OPTIMIZATION

4.1. Introduction

A simulation model is auseful tool to help the user imitate the behavior of a
certain process of the real world. It allows the user to observe, monitor and predict the
outcomes and results of the process based on a given input. However, few points need
to be raised.

Firstly, smulation is usually quite abstract which makesit hard to validate the
model. In fact, every simulation model needs to be verified and validated to confirm that
the model is efficient. Verification is defined as ensuring that the model and its
implementation are correct [23, 7]. Validation is defined as the confirmation that the
model “within its domain of applicability possesses a satisfactory range of accuracy
consistent with the intended application of the model” [7]. According to Sargent [7],
one of the verification and validation techniquesisto display graphically the model’s
operational behavior asit progressesin time (i.e. 3D animation) and check whether the
model and its behavior are reasonable. Inthis case, face validity is addressed [7].
Additionally, simulation is difficult to understand by people not familiar with
simulation concepts especially in construction projects. Stakeholders such as the client
could greatly benefit from an animation which is also beneficial to align all
stakeholders’ understanding of the project. Therefore, it is very essential to visualize the
simulated model.

Secondly, as previously mentioned, simulation allows the user to observe,

monitor and predict the outcomes and results of the process based on a given input.
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However sometimes, instead of predicting the outcome of certain inputs, it is required to
find the optimum inputs to start with. In these cases, the simulation model needs to be
accompanied with an optimization experiment to perform thisrole. The latter can be
very different depending on the model, the optimization method and the optimized data.

As such, in addition to the ssmulation model created in Chapter 3, an animation
and an optimization experiment will be created in Chapter 4 using AnyLogic 7.0

software.

4.2. 5D Visualization

In the expression “5D Visualization” in construction, the five dimensions refer
to the animation of the construction process which isin 3D, the time factor which isthe
fourth dimension and which allows the viewers to observe the construction process
progressing over time, and lastly, the cost data which is the fifth dimension. At any
point in time, the model shows the progress of the project and the cost of every
construction package.

To create the animation, the Space Markup Palette, shown in Figure 7, is used.
This palette allows the model to be developed from aregular discrete event simulation
model to a network based model. The idea of network based modeling is based on using
networks on which entities and resources move. Networks are composed of nodes
linked to each other by paths. These elements are the basis behind the movement of all
the animation objects. The elements used from Figure 7 are: Path, Rectangular Node,

Point Node and Scale. The other elements will not be used as part of this model.
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Figure 7: Space Markup Palette

A critical step before creating the necessary networksisto set the model scale
so that al shapes' relative sizes can be consistent, accurate and realistic.

In the case of on-shore wind farm construction, three different networks are
created; 1) a surveying network where an area to be surveyed is represented by a Point
Node, 2) anetwork for road related activities (earthwork, road construction and
electrical works) where road segments and trenches are represented by Rectangular
Nodes, and 3) a network for foundation construction and wind turbines installation,
where foundations and turbines are represented by Point Nodes |ocated according to the
overall chosen turbine layout.

Then, referring to the model in Figure 6, each resource pool isassigned a
resour ce type as defined in Table 3. Through the resource types, a 3D object can be
assigned to each resource pool. The shapes correspond mainly to labor crews, vehicles
and cranes. Some of these 3D shapes assigned are shown in Figure 8. In addition to
shapes, each resource pool is assigned a speed which depends on the predefined scales.
The service and seize resour ce elements have a property called “send seized resources
to Entity”. This option should be selected and causes the resource animation shapes
previously selected, to move to the activities' corresponding locations for execution

based on the previously defined networks.
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Figure 8: 3D shapes assigned to resources

Additional shapes are added to represent the entities/constructed elements (i.e.
road, foundations, turbines, etc.) using AnyLogic’s presentation shapes and 3D objects
and each is made visible in the model at a node location whenever the related activity is
completed. Those shapes are initially added to the animation model asinvisible. They
would only turn visible when the related activity is complete. For example, after the
erection of each turbine tower, the following animation code is executed, where

Tower Shape is defined as a collection element storing all turbine tower shapes:

TowerShape[i].setVisible(true);
i++;

Tower Shape in this case is an array which includes variables of type Shape. In
this case, the array includes all turbine tower shapes present in the model and the array
length is equal to the number of towerson site. “i” is used as an index to indicate which
tower is being constructed and increments after each service execution until the total
number of turbine towersis reached.

Other animation techniques include changing the color or the size of some the
shape. For example, after earthwork completion, the road becomes visible, but after

overlaying the shape is still the same, yet the color changes to show that a different
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material has been overlaid over the existing road. Thisis done using the following code
after the completion of each road segment, where “RoadShape” is again an array and

j” istheindex.:

RoadShape[j].setFillColor(gravelTexture);
J++;

On the other hand, an instance where the size of the shape is changed occurs
during the backfilling of the foundations, where the radius of the animation shape
representing the foundation becomes smaller to show that only the tip of the foundation

is still above ground. The following code is used:

FdtShape[k].setRadius(r);
k++;

It is worth mentioning that adding the time and cost dimensions to the
animated model leadsto a 5D visualization model, whereby viewers are able to check
updated time and cost data as the model progresses. Thisis achieved in AnyL ogic by
using the Analysis Palette shown in Figure 9 and by creating a graphical user interface
to display simulation results, in particular time and cost data. The main elements used
from this palette or library are the Data Set element to record data and the Bar Chart

element to display resultsin a user-friendly way.

- Data
- Data Set
ﬂ‘i Statistics
@h Histogram Data
ﬁ" Histogram2D Data
* Charts
“h Bar Chart
Lﬂ_ Stack Chart
i® Pie Chart
|% Plot
Figure 9: Analysis Palette
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4.3. Optimization
4.3.1. Optimization Objective and Parameters

According to the Mathematical Programming Glossary, the definition of
optimization is as follows “the selection of a best element (with regard to some criteria)
from some set of available alternatives’ [8]. “ The selection of a best element” usually
refers to maximizing or minimizing a certain function. “ Set of available aternatives’
usually corresponds to a set of parameters, the value of which can vary within arange.
The different combinations of these parameters values correspond to these mentioned
“aternatives’.

In the case of the proposed on-shore wind farm construction model, the
objective isto improve construction performance. Construction performance includes a
big number of criteria such as project cost, project duration, quality, site safety,
environmental impact, etc. In the scope of this research, two of these criteriaare
addressed which are the construction project cost and duration. This answers the first
part of the definition of optimization about selecting a*best element”. So the * best
element” in this experiment is having project planning that would lead to the least
construction costs and shortest construction duration.

Asfor the second part of the definition, regarding the “available alternatives’,
so many different alternatives exist for the process in hand. However, to increase
optimization relevance, it is better to focus on independent parameters separately. The
parameters in thismodel are very wide and include, among many others, wind farm
location, wind farm layout, road network design, wind turbines selection and wind
turbine design. Since the focus of this research is the construction process, the

parameters that will be varied are the number of resources that will be alocated to the
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different activities, given afixed location, fixed layout, fixed road network, fixed
schedule, fixed equipment and labor cost, etc. The optimization experiment can be thus
summarized in the form of the following question: How many of each resource should
be allocated to the project to minimize construction costs and duration?

Since both cost and duration need to be minimized, the problem becomes a
multi-objective optimization problem. Such problems are more complex than single-
objective ones. Several approaches exist to solve them. One of these approaches, called
scalarized problem, consists of converting the original problem into a single-objective
optimization problem. Most of the other approaches include a decision maker to decide
on the optimum solution based on his/her preferences [29, 30]. In the case of the
construction model, the preferred approach is the one including the involvement of a
decision maker since the weight of the preferred objective whether cost or time will
depend on the contractor, the owner, the project situation, etc. In fact, in some cases,
financial resources are not a problem and the main focusisto deliver a project asfast as
possible. While in other projects, the duration of execution is far lessimportant that the
budget.

In this research work, it is assumed that minimizing both cost and duration are
important. Minimizing duration only can simply be done by employing all the available
resources. However, that would be greatly inefficient as many of these resources would
spend alot of time asidle with low utilization rates. To that end, minimizing cost
becomes more relevant and a priority.

On another hand, the optimization process can be quite complex and time
consuming. Therefore, it is useful to find methods to reduce complexity to improve

optimization performance. In the on-shore wind farm construction problem, away to
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reduce the problem’s complexity is to dissect the model into smaller sub-parts. For this
not to affect the results, these sub-parts must be independent. Topographica surveying,
for example, happensinitially on its own, so it would make sense to treat this part
independently. The same can be applied for earthworks and road construction. The

remaining packages need be optimized together and in parallel.

4.3.2.Optimization using AnyLogic 7.0

The AnyLogic 7.0 Optimization Experiment builds on the OptQuest
optimization engine developed by OptTek Systems, Inc. The engine incorporates
multiple meta-heuristic procedures such as Tabu Search, Neural Networks, Scatter
Search, and Linear/ Integer Programming into a composite algorithm [31]. Meta-
heuristics help guide the selection of partial search algorithms to provide a near optimal
solution for an optimization problem thus using less effort than other computational or
heuristic methods [32]. The procedures combined in the meta-heuristic approach such as
Tabu Search alow it to prevent getting stuck in suboptimal or confined regions by using
amemory structure [33]. This means, when a solution istested and turns out to be
suboptimal, it ismarked as “Tabu” and is not visited again during the solution search
procedure. This optimizes on the searching process and explores wider possibilities to
find the near optimal solution. These methods are embedded in the AnyLogic 7.0 and
are used in this study to optimize the on-shore wind farm construction process.

Thefirst input to the experiment is the objective function. As explained in the
previous section, the objective function of this model is the project total cost. The
objective isto minimize it. The second input is to select the parameters that need to be

varied between the different runs. In this case, the optimization parameters are the
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number of resources of each type. The datarequired is the range i.e. minimum and

maximum values that these parameters can take, as well as the step or increment value.
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CHAPTER 5

CASE STUDY: MARJAAYOUN, LEBANON

The created simulation and visualization models are generic (i.e. generic
process, activities, resources, daily outputs, etc.) and can be used or easily tailored for
any on-shore wind farm. To demonstrate its feasibility, the model istested on a case
study. The selected region is located in Marjaayoun, Lebanon. The case study is
essential to test the created model and to evaluate the extent to which it is actually
beneficial, applicable and realistic. Additionally, the value of this chapter residesin
efficiently designing and planning the construction process of a hypothetical but
potential on-shore wind farm in the region of Marjaayoun, Lebanon. The cost and

duration of such a project will be found as well as the power output it can generate.

5.1. Site Selection and L ayout
5.1.1.Site Selection

The choice of this particular site at the coordinates 33°18'56", 35°34'46" was
made mainly due to the fact that the wind power in the areais great and due to the
geology and topography of the location which are favorable for earthworks. The site

also does not have any major obstacles such as buildings, facilities, utilities, etc.

5.1.1.1. Wind Speed

According to the National Wind Atlas report, Marjaayoun has the highest wind
speed in Lebanon which reaches 9.1 m/s on average during the month of July at a height

of 10 m above the ground. The lowest recorded month was January with an average of
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5.9 m/s. When compared to other regions, the second highest wind speed was recorded
in Klaiaat Akkar during the month of January and is equal to 7.2 m/s. The third highest
isfound for Dahr-el-Baidar at 6.1 m/s for the months of February and March. The
average wind speed in Marjaayoun at 10 m above the ground is greater than 7.4 m/s,
which is anumber greater than the minimum required for aviable wind farm. In fact,
the National Wind Atlas report states that “ A wind speed of greater than 6.5 m/sat 80 m
above ground level has been considered necessary for aviable wind farm” [4]. Itisaso
important to note that wind speed increases with elevation, so the previously mentioned
average greater than 7.4 m/s at 10 m above ground would increase at 80 m above
ground which would strengthen the idea of a viable wind farm in Marjaayoun compared
to the minimum required wind speed of 6.5 m/s. An average wind speed greater than 7.4
m/s at 10 m above the ground can be approximated to an average wind speed greater

than 10 m/s at 80 m above the ground [34, 35].

5.1.1.2. Geology and Topography

In addition to the wind speed being adequate, the site is located on alayer from
the upper cretaceous epoch as shown in Figure 10. The soil in that area is thus made of
chalks and limestone [36] which is suitable for the construction of foundations for such
aproject [37] noting that each wind turbine will be standing on a spread footing.

Moreover, the exact location of the site was selected in away to have a suitable
topography which, to a certain extent, would make the earthwork for the road
construction easier, minimizing the quantities of cut and fill, thus facilitating

construction in terms of cost, duration and complexity.
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Figure 10: Lebanon's Geological Map [36]

5.1.2.Wind Turbines Layout
Given arelatively large site and relatively high wind speeds, large wind
turbines were selected specifically of type Enercon E82-2300. The nominal power for

thiswind turbine typeis 2.3 MW and the rotor diameter is 82 m. It has 3 blades, a swept



area of 5,281 m?, a hub height of approximately 80 m and aweight of 135 tons. Its start-
up wind speed is 3 m/s, its nominal wind speed is equal to 13.5 m/s and its maximum
wind speed is of 34 m/s[38, 39]. The nominal wind speed is the speed at which the
turbine operates best and outputs the maximum possible energy, whereas the maximum
wind speed is that above which the wind turbine system stops generating power. The
wind speed in Marjaayoun is adequate for that turbine because, as previously
mentioned, the annual average speed at 80 m above the ground is greater than 10 m/s.
In order to design the wind turbines layout, the most important constraint to be

taken into consideration is wind turbines spacing.
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Figure 11: Wind Farm Layout L ocation (zoom-out)



Figure 12: Wind Farm Layout L ocation (zoom-in)

The minimum spacing from center-to-center required between wind turbinesis
commonly taken to be equal to five rotor diameters which in caseis equal to 410 m
[40]. Based on this constraint and based on the site area, 30 E82-2300 wind turbines
were evenly distributed over the site according to the layout shown in Figure 11 and
Figure 12. This spacing is shown in the figures by black circles and the wind turbines
are represented by yellow dots. The detailed analysis regarding the choice of the site,
turbine type, their number and their layout (Figure 12) was carried out in a separate
study. In this study, this layout was adopted and assumed fixed in the optimization

process.
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Having 30 E82-2300 wind turbines, the maximum wind farm power is
equivalent to 69 MW. Assuming that a household in Lebanon requires around 800 W on
average, thiswind farm can supply a maximum of 86,250 households whichisa
relatively high number [41]. In fact, assuming each household includes on average 5
persons, there would be enough electricity generated for over 431,250 individuals which
represents around 10% of the Lebanese population. However, it isimportant to note that
this 10% corresponds to the maximum amount of power that can be generated, which
will not be reached all over the year. Additionally, this 10% is representative of the
households only and does not cover commercial, industrial and public needs. The
demand of electricity in Lebanon is estimated to be around 2500 MW, so the maximum
amount that can be generated by that wind farm would cover around 2.8% of the total

demand [42].

5.2. Construction Quantity Take-off

As part of construction management and construction planning, quantity take-off
and estimating quantitiesis an essential step. It isimportant because it allows the
contractors to estimate the durations of the activities given the number of resources and
productivities. It also allows the contractors to estimate the material costs. In the

following sections, the quantities for each activity will be calculated.

5.2.1. Topographical Survey

For the first activity, which is topographical surveying, the quantity required is

the areato be surveyed. To that end, the location of the siteis located on Google Earth
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and using the polygon tool, the areais marked so that the area can be found. The areaiis
equal to 3.42 km? [845 acres).
5.2.2. Earthwork

The quantities for the earthwork consist of the volumes of cut and fill. In order
to get these values, road design needs to be performed. The road is designed in away to
allow vehicles to access all wind turbines. The horizontal alignment of theroad is
shown in Figure 12. The specifications adopted for the road design are shown in Table 4
and the cross-section of the road is shown in Figure 13. The road is made of two lanes
of 3.65 m each and two shoulders of 2.5 m each. The slope of the lanesis 2%, asfor the

shoulders, 4% [43].

Table 4: Road Design Specifications Used

Criteria Value

Minimum turning radius 32m

Minimum longitudinal radius 200 m

Maximum allowable longitudinal slope 10%

. 12.3 m (including two
Road width
oWl lanes and shoulders)
2% 2%

P = — 4%
[ I I I ]
| | | | |
| | | | |
| | | | |
! 2.5m ! 3.65 m ! 3.65m ! 2.5m :
' shoulder ' lane ' lane ' shoulder '

Figure 13: Road Cross Section
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Figure 14 is a snapshot of the vertical profile of the road. Thered line
represents the existing alignment, whereas the blue one corresponds to the designed

road.

Figure 14: Road Vertical Profile Snapshot

Based on the road design, there are 60,416 m® of soil to be cut in comparison to
171,309 m® of il to be filled. Therefore, thereisaneed of 110,893 m® of borrow on
site to cover the amount of fill that cannot be covered by the cut quantity. Moreover, the

road length isequal to 14 km.

5.2.3.Road Construction
The quantities required for road construction are the area of the road and the
volume of aggregate base course needed. Having aroad of 14 km length and a width of

12.3m(i.e.3.65m* 2+ 2.5m* 2), the total area covered by the road is equal to
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171,200 m?. The aggregate base course is alayer of 30 cm. Therefore, a volume of

51,660 m® of aggregate base course is needed for the project.

5.2.4.Foundation Construction
Each of the thirty wind turbines will be standing on a spread footing. A typical

footing design for E82 wind turbinesis shown in Figure 15 and Table 5 [44]:
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Figure 15: Foundation Design for E82 Wind Turbines

Table5: Key for Figure 15: Foundation Design for E82 Wind Turbines

Symbol Dimension

Outer Diameter D 16.70 m
Base Diameter d 6.60 m
Foundation Height H 2.60m
Base Height hb 1.00m
Inclination of plinth hp 0.70m
Height Outside Diameter ho 0.90m
Difference top of foundation — top of ground hfg 0.15m
Concrete Class and Volume C 25/30 311m?
Reinforcement Steel and weight BSt500 S (A) 32.8t

The activities involved in this package are as previously mentioned, formwork

erection, steel installation, concrete pouring, curing and backfilling, so the quantity for
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each needs to be calculated. Based on the above and following quantity calculations, the
results are as follows: 257.78 m? of formwork, 32.8 tons of steel, 311 m® of concrete,
292 m? of curing and 333.88 m® of backfilling are required for each wind turbine

foundation.

5.2.5.Electrical Works

Regarding electrical works, the length of cables and the volume of soil that
needs to be excavated for the electrical trenches are the quantities needed. The
calculation of these quantitiesis directly related to the road length because the electrical
trenches and cables will be passing by right next to the road. Consequently, 14 km of
cables are needed for this project. Considering a trench having a cross section of 1.5 m?

* 1.5 m?, 31500 m® of soil are to be excavated.

5.2.6.Wind Turbines Erection

Finally, as shown in the layout in Figure 12, the wind farm consists of 30 E82
wind turbines. An additional number needed for the turbines installation is the wind
speed. Based, on the information provided earlier regarding the wind speed in
Marjaayoun, it is assumed to vary uniformly between 5 and 13.5 m/s[4]. As previously
mentioned, crane operations need to be stopped when the wind speed is greater than 9.8

m/s and can only proceed when the wind speed becomes lower than that value.
5.3. Construction Costs

The second set of data required as input for the simulation model and for the

optimization, in addition to the material quantities, isthe cost data. The labor,
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equipment and material costs are presented in the following sections. This set of datais
also important to get atotal estimate of the project cost. The cost data was mainly

acquired from the L ebanese market and cost data manuals [45].

5.3.1.Labor Cost
All activities require human presence whether it's by having crews working or
equipment operators using the vehicles. Since the case study isin Lebanon, typical |abor

wages from Lebanon were used. Table 6 presents these typical daily wages.

Table 6: Typical Labor Daily Wagesin Lebanon

Position Daily Wage
Unskilled Worker $20
Chief of Party $70
Foreman $50
Truck Driver $35
Equipment Operator $50
Carpenter $40
Rodman $40
Electrician $50

Using the data from the above table, the daily costs of the crews involved in the
on-shore wind farm construction process are calculated. In addition to laborers wages,
thetools' cost were added as well. For example, the surveying crew includes the cost of

an electronic level. These crews’ daily costs are shown in Table 7.
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Table 7: Daily Costs of Crews Involved in Wind Farm Construction Process

Crew Daily Cost
Survey Crew $230
Formwork Crew $140
Steel Crew $160
Concrete Crew $220
Two Common Laborers $40
Electrical Crew $150
Tower Erection Crew $170
Bolting Crew $130

5.3.2. Equipment Cost

In addition to the labor cost, the equipment cost is required as well and is found
based on local and international manuals. The equipment costs are shown in Table 8 and
are divided under the different project packages. The vehicles daily costsinclude the

cost of their operators.

5.3.3.Material Cost

The third cost item is the material cost. In order to calculate it, both the
quantity of materials and the unit cost of these materials are required. The quantities
were previously calculated. Asfor the unit costs for most of the materials, estimates
from the L ebanese market were acquired. A typical price range for wind turbinesis $1.2
million per MW [46]. The E82-2300 turbines in this study, having a power of 2.3 MW,
were assumed to cost around $2.76 million each. The detailed material cost data for

each activity and for the whole project are shown in Table 9.
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Table 8: Equipment Daily Cost for Each Construction Package

Package Equipment Daily Cost
Earthwork $4,941
Road Construction $3,633
Foundation Construction $1,892
Electrical Works $1,000
Wind Turbine Installation $2,830

Table9: Materia Cost

Activity Unit Quantity Material Total Cost
Surveying km? 3.42 $15,380
Overlaying Road m? 172,200 $3,151,260
Formwork Installation | m?CA | 7,733 (257.78*30)

Concrete Pouring m® 9,330 (311*30)

Steel Rebars Installation | ton 984 (32.8 *30) $3,200,000
Concrete Curing m? 8760 (292 *30)

Cable Installation km 14 $397,208
Turbine Installation Ea 30 $82,800,000
Total Material Cost $89,563,848

5.4. Activities Delay Times

Thirdly, the delay times are adjusted as explained in Chapter 3, depending on
the quantities of each package's entity. For instance, dividing the Marjaayoun site into
28 surveying sub-areas |eads to each entity quantity being 122,143 m? (Total surveying
area= 3.42 km? /28). Based on this quantity and a daily output of 13,355 m?, the delay
timeisthereby 9.14 days per entity. Similarly, in the case of excavation, the delay time
per entity was obtained by dividing an entity quantity equivalent to atruck capacity of 9
m® by the excavation daily output of 489 Bank m>. The delay is thereby 0.0184 day per

entity. The same logic was adopted for obtaining the other activities' delay times.

5.5. Simulation and 5DVisualization
For this case study, it is assumed that the range for each resource is different.

For example, skilled and specialized crews such as bolting crews involved in turbine
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erection are assumed to vary between one and a maximum of three, while other more
common resources such as the dump trucks are assumed to vary between four and eight.
As such, each resource is assigned a range within which its quantity may vary.
Generally, scarce resources are assigned a maximum of three while more common ones
are assigned a maximum of six or eight.

Based on the data obtained in the previous sections, the simulation model was
run. As afirst step, the model was run with the average number of available resources
within each resource type specified range. Before presenting the results, few
assumptions need to be highlighted. The way cost is calculated, for each resource, is
based on the assumption that when aresource is assigned to a construction package it
remains on the construction site until that specific package isfully executed.

Following the initial run, the project duration was found to be 548.5 days
equivalent to 2.1 years (considering a5 day work week) as shown in the following
Gantt chart (Figure 16) and the total cost incurred for the project was approximately

$94.79 million (Figure 17). The utilization rates for each resource are al'so shown in

Figure 18.
——
— | 1 1 | 1 |
0 100 200 300 400 500 600
Time Units
e=—pSUrveying e===pEarthwork Road Construction
e===pFoundation Construction e===E|ectrical Works Turbine Installation

Figure 16: Gantt Chart of the Project
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Figure 18: Initial Resource Utilization Rates

Next, a 3D animation of the whole process was created to verify and validate
the simulation model and initial results. Although the visualization had been previously
explained in details, it is still useful to provide an additiona explanation for the case
study, since some parts of it would change from a case study to another. First of all, the
network added for the foundations and wind turbines is made of 30 nodes overlapping
with the location of the wind turbines. The network for the electrical works, earthworks
and road construction is overlapping with the horizontal alignment of the road. Lastly,
the network for surveying consists of nodes equally spread over the site. The selected

number of nodesis 28.
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Second of al, the scale needs to be selected based on the specific site. The
scale adopted for this case study is 0.24 pixels per meter, which alows the actual site
sizetofit in the computer window. As for the time scale, one time unit is modeled to
represent the working hours of one day i.e. eight hours. The non-working times are not
shown in the animation. Given the scales, the speeds of the workers and the vehicles are
specified as follows: 82,244 pixels/time unit [4.5 km/hour] for the crews and laborers,
61,605 pixels/time unit [32 km/hour] for the vehicles and trucks, and 38,166 pixelstime
unit [20 km/hour] for the cranes.

After al the information is integrated, the result is a pictorial representation of
the actual operations being conducted in a 3D virtual environment. The animation can
be replayed at varying speeds and the user can jump to any desired time and inspect the
state of the system. Figure 19 presents AnyL ogic animation snapshots of the

Marjaayoun wind farm construction operations.

Figure 19: AnyLogic Animation Snapshots of the Wind Farm Construction Operations
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The final result and output of the 5D visualization is shown in Figure 20. It

includes the 3D animation, the cost (Iabor and equipment only) and time data for each

package.
Duration Cost Duration Cost
Surveying: 46.086 § 63598756 Cables Installation: 45183 F 135540
Earthwork: 143.215 § 1882851887 Electrical Trenches Excavation: 73.997 § 738991618
Road Construction: 111.842 § B74835917 Turbine Installation: 53.890 $ 466180881
Foundation Construction: 73.997 $ 593190802 Total: 375.14 $ 3,968,308.87

Figure 20: Case Study 5D Visualization Screenshot

The model also allows the viewers to access more detailed cost data. In fact, the
viewers can access cost data for every resource in every package as shown in Figure 21.
Moreover, detailed datais also available for the duration, as the schedule is presented in
the form of a Gantt chart and the utilization rate for every resource is shown in a bar chart.

These figures are shown in the results section that follows.
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0 2.000 4.000 5,000 g.000 10,000 12,000 14,000
M Earthiwork: 12,046.54 Dozer{si410HP: 4,027 Cump Truckis): 1,685 Dozer{si210HP: 2,057

Roller(s): 4,276,126
Figure 21: Example of Cost Data Output

5.6. Optimization Results and Findings

The parameters and assumptions used to create Maarjayoun model include a
fixed layout, fixed turbine type, fixed location and fixed road alignment. These were
considered to be fixed during optimization and the optimization was solely based on the

number of resources assigned for each activity.

5.6.1.Initial Results

Figure 16, Figure 17 and Figure 18 present the results of theinitial run. These
results will be referred to asthe initial results. At afirst glance, few issues can be
highlighted. In fact, regarding the schedule, the foundation construction and the
electrical works are packages that happen in parallel. Thisimplies that the total duration
of the project is only affected by the longest duration of these packages, so thereisno
benefit in aiming at reducing the duration of a package other than the longest one
between these two. In theinitial schedule abig difference isfound between these
packages durations varying from 70.3 time units for electrical worksto 143.5 time
units for foundation construction. It would make sense to allocate resourcesin away to
bring these two durations as close as possible to each other and to avoid adding extra
resources to accelerate one without resulting in the acceleration of the whole project or

at least without resulting in a cost decrease. Another issue, which is even more
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alarming, is the uneven utilization rates between the different resources. In fact, as
shown in Figure 18, some of the resources have a very low utilization rates (Iess than
0.1 in some cases) while others have a utilization rate of 1. Very low utilization rates for
resources mean that these resources are spending alot timeidle on sitewhich is
equivalent to a waste of money. Utilization rates equal to 1 coupled with resources
having low utilization rates means that the resource allocation is unbalanced and
resources with the low utilization rates need to be increased. Therefore, it is clear that
theinitial project performance can be greatly improved. To that end, the construction
process is optimized.

To improve the optimization experiment and to get the best possible results, the
problem is ssimplified by dissecting the model into sub-models. In fact, since the first
three packages (surveying, earthworks and road construction) are finish-to-start
activities, optimizing them separately is equivalent to optimizing the three of them as

once. When optimized separately, clearer and faster results can be gathered.

5.6.2. Optimization of Activities with one Resource

The first of the independent packages is topographical surveying and has only
one resource which is the surveying crew. Having only one resource the range of which
isone to six, the number of possible outcomes for this activity isequal to six. So it
makes sense to evaluate all possible outcomes instead of running the optimization
experiment, the purpose of which isto lead us to the optimum outcome with the fewest
runs. As amatter of fact, the optimization experiment becomes useful for packages with

a high number of resources such as earthworks, road construction, foundation
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construction and wind turbines erection. Asfor the packages with a single resource, all

outcomes are evaluated and the results are shown in Table 10.

Table 10: Results for Processes with One Single Resource

Surveying CablesInstallation Trench Excavation
# Surveying Crew Electrical Crew Excavator

UR! | Dur?| Cost® | UR' | Dur? | Cost® UR! | Dur? | Cost®
1 | 2564 | 58976 | 1 87.2 | 13,083 1 148.9 | 148,855

1 1285 | 59,090 | 0.97 | 45.2 13560 | 0.97 | 769 | 153,713

093 | 918 | 63,358 | 0.94 | 31.2 14,037 094 | 529 | 158,567

1 64.4 | 59,285 | 0.97 | 22.8 13,679 097 | 385 | 153,820

093 | 552 | 63,508 | 0.89 | 20 14991 | 0.89 | 33.7 | 168,266

OO IWIN|F

0.93 46 63,480 | 0.86 | 17.2 15,467 0.86 28.9 173,128
1 Utilization Rate; 2% Durationintimeunitss 2 Costin$: % Number of Resources

For the case of surveying, the decision is simple. Clearly and naturaly, the
more resources are applied, the faster the process is completed. The utilization rateis
nearly constant. The cause of the slight variations from 0.93 to 1 was understood by
observing the 3D animation. The reason is depending on the number of resources, the
crews might finish work at the same time or some might finish before others. In the first
case, the utilization rate is equal to 1, whilein the other cases, it dightly decreases
because some crews have to wait for the others to finish their work. This fluctuation is
also reflected in the varying cost. In all cases, these variations are minimal (around 7%)
and did not form the basis of selection. That said, it would be best to allocate six
surveying crews which would shorten the execution from 256.4 to 46 time units without
significantly affecting the utilization rate and cost. The same logic is applied for the
other two remaining activities. However, no decision is to be made at this point since
these activities are not independent as previously described, they are overlapping with
the foundation construction. The allocation decision is made only when the | atter

package is optimized.
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5.6.3.Optimization of Activities with more than one Resource

All the remaining packages have more than one resource working at the same
time which makes the optimization quite harder, whereby the need to use the software's
Optimization Experiment. Earthworks and road construction are independent so they
can be optimized independently. To that end, the optimization experiment isfirst run for
earthworks only. The output of the experiment is shown in Figure 22. The gray graph
referred to as “current” represents the total cost for each simulation run. The blue graph
referred to as “best feasible” represents the best resource allocation so far. It can be
noticed that with more runs, the best feasible graph is stabilized and stops decreasing
which means that the software is no longer finding better solutions. As such, regarding
earthworks, the resource alocation that yielded the lowest cost is as follows: eight dump
trucks, three dozers 200 HP, two dozers 410 HP and two rollers.

Similarly, the same experiment is repeated for the road construction and the
output is shown in Figure 24. The lowest cost was found for the following allocation:
two loaders, four graders, two rollers, two water trucks, two aggregate trucks and three
laborers. The exact optimum costs can be found in Table 11.

The remaining packages are not independent, so the optimization procedureis
dlightly different. As previously explained, shortening the duration of an activity
happening in parallel to another that is of greater duration does not shorten the total
project duration. Consequently, the goal is to reduce each package’ s duration aslong as
it reduces the project duration. Thefirst step isto start by optimizing the cost of
foundation construction and wind turbines erection. The output graphs are shown in

Figure 23 and Figure 25 respectively.
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The results show that the lowest labor and equipment cost for the foundation
construction is at $244,283 and occurs for the allocation of six steel crews, six
formwork crews, one concrete truck, one concrete crew, one dozer and one common
laborer. The duration for these resources is 61.8 working days. As for wind turbines
erection, the lowest cost is at $287,732 and occurs for the allocation of two main cranes,
two tower erection crews, two bolting crews and one of each of the following:
secondary crane and delivery truck. The duration for these resourcesis 55.2 working
days.

Given these two packages durations, it is now possible to select the resource
allocation for the remaining two activities: cable installation and electrical trenches
excavation. Similarly, aslong as these two activities durations are less than 61.8, the
project duration is not increased. As such, referring to Table 10, the number of
resources selected is the one that leads to the lowest cost among the options that have a
duration shorter than 61.8. Accordingly, two electrical crews and four excavators are

selected.

5.6.4. Optimized Results

Given the results found in the previous sections, the model is run for the
optimized resource allocation. The optimized schedule is shown in Figure 26, the
optimized resource utilization rates are shown in Figure 27 and the optimized cost in
Table 11. With these resources, the project duration is reduced from 548.5 to 275.5
working days, which is a 49.8% reduction. Assuming a 5-day work week, the duration
was reduced from 2 years, 1 month and 10 daysto 1 year and 21 days. The cost was

reduced from $94.8 million to $92.5 million which is a 2.4% reduction.
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Figure 26: Project Gantt Chart After Optimization
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Figure 27: Optimum Resource Utilization Rates

When comparing Figure 18 and Figure 27, it is clear that the utilization rates
have considerably increased which means that idle time and wastes were greatly
reduced. The load between the resources is more balanced as well. Some of the
resources still have alow utilization rate. The ones with a utilization rate below 0.5 will
be addressed. In fact, one of each of the following is allocated to the project: two
common laborers crew, dozer 200 HP for the road and delivery truck. A low utilization
rate for these resources is acceptable since only of them is allocated, to increase their
utilization rate, other resources need to be increased which cannot be done since a

constraint is placed on the maximum number of resources. Asfor the resources used for
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the wind turbine erection process, fair utilization rates are expected because thereisa

constraint on wind speed. So, the idleness of resources is expected due to weather

conditions and not due to bad planning. Thisis not applicable to the main crane, since

for modeling purposes, it was assumed that the main craneisin use at all timeswhich

makes its utilization rate not fully representative. In total, the utilization rates increased

from an average of 0.46 to 0.71. The standard deviation decreased from 0.35 to 0.25

which shows that the load is now more evenly distributed.

Table 11 summarizes the comparison between the initial and optimized results.

It shows the duration and cost for every package before and after optimization. It also

presents the percentage change between the initial and optimized scenarios. The table

clearly shows that the duration and cost for the project grestly decreased.

Table 11: Initial vs. Optimized Results

Duration (in time units)

Total Cost (in million $)

Initial | Optimized | % change Initial Optimized | % change
Surveying 91.8 46.1 -49.78% 0.079 0.079 0.00%
Earthworks 262.1 111.0 -57.65% 2.732 1.819 -33.42%
Road 429 431 0.47% 3.547 3.518 -0.82%
Foundations 1435 61.8 -56.93% 4.245 3.444 -18.87%
Electrical Works | 70.3 45.2 -35.70% 0.564 0.564 0.00%
Wind Turbines 131.6 55.2 -57.98% 83.624 83.088 -0.64%
Total 548.5 275.5 -49.77% 94.790 92.512 -2.40%
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CHAPTER 6

CONCLUSION

6.1. Summary of Research Findings

The optimization of on-shore wind farms had previously focused on improving
the design of wind turbine systems, the layout, the maintenance procedures, etc. This
research work proved that there is still room to further optimize such projects by
focusing on one major component of this supply chain, i.e. the construction process.
Simulation, 5D visualization and optimization proved to be very beneficia toolsindeed
that can be used to improve construction performance. Simulation’s main advantage is
that it allows the user to predict the outcomes of different scenarios prior to the
construction. 5D visualization is mainly useful in verifying and validating the
simulation model and in helping the viewers to better understand the whole construction
process. Lastly and most importantly, optimization alowed minimizing the project costs
and duration.

The first step to design the simulation model consistsin clearly defining the
construction activities and relationships. The second step is to gather all the general
required data that will serve asinput to the model, such as the resources required and
the productivities. Such datais enough to create a generic model that can be
customizable to any on-shore wind farm construction. However, to test the ssmulation
model on a certain case study, more input data are required such as the required
quantities for each activity, wind speed and construction costs. To that end, the model
was tested on a case study in Lebanon which would greatly benefit from the

construction of awind farm. The case study was selected to be in Marjaayoun based on
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several factors such as the elevated wind speed there, the convenient topography and the
adeguate geology. The quantities for all activities were calculated in details and cost
data was gathered. Once all the required data was available, it was input to the model
which would output the project detailed durations and costs based on the number of
resources allocated for the different activities.

Afterwards, the 5D visualization was modeled and was mainly useful to
validate that the simulation model reflects reality and to provide the viewers with an
animation to help them better understand the process. Once the simulation model and
visualization ready, the on-shore wind farm construction process was ready to be
optimized. The goal of the optimization was to find the optimum resource allocation
that would result in the lowest construction costs and shortest project duration. The
results were in fact significant as a simple resource allocation ateration resulted in a
project duration decrease of 49.8% (equivalent to around one year reduction) and a
project cost decrease of 2.4% (equivalent to around two million dollars decrease). One
of the advantages of the designed simulation model isthat it can be easily adapted to
other case studies and can be easily used by other users having a user-friendly interface

that is easy to use.

6.2. Resear ch Significance
The significance and contributions of this research study are as follows:
e Theresearch effort highlighted that modeling one important component of the
wind farm supply chain, construction operations, is of paramount importance

and contributes positively to the overall process.
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e |t showed that simulation modeling can indeed be a useful tool when it comes
to construction planning.

e The proposed study offers the generic simulation modeling of the whole on-
shore wind farm construction process from topographical survey to wind
turbines installation and provide generic data (e.g. materials, resources, daily
productivities, etc.) that can be adopted for any other project and easily tailored
to match its scale.

e Thisstudy uses AnyLogic 7 (Educationa Version), which has been rarely used
in construction, and takes advantage of its various features to not only simulate
wind farm construction processes in detail but also verify and validate their
credibility by visualizing themin 3D.

e Thisresearch effort visualizes project time and cost data and thereby presents a
5D visualization model as well as uses the available optimization features to
efficiently allocate resources and minimize time and cost.

e This paper, modeling for a specific challenging site in Lebanon (Marjaayoun),
can serve as aguide for using AnyLogic 7 for simulation, 5D visualization and
optimization of not only wind farm construction operations but any other

construction operation or even other processes in various fields.

6.3. Research Limitations and Recommendationsfor Future Research

Some limitations of the current study need to be further studied and addressed

in future research works. These include the following:
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The created model was tested on one case study. More case studies could be
tested which might reveal additional challenges not taken into consideration in
the current model.

Time-cost tradeoff was not taken into consideration. Further research may
evaluate the extent to which this tradeoff affects the results and whether it
would lead to different optimum resource allocations. Thiswould also require
taking into consideration the indirect costs which as well were not included in
the scope of this study.

Future studies will address wind farm layout and road network layout
optimization problems, and an advanced optimization scheme will be designed
to tackle all different problems and reach optimal results. Sensitivity analyses
will be carried out as well for better understanding of optimal solution changes.
Despite the construction performance improvements, it isimportant to
highlight that optimization was based specifically on resource allocation and
utilization, and did not take into consideration other factors that could have
also affected the results such as the congestion of resources, the effects of
learning curve on labor productivity, etc.

Future studies could widen the scope of the model to include the Operations
and Maintenance (O& M) phase and assess how that phase affects the viability
of the project. Other aspects that could be evaluated as well are the access
roads to reach the site, the construction of the substation and other works
pertaining to the supply chain of on-shore wind farms.

Other performance factors could be evaluated, in addition to duration and cost.

A few examples are safety and construction impact on the environment.
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e Constraints were placed on the number of resources. In the future, real data
from contractors (e.g. set of available resources) can be acquired and used in
the optimization process to efficiently assess results and validate the mode!.
Aside from the future steps based on current limitations, it is interesting to

highlight that the model in this case study is a discrete event simulation model.
Nowadays, different simulation methods are gaining popularity such as Agent Based
Modeling (ABM). Additional research efforts could recreate the model for the same
construction process using different simulation methods such as ABM, which is also
provided by the same software used in this study, AnyLogic. The advantages of one
modeling approach compared to another when modeling such construction projects

could be listed.

71



BIBLIOGRAPHY

[1] M. Burger, S. Colella, S. Quinlivan and J. Rousseau, "Construction of aWind
Turbine Project in the Town of Florida, MA," Faculty of Worcester Polytechnic
Institute (WPI), 2007.

[2] D.Carns,"A Casefor Wind Farm Construction,” Wind Systems, 2009.
[3] GWEC Report, "Global Wind Energy Council (GWEC) Report,” 2006.

[4] G. Hassan, "The National Wind Atlas of Lebanon," United Nations Development
Program (UNDP), Beirut, 2011.

[5] NBIMS-US™, "Frequently Asked Questions About the National BIM Standard-
United States™," [Onling]. Available:
http://www.national bimstandard.org/fag.php.

[6] J.Banks, J. Carson, B. Nelson and D. Nicol, Discrete-Event System Simulation.,
Prentice Hall, 2001.

[7] R.G. Sargent, "Verification and Validation of Simulation Models,” in Winter
Smulation Conference, Phoenix, 2011.

[8] INFORMS Computing Society, "The Nature of Mathematical Programming,”
[Onling]. Available: http://glossary.computing.society.informs.org/.

[9] J.S. Gonzdez, A. G. G. Rodriguez, J. C. Mora, J. R. Santos and M. B. Payan,
"Optimization of wind farm turbines layout using an evolutive algorithm,"
Renewable Energy, no. 35, p. 1671-1681, 2010.

[10] Y. Chen, H. Li, K. Jinand Q. Song, "Wind farm layout optimization using genetic
algorithm with different hub height wind turbines," Energy Conversion and Mana
gemen t, no. 70, pp. 56-65, 2013.

[11] P. Zhang, D. Romero, C. Beck and C. Amon, "Solving wind farm layout
optimization with mixed integer programs and constraint programs,” EURO
Journal on Computational Optimization, vol. 2, no. 3, p. 195-219, 2014.

[12] S. Chowdhury, J. Zhang, A. Messac and L. Castillo, "Unrestricted wind farm
layout optimization (UWFLO): Investigating key factors influencing the maximum
power generation,” Renewable Energy, no. 38, pp. 16-30, 2012.

72



[13] Y. Eroglu and S. U. Seckiner, "Wind farm layout optimization using particle
filtering approach,” Renewable Energy, no. 58, pp. 95-107, 2013.

[14] K. Chen, M. X. Song, Z. Y. Heand X. Zhang, "Wind turbine positioning
optimization of wind farm using greedy algorithm,” JOURNAL OF RENEWABLE
AND SUSTAINABLE ENERGY, no. 5, 2013.

[15] H. M. Negm and K. Y. Maalawi, "Structural design optimization of wind turbine
towers," Computers and Sructures, no. 74, pp. 649-666, 2000.

[16] W. Xudong, W. Z. Shen, W. J. Zhu, J. N. Sgrensen and C. Jin, "Blade Optimization
for Wind Turbines,” in Proceedings of EWEC 2009, Marseille, 20009.

[17] P. Fuglsang and H. Madsen, " Optimization method for wind turbine rotors,"
Journal of Wind Engineering and Industrial Aerodynamics, no. 80, pp. 191-206,
1999.

[18] S. Oerlemans, M. Fisher, T. Maeder and K. Kdgler, "Reduction of Wind Turbine
Noise Using Optimized Airfoils and Trailing-Edge Serrations,” National Aerospace
Laboratory NLR, Amsterdam, 2009.

[19] Z. Tian, T. Jin, B. Wu and F. Ding, "Condition based maintenance optimization for
wind power generation systems," Renewable Energy, no. 36, pp. 1502-1509, 2011.

[20] J. Martinez, "STOBOSCOPE: State and Resource Based Simulation of
Construction Processes,” in Doctoral Dissertation, University of Michigan, 1996.

[21] Kamat and Martinez, "V alidating Complex Construction Simulation Models using
3D Visualization," Systems Analysis Modelling Smulation, vol. 4, no. 43, pp. 455-
467, 2003.

[22] P. G. loannou and V. R. Kamat, "Intelligent preemption in construction of a
manmade island for an airport,” in Proceedings of the 2005 Winter Smulation
Conference, 2005.

[23] H. M. Khoury, V. R. Kamat and P. G. loannou, "Evaluation of general-purpose
construction simulation and visualization tools for modeling and animating airside
airport operations,” Smulation, pp. 663-679, 2007.

[24] E. Byon, Smulation and Optimization of Wind Farm Operations under Stochastic
Conditions, Texas A&M University, 2010.

[25] D. Atef, H. Osman, M. Ibrahim and K. Nassar, "A simulation-based planning
system for wind turbine construction,” in Proceedings of the Winter Smulation

73



Conference, 2010.

[26] The AnyLogic Company, "AnyLogic, Multimethod Simulation Software," 2014.
[Online]. [Accessed 2014].

[27] RS Means Building Construction Cost Data, 2014.
[28] The Safe Operation of Cranes, Cambridgeshire: Laing O’ Rourke Plc, 2007.
[29] M. Ehrgott, Multicriteria Optimization, Springer, 2005.

[30] C. Codllo, G. Lamont and D. Veldhuizen, Evolutionary Algorithms for Solving
Multi-Objective Problems, Springer, 2007.

[31] "OptTek Systems, Inc,” 2011. [Online]. Available: http://www.opttek.com.

[32] C. Blum and A. Roli, "Metaheuristics in combinatorial optimization: overview and
conceptual comparison,” ACM Computing Surveys, vol. 35, no. 3, pp. 268-308,
2003.

[33] F. Glover, "Tabu Search-Part 1," ORSA Journal on Computing, vol. 1, no. 3, pp.
190-206, 1989.

[34] D. McLaughlin, "Wind shear and its effect on wind turbine noise assessment,"
SgurrEnergy, 2012.

[35] GEA Writing Team, "Global Energy Assessment: Toward a Sustainable Future,”
Cambridge University Press, Cambridge, 2012.

[36] C. D. Walley, The Geology of Lebanon, Beirut, Lebanon: American University of
Beirut, 1998.

[37] A. C. Waltham and T. Waltham, Foundations of Engineering Geology, CRC Press,
1993.

[38] The Wind Power, "Enercon E82/2300," 2014. [Onling]. Available:
http://www.thewindpower.net/turbine_technical_en 495 enercon_e82-2300.php.

[39] M. Ince, "Big Thunder Wind Park,"” M. K. Ince and Associates Ltd, Ontario, 2011.

[40] W. Langreder, "Siting of Wind Farms: Basic Aspects,” Suzlon Energy, [Onling].
Available: http://www.wwindea.org/technology/ch02/en/2_4 1.html. [Accessed
2014].

74



[41] A. Houri and S. Ibrahim-Korfali, "Residential energy consumption patterns: the
case of Lebanon,” International Journal of Energy Research, vol. 29, no. 8, p. 755—
766, 2005.

[42] Consortium MV Vdecon, ENEA, RTE-I, Sonelgaz, Terna, "Paving the Way for the
Mediterranean Solar Plan,” 2013.

[43] AASHTO, "AASHTO," 2014. [Online]. Available: http://www.transportation.org/.

[44] Limited, CBCL, "Environmental Assessment Point Tupper Wind Farm,”
Renewable Energy Service Ltd., 2008.

[45] Franklin and Andrews, Spon's Middle East Construction Costs Handbook, 2014.

[46] J. Gonyeau, "Wind Farm Values and Impacts in Klickitat County," 2011.

75



76



