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DEVELOPMENT OF OEE ERROR-PROOF (OEE-EP) MODEL FOR
PRODUCTION PROCESS IMPROVEMENT

B. Kareema’ , A.S. Alabia, T.l. Ogedengbea, B.O. Akinnulia, O.A. Aderobab ,and M.O. IdrisC
@8Mechanical Engineering, Federal University of Technology, Akure, Nigeria
b Mechatronics Engineering, Federal University of Oye-EKiti, Ikole Campus, Nigeria
¢ Mechanical Engineering, Osun State University, Osogbo Campus, Nigeria

ABSTRACT: The global demand for effective utilization of both humans and machinery is increasing due to
wastage incurred during product manufacturing. Excessive waste generation has made entrepreneurs find it
difficult to breakeven. The development of dynamic error-proof Overall Equipment Effectiveness (OEE) model
for optimizing a complex production process is targeted at minimizing/eradicating operational wastes/losses. In
this study, the error-proof sigma metric was integrated into the extended traditional OEE factors (availability,
performance, quality) to include losses due to waste and man-machine relationships. Error-proof sigma statistics
enabled continuous corrective measures on unsatisfactory or low-level OEE resulted from process output
variations (quantity delivered or expected), which were mapped into sigma statistical standards (one- to six-
sigma). Application of the model in a processing company showed that errors of the process were reduced by
78% and 42% respectively for traditional OEE and the new Error-Proof OEE (OEE-EP). The results revealed
that the OEE-EP model is better than the other existing schemes in terms of losses elimination in the production
process.

Keywords: OEE dynamism; Sigma metric; Process integration; Productivity.
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NOMENCLATURE

G Quality products delivered per unit time
(year)

G, Total quantity produced per unit time (year)

Gy Actual waste generated (%)
i Counter for overall equipment effectiveness

factor

j Counter for sigma value

n Traditional scheme (N =3), new scheme (N
:5)

OEE  Overall Equipment Effectiveness

OEE® Effectiveness improvement factor (%)

Py Planned (expected) waste (%)

ty Actual production volume per unit time
(year)

t, Planned production volume per unit time
(year)

ty Actual system performance per unit time
(year)

t, System performance expected per unit time
(year)

T, Actual human productivity per unit time
(year)

T, Expected human productivity per unit time
(year)

X Time (year)

Y Equipment effectiveness factor at a given
year, X

y;' Contribution of equip. effectiveness factors
(%)

B Performance efficiency of equipment (%)

c Improvement (error-proof) factor

o Availability efficiency of production equip.
(%)

U Quality rate (efficiency) of products (output)
(%)

® Waste generation rate (efficiency) of equip.
(%)

Y Human/ergonomics-equipment efficiency
(%)

EP Error-proof
MSE  Mean Square Error

1. INTRODUCTION

Over the decades, manufacturing industries and
organizations concentrated mostly on mass production
of goods without paying attention to how best the
Overall Equipment Effectiveness (OEE) measures can
be integrated into the system to enhance productivity
(Muchiri and Pintelon, 2008; Dilworth, 2013). In the
recent past, there had been an attitudinal change of

corporate  managers towards integrating OEE
measures into manufacturing systems (Dilworth,
2013; Martand, 2014; Prinz, 2017). The High cost of
operations maintenance was among the reasons
responsible for the change (Gharbi and Kennen,
2000). Maintenance in this context is defined as a
combination of all technical and associated
administrative activities required to keep equipment,
installations, and other physical assets in good
working condition or restore them to their original
condition (Mwanza, 2017). Industrial managers
realized that there is a possibility of achieving
significant savings in operation costs under proper
OEE practice (Godfrey, 2002; Bruce, 2006). OEE
measured under resource availability (Kareem and
Jewo, 2015) can play a vital role in the performance
improvement of industrial operations (Kadiri, 2000;
Butlewski et al., 2018). The productivity
improvements achieved so far at the industrial
operations level from the past studies have been
significant (Munoz-Villamizar et al., 2018), but
insufficient because of emerging challenges of the
working environment and waste generation that the
organizations need to address. For the enhancement of
sustainable productivity, factors of effectiveness
measures (equipment availability, quality of products
and plant performance, etc.) should be considered at
the design stage of the production process. Overall
equipment effectiveness can be sustainable under
regular assessment of and improvement on those
effectiveness factors (Joshi and Gupta, 1986).
Industrial sectors, in compliance with the twenty-first-
century development goal, are now moving from the
traditional method of measuring productivity to the
modern  method where  conducive  working
environments and waste elimination strategies are
being considered important to maximize profit.
Wastes are products of material, man, machine,
methods, among other production process factors
(Ghazali et al. 2013). On this basis, Value Stream
Mapping (VSM) of processes is very important to
find out production processes that required
improvement or motivation (Meyer and Stewart,
2018). Therefore, the traditional OEE model needs to
be improved upon by considering other emerging
factors that influence productivity in modern
industrial operations to survive the competition. Other
challenges such as productivity = monitoring,
continuous  improvement measures, customers’
satisfaction, and environmental dynamism faced by
the production companies need to be addressed.
Overall equipment effectiveness measures can be
extended to provide a basis for plant materials or
overproduction wastes measurement and control.
Overproduction is a condition where a company
manufactures goods above the planned (expected)
quantity. In a smart industrial environment,
overproduction is a waste from the use of production
resources such as material, manpower, and machines
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(Muraa, 2016; Munoz-Villamizar et al., 2018). Poorly
planned and worn-out equipment can lead to wastage
in terms of worker’s time, material, and other
components of the production line. Different
techniques for eliminating wastes in production lines
have been on the ground (Lennon, 2016). None of
them have integrated the error-proof sigma metric tool
into OEE, as done in this study, as a continuous
improvement method of productivity monitoring,
which targets customers’ satisfaction by minimizing
process variation.

This study aims to develop an Error-Proof OEE
(OEE-EP) model that integrates sigma matric into the
modified traditional OEE measures. In the past, OEE
was measured based on only three principal factors-
availability, performance, and quality efficiencies
(AFSC, 2010; Alexanda, 2012; Adams, 2014). This
study expands the scope of measuring OEE by
including human/ergonomics and waste generation
into the effectiveness measure. Besides, the static
nature of traditional OEE measure was replaced by a
tractable, dynamic OEE which utilized an error-proof
sigma metric as a continuous improvement tool. The
application of error-proof or process variation (sigma
metric) tool has not been popular in manufacturing
industries as an improvement tool until recent times.
The use of the sigma metric in OEE as an error-proof
parameter can be hardly found. Therefore, the
integration of the error-proof parameters into the OEE
measure has widened its scope for sustainable
application in modern and complex industrial
systems. The rest of the paper is presented as follows:
related works are in section 2; modelling and
integration of OEE factors are in section 3; results and
discussion are in section 4; and conclusions are given
in section 5.

2. LITERATURE REVIEW

Literature was reviewed in line with overall equipment
effectiveness  measure, sigma  metric, and
improvement tools, and areas of contribution to OEE
research.

2.1. Overall Equipment Effectiveness Measure

Traditional OEE factors (availability, performance,
and quality) performances were optimized using
response surface methodology (Kunsch et al., 2012).
The model introduced no new input to the traditional
OEE factors. A multidimensional view of technology
(AMT) in the OEE measure provided by Swamidassa
and Kothab (1998) had a direct impact on the
performance of large scale firms only. A good OEE
measure should be versatile and applicable to small-,
medium- and large- scale industrial systems. The lean
bundle OEE approach proposed by Shah and Ward
(Shah and Ward, 2003), considered plant size only
while plant integration and aging were neglected.
Waste generation and workspace (ergonomic)
condition were neglected in many other studies
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related to traditional OEE measures (Wilson, 2010;
Ljungberg, 1998; Madhavan et al., 2011; Nachiappan
and Anantharaman, 2006; Muchiri and Pintelon,
2008; Wang and Pan, 2011; Andersson and Bellgran,
2015; Binti Aminuddin et al., 2016).

The Overall Equipment  Effectiveness of
Manufacturing Line (OEEML) scheme was
established by Braglia et al., (2009) in an attempt to
overcome a limitation of individual equipment over
jointly operated machines. The model, however,
failed to explain to which extent the effectiveness was
supportive to the in-process inventory of spares and
workplace management. The application of the
traditional OEE metric in a steel company by
Almeanazel (2010) led to the realization of 99% in
quality factor, 76% in availability factor, and 72% in
plant performance without practical implementation.
He suggested the application of lean tools such as
Single Minutes Exchange of Dies (SMED), Computer
Maintenance Management System (CMMS), and
Integrated  Production Planning (IPP) to the
production system to validate the outcome. The
relationship between OEE and Process Capability
(PC) measures was established which showed that a
cutoff point of 1.33 Capability Indices (Cl) instead of
popular 1.0 was possible (Garza-Reyes et al., 2010).
Therefore, the OEE cutoff point can be shifted beyond
1.0 when measured based on process capability.
However, OEE greater than 1.0 can be defined as over
capability utilisation in a lean manufacturing
environment where wastages are not allowed. The
efficacy of the OEE measure as a productivity tool
was established by Hansen (2002). Productivity can
only lead to profitability in an organization if
workplace conditions and waste generation rates are
considered during OEE evaluation. The challenge of
variation of OEE across firms was addressed by
creating a system of a dynamic process for OEE
evaluation and control over time (Zuashkiani et al.,
2011). Traditional actions taken at fixing OEE
challenges (reactive maintenance, poor morale) were
not sustainable in the long run, due to the emergence
of lower OEE. Under good management, risks and
challenges of productivity (reactive maintenance, poor
worker morale, and hazard control) are transferrable
to relevant experts in the production cycle to sustain
OEE.

2.2. Sigma metric and improvement tools

The improvements by reducing losses can be
estimated (represented) in terms of sigma statistical
control metric based on a normal distribution. On this
metric, six sigma (0.0000034) process variation can
perform more efficiently than one (0.69), two (0.31),
three (0.067), four (0.0062), or five (0.00023) sigma
process variations because it provides the highest and
practicable improvement probability (99.99966%)
which is close to 100% (Marselli, 2004). The six-
sigma metric allows only 3.4 defects in one million
products. Six-sigma tool was introduced into a lean
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manufacturing strategy recently, and it was classified
as blackbelt and greenbelt, based on productivity
enhancement (Domingo and Aguado, 2015).
Six-sigma focuses on reducing process variation and
enhancing process control, while lean manufacturing
seeks to eliminate or reduce wastes (hon-value added
activities) using teamwork, clean, organized, and
well-marked workspaces (Michael, 2015). Lean and
six-sigma have the same general purpose of providing
the customer with the best possible quality, cost,
delivery, and a newer attribute. Lean achieves its goal
by using philosophical tools such as Kaizen, Just-in-
Time (JIT), workplace organization (5S) and visual
controls, Single Minute Exchange of Dies (SMED),
100% sampling (Jidoka), while six-sigma is based on
statistical analysis, design of experiment and
hypothesis test. There is a need to economize and
simplify the OEE improvement process by replacing
the conglomerate of lean technologies with a singular
sigma metric tool for process variation measure.

2.3. Areas of contribution to OEE research

Traditional or basic OEE model as an important
metric in Total Productive Maintenance (TPM) has
been successfully applied to packaging, chemical,
automobile, production, foundry, and pulp product
(rayon fiber) industries in the past (Michiri and
Pintelon, 2008; Munteanu et al. 2010; Hossain and
Sarker, 2016, Bhattacharjee et al. 2019; Sayuti et al.,
2019). The traditional OEE has given birth to new
OEE models which are either static/deterministic or
stochastic in nature. The new static/deterministic OEE
measures include: Overall Asset Effectiveness (OAE),
Overall Plant Effectiveness (OPE), Total Equipment
Effectiveness Performance (TEEP), Production
Equipment Effectiveness (PEE) and Overall Factory
Effectiveness (OFE) applied in packaging and
chemical processing (Muchiri and Pintelon, 2008);
Doubly Weighted Grouping Efficiency (DWGE)
applied in cellular manufacturing systems (Sarker,

2001); Overall Line Effectiveness (OLE) for
automobile industries (Nachiappan and
Anantharaman, 2006); Overall Equipment

Effectiveness of a Manufacturing Line (OEEML) for
automobile firm (Braglia et al., 2009); Global
Production  Effectiveness (GPE) for  global
manufacturing system (Lanza et al., 2013); Overall
Throughput Effectiveness (OTE) for wafer fab and
glass firm (Muthiah et al., 2008); Overall Equipment
Effectiveness Market-Based (OEEMB) for iron and
steel industry (Anvari et al., 2010); Equipment
Performance and Reliability (EPR) model for
semiconductor production system (Samat et al.,
2012); Rank-Order Centroid (ROC) method in
Overall Weighting Equipment Effectiveness (OWEE)
for fiber cement roof production system (Wudhikarn,
2010); Overall Equipment and Quality Cost Loss
(OEQCL) for fiber cement manufacturing system
(Wudhikarn, 2012); OEE and Productivity measure
(OEEP) in automobile industry (Andersson and
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Bellgran, 2015); and OEE- Total Productive
Maintenance (TPM) and Lean Manufacturing (LM)
measures in manufacturing systems (Binti Aminuddin
et al.,, 2016). The stochastic OEE models evolved
include: Probability density function (Normal and
Beta distributions) of OEE applied to waterproofing
coatings firm (Zammori et al., 2010); and the
simulation-based Taguchi method in weighted OEE
for crimping manufacturing line (Yuniawan et al.,
2013). Automation of OEE measures has been carried
out through: integration of a communication system
and Manufacturing Execution System (MES) into the
Automated Data Collection (ADC) system to enhance
accurate data collection in the manufacturing line to
enable accurate estimation of throughput, Unit Per
Hour (UPH) machine rate for semiconductor
assembly firm (Wang and Pan, 2011); and
development of software package to identify losses
associated with equipment effectiveness (Singh et al.,
2013).

Apart from the established drawbacks from the
stated studies which include equally weighted OEE
parameters, subjective  weights  determination,
unexplained lowest  OEE-loss  relationship,
insufficient data to obtain the weights, weights
probability approximation, inadequate general and
quality cost accounting (Hossain and Sarker, 2016),
and effectiveness limitation to machine/equipment
rate only, it is inferable from the past studies that the
traditional and the evolved OEE models have been
applied separately to either machine(s)/equipment,
plant, production/manufacturing line, or cellular
manufacturing system without  considering
productivity of production line in terms of supply
output (delivery) and demand (expectation). Besides,
the emerging models only built their measures around
the basic OEE three factors-availability, performance
and quality. The stated models cannot work in a fast-
moving product (beverage) production line where
material needed in the production line is supplied as
and when due in batches based on planned (expected)
output delivery. Therefore, production waste can
come from either surplus material supply or
overproduction (higher product volume). They failed
to also consider issues of: dynamic nature of process
variation in a single fast-moving product production
line over the years that will enable the manager to
plan ahead accurately to meet customers’ delivery as
and when required. This will call for a new OEE
model with the following peculiarities: the ability to
moderate/control yearly OEE variations to enable
attainment of improved and balanced effectiveness of
a single fast-moving product production line;
inclusion of waste (surplus in  materials/
overproduction) and human/ergonomic (production
floor environment) factors which are critical to the
production line; and integration of regression model
and error-proof sigma metric parameters to serve as
yearly predictive/dynamic OEE improvement tool for
management to make the right choice of action. Once
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the quality rate is measured based on percentage
defective/rework items of output quantity, then it is
sensible to consider waste rate as an independent OEE
factor which is measurable using percentage leftover
material (products) of the total input material (output
product), excluding defective material (items).

It is inferable from the literature that the past OEE
models are deficient, and hence require improvement
to enhance a robust effectiveness measure. New or
emerging OEE models should take care of a dynamic
industrial environment. Replacement of cumbersome
and costly to implement improvement tools (Kaizen,
JIT, SMED, VSM, 5S, Automated system, weighting
system, Lean bundle, Lean blackbelt & green belt,
etc.) with singular error-proof sigma metric will
simplify its application in industries. In this study, the
OEE model will be made robust to cope with modern
production line realities of enhancing competitiveness
by integrating workplace conditions and waste
generation factors into it. OEE measure will be made
dynamic through the introduction of a continuous
improvement tool, error-proof sigma metric, and
integration of time-dependent predictable OEE
parameters. A simplified, tractable OEE error-proof
(OEE-EP) model will be provided to serve as a good
replacement to the cumbersome and costly
implementable past models.

3. INTEGRATION AND MODELLING
OF OEE PARAMETERS

The methodology employed entails integration of
Overall Equipment Effectiveness (OEE) factors,
formulation of the OEE model, and analysis of OEE
model parameters.

3.1. Integration of Overall
Effectiveness Parameters
For a robust OEE evaluation in a balanced production
line system for a fast-moving product, a dynamic
OEE error-proof model was developed through the
integration of the traditional OEE factors (availability,
performance, and quality measures) with other
emerging  critical-factors/parameters  (workplace
condition, waste generation, and error-proof sigma
metric). Figure 1 shows the proposed relationship of
the Overall Equipment Effectiveness-OEE factors;
quality, performance, availability, waste generation,
and  human  ergonomic/workplace  condition
(temperature). Human/ergonomic elements as related
to work environments such as temperature,
illumination, and workers' wellbeing, have effects on
productivity, and its magnitude depends on the degree
of deviation from the established standards. Wastes
can also hinder smooth workflow by creating
unnecessary shortage/surplus in outputs of material,
machine, manpower, etc. through excessive inventory
operation and customers’ satisfaction. The duo,
ergonomic and waste, was very important OEE

Equipment

factors neglected many years past. The effective
production process is attainable under the condition of
excellent equipment availability, line performance,
product quality, working environment, and waste
reduction. This condition was hard to meet
simultaneously in the manufacturing system.

A sustainable (acceptable) industrial plant operation
should have OEE greater than 0.5 (50%) (Ljungberg,
1998). This shows that the OEE of 0.5 is the minimum
effectiveness measure required of a manufacturing
system to succeed. An OEE below 0.5 indicates
danger or poor process performance, while an OEE>1
signifies a highly productive process. However, a
world-class OEE for a production line should be more
than 0.85 (Sayuti et al., 2019). In a single product
balanced production line, an OEE factor can be
evaluated, in terms of productivity, based on a simple
ratio of output delivered to the expected output.
Variations that existed between the expected and
delivered outputs are known as process errors. The
multi-factor OEE measure led to the emergence of
multiple errors due to its series relationship. Five-
factor OEE can be represented as a series control
system with errors measured as a difference between
input (expected) OEE and output (delivered) OEE
(Fig. 2).

The idea is to reduce the error (variation) to make the
process effectively satisfactory. This needs to be done
gradually on the production line. Every error reduction
attained periodically is translatable to the OEE error-
proof sigma metric and evaluable using a productivity
improvement index, which can be monitored by the
management for decision making (interface). The
integration of the error-proof (EP) sigma metric as an
improvement tool (o) in line with the OEE control
system in Fig. 2 has resulted in continuous
improvements (Eqns. (1)-(3)).
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Figure. 1. Overall Equipment Effectiveness factors
integration.
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Figure. 2. System Control and Improvement Framework.

OEE EP = OEE(1-06)* (1)
If,

OEE EP >1, Stop, improvement is satisfactory 2
Otherwise,

0<OEE EP <1, Continue (3)

The improvement (oee Ep)will continue over time,
X (Egns. (1) and (3)) in the presence of Error-proof
(EP) sigma metric, o until it attains a satisfactory

value (Eqn.(2)). Power X in Egn. (1) can also be
described as improvement (fading) time. System
performance was evaluated based on, if; OEE < 0.5,
then productivity is poor; but for OEE> 0.5 means
productivity is good, while productivity is described
as excellent if OEE> 1.

With reference to Fig. 2, The model relating the
traditional OEE factors (availability, performance, and
quality) was identified to fall into the family of control
model on the basis at which a modified version was
developed by integrating emerging OEE factors
(waste and human) into it. The arrow shows a series
relationship between the OEE factors indicating that a
deficiency (error) realized in one factor has
multiplying effects on the other OEE factors. This
reflection is expressed in Eqns. (4) and (5). The
interface served as an OEE outcome error review
platform motivated by a sigma metric continuous
improvement window that enabled the gradual
reduction of process variation to a satisfactory level
(Eans. (1)-(3)). Error-proof (EP) is process variation
measured at a given time over actual and expected
outputs. The target of any production firm is to make
process variation close to zero to sustain productivity.
Error-proof (EP) criterion is a strategy of gradual
elimination of process variation in a single product
production line by the adoption of the sigma metric
standards to enhance continuous improvement of the
firm’s OEE towards the attainment of OEE-EP

3.2. Overall Equipment Effectiveness Model
Formulation

Productivity as a measure of plant effectiveness

relating the expected and delivered outputs can be

analyzed based on the control diagram given in Fig. 2.

Equation (4) in the earlier studies (Bruce, 2006;
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Productiv ity
improvement
index

Dilworth, 2013) for measuring the traditional (old)

Overall Equipment Effectiveness (OEE) was
conformed to the established system.

OEE = aBu 4)
where:

ais the availability efficiency of a production
equipment

B is the performance efficiency of the equipment

wis the quality rate (efficiency) of products (output)

Equation (4), however, did not consider human
ergonomic/workplace  condition, Y and  waste

generation, @ factors (shown in Figs 1 and 2), which
are also important in determining the overall
production line’s effectiveness. Hence, Eqn. (4) was
enhanced to include ergonomic and waste (Eqn. (5)),
OEE'= afuyw (5)
Equation (5) is a modification of the traditional OEE
model (Bruce, 2006; Dilworth, 2013) in Eqn. (4). The
relationship, as stated before, is a resemblance of the
control system represented by Fig. 2. The productivity
variations in individual or combined OEE factors (in
series) are measurable as a ratio of output to input
resources.
Dynamic sub-models for evaluating productivity

contributions Y, 'over the year X of each of the OEE

factors Y, (a,B,p, vy &.0) were then formulated and

evaluated as expressed in Egns. (6) and (7),
respectively.
yi'(x) = Yi (0.f.py & o) (6)
If

yilzl, stop improvement satisfactory

. o )
0<yj <1, continue improvement

System availability, y;(a) was determined as the

ratio of actual (delivered) production volume per unit
time, t;(x) and the planned (expected) production

volume per unit time, t, (x) .
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System Performance, y;(B) was measured as the

system performance delivered (in %) per unit time
to(x) over the system performance expected (in %)

per unit time, t, (x) as shown in (9).

to (9
)

yi(B): ©)
System Quality, y,(x) was measured by the

quality products delivered, that is, % difference
between total quantity produced and total

defective/rework items G(X) (in %) over the total

quantity produced per unit time, G, (X) (in %).

G(x)
(W) = 10
Y 6,00 (10)
System human factor/ ergonomics, y;(y) was

estimated using the expression based on the actual
(delivered) human working environment contribution
to productivity, T (x) over the expected contribution,
T,(x). Egn. (11) was evaluated based on the
production environment (temperature) per unit time,
this was found to affected workers’ productivity. The
environmental (temperature) change, T,(X) was a

planned (expected) production floor conditioning
temperature per unit time while, T,(x) was the actual

(delivered) workplace temperature.

Ta(x)

11
Ts(x) ()

yi(v) =

Ambient temperature was considered a major human
element because it was found that the temperature of
the working environment had a critical effect on the
machine and the operator’s productivity. A balanced
working temperature is needed to enhance
simultaneous satisfactory performance in machinery
and operator. Unstable environmental conditions and
climate change will make this very difficult to
achieve. Therefore, the temperature is a critical
ergonomic factor to consider.

System Waste y;(m) was measured based on system

percentage  waste  reduction (%  allowable
material/product surplus) performance, as the ratio of
the planned (expected) waste (in %), P, (x) and the

actual waste generated (in %), G, (X)

Py ()

o ® (12)

yj (o) =
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For clarity, Eqns. (8), (10), and (12) may look
similar, but they are not the same. Eqn. (8) is a
measure based on planned (expected) production
volume before the actual production took place. Eqgn.
(10) is a measure based on the actual (delivered)
quantity of production output before deduction of bad
quality or rework product, while Egn. (12) is a
measure based on planned (material/product) waste
before production over the actual (material/product)
waste generated in the production line excluding
rejected/rework product. Therefore the measures are
clearly different because waste was measured in
relation to raw material surplus/overproduction, while
quality was measured in relation to defective/rework
product output. Measured effectiveness of individual
factors y; (a,B, 1,y & o) were substituted into Eqns.

(4) and (5) to determine, annually, traditional OEE
and newOEE', respectively. Evaluation of the
outcomes was carried out by following the similar
procedure stated before (Eqns. (1)-(3)). Unsatisfactory
effectiveness was dynamically improved upon by
utilizing error-proof sigma metric (o) continuous
improvement integrated into the OEE', that s

(OEE®) in Egn. (14). This was evaluated over

minimum acceptable effectiveness, y; (X), obtained
from each factor,

Y; ) min. (Ean. (13)),

Yi 00 min. = ¥i () min. - )* (13)

(Lo j)X (14)

n
c_ .
OEE _Hyi (X)min.
i
n = 3or5 for traditional (old) or new scheme,
j=1 6,counter for sigma value

power X,is improvement (fading) time

It is inferable from Eqgn. (14) that ;=0 signifies

full improvement on the existing performance, while
0;=1 indicates no improvement at all. Therefore, the
improvement factor on process variation (sigma error-

proof) achievable in the production system was ranged
between 0 and 1. This can be reasonably fitted into the

statistical standard variations, 0; where j=1-6. On
this premise, only 0.067 and 0.0000034 errors
(variations) were allowed under three-sigma (c3) and
six-sigma (og) metrics, respectively. Six-sigma can
be a good replacement for a costly 100% inspection
strategy (jidoka) (Marselli, 2004; Wilson, 2010). The
highest possible improvement attainable, OEE max in
the process (Eqn. (14)) was selected as optimum
value, OEE EP” as depicted by Eqn. (15).
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OEE EP”" = OEE®" = OEE® pa (15)

The model as stated is a constrained linear/
nonlinear programming model that can be solved via
an analytical approach, and regression analysis using
excel tool.

3.3. Analysis of Model Parameters

The production firm where data was collected was
established in a popular city in Nigeria more than two
decades ago. The company was into mass production
of a single but highly patronized beverage product.
The company is a flow process, balanced production
line firm, producing a fast-moving product to ever-
increasing customers.  The data collected were
primary, and were gotten from a production line of the
company based on the available records and presented
in tabular format after analysis on the yearly bases to
align with the data need of the model. The name of the
company was concealed to protect her confidentiality
and integrity. There have been reported cases that
emanated from data analysis of unstable line
availability, system performance, product quality,
material waste, and floor condition during the
production process which have affected customers
patronage due to loss of goodwill, which in turn
served as a hindrance to stable and sustainable
productivity of the firm. This has defeated the
objective of adopting a balanced line production
system to enable a continuous flow of product for
satisfactory performance at meeting customers’
delivery. Based on the foregoing, there is the need to
minimize process variation such that the production
line is utilized effectively with the target of meeting
customers’ demand (delivery) as preplanned with little
or no surplus or shortage. On this basis, there is the
need to introduce error-proofing (EP) to the traditional
and emerging OEE metrics as a solution to this
challenge of productivity instability.

A small data set on expectations and deliveries of
OEE factors spanning eight (8) years was made
available from the company for the analysis (Tables 1-
5).

The performance factors y;(a,B,p,yv&.0) were

estimated based on the expected and delivered
production output parameters on a yearly basis t;(x),

t2(X), to(X), th(x), G(x), Gp(X), T,(x), Ts(x),

Py (X), G, (x), using Egns. (8)-(12). For example,
system availability, y;(a)was estimated from the
yearly, X, expected production volume (in million),
t5(x), (10,011.00), and delivered production volume

(in million), t;(x), (11,211.17) using Eqn. (8) as

1121117 .
710,011.00

Yi (o)

The other performance ratios were obtained using a
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similar computation method, and the results are shown
in the last columns of Tables 1-5.

To prevent static performance measures and to allow
data updating of OEE factors, a dynamic approach
was proposed via the regression model by utilizing
yearly expected (delivered) output as the dependent
variable and the time (in the year, Xx) as the
independent variable. In the analysis, different
regression options (exponential, linear, logarithmic,
polynomial and power, etc.) were analyzed using
Excel-tool to find equations that best-fit the data based
on the highest coefficient of determination R?
criterion.

Actual and predicted output outcomes were
validated using the Mean Square Error (MSE)
statistic. The error between the actual and predicted
results should not exceed 10% (Peng and Huang,
2012; Ryan et al., 2013, Hayes, 2018). The best

polynomial regression equations (Rzzl) obtained

are presented as Eqgns. (16-25). The vyearly
predicted results on OEE factors by substituting year
(x =1, 2,..., 8) into Eqgns. (16-25) are presented in
Table 6. Predicted OEE for individual factor
(availability as a sample) Y; (a)(p) was measured using
similar approach as that of actual OEE measure,
Yi(a)a) (Table 7). The Mean Square Error MSE for

availability as a sample is:

Lyj(@)(a) yi(O!)(p)]2

n

n
MSE = X =0.00055
=X=

i 1

MSEs for other OEE factors were obtained using a
similar method. Then, OEEs based on 3-factor (old
method) and 5-factor were estimated using Eqns. (4
and 5) and the results are shown in Table 7.

The minimum (lowest) acceptable OEE outcomes,
Yi (X)in corresponding to year(s), X* i for

individual factors (Table 7) were selected for
continuous improvement analysis on yearly basis
(Egn.  (13)). For actual (A) availability,

Yi (X)min. = 0.97 with error-proof, 3-sigma metric,
0j-3 = 0.067 at year, X = 1, the improvement on the

minimum OEE, Y; (X) min. Was computed by

(Eqn. (13)), ¥; (X) “min. = 0.97(1 0.067)* = 0.90

Other elements were computed by following the
same process, and their corresponding improvements
on 3-factor and 5-factor bases were estimated using
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Eqn. (14). For 3-factor, then,
OEE*® = (0.90)(0.89)(0.78) ~ 0.62

The obtained results are presented in Table 8. The
same procedure was used for analysis based on the

error-proof, six-sigma metric, o = 0.0000034

(Table 9).
The best improvement strategy (Eqn. (15)) to apply
was selected based on maximum improvement,

OEE®" achieved so far (Tables 8 and 9).

4. RESULTS AND DISCUSSION

Results are discussed based on; overview of the plant
effectiveness trends establishment for OEE factors,
OEE performance prediction and evaluation,
equipment effectiveness evaluation, and equipment
effectiveness improvement.

4.1. Overview of the Plant Effectiveness

Computation results (Eqns. 8-11,13) for the plant’s
effectiveness (productivity) factors in terms of
expected and delivered system availability, system
performance, system quality, ergonomic (temperature)
and waste generation are presented in Tables 1-5. The
analysis indicated that the plant was not working to
expectation in terms of satisfying the expected
deliveries. The plant was expected to satisfy the
requirements of meeting customers’ demand
(delivery) in terms of equipment availability, product
quality, plant performance, working environment
(temperature), and waste generation. The company
was able to satisfy world-class productivity delivery
requirements in a few years. Excellent (world-class)
productivity (100%) was attained in equipment
availability in the years 1, 2, 4, and 5; quality in the
year 2; plant performance in the years 1 and 2;
working condition (temperature) in the years 1, 2, 6, 7
and 8; and material waste generation in the years 7
and 8. There was evidence of productivity overshot
(greater than 100%) due to higher delivery (in
quantity) than expected (years 1, 2, 4, and 5).
Effective deliveries of process factors were below
expectations in many years under review (Tables 1-5).
The worst, system waste productivity of 0.32 was
found in the second year of the plant’s operation. This
result was odd and inconsistent with other outcomes,
and hence not reliable. The plant probably required
alignment or corrective maintenance during this
period. The results generally showed the management
the need to improve on and moderate some
effectiveness factors to attain the goal of meeting
satisfactory productivity (100%) every year. In this
case, the establishment of regression models had

67

Table 1. System Availability Data and Analysis.

Expected Production
Production Volume Rati
Volume Delivered atio
Year (x) (million) t2(x)  (million) ti(x)  vi(a)
1 10,011.00 11,211.17 1.12
2 13,541.26 13,541.26 1.0
3 15,096.49 14,593.49 0.97
4 14,281.36 16,290.13 1.14
5 16,035.19 18,058.25 1.13
6 18,996.82 18,499.26 0.97
7 19,736.88 19,298.22 0.98
8 20,808.32 20,341.56 0.98
Table 2. System Performance Data and Analysis.
Year Performance Performance Ratio
(x) Expected (%)ta(x)  Delivered (%) to(X) Vi(B)
1 90.00 90.00 1.00
2 91.00 91.00 1.00
3 91.50 80.00 0.87
4 91.50 79.00 0.86
5 92.00 82.00 0.89
6 92.00 77.00 0.84
7 92.50 80.00 0.86
8 92.50 82.00 0.89
Table 3: System Quality Data and Analysis.
Quality
Quality Product Product
Year Delivered Expected (%) Ratio
() (%)G(x) Gp(x) Yi(p)
1 75.00 77.00 0.97
2 76.00 70.00 1.09
3 77.00 79.00 0.98
4 77.00 79.50 0.97
5 78.00 81.00 0.96
6 78.50 81.00 0.97
7 79.00 81.20 0.97
8 80.00 81.21 0.99
Table 4. System Waste Data and Analysis.
Year Actual Planned Ratio
(X) (delivered) (expected) yi(®)
manufacturing manufacturing
waste (%)Gw(x) waste (%) Pw(X)
1 3.50 3.18 0.91
2 3.10 1.00 0.32
3 3.10 2.16 0.70
4 2.50 1.86 0.74
5 2.00 1.87 0.94
6 2.00 1.86 0.93
7 1.85 1.85 1.00
8 1.85 1.85 1.00
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Table 5. Production Floor Ergonomics Temperature Data.

Year Expected Delivered Ratio
(x) Production Production yi(y)

Floor Floor

Temperature(x  Conditioning

2°C) Ta(x) Temperature(x

2°C) Ts(x)

1 22.00 22.00 1.00
2 22.00 22.00 1.00
3 23.00 28.50 0.77
4 22.00 22.00 1.00
5 22.00 22.20 0.99
6 23.00 23.00 1.00
7 22.00 22.00 1.00
8 22.00 22.00 1.00

motivated dynamism in evaluating plant effectiveness,
while the introduction of error-proofing parameters
had played a prominent role in providing continuous
improvement by eliminating process variation.

4.2. Trends Establishment for OEE Factors
Regression analysis using Excel tool on the
company’s production line data (Tables 1-5), yielded
polynomial equations as the best models for the
prediction of the expected, t2(x) and delivered, ti(x)
production volume data at a given time (x) as given in
Eqns. (16) and (17), respectively;

t2(X) = 2.4673x® - 63.552x5 + 587.96x* - 2231.9x° +
2195.6x? + 5815.7x + 3668.3; R2=0.99 (16)

t1(x) = -2.7512x° + 82.94x5 - 975.96x* + 5655.7x3- 16801x?
+25373x - 2119.2; R2 = 0.9992 an

R ~1, is an indication that the models had predicted
the production volume data accurately. The regression
models obtained for the prediction of the expected and
delivered: system performance (tn(X), to(X)); system
quality (Gp(X), G(X)); system waste (Pw(X), Gw(x)); and
system ergonomic (temperature) (Ta(x), Ts(X)) are
respectively given as follows:

tn(x) = -0.0007x5 + 0.0184x> - 0.1976x* + 1.109x® - 3.4913x?
+6.1828x + 86.375; R2 = 0.9865 (18)

to(x) = -0.0521x5 + 1.4675x5 - 16.284x* + 89.924x3 -
255.37x? + 339.91x - 69.625; R2 = 0.9845 (19)

Gp(X) = 0.0031x° - 0.0823x5 + 0.8438x* - 4.2353x% +
10.682x2 - 11.654x + 79.437; R2 = 0.9941 (20)

G(x) = 0.0276x® - 0.7996x® + 9.2103x* - 53.372x® +
161.19x2 - 231.88x + 192.6; R2 = 0.9796 (21)

Pu(X) = 0.0028x° - 0.0779x5 + 0.8562x* - 4.6474x3 + 12.86x2
-17.056x + 11.563; R2 = 0.9998 (22)

Gw(x)) = 0.0058x° - 0.1668x° + 1.9113x* - 11.011x3 +
33.156x? - 48.399x + 27.68; Rz = 0.9774 (23)
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Ta(X) = 0.0125x5 - 0.3375x°> + 3.5625x* - 18.563x° +
49.425x% - 62.1x + 50; R2=1 (24)

Ts(x) = 0.0302x® - 0.7738x> + 7.7099x* - 37.775x3 +
94.537x? - 112.67x + 72.938; R2 = 0.9846 (25)

High coefficients of determination RZ=1, in all

cases had indicated that the models were accurate in
predicting the expected and delivered outputs.

4.3. Performance Prediction and Evaluation

The actual data and predicted results of the production
process using regression models (16-25) for the
expected and delivered outputs (production volume,
product quality, plant performance, floor temperature,
and manufacturing waste) are presented in Table 6. It
can be clearly observed from the table that the
predicted results and actual data were in close
resemblance (Tables 1-5). This showed that the
established regression models were adequate for
expected and delivered performance prediction (Table
6). A sudden rise in waste output prediction was
noticed in the fifth year, but as a whole, the actual
system effectiveness measures were not largely
affected as shown in Table 7. Irregular (unstable)
productivity outcome of the factors for the years under
review signaled the need for the management to
improve on the plant’s effectiveness.

4.4. Evaluation of Equipment Effectiveness

The results of the OEE prediction and evaluation of
the production line are presented in Table 7. It was
revealed from the results that the predicted OEEs
values were very close to the actual values (Tables 1-
5). The highest Mean Square Error (MSE) of 0.0089
was estimated between the outcomes of the actual and
predicted parameters for all OEE factors (Table 7).
This was eminently within the acceptable statistical
error limit of 0 — 10%. Similarly, the 5-factor (new
OEE) and the 3-factor (old OEE) prediction outcomes
were very close to that of actual results. The
maximum MSE of 0.0047 was computed between
actual and predicted OEE results. The errors were far
less than the 10% limit. Hence, the model can be
effectively applied to the company’s production
process to predict and evaluate her equipment
effectiveness within an acceptable error margin. The
least actual and predicted factor effectiveness (Vi .min)
were (0.97,0.95); (0.96,0.94); (0.84,0.78); (0.77,0.84);
and (0.70,0.68), respectively for the years (3,6,7);
(5,6); (6,7); (3,3); and (3,3). The waste effectiveness
(0.32*, 0.33*) were neglected because of its wide gap
to the next higher value (0.70, 0.68). The least actual
and predicted OEE results for the old and the new
models were (0.79, 0.68) and (0.45, 0.48). These
results were obtained at years (3, 3) and (6,7),
respectively (Table 7). The irregularity and low OEE
outcomes had indicated the need for the company to
improve the process to survive amid of present and



B. Kareem, A.S. Alabi, T.l. Ogedengbe, B.O. Akinnuli, O.A. Aderoba, and M.O. Idris

future competitors. It was generally revealed that
OEE from the old model were in most cases higher
than those obtained from the new model. The
implication of utilizing the old model in the firm was
for the management to have the impression that the
plant’s effectiveness was good whereas in real sense it
was not from the new model’s results. This indicated
that the company manager should be vigilant at
finding other underline factors which might have
critically influenced the OEE of the plant. Production
floor conditions (temperature) and material waste
were good examples of such factors identified in and
integrated into this system.

The OEEs from the old model seemed unrealistic
because of its greediness in estimating the plant’s
effectiveness as compared to the realistic new model
which was more encompassing and robust in
accommodating emerging critical factors that affect
productivity. The new model OEE outcomes enabled
the firm’s manager to know the true condition of the
plant's effectiveness to take decisive action at
improving the system to prepare it for present and
future competitions. It was noticed that OEEs
prediction or evaluation results from old and new
methods were not stable through the years under
review and were unlikely to be stable in the future.
Therefore, the enhancement of improvement through
the closing of process variation (gap) between
expected and delivered effectiveness will go a long
way to bring the plant’s performance stability and
effectiveness in operations.

4.5. Equipment Effectiveness Improvement

The improvement results on plant’s effectiveness by
minimizing process variations via application of
statistical sigma metrics under 3-sigma (j=3) and 6-
sigma (j=6) using the OEE error-proofing (OEE-EP)
model (Eqgns. (13), (14) and (15)) are shown in Tables
8 and 9, respectively for 3-factor and 5-factor OEE
measures. In both cases, the improvement was noticed
in varying proportions over the minimum (lowest)
OEE measured for the single (isolated) and combined
factors. The improvement results under the 3-sigma
metric were not constant (Table 8) over the minimum

Table 6. OEE Factors-Annual Outcome Predictions.

benchmark (Table 7) for the years under review.
Maximum improvements, actual (0.62, 0.29) and
predicted (0.56, 0.28), were estimated (using Eqgn.
(15)) in the first year using 3-factor and 5-factor
effectiveness measures, respectively, while the
improvements were reducing (fading) steadily in the
subsequent years (Table 8). The implication of these
unstable improvements was to notify the firm’s
manager of the need to put in place a sustainable plan
towards meeting present and future delivery requests.
The results (Table 8) further showed the greediness of
3-factor, 3-sigma error-proofing in providing higher
improvement outcomes than the 5-factor, 3-sigma
model. The improvements for the 9th year showed a
similar trend. It was further noticed that the
improvements became smaller in future years for both
scenarios. This indicated that the improvements will
continue to reduce in future years, and then converge
to a point. On this basis, the application of this model
in measuring the plant’s effectiveness improvement
was sustainable due to the integration of regression
and error-proof windows that enabled data updating to
enhance improvement. However, improvements
measured based on error-proof, 6-sigma metric were
better and more stable than 3-sigma metric across
singular and combined OEE factors (Table 9).

It was revealed from the table that 6-sigma error-
proofing produced stable, satisfactory, and sustainable
OEE improvements of actual and predicted values
(0.78, 0.70) and (0.42, 0.40) over the lowest
acceptable OEE for the 3-factor and 5-factor models,
respectively. The improvement excesses of the 3-
factor model were reflected in these results. Though
the improvement attained using the 5-factor model
was lesser than that of the 3-factor, but both were
world-class compliant, sustainable, satisfactory, and
significant to survive any emerging competitiveness.
In comparison with past similar studies, attainment of
42% improvement based on the 5-factor, 6-sigma
model was considered better than 20% and 23%
obtained using lean & green (Pampanelli et al., 2014)
and lean bundle (Shah and Ward, 2003) models,
respectively.

OEE Factors Year(x) 1 2 3

4 5 6 7 8

Availability Expected, t(x)  9,974.58 13,758.50 14,594.79
Availability Delivered, t:(x)  11,212.73 13,531.04 14,590.74

Quiality expected, Gp(x) 76.98 70.17 78.48
Quality delivered, G(x) 74.99 76.04 76.87
Performance expected, t,(x) 89.995 91.030 91.400
Performance delivered, to(x) 89.991 91.066 79.995
Ergonomics Expected, T,(x) 21.997 21.996 22.987
Ergonomics Delivered, To(x) 23.996 24.076 24.320
Waste Expected, Py(X) 3.18 1.03 2.10
Waste Delivered, Gy (x) 3.50 3.10 3.12

14,765.67 16,075.86 18,443.86 20,269.77 20,579.62
16,337.48 17,908.30 18,651.29  19,164.59 20,354.39

80.41 80.39 82.37 83.32 86.53
77.11 77.43 T77.47 76.03 73.42
91.61 91.477 91.66 91.466 90.263

81.975 84.925 80.375 71.375 77.375
21.968 21.938 22.892 21.829 21.744
22.312 23.576 24.823 18.949 21.767
212 2.15 3.14 4.75 8.26
2.55 2.30 2.87 4.44 7.06
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Table 7. Prediction and Evaluation of OEE for the Production Process.

OEE measure, y; /year (x) 1 2 3 4 5 6 7 8 MSE.10-°  Vimn  X*min
Availability yi(a) Actual (A) 112 100 097 114 112 097 098 098 097 36

Predicted (P) 112 098 099 111 111 101 09 099 0.55 0.95 7
Quality yi(n)  Actual 0.97 1.09 098 097 096 097 097 0.99 0.96 5
Predicted 0.97 1.08 098 09 096 094 091 095 3.00 0.94 6
Performance yi(B) Actual 1.00 1.00 087 086 089 084 086 0.89 0.84 6
Predicted 1.00 1.00 087 089 092 087 078 086 1.25 0.78 7
Human/Ergonomics, Yi(y) Actual 1.00 1.00 077 100 099 100 1.00 1.00 0.77 3
Predicted 091 0091 084 099 093 092 115 100 6.71 0.84 3
Waste yi(® ) Actual *unaccepted 091 032 070 074 094 093 1.00 1.00 0.70 3
Predicted, Bold, mini. acceptable 091 033* 068 083 094 109 109 117 890 068 3
5-factor OEE’-New-method (A) 098 034 045 070 089 074 082 0.86 0.45 3
P) 090 0.32 048 078 08 082 084 08 273 0.48 3
3-factor OEE- old method  (A) 1.08 1.06 083 09 09 079 082 0.86 0.79 6
P) 1.08 1.06 084 095 098 082 068 073 470 0.68 7

Table 8. Improvement dynamism on the OEEs using three-sigma metrics.
Improvement  dynamism  OEE-EP 1 2 3 4 5 6 7 8 9
(OEE®) at o3 = 0.067 measured at
Yi'min-/year (x) (Eqn. (14)), yi” (X)min

Availability (o) Actual (A) 0.90 0.84 0.79 0.73 068 064 059 056 052
Predicted (P) 0.87 0.98 0.77 0.72 067 063 059 055 051
Quality (w) Actual 0.89 0.84 0.78 0.73 068 063 059 055 051
Predicted 0.88 0.82 0.76 0.71 067 062 058 054 050
Performance (f3) Actual 0.78 0.73 0.68 0.64 059 055 052 048 045
Predicted 0.73 0.68 0.63 0.59 055 052 048 045 042
Human/Ergonomics, (y) Actual 0.72 0.67 0.63 0.58 054 051 047 044 041
Predicted 0.78 0.73 0.68 0.64 059 055 052 048 045
Waste (o ) Actual 0.65 0.61 0.57 0.53 049 046 043 040 038
Predicted 0.63 0.59 0.55 0.52 048 045 042 039 036

Max. improvement over 3-factor, 3- (A) 0.62 0.52 0.42 0.34 027 022 018 015 0.12
sigma: OEE® (OEE-EP*) (Eqn. (15))  (P) 0.56 0.46 0.37 0.30 025 020 016 013 0.11
Max. improvement over 5-factor, 3- (A) 0.29 0.21 0.15 0.10 0.07 0.06 0.04 003 0.02
sigma: OEE® (OEE-EP*) (Eqn. (15))  (P) 0.28 0.20 0.14 0.10 007 006 0.04 003 002

Table 9. Improvement dynamism on the OEESs using six-sigma metrics.

Improvement dynamism OEE-EP (OEE®) 1 2 3 4 5 6 7 8 9
at oj=¢ = 0.0000034 measured at (Yi)min.
Iyear (x) (Eqn. (14)), ¥i”" (X)min.

Auvailability (o) Actual (A) 0.97 097 097 097 097 097 097 0.97 0.97
Predicted (P) 0.95 095 095 095 095 095 0.95 0.95 0.95

Quality (n)  Actual 0.96 096 096 096 0.96 096  0.96 0.96 0.96
Predicted 0.94 094 094 094 094 094 094 0.94 0.94

Performance (8) Actual 0.84 084 084 084 0.84 084 0.84 0.84 0.84
Predicted 0.78 078 078 0.78 0.78 0.78 0.78 0.78 0.78
Human/Ergonomics, (y) Actual 0.77 0.77 0.77 0.77 0.77 0.77 0.77 0.77 0.77
Predicted 0.84 084 084 084 084 084 084 0.84 0.84

Waste (o ) Actual 0.70 070 070 070 0.70 0.70  0.70 0.70 0.70
Predicted 0.68 068 068 068 0.68 0.68 0.68 0.68 0.68

Max. improvement over 3-factor, 6- (A) 0.78 0.78 0.78 0.78 0.78 0.78 0.78 0.78 0.78
sigma: OEE®" (OEE-EP*) (Eqgn. (15)) P) 0.70 070 070 070 0.70 0.70  0.70 0.70 0.70
Max. improvement over 5-factor, 6- (A) 0.42 0.42 0.42 0.42 0.42 0.42 0.42 0.42 0.42
sigma: OEE®" (OEE-EP*) (Eqn. (15)) P) 0.40 040 040 040 040 0.40 040 0.40 0.40

The 3-factor based performance (65%) attained by  ement of this new 3-factor, 3-sigma error-proof model
Hedman et al. (2016) using automatic measurement  (Table 8), but far below 78% attainable from the 3-
approach can only compete with the 62% improve-  factor, 6-sigma error-proof model (Table 9).
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5. CONCLUSION

The OEE model has been effectively formulated to
plan production, labor utilization, maintenance, and
working environment as reflected in the attainment of
waste reduction, availability, quality, and performance
improvements. The integration of human/ergonomic
workplace environment (temperature) and system
waste generation factors into the OEE measures has
broken new ground in the field of overall equipment
effectiveness research. Attainment of dynamism in the
system  effectiveness  measures  through  the
incorporation of best regression models and
integration of encompassing error-proof, sigma metric
parameter has made the system unique in terms of
providing sustainable performance as compared to
other popular techniques.

The six-sigma has performed well in system error-
proofing and at the same time providing better
productivity improvement platforms for the fast-
moving goods production process. The models were
applied successfully to measure critical equipment
effectiveness  factors which are availability,
performance, quality, workplace condition
(temperature), and material waste of a production
plant. On this basis, challenges that hindered the
effective operation of the plant were mitigated and
improved system was sustained.

Results obtained using different scenarios of the
model application to a production line showed a low
performance which was improved upon using a better
improvement program, the new OEE-EP model. The
application of the OEE-EP model has made a
landmark achievement by providing the highest level
of improvements (0.42, 0.78), which are far better
than those obtainable from past studies (0.20, 0.23).
This landmark achievement can be attributed to
excellent accuracy provided by error-proof, six-sigma
metric in minimizing process variation. Specific
conclusions drawn from this study are enumerated as
follows:

i. Unstable overall equipment effectiveness
measures were obtained for the company in the
years under review. This revealed the need for the
company to be evaluating her productivity/overall
equipment effectiveness annually for early
correction of any ailing process factor before it
gets out of control to stabilize the changing firm’s
productivity over time.

The continuous improvement of the production
process has been achieved for the company using
overall equipment effectiveness error-proof
strategy without an increase in input resources.
This outcome has shown the management of the
company the undesirability of increasing input
resources before getting the productivity of the
production process improved. Proper choice of
resources management strategy can sustain and
improve productivity. This has been shown by the
outcome of this study.
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There is a wide gap between traditional 3-factor

OEE and new scheme 5-factor OEE results.

Therefore, in the presence of uncertainty, it is

advisable that the company base its productivity

measure on 5-factor which is more robust.

The integration of error-proof sigma metric as a

means of continuous improvement in the

production process of the company has resulted in
sustainable and stable productivity improvement.

This lean metric has performed better than other

improvement metrics such as lean bundle, lean

green, and automation.

The data set available for productivity/OEE

prediction was small. This can affect prediction

accuracy. To improve prediction accuracy, it is

advisable that the company has a good record of

annual OEE data for timely data updates.
Further  study is required in  real-time
implementation of the process through the application
of computer programs to handle large data, to serve as
a source of artificial intelligence at enhancing robust
decision making in the future as regards the
performance of the OEE-EP model. In such a study
the null hypothesis shall be; the new OEE-EP model
is robust enough to withstand emerging (future)
wastes and environmental challenges, while the
alternative hypothesis shall be the model cannot
withstand future challenges.

Proper identification of processes that required
improvement, choice of appropriate improvement
methods (tools) required and adequate representation
of the process outcomes for good decision making are
other areas of further research. The implementation of
this scheme will require good experience and deep
knowledge of processes identification and analysis
with criticality and necessity consideration.
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ABSTRACT: The increasing student population, developmental, and commercial activities within the
University of Lagos's main campus have led to an increase in daily noise levels. These have disrupted the
serenity and tranquillity of the campus environment. In this study, the noise levels within the campus were
assessed at 34 locations to determine compliance with international standards for tolerable noise levels in
different environments. For three days, noise levels at the stations were measured using the Extech 407730
sound level meter. In the analysis, noise level maps were produced using the Inverse Distance Weighted (IDW)
interpolation, and the correlation between observed noise levels and noise limits were determined. The noise
levels measured in the study area ranged from 41.9 - 96.6dBA. It was observed that the minimum noise levels
were associated mostly with residential and conservation areas; while the maximum noise levels were mostly
associated with commercial areas, vehicle parks, and transportation corridors. Generally, the noise levels
exceeded the tolerable limits for academic, commercial, and residential areas set by the World Health
Organisation (WHO) and the National Environmental Standards and Regulations Enforcement Agency
(NESREA). The Pearson’s correlation coefficients (r) between the average L, ., noise levels and both standards
(WHO and NESREA) were derived as 0.63 and 0.58 respectively, indicating a slightly high positive correlation.
These findings serve as a valuable knowledge base to inform the University management on the need to
implement abatement measures aimed at maintaining the noise levels within tolerable limits.

Keywords:  Geographic information system; Inverse distance weighted interpolation; Noise pollution;
Pearson’s correlation coefficient; Sound level.
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NOMENCLATURE

I Intensity of the sound wave (in W/m?)

N Number of measurements

n Number of sampled points used for the
IDW estimation

p Power parameter

r Pearson’s correlation coefficient

S’ Arithmetic mean of the L, ., noise levels.

S Ly ¢q values according to noise standards

S1 Standard deviations of S’

S, Standard deviations of S

t Calculated t value

I’ Sound level

A Influence (weight) of sample points

dB Decibels

dBA A-weighted sound level in Decibels

df Degree of freedom

di Distance between the point of interest and
the sampled point

Egn Equation

Ho Null hypothesis

Hi Alternative hypothesis

lo Standard reference intensity (= 1012 W/m?)

IDW Inverse Distance Weighted

LGA Local Government Area

Ly eq Average sound level

L min Minimum sound level

Lymax  Maximum sound level

Max. Maximum

Min. Minimum

S/N Serial number

NESREA National Environmental Standards and
Regulations Enforcement Agency

WHO World Health Organisation

1. INTRODUCTION

Sound waves are sensations perceived by the auditory
nerves from the impact of acoustic pulses reaching the
ear. These sound waves travel through the air, causing
vibrations along the path of propagation which can be
detected by the auditory nerves and causes a sensation
of hearing to humans and other animals (Goshu et al.,
2017). The intensity of sound waves, which can be
described as the level of its impact on the auditory
nerves and environment are generally known to
decrease with increasing distance from the source
(Hansen, 2001). The speed of sound in air is
approximately 330m/s and depends on factors such as
the temperature, pressure, and density of the medium
(Paulet et al., 2016; Sharma, 2017). Noise is a
sensation that irritates the auditory nerves (Zannin,
2013), and is characterised by irregular vibration of
the propagating acoustic media or unpleasant acoustic
sensations to the hearer. Hence, a sound that may be
acceptable to one hearer might be noise to another.
Prolonged exposure to sound, which initially may be
pleasing or acceptable to one, may also be classified
as noise since the user may become irritated over time

by it. Hence, the definition of noise is relative to
individuals (Mehta et al., 2012; WHO, 2019). The
sound level of an acoustic wave is a measure of the
intensity of the sound wave, measured with respect to
a threshold level on an accepted scale. Noise
constitutes a nuisance to many people today as noise
pollution has greatly increased in our environment
and can make people consider leaving urban areas to
regions with less noise (Obaidat, 2008). All over the
world, urbanity and industrialisation have intensified
the problem of environmental noise (Gholami et al.,
2012).

The challenges posed by noise pollution cannot be
overemphasised, as individuals, today are hardly
aware of not just the negative consequences of long-
term exposure to it, but what constitutes it (Lugman et
al., 2013). Generally, the populace tends to overlook
several factors as significant contributors to increased
sound levels in the environment (Obiefuna et al.,
2013). However, increased sound levels from sources
we might deem justifiable could be sources of noise
pollution, as the long-term effects are the same as that
caused by repeated exposure to what many would
personally term irritating sound. Noise emanates from
different sources in the environment such as the
neighbourhood (Niemann et al., 2006; Laze, 2017),
industrial activities (Bubli¢ et al., 2010), and
transportation (Sotiropoulou et al., 2020). These noise
sources are most times unnoticed by individuals due
to their active contribution to it, investment of time
and concentration in daily activities and personal
goals. Hence, the negative effects of not
acknowledging increased noise pollution as a
contributory factor to their health conditions and
reduced quality of life are heightened (Nwobi-Okoye
et al., 2015). Noise is seen as a normal phenomenon
by most urban dwellers and commuters, hence the
reason for insufficient studies conducted on assessing
its impacts, especially in Nigeria (Monazzam et al.,
2014). Industrial workers in particular face this
challenge as the nature of their work entails long and
intense work hours, which requires high concentration
levels despite the noise emanating from the factories
they work in (Zare et al., 2018).

It is known that long term exposure to high sound
levels and noise can lead to several medical
conditions including increased blood pressure,
irritation, hearing impairments to permanent deafness
(Hatamzadi et al., 2018). Increased urbanisation today
causes increased sound levels due to traffic
congestion and industrialisation, among other sources.
Several studies have identified a very high correlation
between impaired hearing, mental health issues, and
annoyance of people and the noise levels they are
consistently exposed to (Ouis, 2002; Babisch, 2011;
Benocci et al., 2016; Hammersen et al., 2016;
Alimohammadi et al., 2019; Sonaviya et al., 2019).
High noise levels have also been associated with the
changes in genes responsible for vascular functions,
infiltration, and remodelling of vascular cells leading
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to acute cardiovascular diseases in people who are
exposed to it (Munzel et al., 2018). Also, the auditory,
reading and cognitive prowess of different learners in
their learning environments are negatively impacted
by high noise levels (Shield et al., 2003; Diaco,
2014). These and many other adverse effects of noise
have led to the formulation of rules and several
engineering solutions to manage and/or curtail its
negative hazard on human (WHO, 2018; Taufner et
al., 2020). Several engineering and non-engineering
solutions have gained good recognition in the
mitigation of noise (Science for Environment Policy,
2017). Non-engineering solutions are awareness and

regulations aimed at reducing noise levels.
Engineering solutions include the continuous
advancements in vehicular engine technology,

construction of roads with surface improvement, low—
noise tyre technology, the introduction of hybrid
electric vehicles, reduction of frictions along rail lines
using acoustic  grinding, adequate land-use
planning/zoning based on compatible sound levels,
and sound-proof technology in building and
machinery (Oyedepo, 2013; Benocci et al., 2016;
Science for Environment Policy, 2017; Pueh et al.,
2019; Riboldi et al., 2020). All these engineering
solutions are hinged on adequate noise mapping using
a variety of approaches (Pueh et al., 2019; Verma et
al., 2019; Sonaviya et al., 2019; Alam et al., 2020).
Noise pollution mapping is the determination of the
noise level variations in an area to analyse the
exposure of regions to unacceptable noise levels
which exceed set standards. The literature is replete
with research on noise pollution mapping, for
example in Maisonneuve et al. (2010); Can et al.
(2011); Ruge et al. (2013); Monazzam, et al., (2014);
Halperin (2014); Leao et al. (2014); Lee et al. (2014);
Zuo et al. (2014); Aguilera et al. (2015); Carrier et al.
(2016); Ragettli et al. (2016), and Gloaguen et al.
(2019). The mapping generally involves measuring
noise levels with a suitable device at various
observation stations. Although noise generally
emanates from defined sources, it varies continuously
from the location of the source and gradually thins out
in intensity at infinity. Hence, measurements of noise
levels at every single point in a geographic region is
an impracticable task. Usually, discrete measurements
of the noise levels are made at various observation
points (Nassiri et al., 2016), well distributed
throughout the study area to represent the variations in
noise levels for the region. Then using a Geographic
Information System (GIS), the noise level for all other
points is interpolated from the values of the
observation points measured in the course of the
study. GIS can assimilate divergent sources of data
making it a very versatile analytical tool for modelling
continuous spatial data of environmental variables in
natural resource management and biological
conservation (Nwilo, 1998; Akeh and Mshelia, 2016).
Although sound/noise levels data are often collected
from point sources, GIS spatial interpolation
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techniques such as Inverse Distance Weighted (IDW)
interpolation can be used in the estimation of
continuous spatial data of phenomena over a region of
interest to enhance well-informed decisions (Li and
Heap, 2008; Farcas and Sivertun, 2009; Eason, 2013;
Taghizadeh-Mehrjardi et al., 2013).

Using GIS to map noise pollution in the
environment can provide beneficial information on
the sources and magnitude of the dangers people are
exposed to from these negative acoustic sources.
Furthermore, it provides sufficient information to aid
the implementation of pragmatic measures for
curtailing the negative effects of continuous exposure
to noise (Zannin, 2013; Lavandier et al., 2016). The
University of Lagos is an academic institution with a
very high student population and high level of
commuter traffic, commercial, and social activities
which have led to increased noise levels and
disturbance within the campus. As an academic
environment, the university has to be conducive to
learning and research. Therefore, it is required to
monitor the contributions of the various noise sources
to the overall noise concentration level within the
campus. This study aims to map noise levels at
various locations within the University of Lagos main
campus and assess conformity with international
standards. The assessment is conducted in line with
the guidelines of the World Health Organisation
(WHO) and National Environmental Standards and
Regulations Enforcement Agency (NESREA) -
National Environmental (Noise Standards and
Control) Regulations on acceptable noise levels in the
environment. The specific objectives of the study are
to determine the minimum, maximum and average
noise levels at different environments within the
university campus; analyse the noise level variations
using IDW interpolation; compare the measured noise
levels with the WHO and NESREA noise limits using
statistical metrics such as Pearson’s correlation
coefficient and T-Test, and recommend measures for
noise abatement and control.

2. MATERIALS AND METHODS

2.1 Study Area

The study area is the University of Lagos's main
campus, Akoka in Lagos Mainland Local Government
Area (LGA) of Lagos State, Nigeria. The campus is
located between longitudes 3°23’00”E — 3°24’30”E
and latitudes 6°30°00”N — 6°31°30”N. It is a low-
lying area located at the centre of Lagos metropolis;
bounded to the east by the Lagos Lagoon and
surrounded by densely populated built-up areas. As a
citadel of learning, it has a growing student
population, contains faculties and other academic and
research  infrastructure, including recreational
facilities, religious buildings, restaurants, and
residential buildings. Also, traffic congestion is a
common occurrence immediately outside its gates.
Consequently, the main campus is exposed to
increased noise pollution levels.
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2.2 Station Selection

Before embarking on a noise mapping study, the
choice of observation points and periods of
observation must be decided upon. The choice of
observation periods is usually influenced by general
activity levels of the study area (Alam, 2011). The
measurements were spread around the campus at
thirty-four locations in different environment types. It
was ensured that the stations covered areas with
different characteristics such as noise activity level,
land use type, and presence of external noise sources.
Hence, the locations were spread across academic,
residential, recreational, commercial, religious, and
conservation areas, including traffic junctions and
vehicle parks. Consequently, the measurement
stations were categorised into eight environment types
as shown in Table 1. Figure 1 presents a map showing
the spatial distribution of the measurement stations in
the study area.

2.3 Noise Level Measurement

Sound/noise level is measured in decibels, denoted as
dB. Sound level, B, is defined in Walker et al. (2014)
using Eqgn.1.

B = (10dBA) log(1/1y) 1)
where:

I = intensity of the sound wave (in W/m?)
I, = standard reference intensity (= 1012 W/m?)

The intensity (I) of a sound wave at a surface is the
average rate per unit area at which energy is
transferred by the wave through or onto the surface.
The sound level depends on the intensity of the
emitted waves which varies with the square of the
distance from the source. For the noise level
measurement, this study relied on the Extech 407730
Digital Sound Level Meter. The meter measures and
displays sound/noise pressure levels in decibels from
40 to 130dB and it permits choices of “A” and “C”
weighting. This device has a basic accuracy of +2dB
and a digital display resolution of 0.1dB, measuring
the minimum and maximum noise levels over time

Table 1. The distribution of measurement stations by
location.
SIN Environment type *N
1 Academic 9
2 Commercial/ industrial/ 6
shopping
3 Conservation area 4
4 Hospital outdoor 1
5 Public outdoor 1
6 Recreational 1
7 Residential 3
8 Traffic 9
Total 34

*N — Number of measurement stations
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with its extended microphone windscreen (Extech,
2019). A-weighted continuous equivalent sound levels
(Laeq Lamin Lamax) Were measured daily at the 34
stations for three days in the morning between 0800 —
1100 h and afternoon between 1300 — 1600 h. Ly,
represents the average sound level, L,,,, 1S the
minimum sound level and L,,,., iS the maximum
sound level. The measurements were made by
occupying each measurement station for 2 minutes —
with the microphone windscreen of the sound level
meter placed in the direction of noise sources —
recording instantaneous minimum and maximum
noise levels detected over the period as well as the
instantaneous noise levels at the slow response time.
These were manually recorded, the L, ., values were
computed from Eqgn. 2 (Star—Orion South Diamond
Project, 2010) and the arithmetic mean which is the
average of L,,, measurements per station over the
days were also computed for both morning and
afternoon.

Lyeg = 10log (T £, 101/1°) @)
where:
f; = fraction of total time the constant level L; is
present

L; = sound level in dBA

2.4 Quantitative Analysis

Following the measurement, the data in the field book
was entered into a Microsoft Excel worksheet. The
daily Ly omins Lamax @nd Ly, noise levels for both
morning and afternoon periods were summarised to
generate the averages of the Lj,ins Lamaex and
L4 .4 noise levels for the entire period. The next stage
of the analysis evaluated the compliance of the
measured noise levels with the guidelines for noise
levels specified by the World Health Organisation
(WHO) in WHO (2019) and the National
Environmental Standards and Regulations
Enforcement Agency (NESREA) in the National
Environmental (Noise Standards and Control)
Regulations (2009). The WHO noise level guidelines
for the environment types in this study as well as the
National Environmental (Noise Standards and
Control) Regulations (2009) are summarised in Table
2. The environment types include the academic areas
(faculty complexes and schools), commercial/
industrial/shopping areas (supermarkets and shopping
centres), conservation areas (gardens and parks),
hospital outdoor (medical centre of the university),
public outdoor (open-air/fopen space arena),
recreational area (sports centre and parks) and the
residential areas (staff quarters and students’ hostels).
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Figure 1. Spatial distribution of measurement stations in the study area.

Table 2. Noise Limits for the different locations.

SIN  Environmenttype  WHO (dBA) NESREA
(dBA)
1 Academic 55 45
2 Commercial/ 70 70
Industrial/
Shopping
3 Conservation area 45 45
4 Hospital outdoor 45 45
5 Public outdoor 70 75
6 Recreational 70 75
7 Residential 55 50

(Source: NESREA, 2009; WHO, 2019)
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Pearson’s correlation coefficient (r) between the
average of the noise levels within the campus and the
average of the WHO and NESREA noise limits was
calculated using Eqgn. 3 (Dass, 2013).

N @)

(zx*)(zr?)

Where X and Y are the deviations of the measured
average noise level and WHO/NESREA noise limit
from their mean values respectively. Next, a two-
tailed t-test at 0.01 level of significance was carried
out to compare the results with the WHO noise limits
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using Eqgns. 4 and 5 for t-test (Devore, 2012).

t=

72 (4)

S1+S52
N

df (degree of freedom) =N -1 (5)
where t is the calculated t value to be compared
against the critical value obtained from the t-table.
Sisthe L4, value according to noise standard.

S: and S; are the standard deviations of the L.,

values, S’ and S respectively. For this analysis the
sample size (N) is 34 — the number of measurements,
the null hypothesis used was Ho: S = S, implying no
significant difference exists between the measured
noise levels and the WHO and NESREA limits. The
alternative hypothesis is H;: S # S. Pearson’s
correlation analysis and t-test were executed using
Microsoft Excel and the Statistical Package for the
Social Sciences (SPSS) software.

2.5 Generation of Noise Level Maps

The noise data was imported from the Microsoft
Excel worksheet into the ArcGIS environment where
it was represented as point shapefiles. Using the
Inverse Distance Weighted (IDW) tool in the Spatial
Analyst toolbox, noise level surfaces were
interpolated for the average morning and afternoon
noise levels. In the IDW dialog box, the input point
shapefiles were selected, the Z-value field was set to
the mean noise levels and a variable search radius was
set for the interpolation. The resulting interpolated
surfaces were saved as TIFF images. According to Li
and Heap (2008), “the inverse distance weighting or
inverse distance weighted (IDW) method estimates
the values of an attribute at unsampled points using a
linear combination of values at sampled points
weighted by an inverse function of the distance from
the point of interest to the sampled points.” The
assumption is that sampled points closer to the
unsampled point are more related to it than other
sample points further away in their values. With IDW,
the influence (weight) of sample points diminishes as
distance increases, and the resultant spatial
interpolation is local (Isaaks and Srivastava, 1989 in
Li and Heap, 2008). The weights can be expressed as
shown in Eqn. 6:

(6)

Where di is the distance between the point of interest
and the sampled point, p is a power parameter, and n
represents the number of sampled points used for the
estimation (Li and Heap, 2008). IDW is very
applicable in this study due to the property of sound
waves, whose intensity diminishes with increasing
distance from the source of sound emission.
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3. RESULTS AND DISCUSSION

3.1 Assessment of Noise Levels

Tables 3 and 4 show the averages of the L4 i, L max
and L, noise levels at all environment types for the
morning and afternoon periods respectively.
Generally, higher L,,., noise levels are associated
with the afternoon period than during the morning
period in the following environments: commercial/
industrial/shopping, conservation, hospital outdoor,
public outdoor, and recreational areas. However, the
converse is the case in academic, residential, and
traffic environments where the higher L,,, values
occur in the morning period and lower noise levels in
the afternoon period. The higher morning noise levels
and lower afternoon noise levels at traffic
environments can be attributed to the early morning
rush experienced by students, university staff, and
visitors coming into the school to get to their various
destinations. Hence, large numbers of people in
queues for vehicles and increased vehicular traffic and
human activity at those locations are the norm in the
morning. Figure 2 presents the average of the Ly,,in
and L, ... Noise levels at all measurement locations
or stations for the morning and afternoon periods
respectively while Figure 3 presents the average of the
Ly .q noise levels at all measurement locations for the
morning and afternoon periods, respectively.

In the morning, the highest mean noise levels occur
at Station 1 (University Main Gate, 77.67dBA) and
Station 12 (Centre for Information Technology and
Systems Bus Park, 76.33dBA).

The lowest mean noise levels occur at Station 37
(Academic Staff Quarters at Ozolua, 59.88dBA) and
Station 24 (Lagoon front close to the University Guest
House, 60.62dBA). In the afternoon, the highest mean
noise levels occurred at Station 1 (University Main
Gate, 74.55dBA) and Station 5 (Sports Centre,
74.23dBA). The lowest L, ., value occurred at Station
15 (in the vicinity of the International School,
56.85dBA) and Station 6 (in the vicinity of Kofo
Students residential hostel, 58.55dBA). In both
morning and afternoon periods, some of the highest
noise levels were observed at the main gate of the
campus. This is because there is a continuous stream
of vehicles moving in and out of the school through
the main gate. Also, outside the main gate is the
intersection of the University road and St. Finbarr’s
road which are very busy roads in Lagos Mainland.
Changes in the general activity levels in the school led
to slight variations in noise levels at other stations
between the morning and afternoon observations.
These variations were most evident along non-traffic
junctions/roundabouts on roads in the school.

Figures 4 and 5 show the average noise level maps
for the morning and afternoon periods respectively. It
is observed that there is a clustering of high noise
levels at student residential and academic buildings in
the afternoon period. This can be explained by the
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Table 3. Average of the Lymin, Lamax aNd Lyq NOiSE
levels at all environment types for the morning
period.

Table 4. Average of the Ly min, Lamax and Ly ¢q NOise
levels at all environment types for the afternoon

period.

Average noise level (dBA)

Average noise level (dBA)

Environment type *N Environment type *N
LA min LA max LA eq LA min LA max LA eq

Academic 9 61.25 74.52 67.41 Academic 9 56.85 69.88 63.55

Commercial/ 6 64.45 70.68 67.59 Commercial/ 6 65.77 73.65 71.22

Industrial/ industrial/

Shopping shopping

Conservation area 4 60.62 63.37 62.06 Conservation area 4 59.8 64.95 62.1

Hospital outdoor 1 61.73 61.73 61.73 Hospital outdoor 1 65.7 65.7 65.7

Public outdoor 1 64.38 64.38 64.38 Public outdoor 1 65.15 65.15 65.15

Recreational 1 64.17 64.17 64.17 Recreational 1 74.23 74.23 74.23

Residential 3 59.88 70.42 64.53 Residential 3 58.55 68.33 62.43

Traffic 9 61.25 77.67 69.95 Traffic 9 63.05 74.55 68.38

Total 34 59.88 77.67 66.88 Total 34 56.85 74.55 66.34
timing of the afternoon observations (1300 — 1600 h), 3.2 Comparison with WHO and NESREA

in which activity level including traffic and the early
morning buzz is reduced. Visitors and students are
expected to be at their destinations and lecture
halls/classes respectively. This results in an
accumulation of students and visitors in academic
buildings and/or their respective destinations. In the
afternoon, there is a decline in noise levels at the
International School area due to a reduction in early
morning commuting and commercial activities just
outside it. Generally, students are expected to be in
classes during the afternoon, hence the reduced and
relatively stable noise levels for the region compared
to its morning noise levels.

The Faculty of Science experiences reduced noise
levels in the afternoon. This is attributed to the decline
in the mass movement of students to and from lecture
halls and laboratories in the afternoon. It can be seen
that the lowest noise levels occur at relatively isolated
regions including some residential buildings, the
lagoon front of the school, and some locations at the
outer fringes of the campus boundary. These low
noise levels can be attributed to the minimal activity
level occurring at such locations. The residential and
conservation areas in the university environment are
well vegetated and as such could have also
contributed to the low noise level due to the
dampening effect of green trees on noise dispersion
(Mansouri et al., 2006). The residential areas with
such low noise levels are located some distance away
from the centre of the school, and in fact, away from
any faculty or major activity hub. Conversely, regions
with the highest noise levels were located at the major
activity hubs of the school. These include hostels;
traffic junctions where the noise is largely attributable
to vehicles; shopping complexes with a lot of
commercial activity; the university’s Sports Centre
and major car parks. This is in line with the
submission of Sulaiman et al. (2018) that an increase
in noise level is significantly caused by an increase in
traffic volume. In another study by Olayinka and
Abdullahi (2010), traffic noise was identified as the
major source of noise in their study area.
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Noise Limits

Figure 6 shows a graph of the average noise levels
against the WHO and NESREA noise limits. It can be
seen that average noise levels generally exceeded the
environmental standards set by the WHO for most
regions in the study area. The implication is that the
WHO standard that is acceptable for the
environmental health of the people living in the
University of Lagos is generally exceeded and this
threatens the sensibilities of the community. A few of
the measurement stations had nearly equal noise
levels as the WHO noise levels, and some slightly. A
total of 11 stations had average noise levels lower
than the WHO standard while 23 stations had noise
levels higher than the WHO standards. The noise
levels at 12 stations exceeded the limits with values as
high as 10 — 19dBA. These stations were mostly
found in the academic and conservation
environments. In the same vein, a total of 14 stations
had average noise levels lower than the NESREA
standard while 20 stations had noise levels higher than
the NESREA standard. The noise levels at 15 stations
exceeded the limits with values as high as 10 —
22dBA. These stations were mostly found in the
academic and conservation environments.

Pearson’s correlation coefficient (r), between the
average L,., noise levels and the WHO noise
standards was derived as r 0.63. This value
indicates a slightly high positive correlation between
the measured noise levels and the WHO limits. Going
further with the t-test analysis, the computed value of
t was 3.10, whereas the critical value from the t-table
was 2.73. Since this calculated value of t exceeds the
acceptable bounds of the t-distribution at 33df (n=34),
there is a significant difference between the
measurements and the limits set by WHO. The
computed Pearson’s correlation coefficient of 0.63
shows a positive correlation between the average
noise levels and the WHO standards at the
measurement stations.

The t-test revealed significant differences between
the average noise levels and the WHO standards.
Pearson’s correlation coefficient between the average
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Ly ¢q noise levels and the NESREA noise standards
was derived as r = 0.58. This value indicates a slightly
high positive correlation between the measured noise
levels and the NESREA limits. The computed value
of t was 2.81, whereas the critical value from the t-
table was 2.73. Since this calculated value of t
exceeds the acceptable bounds of the t-distribution at
33df (n=34), there is a significant difference between
the measurements and the limits set by NESREA. The
computed Pearson’s correlation coefficient of 0.58
shows a positive correlation between the average
noise levels and NESREA standards at the
measurement stations. The t-test revealed significant
differences between the average noise levels and
NESREA standards. Figure 7 presents a map showing
a classification of measurement stations based on
standards for noise limits.
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Special emphasis is placed on the hostel residential
areas and academic buildings (especially faculties of
learning) since it is expected that many of the students
spend a good part of their daily academic lives within
these two environments. It was observed that the
average noise levels for these regions of interest are
unacceptable to a large extent, particularly in
faculties. Hence, students are exposed to unacceptable
noise levels, which could hamper concentration levels
and academic performances. Furthermore, outside the
Health Centre, the noise level is significantly greater
than the acceptable noise standards. This might pose a
problem to patients and health care officers/medical
personnel as well. However, it should be noted that
the noise level measurements in this study were taken
outdoors; and not within the Health Centre or any
other building.
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4. CONCLUSION

Environmental noise assessment and analysis from
this study has revealed that noise levels obtained from
the various environments, in general, failed to
conform to acceptable environmental noise standards
by WHO and NESREA. Inferring from the analysis of
morning and afternoon observations, it was detected
that noise level was averagely higher in the morning
than the afternoon period and this is usually
concentrated at the university gate, the university
main road, the various classroom areas, and the
student residential areas. This could be as a result of
workers and students rushing to resume work and
class early in the morning. Comparing the noise level
for morning and afternoon at the two gates of the
university, it was observed that average noise levels
between 68.1 — 72 dBA were recorded at the second
gate. However, the buffer area covered by this noise
level range was higher in the morning compared to
the afternoon observation. Conversely, the main gate,
Sports Centre, New Hall, and Faculty of Social
Science Shopping Complex recorded higher noise
levels in the afternoon observation divergent to the
trend of result from the general outcome of the
research. This suggests that the areas need immediate
attention to mitigate potential health problems that
could affect the performance of the students and
workers residing in the campus.

Furthermore, Pearson’s correlation coefficient (r) of
0.63 was derived between the observed average noise
levels and the WHO noise standard. Between the
average noise levels and NESREA noise standards,
the coefficient of correlation was 0.58. These values
show a slightly high positive correlation between the
measured noise levels and standards. Significant
variation exists between the measured noise levels,
and the WHO and NESREA noise standards. Hence,
it could be inferred from this study that the health of
the various groups of people living in the environment
is in danger. However, a consistent noise modelling
investigation should be continued in the region to
frequently assess the noise pollution level. A
continuous data gathering in this regard can help to
establish a very good mathematical model to predict
the noise level status of the study area. Specific
regions of interest, the student inhabited areas
(residential and academic buildings), showed much
higher noise levels than acceptable noise standards.
The University of Lagos environment is exposed to
significantly higher levels of noise than it is deemed
appropriate for healthy living. Hence, adequate
measures must be taken to curb this menace of noise
pollution currently being experienced. Immediate and
definite measures are required. Knowing the
implications of noise pollution to the health of a
society, proper legislation to regulate human activities
concerning noise generation is highly recommended
to the local, state, and national legislators. Noise is
damaging but can be controlled drastically to create a
good environment.
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This study aimed to assess the variations in
environmental noise levels within the University of
Lagos in line with international standards. The
interpretation from the predicted noise level maps was
limited by the number of observations and
measurement stations. Another limitation was the
length of observation which could have been longer
but for logistical and budget constraints.
Notwithstanding, the findings serve as a knowledge
resource to inform a better understanding of noise
level variations within a university campus. The
awareness of the members of the university
community to sources and effects of noise and their
perceptions of its impacts is considered in another
study.
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ABSTRACT: The construction industry is recognized as one of the industries most exposed to climatic
conditions. Construction projects are mainly executed in an outdoor environment and the activities are
considered weather-sensitive. Severe weather conditions can directly affect the productivity and efficient
operation of construction projects. In addition, the weather is known to be one of the main factors that decrease
labour productivity in construction projects causing project delays, cost overruns, and contractual claims
between contractors and clients. Oman has a hot climate with very high temperatures in summer, warm winters,
and low annual rainfall. During extremely hot weather, labour productivity significantly decreases, as
construction work may stop partially or completely, therefore, this paper investigates and quantifies the hot and
humid weather effects in construction projects in Oman. A construction productivity model was developed using
the work/rest schedule proposed by the National Institute for Occupational Safety and Health (NIOSH), USA.
The daily weather temperature and relative humidity of Muscat were inputs into the model and the expected
productivity in terms of working hours were the output of the model. The model was applied to case studies,
which involved three completed construction projects under different testing scenarios in Muscat. Results
indicate that implementing the influence of hot and humid weather can lead to an extension of 3-38% longer
project duration compared to the planned duration.

Keywords: Construction; Heat stress; Productivity; Project duration; Modeling.
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Modeling, Investigating, and Quantification of the Hot Weather Effects on Construction Projects in Oman

1. INTRODUCTION

Construction projects are executed in an outdoor
environment, most of its activities being conducted by
workers outdoors (Al Shebani and Wedawattab, 2014)
and therefore, are affected by various weather
conditions (El-Rayes and Moselhi, 2001). Weather
events such as extreme cold, heat, wind, snowfall or
precipitation are recognized among the factors
causing noticeable project delays, cost overruns, and
contractual claims. It can significantly affect a
project’s schedule and produce significant deviations
from the baseline schedule (Shahin, AbouRizk, and
Mohamed, 2011; Ballesteros-Péreza, et al., 2017).

The construction industry needs to take note of
different weather conditions and improve their
working environment to make it safer. Weather
simulation can assist in optimizing the project’s
schedule to make it more robust in terms of weather
impacts. Weather simulation models can be seen as
extremely complicated random number generators
that outputs resemble weather circumstances at a
certain place (Kerkhove and Vanhoucke, 2017). The
simulation models follow a pattern to construct the
necessary models and quantify the impact of adverse
weather conditions on actual operation projects: 1)
Study of construction processes, 2) Understanding the
effect of weather on those processes, 3) Identify the
weather variables that influence the construction
processes, 4) Search for weather information sources,
5) Choosing a modelling method, 6) Develop an
appropriate tool that will generate weather variables,
7) apply the model to real projects to validate the
developed model (Moselhi, Gong, and El-Rayes,
1997). Although the processes of constructing a
model to allow integrating weather effect in
construction projects planning and operations seem to
be well addressed, however, it is a challenging
process in terms of finding the correct data, and
generalize the model to all construction projects. For
example, productivity data for different construction
trades must be available to model the construction
operation and not all construction companies keep
track of such data. The WNational Institute for
Occupational Safety and Health (NIOSH) issues
regulations and work guidelines  regarding
occupational exposure to high temperatures and hot
environment. Such regulations can be used to
construct a model to help predict weather variables
that affect the performance of the construction
operation and will allow predicting its negative
impact on the duration of the construction project.
Thus, this research will use the threshold limits values
published by NIOSH in hot weather region like
experienced in Oman.

The climate of Oman can be described as dry and
hot with low annual rainfall, very high temperatures
in summer and warm winters. During extremely hot
weather  conditions, labour  efficiency  may
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tremendously decrease, because construction work
may stop partially or entirely. Moreover, workers
have reduced working hours due to the Ministry of
Manpower has issued a directive to all companies,
especially construction firms in the country, to stop all
outdoors activities between 12.30 pm and 3.30 pm,
from June to August (Ministry of Manpower, 2008),
when the weather is extremely hot and humid. The
effect of such low productivity and shorter working
hours during the hot summer months in Oman may
cause construction delays and therefore, additional
costs of the project. The consequence is a financial
loss that must be borne by either the contractor, the
client or both (Ballesteros-Péreza, et al., 2017).
Therefore, this research aims to model, investigate,
and quantify the effect of hot and humid weather on
construction projects duration in Oman.

2. BACKGROUND

Extreme weather conditions can cause productivity to
fall and delays in the project, especially in the
construction industry, because most of its activities
being managed by labours outdoors (Al Shebani and
Wedawattab, 2014). Hot weather affects construction
worker physiologically as well as psychologically.
Physiologically, individuals may suffer heat stress or
stroke in the hot weather. All of this may affect a
worker psychologically; to the point where he or she
wishes not to be exposed to the unpleasant working
conditions and become demoralized and less
productive (Ibbs and Sun, 2017; Koehn and Brown,
1985). Based on the findings of Yildirim et al. (2009),
Grimm and Wagner (2009), and Thomas and
Yiakoumis (1987), there is an inverse relationship
between the increase in temperature and labour
productivity. Previous studies showed that at a
temperature between 100° - 110° F the quality of the
work declined, also working at this range of high
temperatures resulted in serious health hazards and
low productivity (Koehn and Brown, 1985). Palmer
and Creagh (2013), Grimm and Wagner (1974), and
Thomas and Yiakoumis (1987) noted that an increase
in humidity could also be adversely affecting labour
productivity. lbbs and Sun (2017) concluded that
humidity has a critical effect on productivity, but its
impact is smaller compared to that of temperature.
Studies also indicate that temperatures above 110° F
and below -10° F with humidity above 50% are
intolerable, and it is difficult to achieve construction
operations (Kohen and Brown, 1985).

Though extreme weather condition in construction
projects is recognized as one of the factors causing the
productivity to fall, producing noticeable project
delays, cost overruns, waste of resources and
contractual claims (Apipattanavis, et al., 2010; Chan
and Au, 2008; El-Rayes and Moselhi, 2001; Lee et al.,
2017), it is also reported to be one of the main factors
that influence financial performance and business
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continuity (Moselhi, Gong, and El-Rayes, 1997; Al
Shebani and Wedawattab, 2014; Guo, Chen, and Chiu,
2017).

Weather can affect a construction process in various
ways; it can slow down the works by lowering the
performance of construction labours and materials and
can cause a temporary work stoppage, which therefore
affects the plan and schedule of the project (Al
Shebani and Wedawattab, 2014). Thus, understanding
inclement weather influence on any construction
project can reduce claims and arguments caused by
delays (Apipattanavis, et al., 2010; Chan and Au,
2008; Dytczak et al., 2013).

Previous studies investigated the impact of inclement
weather on construction activities and productivity.
Moselhi et al. (1997) quantified the influence of
weather conditions on daily construction activity; they
developed an automated decision support system called
WEATHER to study the impact of adverse weather
conditions on the labour productivity and work-
stoppage of construction operations. The developed
WEATHER model estimates construction productivity
as well as the duration of construction activities and
weather patterns in different modes to improve the
accuracy of the planning and scheduling. A
mathematical study of weather by Koehn and Brown
(1985) employed some non-linear equations to
examine the effect of weather changes on the
productivity rate. Their investigation suggests a clear
relationship between overall construction performance
and weather-related factors such as temperature and
humidity it shows that at a temperature between 100°
and 110° F the quality of the work declined, also
working at this range of high temperatures resulted in
serious health hazards and low productivity. Koehn
and Brown (1985) found that construction productivity
decreases rapidly at elevated temperatures, and there is
an adverse relationship between construction
productivity and humidity. The quantification of
weather impacts on productivity was reported by the
National Electrical Contractors Association (NECA)
(Hanna, 2004). The research engaged two travelling
electricians installing electrical boxes and duplex
outlets while operating in an environment chamber that
monitored the temperature and humidity. The study
found that productivity levels differ depending on
humidity and temperature. Grimm and Wagner (1974)
studied the productivity in masonry construction over a
period of nine months during the construction of 283
test walls and published a diagram showing the impact
of temperature and humidity on the productivity. The
research found a decline in productivity as temperature
and relative humidity deviated. They reported that
relative humidity had a much greater effect on
productivity rate. Ahuja and Nandakumar (1985) and
Kavanagah (1985) measured the impact of weather as a
percentage in their construction modelling and
analyzed how frequently weather resulted in decreased
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activity. AbouRizk and Wales (1997) research used a
general regression neural network to study the
relationship between weather variables and earthwork
productivity. This study investigated three weather
variables: precipitation, daily maximum temperature,
and daily minimum temperature. It demonstrated the
impact of these weather variables has on a project
schedule by calculating the duration for the same
project according to different start dates. The South
Dakota Department of Transportation (Kenner, et al.,
1998) adopted a pragmatic solution by combining their
construction records with weather records to calculate
contract time and determine time extensions for
adverse weather. Yildirim, Koyuncu, and Koyuncu
(2009) findings showed a negative association between
temperature increase and labour productivity level.
Palmer and Creagh (2013) state that the rise in
humidity due to climate change reduces Ilabour
productivity. Studies also indicate that temperatures
above 110° F with humidity above 50% are intolerable
and all useful work stops, therefore, it is difficult to
achieve efficient construction operations (Arditi,
1985). Thomas et al. (1990) described the factor
model for evaluating the productivity of labour-
intensive construction activities. The validity of the
factor model is demonstrated by considering the effect
of temperature and relative humidity on productivity.
Thomas et al. (1990) also noted that the increase in
humidity could be adversely affecting labour
productivity. Ibbs and Sun (2017) concluded that
humidity has a critical effect on productivity, but its
impact is smaller compared to that of temperature.
Shahin et al. (2011) proposed a simulation model that
quantify the effects of extreme weather events on
construction projects and to assist in project planning
and decision support. Miroslaw et al. (2013) presented
a numerical procedure to identify the efficient
construction project structure and a corresponding
schedule. It addressed the impact of inclement weather
conditions on technological operations. Marzoughi et
al. (2018) developed a model using multivariate
statistical techniques and an analytical network (ANP)
method to assess the duration of project operations,
taking into consideration the effect of weather.

3. HEAT STRESS

This section covers a brief introduction about heat
stress in  hot environments and  present
recommendations for workers exposed to heat and hot
environments derived from the occupational exposure
to heat and hot environments published by National
Institute for Occupational Safety and Health (NIOSH)
(NIOSH, 2018).

Total heat stress is controlled by the three factors,
the heat generated in the body, the heat gained from
the environment, and the heat lost to the environment
from the body. Environmental and/ or metabolic heat
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stress results in physiological reactions (heat stress) to
promote heat transfer from the body back to the
surroundings to maintain core body temperature.
Many of the heat exposure responses in the body are
desirable and useful. However, at some level of heat
stress, the compensatory mechanisms are no longer
capable of keeping body temperature at the rate
needed for normal body tasks. Consequently, there is
an increase in the risk of heat-related illnesses,
disorders, and other hazards.

Workers who are subjected to extreme heat or work
in indoor or outdoor hot environments or even those
involved in exhausting physical activity may be at risk
for heat stress. Those at risk of heat stress include
outdoor workers and workers in hot environments, for
example, firefighters, bakery workers, farmers,
construction labours, miners, boiler room workers,
and factory workers. Outdoor labours are subjected to
a great deal of exertional and environmental heat
stress. The recommendations are intended to provide
limits of heat stress so that heat-related illnesses and
disorders are reduced.

NIOSH proposes that employers implement
measures to protect the health of labours exposed to
heat and hot environments. Employers need to
monitor environmental heat and determine the
metabolic heat produced by workers (e.g., light,
moderate, or heavy work). Based on the increase in
risk, additional modifications (e.g., worker health
interventions, clothing, and personal protective
equipment) may be required to shield workers from
heat stress. In hot conditions, physiological
monitoring and medical screening are suggested.
Employers, supervisors and workers need to be trained
to recognize symptoms of heat-related illness,
adequate hydration, care and use of heat-protective
garments and equipment, the impact of multiple heat-
tolerance risk variables (e.g., drugs, alcohol, obesity,
etc.), the significance of acclimatization, the
significance of reporting symptoms and suitable first
aid. Employers should have a plan to acclimatize a
new employee because it has been shown that the lack
of acclimatization is a significant factor associated
with worker heat-related illness and death. NIOSH
recommends that employers provide the means for
adequate hydration and that their employees be
encouraged to hydrate themselves with drinking water
below 15 ° C (59 ° F) close to the work zone. Workers
in heat less than 2 hours and involved in moderate
work activities should drink 1 cup (8 o0z.) of water
every 15-20 minutes. Furthermore, employers should
establish a work/rest schedule and provide a cool
environment for employees to rest and recover (e.g.,
air-conditioned or shaded). These essentials are
intended to protect the health of workers from heat
stress or injuries in hot environments.
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4. WORK-REST HOURS PREDICTION
MODEL

This section describes the research methods that have
been used for assessing the relationship between the
high temperature (T) and relative humidity (RH) and
the productivity of the labours. Two primary data were
collected for this research. First, historical weather
data for daily temperature and relative humidity in
Muscat city were collected from the Public Authority
for Civil Aviation (PACA) for the years from 2015 to
2018. The data received from PACA were not clean,
with missing records and limited years; only from
2015 until 2018 while the data needed should be at
least from 2008. Therefore, actual weather data from
the National Oceanic and Atmospheric Administration
(NOAA) was used.

The data from NOAA covered daily temperature in
Muscat from 2001 until 2018. To cover the daily
relative humidity for the years from 2001 to 2018;
daily relative humidity received from PACA was
repeated every two years, with an assumption that the
relative humidity will not differ much within two
years and it was observed that almost same relative
humidity was repeating every two years.

The database was established using the daily
temperature (mean, maximum and minimum) from
NOAA and daily relative humidity (mean, maximum
and minimum) from PACA. The temperature ranged
from a low of 12.4 °C to a high of 47.5 °C, and the
relative humidity was in the range of 5%-100%. It
was observed that the temperature and relative
humidity were extreme in the months from April to
September while it is normal during the remaining
months of the year. Therefore, weather data from
April to September was considered in this research.

To maintain a healthy and safe working

environment, the National Institute for Occupational
Safety and Health (NIOSH) developed a work/rest
schedule for workers. Table 1 shows the work and
rests time per hour for a certain temperature and
humidity to minimize the effect of heat on the labours.
The workload category is expressed as worker’s
metabolic heat production: light work = <180 kcal/hr;
moderate work = 180-300 kcal/hr; heavy work = 300—
415 kcal/hr; and very heavy work = >520 kcal/hr
(NIOSH, 2018).
Table 1 is used for the quantification of weather
effects on labourers' productivity in Table 2, which
illustrates the percentage of rest per hour due to high
temperature.
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More tables that are comprehensive were developed
for the considered months — April to September. Data
were summarized for each month, and Most-likely
case and pessimistic cases were defined for each
workload category for the data analysis. The most
likely case reflected the percentage of rest per hour for
the mean adjusted temperature based on mean relative
humidity while the pessimistic case is the percentage
of rest per hour for the maximum adjusted temperature
based on maximum relative humidity. These two cases
were defined because they reflect the worst-case
scenarios compared to other cases (e.g. minimum
adjusted temperature based on minimum relative
humidity).

The data was analyzed using EasyFit software to
find out the best-fit probability distribution function
that represents the probability of percentage of rest per
hour the work may experience for each month. For
each month; six probability distributions were found
as follows:

e Light work: most likely and pessimistic

e  Moderate work: most likely and pessimistic

e Heavy work: most likely and pessimistic

Randomly generating percentages for rest per hour
in for a month will generate a full month affected by
the weather condition, which is not logical and not
valid. Therefore, the probability of occurrence of
negative weather effect was calculated from the
weather data set. Table 3 below illustrates the
probability of occurrence of the affected days for each
month; that was found using the following equation:

The probability of occurrence of an event is defined
according to Egn. (1):

number of favorable outcomes

P(E) =

number of possible outcomes (1)

Where the number of favourable outcomes is the
percentage of rest per hour which is more than 0%,
and the number of possible outcomes is the total
number of days considered in the data. The probability
of occurrence along with the probability of the
percentage of expected rest to work were jointly used

to generate the expected rest percentage for
construction labours.
5. MODEL VALIDATION

The data needs to be statistically validated. A
statistical comparison of the generated output for each
month was carried out to ensure that the similarity
between the historical data and the generated data is
statistically adequate. The rest percentage prediction
model was used to generate data for the expected
percentages of rest construction labour may
experience in months from April to September.
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Table 1. Work/rest schedule for workers wearing normal
clothing (NIOSH, 2018).

Adjusted Light work | Moderate Heavy
Temperature work work
©° (minutes
work/rest) (minutes (minutes
work/rest) | work/rest)
32.22 Normal Normal Normal
32.78 Normal Normal Normal
33.33 Normal Normal Normal
33.89 Normal Normal Normal
34.44 Normal Normal Normal
35 Normal Normal 45/15
35.56 Normal Normal 45/15
36.11 Normal Normal 40/20
36.67 Normal Normal 35/25
37.22 Normal Normal 35/25
37.78 Normal 45/15 30/30
38.33 Normal 40/20 30/30
38.89 Normal 35/25 25/35
39.44 Normal 30/30 20/40
40 Normal 30/30 20/40
40.56 Normal 25/35 15/45
41.11 45/15 20/40 Caution
41.67 40/20 15/45 Caution
42.22 35/25 Caution Caution
42.78 30/30 Caution Caution
43.33 15/45 Caution Caution
43.89 Caution Caution Caution
44,44 Caution Caution Caution

t Note: Adjust the temperature reading as follows before going to
the temperature column in the table:

Full sun (no clouds): Add 13°F, Partly cloudy/overcast: Add 7° F
No shadows visible/work is in the shade or at night: no adjustment
Per relative humidity:

10%: Subtract 8° F, 20%: Subtract 4° F, 30%: No adjustment, 40%:
Add 3° F, 50%: Add 6° F, 60%: Add 9° F

tHigh levels of heat stress; consider rescheduling activities.

Table 2. Percentage of rest per hour for workers wearing
normal work clothes.

Adjusted % Rest Per Hour
Temperature Light Moderate Heavy
(©) work work work
32.22 0 0 0
32.78 0 0 0
33.33 0 0 0
33.89 0 0 0
34.44 0 0 0
35 0 0 25
35.56 0 0 25
36.11 0 0 33.33
36.67 0 0 41.67
37.22 0 0 41.67
37.78 0 25 50
38.33 0 33.33 50
38.89 0 41.67 58.33
39.44 0 50 66.67
40 0 50 66.67
40.56 0 58.33 75
41.11 25 66.67 100
41.67 33.33 75 100
4222 41.67 100 100
42.78 50 100 100
43.33 75 100 100
43.89 100 100 100
44.44 100 100 100
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The number of generated instances was equal to
the original data and statistical measures such as the
mean, the variance, and the standard deviation were
used to compare the generated data with the original
data. Table 4 shows sample results for April. It can be
seen that the generated data is reasonably replicating
the real data except in the pessimistic scenario for
moderate work, the data shows a large difference in
the variance. The summary of the comparison between
the generated data and the real data for other months is
as follows: May: There is a big difference in the mean,
variance and standard deviation between the generated
and original data in the light work category for both
scenarios (a most likely and pessimistic). In moderate
work, for a pessimistic scenario, and in heavy work, a
most likely scenario. While the pessimistic cases in
both moderate work and heavy work, the data shows a
large difference in the variance.

June: In all work categories, for the most likely
scenario; the data shows a noticeable difference in
mean, variance and standard deviation. Also, a
contrast was found in the mean and variance of the
compared data in the pessimistic case in all work
categories.

July: The generated data is reasonably duplicating
the real data in the heavy work, both scenarios and
moderate work most likely cause. However, in the
moderate work, scenario pessimistic; and both
scenarios in light work, the data shows a big
difference in the mean, variance and standard
deviation.

August: the mean, variance and standard deviation
for the real and generated data were not consistent
for the most likely scenario, in light and moderate
work category. Also, the difference in variance
was found to be large in the pessimistic scenario
for light work. However, for the remaining
scenarios, the data are in good agreement.
September: The generated data replicates the real
data fairly except in the moderate work, most
likely scenario; which indicates a significant
difference in the mean, variance and standard
deviation.

This discrepancy found in the analyzed data can be
because of the assumption that was made earlier. The
collected data has two years of relative humidity
records and an assumption that the relative humidity
will not have a huge annual variance and therefore the
two years relative humidity data can be replicated to
cover the missing data.

6. APPLICATION OF THE MODEL IN
REAL CONSTRUCTION PROJECTS

As described in the previous section, the construction
productivity model will be applied in three real
construction projects. The projects schedules were fed
with four different weather effects testing scenarios.
The testing scenarios are as follow:

e The first scenario (SC-1): The project activities are
categorized as a moderate workload, and the
weather conditions are most likely.

The second scenario (SC-2): The project activities
are categorized as moderate workload, and the
weather conditions are pessimistic.

The third scenario (SC-3): The project activities
are categorized as heavy workload and the weather
conditions are most likely.

The fourth scenario (SC-4): The project activities
are categorized as heavy workload, and the
weather conditions are pessimistic.

These four testing scenarios were used because this
research work is motivated to investigate and quantify
the effect weather on construction project schedules
and such objective can be reached if the projects were
tested against the moderate and heavy type of
construction work activities. Activities performed
during the hot and humid season are targeted in this
part of the study. In addition, it is hypothetically
assumed that the original project schedule has no
weather consideration in estimating the project
activities durations. However, the usual practice is to
extend the activity duration to count for unforeseen
extreme weather conditions.

Table 3. Probabilities of occurrence of the affected days for each month.

Percentage of Days Affected
Month Light work Moderate work Heavy work
Most likely | Pessimistic Most likely Pessimistic Most likely Pessimistic
April 0 10 6 38 26 72
May 11 47 41 31 72 93
June 16 44 48 76 84 92
July 7 20 21 47 66 86
August 1 14 10 35 44 76
September 0 11 7 37 37 76
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Table 4. Comparing April generated data against the real data.

Worlkload Light work Moderate work Heavy work
category
Scenario ll\i/ll?:lty; Pessimistic Most-likely Pessimistic Most-likely Pessimistic
Best
Dls_trlbut Constant Gamma Frechet Beta Gamma General Extreme
ion =0 Value
function
Type of Real  Generated| Real Generated | Real Generated| Real Generated| Real Generated
data data data data data data data data data data data
Mean 4.42 4.42 1.92 1.53 19.96 12.18 8.96 8.26 37.00 24.68
Variance 21;'3 225.34 |67.60 52.95 859.53 363.09 |265.70 267.42 397'6 936.88
S.td'. 14.61 15.01 |8.22 7.28 29.32 19.06 16.30 16.35 | 31.59 30.61
deviation

6.1 Project A

The construction of the project took 365 days. In this
research, the construction part only was analyzed,
which included; sub-structure works, super-structure
works, and masonry works. The critical path of this
part was identified, and its duration is 250 days.

Figure. 1 (a) shows the affected activities by the first
testing scenario (SC1) applied to the construction
schedule for project A. The increase in activity
duration is shown in red font. For the remaining
activities, the effect was negligible this is because of a
lower percentage of rest per hour in a particular
activity and because some of the activities are in
October, November, December and January which are
not considered in this research. The critical path
duration for project A was increased by 41.5 days to
reach a total of 291.5 days.

Figure. 1 (b) shows the construction activities
affected by the second scenario. The affected activities
are more than that of the first scenario. This increase
in affected activities is due to the high percentage of
rest per hour for the pessimistic scenario compared to
the same moderate load work category.

It was observed that the critical path duration
reaches a total of 307.5 days with an increase of 57.5
days.

The construction activities affected by the third
testing scenario (SC3) for the project is shown in Fig.
1(c). It was observed that the critical path duration
was increased by 60.5 days to reach a total of 310.5
days. The high duration of critical path compared to
previous scenarios is because of the high percentage
of rest per hour for heavy load category.

The construction activities affected by the fourth
scenario is shown in Fig. 1(d). It was seen that the
critical path duration is 344 days, with an increase of
94 days. This is the worst-case scenario in which the
load category is heavy, and weather conditions are
pessimistic. The percentage of rest per hours for this
scenario is high. Thus the labour will take more rest in
an hour during his work. As a result, the new duration
for the affected activities is high compared to other
scenarios.
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In conclusion, for project A, it was found that the
percentage increase in critical path duration for first,
second, third and fourth scenarios are 17%, 23%, 24%
and 38% respectively. The effect of hot weather was
highest for the heavy load work and pessimistic
weather conditions, and least for moderate workload
category and most likely weather condition.

6.2 ProjectB

The project duration for project B is 423 days, started
on 3rd April 2010 and completed on 31st May 2011,
and the critical path duration of the construction part
was 199 days.

The construction activities affected after applying
the first scenario (SC1) is shown in Fig. 2(a). It was
observed that the first four activities were affected by
the hot weather, resulting in a shift in the start date of
the remaining activities. Some of the activities were
not affected by the weather conditions this is due to a
lower percentage of rest per hour inactivity and
because some of the activities are in October,
November and December. The critical path duration
was increased by eight days to reach a total of 207
days.

Figure 2(b) shows the construction activities
affected by the second testing scenario (SC2); which
is the moderate workload category and pessimistic
weather condition. The affected activities more than
that of the first scenario. This is a result of the high
percentage of rest per hour for the pessimistic case
compared to the same load work category, which is
moderate. Consequently, the duration of the critical
path was affected due to this increase in the duration
of activities. It reached a total of 221 days with an
escalation of 22 days.

For the third scenario (SC3), the output of the
construction productivity model is shown in Fig. 2(c).
It is shown that the hot weather affected the first
seven activities, which increased in the duration of
the critical path. The critical path duration for the
construction part was increased by 18 days to reach a
total of 217 days.
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affected by the fourth testing scenario (SC4). It is
obvious from the graph that more activities are by the
Figure. 2(d) shows the construction activities affected
hot weather conditions. These observations are
expected; since this scenario covering the heavy load
work category and pessimistic weather conditions; in
which the percentage of rest per hour is the highest.
The labour will take more time resting per hour
during his work, resulting in an extended duration to
finish the work of the activity. It was seen that the
critical path duration is 242 days, with an increase of
43 days from the duration of the original critical path.

In conclusion, the percentage increase in the critical
path duration for the four scenarios was calculated. It
was found that a 4% increase for the first scenario,
11% for the second scenario, 9% for the third
scenario and 22% for the fourth scenario. The effect
of hot weather was highest for the heavy load work
and pessimistic weather conditions, and least for
moderate workload category and most likely weather
condition.

6.3 ProjectC

The construction duration of project C is 239 days;
it was started on 24th June 2018 and accomplished on
28th February 2019. As followed in previous projects,
the construction part was studied for this research

Project C-SC1
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which  includes;  sub-structure  works  and
superstructure work. The duration of the critical path
for the construction part is 150 days.

The construction activities affected after applying
the first scenario is shown in Fig. 3(a). The graph
shows that the hot weather affected three activities.

For some of the activities the weather conditions

had no impact, this is due to the low percentage of
rest per hour for the moderate and most likely
scenarios and because some of the activities are in
October, November, December and January, which
are not considered in this analysis. The critical path
duration was calculated and found to be 154 days; it
was increased by four days compared to the original
critical path duration.
Figure. 3 (b) shows the results for the second
scenario; which is the moderate workload category
and pessimistic weather condition. The hot weather
conditions affected more activities compared to the
first scenario. This is because of the high percentage
of rest per hour for the pessimistic weather condition.
Subsequently, the critical path duration was increased
by five days. It reached a total of 155 days.

For the third scenario, the output of the construction
productivity model is presented in Fig. 3(c). It shows
that the critical path duration for the construction part
was increased by eight days to reach a total of 158
days.
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Figure. 3. Project C results after tested under four testing scenarios (SC1, SC2, SC3, and SC4); (a) Affected activities and
their durations for SC1, (b) Affected activities and their durations for SC2, (c) Affected activities and their
durations for SC3, (d) Affected activities and their durations for SC4.
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The output of the construction productivity model
for the fourth scenario is shown in Fig.3(d). More
activities were impacted by the hot weather
conditions. The graph shows that the first eight
activities increased in their working duration,
resulting in an extension of the critical path duration.
This is predicted because this scenario is the worst
scenario; where the percentage of rest per hour is
high. It was seen that the new critical path duration
for the construction part is 167 days with a rise of 17
days from the duration of the original critical path.

In conclusion, the percentage increase in critical
path duration was calculated for the four scenarios.
For the first and second scenarios, the increase was
found to be equal to 3%, 5% for the third scenario
and an increase of 11% was calculated for the fourth
scenario. It was observed that the effect of extreme
weather conditions was highest for the heavy load
work and pessimistic weather conditions, and least
for moderate workload category and most likely
weather condition

CONCLUSION

In this study, a construction productivity model was
developed using the daily temperature and relative
humidity of Muscat, Oman from the years 2001 to
2018. The daily temperature and relative humidity
were used to calculate the percentage of rest per hour
rule presented by NIOSH. The generated data were
validated statistically against the original data. The
rest per hour model was able to satisfactory replicate
the real data with some discrepancies. This result may
be driven from the fact that the collected data had a
simplification due to lack of data and only two years
relative humidity records were used in the study. This
is a limitation to the model and a future extension of
this model will incorporate a large range of relative
humidity and temperature records.

The construction productivity model was used to
investigate and quantify the weather effects on project
duration. It was applied to three completed
construction projects. For each project, four weather
testing scenarios were applied to investigate the
impact of hot weather under different workloads on
the project duration. The critical path duration was
calculated for each scenario in each project and
compared with the original critical path durations.
The results showed an increase in the critical path
duration for all three projects in all scenarios. It was
found that 17%, 23%, 24% and 38% increase in
critical path duration for project A, for SC-1, SC-2,
SC-3 and SC-4, respectively. For project B the
percentages were 4%, 11%, 9% and 22% for each
scenario respectively. In addition, 3%, 3%, 5% and
11% increase in critical path duration for project C
were found for the four presented scenarios.
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ANALYSIS OF LOSS REDUCTION TECHNIQUES FOR
Low VOLTAGE DISTRIBUTION NETWORK
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ABSTRACT: Energy losses in a typical distribution system can be in a range of 6 to 10%, and it depends on the
system characteristics, installed equipment, and operating strategies of the distribution network. Losses reduction
during peak periods needs special attention since the losses in the system and the cost of the losses are the
highest during this peak. Distribution System Owner (DSO) always strives to reduce power losses in the
distribution network that eventually leads to energy saving and cost reduction. This paper presents the model of
a selected 33 kV, 11 kV and LV network of a representative primary substation, which is a part of the Muscat
Electricity Distribution Company (MEDC) network. In order to quantify the losses in various components, the
numerical simulation is carried out using the ETAP software package. The technical losses, power factors, and
voltage profiles are quantified and analyzed. This paper also investigates on the optimal conductor and cable
selection for 11kV lines, capitalization values for transformer losses to alleviate system losses and hence the
system operational cost. The method of determining optimal conductor and cable size for an 11kV distribution
network is presented, where the cost of losses for various conductors with their extra construction or material
cost are compared. It also presents the detailed model of calculating capitalization values for distribution
transformer losses and sample calculation of the capitalization values. Utilizing these capitalization values, the
transformer buyer can calculate the total life cycle cost of the distribution transformers and select the most
economical one.

Keywords: Distribution network; Loss reduction method; System modelling; Optimal conductor selection;
Capitalization values.
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NOMENCLATURE

Current flowing through the cable/conductor
in Ampere

N Number of months in a year

P Total peak losses in three-phase lines in kW

H Number of hours in a year

R Resistance of the cable in Ohm/km

X No-load losses capitalization value in
OMR/W

Y Load losses capitalization value in OMR/W.

r Transmission efficiency

6, Y-bus elements angle in radian

6,6, Voltage angles in radian

Voltage magnitude at the i bus in per unit

Voltage magnitude at the k™ bus in per unit

Vo] ~ The Magnitude of Y-bus elements in per unit

DSO  Distribution system owner

LF Load factor

MEDC Muscat Electricity Distribution Company

C.c  Annual carrying charge on extra construction

Cous Cost of annual loss savings in OMR

Coc Annual demand cost in OMR/KW

C. Levelized cost of energy in OMR/kWh

Cec Annual energy cost of peak losses OMR/KW

C.n  Costof unit energy in OMR/KWh

Cherns  Netannual savings in OMR

C.. System capacity cost in OMR

C,,c  Total annual cost for peak losses in OMR

Ciacsiw  Total annual cost for per KW peak losses in
OMR

Crac.ps Total annual loss cost of a particular size of
the conductor in OMR

Ciac.ss Total annual loss cost of the smallest size
conductor in OMR

Cuec  Wholesale electricity purchase cost per
month in OMR/KW

I Increasing factor

L; Loss factor

Por Uniform annual peak load factor

P Real power at the k™ bus

Pusi  Real power losses between the k-i branches

Q Reactive power at the k™ bus

Quss i Reactive power losses between k-i branches

Re Peak responsibility factor

Rsc Levelized annual fixed charge rate in OMR

S Power losses between the k-i branches

loss, ki
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1. INTRODUCTION

With the continuous growth in size and complexity of
the power distribution network, reduction in losses
can return significant savings for the Distribution
System Owner (DSO). Losses reduction strategy
provides other advantages, such as relief in system
capacity, and the possibility of extending capital
expenses for improving and expanding the system for
the DSO (Emmanuel M et al. 2017). To meet load
demand, distribution companies need to alleviate the
system losses and enhance the quality of power
supply to achieve social and economic development.

Losses associated with the distribution network
categorize as technical and non-technical losses. In
distribution networks, the fixed losses are in a range
of 1/4 to 1/3 of the technical losses (Inan H et al.
2014). Such fixed losses occur due to corona, leakage
current, dielectric losses, no-load losses, and current
flow through measurement and control elements and
realize as heat and noise. The variable losses
represent 2/3 and 3/4 of the distribution losses and
depend on the magnitude of the current flow (MEDC
2018). Such variable losses include the copper losses
in the distribution lines and transformers. An increase
in load demand causes an increase in current flow
through the lines and the distribution transformers
windings, and hence an increase in losses. Such losses
are significant in distribution networks because of the
involvement of a large number of distribution
transformers. In addition, system unbalances due to
unbalanced load at the consumer side increases losses
in the transformer. A small amount of copper losses
also contributes to the system due to the harmonic
currents. However, the high-frequency harmonic
voltage has a greater contribution to the core losses of
the transformer (Al-Badi AH et al. 2011, Daut | et al.
2013).

Depending upon only the initial cost of the
transformers is not an economical choice in buying
the efficient distribution transformers. The losses in
distribution transformers, especially the load loss
occurs based on the load pattern, which is variable
during its operational lifetime (Al-Badi AH et al.
2011). Therefore, the transformer buyer needs to
evaluate the no-load and load losses capitalization
values for their requisition transformers over the
transformer lifespan. The capitalization values of the
transformer depend on system capacity cost,
Levelized cost of the energy, load profile and the
economic consideration (Wijayapala WDAS et al.
2016). The detailed model of calculating
capitalization values for distribution transformer
losses are presented, and the model is applied to
capitalization values for MEDC distribution
transformers. Further, the distribution system losses
can be alleviated by increasing the conductor size
(Zzhu Z et al. 2016). However, increasing the
conductor size without engineering sense may
increase the cost and losses. Therefore, an economic
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optimal conductor size needs to be selected. In this
study, the differences in losses are not compared with
the total material and labour costs for
building/rebuilding the line; instead, the differences in
the cost of losses for various conductors are compared
with only construction costs above those required to
build the line with the smallest suitable conductor.

The saving resulted from loss reduction does not
only reflect on the financial aspect of the saved
energy but also reflects on releasing the system
capacity that can reduce the requirement of system
development and lessen the deteriorating of system
components. In the USA, the average losses in
transmission and distribution systems are around
7.5%, whereas, the average losses in the distribution
system only are about 6% (Inan H et al. 2014). The
total losses in a distribution system for one of the
distribution companies in Oman reached to 6.92% in
2018 (MEDC (2018)), which is very close to the
reported percentage in the USA. The energy loss in
the Main Interconnected System (MIS) in Oman
reached 1.43% in 2018 (OETC 2019), which is well
within international norms. In order to quantify the
technical losses in MEDC distribution network, the
model of a selected 33 kV, 11 kV and LV network of
a representative primary substation is developed in
this work. The distribution network components
(transformer, cable, and load) model parameters are
obtained from the concerned company using the
system single-line diagrams (SLD). The transformer
parameters include kVA rating, impedance ratio, and
rated voltage. The cables are modelled using the cable
type, length and cross-section area. The loads are
modelled based on the collected data that is
distributed in each feeder equally to all loads. ETAP
software is used to implement and simulate the
network model.

This introduction is followed by presenting the
methods of minimizing losses in section 2. Section 3
presents the capitalization of losses for distribution
transformers. Section 4 discusses the optimal
conductor size selection for 11kV and LV networks.
Modelling of a selected 3kV, 11kV and an LV
network representative primary substation is
presented in section 5. Section 6 summarizes the main
conclusions of this study.

2. LOSSES REDUCTION METHODS

Several ways are available to alleviate losses in the
distribution network (Al-Sarmi, S et al. 2019).
However, some mechanisms require additional
equipment to be installed in the system that can
increase the financial burden for companies.

Several devices such as fluorescent lamps,
distribution transformers at no-loads, induction motors
with light or no loads in the distribution networks can
lead to poor power factor in the system. Power factor
improvement using capacitors is an effective method,
which helps in reducing distribution system losses and
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maximizing the revenue. Power factor improvement
can result in a reduction in the phase angle difference
between the voltage and the current. The greater part
of the loads in the distribution system is the inductive
type, which needs reactive power to work. Installing a
capacitor bank in parallel with the loads provides them
with the necessary reactive power that lowers the
phase angle difference between the voltage and
current. Installing a capacitor bank can reduce the
upstream current flow through the distribution lines,
thus, reduces losses in the system. Another benefit of
installing a capacitor bank is reducing voltage drop
during heavy load periods. Such a capacitor bank
installation requires determining the location of the
capacitor bank placement, along with their types and
proper sizes (Samineni S et al. 2010).

Switching  optimization is also known as
reconfiguration. It is a way of relocating the switching
devices that already exist or introduce new devices in
the appropriate location depending upon the size of
loads, and the length and size of conductors. An
effective method, switching optimization, helps in
reducing technical losses in the distribution networks
and improves its security. Compared to the method of
reconductoring or new installation of feeders,
switching optimization has been found as one of the
most cost-effective methods to reduce the technical
losses. Although the switching optimization method
needs several new devices, the low-cost switching
devices makes this method cost-effective compared to
the reconductoring or new feeder installation method
(Phetlamphanh V et al. 2012).

The selection of an appropriate conductor size can
reduce the losses. The losses in the conductors depend
on the connection quality at each end of the conductor,
conductor size relative to the amount of current it
carries, and the conductor operating voltage level. The
line loss is inversely proportional to the conductor size
and directly proportional to the square of the current
that passes through the conductor. A smaller size of
conductor can result in higher 12R losses and a higher
voltage drop that causes a loss of credit for the DSO.
The suggested practice is to ensure that the conductor
is capable of delivering the peak demand of the
consumers at the standard voltages. In other words, the
voltage drop has to maintain within the standard range
(Aburn G, and Hough M 2015). The shorter length
distribution network can reduce distribution losses as
studied in (Sadati SMB et al. 2012). Current density
and heuristic index-based approximated optimal
solution for conductor size selection for radial
distribution system has been presented in (Wang Z. et
al. 2000).

The main losses in distribution sub-stations are
transformer losses. Two types of transformer losses:
one is core (no-load) losses that are typically 25% to
30% of the total distribution losses and independent of
the load (Al-Sarmi, S et al. 2019). This loss varies
with the transformer size and the materials that are
used to manufacture the transformer. The other one is
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the copper losses that mainly depends on the
magnitude of current passes through the windings of
the transformer, and it dissipates as heat. With the
increase in loads, the material behaves like more
resistive and hence increases line losses. For better
management of distribution transformers, it is
recommended to de-energize the transformer one or
more times at low-load periods, which can help to
reduce excessive core losses. Similarly, the
distribution transformers need to switch them on at
high-demand periods to reduce excessive copper
losses. Furthermore, the DSO needs to identify
customers having premises connected to oversized (or
undersized) line transformers so that the DSO can
optimize the transformers’ sizes. An undersized
transformer serving a particular load can operate with
high losses.

The voltage upgrade is the changeover of lines and
substations to the higher voltages. This method has
developed practically to meet load growth or
transmission requirements. It has several advantages in
addition to the practical aspect; the economic
advantages may be a benefit, especially if some of the
used equipment can be used again with minimal
modifications (Panek J, Elahi H 1989). This method
plays a very important role in alleviating losses in case
of the distribution network is overloaded. The best
method in load balancing is to utilize the current
duration curve, which can be developed for all three
phases by the distribution system planner.
Accordingly, if the loads in each phase of the
distribution line are re-distributed, the losses can be
minimized (Al-Sarmi, S et al. 2019). A tap-changing
transformer allows adjusting the voltage level by
altering turns the number of the transformer winding
using a tap changer. In order to achieve a controllable
voltage level, taps are normally adjusted on the high-
tension side of the transformer. Off-load and On-load
types of tap changing transformer are commonly
utilized in the distribution network (Al-Sarmi, S et al.
2019).

With demand-side management, the DSO can reduce
the overall system load, especially during peak
periods, by turning off particular types of load or
catering some stimulus for customers. Customer
motivation to use smart and high efficient motors,
refrigerators, and lighting systems can reduce the
overall load (Al Badi AH et al. 2020). Advanced
Metering Infrastructure (AMI) allows automated and
bi-directional interaction between the smart utility
meter with its IP address and the distribution company.
The purpose of an AMI architecture is to update
periodically about the real-time data related to power
consumption to both the distribution companies and
the consumers. It helps the customers to schedule their
appliances to operate at the time of the best price and
hence can reduce their cost of energy consumption (Al
Badi AH et al. 2020).

3. RESEARCH METHODOLOGY
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Some of the loss reduction methods unfolded in
section 2 have been used in the MEDC network. Such
methods are capacitor banks for power factor
improvement, transformer size and location, and tap-
changing transformers. Recently, the AMI method is
currently under installation in the network. However,
there is an opportunity to reduce the distribution
network losses by selecting economic optimal
conductors and cables and account for the cost of
losses for the transformer load and no-load losses
during the time of buying a new transformer.

The following subsections present the detailed
models to calculate losses in a representative
distribution network, models for calculating optimal
conductor and cable selection, and models for
determining no-load and load losses capitalization
values of distribution transformers.
3.1 System Modelling and Losses

Quantification

A load flow study is conducted to quantify the losses
in a representative distribution network. The load flow
model uses actual data for load, lines, transformers,
and short circuit capacity, which are given by the
MEDC. The load flow model solves the following
power balance equations to determine voltages at the
different buses, real and reactive power flows through
the lines (Saadat H 2011).

R = é|vk|lvi||Yki|Cos(5k -6 _5|) @)
Q= é|vk||vi||Yki|Sin(5k — 0 _é‘.) 3

The non-linear power balance Egns. (1) and (2) can
be solved by different iterative methods such as the
Newton-Raphson, the Gauss-Seidel, and the fast-
decoupled methods. In this study, the Newton-
Raphson method available in the ETAP software
package is applied to solve the load flow equations.
After solving the load flow problem, the system losses
are computed by calculating the losses in any branch
k-i using the following equations (Albadi M et al.
2017).

Stoss.i = Possi + 1Quoss ki = S + Sic ©))
Su =Vilg and S, =ViI, 4)
3.2 Optimal Cable and Conductor Selection

Increasing the cross-sectional area of the

conductors/cables can reduce the energy losses in the
cable; however, the large size conductors cannot be a
choice for the DSO. This subsection presents a
simple method of selecting the most economical
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conductor/cable sizes among the available sizes given
by MEDC (Booth et al. 1988). The most economical
conductor/cable size is determined by comparing the
cost of losses for various conductors/cables with their
extra construction/material cost considering peak load
conditions.

The total peak power loss for three phases are
calculated using the following equation,

P =3I%R (5)

The annual demand cost per kW of peak losses is
calculated as

Coc =Cuec XN (6)

The annual energy cost per kW of peak losses is
calculated as

Cec = Cun ¥ Ly xH (7
L; is the loss factor and can be determined as
L; =(axLF)+(bxLF) (8)

where LF is the load factor,a=0.2,and b=1-a. LF
is defined as the ratio between the average load and
the peak load for a given load pattern.

The total annual loss cost for per kW peak losses is
determined as

Craciw = (Cec +Cp¢) 9)

The total annual loss cost for total peak losses is
determined using the following equation

Crac =(Cec +Cpc)xP (10)

The cost of annual loss savings for a cable/conductor
is calculated as

CAS = (CrAc,Ps - CTAC,SS) (11)

The net annual savings for a cable/conductor is
determined as

CNet,AS = (CAS - CACC) (12)
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The maximum net annual savings of a
cable/conductor gives an indication about the most
economical cable/conductor for a given annual peak
load.

3.3 Capitalization of Losses for Distribution
Transformers

The DSOs are always in the process of buying and
installing distribution transformers because of the
continuous expansion of the electrical distribution
networks.  Transformer economics is heavily
connected to the pricing of the energy losses, e.g. load
and no-load losses that occur during the transformer
operation. The cost of such losses is important to
calculate over the lifetime of the distribution
transformers (Szwander W (1945)). The transformers
with low initial cost may increase the cost of such
losses over its lifetime, and vice versa. Therefore, the
transformer-purchasing group needs to determine the
cost of losses for the duration of the transformer
lifespan in evaluating the most economical
distribution transformer.

No-load losses capitalization value refers here as the
value of one unit power loss in a distribution
transformer under the no-load condition for the
transformer lifetime. No-load losses capitalization
value depends on the system capacity cost, and cost
for generating, transmitting and distributing energy.
No-load losses capitalization value is computed using
the following equation (Al-Badi AH et al. 2011,
Charalambous CA et al. 2013, and Wijayapala WDAS
et al. 2016).

X = Cyc +HC, (13)
10007, R, I

Load losses capitalization value refers here as the
value of one unit power losses in a distribution
transformer under load condition for the transformer
lifetime. The load pattern, growth of the load, and
nature of the load profile are the main reasons for
varying load losses capitalization value. Load losses
capitalization value depends on the system capacity

cost, the cost for generating, transmitting and
distributing energy, yearly loss factor, peak
responsibility  factor, yearly peak load, and
transformer  fixed charge rate. Load losses

capitalization value can be determined as (Al-Badi AH
et al. 2011, Charalambous CA et al. 2013, and
Wijayapala WDAS et al. 2016).

C..R2+HC.L
y=|| et T e | e (14)
10007, R, I - P
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The uniform annual peak load that can be determined
based on IEEE loss evaluation guide as given in
(C57.120-2017 Standard).

(15)

Po \/L_
f

The increasing factor is calculated as (Wijayapala
WDAS et al. 2016)

_ Purchase cost + Overhead + taxes
Purchase cost

(16)

e

4. RESULTS AND DISCUSSION

4.1 System Modelling and Losses Quantification
This study model a selected 33 kV, 11 kV and LV
network of a representative primary substation of
MEDC network. The network consists of three
20MVA, 33/11kV transformers, 15 feeders and three
5MVar capacitor banks. Five feeders, namely FDR4,
FDR5, FDR6, FDR7 and FDRS8, are modelled in
details up to the low voltage (415V) level. The
components model such as transformers, lines,
capacitors banks, loads and grid available in the ETAP
software package are utilized to model the selected
network.

The parameters such as kVA rating, impedance ratio,
rated voltage for the transformers, type, length and
cross-section for the cable, type and amount of load,
short circuit capacity for the grid are obtained from the
MEDC. Figure 1 shows the ETAP model for the
selected 33 kV, 11 kV and LV network, while Figure 2
demonstrates the detailed model for one of the feeders
FDR®.

The power flow problem is solved for the developed
model at different load conditions. Such load
conditions are maximum load, 80% of maximum load,
70% of maximum load, and minimum load. The load
current drawn by each feeder in the developed model
is comparable with the field-recorded load current for
the corresponding feeder during peak load. The
closeness of both current values verifies the accuracy
of the developed model.

The load flow solution provides voltage profiles for
each bus, line flows and losses occur in the network
components. Figure 3 shows the voltage profile for the
selected buses for different loading conditions. It
reveals that voltages for all selected buses are within
the recommended limit (+6%) except one bus
Busl62FDR4, which has under-voltage at the
maximum loading and 80% of the maximum loading.
It also reveals that buses such as Bus R4/31 in FDR5
and Bus 167 in FDR7 maintain the minimum level of
the required voltage during maximum loading.

The total kW and kVar losses for distribution
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networks at different load conditions are depicted in
Figure 4. An increase in the load results in an increase
in both the real power losses and reactive power
requirements for the system. This result demonstrates
that the system faces more losses during the peak
demand, especially during the summertime.

Table 1 shows real and reactive power losses for
different feeders. It is important to mention that real
power losses are significant in the cables/lines because
the current MEDC network has fatter cables than
required. The use of the optimal size of the conductor
can reduce these losses. The transformers also cause
real power losses; however, the reactive power losses
due to the transformer is significant as Table 1
revealed. These losses influence the transformer’s total
owning cost as the losses vary based on loading. Since
the total owning cost has two major components such
as the costs of load and no-load losses, therefore, the
determination of capitalization values of losses at the
time of buying a new transformer can reduce such
losses during the transformer lifespan.

4.2 Optimal Cable and Conductor Selection for
11kV Networks

4.2.1 Economic Optimal Cable Selection

Table 2 shows a summary of the detailed calculation
for economical cable selection based on peak load
conditions—the study conducted for cable sizes, as
mentioned in the first column of Table 2. The cable
resistances are obtained from the datasheet found in
the Oman cable website for 3C XPLE copper cable.
The annual peak load for the cable is assumed to be
120 Ampere, which can be adjusted by the distribution
company as they required.

The total annual loss cost for the total annual peak
losses is calculated using Eqn. (10). The results are
tabulated in Table 2. The total annual loss cost per kW
peak loss is calculated using Eqgns. (5)-(9). The results
have been presented in Table 3.

The extra cost compared to the smallest size (70

sg.mm) of the cables is obtained from the MEDC. The
annual carrying charge on extra construction cost is
assumed to be 12% as found in (Booth et al. 1988).
The cost of annual loss savings of each cable and the
net annual savings for all cables have been obtained
using Egns. (11) and (12), respectively. All these
calculated results are tabulated in Table 2.
Figure 5 shows the net annual savings versus the size
of the cables. It reveals that 185 sq.mm is an optimal
economic choice for carrying annual peak load current
120 Ampere and at a 0.5 load factor. It also indicates
that the variation of the load factor, while keeping the
peak load current constant, does not affect the cable
size variation. In other words, the cable size remains
the same as the optimal one; however, there a change
in the amount of net annual savings is observed. On
the other hand, it reveals that the optimal economic
size of the cable can be changed if the peak load
current is far from the expected peak load current.
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Figure 1. Components modelling in ETAP for the selected 33 kV, 11 kV and LV network.

106



Analysis of Loss Reduction Techniques for Low Voltage Distribution Network

K BBO2

Cable Mahekah FDR6-R4/20

BusR4/20FDRG
11 W
Cable R4/20-R4/17 FDR6
BusR4/17FDR6
11 W
TR4/20 TR4/17FDRE
1 Mva Bus163 1 MVR
[] 0.415 KW Cable R4/17-R4-13 FDR6
- - Cable R4/17-R4/19 FDR6
Bus162 Cable R4/20-R4/24 FDR6 - =
0.415 KW
BusR4/19FDR5 " ow
LoadR4/17EDRG.
LoadR4/20 . FDR6 11 W
s 0.177 MVL BusR4/13FDRE
TR4/19FDR6E
BusR4/24FDR6
11 ¥ :
Cable R4/24-R4/28 FDR6
TR4/24FDR6 = = Bus178
1 MR TR4/13FDR6
Busier BusR4/2BFDR6 Bus164 2 MR 0.415 kv
0.415 W
0.415 1w
TR4/28FDRE
1 MR
LoadR4/24FDR6. Bus160 N A—— LoadR4/19FDR6.
0.177 MVA 0.415 KV O_S:cf m: 0.354 MVA
Cable R4/24-R4/36_FDR6
LoadR4/2BFDR6.
0.177 MVL
BusR4/36FR6
11 W
TR4/36FDRG Cable R4/36-R4/25 FDR6
2 MVR - -
Bus169
0.415 KW
0.415 KV Busg0
LoadR4/36FDRE.
0.354 MVL Load59FDRG.
0.354 MVR

Figure 2. Feeder 6 (FDR6) detailed model that shows each low voltage (11kV/415V) distribution transformer and load.

107



A. Al-Badi, R. Ahshan, S. Al-Hinai, A. Moosa, R. Shah, M. Al Hasani, and S. Khan

102
100
98
H96
S
&94
8
S92
90
88 , ) J | i ] | )
;\‘Sula‘m_ Grid B H_BBO2 K_BB01 K_BB03 Bus162FDR4 BusR4/31FDRS Bus59FDR6 Busl6TFDRT Bus52FDRS
R Feeder Name
fin Loading =70 % Loading 80 % Loading ~ Max Loading
Figure. 3. Voltage profiles for the selected buses at different loading conditions.
Table 1. Real and reactive power loses in distribution transformers and cables for different feeders.
kw kVar kw kVar kw kVar kw kVar kw kVar
losses  losses losses losses losses losses losses  losses  losses losses
(FDR  (FDR4) (FDR5) (FDR5) (FDR6) (FDR6) (FDR7) (FDR7) (FDR8) (FDRS)
Cables/line 159.7  -28.3 81.8 -19.4 425 -60.8 81.8 -56.2  46.6 -39.6
Transformers 17.0 76.2 17.2 73.4 114 59.8 11.3 58.2 8.5 44.8
Total losses 176.8  47.9 99.2 53.9 53.9 1.0 93.1 2.1 55.5 5.2
Table 2. Cost of loss and net annual savings for various sizes of cables compared to the smallest size.
Cable sizes Cable Total Total Extra construction  Annual Annual loss Net
resistance  peak loss annual costs in compared carrying charge savings compared annual
(sa. mm) Ohm/k for three  loss to the smallest on extra to the smallest savings
(Ohm/km) phases cost size conductor construction size conductor
(kW) (OMR) (OMR) cost (OMR) (OMR) (OMR)
70 0.3420 14.77 3720.49 0.00 0.00 0.00 0.00
120 0.1960 8.47 2132.21 4100.00 492.00 1588.28 1096.28
150 0.1590 6.87 1729.70 6757.00 810.84 1990.79 1179.95
185 0.1280 5.53 1392.46 8698.00 1043.76 2328.03 1284.27
240 0.0982 4.24 1068.28 15099.00 1811.88 2652.21 840.33
300 0.0794 3.43 863.76 18300.00 2196.00 2856.73 660.73
400 0.0636 2.75 691.88 23100.00 2772.00 3028.61 256.61
4000
30 : Table 3. Annual demand cost and energy cost detail.
-9’; G Wholesale electricity purchase cost/kW-month ~ 17.7
2 1000 (OMR)
% . l Annual demand cost/kW (OMR) 212.4
j 0 —_ = = Load factor 0.5
St Loss factor 03
Cost/kWh (OMR) 0.015
o M%Loadiig  70%Loading  80%Loading  100%Loading Annual Energy cost/kW (OMR) 39.42
(i Lc) % of loading (-1l Total annual loss cost/kW(OMR) 251.8

Figure. 4. Total losses (kW and kVar) in the distribution

network for different loading conditions.
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Figure. 5. Annual net savings variation for different sizes of
cables for annual peak load current 120 A, 0.5
load factor, where the optimal size is 185 sg. mm.

4.2.2 Economic Optimal Overhead Conductor
Selection

The detailed calculation is carried out using Eqns. (5)
— (12) as described for the economic optimal cable
selection, and the detailed results are presented in
Table 4. Table 4 shows a summary of the detailed
calculation for economic optimal conductor selection
based on peak load conditions. The study conducted
for conductor sizes is mentioned in the first column of
Table 4. The conductor resistances are obtained from
the datasheet found in the Oman cable website for
ACSR conductors. The annual peak load for the
conductors is assumed to be 120 Amperes, which can
be adjusted by the distribution company as they
required. Figure 6 shows the net annual savings versus
the size of the conductors. It is found that 200 sq.mm
is an optimal economic choice for carrying annual
peak load current 120 Ampere with a 0.5 load factor.

4.3 Capitalization of Losses for Distribution
Transformers

4.3.1 Capitalization Value for No-load Loss

The capitalization value for no-load loss (X) is
determined using Egn. (13). Considering the
distribution transformers as fixed assets (Wijayapala
WNDAS et al. 2016), the fixed charge rate is taken by
combining the opportunity cost or minimum
acceptable return as 12.75% and the book depreciation
as 4%. Since there is no income tax in the country,
thus it is taken as zero; however, local property tax and
insurance is considered as 0.1 %. Thus, the fixed
charge rate is found at 16.85%. Since the overall
system loss for MEDC is  6.92%, thus the system
efficiency is considered as 93.08%.

Equation 16 is used to calculate the increasing factor
considering there is no overhead fee and taxes, and the
factor is found 1. The system capacity is taken
approximately as 40 OMR/kW/year as per (CRT
2017). The average cost of energy for the year 2018 is
considered to calculate the levelized cost over the
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Figure. 6. Annual net savings variation for different sizes
of overhead conductors for annual peak load
current 120 A, 0.5 load factor, where the optimal
conductor size is 200 sq. mm.

transformer lifetime (Capability Statement 2018). The
discount rate and the inflation rate are considered as
7.5% and 6.425%, respectively. The cost recovery
factor is utilized to calculate the annual levelized cost
of energy. The levelized annual cost of energy is
calculated as 0.0296 OMR/KWh. Thus, the no-load
loss capitalization value was found 2.0467 OMR/W, as
shown in Table 5. The calculated value in this study is
higher than the value given in the Oman Electricity
Standard (OES) as 0.8 OMR/W. Such a discrepancy
may arise due to the differences in the load pattern, the
system capacity cost, and the other parameters that
were assumed in this study.

4.3.2 Load Loss Capitalization Value

The load loss capitalization value () is determined
using Eqn. (14). The loss factor is determined using
the load factor of the transformer used in the
distribution network. In order to determine the
transformer load factor, it is essential to know the
transformer load pattern even for a short period like
one day during system peak load. With the use of the
load profile of a distribution transformer, the load
factor is determined by the ratio between the average
load and the peak load. The load factor was calculated
as 47.3% for a 2MVA transformer using the load
profile provided by the MEDC. With this load factor,
the loss factor was calculated as 0.2749. The peak
responsibility factor was determined based on the
IEEE loss guide (C57.120-2017) and was found as
0.9375.

The uniform annual peak load is calculated using
Egn. (15) as 0.9047. All calculated parameters are
substituted to the Eqn. (14) to calculate the
capitalization value of load loss, and it is found as
0.5959 OMR/W, as shown in Table 5. The calculated
value in this study is higher than the value given in the
OES (0.3 OMR/W). Such a discrepancy may arise due
to the differences in the load pattern and transformer
type (urban or rural), the system capacity cost, and the
other parameters that are assumed in this study.
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Table 4. Cost of loss and net annual savings for various sizes of conductors compared to the smallest size.

Conductor Conductor  Total Total Extra construction ~ Annual Annual loss Net
sizes resistance  peak loss annual  costs in compared  carrying charge  savings compared annual
for three  loss to the smallest on extra to the smallest savings
(sd. mm) (Ohm/km) phases cost size conductor construction size conductor o
(KW) (OMR) (OMR) cost (OMR) (OMR) (OMR)
70 0.4156 17.95 4521.16  0.00 0.00 0.00 0.00
100 0.2885 12.46 3138.48 1681.70 201.80 1382.67 1180.87
150 0.193 8.34 2099.57  4737.10 568.45 2421.58 1853.13
200 0.1439 6.22 1565.43  6649.10 797.89 2955.72 2157.83
400 0.0712 3.08 774.56 20510.00 2461.20 3746.60 1285.40

Table 5. No-load and load loss capitalization values of a 2
MVA distribution transformer.

Capitalization Values OMR/W
No-load loss 2.0467
Load loss 0.5959

5. CONCLUSION

Distribution companies consider the power loss in the
distribution lines as a serious problem because of the
energy and money wasted. This paper has presented
different methods to minimize such losses.
Distribution system losses cannot be phased out;
however, it can be decreased by appropriate planning
of systems to assure that power loss remain within an
acceptable range. This paper reveals the following
conclusion and recommendation for reducing losses in
the distribution system and hence increasing the
system efficiency:

e Losses in the distribution system can be quantified
by modelling and simulating the network. Such a
kind of study reveals the components or
subsystems that contribute to higher losses in the
system. Through modelling and simulation of a
representative distribution network, it was found
that transformers and cables/lines contribute higher
losses among all other components in the system.

e Determining an economic optimal conductor/ cable
from the available sizes by comparing the cost of
losses for various conductors with their extra
construction/material cost can reduce the losses in
the cables/lines. The study is carried out based on
peak load conditions instead of average load
conditions because the losses change with the
square of the current. It is shown that 185-sq.mm
cable is an optimal economic choice for carrying
an annual peak load current 120 Ampere with a
load factor 0.5. At the same time, 200-sq.mm, an
overhead conductor is found as an optimal
economic choice for carrying annual peak load
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current 120 Ampere with a load factor 0.5.
Capitalization values of the losses have a
significant influence in evaluating the most
economical distribution transformer. The utility
can assess the capitalization value of the no-load
and load losses using the measured load profile of
various distribution transformers considering their
lifetime. The utility can provide such values to the
transformer manufacturing company and ask to
design the requisition transformers accordingly. It
was found in this paper that both the no-load and
load loss capitalization values are higher than the
values recommended by the Oman Electrical
Standards (OES). Such differences may arise due
to the differences in the variables such as the load
pattern, load factor, transformer type (urban or
rural), and the cost parameters, such as the system
capacity cost, unit cost of energy, discount and
inflation rates considered in the current study and
the study done before. This study suggests
recording the actual load profile of a particular
distribution transformer for a period of time to
determine its loss of capitalization values.

Regular inspection and maintenance of distribution
equipment such as isolators, connections,
transformer and transformer bushings, LT switches
and dropout fuses are required. Optimal location
and appropriate size of the distribution
transformers is an important factor. This study
suggests placing the distribution transformers
closer to the load centre and maintaining the
minimum number of transformers, if possible.

The feeders can directly supply heavy loads such
as large buildings and industrial loads. Load
balancing and appropriate load management can be
considered for further reduction of the losses. The
integration of digital, tamper-proof meters can help
to reduce non-technical losses. In addition, the
DSO can operate their system at a higher power
factor. These suggestions can be further
investigated for the network presented in this
research.
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ABSTRACT: Motivation is a key element for successful project execution. However, different people are
motivated by various means in different sectors. Hence, this work aims to study, analyze and define the main
motivational factors in project execution in the oil and gas industry. To achieve this, a dedicated survey is
prepared and distributed among employees working in the oil and gas industry in Oman. To ensure
diversifications and minimize biases, the survey is distributed randomly to people working in projects in
different organizations in the oil and gas industry. Altogether, 86 respondents completed all the survey questions.
The study revealed that, in general, external (extrinsic) factors have a significant motivational influence on
employee performance in which money is considered as a powerful motivator. Moreover, task achievement is
found to be the major intrinsic motivational factor influencing the employee’s performance. The study also
reveals that irrespective of years of experience, organizational type and the level at which employee works, lack
of management support will have a significant influence in lowering team motivation in the Oil and gas project.
The study can serve as a guideline for the Oil and gas industry to target the specific factor which helps enhance
the level of motivation of a specific segment of employees.

Keywords: Motivation; Project management; Oil and gas industry; Extrinsic factors; Intrinsic factors.
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1. INTRODUCTION

Every project manager would like to run a project that
finishes with the desired quality standards, in the
given time limit and within the predetermined budget
such that it stands up to the end-users’ expectations.
Despite the much attention given to projects, it is
claimed that most of the projects do not reach their
objective. The majority of projects do fail for several
reasons. These reasons can be due, but are not limited,
to poor planning, poor execution, poor coordination,
unclear scope of work, unqualified project manager,
conflicts between team members, lack of motivation,
etc. Therefore, the success of a project depends to a
large extent on how to overcome and minimize the
causes of failure. The responsibilities put on the
shoulders of project managers, as well as on the
organization handling the project, is thus huge and
require them to develop special managerial skills,
frameworks, policies, and procedures (Al-Hinai et al.,
2020).

In many projects, the failure rate is considered to be
high. For example, at the end of the last century, The
Standish Group found that 44% of information system
projects are partially successful and about 40% were
cancelled (Field, 1997). This leaves only 16% of the
projects to be successful. One would expect that due
to the increase in the use and the adaptation of project
management tools and practices, the success rate will
drastically improve. However, later figures released
by The Standish Group is not much different.
According to the 2014 CHAOS report, 31.1% of
projects are cancelled before completion and 52.7%
of projects face 189% cost overrun. The same
scenario of higher failure rates in projects is not
limited to the IT projects, but it is encountered by
other types of projects (CHAQS report, 2015). Hence,
many practitioners started to accept failure as
unavoidable (McManus and Wood-Harper, 2003,
Mahaney and Lederer, 2006). Nevertheless, such an
attitude may have a further negative consequence on
projects causing them to further exceed in-time, on-
budget, or not finishing them according to the scope.
The proper approach is, therefore, to strive and
explore every possible way to increase the probability
of project success rate.

Since running and conducting projects is at the end
the result of individuals working together, personal
motivation becomes one of the major pillars in the
overall project success. Hence, acquiring the proper
motivation process and rewards system for team
members influences the project manager and his team
to execute the project activities effectively and
efficiently to meet project desires (Meredith, 2016).
DeMarco and Lister (1999) conducted extensive
surveys and game exercises to understand the reason
for the project’s failure. They concluded that the
absence of motivation is a frequent reason. Thus,
while project managers may possess the required
technical skills to manage projects, lack of motivation
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may lead to poor performance (Germann, 2004).
Further, Sansone and Harackiewicz (2000) defined
motivation as the inner driver that stimulates and
guides behaviour. While this definition may be
debated as it limits it to inner drivers and ignores the
outer drivers, yet one may conclude that the
motivation process can be broken into three essentials
(Nel et al., 2001). These essentials are the motive, the
behaviour and the goal. The motivation process starts
with the motive that a person has, which in turn
initiates certain actions or a series of activities. These
activities or actions are what defines the behaviour of
the individual and his means of achieving a certain
desired output or in other words, the goal. Hence, the
goal can be thought of as the end result of something
initiated by a motive. Therefore, to increase the
probability of success when conducting projects the
project manager, as well as the organization, needs to
ensure that the team members work harmoniously and
every member of the team is able to fulfil his personal
needs, interest, desires, and aspirations along with the
objective of the project. A number of researchers
pointed that at the absence of motivation, gifted
individuals perform far less than their actual
capabilities and they may be outperformed by
ordinary motivated individuals (Germann, 2004;
Bateman and Snell, 1999).

An environment that inspires cooperation, mutual
trust, honesty, and gives a sense of belonging will be
positively reflected in the team members’
performance as they will tend to do their best when
they are in an environment that makes them feel
valued. To achieve this, it would require
“motivation’’. Therefore, the definition of motivation
can be generalized to be the essential means for
stimulating the energy and the enthusiasm of the team
in order to accomplish project goals by providing
satisfactions to the team needs, interest and
aspirations (Khoshnevis and Tahmasebi, 2016; Hall et
al., 2009). It is worth emphasizing here that a highly
motivated person would be encouraged to contribute
his extreme efforts individually and as a team towards
the effective performance of the project. Therefore,
organizations must have the ability to identify and
understand the motivational requirements for their
employees as it is demonstrated that the higher the
satisfaction of project team members’ needs is, the
greater the chances for successful project execution
will be.

Oil and gas development projects usually require a
huge investment and the risk in the project is often
quite high (Kim and Choi, 2019). Similar to other
parts of the world, the oil and gas industry in
Sultanate of Oman is divided into three major sectors:
upstream, midstream and downstream. The upstream
sector includes exploration and productions of
hydrocarbon fields by bringing the crude oil and
natural gas from underground to the surface.
Companies like Petroleum Development Oman
(PDO), Occidental Oman (OXY), Oman OQil
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Exploration and Production and Daleel Petroleum are
an example of companies dealing with upstream
industry. The midstream sector involves the
transportation by either pipelines or other means of
transportation of crude oil and gas from production
sites (Upstream) to refineries (Downstream), an
example of companies working in midstream
companies is Oman Gas Company (OGC). Finally,
the downstream sector deals with the refinement of
petroleum crude oil and the processing and
purification of raw natural gas, which is done by
companies like ORPIC, Oman Oil Refineries and
Petroleum Industries Company. The oil and gas
industry is still considered to be the major contributor
to the GDP in many countries, especially in the
Middle East and the Sultanate of Oman depends
heavily on it. This is reflected by the huge ongoing
investments in this industry. These huge investments
are usually associated with many ageing fields or
newly discovered ones. This results in continuous
project execution to ensure the sustainability of oil
and gas production. This, on the other hand, increases
the overall cost of production. Moreover, the falling
oil price is putting further pressure on the shoulders of
oil and gas companies as it lowers their margin of
profit in contrast to the increase in cost.

While projects in the oil and gas industry have to
continue, attention is now more serious than ever to
ensure that these projects are successfully
implemented and executed to meet the desired
outcomes while meeting the on-budget and within-
time constraint or at least minimize the deviations.
Thus, the main objective of this study is to tackle a
major pillar that affects project success. Specifically,
the study is aiming to address two main research
questions as shown below:

1. To determine the motivational factors that mainly
affect employee’s performance in projects related
to the oil and gas industry in the Sultanate of
Oman.

To examine the effect of motivational categories
on team motivation during various project phases.
The focus of this study is to look at both, the
intrinsic factors that can be monitored and analyzed
by the organization and the extrinsic factors that can
be influenced by it through the support and
enforcements of the senior management. While one
may argue that organizations have less degree of
influence over the personal variables, however,
understanding how these personal variables (intrinsic
motivators) and how they emerge with time will
enable senior management to better understand and
organize the work-related motivational factors and

accordingly their reward systems.

2. THE NEED FOR MOTIVATION

Effective management of projects is crucial to the
sustainability of organizations (Kanagarajoo et al.,
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2019) and employee motivation plays a crucial role in
managing project effectively (van der Kolk et al.,
2019). Motivation is an essential element for
stimulating the energy and enthusiasm of employee’s
performance towards the achievement of the project’s
goals. According to Lawal and Okhankhuele (2014),
motivation is a method that starts with a physiological
deficit or need that activates a behaviour or a drive
aiming at a goal encouragement. Hence, they divide
motivation into three interlinked elements, needs,
drives and incentives. In practice, motivation helps to
energize employees to work. Therefore, finding
appropriate techniques to fulfil employees’ desires and
needs is considered the key to a successful motivation
process. The main challenge lays in the fact that each
individual has different needs, wants and desires
(Tabassi et al., 2011). In this sense, there may be many
motivation sources that can affect the employee’s
performance. Yet, these sources cannot be generalized
as what motivate workers differs accordingly. Taylor
(1903) who is voted the most influential in the field of
management science, long stated that what motivates
an individual employee today, may not motivate him
tomorrow because human needs are limitless. Further
to that, according to Maslow (1943) “A person tries to
satisfy the most important need first. When the need is
satisfied, it will stop being a motivator and the person
will then try to satisfy the next most important need”
(Kotler et al., 2018).

Motivation is, therefore, an essential key element to
enhance productivity in the workplace (Asproni,
2004). A highly motivated employee puts more effort
and energy towards the achievement of the project and
the organizational goals by providing better
performance. Well-motivated employees are usually
results-oriented people in which they look forward to
alternative methods to perform the assigned tasks
while improving their performance. Therefore,
employees should be motivated to bring high-quality
service in an efficient way. Achieving this will have a
better effect on project progress and success, which in
turn can be reflected on the employee’s performance
and achievement (Nchorbuno, 2011).

It is of utmost importance to understand that the
motivation sources do not rely only on external
sources but also can be internal sources. Based on
psychological theories that concentrate mainly on
human’s/femployee’s needs, motivation source can be
classified into two types. Intrinsic sources are in-built
in the employee himself and as well between the
employee and the job. These make the employee
creative, enthusiastic, find work pleasurable, want to
face challenges, and achieve something. Therefore,
intrinsic motivation happens when an individual finds,
or more precisely perceives, the activity itself
interesting, enthusiastic, pleasant, and hence it derives
spontaneous satisfaction (Herzberg, 1987). Different
theories related to motivation discussed intrinsic
motivation through content theories that may be found
in Maslow (1943), Alderfer’s (1972), Herzberg et al.
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(1959), etc. The second sources are extrinsic sources
that come externally from outside the job itself. For
example, the employer, the working environment, and
other encouragements and incentives including salary,
promotion, awards, and benefits, which in return
increases employers’ level of commitment to work
(Lawal and Okhankhuele, 2014) or even punishments
that may lead to having a certain behaviour not to be
repeated (Skinner, 1969). Theories discussing such
extrinsic factors are categorized under process theories
and such theories that can be found in Adams (1963),
Locke (1968), Vroom (1964), etc. Nevertheless, the
two factors, intrinsic and extrinsic, cannot be separated
as a number of studies showed intrinsic factors have an
influence on the extrinsic factors (Dolfi and Andrews,
2007; Lee-Kelly and Leong, 2003; Mueller and
Turner, 2009, Kooij et al., 2010).

There are indeed numerous studies and literature
over the past seven decades on how can team members
be motivated at their jobs such as Dwivedula and
Bredillet (2010), Sharp et al. (2009), Hall et al.
(2009), Nicholson (2003), Pinder (1998), Heimovics
and Brown (1976), and Labor Relations Institute
(1946). The early survey study conducted by Labor
Relations Institute (1946) revealed 10 motivators for
employees working in the industry. These factors are
appreciation over achieved work goals, sympathy over
personal problems, good salaries, interesting work,
loyalty to employees, job security, promotion, working
conditions, feeling in control of things and tactful
disciplining. Later studies indicated that salaries and
appreciation over achieved work goals are ranked to
be the top motivators (Keller, 1978; Kovach, 1987,
1995; Wiley, 1997; Fisher and Xue Ya Yuan, 1998;
Baddoo et al., 2006). However, the study conducted
by Ferratt and Short (1986) who studied the needs of
an insurance company employees identified five
central needs out of which none of these needs is
related to good salaries. Similarly, Beecham et al.
(2008) reviewed 92 papers that studied the
motivational  factors for  software engineers.
Accordingly, they were able to identify the seven most
common motivators for these software engineers and
none of these motivators is related to good salaries.

The high uncertainty and high demand nature of the
projects’ environment resulted in a highly pressurized
environment for project managers and project team
members to work in. There exist at least three areas of
pressure in the project environment, the uncertainty in
projects, the extreme need for integration, and the
frequent occurring urgencies (Turner and Mueller,
2003). This made it very clear that people working in
projects must possess special characteristics that may
not necessarily be required in people working in, for
example, classical line departments. While some may
argue that the project environment itself cause project
team members to be self-motivated (Verma, 1996),
others argue that this is an oversimplification as it
underlines the focus to how project team members can
be motivated rather than what motivates them (Seiler
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et al., 2012). This may partly explain why there are
fewer literature addressing the factors that motivate
project team members (Tampoe and Thurloway, 1993;
Sharp et al., 2009).

Tampoe and Thurloway (1993) conducted a study to
identify the motives for project managers and team
members working in IT and R&D organizations.
Accordingly, they identified five motives, recognition
for achievement, mutuality, authority and control,
ability to use their own creativity, and belonging.
Verma (1996) advocated eight motivational factors for
project managers including the project culture, reward
system, work itself, environment, previous success,
feeling confident about the work, and competition. The
list for possible motivators for project managers was
later increased to contain other factors such as career
development, receiving positive feedback, contribution
to the organization, etc. (Linberg, 1999; Mak and
Sockel, 2001). Mahaney and Lederer (2006)
investigated the effect of intrinsic and extrinsic
rewards on information system projects success. Their
study revealed that intrinsic rewards leads to client
satisfaction and maintain quality whereas extrinsic
rewards affect the implementation success (on-time
and within budget). Further, Seiler et al. (2012)
developed an integrated model aimed at measuring the
factors influencing project managers’ motivation. In
their model, they defined motivational dimensions
containing 47 items. An empirical study showed that
project managers are motivated by a mixture of
instinct and extrinsic factors along with specified
needed support from the organization.

Khan and Jalbani (2009) studied the effect of the
cash and non-cash reward compensation system for
employees working at Pakistan Petroleum Limited
Company. Their analyses were done based on a survey
and a number of interviews with 60 employees. The
employees are from different management level at the
company. Their finding showed that lower-level
employees are motivated more by cash rewards and
less by non-cash rewards. However, the effect is vice-
versa for the upper management level employees, who
give much less attention to the cash rewards. As for
the middle management level, the results indicated that
cash and non-cash rewards are equally important. In
this work, cash rewards are considered as an extrinsic
motivator while non-cash rewards are considered as
intrinsic motivators.

In short, while Herzberg (1987) advocated that
workers could be motivated by using intrinsic and
extrinsic rewards, careful study of the literature
suggests that the effect of intrinsic and extrinsic
rewards is not as conclusive. Many studies, as the
above-discussed ones, showed that different workers
will be motivated by different means in different
organizations. They further revealed that the needs and
motivators might differ according to the nature of the
work and type of organization. Actually, the effect
may not only depend on the organization, but it may
change as the years of experience and/or the held
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position changes. Nevertheless, as a failure in projects
can have a catastrophic effect, all possible stimuli in
project success must be considered. Therefore,
understanding how intrinsic and extrinsic rewards
affect project success is very crucial. One may not
emphasize enough that satisfying the needs, wants and
desires of workers running projects are of great
importance to any successful organization. Giving the
employees and workers what makes them feel more
connected and appreciated within the organization,
either physiological or psychological, increases the
chances of team members working in more harmony
as well as having better understanding and
appreciation of the organization’s goals and policies. It
can also enhance the overall productivity and may lead
to a reduction in for example absenteeism and
turnovers.

3. RESEARCH METHODOLOGY AND
DATA COLLECTION

In light of the above literature, studies followed
different approaches and each has focused on a
different scope. The results from these studies were
collected using different means. Some were based on
conducting surveys, and others used structured and/or
unstructured feedbacks via interviews or written
responses. Some studies focused on motivational
factors related to a specific group of professionals,
while others were more general. Nevertheless, these
researches share many common  motivators.
Therefore, this research aims to identify the
motivational factors and study their effects on
employees working in the oil and gas industry in
Oman and the possible impact on project execution.
To achieve this aim, experts from industry and
academia held a number of meetings and brainstorm
sessions discussing this matter. The reason for using
brainstorming techniques is due to the fact that it is
one of the most effective techniques for creative
problem solving and resolve biases among
participants to reach consensus (Piya et al., 2019).
Further, related motivational factors collected from
the above studies as well as other cited ones were
summarized in Table 1. Thereafter, the table with an
initial suggestion from the authors to cluster the
collected factors into motivational categories was
presented to the experts for revision and further
discussions. The final decision was made to divide the
motivational factors into intrinsic and extrinsic factors
and then cluster them into subgroups or categories
under each motivational type, as shown in Table 2.
During the allocation of factors to categories, factors
with similar meaning were merged together and
others were reformulated such that a consistent
formulation is achieved under each category.
Subsequently, five motivational categories were
defined under intrinsic motivational type and six
categories under extrinsic motivational type as shown
in table 2. By following this approach, we were able
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to identify relevant motivational factors and reduce
redundancies while forming more balanced and
proper category clusters for them.
Accordingly, four research questions were identified
for this study. These questions are:

1- How do the intrinsic and extrinsic motivations
affect performance?

2- How do different intrinsic motivational
categories affect performance?

3- How do different extrinsic motivational
categories affect performance?

4- How do different motivational categories affect

team motivation during various project phases?
Furthermore, it was agreed that the design variables
for this study are:

1-  Gender

2- Organization type; upstream, midstream or
downstream

3-  Years of experience

4-  Position

As a result, it was concluded that this study will

seek to understand the following:
Is there a difference between intrinsic and
extrinsic motivation in the performance of the
employees?
Which extrinsic motivation reward has more
effect on the performance of the employees?
Which intrinsic motivation reward has more
effect on the performance of the employees?
How do wvarious design variables affect
motivation?
How does the motivation influence the team
members’ performance level at the various
project phases?
In order to conduct this study and find out the level
of motivation and its impact on employees and their
organization, an initial online questionnaire survey
with mainly multiple-choice format was developed.

In designing the questionnaire, an approach similar
to Hwang et al. (2015), which is the widely used
approach by project management researches, is
followed. Once the questionnaire was designed, the
second set of meetings with several experts on project
execution from oil industrial companies were
conducted. The experts, in accordance with people
from academia, were consulted to review the
questionnaire and provide feedback. Consequently,
the comments provided by them were used to redesign
and modify the questions and to improve the overall
format of the questionnaire.

The final questionnaire consists of two sections, A
and B. Section A targets the demographic information
about the respondent including gender, years of
experience, workplace, work area, a position held and
the organization type they are working for. Section A
is carefully designed to address and fulfil a number of
aims. It is used at the beginning as a qualifying part to
determine whether the respondent is a qualified
participant or not. In addition, the different questions
in this section include the design variables of this
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study and accordingly they help in categorizing the
collected data from Section B and understand how,
for example, gender, years of experience affects
motivation. Further, this demographic information
helps us to avoid making wrong or unrealistic
interpretations from the collected data, and hence,
avoid making inaccurate causal statements that may
be associated with descriptive research. Section B
consists of mainly multi-choice questions. These
multi-choice questions aim to measure the effect of
intrinsic and extrinsic motivation in project execution
in the oil and gas industry in Oman and answer the
research questions.

The questionnaire was made available and
distributed via survey monkey website and app (an
online survey-distribution service). Accordingly, e-
mail invitations with the link for the questionnaire
were sent to employees working in different oil and
gas projects in Oman. Furthermore, to enhance and
increase the respondent rate, the link was made
available and sent through social communication
media to random practitioners working in the oil and
gas industry in Oman. The later medium was found to
be the most convenient to reach the targeted
participants and have them participate. From a total of
304 invitations that were sent via emails and social
media, 71 were not valid emails and contact numbers.

Table 1: Overview of motivational factors cited from literature.

4. DISCUSSION OF RESULTS AND
FINDINGS

4.1. Analysis and Validations of Collected Data

The total number of respondents who completed the
survey and cross the qualifying check part is 86
respondents. Thus, the response rate is 36.9%.
According to Shih and Fan (2007), in the meta-
analysis, the average response rate in web-surveys is
19%. Hence, the achieved response rate in this study is
above that average which reduces the probability for
systematic biases due to non-response. Of the 86
respondents, 69 are male and 16 are female with
various years of experience, a likely representation of
gender working in projects in the oil and gas industry
in Oman. The majority of respondents, forming about
(48%) of the sample size, have 5-15 years of
experience followed by (18%) of the sample size
having 0-5 years of experience. The remaining 20 %
of the respondents have more than 15 years’
experience. Out of 86 respondents, around 73% hold
non-managerial position, and the rest hold a
managerial position in various Oil and gas companies
in Oman. This finding supports the actual environment
of projects, as projects need more technical staff than
managerial staff.

Reference

Considered motivational factors

Ferratt and Short (1986)
Herzberg (1987)
with  peers/Personal

Relationship with subordinates;

Need for guidance; social needs; esteem needs; achievement needs; power needs
Company policy and administration; Supervision; Relation with supervisor/Relationship
life (interpersonal

relationships); Work condition;
Security; Achievement;

Salary;

Status; Recognition for

achievement; Work itself; Responsibility; Advancement; Growth

Keller (1978); Kovach
(1987) Kovach (1995);
Fisher and Xue Ya
Yuan(1998)

wages; project reward

work; competition
Verma (1996)

previous success; self-belief

Linberg (1999); Mak and
Sockel (2001)

Wiley (1997);

Baddoo et al. (2006)

Mahaney and Lederer (2006)

Wages and rewards

A full appreciation of work done; tactful disciplining; personal loyalty to employees; good

System; promotional; growth in the organization; sympathetic understanding on personal
problems; job security; good working conditions; feeling of being on things; interesting

Supervision; project culture/environment; reward system competition; work content;

Receiving positive feedback; autonomy; belonging and making a contribution to the entire
system; career development

Favourable annual performance appraisals; Project completion celebration; Job security;

Technical training; Flexible work schedule; Job promotion; Financial bonus; Newer
technology (PC or laptop); Time off; Choice of future assignment; Opportunity to work at
home; Private office space; Pride; Sense of contribution to organization; Public praise

Beecham et al. (2008)

Need to identify with the task; clear goals; working on identifiable pieces of work; tasks

variety; a clear career path; Personal interest and understanding the task; job satisfaction

Tampoe and Thurloway
(1993); Sharp et al. (2009);

Amin et al. (2010)

Recognition; bounded power mutuality/belongings; creative autonomy

Individual Rewards/ Group Rewards/ Tangible Extrinsic Rewards/ Intangible Extrinsic

Rewards; Altruism; Courtesy; Conscientiousness; Civic virtue; Sportsmanship

Rony and Suki (2017)

Employee Extrinsic Reward (promotions and benefits, work location, and working

conditions); Internal communication; Training and Development; Leadership; Employee
Intrinsic Reward (receiving positive values for doing meaningful works)
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Table 2: Summary of intrinsic and extrinsic motivational categories and sub-motivational factors.

Motivational Type Motivational Category

Motivational Factor

Freedom to initiate

Being able to initiate important decisions

Being able to initiate control measure when needed
Having the ability to use their own creativity
Being able to take a time off when needed

Pleasure/Enjoyment/Fu

Having a good relationship with team members and superiors

n Being able to have fun when implementing given tasks and enjoy the

moment

Having a fair competitive atmosphere
Having a personal interest in the assigned task

Task challenges

Intrinsic

Feeling satisfied when performing the task

Assigned to challenging tasks/projects

Being able to identify and understand given/assigned tasks
Having clear task/project goals/scope

Assigned to a variety of tasks

Task achievement

Being recognized for achievements

Being involved during project completion celebration

Feeling proud when completing tasks

Being recognized for previous achievement and success

Being treated as a professional as a result of personal achievements

Others

Receiving non-materialistic rewards

Having good relationships with superiors, peers and subordinates
Other non-mentioned intrinsic means of motivation

Engagement to
company policy

Being able to engage in making policy for the company
Being able to participate in making important decisions

Being able to suggest the future assignment
Being able to influence the roles of team members
Being able to contribute to the organization administration

Rewards

Receiving materialistic rewards

Receiving rewards based on performance

Having a clear promotional system based on performance
Having a group incentive reward system

Having an individual incentive reward system

Receiving rewards as recognition for achievement

Training and
development

Having a clear career and promotional paths
Receiving technical and nontechnical training

Having the opportunity for advancement and growth in the company
Receiving proper guidance and supervision

Work environment

Extrinsic

Having an appreciation of work done
Having job security
Having necessary support and understanding of personal problems

Working with coherent team members

Being part of a team who works in an act of altruism

Being treated with courtesy and good humour

Having good working conditions

Auvailability of needed space and new technologies (office, PC)
Having flexible work schedules

Having the opportunity to work from home

Receiving necessary resources (financial, personnel, material, etc.) and
support from management to complete the work

Salary/wages

Receiving a good salary

Receiving good monthly/quarterly/yearly bonuses

other

Having a good internal communication system

Receiving a favourable annual performance appraisals
Receiving public praise
Other non-mentioned extrinsic means of motivation

Oman, being an oil producer country, depends
heavily on oil production as the main contributor to its
GDP. Especially, stakes are high in projects related to
the exploration and extraction of oil and gas. When
validating the sample size, we find that (85%) of
respondents are from employees working in an
upstream organization as compared to 6% and 9% of
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responses from midstream and downstream
organizations, respectively. Therefore, this higher
response rate from upstream organizations’ employees
is expected due to the bigger size of this sector
compared with the other two sectors. Further, analysis
of collected responses revealed that the majority of
respondents, about (60%), are working in main offices
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while the remaining 40% are based in sites or desert
areas.

4.2. Effects of Intrinsic and Extrinsic Motivation

As stated in previous sections, there are two main
means of motivation. Intrinsic, which are related to the
work itself such that it provides a sense of pleasure,
inventive, enthusiasm, challenge and/or achievement.
The second one is extrinsic means that comes from
outside the actual conducted work like salary,
promotion, benefits, and increased commitment. In
general, the collected statistics, as shown in Fig. 1,
revealed that 60% of respondents believe that extrinsic
factors or means have the major influence on their
performance as compared to 40% who are motivated
intrinsically.

Furthermore, as shown in Fig. 1, employees’
response coincides with the identified intrinsic and
extrinsic factors’ categories that affect employee’s
motivation on the project execution. Very few
respondents identify other factors, apart from the four
intrinsic and five extrinsic categories that motivate
them. Out of 86 respondents, 46% of respondent
selected “Task achievement” suggesting that it is the
major intrinsic factors that affect employee motivation
in the oil and gas industry. Surprisingly, “freedom to
initiate” received the least preferred choice (13%) as
factors of motivation among the four identified
categories. This may be due to the reason that the
nature of the project in the oil and gas industry is
generally complex. Therefore, the employee may
hesitate to take new initiative due to the fear of
backlash if their initiative fails. Task achievement is
followed by “Task Challenges” and “Work Pleasure”
accounting 22% and 15%, respectively.

Similarly, in terms of extrinsic factor, “Salary”
stands out with 44% of respondent suggesting it as a
major influencer of motivation. The finding is
consistent with Monteiro et al., (2015), which has
shown that the individuals’ motivational orientation
is associated with their attitude towards money.
“Salary” is then followed by “Work Environment”,
“Training and Development”, and “Participation in
Policy Making” accounting 18%, 16%, 12% and 7%,
respectively. This confirms that salary is still the
most powerful extrinsic factor to get employees to do
more of what they do.

Further, the respondents were requested to identify
the influential factor that lowers the motivation of the
project team. The results obtained are as shown in Fig.
2. All together five factors were identified, out of
which 51% respondent pointed out that missing
management supports is the most influential factor
leading to a decrease in team motivation. 20% of
respondents selected conflict between team members
followed by lack of rewarding system (16%). Failing
to achieve projects goals and work nature has the
lowest rating among identified factors with 6% and
7%, respectively. From the observation, it is clear that
extrinsic factors belonging to “work environment” and

“rewards” categories have more effect in lowing team
motivation. This highlights the importance of extrinsic
factors when it comes to motivation. Results also
suggest that while people are motivated more by
salary as suggested in Fig. 1, however, the absence of
this motivational factor does not necessarily lower the
team motivation. Nonetheless, definitely, it will not
increase the level of motivation as well.

4.3. Effects of Design Variables on Motivation
Results in section 4.2 do not take into account the
effect of various design variables in the analysis of
motivation. Certainly, the design variables of for
example years of employee experience on work will
influence the factor that affects motivation. It is agreed
that the motivator is a dynamic factor, which changes
with the increase in the employee experience and
position (Shekhar et al., 2013). According to Maslow
hierarchy of need, a human being first tries to satisfy a
physiological need. Once this need is satisfied, other
higher-level needs in the hierarchy dominate as a
motivator until it reaches self-actualization. Therefore,
to analyze such effect, next, the survey results are
segregated based on the various design variables
considered in this study and then analyzed to draw
conclusions.

The effect of years of experience on intrinsic and
extrinsic categories that affect motivation is presented
in the form of a stacked bar chart in Fig. 3. The chart
clearly shows that employees were attracted more by
extrinsic motivators at the beginning of their career.
The percentage of employee motivated by extrinsic
motivator decreases as he/she gains experience and
progresses in their career. As the employee matures (>
15 years of experience), the extrinsic motivator is
replaced with the intrinsic motivator to motivate them
in the project. As shown in the figure, there is a
sudden jump in the percentage of respondents who are
in favour of an intrinsic motivator in this category of
employee.

Tables 3 and 4 presents the overall survey results
obtained by segregating the data based on all the
design variables considered except “Gender”. This is
due to the fact that the number of females who took
part in the survey was very less (less than one third)
as compared to their male counterparts. Note that the
%age figure in the tables is rounded up or rounded
down depending on the decimal value. The following
information can be extracted from Table 3.

e Task achievement is of major importance as an
intrinsic motivator in the initial year of working in
the oil and gas project. As the employee gets
more experience, pleasure achieved from the job
and challenges involved in the task will be the
main motivator. Freedom to take initiatives is
more important to the people who are working in
a non-managerial position as compared to the
manager. This may be due to the reason that as a
manager, the position itself entitle them with the
ability to take initiatives.
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Figure 1. Main intrinsic and extrinsic motivational categories and their importance allotment as preferred by oil and gas

industries employees.
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Figure 3. Effect of experience on motivation.

In the initial years, salary dominates the factor as
an extrinsic motivator. However, rather than
salary, it is a reward system and Training, and
self-development which is important as they
mature. Further, a pleasant work environment
dominates the extrinsic motivation landscape for
those who are working in the midstream section
of the Oil and Gas industry. In this case, the
percentage of the participants who are motivated
by “Work Environment” related factors is three
times higher than those who are motivated by
“Salary” related factors.

The result shows that employee enjoys engaging
themselves in the administrative position (for eg.
developing company policy and procedure) when
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they were somewhere in the middle of their years
of experience. However, even in this case, very
few employees prefer this role to motivate them.
Rather than upstream and downstream, this role is
lucrative for the employee who works in the
midstream section of the oil and gas industry and
is more preferred by the employee working in the
managerial position.

The above results are in consistence with Maslow
theory in which employees try to satisfy the most
important needs first and these can be accomplished
by having a satisfactory monetary value and rewards.

When the monetary need is satisfied, then the
employee will try to satisfy the next need located in
the Maslow hierarchy such as self-esteem and self-
development. Both intrinsic and extrinsic motivators
are important to help the managers to motivate their
team to put all their effort toward the achievement of
projects goal.

Similarly, Table 4 shows the effect of design
variables on other factors related to motivation. The
following information can be extracted from the
table.

Interestingly, for all design variables, missing
management support is found to be the major
factor that will significantly lower employee
motivation except when the employee is highly
matured (i.e., who has a work experience of more
than 15 years). In this case, the employee will be
less motivated towards work if it is not
challenging and the work is of routine nature.

The survey results show that employees
themselves or their counterpart working at the
same level is the person who can have the main
influence on motivation, irrespective of the design
variables. This is then followed by the manager.
This is due to the reason that the employee will
have interaction mainly with their counterpart or
with the manager. Stakeholders have hardly any
role to play to motivate employees towards work.
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e The results show that motivation is important at
the initial phase and the buildup phase of a project.
However, it does not mean that motivation is not
needed at the final closing phase. In general, out of
three phases, most of the participants felt that it is
mainly needed at the buildup phase of the project.

Moreover, it was found from the survey result that
the level of motivation of most of the employees
working in the oil and gas sector in Oman is medium.

Around 46% of the survey participant agreed to this
view. The combined percentages of high and very
high levels indicate that 32 % of employees are well
motivated by their organizations while 21 % of
employees are demotivated. A very low level of
motivation has been found in employees that have 0-5
years of experience. On the other hand, a very high
level of motivation is found with highly experienced
employees.

Table 3: Effect of design variables on intrinsic and extrinsic motivation.
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Table 4: Effect of design variables on other factors of motivation.
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5. MANAGERIAL IMPLICATIONS on employee’s satisfaction, as well as organizational

AND LIMITATIONS

The study identified the motivational factors and
then clustered these factors into categories that belong
to intrinsic and extrinsic motivational types. The study
shows the there are various extrinsic and intrinsic
factors that affect the employee’s level of motivation
at different phases, working experiences and positions.
Therefore, the result of this study can be used by the
concerned authority and project managers to tailor the
motivational factor that suits the need of the individual
employee. This will have a significant positive impact
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goals. The rate at which employees being motivated in
their organization can be improved by focusing more
to mitigate the factors that lower team motivation like
improving management support, managing the
conflict and apply the rewarding system in the
organization. Therefore, every organization should
incorporate motivational packages and incentives in
its corporate policies and plans in order to enable its
implementation without interruptions to their business.
It is recommended that a consistent study and
assessment of individual organization needs to be
carried out in order to know what motivates their
employees and how motivation can affect their
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performance. According to the results, the manager
can develop the necessary action plan and then
implemented it to ensure a comfortable environment
that encourages employees to get their maximum
efforts towards high performances and ensure efficient
and effective project execution.

In this research work, the data were collected only
from employees working in the oil and gas industries
in Oman. Therefore, the analysis and the
interpretation of the data may not be applicable to the
oil and gas industries in other parts of the world.
More research is needed and data needs to be
collected from various countries with significant
project activities in oil and gas industries is necessary
to generalize the research outcome.

6. CONCLUSION AND
RESEARCH DIRECTIONS

FUTURE

The main objective of this study is to define and
evaluate the effect of motivation on project execution
for oil and gas employees in the Sultanate of Oman.
For the purpose, the study was carried out mainly
based on the literature review and questionnaire
survey. Altogether 86 participants took part in the
survey. These participants are working at various oil
and gas companies and at different levels in the
Sultanate of Oman. It can be figured out from the
result that there is a significant relationship between
motivation and employees’ performance. The survey
results revealed that extrinsic factors are the most
influential factor to motivate the employee in their
work. Salary is found to be the powerful extrinsic
motivator for most of the employees. On the other
hand, task achievement and challenge in the work are
found to be the major intrinsic motivation factors
influencing the employee’s performance. The study
also analyzed the effect of various design variables on
motivation. The results show that irrespective of years
of experience, position and organizational type,
missing support from the management is found to
have a major impact in lowering employees
motivation. The result also revealed that motivation is
mainly needed during the initial and buildup phase of
project execution. As a future research direction, this
finding can be considered as a hypothesis that can be
expanded to verify up to what extent this is valid and
answer why motivation is more important at these
phases. Furthermore, the employee himself and their
counterpart are found to be the main person who can
increase the level of employee’s motivation at the
workplace. Most of the workers working in the oil and
gas project in Oman seems to have a medium level of
motivation at work. This is especially true for those
employees who have very few years of working
experience. Further to this, it will be an interesting
extension to anchor the motivational factors and
examine how they are related to achieving the project
scope and meeting the project schedule while
maintaining the project budget.
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Many research articles can be found in literature
dedicated to measuring the maturity level of an
organization to adopt and use project management
tools. However, the scientific literature is still lacking
the development of a solid framework capable of
measuring the maturity level of the motivation system
of the organization. Hence, a possible extension of
studies concerned about the motivation of employees
should consider this direction. Such frameworks can
be more comprehensive by targeting the different
needs of employees during the different phases of the
project execution as well as their years of experience
and containing a number of related key performance
indicators (KPI). Moreover, recently Piya et al.,,
(2020) have identified various factors and their inter-
relationships that affect agility level in the oil and gas
supply chain. Some of the identified factors of agility
will have an impact on employee motivation.
Therefore, the research can be extended to identify the
factors of agility and their level of impact on
motivating employees in the oil and gas project.
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PEDESTRIAN MIDBLOCK CROSSING SAFETY
DEVELOPMENT MODELING IN DOHUK CITY ROAD
NETWORK

Ayman A. Abdulmawjoud *, and Abdulkhalik A. Al-Taei
Civil Engineering Department, College of Engineering, University of Mosul, Mosul-Iraq

ABSTRACT: Pedestrians are vulnerable users walking on foot, having no or little protection-usually provided
by police officers-when trying to cross from a midblock section in urban areas. A lot of conflicts and sometimes
real pedestrian crashes probably took place in some locations in Dohuk City midblock crosswalks. For this
purpose, and to have a comprehensive idea about the safety situation in this city, and what are the main safety
countermeasures needed at some hazardous pedestrian crossing locations, this study was proposed. Data were
collected from twenty crosswalk locations in central business district (CBD), and suburban areas related to
pedestrian movement using two video camera photography to collect data. Data were compiled and presented to
measure pedestrian speeds, space, unit flow, crossroad width, etc., meanwhile, vehicular traffic data related to
crossing volume, speed...etc. were presented too. Safety and security data related to conflicts of pedestrians with
cross vehicles and some actual crash data were obtained from the qualified offices controlling traffic in the city.
The Exponential Model was found as best-fitting conflict rates and pedestrian spaces with high R? in both urban
and suburban areas. Meanwhile, the Quadratic Model was found to best fitting conflict rates and pedestrian
speeds with R? values of 0.764, and 0.818 in both urban and suburban areas respectively. Conflict rates are found
as best correlating the real crash frequency with a high R? value of 0.924 in suburban areas. Conflict rates in both
CBD and suburban areas are going to be decreased as the pedestrian provided space, speed, crossed road width,
and 85th percentile vehicular speed, but increased with the amount of waiting time experienced by pedestrians at
crosswalk edge with R? values of 0.84, and 0.90 for CBD and suburban crosswalks respectively.

Keywords: Conflicts; Crash; Midblock crossing; Pedestrian; Sidewalks.
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Pedestrian Midblock Crossing Safety Development Modeling in Dohuk City Road Network

1. INTRODUCTION

Traffic safety is known as a critical social and a huge
economic matter in Kurdistan Region-lIrag. The rapid
economic growth has produced increased
motorization, particularly in urban areas. In parallel,
the improvements in the infrastructure have
enhanced high traffic mobility and speed. As a result
of a lack of comprehensive pedestrian traffic safety
countermeasures by the government and people’s
low sensibility of traffic safety, the proportion of
traffic crashes and fatalities had constantly increased
over the last five years. These impacts involve tragic
loss in effort, time, money, and human lives.
Moreover, they create growing feelings of a great
lack of safety in all facilities of human lives.

NCHRP, 2008, defined traffic conflicts as an event
involving two or more road users, in which one user
performs some typical or unusual activity such as a
direction or speed that places other users in jeopardy
or crash unless an evasive manoeuvre is undertaken.

Hemasiri, and Edirisinghe, 2010 conducted a study
in Sri-Lanka at pedestrian crossings as most of the
drivers in the country don't follow the rule of "Give
way to pedestrians”. Three main types of field data
were  collected:  video  survey,  observer
measurements, and drivers' interview. Six different
Zebra crossings located within the limits of the
Kandy-Peradeniya-Gelioya road segment were
selected for field surveys. The behaviour of drivers
with pedestrians was summarized in this study to use
as a guideline to improve pedestrian safety.

Hussein and Neham, 2008, investigated three "T",
and, four "cross" legs signalized intersections in Iraqi
Capital, Baghdad, to study the traffic conflicts as a
surrogate to traffic crashes. They considered shapes
of conflicts mostly took place at signalized
intersections. Conflicts were correlated to approach
spot speed, stopped vehicles near signals control,
delay time, and some other traffic geometric
parameters of the intersection approach such as lane
width, median width, and length of the auxiliary
lanes constructed near left-turn movement. The study
concluded that conflicts are mostly correlated
linearly to stopped delay time with R?=0.978,
meanwhile, an exponential model described the
relationship between conflict rate and traffic volume
with R? from 0.77 to 0.94 acceptable on 90%
significance level. Multiple regression analysis
showed that conflict rates increased with increasing
approach spot speed, but reduced with increasing
lane width, median width, and availability of
auxiliary lanes.

Diogenes and Lindau, 2010, evaluated the
pedestrian safety and analogy of midblock crossing
with the highest number of pedestrian crashes in
Porto Alegre city, Brazil. Twenty-one crosswalks
were chosen for evaluation. Results show that
pedestrian crash hazard was affected by a

combination of interacting hazard factors, such as the
presence of bus stops, number of lanes, road width, and
the volume of vehicles and pedestrians.

Zhang et al., 2019, investigated the behaviour and
safety of pedestrian crossing at midblock crosswalks.
For this goal, twelve midblock crosswalks located in
Wuhan, China were chosen to gather data through field
investigation. Descriptive statistics were applied to
resolve pedestrian crossing attitudes and the allocation
of pedestrian-vehicle conflicts. Three models for
pedestrian-vehicle conflicts analysis were found to
measure the influence of various factors on pedestrian
safety. Also, it was pointed out that pedestrian
behavioural properties such as rolling gap mode,
crossing with others would obviously increase the
potential of pedestrian-vehicle conflicts.

1.1 Pedestrian Safety Problem

Pedestrian safety problem in Dohuk City is merely
related to the sprawl in both population, and vehicles,
especially in the last five years. Terrorist attacks to
wide lands around the Kurdistan Region in Mosul,
Anbar, and Kirkuk cities caused the migration of a lot
of people to the region congesting both roads, and
crosswalks due to the unusual movement of both
people and vehicles in Dohuk City road network.
Figure 1 is showing the trend of car ownership in
Dohuk City between the period 2002 up to 2014. The
average number of growths in car ownership was
increased by 12 per cent between 2010 and 2014
periods (Accident Data Files, 2015). Vehicle-
pedestrian conflicts increased as it seems clear from the
crash statistics compiled by the Directorate of Traffic
Police in Dohuk City Crash Files.

1.2 Study Purpose

To reveal some of the tragedy related to the safety of

the pedestrians, or the unprotected users walking on

foot, the following goals are planned:

e  To prepare a database related to pedestrian safety
in Dohuk City for future research or
development.

e  To collect crash data related to pedestrians and
where mostly the problem is probably going to
accumulate.

e Nature of traffic conflicts produced between
vehicles and crossing people, especially at peak
service hours;

e To correlate pedestrian crashes with conflict
rates on midblock pedestrian crossing zones;

e  To correlate conflict rates with other pedestrian
crossing parameters, and some road geometric
parameters.

2. RESEARCH METHODOLOGY

To execute the main goals of this study, a certain area
was selected including all the urban, and suburban areas
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Figure 1. Number of vehicles owned by the people in Duhok City during the period (2002-2014), (Accident Data Files,

2015).

of Dohuk City. Figure 2 shows the selected areas,
which is a type of GIS Map taken from the City
(Golden Guide, 2010). Figure 3 shows the flow chart
of the proposed methodology, which contains the
main types of data collected. Traffic conflicts is an
event that can be observed showing the interaction of
vehicle against pedestrians while crossing the road.
Conflicts used by Glauz and Migletz, 1980, as
surrogates for the prediction of crashes at some
hazardous locations are selected to study pedestrian
crossing behaviour.

Using the conflict data collection form used by
Glauz and Migletz, 1980, thousands of conflict data
were observed between vehicles and pedestrians in
both CBD and suburban crossing locations selected
for analysis in this study. In this form, conflicts are
classified into major conflicts (M.C.), and secondary
conflicts (S.C.), Major conflicts are those related to
turning or through movement contacts with
pedestrians represented by some dangerous action or
longhorn. Meanwhile, minor conflicts are represented
by brake light during pedestrian crossing as a
parameter to draw out some conclusions. Conflict
rates per 1000 vehicles were computed for this
correlation using the following equation given by
Glauz and Migletz, 1980:

Conflict Rate/1000 Vehicle = (NCO/TVO) X 10 Q)

where:

NCO: Number of conflicts observed during three
hours of study; and

TVO: Total number of vehicles counted during the
same period of time in thousands.

Conflict rates during the period of observing
pedestrians were recorded in order to take an opinion

about the critical situations. Pedestrians were usually
subjected to driver frustrations when passing the road in
the existence of mechanized traffic. Crash data was
compiled from crash data files from the Directorate of
Traffic Control in Dohuk City, 2015, through the period
(2009-2014) which is the up-to-date provided crash data
to represent the safety behaviour of pedestrians crossing
from different midblock locations. Crash data were
provided only for suburban area pedestrian crossing
locations meanwhile; CBD area crashes were not
registered. Location selected on both areas within
Dohuk City in this study is midblock segments not near
to any congested signalized or unsignalised intersection,
and those candidates as dangerous by police officers.
Other data related to pedestrian flow parameters such as
unit flows, speeds, spaces, etc., were collected from
video filming and manually transferred into computer
files. The huge volume of the compiled data was
analyzed using SPSS Program version 24, 2017, and
Microsoft Excel Package.

Figure 4 shows two locations one of them in CBD and
the other in suburban Dohuk City area where data
cameras had been fitted on illumination poles or at
some vantage points for photography.

3. ANALYSIS OF RESULTS AND
DISCUSSIONS

In order to start the stage of results analysis and
discussions, the twenty locations were investigated, ten
of them are in the CBD area and the other ten is in
suburban areas. To start the data analysis in this study,
peak hour demands between (8:30-10:30 A.M.), and
(5:30-7:30 P.M.) were selected as peak morning and
evening periods for both vehicles and pedestrians and
limited exactly in order to concentrate data collection
and analysis.

128



Pedestrian Midblock Crossing Safety Development Modeling in Dohuk City Road Network

@ Location of pedestrian observations (E/37.3°N/43.9°, E/37.5°N/43.15°)

Figure 2. Dohuk City study area with 20 data collection locations, Golden Guide, 2010.
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Figure4. Two photos showing two of the pedestrian
crosswalks in both CBD and suburban areas: (A)

Figure 3. Research methodology workflow diagram.

Panorama Centre Commercial. CBD pedestrian
crosswalk. (B) Shelan Hospital (Qazi Mohammad
St.). commercial suburban pedestrian crosswalk.
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Figure5. Effect of pedestrian space on the conflict rate in
midblock crosswalks in Dohuk City CBD and
suburban areas.

3.1 Pedestrian Conflict and Pedestrian Space
at CBD and Suburban Crossing Locations

Pedestrian conflicts (i.e., both major and secondary
conflicts) were computed in rates per 1000 vehicles
from Eqgn. (1) and correlated with pedestrian provided
space in m%/pedestrian (m?/ped.) which is the number
of pedestrians occupying an area of one square meter
at the crosswalk during the crossing process stated by
the HCM, 2010. The space variable was counted
automatically from an area of one square meter using
photoshop and Excel sheet limited with photo zoom
picture by picture. Figure (5) shows the variation of
conflict rates with space. A relationship is described
by Exponential Models with a good correlation of
determination coefficients R? of 0.906 and 0.866 for
both CBD and suburban locations, respectively.
Equations (2) and (3) reflect the fact that as pedestrian
move closer, conflicts with the adjacent vehicles will
increase. The form of the models derived are as
follows:

Y; = 683.35e7007x

@
®)

Y, = 745.55e70042x

where:

Y1: Conflict rate/1000 vehicles in Dohuk City CBD
crosswalks;

Y2: Conflict rate/1000 vehicles in Dohuk City
suburban crosswalks; and

X: Pedestrian space in m?/ped.

Correlations between conflict rate and pedestrian
space were implemented using the above statistical
analysis by both simple and multiple regression to
show the effect of the independent on the dependent
variable and what shapes of empirical models are
correlating them.

3.2 Pedestrian Conflict and Pedestrian Speed at
CBD and Suburban Crossing Locations
Conflict rates and pedestrian speed variations on the
crosswalks located in both CBD and suburban areas are

shown in Fig. 6. Coefficients of correlation R? are 0.764
and 0.818 for CBD and suburban crosswalks
respectively. The best models are 2nd Degree
Polynomial Models with the following mathematical
forms:

Y, = 770.9X% + 2332X — 1259

(4)

Y, = —4044.7X% + 12492X — 9136.2 (5)
where:

Y1: Conflict rate/1000 vehicles for CBD crosswalks;

Y2: Conflict rate/1000 vehicles for suburban crosswalks;
and

X: Pedestrian speed, m/s.

Figure 6 shows that at an optimum conflict rate of
about 500 conflicts/1000 vehicles, the pedestrian speed
is around 1.55 m/sec. Both trends are going to increase
with the increase of pedestrian speed up to the above-
mentioned number of conflict rate and then goes down to
reduce. The conflict rate decreases for suburban after a
certain speed, since the number of pedestrians in the
suburban is low with higher walking speed.
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Figure 6. Effect of conflict rate on pedestrian speed on
midblock crossing sections in Dohuk City CBD
and suburban areas.
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3.3 Pedestrian Traffic Crash Frequency and
Conflict Rate Correlations

In order to detect how much traffic conflicts,
represent the chance of traffic crashes to occur on
pedestrian crosswalks, crash data and conflict rates
are correlated in this study to know the empirical
relationship combining them. The analysis was
implemented for suburban locations only using a
step-wise form of the SPSS program; as the CBD
investigated locations did not have enough crash data
to perform the analysis required.

Crash frequency and conflict rates data in a suburban
area was plotted to find if there is any correlation with
the conflict rates at suburban crosswalks. Figure 7
shows the predicted model obtained, which indicates
that crashes increase as conflict rate increases on
suburban crosswalks, up to a peak value of 43 crash at
365 conflicts rate/1000 vehicles, then decrease as
conflict rates increase as drivers are going to be more
sensitive and awake to drive obeying traffic rules and
ordinances. This correlation is describing an empirical
crash field data registered by police officers and
conflicts from photography filming with manual data
counting. In this crosswalk a special Zebra type is
needed, in addition to an automatic push-button
pedestrian crossing signal installation will be very
useful to survive people's life, especially school
students and elderly people. Some of the cross
midblock locations investigated in this study are more
than 10 meters wide, and some pedestrians are not so
fast to cross, in this case, an overpass is required as a
safe structure to provide more safety and security to
some weak type pedestrians. The mathematical model
is a 3rd Degree Polynomial with R? of 0.924 as
follows:

Y = —1E — 06X® — 0.0003X2 + 0.7346X — 117.6  (6)

where:

Y: Crash frequency of pedestrians on suburban
crosswalks, and

X: Conflict rate of pedestrians on suburban crosswalks
in conflicts/1000 vehicles.

This result is supporting many other results found
elsewhere, that crashes could be represented or
replaced by conflict rates in other safety research or
safety supporting projects such as those implemented
by Khalik, 1997.

3.4 Analysis of conflict rates with pedestrians
and other traffic and geometric
characteristics of the crossing locations

Pedestrians are usually coming to crosswalks to pass
safely as soon as possible with minimum delay time
and without interaction with the passing vehicles. This
condition is highly affecting the behaviour of the
pedestrian, which may lose his/her patience to cross
without care. In this study, conflict rates are correlated
with five main factors to know how they affect

pedestrian safety in both CBD and suburban areas. The
main factors selected for step-wise correlation analysis
with pedestrian conflict rates (as a dependent variable)
are provided pedestrian spaces, the pedestrian speed at a
crossing, road width which is the total approach width
from curb to curb distance without considering median
width as a geometric variable, 85th percentile vehicular
traffic speed, and pedestrian waiting time. The analysis
is performed for both CBD and suburban crosswalk
locations included in this study. The analysis was
performed using the SPSS program. The model variable
introduced are described as below:

Y1 Conflict rate in conflicts/1000 vehicles on CBD
crosswalks;

Y, Conflict rate in conflicts/1000 vehicles on
suburban crosswalks;

X1 Pedestrian space measured in m?/ped;

X, Pedestrian speed at crosswalks in m/sec;

X3 Total width of a crossed road in (m);

X4 85th percentile vehicular traffic speed on main
crossed road in km/h; and

Xs Pedestrian waiting time on road curbstone in
sec/ped.

3.4.1 Pedestrian conflict rate modelling in
Dohuk City CBD area crosswalk

Step-wise regression analysis correlating conflict rates
on CBD crosswalk, and other variables listed above is
shown below:

Y, = 813.958 — 4.871X; — 22.251X, — 17.344X; —
12.318X, + 45.766Xs )

From the above model, it is shown that some of the
variables are going to decrease conflict rates, meanwhile,
only one is going to increase it. Pedestrian space, and
speed, is going to decrease it, and the same effect seems
for road width, and vehicle speed too, but pedestrian
waiting time on curbstone on CBD is going to increase
them. Collinearity table which shows the interaction
among the five independent variables, X1, Xz, Xs, Xa,
and Xs is shown in Table 1.

Analysis of variance ANOVA is shown in Table 2 for
the predicted model.

The derived model produced multiple correlation
coefficient for the total model of R?= 0.84. VIF is best
showing that collinearity is very weak as its value is less
than 5.0, and the P-value of 0.838% is less than 5%
required insignificance level (Anderson, 2008). In Table
2, the F-calculated value is more than the standardized
value of F at 5% insignificance level of 3.84, this means
that regression coefficients are the best-fitted values as
the null hypothesis will be rejected. The partial
correlation matrix shows no collinearity among the five
independent variables, and proof model validity as it is
shown in Table 3. Figure 8 shows the uniform
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Table 1: Collinearity matrix of independent variables X1, X2, Xs, X4, and Xs for step-wise regression analysis of conflict
rates on Dohuk City CBD crosswalks.

pregicor Coetticients  Sandard Studert Provbilty of tion
Factor (VIF)

Constant 813.958 976.666 0.833 0.451 -

X1 -4.871 7.386 -0.659 0.546 2.667

X2 -22.251 405.281 -0.055 0.959 2.153

X3 -17.344 24.569 -0.706 0.519 1.193

X -12.318 10.757 -1.145 0.316 2.558

Xs 45.766 41.532 1.102 0.332 3.349

Table 2: Analysis of variance of variables included in the regression analysis of Y1, X1, X2, X3, Xs, and Xs of conflict rates
on Dohuk City CBD crosswalks.

Source of pr ss MS F p
Variation

Regression 141363.85 28272.77 4.12 0.00838
Error 4 27449.28 6862.32

Total 9 168813.13

Table 3: Partial correlation matrix of the step-wise regression of Y1, on the other variables X1, X2, X3, X4, and Xs of conflict
rates on Dohuk City CBD crosswalks.

Variables Y1 X1 X2 X3 Xa Xs
Y1 1.00

X1 -0.20 1.00

X2 -0.117 -0.416 1.00

X3 -0.110 -0.017 -0.007 1.00

X4 -0.233 -0.307 -0.395 -0.022 1.00

Xs 0.241 0.474 -0.685 0.221 0.439 1.00
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Figure 8. Expected and observed regression validation of
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diagonal line on Dohuk City CBD midblock
crosswalks.
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Table 5: Analysis of variance of variables included in the regression analysis of Y1, X1, X2, X3, X4, and Xs for conflict rates

on Dohuk City suburban crosswalks.

Source of D.F. SS MS F P
Variation

Regression 5 150203.28 30040.656 7.3 0.0048
Error 4 16460.632 4115.158

Total 9 166663.912

Table 6: Partial correlation matrix among Y2, and other variables X1, X2, X3, X4, and Xs for conflict rates on Dohuk City

suburban crosswalks.

Y2 X1 X2 X3 X4 X5
Y2 1.00
X1 -0.550 1.00
X2 -0.450 0.295 1.00
X3 -0.182 -0.151 0.589 1.00
X4 -0.233 -0.159 0.282 0.065 1.00
X5 0.013 0.252 0.262 0.522 0.217 1.00

distribution of SSE values around the diagonal of the
normal probability plot around the zero value of the
SSE, which represents the model validation as plotted
using the SPSS programme.

3.4.2 Pedestrian conflict rate modelling in Dohuk
City suburban crosswalk

Step-wise regression analysis correlating conflict rates

on Dohuk suburban crosswalk and other same

variables listed above is shown in the model

represented in egn. 8 as below:

Y, = 698.479 —3.815X, — 301.984X, — 12.829X, —
0.966X, + 1.016Xs (8)

From the model, it is shown that some of the
variables are going to increase conflict rates,
meanwhile, others are going to decrease it. Pedestrian
space, pedestrian speed, total road width, and 85th
percentile vehicle speed is decreasing conflict rates
but, pedestrian waiting time on the curbstone of Dohuk
City suburban area is increasing it. The collinearity
table representing the interaction among the five
independent variables X1, Xz, Xs, X4, and Xs is shown
in Table 4.

Figure 9 shows the uniform distribution of SSE
values around the diagonal of the normal probability
plot around the zero value of the SSE, which
represents the model validation criteria as plotted
using the SPSS program.

4. CONCLUSION

According to the size of data collected and the
techniques used to analyze it and decide what is
necessary to solve the pedestrian safety problem in
Dohuk City in both CBD and suburban crosswalks.
The following conclusions could be drawn out:

e Vehicle conflicts and pedestrian space are related

in Exponential Models with R?=0.906 and R?=0.866
in CBD and suburban crosswalks respectively.

e Vehicle conflicts and pedestrian speed are related
in Quadratic Polynomial Models with R?=0.764 and
R?=0.818 in CBD and suburban crosswalks
respectively. The optimum value was 500 conflicts
/1000 vehicles at pedestrian speeds of 1.55 m/s.

e Crash and conflict rates correlations in the
suburban area show a Cubic Polynomial Model with
a high coefficient of multiple determination R? of
0.924. The function is best fitted with a peak crash
frequency at 365 conflict rates per 1000 vehicles at
an optimum crash frequency of 43. The model
concludes that in suburban area crosswalks conflict
rates could be considered as a surrogate to crash
frequency in describing the safety condition in
Dohuk City suburban area.

e Conflict rate per 1000 vehicles happened in Dohuk
City CBD and suburban crosswalks decrease with
pedestrian provided space, speed, crossed road total
approach width, and 85th percentile vehicular speed,
but increases with the amount of waiting time
experienced by a pedestrian at crosswalk edge with
R? values of 0.84 and 0.90 for CBD and suburban
crosswalks respectively.

A lot of changes are found necessary to be
recommended to develop pedestrian movement safety
in Dohuk City in both CBD and suburban crosswalks,
such as pedestrian crossing automatic signs, zebra, and
pelican crossing markings where they are justified in
order to reduce or eliminate conflicts, and/or crash
occurrence near or at crosswalks and make crossing
easier for pedestrians. Formal analysis obtained a lot of
results that recommend some locations need overpass
bridge structures to isolate pedestrians from the rapid
hazardous traffic vehicles travelling with high speeds
and, this selection is needing more study by decision-
makers to put down the type of each solution needed.
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Abstract: In the present article spinel phase magnesium aluminate was synthesized using Magnesium nitrate, Al-
nitrate precursors in 1:2 molar ratio using urea and thiourea as fuel and reducing agent. Nitrate salts were mixed
in a stoichiometric ratio in distilled water with three different molar ratios of two different fuels: urea and
thiourea. The temperature of crystallization was obtained after thermal analysis followed by annealing at a fixed
temperature, fixed soaking period for urea as fuel while variable temperature and soaking period were required
for thiourea as fuel. FTIR analyses were carried out of the samples to verify the M-O co-ordinations for the
phase formation. Prominent octahedral M-O stretching was noted at about 609 cm-1 while that of Al-Mg-O
stretching was noted at about 1100 cm-1 for thiourea based samples. Using Urea as fuel Al-O stretching was
noted at about 539cm-1 while that of Al-Mg-O vibration was noted at about 677cm-1. Morphological features of
the synthesized samples were observed by SEM. Agglomeration was noted for both urea and thiourea as fuel
having irregular polygon shape. Using thiourea as fuel, a bit of porous structure was noted while for urea as fuel
negligible porosity was noted.

Keywords: Magnesium Aluminate; Thermal analysis; Phase analysis; M-O co-ordinations; Morphology
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Development of Spinel Magnesium Aluminate by Solution Combustion Route Using Thiourea and Urea as Fuel

1. INTRODUCTION

Magnesium aluminate has lots of industrial applications due
to its high melting point (2135°C), high-temperature
mechanical strength, chemical inertness, thermal shock
resistance, chemical resistance, and low thermal expansion
coefficient. (C Pacurariu et al. 2007; S.R. Ghosh et al. 2018;
Ali Saberi et al. 2008; P VV Marakkar Kutty et al. 2013) The
presence of such properties makes the compound suitable as
high-temperature refractory material for both cement rotary
kiln, and steel ladle. In the initial decades, chromite-based
spinel is extensively used for steel making, glass tank
regenerators, rotary kiln and even for copper industry.
However, environmental concern regarding Cr+6 species
from the chromite spinel is a hindrance to its applications.
(Chandrima Ghosh et al. 2015) The above compound has
spinel structure represented by the formula AB204 where A
is the divalent ion, B is the trivalent ion and O represents the
anion. Divalent Mg and trivalent Al ions occupy tetrahedral
(1/8 of available) and octahedral sites (1/2 of available)
respectively. (Shiva Salem 2015) The particular spinel
ceramic also has excellent optical properties and can be used
for transparent ceramics. The optical property enhances its
eligibility as a prominent candidate material for transparent
armour and visible-infrared windows. It is also utilized for
ceramic paints and for making catalyst support, membranes,
dye absorbent and as sensors. For the successful application
of spinel aluminate as dye absorbent, catalyst, sensors, spinel
fabricated needs to possess high purity, controlled particle
size, high surface area and uniform pore size distribution.
(Narges Habibi et al. 2017) Spinel magnesium aluminate also
acts as a potential candidate for humidity sensors. In recent
researches, it is noted that spinel magnesium aluminate as one
potential candidate for photocatalyst to decompose reactive
red methylene used as a dye for industrial operations.
(Mostafa Y Nassar et al. 2014) Purity, particle size, chemical
homogeneity, and reactivity of spinel magnesium aluminate
are influenced by the synthesis route. (Ali Saberi et al. 2008)
The material is found to be synthesized by various methods in
addition to solid-state reaction like sol-gel (Debsikdar J.C
1985; Naskar M.K. et al. 2005) precipitation (Li J-G et al.
2000), aerosol method (Yang N et al. 1992), co-precipitation
(Guo J et al. 2004), combustion synthesis, freeze-drying,
decomposition of an organometallic complex in super critical
fluids, hydrothermal route, plasma spray decomposition of
powders, (Bickmore R Clint et al. 1996; Bratton R.J. 1969;
Barj M. et al. 1992; Pommier C. et al. 1990; Yang Ning et al.
1992; Vamier Olivier et al. 1994) microwave-assisted
combustion route (Torkian Leila et al. 2011), polymerized
complex method (Lee P.Y et al. 2006; Du Xuelian et al.
2014), mechanochemical route (Domanski D. et al. 2004),
self-propagating high-temperature synthesis (Gorshov V. A.
etal. 2017) and others.

In the present article, spinel magnesium aluminate is
synthesized using urea and thiourea as fuel and reducing
agent for three molar ratios along with nitrate precursors. The
annealing temperature is confirmed after carrying thermal
analysis of mixed solutions followed by phase analysis,
bonding analysis and morphological studies.

2. EXPERIMENTAL METHODS

AR grade of magnesium nitrate, aluminium nitrate, urea and
thiourea were used as precursors for synthesizing spinel. The
stoichiometric ratio of magnesium nitrate, aluminium nitrate
were taken in 1:2 molar ratios in distilled water for stirring.
The solution undergoes stirring by magnetic beads for
sufficient time. After proper mixing of nitrates urea, thiourea
was added in 1.25, 1.50 and 1.75 molar ratio with respect to
nitrate salts and again undergoes stirring for about 1 hour to
ensure homogeneity. The resultant solution undergoes drying
in an oven (heater) at about 80°C for about 3-4 hours to
obtain a dry gel-like mass. The gel was put into DTA-TGA
analyzer (Diamond Pyris, Perkin Elmer) in presence of
Nitrogen atmosphere at the heating rate of 10°C/min for
determining the thermal characteristics of the sample.
Crystallization temperature for spinelization was obtained and
after that, the gel was put for annealing at 700°C for 5
hours in the case of urea as fuel. The annealing
temperature was 700°C for 5 hours, 800°C for 4.5
hours and 900°C for 4.5 hours respectively for
thiourea as fuel. Phase analysis was carried by XRD
(Rigaku, Ultima III) having Cu Ko wavelength of
1.54A, 40KV with a scan range of 10-80° having a scan
rate of 5°/minute. Bonding analysis was carried by FTIR (IR
Prestige-21, Shimadzu) to determine M-O coordination of the
required phase after preparing pellet samples with KBr.
Morphological structures were analyzed by SEM (Jeol, JAX
840A) using carbon conducting tape to stick the powder
sample for better resolution and to avoid electrostatic
charging.

3. RESULTS AND DISCUSSIONS

DTA-TGA curve exhibits initial weight loss in the
temperature range between 100-200°C. From the
curve in Fig. 1 two prominent endothermic peaks at
about 100°C and 200°C are noted. First one suggests
the removal of physically absorbed water and 2nd one
suggests removal of structural water.

A large exothermic peak is observed due to burning or
oxidation of organic compounds which is mainly
mainly a combustion of carbonaceous and sulphur
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Figure 1. DTA-TGA curve of Magnesium nitrate: Al-
nitrate precursors in 1:2 molar ratio with
thiourea as fuel and reducing agent having a

heating rate of 15°C/min.
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elements due to thiourea corresponding to 2"
prominent weight loss. A minor endothermic peak is
observed around 350°C due to the initial formation of
y-alumina. (Macédo Maria laponeide Fernandes et al.
2007) The second endothermic peak with minor
weight change is noted due to possible dissociation of
nitrate precursor salts at about 450°C (Macédo Maria
laponeide Fernandes et al. 2007). A broad weak
exothermic peak ranging from 500°C to 700°C is
noted which corresponds to the initiation of the
crystallization process and records the third weight
loss. Crystallization of gel from precursors always
involves weight loss and undergoes exothermic
reaction. Weight loss occurs possibly because of the
presence of the multicomponent compound and their
interactions. The stability of weight loss indicates full
onset of the crystallization process.

Figures 2-7 represent XRD spectra of the
synthesized sample using Urea and thiourea
respectively as fuel. Three different molar ratios of
1.25, 150 and 1.75 are considered for each fuel
respectively. It has been noted that for spinel
magnesium aluminate synthesized by urea annealing
temperature and soaking period are kept fixed. For
such conditions, spinel has been noted for all molar
ratios of urea as fuel, reducing agent. Peak intensity is
optimum for all cases. Slight amorphous nature of
spectra is noted for all cases. Lower urea fuel ratio of
1.25 exhibits much better crystalline nature of spectra
than higher fuel ratio. It may be possible due to
higher reduction tendency and calorific value of fuel
with more molar ratio which could also possibly
accelerate the reaction and shorten the transformation
period to induce the required phase. In contrast with
thiourea as fuel, the reducing agent annealing
temperature is increased. Annealing temperature and
soaking period carried are carried as follows 700°C
for 5 hours, 800°C for 4.5 hours and 900°C for 4.5
hours, respectively. The crystallinity of peaks got
increased with temperature for thiourea but in the
present research the focus is on lower temperature
spinelization hence for both fuels 700°C for 5 hours is
taken as reference. For both cases, successful spinel
phase formation is noted. For urea, spinel formation is
verified by comparing the XRD spectra with JCPDS
card file #01-077-1193, #01-075-1800, #01-082-2424
and #01-077-0437 respectively. For thiourea based
fuel spinel is verified by comparing the XRD spectra
with JCPDS card file #01-086-0085, #01-075-1800,
#01-082-2424 and #01-077-0437 respectively. Using
urea as fuel all peaks are indexed as spinel phase. No
intermediates or other phases are noted. Major planes
of growth for Spinel is noted along (311), (220),
(111), (400), (511) and (440) planes. A similar trend
is also noted for thiourea as fuel and reducing agent.
For thiourea based fuel no intermediates or presence
of other phases are noted except for only spinel phase.
Crystallite size is calculated by Scherrers formula
t=0.9M/BCosB where t is the crystallite size, A is the
wavelength, Cu Ka = 1.54A, B is the full width of
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half mean, 0 is the angle corresponding to the spectra.
For 1.25, 1.75 molar ratio of urea, crystallite size is
found to be about 36.52nm, while for 1.50 molar ratio
it is noted to be about 48.69nm. In the case of
thiourea, crystallite size is calculated and noted to be
about 42.96nm, 48.69nm and 73.02 nm respectively.
Such variation in crystallite size is noted since
annealing temperature varies. In the present context,
the focus is on lower temperature synthesis
henceforth, further analyses will be carried for
samples synthesized at 700°C for 5 hours for both
urea, thiourea as fuel where full phase development is
noted from XRD analysis.

Figures 8-9 represent FTIR spectra of spinel
synthesized using urea and thiourea as fuel. For both
cases, scanning range is within 450-4500cm™ while
major M-O coordinations are noted within 1000cm™.
It has been noted for the urea-based synthesis of
spinel, M-O coordinations are noted mostly within
1000cm™. AI-O stretching is noted at about 539cm*
while Mg-O-Al vibration is observed at 677cm™
approximately. The FTIR analysis is noted to be in
correspondence with research findings by (S.R. Ghosh
et al. 2018; Mukherjee 2020). For thiourea, M-O
coordinations are noted for Al-O stretching, Al-Mg-O
stretching at about 609cm?® and 1100cm
respectively. Spectral peaks at about 1655cm™,
2356cm™* and 331lcm? are noted for H-O-H
stretching, CHs-CH, vibration, and O-H bonding
vibration. The presence of H-O-H stretching, O-H
vibration is possibly due to some physically absorbed
moisture on the surface of the sample since FTIR
analysis is carried in a normal atmosphere without any
purging of gas. Figures 10 and 11 represent
morphology obtained by SEM analysis of spinel after
annealing at 700°C for 5 hours using thiourea and
urea of 1.25 molar ratios as fuel. For both fuels,
agglomeration tendency is observed with the irregular
polygonal shape of the agglomerated chunk. Figs. 10
A and B represent morphology for thiourea based
spinel samples with minor porosity on the surface and
negligible interconnected porosity. Figure 10 B
exhibits agglomerated chunk for spinel by thiourea as
fuel having irregular step around the periphery of
agglomerate with some convex fracture at some
portion of the chunk morphology. Figures 10 A-D
execute individual particulates to be spherical or bean
shape to irregular polygonal shape for thiourea based
fuel for spinel formation. Figure 10 D represents a bit
flaky structure for some portion. Figure 11 B
represents an agglomerate chunk with a polygonal
shape having sharp edges while the size of the
agglomerated chunk is noted to be about 4 um while
individual particulates are about 0.2um. Figures 11 A-
C execute dense compact formation of spinel using
urea as fuel in compare to a bit porous structure noted
using thiourea as fuel. Individual particulates are
spherical with agglomerate having dimensions close
to 2.5um to Spm. Individual particulates are noted to
be about 0.3um to 0.4um in range.
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Figure 2.  XRD spectra of Magnesium nitrate: Al-nitrate Figure 5. XRD spectra of Magnesium nitrate: Al-nitrate

precursors in 1:2 molar ratio with urea as fuel precursors in 1:2 molar ratio with thiourea as
and reducing agent having 1.25 molar ratio fuel and reducing agent having 1.25 molar
after annealing at 700°C for 5 hours. ratio after annealing at 700°C for 5 hours.
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Figure 6. XRD spectra of Magnesium nitrate: Al-nitrate
Figure 3. XRD spectra of Magnesium nitrate: Al- precursors in 1:2 molar ratio with thiourea as
nitrate precursors in 1:2 molar ratio with urea fuel and reducing agent having 1.25 molar
as fuel and reducing agent having 1.50 molar ratio after annea“ng at 800°C for 4.5 hours.
ratio after annealing at 700°C for 5 hours.
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Figure 7. XRD spectra of Magnesium nitrate: Al-nitrate
Figure 4. XRD spectra of Magnesium nitrate: Al-nitrate precursors in 1:2 molar ratio with thiourea as
precursors in 1:2 molar ratio with urea as fuel fuel and reducing agent having 1.25 molar
and reducing agent having 1.50 molar ratio ratio after annealing at 900°C for 4.5 hours.

after annealing at 700°C for 5 hours.
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Figure 9. FTIR spectra of Magnesium nitrate: Al nitrate
precursors in 1:2 molar ratio with thio urea as
fuel and reducing agent having 1.25 molar ratio
after annealing at 700°C for 5 hours.

Figure 8. FTIR spectra of Magnesium nitrate: Al-nitrate
precursors in 1:2 molar ratio with urea as fuel
and reducing agent having 1.25 molar ratio after
annealing at 700°C for 5 hours.

Figure 10. SEM morphology of Spinel Magnesium Aluminate using thiourea as fuel and reducing agent having 1.25
molar ratio after annealing at 700°C for 5 hours.
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Figure 11. SEM morphology of Spinel Magnesium
Aluminate using urea as fuel and reducing
agent having 1.25 molar ratio after annealing
at 700°C for 5 hours.

CONCLUSION

Spinel magnesium aluminate was prepared using
thiourea and urea as a fuel and reducing agent.
Thermal analysis of precursors along with fuel
indicate the onset of crystallization in the range of
500-700°C. The goal of low-temperature spinelization
was achieved for both cases as the temperature was
about 700°C with 5 hours soaking period and
confirmed from XRD phase analysis. FTIR analysis
confirmed the M-O coordinations and it was noted
that Al-O coordination was about 539cm* while Mg-

140

O-Al vibration was observed at about 677cm™.
Agglomerated mass with irregular polygon shape was
noted as morphological features after using both urea
and thiourea as fuel, reducing agent for synthesizing
spinel magnesium aluminate. Using thiourea as fuel,
the dimension of the agglomerated chunk was about
4um and for individual particulate, it was about
0.2pm. Similarly, using urea as fuel agglomerate was
in the range of 2.5 to Spum and for individual
particulate was about 0.3 to 0.4um. Thiourea induces a
slight porosity in structure while negligible dense
mass was noted using urea as fuel.
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