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Analysis of Changes in the Procurement Process in a 
Transport Company Caused by Implementation of Digital Twin 

By Yekaterina Kovaleva      
 Peter the Great St. Petersburg Polytechnic University  

Abstract- This article illustrates the changes in the process of purchasing parts and components 
in a railway company when implementing a smart asset management system. The processes 
built in BPMN notation illustrate the flow of work that is understandable for people with different 
backgrounds. When analyzing the process as it is, the company's weaknesses were identified, 
which justified the need to introduce new technologies. In the modern world, there are many 
solutions for asset management automation. During the analysis, it was decided that the 
company needs a new information system supported by the constant collection of data from 
smart sensors. Such a system is a digital twin of vehicles, which makes it possible to predict 
future changes and make timely decisions. To demonstrate the improvements that the company 
can get, the processes were built as they should be, and conclusions were drawn on what 
positive effect the implementation of the new system will have.  
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Analysis of Changes in the Procurement 
Process in a Transport Company Caused by 

Implementation of Digital Twin 
Yekaterina Kovaleva 

Abstract- This article illustrates the changes in the process of 
purchasing parts and components in a railway company when 
implementing a smart asset management system. The 
processes built in BPMN notation illustrate the flow of work 
that is understandable for people with different backgrounds. 
When analyzing the process as it is, the company's 
weaknesses were identified, which justified the need to 
introduce new technologies. In the modern world, there are 
many solutions for asset management automation. During the 
analysis, it was decided that the company needs a new 
information system supported by the constant collection of 
data from smart sensors. Such a system is a digital twin of 
vehicles, which makes it possible to predict future changes 
and make timely decisions. To demonstrate the improvements 
that the company can get, the processes were built as they 
should be, and conclusions were drawn on what positive effect 
the implementation of the new system will have. 
Keywords: digital twin, IoT, business processes 
automation.  

I. Introduction 

he transition to digital technologies has been the 
main task of companies ' development for several 
decades. Even such conservative areas as rail 

freight are trying to keep up with the times and introduce 
technologies such as the digital twin. The object of the 
study is exactly such a large company that transports oil 
across Russia and border countries. The digital twin 
allows a company to create a digital copy of its assets 
containing all the necessary information to help make a 
decision[1]. 

However, despite the general awareness of the 
importance of digitalization, companies often find it 
difficult to understand the potential impact and benefits 
of digitalization. For successful implementation of the 
technology, it is necessary to analyze the potential 
impact of digitalization, a company must first analyze 
existing trends and their relevance to the company. 
Next, determine which drivers caused the desire for 
digitalization, what scenarios of changes are possible, 
and what goals the company pursues. Then to study the 
current state of the company and determine the gap 
between this state and the desired result, choose an 
approach that can cover this difference and then act [2]. 
 
 
Author: Peter the Great St. Petersburg Polytechnic University, St. 
Petersburg, Russian Federation. e-mail: yekova29@gmail.com  

For a qualitative assessment of the company's 
existing activities to avoid failure in the transition to new 
technologies, business process analysis is widely 
practiced in the world. Building diagrams that are 
understandable for businesses and developers helps 
reduce misunderstandings between the two groups, as 
well as identify bottlenecks in the company's activities 
[3]. 

That is why the subject of the work is the 
analysis of changes in the process of unplanned 
purchase of parts and components when implementing 
a digital twin in a transport company. 

It is important to note that the automation of 
procurement is currently an actual direction, as this 
process improves not only the company's performance 
indicators, but also develops the circular economy, that 
is, increases sustainability [4]. 

This paper presents analysis of the company's 
activities through modelling the procurement process as 
it isand assesses the weaknesses of the existing model. 
Further, the analysis of technologies that can 
compensate for the existing shortcomings is carried out. 
After that, a model of the process is built, how it should 
be, and the positive effects of automation are 
highlighted. After that, conclusions on the work are 
made 

II. Methods 

For this research it is important to consider the 
context, namely the specifics of the company in which 
the IoT implementation takes place. The idea of this 
paper is to understand the changes of processes that 
appear because of technology. Thus, a case study is 
used as a research method. A case study studies 
contemporary phenomena in their natural context, 
including people and their interaction with technology. 
As part of the research, the business processes are 
analyzed to understand how future system should affect 
the company’s performance [5]. 

a) Analysis of the performance of the company 
The company under discussion is a rail freight 

carrier. It operates on the territory of the former Soviet 
Union and transports oil and oil products. The main 
processes of the company are shown in Figure 1. 
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Figure 1: Company's performance 

An important aspect of the transport company's 
activity is the repair of vehicles. Every day the depot 
receives cars and locomotives with malfunctions. 
Emergency stops lead to temporary and financial 
losses. Thus, the company decided to focus on the 
automation of this activity. The main processes in this 
area are maintenance, purchasing of parts and details 
and their warehousing. This article examines the impact 
of IoT implementation on the purchase of parts. 

One of the tools for analyzing the company's 
activities is business process modeling. It allows to build 
a bridge between the views of the business and the 

vision of software developers. Models allow to look at 
the weaknesses in the company's activities and find 
solutions to overcome them [6]. 

One of the most understandable notations for 
business representatives is BPMN. The main objects in 
this notation are tasks, events, and gateways, which are 
flowchart hosted by actors executing the process [7]. 

To understand the impact of IoT on the 
purchase of parts and components, the process of 
purchasing unplanned parts was described and 
presented in Figure 2. 

 
Figure 2: Unplanned purchase of parts and components "As is" 
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From this diagram, the broken vehicle is sent to 
the depot, where the mechanic determines the scale of 
the breakdown. Based on the results of the analysis, a 
list of necessary parts is compiled, which is sent to the 
warehouse manager. The availability of parts in the 
warehouse is checked and, if they are not available, a 
list of purchases is compiled. Next, the purchasing 
manager sends a request to the supplier, after which the 
accountant pays the invoice. After some time, the parts 

get to the warehouse and are transferred to the 
mechanic for repair. It is worth noting that to simplify the 
process, it has been accepted that the purchasing 
manager always receives confirmation from the supplier, 
since this does not affect the analysis of the process in 
this context. 

For a more detailed analysis, consider the 
subprocess of creating a request to the supplier shown 
in Figure 3. 

 

Figure 3: Make a request to the supplier "As is" 

In this diagram, you can see that the purchasing 
manager checks the prices of suppliers, selects the 
appropriate one, and creates a request. 

The first disadvantage of this model is that the 
damaged vehicle must be pre-diagnosed, which 
extends the time of repair.  

Secondly, now the company does not have a 
specialized software product that provides inventory 
control in the warehouse. All information about parts and 
components is entered into the MS Excel program, 
which is why the process of checking the availability of 
parts in warehouse takes a long time. 

Third, when analyzing the company's activities, 
it was revealed that there are no regular scheduled 
inspections of the quantity and quality of parts available 
in warehouse. In this regard, there is a frequent 
purchase of duplicate parts, which carries extra costs in 
the company. It is important to note that the company 
has several distributed warehouses, but there is no joint 
database of stored parts in different warehouses, which 
also makes it possible to purchase duplicate parts. 

Finally, the company does not consider the 
quality of parts of specific suppliers, which leads to the 
continuation of the purchase of low-quality parts. 

Summarizing the above conclusions, it could be 
said that that the company's processes are imperfect 
and lead to time and financial costs for long processing 

of requests, as well as possible purchase of low-quality 
and duplicate parts. 

b) Description of technology  
The processes of maintenance, part 

procurement and storage are closely linked and 
integrated under assets management. The main 
document regulating this activity is ISO 55000, which 
contains recommendations for managing the company's 
assets [8].  

To automate this process, the market has long 
used Enterprise Asset Management systems that allow 
to implement the recommendations proposed by the 
standard. These systems provide automated operation 
of many processes, including the purchase of parts and 
components [9]. 

As well-know, now the world is in industry 4.0, 
the satellites of which are blockchain, big data and the 
Internet of Things [10]. Together, these technologies 
create an environment for creating a digital twin that 
allows you to take asset management to the next level. 
The digital double is a simulation of a real object, built 
based on data collected through sensors within the 
cyber-physical system (CPS) [11]. CPS is several 
sensors that monitor the condition, in this case, of parts 
and components of vehicles and transmit data via a 
wireless network. This data is then analyzed to help in 
decision-making process [12].  

© 2021 Global Journals
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Such a system is built on the following stages: 
data collection, data processing, detection, diagnosis, 
prediction and decision-making. Data collection is 
carried out by a variety of sensors that transmit data 
wirelessly. Then, the collected raw data is cleaned up to 
perform analysis. Breakdowns are associated with many 
causes, so it is important that the system notices these 
triggers. Further, diagnostics are carried out, based on 
which forecasts are made and decisions are made on 
the replacement or repair of vehicles[13]. 

The digital twin allows to constantly monitor the 
state of assets and based on this, predict the future 
state of certain vehicles. Such analysis can significantly 
improve the procurement process, optimize the storage 
of parts in warehouses, and track the quality of 
purchased parts [14].  

Thus, to ensure high efficiency of the process 
under consideration, the company needs to implement 
an asset management system supported by 
technologies such as IoT, data analysis, which allow to 
build a digital twin. 

III. Results 

The introduction of an asset management 
system with Internet of Things technologies will lead to 
significant changes in the company's activities. First, this 
will affect the control of the technical condition of 
vehicles and will reduce the number of unexpected 
stops, as well as reduce the need for routine inspections 
[15].  

Constant monitoring of the condition of parts 
will also reduce planned purchases, buying the 
necessary parts as they wear out. This will free up space 
in the warehouse and possibly reduce storage space. 
Also, the chance of parts falling into disrepair during 
storage is reduced, as parts are purchased as needed. 
The changes that will be made to the process of 
unplanned purchase of parts are shown in Figure 4. This 
diagram shows the process as it should be.  

 
 

 

Figure 4: Unplanned purchase of parts and components "To be” 

As could be seen in the diagram, data on 
broken parts are sent directly to the warehouse system, 
where they are checked for their presence. If they are 
not available, the list is sent to the purchase manager. In 
this case, the changes can be seen in the 
decomposition of the process of making a request to 
suppliers, shown in Figure 5. 
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Figure 5: Make a request to supplier "To be" 

Based on the data collected by the sensors, the 
company can monitor the quality of parts, thus checking 
whether the supplied parts meet the requirements. 
Otherwise, the company may terminate contracts with 
unscrupulous suppliers. Moreover, the new information 
system will allow to automate tasks. 

Such changes will lead to a significant reduction 
in the time of stops. Additionally, a timely response to 
deterioration, implemented by the digital twin, will 
reduce the number of emergency repairs to a minimum. 

IV. Discussion 

This paper examines the impact of the 
introduction of digital technologies on the procurement 
of a transport company. The creation of a digital twin 
introduces changes in various aspects of the business 
and the change in the procurement process is directly 
related to these changes.  

The paper considers the workflow as it is and 
reveals that the process of emergency repairs, including 
unplanned purchase of parts, takes a long time. Such 
long stops lead to financial losses, as the company 
receives fines for delayed delivery.  

As a result of the analysis of weak points in the 
activity, it was determined that the company needs an 
automated asset management system, whose data is 
backed up by a cyber-physical system that creates a 
digital twin of vehicles.  

Under the constant monitoring of sensors, the 
process of checking the technical condition of objects is 
first reviewed. This makes it possible to predict 
breakdowns and restructure the processes of planned 
repairs, and what is important for this work, purchases. 
Sensors allow to predict a malfunction, which means 
that the company can purchase the necessary parts in 
advance. In this case, in case of failure, the parts 
necessary for repair will already be in warehouse. 
Moreover, the number of emergency stops will 
decrease, as managers will know about the impending 
failure in advance and act before they occur. 

The process improvements are visible in the 
diagram as it should be, the diagram helps to 
understand what the company is striving for and serve 
as an instruction for the developers of the future system. 

V. Conclusions 

In this paper, the analysis of changes in the 
processes of unplanned purchase of parts and 
components was carried out.  

In the built model, the long process life was 
noted, as well as low automation, which leads to poor 
quality accounting of available parts in the warehouse, 
the lack of quality control of products from various 
suppliers. By using modern technologies, such as the 
Internet of Things and Big data analysis, the company 
can build a digital twin of its vehicles, thereby enhancing 
the capabilities of its activities.  

Based on the diagram as it should be, you can 
see that technologies allow you to speed up the 
process, automate tasks that were previously performed 
manually, and analyze statistics to select bona fide 
suppliers. 
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Case Studies and Applications of DAETE Model 
to Continuing Engineering Education 

Alfredo Soeiro 

Abstract- The need to choose appropriate methods to ensure 
quality of continuing engineering education has been an issue 
of research and of practice for years. Several initiatives were 
undertaken in the last decades to define the methods of 
proper assurance of provision and delivery of continuing 
engineering education. The quality models for education and 
training have a large variety of approaches that have been 
applied to all different levels from primary schools to adult 
learning. Methods employed had no significant success with 
continuing engineering education due to the particular nature 
of the training. A proposal for a project was elaborated 
between universities in Europe and in the USA to develop 
accreditation procedures to ensure quality of continuing 
engineering education (CEE) centres. The project (DAETE) 
applied an adaptation of the EFQM (European Foundation 
Quality Management) descriptors to the specific contexts of 
CEE centres. The DAETE model had also been applied in 
other contexts like accreditation and classification of CEE 
centers and for training managers of CEE centers staff. The 
paper also describes these applications of the model in 
different contexts with emphasis on useful conclusions. 
Recommendations for the adoption of the EFQM model to 
organizations involved in education and trainingare made with 
the consequent adaptations. 
Keywords: continuing engineering education, quality 
assurance, DAETE, EFQM, recognition. 

I. Introduction to Project 

he goal of the project DAETE (Development of 
Accreditation in Education and Training in 
Engineering) was to obtain tools and methods that 

would ensure quality of the CEE (Continuing 
Engineering Education) centres. Since the project was 
publicly financed the final outputs are open for use by 
interested stakeholders like universities, accreditation 
agencies, CEE centres, human resources departments 
from companies and adult training organizations 
(DAETE 2020).  

The common methods for ensuring quality in 
education and training have been educational bench 
marking, implementation of diverse ISO norms, adoption 
of standards of practice, using specifications, external 
auditing, centres output valuation and management 
following PDCA (Plan, Do, Check, Act) approach. The 
choice of the method occurred during the first project 
meeting (AALTO, 2020).  Meeting was fundamental to 
choose the project methodology, the action plan and 
the task  distribution.  Choice  made  by  the  consortium 
 
 

 

was the model of EFQM (European Foundation for 
Quality Management) that was flexible enough to allow 
the possible acceptance by CEE centres in Europe and 
in the USA (EFQM 2020).  

To mould EFQM to the CEE centres activities 
the partnership decided to start debating partners´ 
experiences and practices in terms of quality control and 
accreditation for continuing engineering education and 
vocational training. Partnership then planned to analyse 
and to debate the models that can be used taking 
account the different experiences on both sides of the 
Atlantic, to produce guidelines advisable for quality 
assurance and accreditation, to test the 
recommendations and to adapt the guidelines to the 
feedback results.  

In fact, CEE centres have, generally, a structure 
and operational contexts that are different from those 
existing in their own universities or higher education 
institutions. Some have large degrees of autonomy, 
others operate as private foundations or organizations 
and others are departments or units. CEE centres 
therefore need proper quality management tools and 
methods to allow diversity of structure and of 
operations. The consortium decided also that the 
project would focus on quality assurance of CEE centres 
and would not address the individual CEE courses 
quality. 

II. Linking Continuing Engineering 
Education and Quality 

Exchanging theory and practices among the 
consortium members allowed in the first place a 
reciprocal understanding of the benefits of the methods 
and tools used. The diversity of the set of approaches 
added value in two fields. The first one is that 
environments that framed the developments of CEE 
quality have been different among the partnership. In 
Europe, the research and development about quality 
evaluation of CEE have been based on projects 
supported by public funding. In the USA, the quality 
assessment relies on market analysis indexes and 
financial indicators. The second is that in Europe the 
processes and procedures are preponderant to define 
quality of CEE while in the USA quality relies mostly on 
results. 

EFQM was considered by the partnership as a 
good combination of processes and of results. This 
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combination became a compromise between the 
management interests of the two groups of the 
consortium. The model became a practical tool to 
support CEE centres to achieve high levels of quality by 
benchmarking results and processes in order to achieve 
excellence. EFQM model is based on nine criteria. The 
criteria include five chapters on processes and four 
chapters on results. The first five criteria addresses what 
each CEE centre does and the other four criteria analyse 
results of each CEE centre. 

The consortium realized and accepted that 
leadership and strategy success are achieved through 
proper combinations of people and of resources. 
Therefore, EFQM model criteria determine level of 
satisfaction of CEE centre users, fulfilment of people 
working in the centre and the impact on the centre in 
society. The EFQM model proposes self-assessment as 
a method of complete, systematic and regular analysis 
of the CEE centre activities and proposes that these 
results be compared with results of similar 
organizations.  

EFQM model divides organizational processes 
into nine criteria, each with a certain number of sub-
criteria. In the evaluation of the CEE centres the DAETE 
project created several sub-criteria in each of the 
criterion. It was necessary to adapt the sub-criteria to 
the processes and procedures to the needs of the CEE 
centres. The objective is that processes of a CEE centre 
maybe evaluated, developed and improved in the 
different functional areas. Regular monitoring, internally 
and externally, of these processes may improve the 
quality and effectiveness of each functional area. 
Evaluation of relevant results may be used to determine 
success against values of reference and allow 
management space to implement improvements. 

DAETE model employed the same structure of 
chapters as EFQM model. It had however to adapt the 
sub-criterion to the context of CEE. This was done using 
a thorough debate leading to a set of thirty-six sub-
descriptors divided by the nine chapters. A definition of 
the nine chapters was made and is presented later in 
the text. The sub-criterion indicators also needed to 
have a definition of level to comply with the requirement 
of EFQM model of having levels evaluated-The five 
levels reflect the development state for the each of the 
sub-criterion evaluated. 

The evaluation of each sub-criterion for each 
CEE centre consisted in choosing of the five levels of 
proficiency. These levels of proficiency were chosen 
portray the state of development and to allow 
comparison among CEE centres. These levels are 
(DAETE 2020): 

1. Quality depends exclusively on the individual (there 
is no process); Activities depend on individual 
initiatives and activities are not programmed 
globally. 

2. Quality is based on basic processes; Responsibility 
for each activity is no longer individual and there is a 
tendency to share responsibilities across the CEE 
centre, with some short-term planning; There is 
some degree of process definition, however there is 
no documentation; Performance is assessed 
occasionally. 

3. There is vision through processes and some quality 
assurance (intermediate processes); There are 
established standards, procedures and guidelines 
known throughout the CEE centre; Activities are 
carried out in accordance with these procedures; 
Activities are planned with medium-term objectives 
and indicators are defined for evaluation. 

4. There is systematic evaluation and process 
improvement (sophisticated processes); The 
established procedures are systematically evaluated 
to create possible improvements; There is a clearly 
visible orientation for the CEE centre's user; The 
activities are planned with well-defined objectives, in 
the medium and long term. 

5. There is the objective of having recognized external 
excellence (processes of excellence); There is an 
exchange of knowledge and experience throughout 
the organization, within the organization and with 
entities outside the organization (including 
competitors). The formulation and improvement of 
the CEE centre's procedures are in accordance with 
internal and external standards; The experiences 
and best practices are shared with other entities; 
There are partnerships and exchanges of 
information with users, trainers and other centres, 
etc. 

After choosing the sub-criterion the partnership 
discussed the relative importance of each one. Each 
sub-criterion had a percentage of the points available for 
each criterion. The partnership adapted the CEE centres 
nine criteria of DAETE model as: 

Leadership: CEE centres leaders develop and facilitate 
the fulfilment of the mission and vision of the continuing 
education centre. They develop organizational values 
and systems necessary for sustainable success and 
implement these through actions and behaviours. 
During periods of change, they maintain a constancy of 
purpose but whenever necessary, leaders are able to 
change the direction of the organization and inspire 
other members of the organization. 

Policy and strategy: CEE centres implement the mission 
and vision, developing a strategy focused on 
stakeholders and that takes into account the external 
needs and those of the sector in which it operates. 
Policies, plans, objectives and processes are 
developed. 

People: CEE centres manage, develop and unleash the 
potential of the organization's people at the individual 
level, based on teamwork and the organization. They 
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promote equity and equality, involve and empower 
people in the organization. CEE centres reward and 
recognize the people to motivate them to use the skills 
and knowledge to the benefit of the organization. 

Partnerships and resources: CEE centres intend to 
manage external partnerships and with internal 
resources to support the policy and strategy in order to 
have an efficient functioning of the processes. During 
planning the management of resources and 
partnerships are done to balance the current and future 
needs of the organization. 

Processes: CEE centres design, manage and improve 
processes in order to fully satisfy and generate more 
and more value for users and other interested parties. 

User results: CEE centres thoroughly measure learning 
results in order to have good results. 

Results of people in the organization: CEE centres 
thoroughly measure employee results. 

Results related to society: CEE centres thoroughly 
measure the results that concern society. 

Performance results: Excellent organizations thoroughly 
measure the key results of the policy and strategy 
adopted. 

III. Application of DAETE in CEE       
Centres 

The DAETE table makes part of the DAETE 
model and comprises the numerical information for 
each criterion and sub-criterion levels. The table allowed 
the CEE centres to register the self-evaluation values in 
terms of each sub-criterion. Since each sub-criterion 
had a fixed amount of points the levels multiplied by the 
points it was possible to have a number (between 0 and 
1000 points) that reflected the performance of each CEE 
centre (DAETE 2020).  

The table can be used as a self-diagnostic tool 
for each centre. The results can be applied to define 
areas in the centre for improvement. Any staff member 
of the CEE centre can fill the table. This table is 
generally filled by leaders of centre, institution, unit or 
department. When using the table it should be 
considered that there are different types of CEE centres 
with a wide variety of characteristics such as diversity of 
work areas, size, organization, financing, legal status, 
private or public, non-profit, commercial, etc.. 
Benchmarking with other centres needs to consider this 
type of differences that may constitute a bias.  

Examples of questions that arise when filling the 
table are: “Why we feel that the level of activity is at this 
level? How do we interpret the context of the criteria or 
what are the evidences?” Some criteria are not relevant 
to certain groups of the staff and, therefore, it is 
advisable that scores are calculated as averages from 
various groups. Examples of results among three 

university centres concerning the nine chapters reflect 
the differences among centres. 

The difference of levels between universities is 
expressed in terms of chapter Leadership. University A 
had a total of 68 points and university B a total of 56 
points. This chapter comprised the sub-criterion 
Development of vision and mission, Continuous 
improvement of management systems, Leadership and 
external relations and Leadership and motivation. The 
levels for university A for these sub-criterion were, 
respectively for each sub-criterion, 3, 3, 3, 4. For 
university B the results were, respectively for each sub-
criterion, 3, 3, 4, 2. The differences of levels can express 
that university A has good examples and processes in 
terms Leadership and motivation while university B 
needs corrective actions to improve. University B 
showed also that sub-criterion Leadership and external 
relations is close to excellence (level 5) and may present 
procedures and processes that can help others improve 
their own. 

It is relevant to notice that among the several 
answers obtained from the validation and testing of the 
centres has shown some patterns of results and of 
evaluations from the self-assessments. The first remark 
consists that no CEE centre attributed the level 1 to any 
of the sub-criterion. Since these self-assessments were 
not audited it is probable that this situation

 
may happen 

and those making the self-assessment did not want to 
assume that. Another remark was that high ranking level 
respondents had the tendency to present high levels 
while lower level managers or staff had more modest 
evaluations. There was also noted that respondents 
from different areas in each CEE centre had different 
values for the same sub-criterion. That showed that the 
awareness of the development for each sub-criterion 
varies in accordance with the function performed by 
each respondent.

 

DAETE
 
model proposed a path to excellence of 

CEE centres based on continuous improvement, self-
assessment, good management practices and a 
planning discipline. The following steps towards 
excellence were proposed to the CEE centres [DAETE 
2020]:

 

1.
 

Assess where the CEE centre is now: One way to 
do this is to self-assess the CEE centre. The self-
assessment process can help the centre to 
understand the current status in terms of quality.

 

2.
 

Define the priorities of the activities of the centre: To 
align the activities and CEE centre strategy, it is 
necessary to understand the existing trends and 
areas for improvement. The fundamental concepts 
of excellence can be used to compare the centre 
strategy.

 

3.
 

Identify what needs to be improved: Self-
assessment can help provide a detailed map for 
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people in the CEE centre. It can help to answer: 
"Where do we need to improve?" 

4. Identify how to improve: CEE centre staff and 
management can learn from other centres through 
comparison (“benchmarking”). It can help to identify 
good practices from other centres.  

To validate and improve the DAETE model it 
was presented in several conferences, workshops and 
seminars to test, to disseminate and to explain goals, 
processes and benefits. For instance, just in 2010 there 
were several events: ASEE CIEC – Palm Springs, CA, 
USA; Building Quality in Online Programs Workshop – 
Madison, WI, USA; UCEA Annual Conference – San 
Francisco, CA, USA; EUCEN Conference – Rovaniemi, 
Finland; IACEE-CACEE Meeting – Beijing, China; 
LACCEI Conference – Arequipa, Peru; ASEE Annual 
Conference – Louisville, KY, USA; RECLA – Dominican 
Republic; IACEE 12th WCCEE – Singapore and 
AMECYD – Guadalajara, Mexico (October 2010). 

As a result of this effort of dissemination, tuning 
and validation about 120 CEE centres, either academic 
or business oriented, experimented, criticised and 
validated the DAETE model. Results were of quantitative 
and of qualitative nature. During the collective sessions 
the results from each CEE centre were presented and 
discussed. This allowed a numerical benchmarking 
between centres.  

Qualitative feedback was obtained through a 
description of the CEE centre that provided information 
about the dimension, type of operations, management 
structure, budgets, number of participants, etc. Another 
feedback was denominated as good examples. Good 
examples were defined by those related with sub-
criterion with level 4 or 5 and were collected to allow 
other CEE centres to have access to good practices, to 
understand the procedures that led to the high score 
and learn from other centres activities. 

IV. Other Applications of DAETE 

Examples of the application of the DAETE 
approach comprehend several applications. One 
example is the adoption of a professional engineering 
association to externally accredit CEE centres that pay 
for each accreditation. Another example is the use of a 
derived model of the DAETE table by a CEE world 
organization as a consulting service to members. The 
third example is the use by CACEE (China Association 
of Continuing Engineering Education) to train CEE 
managers from CEE centres to improve the quality of 
results and of training (CACEE 2020).  

The first application allows the Portuguese 
engineering professional association to evaluate 
providers of continuing engineering education and is 
based on the DAETE model. It is called ACCEDE and is 
composed by two phases. First phase is dedicated to a 
self-assessment by the provider using the DAETE 

model. Results are subsequently provided to the 
engineering association. The second phase is 
composed by an audit of the CEE centre by an auditor 
nominated by the association. The engineering 
association has a set of auditors that were previously 
trained on using the DAETE model. Accreditation of the 
CEE centre is made based on the numerical result of the 
final DAETE table assessment. Below a certain number 
the centre is not accredited. A list of accredited CEE 
centres is available at the engineering association 
website. The audit report also includes a list of 
recommendations to improve the CEE centre (OE 2020). 

Second application of DAETE model is called 
CPD-BQIP (Continuing Professional Development 
Benchmarking and Quality Improvement Program). It is 
available for institutional IACEE members that are 
interested in organizational quality improvement and 
benchmarking program. It has a database of results 
from the use of DAETE model facilitating improvement 
of  the quality of the benchmarking data. Intended as 
part of the forefront in continuing professional 
development CPD-BQIP is considered as the first ever 
international standard for managing quality in CEE 
centres and programs at the organizational level.  It is 
planned to assess quality of CEE centres with respect to 
standards, benchmark quality against peer institutions 
and share best practices among similar organizations, 
to allow continuous quality improvement (QP 2020). 

The third application is relevant since CACEE 
deals with CEE of about 68 million professional and 
technical personnel nationwide. Staff from CEE centres 
are trained during a week on how to improve the quality 
of the management of respective organizations. The 
training is made each time on a dedicated training 
centre for about fifty managerial staff. Three days are 
dedicated to the DAETE model adopted to the country 
conditions. These days comprise the theoretical 
background of the EFQM, the description of the DAETE 
model, significance of descriptors, application of the 
model to respective CEE centre, presentation of results, 
debate about adaptation of sub-criterion, conclusions 
and remarks. It is relevant to notice the possible impact 
of the DAETE model in the quality of CEE in such a big 
country. 

V. Conclusions and Recommendations 

Main conclusion is that DAETE model, based 
on EFQM, is available to improve quality of 
management of CEE centres. That improvement will 
have consequences at the level of engineering activities 
due to a better qualification of engineers. The validation 
phase and the diverse utilizations provided evidence of 
robustness, flexibility and effectiveness of the tool. It is 
possible that the DAETE model may be adapted to 
apply in other type of education and training 
organizations dealing with other knowledge areas and 
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levels of qualification. This is particularly relevant for the 
sector of education and training where quality 
evaluations are based mostly on processes and less on 
results/outputs.  

The DAETE model is an appropriate 
combination of quality assessment mixing procedures 
and results/outputs indicators. Of course, the referred 
examples illustrate different uses of the DAETE model 
and also show the relevance and impact of the 
approach. Many CEE centres have also expressed the 
appreciation of having a tool that allows a self-evaluation 
tool that fosters reflection, diagnosis, action plan and 
improvement. It should be noted that the application of 
the DAETE model to different contexts, purposes and 
situations showed that it can be extended to other 
applications in education and training. It is relevant to 
notice that it can be used for accreditation of centres 
and for training like shown in the case studies 
description. 

The first recommendation is that the DAETE 
model should be experimented thoroughly in other 
educational and training environments to test efficacy 
and efficiency. The examples show flexibility and scope 
that can cover other organizations. It should be possible 
to extend the DAETE model to a whole institution and 
verify of quality improvement can derive from the 
assessment results. The second recommendation is 
that the DAETE model application requires external 
auditing to ensure independence of the assessment and 
identification of the improvement actions. Self-
assessment may help the self-diagnosis and reflection 
but maybe the results will be biased by the nature of 
connection the respondent to the CEE centre. The third 
recommendation is that the DAETE model should adapt 
the choice of sub-criterion due to the nature of the 
context where the CEE centre operates. For instance, 
the CEE centre may be funded by public sources or it 
may be private. In the first case, the profitability may not 
be relevant while in the second it is fundamental. As 
conclusion the DAETE model may be a tool and 
process leading to excellence in education and training 
if properly used and interpreted.  
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A Möbian Doppelgänger Theory: On Testing It

Abstract- Here, we take the “cracked” version of the Snake 
Detection Theory (SDT) exposed in a previous study, and, 
while looking at it through the lens of some newly appeared 
studies, we proceed to investigate what it says in relation to 
how it could be object of (new) experimental study. While 
pointing that children with ASD(s), especially illiterate children 
with ASD(s) might be – or quite the opposite! – proper 
subjects for testing the “cracked” SDT, the surest best 
subjects are (still) found to be the (simply) illiterate ones.
Keywords: amygdala, ASDs, illiterate, snake detection 
theory, subcortical pathway, V2 Area, V4 Area.

I. Introduction

n a recent study [1], we presented a "cracked" version 
of the SDT. The SDT [2] in its canonical form argues 
that:

- Due to their subcortical visual system connected to 
the amygdala and, also, to other (cortical) features, 
primates and, in particular, humans have keen 
perceptual abilities regarding the detection of 
snakes;

- The snake detection system relies mainly on 
spotting the angular and multilinear “camouflage” 
patterns, even when this design is masked by 
vegetation; 

- We owe our stereoscopic vision to a common 
evolution of our ancestors and (some venomous) 
snakes.

The first question(s) should be: is the “cracked” 
version really better, more in line with the overall data,
and solving more puzzles/ introducing more important 
ones? We wanted to address the soundest critical 
arguments looking at the SDT. Thus, we gave a new 
form to two of the original three points [1]: 

- The effectiveness of human snake detection in real 
situations is not as great as according to the SDT 
[3]; 

- We have no objections to this (2nd) point;
- Stereopsis had emerged in many different taxa [4]: 

even if it’s likely that the coevolution of our 
ancestors with poisonous snakes triggered various
changes in the cortex and subcortex, stereopsis in 
humans being its output [5], there is still information 
that seems to point differently, even in an opposite 
direction [6]. Also, even if our ancestors entered in 
an arms race with some venomous snakes, this 
race should not be understood as ending with our
victory. E.g., the role of the skin patterns in adders is

I

not only camouflage, which we may “break” 
through, but also to confuse the mammalian eye 
through a flicker-fusion effect [7], and to inspire fear 
[7, 8]. As the arguments for the arms race go 
beyond the (reciprocal) modification of the visual 
systems [9], an arms race of reasonable 
proportions to be called as such is, in our opinion, 
plausible at best.

So, what is certain for us is solely the 2nd claim, 
according to which the angular and polylinear patterns 
are important for the subcortical processing of 
potentially deadly dangers. The “cracked” SDT takes 
from its “ancestor” the least speculative premises. Thus, 
it is not focused at all on the (co)evolution of our 
biological ancestors.

The SDT has recently passed some important 
tests for its macroevolutionary claims, everyone should 
acknowledge that. E.g., our pragmatic stance towards 
(what we call) the first point of the SDT proved to be 
wrong. A natural simulation showed the subjects’ 
heartbeat always going up when aiming at the snake, 
and it made no difference whether the snake was or 
wasn’t consciously perceived [10].

The essential differences between SDT and our 
“cracked” version will be listed further. Where our 
version differs in substance is in what it adds to the SDT, 
having included here the parts derived from the SDT, 
more exactly, from the details constituting the 2nd claim 
of the original SDT. So, let us proceed to describe 
synthetically our “cracked” SDT. We should see clearer 
what we can evaluate and how. Then, we can suggest 
proper experimental subjects.

According to those essential parts of the 
“cracked” version which are not shared with the original 
one, the subcortical visual passage involved in snake 
detection confuses artificial patterns, e.g., the 
characters in this article, with natural stimuli relevant for 
survival, e.g., the patterns of some venomous snakes, 
e.g., those of the Viperidae family. Experimental data 
shows that the subcortical visual system is alerted even 
if, or particularly if the snake patterns are partly occluded 
by vegetations. Many of the graphic characters, 
constituting angular and/ or polylinear formations would 
resemble dorsal patterns found in snakes, much more if 
presented in an occluded, interrupted manner. The 
fragmented patterns – and, as such, our theory goes, 
their formal siblings – initiate an alert state at the level of 
the right basolateral amygdala, i.e., the destination of 
the subcortical visual pathway. The passage is 
withdrawn from direct cortical control, an exceptional Author: Independent Researcher, Bucharest, Romania. 
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A Möbian Doppelgänger Theory: On Testing It

case of anatomical segregation, as tractographic data 
indicates. For such reasons, we have inferred, errors of 
the subcortical visual route would be virtually 
perpetuated indefinitely. Still, we should also expect two 
shifts regarding the perception of graphic characters. 
We start from the banal observation that the subcortical 
visual system can activate at various intensities, and 
from another type of observations, a topic explored in 
the paper, indicating that it is reasonable to expect the 
(right basolateral) amygdala endpoint of the pathway to 
“read” stimuli both as appetitive and/ or aversive – we 
may even conceptualize it as instilling maladaptive 
behaviour through enabling the instrumental pursuit of 
the appetitive stimuli, according to these data. Because 
we are dealing with resemblance rather than with 
correspondence, the intensity of the reaction should be 
lower. Yet also, as the resemblance is intriguing, 
appetition will largely replace aversion [1].

Now, we have arrived to the “juicy” part of our 
hypothesis. Light is a greater reducer of aversion/ 
enhancer of appetition, much better than sound. We 
have inferred from such data that, by promising greater 
chances of a happy-end encounter, light would increase 
the attractiveness of the graphic marks. It can be thus 
deemed a Pavlovian conditioned stimulus for attraction 
towards graphic characters. However, when using the 
route in a (more) luminous environment, we would 
reduce (at a faster pace) the intensity of the reaction, 
and this is how light becomes the main object of 
attraction: it compensates for the lower intensity of the 
stimulation induced by characters. The graphic 
characters will stay relevant even when becoming 
secondary, due to the anatomical and functional 
segregation of the subcortical system. The output 
deriving from a progressive attraction to light associated 
with fractured lines/ angular patterns/ multilinear 
patterns is likely the equivalent of a mass extinction 
scenario - at least, not unless (unforeseen and/ or 
powerful) “recoils” occur [1].

Joking a little, even if, now, it may seem 
inappropriate, you might say it is a möbian snake theory. 
We may not perceive when we, as individuals, or as a 
species, pass from that which is rather a longing for 
light-accompanied terrifying patterns to a “full-blown” 
addiction towards patterns-accompanied light. But why 
throw it fully on the snake? The addiction is not towards 
authentic snake patterns, but towards unacknowledged 
imitative representations. This act of imitation has some 
nasty repercussions (not to say the least), so we named 
the “cracked” version a/ the Möbian Doppelgänger 
Theory (MDT).

II. In Order to Test it

We were making a case for the plausibility of the 
MDT in our previous article. Its basis are the following 
observations:

1. When aiming at venomous snakes: coactivation of 
the subcortical visual route with the V2 plus V4 
cortices, the latter two areas being known to 
possess neurons sensible to angular structures and 
fractured colinear segments (V2), respectively 
complex multilinear patterns (V4);

2. When aiming at achromatic diamond/ checkerboard 
patterns, isolated from the snake: idem, coactivation 
of the subcortical visual route and of the V2 and V4 
areas; 

3. When aiming at characters pertaining to writing 
systems with more complex aesthetics: coactivation 
of the V2 and V4;

4. When aiming at letters of (classical) alphabets: 
activation of the V2. 

To these, we may add – yet, it should not be 
deemed an observation of the subcortical pathway 
activity:

5. When learning to read the Devanāgarī, an 
alphasyllabary which borders ideograms 
aesthetically: coactivation of two subcortical 
formations (the right superior colliculus, and the 
bilateral pulvinar nuclei) partially superposable with 
the subcortical route, together with V2 and V4 [1].

One may say: the participation of the 
subcortical visual pathway in reading is to be highly 
doubted. No activity of the third key-element of the 
subcortical route, the amygdala, was detected. But if we 
follow closely the MDT, it is precisely this activity which 
is the one that is harder to detect. The emotional 
reaction towards characters is supposedly reduced, first 
of all because of overall dissimilarities between the 
typical look of (fragmented) snake patterns and the 
graphic patterns. Now, if the activity in the bilateral 
pulvinar and right superior colliculus has something to 
do with the subcortical pathway, we should perhaps
give a big “thanks!” to the very rare design of the study 
in question, because it involved illiterate subjects, 
because illiterates – maybe those from more oral 
communities particularly because selection towards less 
prominent snake reactions may have massively 
occurred in our literate societies since centuries/ 
millennia – may have comparatively (much) stronger 
reactions [1].

Thus, to better evaluate the MDT, we need to 
fulfil at least one of these three conditions in a similar 
experiment:

1. have more sensitive/ better (neuroimaging) tools;
2. the ambient is rather dimly lit; 
3. the subjects have a strong subcortical vision in the 

presence of patterns of the mentioned types.
   Regarding the first condition: we should 

expect difficulties when studying the human subcortex! 
This land asks for measuring very deep and very fast 
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A Möbian Doppelgänger Theory: On Testing It

neural activity. Measuring such activity is difficult for the 
fMRI and the M/EEG approaches alike. As a general 
point, because of the methodological and interpretative 
boundaries pertaining specifically to the various 
approaches that may prove useful here, we can only 
recommend the comparative use of multiple 
approaches in order to better understand this domain 
[11]. On another hand, we can breathe easily: it is far 
easier to satisfy the second condition. Considering 
these, we find ourselves primarily concerned, for the 
moment, with the third condition. We will try to identify 
subjects that would be suitable for testing the MDT.  

Subjects with autism spectrum disorder (ASD) 
or, if you prefer the plural, autism spectrum disorders 
(ASDs) – the debate looks far from being settled [12] – 
seem proper for testing our theory.  ASD(s) clearly has/ 
have a very strong genetical basis, one which is proved 
by studies on monozygotic twins [13]. Yet, ASD(s) is/ 
are among the most genetically heterogeneous 
neuropsychiatric disorder(s) [14]. The structural 
differences in ASD(s) vary highly with age [15]. Despite 
all this heterogeneity, there is some order to be found 
even here. One object of interest for us is that amygdala 
neurons in children with ASD(s) consist of unusually 
greater numbers. The number of these neurons will 
decrease drastically with age. Adults with ASD(s) have 
much fewer amygdala neurons than neurotypical 
individuals [16]. Because of their great number of 
neurons in amygdala, children with ASD(s) may seem 
close to the ideal subjects for testing the MDT. We take 
notice that there are impairments in ASD(s) possibly 
impeding us to test the MDT in this manner, e.g., due to 
dorsal stream processing being disrupted, ASD(s) 
children need somatosensory feedback where watching 
would be enough (for learning) for neurotypical subjects 
[17]. So, before trying to (in)validate MDT, examining 
snake detection in ASD(s) children seems critical. It 
might be that illiterate [1] children with ASD(s) are ideal. 
Or, and that is our recommendation, that we should 
stick to studies on illiterate subjects. Taking into 
consideration the possible relevance of genetical 
selection, illiterate people from largely illiterate 
communities are ideal.  

III. Conclusion 

Both illiterates, especially those with a more 
traditional way of life, and children with ASD(s) are 
marginal in many (contemporary) societies. We usually 
expect scientific approaches to improve their condition, 
not vice versa. So, things seem to be reversed. We, as 
researchers, need to appeal to these people. It might 
sound even “worse”: that, because, after weighing the 
plausibility of the MDT in correlation with the size of the 
problem the MDT is pointing out, scientific thinking may 
become a “suicidal” and “patricidal” tool, i.e., targeting 
the fundaments of science. We are thus in need of 

asking what will we do: go with the science, perhaps 
against it (and against much, much more)? Or, go with 
something that we call science to defend… exactly 
what?  
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Myths, Misconceptions and Mistakes in the 
Electrostatic Protection of Field-Sensitive Items 
– Why it’s Time to Re-Visit Device Protection  

Gavin Rider

Abstract- The measures currently being taken to prevent 
electrostatic damage in semiconductor manufacturing 
environments are not sufficient to guarantee the complete 
protection of items that are highly sensitive to electric field. 
Mistakes that have been made in the interpretation of 
electrostatic damage phenomena in manufacturing and errors 
that have been made in attempting to provide protection 
against them are described. It is shown that some of the ESD 
countermeasures in widespread use today can actually 

static dissipative materials that are commonly used to make 
pods and transport boxes are shown to expose field-sensitive 
items to a significant risk that can result in cumulative and 
permanent damage. It is concluded that more research into 
semiconductor device electrostatic damage mechanisms 
other than ESD is urgently needed, as has previously been 
called for by researchers studying the problem. It is also 
recommended that the electrostatic countermeasures being 
used in device manufacturing and handling should be 
reviewed and revised where necessary, to improve the 
protection of all extremely-electrostatic-sensitive (EES) items. 

I. Introduction 

f one asks any electrostatics expert working in the 
semiconductor industry about what must be done to 
eliminate electrostatic risk, the response will probably 

center on ESD and how to prevent it. This leads to 
discussion about the causes of ESD, which are 
primarily; a) the generation and accumulation of electric 
charge, and b) the bringing together of objects having a 
different charge balance during handling or processing. 
It follows logically that ESD prevention involves avoiding 
a) and b). First one must identify where such risk exists, 
then one must find a way to either counter or remove it. 

Charge accumulation is most easily indicated 
by measuring the voltage of an object, and this is 
usually done with a high impedance voltmeter for 
conductive objects, or a hand-held field meter to 
measure the electric field emanating from insulating 
objects. In more detailed electrostatic investigations and 
factory audits, the level of excess charge held on an 
object may be measured directly with a coulomb meter 
or Faraday cup, the purpose of which is to estimate the 
current that is likely to flow in any discharge event and 
hence assess the risk of serious damage being caused 
by a  discharge.  This  approach  to  risk  assessment  is 
 
Author: e-mail:  gavinrider@microtome.com 

embodied in SEMI Standard E78, “Guide to assess and 
control electrostatic discharge (ESD) and electrostatic 
attraction (ESA) for equipment” [1] and SEMI Standard 
E129 “Guide to assess and control electrostatic charge 
in a semiconductor manufacturing facility” [2] which are 
just two of many such guides that have been published. 

It is necessary to have such standardized 
approaches to assessing electrostatic risk to ensure that 
different manufacturing sites can be assessed for 
electrostatic safety in a comparable way by different 
personnel, thus ensuring consistency throughout the 
supply chain. Electrostatic compatibility assessments 
are also carried out to qualify the production equipment 
that is to be used for making different generations of 
semiconductor devices, and each year the voltages and 
level of charge that are permitted within the 
manufacturing environment are reduced in line with the 
shrinking feature sizes of each production “node”. Users 
expect that the certification of a piece of manufacturing 
equipment to the levels defined in an industry standard 
gives them assurance of the electrostatic safety of that 
equipment. 

For a manufacturing site manager, receiving a 
pass result in an electrostatics audit is probably more 
important than understanding the nature of the 
electrostatic risks present in the facility. What the site 
manager needs is confirmation from an expert authority 
that it is safe to carry on production, which is why audits 
carried out by electrostatics consultants are extensively 
relied upon. The rationale behind this is that the person 
conducting the audit fully understands all the risks, and 
that those risks are being properly assessed in the tests 
being carried out. 

Unfortunately, that is not always true [3] and the 
use of standardized approaches to risk assessment for 
certification purposes, whereby auditors focus on taking 
prescribed measurements and filling in forms to 
generate a pass or fail result, can risk them overlooking 
the diversity of electrostatic risks that may be present. 
Errors made in understanding the risks that are 
identified can also lead to ineffective or incorrect 
treatment, with the consequence that further unidentified 
risks can still be present. 

The following sections identify some of the risks 
that can be missed in conventional electrostatic audits, 
some of the mistakes that have been made in defining 

I 
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increase the electrostatic risk for field-sensitive items. The 



‘safe’ handling practices for electrostatic sensitive 
objects, and some of the errors present in equipment 
designs and installations. Illustrations are given using 
reticles as a primary example (or with data from sensor 
devices developed specifically to study reticle handling 
risk) because reticles are extremely field-sensitive, they 
have been studied extensively and they provide clear 
illustrations of the risk created by electric field, which is 
invisible and can be difficult to measure electronically. 
The use of reticles and reticle-related data for these 
examples does not mean that the characteristics being 
discussed are restricted to reticles – these are simply 
presented as examples of how electric fields can 
behave – so for “reticle” read “any field-sensitive 
object”. Electrostatics operate in the same way with 
everything. 

II. Limitations of some Electrostatic        
Risk Assessment Methods 

a) Charge accumulation 
Methods for evaluating the electrostatic safety 

of a piece of production equipment are described in 
SEMI Standard E78. One of the tests involves measuring 
the amount of static charge present on a wafer or reticle 
as it leaves the equipment’s load port. This risk 
assessment method assumes that the amount of 
charge found on the wafer or reticle when presented at 
the load port would indicate the likelihood of 
electrostatic damage being caused to it by the 

equipment, or by its subsequent handling. This is not 
necessarily true, however. If a wafer or reticle’s 
insulating surface becomes charged within a piece of 
equipment, subsequent grounding of the reticle’s 
conductive film or the wafer substrate during handling 
can result in the attraction of a balancing charge onto it 
from ground. 

A hypothetical scenario is illustrated 
schematically in Fig 1, wherein a vacuum gripper 
contacts the upper surface of a reticle to move it. In 
accordance with the established practice in the 
semiconductor industry, the reticle support points at the 
hand-off position are made from grounded static 
dissipative material. A balancing charge would be drawn 
onto the conductive part of the reticle from ground 
through the support points, attracted by the static 
charge on the upper surface created by the vacuum 
gripper. An electric field would then be present between 
the two opposite charges on the reticle and this could 
induce damage in the reticle’s pattern area. 

However, if a reticle in this condition were 
removed from the equipment and the amount of charge 
it carries at the load port measured using a Faraday 
cup, the result would be close to zero because the static 
charge had been balanced by grounding the reticle 
inside the equipment. The equipment would pass the 
E78 safety assessment and hence be considered “safe” 
– despite the fact that reticles could be damaged while 
inside it. 

 

Fig. 1: Charging of a reticle within a piece of equipment (or an insulating layer on a wafer, which could also result 
from a processing operation) followed by the addition of a balancing charge to a conductive part by a grounded 
handling tool. On removal from the equipment a measurement of the charge held on the tested item, as defined in 
SEMI Standard E78, would measure little or no net charge, incorrectly indicating the ‘safety’ of the equipment. 

© 2021 Global Journals
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A similar situation could arise in wafer handling, 
if a processing operation charged an insulating layer on 
the upper surface of the wafer and the substrate was 
grounded through an equipotential bonding scheme 
being used on the material handling system. 

Other risks than those caused by the charging 
of a sensitive item with static electricity can occur inside 
equipment. Electrostatic damage to reticles has been 
shown to occur through field induction even when there 
is no charge transfer to or from the reticle. A reticle can 
suffer ESD damage through exposure to an electric field 
while remaining electrically neutral – the reticle does not 
even have to be touched for damage to occur. This is 
the predominant electrostatic risk for reticles during 
normal use. It is described and guidance for avoiding it 
is given in SEMI Standard E163 [4]. The risk to a reticle 
from field induction cannot be assessed by measuring 
the charge the reticle holds at a load port, it is better 
assessed by using a specially configured sensor device 
[5] that can go where a reticle goes inside the tool and 
can record the electric field conditions that a normal 
reticle would experience. Examples of this will be shown. 

b) Tribo-charging of carriers 
Technical errors have been made in attempting 

to reduce the electrostatic risk to reticles caused by the 
tribo-charging of reticle pods and storage boxes during 
manual handling. When the first single-reticle boxes 
were made they were molded from insulating plastic 
such as polycarbonate, which has the advantage of 
being crystal clear so the reticle inside can be identified 
without opening the box. It was subsequently found that 
handling of the boxes could tribo-charge them to a very 
high voltage (up to 50kV) and when they were opened 
on a piece of equipment to remove the reticle, the 
electric field became concentrated between the charged 
box and the grounded load port, passing directly 
through the reticle and causing ESD damage. 
Alternative materials were sought that would not tribo- 
charge to the same extent, and modifications were 
attempted to try and improve the performance of 
existing pods (which will be described later). 

Investigations into the suitability of alternative 
materials for making reticle pods measured how much 
they would be charged by handling, which was done by 
performing a “wipe test”. In this test, a sample of the 
material under investigation is rubbed vigorously with 
either a cloth or a cleanroom glove, and the degree of 
tribocharging is then determined by measuring the 
electric field the material generates, as described in 
SEMI Standard E43 [6]. Static dissipative plastic 
materials were found not to exhibit persistent electric 
fields when tested in this way, so it was decided to 
make reticle pods from static dissipative rather than 
insulating plastic. 

 

resulted in a significant decrease in the rate of reticle 
ESD damage. However, changing the pod material only 
addressed the specific risk being caused by the pod 
itself first being charged by handling, then being placed 
onto a grounded load port or other surface. Other risks 
remained, and these new materials actually introduced 
some new risk, as will be described later. 

It became a common belief, as a result of using 
“wipe tests” to evaluate materials for electrostatic risk in 
this way, that static dissipative plastics do not tribo-
charge. This is a dangerous misconception, since all 
materials can be tribocharged. What was actually being 
measured in a wipe test was the ability of the tested 
material to retain the static charge on its surface for a 
long time. Static charge is generated on the surface of 
dissipative material by friction, but the charge then 
spreads out across the surface, reducing the strength of 
the electric field it produces. If the material is grounded 
the excess charge is drained away within a few seconds 
leaving no electric field to be detected. 

Typically, it would take several seconds for a 
field reading to be taken in a wipe test, so any field 
generated on a dissipative test material by tribocharging 
would have diminished or even disappeared by the time 
the readings were taken. Since a reticle can be 
damaged by an electric field within nanoseconds, this 
assessment method is not temporally sensitive enough 
to detect the risk that static dissipative material actually 
presents to a reticle. Just as with the “retained charge” 
test in SEMI Standard E78 giving a false impression of 
safety as illustrated in Fig 1, passing a wipe test falsely 
indicated the electrostatic safety of static dissipative 
material, and incorrectly indicated its suitability for the 
construction of reticle pods and storage boxes. 
Experimental confirmation of this will be described later. 

c) Inductive charging of ESDS items 
Small but important errors are sometimes made 

in the assessment of electrostatic risk in manufacturing 
processes. One commonly made mistake is in the 
description of discharges that can occur when using 
pick-and-place equipment to remove individual die from 
diced wafers, to place devices into circuit boards or to 
insert devices and circuit boards into testing stations. It 
is sometimes described that when an object is handled 
in the presence of an electric field it becomes charged 
by field induction, and that if it is subsequently brought 
close to a grounded conductor (e.g. when placing a 
packaged device into a circuit board or tester) it can be 
discharged. An example describing CDM risk in this way 
is mentioned in in Chapter 3 of the Industry Council on 
ESD Target Levels’ White Paper 2 [7], which says: 

“A typical example for this is the In-Circuit-Test (ICT). 
The PCB is pressed down by plastic pins made very often of 
highly chargeable material. This charging is transferred to the 
PCB by induction. During the electrical measurement the PCB 
is contacted with metallic Pogo-Pins and a hard discharge from 
the PCB into the tester can occur.” 

© 2021 Global Journals
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This change, when introduced alongside other 
static-reduction measures in reticle handling areas, 



This is a physically incorrect description of the 
phenomenon. What is actually happening in such a 
scenario is similar to the example shown in Fig 1, except 
that in this case the charge is present on the plastic pins 
used to hold the board in the tester, rather than being 
present on the board itself. The board cannot be 
charged by induction as described in the white paper 
because it is an insulating substrate and the charged 
plastic pins that hold down the board are also insulating, 
so no charge can be transferred between the two. 
Rather, the electric field from the charge on the plastic 
pins attracts a balancing charge from ground, so that 
when the tester contacts the circuit board connectors 
through the pogo-pins, it is the transfer of this balancing 
charge into the circuitry – not the discharging of the 
inductively charged board – that causes the CDM event. 

This may seem like undue pedanticism to 
some, but correctly understanding such events and 
describing them accurately is essential for controlling 
the associated risks. The white paper makes the 
following observation after giving this example: 

 

The conclusion that the board would not be 
charged after this process is incorrect. Only after the 
“discharge” has taken place through the pogo pins is it 
correct to say that the board has been charged by field 
induction. If the electrical connection to ground through 
the pogo pins is broken before the circuit board is 

removed from the electric field being generated by the 
charged plastic clamping pins, which is highly probable, 
the circuitry will retain the balancing charge that was 
added to it from ground. Moving the circuit board away 
from the charged plastic pins on the tester would leave it 
in a charged state, so the board could suffer another 
CDM (or more correctly, a “charged board”) event when 
next connected to ground at another processing station. 

It is essential when defining how to deal with the 
risk created by such processes to correctly identify 
where the excess charge is located. In the example of 
Fig 1 the charge on the object is on an insulating 
surface, so it cannot be removed by grounding the 
object. In this example of the inductive charging of a 
circuit board at a test station, the excess charge is 
present within the circuitry itself, so it can be removed by 
grounding the contact pins. 

If grounding is used inappropriately as a 
universal way of trying to prevent objects from carrying 
excess charge, as it often is within the semiconductor 
industry, there will probably be many situations like the 
one shown in Fig 1, and it is not guaranteed that all 
objects being treated in such a way would be 
undamaged by it. 

The white paper includes another incorrectly 
assessed example, this time describing the risk from the 
charging of an ESD sensitive component by a vacuum 
cup used in a pick-and-place tool. Fig 2 is a section 
from a series of examples given in the white paper 
describing electrostatic risks in a semiconductor 
manufacturing environment. 

Possible Risk Test Method Remedy 

ii) The ESDS gets charged due to 
the use of ungrounded or insulative 
suction cups at pick and place and 

discharges into the board 

a) Measure the charging of the IC while it is 
hanging on the suction cup 

b) Measure the charging of the suction cup 
 Measure the resistance to ground of the suction 

cup 

Use conductive/ dissipative 
suction cups, that are 

grounded; 
if necessary, use an ionizer to 

reduce the charging 

Fig. 2: Description of the electrostatic risk associated with pick-and-place equipment that inserts an ESDS device 
into a circuit board, reproduced from [7]  

The description of this risk is not completely 
correct. If the suction cup is an insulator, it cannot 
transfer a significant amount of any charge it holds to 
the ESDS item, because any charge it holds will be 
trapped on its insulating surface. It can charge the 
ESDS item by field induction if the ESDS item contacts a 
grounded conductor while it is exposed to the electric 
field from the charged suction cup. As in the previous 
example of the charging of a circuit board by a circuit 
tester, the ESDS item would become charged by 
induction when it is grounded by being inserted into the 
board, it would not be discharged by this step. 

The most critical factor in the use of suction 
cups for pick-and-place operations is the ability of the 

suction cup to tribo-charge the object being handled, as 
shown in the example of Fig 1. The degree of charging 
is dominated by the separation within the tribo-electric 
series of the different materials of the object and the 
suction cup that come into contact under pressure; it is 
not affected by the conductivity of the suction cup. Even 
metals can be tribo-charged and can tribo-charge other 
materials. The conductivity of the cup material only 
affects the time for which any excess charge that is 
created on its surface by tribo-charging will remain in 
place. 

Since any tribo-charging of the ESDS item 
becomes permanent the moment the suction cup 
releases it (assuming that the part of the ESDS item 
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“Very critical during such “closed” process steps is 
the fact that the problem can be overlooked very easily since 
the PCB is not charged before and after the process but can 
nevertheless be damaged during the process”.



contacted by the suction cup is insulating or electrically 
isolated, for example the encapsulation) then the fact 
that the charge on the suction cup could subsequently 
drain away to ground after separation would not change 
the risk to the ESDS item created by its tribo-charging 
during the handling process. A field meter measurement 
of a conductive or static dissipative suction cup after the 
ESDS item has been separated from it would show no 
remaining electric field, but it would not indicate that no 
tribo-charging of the ESDS item had taken place and 
therefore it would not be correct to conclude that the 
ESDS item was safe. 

The confusing effect of using grounded 
handling tools is difficult to appreciate in such scenarios 
if one is relying on field meter measurements to assess 
the risk. This can be appreciated by considering the 
following description of the use of a static dissipative 
suction cup to place a device into a tester socket. 

The suction cup tribo-charges the upper 
surface of the device encapsulation due to friction 
between the cup and the encapsulation as the vacuum 
is applied and released. At the moment of separation 
there will be an electric field present between the two 
separated charges. As the suction cup retracts from the 
device that it has just placed in the tester, the charge on 

the encapsulation would attract a balancing charge into 
the device circuitry through the connections to the 
tester. On completion of the test, the device would again 
be picked up by the static dissipative vacuum cup, 
which by now would be electrically neutral. The device in 
the tester would contain balanced charge, so there 
would be little external field present to attract a 
balancing charge towards the device through the 
suction cup. The device would then be disconnected 
from the tester and moved to its next destination, still 
holding the static charge on its surface and the 
balancing charge within the circuitry. This second 
handling step would create more tribocharging of the 
device due to the friction between the cup and the 
encapsulation, so on next grounding the device a further 
amount of balancing charge would be drawn into it. 
Hence, the repeated pick-and-place steps would 
effectively be equivalent to the repeated rubbing that is 
used to generate as much static charge as possible in a 
“wipe test”. 

Each handling step between equipotential-
bonded stations would build up more charge, increasing 
the internal electric field strength between the charged 
encapsulation and the balancing charge drawn into the 
circuitry from ground. Yet because of the grounding of 
the device, which draws into it a balancing charge, any 
field measurement of a device experiencing such a 
handling sequence would register little or no external 
electric field, thereby conveying a false impression that 
the device was not being charged by the procedure.

 

III. Limitations of some ESD Prevention 
Methods 

The primary focus of most electrostatics 
advisors working in the semiconductor industry is on 
ESD and its prevention. (There is also parallel activity 
focused on controlling electromagnetic interference, 
which is in part related to ESD suppression). A 
fundamental component of virtually all ESD and EMI 
reduction programs is electrical grounding, with 
appropriate standards being defined for the inherent 
conductivity and resistance to ground of all things used 
in the factory, from the flooring materials to equipment 
panels, conveyors and the clothing worn by operators. 
Electrostatic control has become an industry of its own 
within the semiconductor industry, because of its 
importance. 

The standard approach taken to control ESD in 
the semiconductor industry is quite simple and easy to 
understand: 

• Eliminate all non-essential insulators because they 
can accumulate static electricity 

• Neutralize all essential insulators using methods 
such as air ionization 

• Connect all conductive objects to a common 
electrical potential, normally ground (which is a 
procedure known as “equipotential bonding”). 

• Personnel working within a factory are required to 
wear conductive clothing and to be connected to 
ground, either through conductive footwear or by a 
special grounding strap worn at a workstation. 

• Workstations are required to be grounded, to have 
static dissipative work surfaces and to have 
supplementary methods of charge neutralization, 
such as ionized air showers. 

 While these methods do successfully control 
many electrostatic-related problems in manufacturing, 
they are targeted specifically at ESD prevention rather 
than device damage prevention. An assumption behind 
this approach to the problem is that if you eliminate ESD 
by managing the conditions that cause it, devices and 
other electrostatic-sensitive items being handled in the 
controlled environment will be adequately protected. 
Unfortunately, that is a slightly over-simplistic view to 
take. Eliminating damage due to ESD achieves only 
partial protection. 

a) Equipotential bonding 
A brief indication of the confusion that can be 

caused by using equipotential bonding has already 
been given in the previous section. Additionally, 
equipotential bonding can be positively harmful if 
applied inappropriately, so it is essential to correctly 
understand the effect it is having and to only use it in an 
appropriate way. Using it routinely for the handling of 
ESDS items is not always appropriate. 
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When reticle electrostatic damage reached 
epidemic proportions in the late 1990s, the described 
principles of ESD control were applied to reticle 
handling in an effort to prevent the losses. The initiative 
succeeded in bringing down damage rates significantly, 
but reticle electrostatic damage did not cease 
completely; some semiconductor facilities were still 
experiencing extremely serious reticle damage 
problems. 

In one example reported privately to the author, 
damage to a particularly sensitive production reticle had 
caused a loss of over $1 million in scrapped inventory 
and reticle replacements, despite the facility being 
equipped with the most advanced ESD 
countermeasures available and having frequent 
electrostatic audits. Every time a damaged reticle was 
replaced and the production line was purged of the 
defective wafers that had been printed with it, within a 
few weeks the same damage was experienced with the 
replacement reticle and more inventory had to be 
removed from the production line and scrapped. 

Research at International Sematech had already 
demonstrated that field induction causes electrostatic 
damage in reticles without any conductive ESD taking 
place. Through computer simulation, it had been shown 
that grounding a reticle to protect it against conductive 
ESD during handling makes it more sensitive to electric 
field-induced damage [7], [9]. So this indicated that the 
adoption of equipotential bonding for reticle handling as 
part of the countermeasures defined above [10] was 
having the opposite effect to that which had been 
intended. Rather than helping to protect reticles, it was 
making the risk of field-induced electrostatic damage 
worse. 

In the facility described above, wherein ESD 
was being effectively managed but electrostatic risk had 
not been completely removed, the damage being 
caused to the reticles was impossible to associate with 
any particular process or handling procedure; the risk 
was distributed everywhere, but it was either below the 
level considered to be hazardous or was not detectable 
by the methods being used in the electrostatic audits. 

 

risk of reticle damage worse and it increases the severity 

indicates that field induction is a complex subject that 
can confound even highly experienced ESD 
practitioners. 

It also shows that the reduction in reticle ESD 
damage rates had actually been achieved through a 
variety of other electrostatic countermeasures being 
taken at the same time, which had succeeded in 
reducing the overall electrostatic risk to a level where the 
effect of the error in using equipotential bonding was not 
observed. However, as was proven by the $1 million 
loss event, the remaining risk (which is made worse by 
the inappropriate use of equipotential bonding) can 
have much more serious consequences than the ESD 
risk that was being focused on in the electrostatic 
audits. 

One other negative consequence of using 
equipotential bonding for the handling of electrostatic 
sensitive items is that it reduces the effectiveness of air 
ionization systems. Ionizers offer the only practical way 
of neutralizing a charged insulator in a semiconductor 
manufacturing environment. An ionizer injects a 
balanced flow of positive and negative ions into the air, 
then the electric field from any charged object close by 
will attract ions of the required polarity to achieve 
neutralization, while ions of the opposite polarity will be 
repelled. It is necessary for the electric field from a 
charged object to attract the required airborne ions and 
repel the others in order to achieve charge 
neutralization, but if the object is grounded through an 
equipotential bonding scheme as illustrated in Fig 1, the 
charge it contains becomes balanced and it produces 
no significant electric field (other than the short-range 
internal field between the balanced charges it holds). 
Hence, by eliminating the external electric field from 
charged objects, equipotential bonding reduces the 
ability of ionizers to neutralize them. 
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of any field-induced damage that does occur. This 

Initially, the conclusion drawn from the 
computer simulation study indicating the harmful effect 
of equipotential bonding was challenged by several 
electrostatics consultants who were working in the 
semiconductor industry, as their practical experience 
indicated to them that grounding is protective. This 
opinion seemed logical because reticle damage rates 
had fallen significantly after equipotential bonding was 
recommended for reticle handling, and the use of 
equipotential bonding had been known for a long time 
to improve semiconductor device yields.

Nevertheless, independent experimentation 
carried out by several research groups confirmed the 
indications of the computer simulation [11], [12], 
demonstrating conclusively that grounding makes the 

.
It is often said in defense of equipotential 

bonding that it is the only practical way of removing 
static charge from items being manufactured in a 
production environment, where speed of material 
handling is essential for productivity. Grounding 
achieves charge balance relatively quickly (orders of 
magnitude faster than air ionization can achieve charge 
neutralization) which is why it is valued so highly by 
equipment makers and semiconductor manufacturers 
alike. But, since any static charge on a typical 
electrostatic-sensitive object being handled in a 
semiconductor factory is likely to be located on an 
insulating part of the object, such as the encapsulation 
of a packaged semiconductor device, the substrate of a 
circuit board or an insulating layer on a wafer, it cannot 
be removed by grounding. Connecting any conductive 
part of the object to ground can only introduce a 
balancing charge. This results in the object holding no 
net charge, so there will be no ESD if it contacts another 



grounded conductive object, but the object is not 
electrically neutralized by grounding it – it is put into an 
energized state rather like a charged capacitor, with 
energy stored in the internal electric field between the 
separated charges. If the object contains field-sensitive 
structures, this internally concentrated electric field can 
potentially cause damage, as it certainly does to reticles. 

It is important to recognize that electric fields 
are vectorially additive, so even if the internal electric 
field produced by grounding a charged device during 
handling is not itself sufficient to cause damage to the 
device, its presence during testing or when power is 
applied during normal use could raise the total electric 
field within the device to a dangerous level – so this 
issue should not be ignored. 

The desire for speed in material handling may 
need to become a secondary consideration in order to 

prevent extremely electrostatic-sensitive items from 
being damaged. An example of unavoidable charging 
by a process, which limits the speed with which the item 
can be handled when using equipotential bonding, is 
the cleaning of a reticle. Washing with deionized water 
and spin drying produces a large static charge on the 
surface, as shown by the measurement in Fig 3. This is 
a recording of electric field taken by the specially 
designed sensor device [5] mentioned in section 2, 
which has the same form factor as a normal production 
reticle and can pass through many of the processes that 
a standard production reticle would experience. 

Internal field-measuring electronics continually 
record the electric field that the device is exposed to, 
then the stored data are downloaded to a computer for 
processing after the measurement is complete. 

Fig. 3: Electric field recorded during reticle washing with deionized water followed by spin drying. Ionization to 
neutralize the reticle is essential after such a process, preventing the reticle from being moved until the static charge 
has been eliminated. 

The static charge generated on the reticle by 
the process cannot be safely removed by equipotential 
bonding, as will be illustrated in the following 
subsection, which means that the cleaning procedure 
has to incorporate a throughput-limiting charge 
neutralization step, which requires five minutes in this 
example. Other production processes involving devices 
and semiconductor wafers, if subjected to equally 
stringent analysis of the electrostatic risks inherent in the 
process, may also be found to have a similar 
requirement for the safe removal of static charge by air 
ionization before further handling, rather than relying on 
equipotential bonding. 

The conclusions drawn from this analysis are 
somewhat alarming, considering the trust that is placed 
in using equipotential bonding as a protective practice 
within the semiconductor industry: 

• Grounding a charged object is unlikely to neutralize 
it unless it is homogeneous and conductive 

• Grounding a charged object is likely to create an 
internal electric field between balanced opposite 
charges 

• Grounding a field-sensitive electrically neutral object 
makes it more susceptible to field-induced damage 

• Grounding reduces the effectiveness of air 
ionization, the only practical way of neutralizing an 
insulator 

Equipotential bonding definitely reduces 
conductive ESD during material handling, by ensuring 
that objects always carry balanced charge, but it is 
neither inherently safe nor protective to use it with any 
field-sensitive object. ESD suppression through 
equipotential bonding does not necessarily achieve 
complete device protection and it can have the opposite 
effect to the one intended, by enhancing any risk arising 
from field induction. 

b) Air ionization 
Air ionization is the most practical way of 

removing static charge from insulators in a 
semiconductor factory, but it has been explained why it 
is not a guaranteed way of neutralizing static charge if 
used in combination with an equipotential bonding 
scheme. Air ionization also has some potentially 
negative attributes. 
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Most types of air ionizer used in semiconductor 
factories generate ions by applying a high voltage to a 
sharp electrode. This creates a high field strength at the 
tip of the electrode and this ionizes air molecules, which 
are subsequently repelled from the electrode by the 
electric field. It is evident from this description that many 
air ionizers generate intense electric fields in order to 
work. It is essential that the electric field generated by 

  
otherwise the object could be damaged by the very 
device that is installed to protect it. This potential 
damage scenario is regrettably not rare. 

In the measurement shown in Fig 4, the sensor 
device [5] was loaded into a piece of reticle handling 
equipment fitted with an air ionizer in the load port area 
to neutralize any charged incoming reticles. 
Unfortunately, this ionizer had been installed much too 
close to the reticle handling path and the pulsed field 
from the ionizer tips could reach the reticle as it passed 
underneath. Every pulse of electric field from this ionizer 
recorded by the sensor reticle was capable of causing 
irreversible and cumulative damage to a production 
reticle. 

Fig. 4: Electric field recorded by a sensor reticle introduced to a piece of handling equipment fitted with an ionizer 
that is too close to the reticle handling path. As the reticle passes by the ionizer it experiences a rapidly oscillating 
field, each transient of which is capable of causing EFM degradation of the reticle [7], [14], [15], [21], [22], [23]} 

Furthermore, as is shown by the offset in the 
reading after the reticle had passed beneath the ionizer, 
the ionizer had actually charged the surface of the 
reticle, leaving it susceptible to further damage as a 
consequence of subsequent handling with grounded 
robot arms. A similar observation was reported by Turley 
in an evaluation of the static control measures being 
used in a reticle manufacturing facility [13]. 

For correct operation it is essential that the 
ionizer is maintained to keep its output in a balanced 

condition, since contaminants in the cleanroom air can 
build up deposits on the ionizer tips that affect the ion 
production efficiency, leading to unbalanced ion 
emission. As mentioned by Turley [13], correct 
positioning of an ionizer is also essential to ensure that 
balanced ion streams can reach the target. If ionizer 
imbalance happens or an ionizer is badly positioned, it 
can add static charge to any object that passes nearby, 
which is demonstrated by the measurement shown in 
Fig 5. 

 

Fig. 5: Electric field recorded by a sensor reticle introduced to a piece of reticle handling equipment having an 
unbalanced ionizer and equipped with a grounded reticle handling robot (presumably fitted with static dissipative 
reticle contacts). 
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such an ionizer cannot reach a field-sensitive object, 



As the sensor reticle in Fig 5 enters the 
equipment it is bathed in the unbalanced ion output 
from a badly maintained or poorly located ionizer, which 
charges the reticle surface to the same extent as shown 
in Fig 4. Subsequent handling of the reticle by a 
grounded robot arm, which is probably intended to 
safely remove any charge through static dissipative 
contact pads, results in rapid field reversals within the 
reticle. It can be seen that after each of the two handling 
steps the reticle has not been discharged. 

The use of a grounded handling tool in this 
instance has created a significant risk of damage, by 
causing rapid transient field changes within the reticle. 
Every time the field conditions experienced by a reticle 
change, irreversible and cumulative damage can be 
caused, with transient field reversals of this kind being 
particularly hazardous [14], [15]. 

If the reticle cleaning station illustrated in Fig 3 
was loaded and unloaded using a similar grounded 
robot arm, and if sufficient time was not allowed for 
charge neutralization to be achieved by air ionization 
before the reticle was removed, transient field reversals 
ten times stronger than those shown here would occur. 
The fields recorded in Fig 4 and Fig 5 are well above the 
level that could cause cumulative reticle damage, but 
these are not extreme examples. The reticle charging 
reported by Turley [13] as a consequence of a badly 
positioned ionizer was ten times more severe than in the 
examples illustrated here, making it comparable to the 
charging shown in Fig 3 arising from reticle cleaning. 

While ionizers may indeed be the only practical 
way of dealing with static charge on insulators in a 
semiconductor manufacturing environment, they are 
certainly not fail-safe when being relied upon for the 
protection of field-sensitive items. When combined with 
an equipotential bonding scheme they can be rendered 
ineffective, and when used under conditions similar to 
those illustrated here they can be extremely hazardous. 

c) Static dissipative and “conductive” plastic boxes 
 

industry the incorrect impression that the pods were 
working as intended and were adequately protecting 
their reticles, so they have subsequently been adopted 
the world over. 

Reticle pods that were claimed to be 
electrostatically protective by providing a conductive 
path from the reticle to ground were developed by 
several makers wishing to capitalize on the 
standardization of reticle handling through the SEMI 
Standards, and pod designs based on this concept 
have become widely adopted. Fig 6 shows an extract 
from a reticle pod patent [17] that includes claims of the 
protective quality of the design, based on the belief that 
equipotential bonding safely removes static charge from 
charged objects such as reticles. The patent describes 
the prior art as requiring static dissipative contacts with 
the reticle to provide grounding through the pod door, 
but identifying that the static dissipative additives 
available at that time when added to the plastic of the 
box shell made the material cloudy, so the reticle could 
not be viewed. In this patent the grounding is provided 
via the support structure rather than through the pod 
shell, so the shell is made from transparent non-
dissipative (i.e. insulating) material to provide improved 
visibility of the reticle inside the pod. 

Grounding a reticle in this way increases the risk 
of electrostatic damage, and increases the severity of 
any damage that may be caused to a reticle carried 
inside such a pod [7], [11], [12]. Making the pod shell 
from field-transmitting material and grounding the reticle 
is a significant technical error, which is also made in 
another reticle box patent that claims to be protective 
[18], so this is not an isolated case of the 
misunderstanding. 

Cheng et al [19] describe a modified reticle pod 
with embedded and/or externally applied metallic panels 
that are intended to shield the reticle from electric field, 
such as that arising from static charge generated on the 
pod handle by manual handling. However, these 
“shields”, and the metal plates added to the top of 
single reticle pods for automated handling in reticle 
stockers, actually increase the field-induced reticle 
damage problem as shown by the computer simulation 
of Fig 7. 
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It was mentioned in section II that static 
dissipative boxes (also known as pods or FOUPS) have 
been found to be less protective than they were 
originally believed to be. Very soon after static 
dissipative single reticle pods were developed, testing 
showed that they are incapable of effectively shielding 
reticles from externally generated electric fields [16]. 
Because it had already been shown through 
experimentation at International Sematech that reticles 
can be damaged by field induction, this revelation 
should have resulted in the adoption of alternative reticle 
handling solutions that offered reticles adequate 
protection from electric field. However, the reduction in 
reticle ESD damage rates after the introduction of these 
new static dissipative reticle pods (alongside the 
complementary electrostatic countermeasures as 
already described in IIIa) gave the semiconductor 



 

Fig. 6: An example of a reticle pod patent that claims to be electrostatically protective but which will actually have the 
opposite effect to that claimed. Grounding of a reticle in this way will increase its susceptibility to field-induced 
damage and cannot remove static charge from the reticle in the way claimed in the patent (refer to Fig 1). 

 

Fig. 7: Computer simulation of a reticle pod with a grounded static dissipative door and reticle supports, that has a 
metal panel inserted between the handle and the top casing of the pod in an attempt to shield the reticle from static 
charge generated on the handle, as described in [19]. The metal panel increases the electric field strength 
experienced by the reticle by perturbing the electric field, which is the opposite effect to that intended.

Metallic shielding in the form of a Faraday cage 
needs to be continuous and to completely enclose the 
protected item, as is well known from studies of EMI 
prevention. Modifications of reticle pods in the way 
illustrated in Fig 7 were carried out in an attempt to 
simultaneously overcome the ESD damage problem 
caused by reticle pod charging while avoiding the cost 
of replacing existing reticle pod inventories with much 
more expensive static dissipative alternatives. Such “in-
house” modifications and pod redesigns were 
ineffective for the reason illustrated in Fig 7. 
Consequently, in the belief that the claims of reticle 
protection made by their manufacturers (as described in 
the cited patents) are true, most single reticle pod users 
have  adopted static dissipative pods and boxes, which 

production. All these attempts to provide electrostatic 
protection fail because of fundamental errors in the 
understanding of the risk. 

The significance of making such errors in reticle 
pod design becomes apparent when one considers the 
extent of tribocharging of a reticle pod during normal 
handling and use. It was believed on the basis of the 
wipe-tests carried out to simulate the tribo-charging of a 
pod during manual handling that static dissipative 
materials do not tribocharge, hence their use for the 
construction of reticle pods should eliminate the pod 
charging problem and the ESD damage that it causes. 

However, it has been shown that this is a 
misconception, as static dissipative plastics actually do 
tribo-charge quite efficiently. 
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have now become a de facto standard in semiconductor 



If one uses a field sensor with sufficient 
sensitivity and temporal response, one finds that static 
dissipative pods generate and transmit to the interior a 
great number of intense electric field transients, even 

when they are being carefully handled in static-
controlled semiconductor production environments. An 
example of this is shown in Fig 8. 

 

Fig. 8:
 
Electric field recorded by a sensor reticle [5] while being handled normally in a standard static dissipative 

single-reticle SMIF pod in a semiconductor production facility equipped with all the standard electrostatic 
countermeasures, including air ionization, grounded operator clothing and footwear, conductive flooring etc.

 

Transients and high frequency fields are 
potentially highly damaging to reticles, as is explained in 
[15]. Static dissipative materials generate transient 
electric field pulses through normal handling, as 
demonstrated by the recording in Fig 8. They also 
convert constant external electric fields into internal field 
transients, doubling the damage risk; and they act as 
high-pass filters, selectively allowing rapidly changing 
external electric fields to penetrate –

 
which means that 

they are definitely not ideal materials to use for the 
construction of reticle pods and boxes.

 

Being aware that reticle electrostatic damage 
was still happening inside static dissipative reticle pods, 
despite the adoption of all the recommended protective 
measures, Helmholz and Lering [12] conducted 
experiments to measure how much the protection 
provided by a reticle pod could be improved by 
increasing the

 
conductivity of the plastic, from static 

dissipative to “conductive”. By this time the desire to 
have a transparent case for the reticle so that it could be 
visually identified, as mentioned in the reticle pod patent 
[17], had been replaced by the urgent need to eliminate 
costly reticle electrostatic damage.

 
 
Helmholz and Lering showed that as the 

conductivity of the plastic pod shell was increased, the 
 

tested a pod constructed from the most conductive 
plastic material available (carbon nanotube loaded 
PEEK) a test reticle stressed inside it by exposure to an 
externally generated electric field suffered ESD damage.

 

Pernicious electrostatic damage mechanisms 
other than ESD take place at an electrostatic stress level 
orders of magnitude weaker than that which causes 
ESD in a reticle [20], [21], [22], [23], but their study did 
not evaluate the ability of the pods to suppress these. If 

a “conductive” plastic reticle pod was found to be 
incapable of preventing ESD damage to a reticle stored 
inside it, it certainly would not be capable of protecting a 
reticle against these other damage mechanisms.

 

Helmholz and Lering also confirmed that the 
damage sustained by the reticles in their test pods was 
increased by grounding them, as is confirmed by the 
results from their paper which are reproduced in Fig 9.
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field-shielding effect was improved. But when they 



 

Fig. 9: Reticle pod test results reproduced from [12] showing that the test reticles suffered ESD damage inside 
conductive plastic reticle pods when stressed by an externally generated electric field, and that the damage was 
made much worse by the reticle being grounded inside the pod. 

An important observation relating to the results 
presented by Helmholz and Lering is that even though 
their field measuring apparatus was some of the most 
sensitive and temporally responsive equipment available 
(a picocoulomb meter connected to a fast storage 
oscilloscope) it did not detect the rapid field transients 
that the “conductive” plastic pods allowed to penetrate, 
and which had caused the ESD damage in their test 
reticles. The sensor reticle [5] used to present the field 
measurements previously shown also cannot accurately 
measure field transients with shorter duration than 
~50ms, owing to the integrating electronics that the 
device uses. 

Since a reticle can respond to (and potentially 
be damaged by) field changes up to GHz frequencies 
and beyond, such electronic sensors cannot detect all 
electrostatic threats that can cause damage in a reticle. 

 

IV. Implications for the Electrostatic 
Security of Devices 

The previous sections have dealt almost 
exclusively with the electrostatic risk to reticles, because 
they are the most extensively studied subjects in 
investigations of field induction effects in semiconductor 
manufacturing and they have been the primary focus of 
this author’s work. Through the reticle studies it has 
been found that there are inherent weaknesses in the 
methods being adopted to mitigate electrostatic risk, 

with some ESD prevention practices creating or 
exacerbating other electrostatic risks that can cause 
damage to very sensitive items. 

Technical errors have also been made in 
developing material handling “best practice” which, 
while intended to be protective, instead results in field- 
sensitive items such as reticles being put at an elevated 
risk of damage through field induction. It follows that if 
this undesirable situation is true for reticles, which has 
now been proven beyond any doubt, then it must also 
be true when handling other field-sensitive items in the 
same way. This would be especially true considering the 
errors that have been made in the interpretation of the 
risks, and the procedures that have been adopted to 
address them, as described earlier. 

It is known that semiconductor devices are 
generally not as sensitive to external electric field as 
reticles, although some devices do exhibit sensitivity to 

example, Wallash et al [24] report that GMR recording 
heads exhibit sensitivity to transient fields if one terminal 
of the device is connected to a short conductor that 
functions as an antenna. This means that components 
that may not be field sensitive when they are being 
manufactured may develop field sensitivity when they 
are being installed into electronic assemblies. They 
observe: 

“the susceptibility of Class 0 devices to current 
transients caused by transient, high frequency fields has 
not been well studied. It is concluded that it is important 
to measure the field sensitivity of assemblies with Class 0 
devices” 
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Not detecting an electrostatic threat – and even 
the total absence of ESD damage – does not mean that 
electrostatic risk is being adequately controlled, and 
patented “protective” solutions don’t necessarily do what 
is claimed of them.

field-induced damage under certain circumstances. For 



Sonnenfeld et al [25] in their review of failure 
modes in semiconductor devices also comment: 

“…it is not widely known how degradation 
mechanisms propagate as a function of environmental 
conditions and various stressors. The attainment of such 
knowledge is critical for advancements in the field of 
power electronics health management and prognostics. 
The ability to perform large scale experiments and 
characterize the degradation signatures of such 
semiconductor devices under various scenarios is of 
great interest… 

The assumption of new functionality will also 
increase the number of electronics faults with perhaps 
unanticipated fault modes. In addition, the move toward 
lead-free electronics and microelectromechanical 
devices (MEMS) will further result in unknown behaviors.” 

Both of these articles highlight the lack of 
knowledge about damage mechanisms and the 
susceptibility of advanced devices to them. They also 
express the view that further research into 
semiconductor and hybrid device damage mechanisms 
should be carried out. In consideration of the identified 
errors and misunderstandings that have been made 
during the development of supposedly protective 
handling methods used throughout the semiconductor 
industry, it seems prudent that field sensitivity – and the 
effect of exposure to electric fields during the 
manufacture of electrostatic-sensitive devices – should 
be a prominent part of such research. 

It would not be wise to assume that current 
handling methods are safe, given the errors in them that 
have been identified, and especially if no research has 
been conducted to find out whether hitherto-undetected 
field-induced damage might be happening in 
electrostatic-sensitive electronic devices. 

A flat panel display is an example of a recently- 
developed electronic device that exhibits extreme 
electrostatic sensitivity during its manufacture. The initial 
approach taken to try and avoid electrostatic damage 
was to implement the standard principles described in 

This did not prevent damage, which was happening as 
a consequence of the unavoidable charging of the panel 
by the manufacturing processes. It was therefore 
considered necessary to adopt an alternative approach, 
so the principles of field management rather than control 
of electrical potential – as described in SEMI Standard 
E163 – were applied. 

Special coatings were developed and applied 
to surfaces that contact the panels so that tribocharging 
would be reduced; ionizers were installed to neutralize 
charge generated on the panels when rolling conveyors 
were being used; and insulating support pins rather than 
grounded conductive ones were employed at 
processing stations to prevent the concentration of any 
remaining electric field at the points of contact with the 
substrates as they were being lifted [26]. It was found 

that significant improvements could be made by 
abandoning long-established principles and taking this 
alternative approach to their electrostatic protection. 

Re-evaluating a problem from a different 
perspective sometimes reveals that evidence has been 
misinterpreted in the past, as was found after 
retrospective analysis of data from the reticle damage 
studies that had been conducted at International 
Sematech [20]. This led to debate among some 
electrostatics practitioners about the presumed 
protective quality of equipotential bonding. During an 
online discussion initiated by this author about the 
possible negative consequences for device safety as a 
result of using equipotential bonding during handling, 
most contributing ESD practitioners in the discussion 
group stated that devices are not field-sensitive and 
believed that they could not be damaged in this way. 
Smallwood expressed doubt that concern about the use 
of equipotential bonding was justified, because the 
rationale for using it during manufacturing was sound 
and the results achieved by doing so were significant 
and positive. 

However, M K Radhakrishnan, an IEEE EDS 
distinguished lecturer [27] commented: 

“The assumption of internal damage in the 
semiconductor devices is correct. We have seen it in our 
experimental analysis studies of thin gate dielectric 
devices some time back. Also, we have observed that 
the internal electric field can cause damages not only to 
gate dielectric, but in many cases to other interfaces and 
junctions as well.” 

Examples of the kinds of damage that can be 
caused in and around electrically-overstressed device 
junctions can be found in Radhakrishnan’s published 
papers, for example [28]. In this paper the authors 
present failure analysis results from a variety of 
semiconductor devices that have been damaged by 
ESD or by EOS, identifying through high resolution 
microscopy some distinguishing characteristics of the 
two different damage mechanisms. The paper includes 
TEM images of suspected ESD-induced damage to 
tungsten via plugs, as reproduced in Fig 10, showing 
progressive damage that ultimately results either in the 
via contact being broken (their fig. 4b) or penetrating 
into the silicon substrate (their figs. 4a and 9d). These 
images are particularly interesting because they indicate 
a directional quality of the damage mechanism that is 
similar to that seen in field-induced damage in reticles. 

When chrome migration was first observed in 
reticles it was initially attributed to melting and reflow of 
the metal by the discharge current from low power ESD 
events [29]. This was subsequently shown to be a 
diagnostic error, however, after the movement of the 
metal was identified as field-induced migration [20], 
[21], [22], [23]. The directional quality of the damage 
mechanism in reticles and measurements of the current 
flowing during the damage process unambiguously 
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section III in the design of the manufacturing equipment. 



identified that a discharge current played no part in the 
melting and reflow of the metal – the metal atoms 

moved at room temperature without any discharge 
occurring, driven by electric field. 

 

Fig. 10: TEM images of electrically damaged tungsten via plugs, reproduced from [28] 
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 Electric field is known to enhance atomic 
mobility, being applied during epitaxial deposition 
processes to enhance the growth of crystal films [30], 
[31]. Sengupta and Pavlidis [30] further explain how 
bonding in a material can be altered by the application 
of an electric field. 

The images reproduced in Fig 10 show a 
directional damage characteristic, and the region 
around the damage sites does not appear to have been 
stressed by localized heating – certainly not to a 
temperature sufficient to melt tungsten (>3400°C). Their 
images 4a and 9d show movement of the tungsten plug 
material into the silicon substrate, whereas their figs 4b 
and 9c show separation at the contact junction and no 
movement of the tungsten into the substrate. In their 
images 4a and 4b there are also discernable changes at 
the top of the tungsten via plugs; when the tungsten has 
moved towards the substrate there is a small 
depression visible at the top via contact, but where the 
tungsten has broken contact with and moved away from 
the substrate, there is no depression seen at the top. 
The contact zone within the substrate itself is also 
sharply defined and appears undamaged when the 
tungsten has moved away from the substrate (their fig 
4b). 

If these examples of damage had all been due 
to thermal overload at the interface, leading to melting of 
the tungsten, it is unlikely that this directional behavior 
would be observed, that areas in close proximity would 
be undamaged and that the junction would have 
survived to be studied by TEM. This suggests that the 
material movement observed in these damaged 
structures is possibly due to a high local electric field. 
Although it was observed after ESD stress testing, such 
damage would not necessarily be dependent on an ESD 
event injecting a surge of current to cause it. 

Further evidence of the damaging effect of 
electric field within a semiconductor device is shown in 
Fig 11, which is reproduced from another of 
Radhakrishnan’s papers [32]. The authors had identified 
that breakdown of gate oxides in FETs was often 
accompanied by the epitaxial growth of silicon 
protrusions at the site of the breakdown, a newly-
identified phenomenon that they called dielectric 
breakdown induced epitaxy (DBIE). They attributed this 
epitaxial growth to the effect of a strong “electron wind” 
at the site of the dielectric breakdown, pushing silicon 
atoms either from the silicon substrate or the polysilicon 
gate electrode into an epitaxial hillock at the breakdown 
site. 

 

Fig. 11: TEM image of an FET that had suffered DBIE but was still working, reproduced from [32] 

However, in Fig 11 the gate oxide had not yet 
been ruptured by the applied stress and the transistor 
was still working, but DBIE was present beneath the 
gate oxide layer, which had bowed upwards. There is no 
evidence of localized breakdown of the dielectric and 
the DBIE is evenly distributed across the gate. On close 
inspection it is also possible to see faint lines beneath 
the distorted dielectric layer, suggesting the progressive 
movement of the interface through a number of discrete 
steps. 

Rather than the epitaxial growth of the hillock 
being due to dielectric breakdown, a more plausible 
explanation for it is the field-enhanced diffusion of the 
oxygen atoms, followed by the re-incorporation of the 
silicon atoms that were left behind into a continuation of 
the substrate’s crystal structure. It is evident from this 

that field-enhanced diffusion is a probable precursor to 
dielectric breakdown, an explanation that would be 
consistent with the established “percolation” models of 
dielectric breakdown. If this interpretation of the 
evidence is correct, this example indicates that the 
stoichiometric changes produced by electric fields 
within solid state devices can be somewhat more 
significant than previously thought – the macroscopic 
structure can actually move! 

The online debate among ESD experts about 
the hypothetical enhancement of field-induced damage 
in semiconductor devices through the use of 
equipotential bonding resulted in no agreement being 
reached. It nevertheless generated some fresh curiosity, 
with Smallwood recently conducting a simple 
experiment to determine whether or not semiconductor 
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devices can be damaged by field induction [33]. His 
experiment proved that under certain circumstances 
they can be damaged, without an ESD event taking 
place. Until this experiment was carried out to test the 
hypothesis, the prevailing view of ESD consultants 
working in the semiconductor industry has been that 
devices are not susceptible to field-induced damage 
and that grounding them is therefore both safe and 
protective. 

That view is now shown to be open to doubt, so 
further investigation of field induction effects in devices 
and of any potential negative consequences arising 
from the use of equipotential bonding during their 
manufacture and handling would therefore be prudent. 

V. Discussion 

The Industry Council on ESD Target Levels 
white paper 2 [7] fully describes the subject and 
recommends a reduction in the specification for device 
protection. This is not, however, an indication that 
devices are becoming less sensitive to electrostatic 
damage over time, which is a conclusion that could be 
drawn from this recommendation. It is a response to the 
changing nature of CDM discharges as devices become 
larger and pin counts increase into the thousands. The 
simulated discharge current increases with package 
size and the smaller contacts needed to make so many 
connections to the device are unable to withstand the 
current generated by the CDM testers at the 
specification of 500V. It is not that the risk itself has 
reduced, it is that the established way of determining the 
susceptibility to the risk has become unsuitable. The 
nature of reticle electrostatic damage has also changed 
with shrinking feature dimensions and spacing. 
Retrospective interpretation of previously published data 
on device damage has now indicated that some of the 
available evidence may have been misinterpreted in the 
past. 

Clearly, the assessment of electrostatic damage 
risk is something that demands constant review and 
revision. 

Many papers have been published that have 
reported on the durability and performance of the 
various dielectrics being used for gate insulation. This is 
not only of interest with regard to the potential for gate 
oxide damage as a result of an ESD strike, but also 
because time dependent dielectric breakdown (TDDB) 
is a major cause of devices failing during use. The ability 
of dielectrics to work efficiently and remain durable 
when only nanometers thick is crucial for device scaling, 
which is why better performing materials are always 
being sought. 

These
 
studies

 
have

 
consistently

 
reported

 
that

 

one
 
of

 
the main causes of dielectric failure regardless of 

the specific
 

chemical
 

composition
 

of
 

the
 

dielectric
 

is
 

stress from an excessive electric field, which causes 

cumulative stoichiometric damage to the material, 
ultimately leading to breakdown. The evidence from 
TEM analysis of highly stressed FET gates indicates that 
field-induced structural damage may precede dielectric 
breakdown and device failure. 

It follows from this review that there is a 
potential risk to all advanced devices arising from 
uncontrolled exposure to electric field, and even from 
the stresses created during normal device operation, yet 
this aspect of risk has not been extensively investigated, 
perhaps because the prevailing view among those 
advising the industry on electrostatic protection is that 
devices are not sensitive to damage by electric field. 

 
“there is increasing anecdotal evidence that the 

presence of static charge on wafer surfaces is becoming 
an ESD hazard as gate oxide thicknesses become 
thinner. In the future, there may need to be further limits 
on allowable static charge on wafer surfaces to prevent 
ESD-related gate oxide damage during front-end 
semiconductor manufacturing. Further research is 
needed in this area.” 

Despite this anecdotal evidence being known 
about and advice for further research to be carried out 
being included in the SEMI Standard for two decades, 
little fundamental research appears to have been done 
in this regard, as no publications on the study of field-
induced defects in devices have been identified through 
an online literature search. This may be due to the focus 
in the SEMI Standards and other static-related advisory 
documents being almost exclusively on ESD prevention, 
as the text above demonstrates by using the term “ESD-
related gate oxide damage”. The prevailing belief is that 
ESD control is already well understood and is being 
efficiently implemented. So unfortunately, any concern 
that might have arisen about this “anecdotal” dielectric 
damage problem would, in all probability, have resulted 
in ESD consultants being more stringent in the 
application of the standard ESD countermeasures, 
including the use of equipotential bonding, which 
probably would not have improved understanding of the 
situation. Dielectrics can be damaged by electric field 
without any ESD taking place. 

As with the new reticle damage mechanisms 
first identified in 2003, which had incorrectly been 
thought to be a form of ESD damage since the cause of 
them is the same (exposure to electric field) [11], [29], 

      
hybrid devices would be a cumulative process, giving 
no immediate indication that anything untoward had 
happened. Any dielectrics affected during manufacture 
would be unlikely to fail catastrophically when a device 
was tested but they could cause parametric variations in 
performance, and any such dielectric degradation would 
almost certainly contribute to early device failures 
through TDDB. The gate distortion seen in Fig 11 seems 
to support this view. 
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field-induced dielectric damage in semiconductor and 



Unfortunately, if a damaged dielectric breaks 
down when a device is powered it is likely to result in 
thermal runaway that will destroy the defect site and 
make diagnosis of the root cause of the failure 
impossible. Thus, it is conceivable that a number of 
device failures in the field that are currently being 
classified as due to electrical overstress (EOS) may be 
caused by latent defects in the devices, resulting from 
dielectric damage that occurred during manufacture. It 
will be impossible to know whether or not this is 
happening without conducting more fundamental 
research of the kind carried out by Radhakrishnan et al 
to identify the precursor states and the factors causing 
them that eventually result in device failure. Investigating 

to produce the necessary insight because of the highly 
destructive nature of most final damage events. 

The evidence presented here has shown that 
current ESD prevention practices employed in the 
semiconductor industry can have some negative 
consequences for the protection of electrostatic 
sensitive items. Focusing on ESD prevention alone does 
not guarantee adequate protection of electrostatic 
sensitive objects. Remaining risks have been identified 
that are the result of incomplete and sometimes 
incorrect understanding of the problems by those who 
have defined the “solutions”. The extent of this incorrect 
understanding is demonstrated by semiconductor 
industry patents which, being based on a physical 
principle that has been experimentally proven to be 
incorrect, will actually have the opposite effect to the 
protective one that the designers intended. Being a 
prominent supplier to the industry and even being 
awarded a patent for an invention clearly do not 
guarantee that the design will actually be protective in 
the way the maker claims. 

Reticles are extremely field-sensitive and have 
served as an excellent test subject with which to study 
electrostatic effects and field-induced damage 
phenomena in general. The relative simplicity of the 
structure of a reticle which can be easily used to perform 
computer simulations of field distribution and strength, 
the visibility of the parts that can sustain damage, the 
ability to perform atomic force microscopy to study the 
damage mechanisms in detail and then correlate their 
distribution with the field simulations, all without having 
to deconstruct the test piece, has led to new awareness 
about the changing nature of the electrostatic damage 
problem. 

The characteristics of electric field behavior that 
have been identified through the reticle damage studies 
have led to the realization, as has been proven with 
reticles, that some handling methods being used to 
combat ESD in the semiconductor industry put all 

 

New generations of device are typically more 
susceptible to electrostatic damage effects than 
previous generations because device features and 
critical dimensions are becoming smaller over time. This 
characteristic is further accentuated by the changing 
nature of field induction with decreasing feature 
separation, as illustrated by the computer simulation 
results shown in Fig 12, which were produced to help 
explain the changing characteristics of field-induced 
damage in reticles over time. Field induction is seen to 
be highly non-linear and to change radically in nature as 
the separation of conductive features is reduced, on a 
dimensional scale relevant to semiconductor devices 
and the reticles that are used to print them. 

ESD prevention methodology involves reducing 
the potential difference between adjacent conductive 
objects below the threshold for breakdown, and ESD is 
dependent on both voltage and separation. As the 
separation of conductive objects moves into the 
nanometer regime it becomes impossible to generate 
conditions that will cause ESD by field induction, 
because there is insufficient separation to build up a 
cascade of ionization (the initiation of a spark) and it is 
also impossible to generate a large enough potential 
difference. Yet, while field-induced potential differences 
fall rapidly with decreasing separation, the field strength 
produced between adjacent conductors by field 
induction increases exponentially. 
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real-life device failures from field returns will be unlikely 

electrostatic-sensitive devices at heightened risk of field-
induced damage during their manufacture and 
subsequent handling.



 

  
 

On the dimensional scale of the features found 
in current production reticles, small fractions of a volt 
induced between adjacent conductive features can be 
accompanied by hazardous levels of electric field, easily 

threshold for EFM [22]. The features within a 
semiconductor device are typically 4x smaller, owing to 
the demagnification factor used in lithography, so this 
dimension-dependent field enhancement effect is even 
more significant, and adding dielectrics between the 
conductors amplifies the field strength still further. Shu 
et al in their report on damage to the dielectrics used in 
spacecraft systems [33] quantify the harmful effect of 
electric field thus (their emphasis): 

“One major parameter is the critical electric field 
for dielectric breakdown, E* = 106 to 108 V/m” 

Since the physical processes that ultimately 
lead to dielectric breakdown are cumulative and likely to 
start under less extreme field conditions and to begin 
propagating some time before the point of full dielectric 
breakdown is reached (as is suggested by the TEM 
image in Fig 11) the field strength of concern for device 
safety would appear to be comparable to that which 
causes EFM damage in reticles. On the scale of the 
structures found in modern production reticles such 
high levels of local electric field can be produced with 
induced potential differences of only a fraction of a volt. 
Evidently devices are now being designed to operate 
under conditions that this analysis would suggest are 
capable of creating field-induced damage, so TDDB is 
probably inevitable. Any uncontrolled exposure to 
electric field would certainly not enhance their durability. 
Therefore, concern about any exposure of devices and 
the dielectric interfaces they contain to uncontrolled 
electric field conditions would seem to be justified. 

A focus on electric field management rather 
than ESD prevention is perhaps more appropriate today 

than it was when the principles described earlier were 
first defined for the industry. 

The complexity of electrostatics management in 
semiconductor production has recently risen to new 
heights with the introduction of EUV lithography, which 
is conducted in a vacuum. This complexity is admirably 
illustrated in the paper by van de Kerkhof [35]. 
Considering the advanced treatment that the subject of 
electrostatic control has been given in this study of the 
latest generation of semiconductor production 
equipment, it seems anomalous that decades-old and 
somewhat flawed approaches to electrostatic protection 
are still being taken with the handling of the devices that 
these highly advanced machines are being used to 
produce. As the proverb says, a chain is only as strong 
as its weakest link, and there are definitely some weak 
links that have been identified in the semiconductor 
device protection chain that could risk negating all the 
extensive effort and expense being applied elsewhere. 

Attention should be drawn to the fact that the 
damage described as “ESD damage” to embedded 
structures within a semiconductor device is not itself 
ESD, it is a consequence of a discharge having taken 
place outside the device. The mechanism of the internal 
damage will be different from the mechanism driving the 
external discharge, so controlling the conditions that 
result in an external discharge will not necessarily 
eliminate all the conditions within the device that could 
cause internal damage. As has been observed with 
reticles, the application of electrostatic stress always 
leads to a natural relaxation that can be achieved in 
various different ways. If the stress relaxation does not 
occur via a spark or by electronic conduction, it can 
happen by some other means that may not be intuitively 
obvious. The migration of the dielectric barrier and the 
formation of DBIE in the FET shown in Fig 11 would not 
have been intuitively obvious before the advent of 
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Fig. 12: Two-dimensional finite element analysis simulation of the induced potential difference and field strength 
between two isolated conductive lines as a function of their separation in a constant external electric field

exceeding ~106 V.m-1 which is the measured onset 



atomic resolution microscopy and the program of 
fundamental research that observed it. Such processes 
operating in semiconductor devices are just as likely to 
result in irreparable damage as they do in reticles, so 
more research is needed to study and characterize 
them. 

The problem for the semiconductor industry is 
that it is extremely reluctant to change what is believed 
to be a working formula, even if problems are known 
about and potential improvements have been identified. 
If the present handling methods are deemed to be 
technically imperfect, but they seem to be good enough 
to make the devices in production today with 
satisfactory yield as they leave the factory, nobody 
seems inclined to change anything. Few managers with 
responsibility for assuring electrostatic compliance in a 
semiconductor factory would want to be the first to step 
out of line and adopt a different approach to that 
adopted by their peers, especially when so many 
certification schemes require the use of currently-
advised practices. 

Nevertheless, it cannot be a sound foundation 
for future device production to be using manufacturing 
practices that are known to be technically imperfect and 
to have the capability to damage sensitive devices. This 
is why the calls for more research to be carried out as 
cited and repeated here need to be heeded, so that 
empirical rather than anecdotal evidence as mentioned 
in SEMI Standard E129 can be collected, decisions 
about electrostatic control policies can be objectively 
reviewed, and if necessary they can be changed. 

VI. Conclusions 

The semiconductor industry is generally reactive 
rather than proactive. An identified problem that isn’t 
causing losses today will often be ignored until it 
becomes so serious that it cannot be dismissed any 
longer. Unfortunately, the cost of taking this “wait and 
see” approach can be orders of magnitude greater than 
the cost of taking timely preventive action. It has been 
shown here that concentrating on ESD control, rather 
than specifically the protection of the electrostatic- 
sensitive devices being used and manufactured, has led 
to a number of technical errors and design weaknesses 
that ironically put those devices at elevated risk of field-
induced damage. 

While this situation may be survivable at 
present, the trend in semiconductor manufacturing as 
identified by industry roadmaps and Standards is 
inexorably towards greater susceptibility to electrostatic 
damage. It has been warned that unknown damage 
mechanisms may arise as new semiconductor device 
technologies and architectures are developed, and it 
has even been noted in SEMI Standards for decades 
that such damage mechanisms have been observed, 
but this has not yet been extensively investigated. The 

simple test recently conducted by Smallwood has 
shown that the confidence of the ESD community about 
devices not being susceptible to field-induced damage 
has been misplaced, and re-assessed evidence from 
past studies of semiconductor device damage have 
indicated that devices may not be as immune to field-
induced damage as ESD experts advising the industry 
have hitherto believed. 

It is therefore unwise for the industry to continue 
operating in a manner that has been identified as 
potentially hazardous, with technical errors embedded in 
operating procedures and being made in the 
assessment of risk, and using equipment that does not 
actually provide the protection that is claimed of it. A 
proactive approach needs to be taken to improve 
operating procedures, manufacturing equipment and 
even factory designs, and to improve the understanding 
of the subject by those assessing electrostatic risks and 
advising on best practice in semiconductor factories, so 
that future generations of semiconductor devices will be 
adequately protected against electrostatic damage. This 
process has already begun in flat panel display 
manufacturing. 

A new focus on electric field management 
rather than ESD control is required, and research is 
urgently needed to quantify the susceptibility of 
electronic and microelectro mechanical devices to 
damage by exposure to electric field, both externally and 
internally. Until such fundamental research is done, the 
semiconductor industry will be in a state of “radical 
uncertainty” about the potential risk to devices from this 
cause. “Radical uncertainty” was explained as follows 
by Mervyn King, the former Governor of the Bank of 
England [36], when describing the management of 
economic risk. The final point he makes is perhaps the 
most important thing for the semiconductor industry to 
realize about risk assessment when knowledge is 
limited. 

“The best example, I think is what we're going 
through now, COVID-19, in which we knew, well before it 
happened, that there could be things called pandemics. 
And, indeed… it was likely that we should expect to be 
hit by an epidemic of an infectious disease resulting from 
a virus that doesn't yet exist. But, the whole point of that 
was not to pretend that we, in any sense, could predict 
when it would happen, but the opposite. To say that: the 
fact that you knew that pandemics could occur did not 
mean that you could say there was a probability of 20% 
or 50% or any other number that there would be a virus 
coming out of Wuhan in China in December 2019”. 
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“Most uncertainty is of that kind. It's where you 
know something, but not enough, and certainly not 
enough to pretend that you can quantify the probability 
that the event will occur.”
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Abbreviations and Acronyms 

CDM: Charged Device Model (of electrostatic 
discharge); 

DBIE:  Dielectric breakdown induced epitaxy;  

EES: Extremely Electrostatic Sensitive (of devices); 

EFM: Electric Field-induced Migration; 

EMI: Electromagnetic Interference; 

EOS: Electrical Overstress; 

ESA: Electrostatic Attraction (of contaminants); 

ESD: Electrostatic Discharge; 

ESDS: ESD Sensitive; 

FOUP: Front Opening Unified Pod (for handling 300mm 
silicon wafers); 

GMR: Giant Magneto-Resistive (a type of magnetic 
recording head); 

HBM: Human Body Model (of electrostatic discharge); 
MEMS: Micro Electro Mechanical Systems; 

PEEK: Poly Ether Ether Ketone; 

SEMI: Semiconductor Industry consortium; 

SMIF: Standard Mechanical Interface; 

TDDB: Time Dependent Dielectric Breakdown. 
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Signal Conversion in Radio Optics of 
Metamaterials 

A Salakhitdinov α & Kh Mirzokulov σ

Abstract- In this paper, we propose a theory of RHM and LHM 
materials with the aim of their possible creation in the optical 
range by analogy with oscillatory processes with wave 
processes. The basis for signal conversion in radio optics of 
metamaterials is taken from radiation-induced color centers in 
potassium-aluminoborate glasses with paramagnetic 
additions of Fe3+ ions, interacting with color centers of the 
glass matrix of the 3x and 4x types of coordinated boron 

[ ]3
e

i
Bo −

 and  [ ]4
e

i
Bo +

, respectively. A distributed parameter 

communication system with limited linear spatial dimensions is 
considered as a radio frequency analogy. In metamaterials 
located between the transmitter and receiver, the interaction of 
moving and backward waves is considered. 

I. Introduction 
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direction in the science of metamaterials and their 
applications in a wide field. This is due to the fact that 
Hyperboloid metamaterials make a scientific and 
practical contribution to optics as well as laser effects in 
their time. Nonlinear signal transfo-rmations using 
indefinite tensors εij(ω) and µij(ω) [13] are practically 
implemented in all areas of optics: in the processes of 
scattering, absorption, reflection, diffraction of light, in 
holographic effects, wave and waveguide phenomena, 
in focusing light and others. 

Along with hyperboloid metamaterials, an 
alternative direction has been developing in recent years 
the use of magneto-optical properties of borate glasses 
with paramagnetic additives ions of Cu1+, Cu2+, Fe2+, 
Fe3+ and others [14-18]. It should be noted the features 
of the radiation-optical and thermo-radiation properties 
of potassium-aluminoborate (KAB) glasses, activated by 
Fe3+ ions, in which, on the one hand, the radiation-
optical properties are well studied [18], and on the other 
hand, they exhibit peculiar transformations of 
paramagnetic radiation-induced color centers into 
oxygen-containing medium of the form [BO3] and [BO4], 
meaning 3x and 4x coordinated boron. The latter arise 
under the influence of X-ray and gamma irradiation of 
60Co and temperature [17-18]. Radiation-induced color 

centers are 
[ ]3

e

i
Bo −

and 
[ ]4

e

i
Bo +

- respectively, 
electronic and hole color centers in borate glasses, 
interacting and constituting complexones of the type 

[ ]{ } [ ]{ }3 3
3 4/ , /e e

i i
Bo Fe Bo Fe− ++ +

and other complex 
ones with Сu1+, Сu2+  ions [18]. 

It turned out that the simultaneous effect of the 
thermo radiation field causes a change in the 
coordination state of the activator ions in the medium in 
such a way that negative differential absorption ∆D<0 is 
observed and, as a consequence, the medium 
becomes with a negative refractive index ∆n<0 [19 -20].    

In this work, in contrast to [1-2], a method is 
proposed for studying RHM (Right handed materials) 
and LHM materials in order to create materials in the 
optical range, taking into account the analogies of 
oscillatory processes with wave processes [21-23]. In 
the calculations, we will use computer programs [24-
25]. Some questions of the theory of an effective 
medium in metamaterials can be found in [26-29]. 
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e have considered a method for creating a 
metamaterial in the radio frequency spectrum, 
where two parallel communication line 

elements are used as a cell of a metamaterial, one of 
which is a dielectric, the second is series-periodically 
connected odd single-wire open communication lines 
[1]. From this pair of a single element, a multilayer 
metastructure is created taking into account the phase 
of the backward waves. This method of creating Left 
handed materials (LHM) material [2] is broadband (non-
resonant) and more versatile as applied to antenna 
technology than the second method of realizing a 
metamaterial in the form of a metastructure with a cell 
size much smaller than the wavelength of the 
transmitting signal, containing thin conducting rods and 
open frames [3-4].

As an example of resonator unit cells, we 
present the results [5-7], where a variety of cell shapes 
are considered in the form of broken and inserted into 
each other triangles, quadrangles, oval and other types, 
the sizes of which actually determine the narrowband 
characteristics, radiation pattern and gain of antennas. 
The external dimensions of such antenna cells reach 5-6 
mm, with a gap of the order of 0.1-0.4 mm. The limited 
size of the unit cell does not allow mastering the creation 
of metamaterials in this way in the infrared (IR) and 
optical ranges.

Next, we will consider the possibilities of the first 
method [1-2] for creating metamaterials in the IR and 
optical  ranges [8-13]. These works develop a new

W



II. Features of the Analogy of an Optical Wave Field with Radio Oscillations in a 
Communication System with Distributed Parameters 

As a radio frequency analogy, let us consider an equivalent circuit of a communication system with 
distributed parameters [1-2] with limited linear spatial dimensions. In this case, moving and backward waves will 
exist in the metamaterial located between the transmitter and the receiver, similar to the phenomena in a moving 
wave lamp or a backward klystron used on microwave waves. 
For simplicity of calculations, consider a plane scalar monochromatic wave of the form 

( ) ( ) ( )02 cos exp expE A t kr A i i t ikr A i i t ikrω ϕ ϕ ω ϕ ω= − − = + − + − +
.     (1) 

If we take both terms in expression (1), then we can consider nonlinear processes, if we take only the 
second term of equation (1), then we can consider linear processes. In this case, it is necessary to add a complex 
conjugate term. Formula (1) can be expressed as follows: 

       (2) 

Where 

,    (3) 

Here 
iA e φ

  is the complex vibration amplitude.  

The value  is determined from the following relation   

,     (4) 

Which determines the projection of the direction of wave propagation
( ), ,x y zk k k k=

. 
It can be shown that in a rectangular coordinate system the components of the vector are as follows: 

  
sin , sin cos , cos cosx y zk k k k k kα ϕ α α ϕ= = =

     (5) 

Where the angle α is chosen between k
r

 and the plane OYZ, φ between zk   and the projection k
r

 on the plane 
OYZ. 
It can be seen from (5) that there are only two independent angular variables: 

  1 2sin , sin cosx yk u k k u kα α α= = = =
.      6) 

From (4) we find  

,      (7) 

hence 

.     (8) 

For the propagation of a plane wave in free space from the cutting plane of the transmitting antenna, the 
following condition must be met: 

.          (9) 

( ) tiezyxpP ω−= ,,

( ) ( ) φϕϕ ieArkiiArkiiAzyxp =⋅+=⋅= 

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
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expexpexp,,
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222
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2

2
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ωπ
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2
1
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( ) ( )[ ]xuxuiuukiziyAzyxp 21
2
2

2
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If (9) is not satisfied, then we get an 
inhomogeneous wave, which exponentially decays, at 

least along one of the coordinates . Such a 
wave is also a solution to the wave equation. 

Note that equations and expressions (5) - (9) 
can be used to determine the radiation pattern of the 
transmitting antenna in a linear approximation. 

Since the electromagnetic field in the form of a 
plane wave (8) with different parameters is a solution to 
the wave equation, the solution will also be in the form of 
a sum (integral) of fields of the form (8) for a three-
dimensional system: 

                    

  (10)

 

 where is a complex function that 
describes the amplitude and phase of an individual 
plane wave with the direction of propagation, which 

determines the set of real variables , that is, all 
possible plane waves, including inhomogeneous ones. 

Equation (10) is a generalization of the solution 
of the wave equation to the case of a nonplanar 
monochromatic wave, for example, for a spherical wave. 
From expression (10), one can pass to the real field by 

multiplying by exp(-jωt) and adding the complex 
conjugate term to the expression. 

Let's solve the following problem: the values of 
the wave equation are given on the plane z=0 (the initial 
plane of the antenna location) of the directional pattern. 
It is required to find a solution of the wave equation for 
z≥0, which turns into a given function on the plane z=0. 

From the conditions of Kirchhoff radiation on an 
infinite sphere of the wave field, this function should be 
equal to zero. From (10) we obtain the following 

,   

  (11)

 

где  

g( )=              

(12)

 

Having determined the frequency spectrum g (u1,u2) from (12) and p (x,y,0,t), we find the boundary 
conditions at z = 0. 
It follows from (4.15) that for heterogeneous moving waves 

 

and for z>0 

,   

(13)

 

For z <0, we obtain a solution corresponding to backward waves  

.        

(14)

 

Consider special cases (13) and (14): 
at z=0, y=0 

zyx kkk ,,
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; (one-dimensional size, D1-case),      (15) 

wherein 

;      (16) 

;                       

(17)

 

.                  

(18)

 

Formula (18) is valid for any value of z. The coordinates of points in the space x, y have the dimension of 
length l. The variables u1, u2 have the dimension of inverse wavelength cm-1 and correspond to spatial frequencies. 
Formulas (13) and (14) correspond to two-dimensional (D2) Fourier integrals [30]; formulas (15-18) correspond to 
the usual one-dimensional (D1) Fourier integrals. 

III. Calculation of the Signal Transmission System by Wave Analog for RHM 
Material 

Consider a signal transmission system over a wave channel. For calculations, we will use formulas (15) - 
(18) in a simplified one-dimensional (D1) version. 

Recall that to calculate the signal spectrum (17), you need to know the specific form of the input function 
p(x,zx=0). As mentioned earlier, as p(x,zx=0) we take the spectral dependence of KAB - glass [14-15, 18], and the 
shape of the absorption spectrum for a separate spectrum of the color center in the form of a Gaussian curve: 

max

2

0
0

1
2

expG
G ГI I ω ω

ω

  
  = −  ∆
   

−

,    

        (19)

 

Where max0
GI

 maximum amplitude of the Gaussian curve; 
1

2

Gω∆
 the half-width of the Gaussian is formally equal to 

1
2 1

2

1
2 ln 2

Gω δ∆ =

 ; 2
1

δ
  Gaussian curve parameter;   resonant frequency. Then formula (19) takes the 

following form 

,   

(20)

 

Where for simplicity of calculations for the RHM material the following designations are adopted: 

( )2
0max0 exp bxIA Г −=

; 
( )2

2/1

2ln2
δ

=b
; 00

ω=x
; ω=x .    (21) 

After transformations and calculations using the theory of residues [30], we obtain  

( ) ( )0,0,, xpyxp =
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(23)

 

Here we substitute 
( ) 0cos sin ; 1juxe ux j ux bx= + =

 to simplify the solution of the problem; as a result, 
formula (23) is reduced to the following form  

 

( )
0 02 2

22 2

0 0

16 exp cos ( 16 ) exp cos sin
2 2

x x

RHM

d dp u e j e e
x u x u
τ τ τ ττ τ τ

+∞ +∞
− −

−∞ −∞

= − + −∫ ∫
,    

(24)

 

where 
; .dxux d

u
τ τ= =

  
To determine the amount of deductions, change the following parameters 

2

2 2 2

2 1 2; ; cos ; sin
1 1 1
du u utgu d
u u u

τ τ τ τ−
= = = =

+ + + . After the appropriate calculations, we arrive at the following 
equation 

( ) ( ) 09

0

4 1 2
2

bx
RHM

xp u j j e
x

π π ϕ−  
= + − ⋅  

  ,                  
(25)

 

where through     02
x
x

ϕ
 
 
   indicated 

2

0

exp
2x
τ 

 
  .  

IV. Calculation of the Signal Transmission System over the Wave Channel          
Taking into Account the Presence of lhm Material 

Calculations carried out similarly to the previous paragraph, taking into account the LHM of the material in 
the III-square (ε (ω) <0, µ (ω) <0), lead to the following formulas:  

( ) ( )
2

0

0 2 cos sinbx bx x
LHMg u A e ux j ux dx− −

−∞
= − −∫

     

(26)

 

For spatial spectrum and for field distribution 

( ) ( )( )
01 cos sin

2LHM
p u g u ux j ux du

π −∞

= − −∫
,         

(27)

 

Where the physical meaning of the variable u is reflected: on the one hand, u - has the meaning of “spatial 
frequencies”, having the dimension of the wavelength, on the other hand, it determines the propagation of plane 
waves, on which we mark the extended wave field. By analogy with (23) - (26) for a medium with a metamaterial 
(LHM), taking into account the change of variables and the application of the theory of residues [30], we obtain: 
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( ) ( )
2 2 2

20
0 00.25

2 2 2 2
0 016 cos cos

bx b b b x x

LHM
g u e e bx j e bx e

τ τ

π τ τ
− − + −    

= + −                       (28) 

from which   

2 2
0

2 2
0Re 16 cos

bx b

e e bx
τ

π τ
− − 

=   
       (29) 

real part, 

( )
2 2

20
0 00.25

2 2 2
0Im 16 cos

bx b b x x
e j e bx e

τ

π τ
− + − 

= −  
       (30) 

Imagine part. 
The following formulas were obtained for a metamaterial with a negative absorption coefficient: 

( )
2 2

0 0

298 1194 24 1
2 2
x xp u j
x x

ϕ ϕ
    

= + −          .              (31) 

V. Calculation Results and their Discussion 

Using the previously obtained formulas (22), (28) - (30), we find the ratio of the spatial frequency spectra 

( )
( ) 0

2
2 0,5 2 2

2

0

16 cos
2

1 8
2

LHM

xRHM

e eg u

g u e
x

τϕ τ

τϕ

− −

−

 
+  

 =
 

+  
        (32) 

where 0, 1ux xτ = =
. To use a tabbed function [31]  

( )
2

21
2u U e

τ
ϕ

π
−=

 
transform 

( ) ( )2 u Uτϕ τ πϕ=
, 

then (32) gets the following form 

 

( )
( )

( )
( )

2 2

2

0,135 61cos
18,5

uLHM

uRHM

g u

g u
ϕ τ τ
ϕ τ

+
=

+
.   (33) 
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Calculations by formula (33) are presented in Fig. 1.a. Figure 1 shows that in the direction of propagation of 
“moving waves” (u=1 ), a spatial spectrum is observed (Fig. 1.a) with absorption of moving waves in the frequency 

range 0

1 2x
x

τ = = ÷
, while at 0

2 4x
x

< <
, there is an increase harmonics. 

Calculations for k=u=+1 depending on as well as for k=+1. This is due to the fact that in (33) 
2
uϕ  and

2cos τ  even functions. However, if we take into account the phase of oscillations according to (22), (26-30), then at 
we get  

( )

( ) 0
0

0

12 0.25
2

2

1

1 1 16 cos
cos 2

4 cos
2

xx
x

ux

e
e e

ψ

τϕ τ
π ττϕ τ

− − −

=
 
    − +     
  

           

(34)

 

When u=k=-1, x0=1 

( ) ( )( )1,31 1,51cos 1 17,77 uux Uψ τ ϕ
ϕ

 
= − + 
  .        

(35)
 

Calculations by formula (35) are presented in Fig.1.b, from the phase dependence of the spatial spectrum, it 

can be seen that the phase of the "moving wave" and "backward wave" changes its sign at 0
1,1x

x ≈
.  

  

(a) (b) 

Figure 1: Frequency dependence of the amplitude (a) and phase of thespatial spectra (b) 

 Then let us determine the distribution of the amplitude of the electromagnetic field in a medium with a 
metamaterial (LHM) in relation to ordinary materials (RHM), for this we use formulas (25) and (31)   

( )
( ) ( ) 0

2 2

0 0

9

0

298 1194 24 1
2 2

4 1 2
2

LHM

bxRHM

x xj
x xp u

p u xj j e
x

ϕ ϕ

π π ϕ−

    
+ −    

    =
 

+ − ⋅  
  .     

(36)
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We transform this formula to a successful one for calculations using a tabulated function  
( )

2

21
2

U

u U eϕ
π

−=
  

( )
( )

22
1

4

300 2.506
2

1
2.8 10

LHM

RHM

x
p u
p u

ϕ−  
− −  

  = +
⋅

   

(37)

 

Figure 2 shows a graph of dependence (37) depending on the relative frequency 0

x
x

 
 
  , in this case, 

0 1x =
 taken as a unit of measurement.  

Table 1: Amplitude-frequency characteristic 

0

x
x

τ =
 

 
0 

 
0,5 

 
0,75 

 
1 

 
1,5 

 
2 

 
3 

( )
( )

LHM

RHM

p u
p u

 

 
3,211 

 
3,06 

 
3,034 

 
2,991 

 
2,811 

 
2,237 

 
2,06 

For this amplitude-frequency characteristic (Table 1), broadband and amplification is manifested among 
metamaterials (Fig. 2). 

 

Figure 2: Distribution of the amplitude of the electromagnetic field in a medium with a metamaterial (LHM) and 
without a material (RHM) depending on the frequency. 

VI. Conclusions 

It should be noted that small gain is not a 
problem, since in practice, both series connected and 
parallel elements are created , which can provide 
significant gain in comparison with the considered 
unidirectional linear system. 
 Thus, the problem of obtaining a metamaterial 
from amorphous glass has been theoretically solved. As 

samples, it is necessary to take amorphous films made 
of magneto-optical potassium-aluminoborate glass with 
additions of iron oxide, which provides the necessary 
metamaterial parameters during radiation processing, at 
sufficiently high temperature irradiation.  
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Strategies for Modeling and Simulation of 
Alternative Energy Systems for Powering Health 

Facilities using HOMER Application 
Dr. Vincent A. Ani 

Abstract- Hybrid Optimization Model for Electric Renewables 
(HOMER) is one of the tools used by the World Health 
Organization (WHO) for designing renewable energy health 
facilities. This paper demonstrates the depth of the software 
application and instructs health workers (step by step) on how 
to model and simulate (design) renewable energy health 
facilities with HOMER by using hypothetical off-grid health 
facilities at various geographical locations which were chosen 
to reflect the various climatic conditions in Nigeria as the case 
studies. This tool (HOMER software) was used to design an 
optimal hybrid power system based on comparative economic 
and environmental analysis. Simulation was run on each of the 
case study sets of data and results (both the graphical and 
tabular output) were provided. The findings of the study were 
organized and presented as a supplementary data, and the 
results could aid in the planning of energy system for health 
facility projects in Nigeria. 
Keywords: HOMER, health facility, renewable energy 
systems, wind turbine, PV panel, diesel generator, hybrid 
system, nigeria.  

I. Introduction 

ealth facilities are community institutions where 
reliable and sustainable energy requires 
particular attention. Energy in health facilities is a 

critical enabler of access to many medical technologies, 
and thus to health services access. Studies conducted 
by World Health Organization (WHO) indicate that 
electricity access have a significant impact on some key 
health service indicators, such as: prolonging night-time 
service provision; attracting and retaining skilled health 
workers to a facility; and providing faster emergency 
response, including for childbirth emergencies. Without 
energy, many life-saving interventions cannot be 
undertaken (WHO, 2014).Modern energy provision is 
therefore a critical enabler of universal access to health 
care and universal health coverage.  

The problems that health facilities encounter in 
Nigeria based on power supply are found throughout 
much of the world. Where there is a central power 
system, it is unreliable. Bringing power from the central 
grid to rural health facilities is not economically feasible 
in many cases. Hybrid systems designed with Hybrid 
Optimization Model for Electric Renewables (HOMER) 
can be  cost  effective  and  robust,  solving  both  these 
 
Author: Health Facility Energy Consultant.  
e-mail: anayochukwu.vincent@gmail.com 

issues simultaneously. Many studies throughout the 
world have used HOMER software to investigate the 
optimal design of proposed hybrid energy systems 
(HESs). Halabi et al. (2017), Ansong et al. (2017), 
Sigarchian et al. (2015), Rezzouk and Mellit (2015), and 
Madziga et al. (2018) used HOMER to analyze the 
performance of suggested HESs to find the optimal 
configurations. Each study proposed certain 
components that differed from others and the simulation 
was conducted for a specific area. Ani (2014) used 
HOMER to model energy map for off-grid health clinics 
in Nigeria. The author found that the most ideal solutions 
for the sites were hybrid systems (PV/diesel; 
PV/wind/diesel) with a battery backup. Malika (2016) 
also used HOMER to model renewable energy systems 
for rural health clinics in Algeria. The study focused on 
the optimization and the cost analysis of renewable 
energy hybrid systems for electricity production at rural 
health clinics situated in coastal, high plains and desert 
regions of Algeria, represented by Algiers, Ghardaia and 
Djanet. Regarding the cost of fuel in different regions of 
Algeria, the optimized renewable energy systems found 
for Algiers and Ghardaia are composed of PV systems, 
wind generators and batteries, while for Djanet it is a PV 
system and batteries. Ani and Emetu (2013) used the 
HOMER software to model robust, reliable energy 
systems for a rural health service facility in the southern 
part of Nigeria. Although HOMER is increasingly used 
for state-of-the-art microgrid design, these examples go 
back to HOMER’s roots as a tool for electrification. The 
benefits of electrifying rural health clinics can literally 
mean the difference between the health clinics 
standards of the “dark ages” compared to that of the 
modern world. By having electricity, a health clinic will 
have prolonged opening hours. With more electricity, 
health clinics could access basic medical devices and 
appliances, such as vaccine refrigerators, as well as 
general equipment such as water sterilization, heating, 
cooling, and ventilation. 

An international donor agency United States 
Agency for International Development (USAID) 
(2016)has been working with a health clinic in the 
Kalahari Desert of Botswana to improve local health 
care service delivery. The health clinic is not connected 
to the grid and currently utilizes a diesel generator to 
partially meet its energy needs. The donor agency 

H 
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decided to explore different options for upgrading the 
clinic’s power generation systems, by comparing costs 
for a variety of different energy generation systems that 
can meet 100% of the clinic’s load using HOMER 
program. Evaluating the energy generation options, the 
resulting cost estimates show that the lowest cost 
system is a PV/diesel-battery hybrid system. A diesel-
battery system costs 13% more than this hybrid system 
because the added fuel cost over the life of the system 
is more than the savings in initial PV investment, and a 
PV-battery system costs about 28% more than the least-
cost design. In diesel only system, the cost of energy 
from a diesel system with no batteries is over twice the 
cost from a diesel-battery system. The calculations 
demonstrate that because of fuel and maintenance 
costs, the system with the lowest capital cost is not the 
system with the lowest lifetime cost of energy. 

World health organization (2016) conducted a 
simulation to compare the costs of different stand-alone 
power supply technologies to a hypothetical health clinic 
in rural Kenya, using HOMER Power System Design 
tool. The simulation tested and compared power supply 
arrays reliant upon a fuel-based generator, PV and 
generator combinations, and PV only, with and without 
battery backup; and looked at costs of the different 
supply options (both initial and long-term), as well as the 
pollution and climate emissions. The simulation further 
explored these supply options for two demand 
scenarios: one using conventional medical devices and 
one using more energy-efficient medical devices that 
reduce the clinic’s overall energy demand. The 
simulation provides an interesting example of how 
optimal combinations of photovoltaic and diesel 
generation with appropriate energy storage can yield 
multiple gains: lower overall cost of energy, a shift to 
renewable energy, and a reliable supply for all health 
facility energy needs. The simulation also demonstrates 
how investments in more energy-efficient medical 
devices, can help reduce the required capital investment 
in energy supply for a rural health clinic. The results of 
the simulation demonstrate that the best combination 
remains energy efficiencies + more efficient supply 
configurations. 

a) Description of HOMER Software 
HOMER is a computer model developed by the 

United States (U.S.) National Renewable Energy 
Laboratory (NREL) to assist in the design of power 
systems; evaluate technical (power system’s physical 
behavior) and financial (power system’s life-cycle cost, 
which is the total cost of installing and operating the 
system over its life span) options for on-grid and off-grid 
power systems, for distributed generation and stand-
alone applications. This software application (HOMER) 
helps to facilitate the comparison of power generation 
technologies across a wide range of applications. It 
allows one to model the performance of a power system 

configuration and determine its technical feasibility and 
life-cycle cost; compare many different design options 
based on the satisfied technical constraints at the lowest 
life-cycle cost; and assists in understanding and 
quantifying the effects of uncertainty or changes in the 
inputs. In 1993, NREL developed the first version of 
HOMER for the U.S. Department of Energy (DOE) for 
renewable energy programs. The developed design tool 
(HOMER) was used in predicting the long-term 
performance of hybrid power systems and to 
understand the tradeoffs between different energy 
production configurations. HOMER has a user-friendly 
windows-based interface with a library of input data files 
and users can readily model new applications. HOMER 
simulate different system configurations, or 
combinations of components, and generates results that 
can be viewed as a list of feasible configurations sorted 
by net present cost. It displays simulation results in a 
wide variety of tables and graphs that help one compare 
configurations and evaluate them on their economic and 
technical merits (Getting Started Guide, 2005). 

b) Literature Review 
Based on literature search, many case studies 

concentrate on the use of HOMER at the national, 
regional, and rural communities for households scale 
(Olubayo et al., 2019; Shahinzadeh et al., 2016; Cristian 
et al., 2017; Budes et al., 2020; Acakpovi et al., 2015; 
Razmjoo and Davarpanah, 2018; Farid et al., 2017; 
Nagger et al., 2018; Bahramara et al., 2016; Adetunji et 
al., 2018; Al-Hamdani et al., 2016; Hassan et al., 2016; 
Rajbongshi et al., 2017; Ronad and Jangamshetti, 2015; 
Jamalaiah et al., 2017; Rohit and Subhes, 2014; 
Deshmukha and Singha, 2019; Al Garni et al., 2018; 
Zahboune et al., 2016; Mohammed et al., 2013; 
Shahinzadeh et al., 2015a; Shahinzadeh et al., 2015b) 
with only a few research efforts directed at healthcare 
facilities. Furthermore, the strategies for modelling and 
simulation of alternative energy systems for powering 
health facilities have not been comprehensively studied. 
Razmjoo and Davarpanah (2018) studied four different 
models of hybrid renewable energy systems with a 
combination of photovoltaic panels, wind turbine, and 
diesel generators for residential application in Damghan 
city. Simulation, optimization, and modeling procedures 
were done by HOMER software. The simulation results 
show that among three hybrid systems investigated, PV-
wind system has the highest value of electrical 
production with 18,478 kWh/yr and the PV-diesel system 
has the lowest value of electrical production with 9,876 
kWh/yr. Moreover, from the environmental view, the PV- 
Diesel system is highest with2,402 kg/yr and the PV-
wind system has the lowest pollution rate, i.e., 
0%.Shezan et al (2016) carried out a research to analyze 
the performance of an off-grid PV (photovoltaic)-wind-
diesel-battery hybrid energy system for a remote area 
located in the state of Selangor, Malaysia. The system 
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was designed as well as simulated to support a small 
community considering an average load demand of 33 
kWh/day with a peak load of 3.9 kW. The simulation and 
optimization of operations of the system was done by 
HOMER application using the real time field data of 
solar radiation and wind speed of that area. The 
simulation ensures that the system is suitably feasible 
with respect to net present cost (NPC) and carbon 
dioxide (CO2) emission reduction purpose. The result 
shows that NPC and CO2emission can be reduced 
about 29.65% and 16 tons per year respectively 
compared to the conventional power plants. The NPC of 
the optimized system has been found about USD 
288,194.00 having the per unit Cost of Energy (COE) 
about USD 1.877/kWh. The analyzed hybrid energy 
system might be applicable for other region of the world 
where the climate conditions are similar. Similar 
research was conducted in Shezan and Ping (2017) 
which uses the HOMER to design an off-grid Hybrid PV-
Wind-Biomass-Diesel Energy Systemin order to support 
a small community having an average load demand of 
80kWh/d with a peak load of 8.1 kW. The simulation 
ensures that the system is economically and 
environmentally feasible with respect to NPC and CO2 
emission limitations. The result shows that the NPC of 
the optimized system has been found to be about USD 
160,626.00, having the per unit COE of USD 0.431/kWh. 
In a related research, a PV–wind–diesel system was 
designed by Bernal-Agustín et al. (2006) to minimize the 
total cost of system installation and to reduce the 
pollutant emissions by using HOMER software. The 
results demonstrated the practical utilization of the 
method used. Bekelea and Boneya (2011) designed a 
wind-PV hybrid power system for supplying electricity for 
a community living in Ethiopian remote area using 
HOMER. Moreover Kusakana and Vermaak (2013) used 
HOMER to investigate the possibility of using hybrid PV–
wind renewable systems to supply mobile telephone 
stations in remote areas of Congo. Li et al. (2013) 
presented a techno-economic feasibility study of an 
autonomous hybrid wind/PV/battery power system for a 
household in Urumqi, China using Hybrid Optimization 
Model for Electric Renewable (HOMER) simulation 
software. They recommended a hybridwind/PV/battery 
system with 5 kW of PV arrays (72% solar energy 
penetration), with a one wind turbine of 2.5 kW (28% 
wind energy penetration), 8 unit batteries each of6.94 
kWh and 5 kW sized power converters for the 
household. Furthermore Ngan and Tan (2012) analyzed 
the implementation of hybrid photovoltaic (PV)/wind 
turbine/diesel system in JohorBahru, Malaysia and used 
“HOMER” software. Bad awe et al. (2012) integrated 
and optimized a hybrid wind and solar energy system to 
an existing diesel generator with a battery backup to 
supply power to telecommunication towers using 
HOMER software. Their results indicated that the hybrid 
renewable energy system is a cost effective solution. 

HOMER software is one of the tools being used 
by WHO for designing renewable energy health facilities. 
HOMER can evaluate a range of equipment options 
over varying constraints to optimize small power 
systems for health facilities. HOMER’s flexibility makes it 
useful in the evaluation of design issues in the planning 
and early decision-making phase of health facility 
electrification projects. Therefore, the aim of this paper 
is to design energy system options that can optimize 
health services delivery, using HOMER software and 
demonstrates in detail the depth of the software 
application; teach health workers step by step on how to 
model renewable energy health facilities. The objective 
of this research is to ensure the uninterrupted power 
supply to the health facilities in the remote and 
decentralized areas, to ensure environmentally safe 
energy system, to reduceCO2 and other greenhouse 
gas (GHG) emissions, to reduce the COE and improving 
the NPC. 

II. Methods and Materials 

a) Modeling of Alternative Energy System Components 
Before going to the computer simulation, 

modeling of alternative energy system components is 
done step by step as described below. The proposed 
system contains wind energy sub-system, PV sub-
system, diesel generators unit and battery storage sub-
system. 

Step One: Defining the Power System 
This schematic (Add/Remove Equipment to 

Consider) shown in Figure 1 represents all of the 
technology options for a power system design. The 
power system design can be defined by clicking the 
Add/Remove button. For this exercise, we selected a 
number of different components as shown in Figure 1 by 
clicking the check box of  each of the following: Primary 
Load 1 (Health Facility Load), PV, Wind Turbine 1 (BWC 
Excel-R), Converter, Generator 1 (diesel generator) and 
Battery 1 (Surrette 6CS25P). At the bottom of the 
window select ‘do Not Model Grid’, and Click OK to 
return to the Main window. 
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Step Two: Defining the Facility Load and its Location
The load inputs describe the electrical demand 

that the power system must be served according to a 
particular schedule. In this case, clinic personnel must 
examine their facility’s specific needs and discuss them 
with energy design experts. The needs assessment will 
include an inventory of the types of equipment used in 
the facility, the power required to operate each device, 
and the average “daily load”, or the amount of power 
required to operate equipment under normal working 
conditions. Therefore, in this study, the hourly load 
profile of each load [shown in Table A1 of the 
supplementary data] needs to be entered into primary 
load according to the setup defined in the schematic 
and model. To find wattage information for a given
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Figure 1: Add/Remove window of different components 

device, check the user’s manual or it may be written on 
the back of the device. A Health facility load profile 
depends on multiple parameters including lighting for 
child delivery and emergency night-time care, 
refrigeration for blood and vaccines, sterilization 
facilities, electricity for simple medical devices, etc., and 
for this reason, it is important to outline an accurate 
power profile in order to dimension correctly the 
renewable components for the facility. The adoption of 
energy efficiency can reduce energy consumption and 
increase renewable energy penetration (Babatunde et 
al., 2019; Olubayo et al., 2019). It can also reduce cost 
of energy and emissions. The simulation concerns a 
standard health facility described by (Ani and Emetu, 

2013). Obviously, many rural health clinics in Nigeria 
have the same electrical load data with that of Ani and 
Emetu (2013) which can be used in the establishment of 
a general case study for the electrical load data; 
therefore it was used by Ani (2014)to study three 
hypothetical off-grid remote health clinics at various 
geographical locations in Nigeria; which will be use here 
as an example to the study. The electrical load (Power 
supply requirements) data for a Health facility is shown 
in Table A1 of the supplementary data, which was used 
to define the hourly profile, and the random variability 
parameters was set to 0% for accurate power load 
measurements as indicated in Figure 2. 
 

Figure 2: HOMER output for the Primary load 
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Strategic Thinking and Adjusting for Change 
Once a facility has comprehensively analyzed 

the energy requirements of its daily operations, it must 
be determined whether those demands are likely to 
change. One must think strategically about the 
possibility that energy demands may increase due to the 
addition of new services or extended operating hours. 

b) Power Generation Options 
After determining the facility’s typical daily 

energy usage as described above, it is time to evaluate 
the energy technologies available to electrify the facility. 
Rural health clinics have a number of options available 
to supply reliable electricity. The best option for a given 
application depends on energy technology drivers such 
as the capital cost, operating cost, reliability, and 
durability. 

Capital Cost is the initial cost to purchase and 
install the equipment. Power equipment – including 
generators (PV panels, wind turbine, and diesel), 
inverters, charge controllers, and batteries – can vary 
greatly in cost and quality. In many cases, higher-quality 
models will cost more, but can have a greater return on 
investment in terms of greater reliability of power and 
longer system lifetimes. Costs also vary considerably 
based on the local market.  

Operating Cost includes the cost of fuel (where 
applicable), operations and maintenance, and parts 
purchased for repairs. Operating costs will vary more 
than capital costs, due to differences in: 

• Fuel prices over time and from location-to-location. 
• Use patterns - systems will experience more or less 

stress in a given day, based on the number of hours 
they operate, the amount of power they provide, 
and the type of equipment drawing loads (e.g., high 
intensity equipment such as sterilizer oven 
(laboratory autoclave), as opposed to low-intensity 
equipment such as lighting); and 

• Environmental conditions. 
Reliability is expressed as a fraction of time the 

equipment is available to provide power. Generators 
need to be taken off-line for service periodically; wind 
and solar power systems require optimal weather 
conditions to operate at maximum efficiency. Systems 
can generally achieve greater reliability by adding 
backup components; hybrid systems (include 
photovoltaic panels and/or a wind turbine, batteries, and 
a generator) which has the ability for one system to 
support the other provide greater flexibility, although this 
generally increases cost and complexity. 

Durability is the typical system lifetime, 
expressed either in years or in hours of run-time (for 
engine generators). 

Facility Location - The Case Study Sets of 
Locations in Nigeria 

The locations of the hypothetical health facility 
are chosen to reflect the various geographical and 

climatic conditions in Nigeria. Nigeria is divided into 
three main climatic regions: the equatorial climatic 
region where the global solar radiation ranges from 4.1 
to 4.9 kWh/m2/day, the tropical climatic region where the 
global solar energy is around 5kWh/m2/day, and finally 
the arid climatic region where the global solar radiation 
is higher than 5kWh/m2/day, while the wind is 
characterized by a moderate speed (2.4 to 5.4m/s) as 
can be seen in (Ani, 2014). These locations for the 
hypothetical health facility are: Nembe (Bayelsa State) in 
the equatorial climatic region, Abaji (Abuja, FCT) in the 
tropical climatic region, and Guzamala (Borno State) in 
the arid climatic region. 

Step Three: Renewable Energy (Wind and Solar) 
Resources 

The availability of renewable energy system 
(RES) at a location differs considerably from location to 
location. This is a vital aspect in the development of the 
power system. The performances of solar and wind 
energy components are influenced by the geographical 
location and climatic conditions. As RES (solar and 
wind) are naturally available and intermittent, they are 
the best option to be combined into a hybridized diesel 
system. These resources (solar and wind) depend on 
different factors such as the amount of solar energy 
available is dependent on climate and latitude (your 
specific location on the Earth's surface), the wind 
resource is influenced by atmospheric circulation 
patterns and geographic aspects; in turn influences 
when and how much power can be generated. The 
specific geographical locations (latitude and longitude) 
of the health facility based on solar and wind resources 
are discussed below. 

c) Wind Resources 
Wind resources can be determined by using the 

National Aeronautics and Space Administration (NASA) 
Surface Meteorology and Solar Energy database. 
Therefore, to determine the wind resources of a location, 
log into the NASA Meteorology website 
(http://eosweb.larc.nasa.gov/) and enter the coordinates 
and select the annual wind speed average, which (the 
annual wind speed average) is a good indicator of the 
suitability of the installation of a wind turbine in any given 
location. Generally, values above 7m/s with few months 
below 5m/s are considered adequate for satisfactory 
results (Kassam, 2011). Once the data is received, click 
on the wind resource icon in HOMER and click on the 
“enter monthly averages” and enter the monthly wind 
data, then fill the Altitude and Anemometer Height with 
the appropriate information. For this exercise, a 
hypothetical site coordinates of 4° 17' N latitude and 6° 
25' E longitude for Nembe (Bayelsa State), of  9° 00' N 
latitude and 7° 00' E longitude for Abaji (Abuja, FCT), 
and latitude 11° 05' N, longitude 13° 00' E for Guzamala 
(Borno State), were used as indicated in Figure 3. 
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a 

 
b 

 
c 

Figure 3: HOMER output graphic for wind speed profile in (a) Nembe, (b) Abaji, and (c) Guzamala 

d) Solar Resource 
Solar resources can be obtained directly via 

internet by HOMER from the NASA Surface Meteorology 
and Solar Energy database by entering the GPS 
coordinates. NASA provides extensive information on 
solar resources by month for any location in the world 
(http://eosweb.larc.nasa.gov/sse/). Using the coordin-
ates from the wind resources above, the annual solar 
radiation of these areas are4.12kWh/m²/d for Nembe 
(Bayelsa State), 5.45 kWh/m²/d for Abaji (Abuja, FCT), 
and 5.90 kWh/m²/d for Guzamala (Borno State) which 
can be seen from Figure 4. Kassam (2011) advised that 
the average radiation should have a constant trend and 
that the annual radiation should be above 5kWh/m2/d in 
order to have a reliable source of power coming from 
the photovoltaic panels. 
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Figure 4: HOMER output graphic for Solar (clearness 
index and daily radiation) profile in (a) Nembe, (b) Abaji, 

and (c) Guzamala 

Step Four: Diesel Price 
Diesel price has a significant impact on the 

running costs of a system equipped with a diesel 
generator (Kassam, 2011).The diesel price can be 
added by clicking the diesel icon in HOMER, then click 
on the “Diesel Inputs” and enter the diesel price.In the 
exercise,1$US/L for Nembe, 1.5$US/L for Abaji and 
1.8$US/L for Guzamala, were considered as reference 
price for the diesel as shown in Figure 5. 

 

a 

 

b 

 
c 

Figure 5: HOMER input for diesel price profile in (a) 
Nembe, (b) Abaji, and (c) Guzamala 

Step Five: Economics 
The economic factors of the project shown in 

Figure 6 can all be defined by clicking on the Economics 
icon in HOMER .In this exercise, a real annual interest 
rate of 6% was assumed. The real interest rate is equal 
to the nominal interest rate minus the inflation rate. The 
appropriate value for this variable depends on current 
macroeconomic conditions, the financial strength of the 
implementing entity, and concessional financing or other 
policy incentives. Also, the project lifetime was set to 20 
years – inline with the expected life span of the 
renewable equipment (wind turbine, photovoltaic 
system). Diesel generators and batteries have usually a 
much lower lifetime, which largely depends on the 
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conditions where the equipment operates and the 
maintenance performed (Kassam, 2011). 

 

Figure 6: HOMER input for economics 

Step Six: Equipment 
Diesel Generator 

The Generator in the power system can be 
defined by considering the Size, Cost, Replacement 
Cost, Operating Lifetime, and Operations & 
Maintenance (O & M) expenditure of the generator. In 
generator-only systems, the generator must be sized to 
handle the peak expected load, but the system 
frequently runs at lower loads at reduced efficiency. 
Therefore, in such situation, a battery bank can be 
added to a generator-based system to reduce run time 
and save fuel costs. The addition of batteries to a diesel 

system are often a good investment in terms of fuel 
savings. 

In this exercise, by clicking on the Generator 
icon, a2.5kVA diesel generator has been considered. 
The minimum allowable load on the generator has been 
set as 30% of its rated capacity and has 20,000 
operating hours life time. The default efficiency curve 
present in HOMER was used, as often vendors do not 
provide comprehensive details to design a specific 
efficiency curve. Generators typically have low capital 
cost compared to other alternatives, but higher 
operating costs due to the need for fuel(USAID, 2016). 
Initial capital cost will vary with the size and type of 
generator, while the Operating costs will vary depending 
on the level of usage. Generators have several 
maintenance requirements; and maintenance checks 
will vary depending on the design of the engine and its 
duty cycle (whether it is a primary energy source or a 
back-up/emergency unit). Engine oil and the oil filter 
should be changed after approximately 1,000 hours of 
operation. Meanwhile, it is often difficult to determine the 
generator hourly maintenance cost (the expense and 
transport associated with acquiring diesel) due to many 
health facilities have contract with companies or 
individuals to supply diesel to the generator at the facility 
and also manage the generator’s O&M services. In the 
exercise, an hourly O&M cost of 0.1 US$ were assumed 
as indicated in Figure 7. 

Figure 7: HOMER input for fuel generator 

e) Mathematical Model of Diesel Generator 
Hourly energy generated by diesel generator 

( )DEGE
 with rated power output 

( )DEGP
 is defined by 

the following expression (Deepak et al, 2011): 

( ) ( ) DEGDEGDEG tPtE η×=
-----------------------------------(1) 

For better performance and higher efficiency the 
diesel generator will always operate between 80 and 

100% of their kW rating, where DEGη
 is the diesel 

generator efficiency. 

f) Converter 
Converter in the power system represents both 

an inverter (for the conversion of generated direct 
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current (DC) power into required alternating current (AC) 
power; both for energy flowing directly to the load from 
the PV and for energy transiting through the battery), 
and a rectifier (for the conversion of generated AC 
power in order to charge the battery).It is a device that 
can convert electrical power from ac to dc in a process 

called rectification and from dc toac in a process called 
inversion (Shezan et al., 2016). When defining the 
converter, the key parameters to consider are the 
energy conversion efficiencies, Size, Cost, and O&M 
Cost as shown in Figure 8. 

Figure 8: HOMER input for converter 

g) Mathematical Model of Converter 
In the proposed scheme converter contains 

both rectifier and inverter. PV, wind energy generator 
and battery sub-systems are connected with DC bus 
while diesel generating unit sub-system is connected 
with AC bus. The electric loads connected in this 
scheme are DC loads (Ani, 2015). 

The rectifier is used to transform the surplus AC 
power from the diesel electric generator to DC power of 
constant voltage. The diesel electric generator will be 
powering the load and at the same time charging the 
battery. The rectifier model is given below(Ani, 2015): 

( ) ( ) RECINRECOUTREC tEtE η×= −− -------------------------(2)  

( ) ( )tEtE ACSURINREC −− =
------------------------------------(3) 

At any time t, 

( ) ( ) ( )tEtEtE LoadDEGACSUR −=−  ------------------------(4), 

where 
( )tE OUTREC−  is the hourly energy output from 

rectifier, kWh, 
( )tE INREC−  is the hourly energy input to 

rectifier, kWh, RECη
 is the efficiency of rectifier, 

( )tE ACSUR−  is the amount of surplus energy from AC 

sources, kWh, 
( )tEDEG  is the hourly energy generated 

by diesel generator. 

h) Storage System - Battery  
Battery is a device that stores energy and 

makes it available in an electrical form. Batteries are not 
a power technology, but a means of storing the power 
produced by other systems, such as photovoltaic and/or 
wind systems, hybrid systems. The battery stores the 
generated electricity during the availability of the 
renewable energy sources and the stored energy 
supplied to the consumer whenever required (Partha 
and Nitai, 2020). For some renewable energy clinics, 
batteries can be used to provide backup power during 
surges and outages. However, if renewable energy is 
absent for a lengthy period of time, some other system 
(generator) would be useful to recharge the batteries. 
Batteries’ lifetimes are partly dependent on the cycling 
(charging and discharging) they experience. HOMER 
provides a library of several predefined batteries, and 
users can add to the library if necessary. When 
choosing from the library, the key parameters to 
consider or include are the Nominal Capacity, Voltage, 
Round Trip Efficiency, Minimum State of Charge, 
Capacity Curve and Lifetime Curve (User Manual, 2016). 
By clicking on the battery icon (selected or created) in 
HOMER we are able to define the battery bank used in 
the power system by entering the cost of the battery, the 
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number of batteries per string and the number of strings 
of batteries. Therefore, in this exercise, a single string of 

Surrette 6CS25P battery, 6V/1,156Ah sealed lead-acid 
batteries were considered as indicated in Figure 9.  

Figure 9: HOMER input for storage battery 

i) Mathematical Model of Storage Battery 
HOMER uses the Kinetic Battery Model 

(Manwell and McGowan, 1993) to determine the amount 
of energy that can be absorbed by or withdrawn from 
the battery bank each time step. HOMER determines the 
total amount of energy stored in the battery at any time 
as the sum of the available (energy that is readily 
available for conversion to DC electricity) and bound 
energy (energy that is chemically bound and therefore 
not immediately available for withdrawal) by the 
following equation(HOMER help, 2015;User Manual, 
2016): 

21 QQQ += ---------------------------------------------------(5), 

where: 

1Q is the energy in kWh that is readily available for 
conversion to DC electricity. 

2Q is the energy in kWh that is chemically bound and 
therefore not immediately available for withdrawal. 

Each hour of the simulation, the maximum 
amount of power that the battery bank can withdraw (or 
absorb) is being calculated using maximum discharge 
(or charge) power. The maximum discharge (or charge) 
power varies from hour to hour according to its state of 
charge and its recent charge and discharge history, as 
determined by the kinetic battery model. 

Using the kinetic battery model, the maximum 
amount of power that the battery can discharge over a 

specific length of time t∆ is given by the following 
equation(User Manual, 2016): 

( )
( )tktk

tktk

kbmdbatt etkce
eQkcekQkcQ

P
∆−∆−

∆−∆−

+−∆+−
−++−

=
11

11max
max,,

--
---------------------------------------- (6), 

where: 
t∆ is the length of the time step [h]. 

P  is the power [kW] into (positive) or out of (negative) 
the battery bank using kinetic battery model. 

maxQ
is the total capacity in kWh of the battery bank. 

Q  is the total amount of energy in kWh in the battery at 
the beginning of the time step 
k is the rate constant [h-1] which is a measure of how 
quickly the battery can convert bound energy to 
available energy or vice-versa.  
c is the battery capacity ratio [unitless]. 
Likewise, the maximum amount of power that the battery 

can absorb over a specific length of time t∆  is given by 
the following equation(User Manual, 2016): 

( )
( )tktk

tktk

kbmcbatt etkce
eQkcekQP

∆−∆−

∆−∆−

+−∆+−
−+

=
11

11
max,,

------------(7) 

j) Mathematical Model of Charge Controller 
To prevent overcharging of a battery, a charge 

controller is used to sense when the batteries are fully 
charged and to stop or decrease the amount of energy 
flowing from the energy source to the batteries. The 
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model of the charge controller is presented below (User 
Manual, 2016): 

( ) ( ) CCINCCOUTCC tEtE η×= −− ---------------------------- (8) 

( ) ( ) ( )tEtEtE DCSUROUTRECINCC −−− +=
---------------- (9), 

where 
( )tE OUTCC−  is the hourly energy output from 

charge controller, kWh, 
( )tE INCC−  is the hourly energy 

input to charge controller, kWh, CCη
 is the efficiency of 

charge controller, 
( )tE OUTREC−  is the hourly energy 

output from rectifier, kWh, 
( )tE DCSUR−  is the amount of 

surplus energy from DC sources, kWh (Ani, 2015). 

k) Photovoltaic (PV) System 
Photovoltaic (PV) Systems generate electricity 

from sunlight collected by solar panels. Solar panels are 
available in different shape and size. For instance, the 
size of the PV system depends on the power 
requirement of the health facility and its location. PV 

systems are highly modular, so the system can be 
customized to cover power demand of the health facility 
and add units if the power demand increases. PV 
systems typically have higher capital costs, but lower 
operating costs when compared to other energy 
generation options. Solar panels has the lowest O&M 
cost due to it does not require extensive maintenance; 
only to remove dust from the panels twice a year 
(Kassam, 2011).  

For the facility under analysis we assumed for 
the photovoltaic panels a derating factor of 90% and 
expected lifetime of twenty years as indicated in Figure 
10. The cost of PV panels was estimated as US$ 
0.600/Wp based on prices cited by Nigerian suppliers 
(Solar Power Systems Components, 2015). This was 
adjusted upward to US$ 2/Wp (US$ 2,000 per kWp) to 
account for other support components that are required, 
also known as balance of system (BOS) parts, such as 
cables, charge controller with Maximum Power Point 
Tracker, lightening protection, as well as delivery/labour 
and installation costs.  

Figure 10: HOMER input for solar photovoltaic 

l) Mathematical Model of the Monthly Average 
Clearness Index andSolar Photovoltaic Generator 

HOMER uses the extraterrestrial horizontal 

radiation ( aveoH , ) to calculate either the monthly average 

clearness index ( TK ) or the monthly average global 

solar radiation ( aveH
). For instance, when you enter 

aveH
, HOMER divides it by aveoH , to find TK . If you 

enter TK , HOMER multiplies it by aveoH , to find aveH
 

(User Manual, 2016). 
The monthly average clearness index can be calculated 
using the equation (HOMER help, 2015; User Manual, 
2016): 

aveo

ave
T H

H
K

,

=
------------------------------------------------ (10), 

where: 
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aveH
 is the monthly average radiation on the horizontal 

surface of the earth (kWh/m2/day) 

aveoH ,  is the extraterrestrial horizontal radiation, meaning 
the radiation on a horizontal surface at the top of the 
earth's atmosphere (kWh/m2/day) 

Mathematically, the output of the PV array are 
calculated by HOMER using the following equation(Help 
Manual, 2015): 

( )[ ]STCccP
STCT

T
PVPVPV TT

G
GfYP ,

,

1 −+









= α

------ (11), 
where 

PVY
 is the rated capacity of the PV array, meaning its 

power output under standard test conditions [kW] 

PVf
 is the PV derating factor [%] 

TG  is the solar radiation incident on the PV array in the 
current time step [kW/m2] 

STCTG ,  is the incident radiation at standard test 
conditions [1 kW/m2] 

Pα  is the temperature coefficient of power [%/°C] 

cT
 is the PV cell temperature in the current time step 

[°C] 

STCcT ,  is the PV cell temperature under standard test 
conditions [25 °C] 

III. Wind Turbine 

Wind Turbine converts the wind energy to the 
mechanical torque, which rotates the shaft of an 
electrical generator to generate electrical energy (Hur, 
2018; Zammit et al., 2017).The wind turbine in the power 
system generation can be defined by considering the 
wind turbine power curve, cut-in speed, and cut-out 
speed of the wind turbine. HOMER provides a library of 
several wind turbines already defined to choose from 
(select), but the wind turbine of ones interest (not found 
in the library)can be defined (create) based on the 
manufacturer specifications. By clicking on the wind 
turbine icon (selected or created) in HOMER, we are 
able to define the wind turbine used in the power system 
by entering the quantity (number of wind turbine), 
Capital Cost, Replacement Cost, Operations & 
Maintenance (O&M) expenditure, Operating Lifetime, 
and Hub height of the wind turbine. Full details of the 
chosen wind turbine can be seen by clicking the 
‘Details’ button. 

For the health facility in this exercise, a BWC 
Excel-R 7.5kW wind turbine (mounted on a standalone 
monopole) was considered as shown in Figure 11using 
the default model present in HOMER library. Due to the 
moving parts, maintenance for wind turbines is 
somewhat higher than for PV systems. 
 

Figure 11: HOMER input for wind turbine 
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a) Mathematical Model of Wind Energy Generator 
Wind speed increases with height above 

ground. This is because; the ground-level obstacles 
such as vegetation, buildings, and topographic features 
tend to slow the wind near the surface. Since the effect 
of these obstacles decreases with height above ground, 
wind speeds tend to increase with height above ground. 
This variation of wind speed with height is called wind 
shear. HOMER uses wind shear to calculate the wind 
speed at the hub height of the wind turbine. Wind 
energy engineers typically models wind shear using the 
logarithmic profile mathematical model. 

The logarithmic profile (or log law) assumes that 
the wind speed is proportional to the logarithm of the 
height above ground. The following equation gives the 
ratio of the wind speed at hub height to the wind speed 
at anemometer height(HOMER help, 2015): 

( )
( )

( )
( )oanem

ohub

anem

hub

zz
zz

zv
zv

/ln
/ln

=
--------------------------------- (12), 

where: 

hubz
= the hub height of the wind turbine [m] 

anemz
= the anemometer height [m] 

oz
= the surface roughness length [m] 

( )hubzv
= wind speed at the hub height of the wind 

turbine [m/s] 

( )anemzv
= wind speed at anemometer height [m/s] 

( )...ln = the natural logarithm 
The surface roughness length is a parameter 

that characterizes the roughness of the surrounding 
terrain. The representative surface roughness lengths 
taken from Manwell, McGowan, and Rogers (2002) are 
shown in Table A2 of the supplementary data. 

Step Seven: Calculate Results 
HOMER model can be used to compare costs 

for a variety of different energy generation systems that 
can meet 100% of this clinic’s load. By clicking the 
Calculate button, the program runs the simulation of 
different permutations of all possible configurations of 
system types based on the inputs provided. After the 
design system had completely simulated, the best 
possible system configurations will be determined under 
optimization process. HOMER sorts the feasible cases 
in order of increasing net present (or lifecycle) cost. This 
cost is the present value of the initial, component 
replacement, operation, maintenance, and fuel 
costs(User Manual, 2016). HOMER lists the optimal 
system configuration, defined as the one with the least 
net present cost, for each system type.  

In this investigation, and by Ani (2014)an 
attempt was made to determine for each region and 
regarding the selected components, which of the mix 
renewable energy (PV/wind/battery) or hybrid system 
(PV/wind/diesel/battery; PV/diesel/battery; wind/diesel/ 
battery) is the optimal power system. A 60% renewable 
fraction was used as criteria for the energy solution. The 
components needed to satisfy the health facility centre’s 
annual load of 7,082kWh are shown in Figure 12.  

 

Figure 12: The network architecture (HOMER simulator) 
for the hybrid energy system of the health facility centre 

b) Mathematical Cost Model (Economic & 
Environmental Costs) of Energy Systems 

The equation for estimating the level of 
optimization of any energy solution being considered for 
a health clinic and location is derived as below: 

c) The Annualized Cost of a Component  
The annualized cost of a component includes 

annualized capital cost, annualized replacement cost, 
annual O&M cost, emissions cost and annual fuel cost 
(generator). Operation cost is calculated hourly on daily 
basis (Ani, 2015):  

d) Annualized Capital Cost 
The annualized capital cost of a system 

component is equal to the total initial capital cost 
multiply by the capital recovery factor. Annualized 
capital cost is calculated using (Ani, 2015): 

( )projcapacap RiCRFCC ,⋅=
---------------------------- (13), 

where: 

capC
=initial capital cost of the component 
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( )projRiCRF ,
=capital recovery factor 

e) Annualized Replacement Cost 
The annualized replacement cost of a system 

component is the annualized value of all the 
replacement costs occurring throughout the lifetime of 
the project, minus the salvage value at the end of the 
project lifetime. Annualized replacement cost is 
calculated using (Ani, 2015): 

( ) ( )projcomprepreparep RiSFFSRiSFFfCC ,, ⋅−⋅⋅=
--

-------------------------------------- (14) 

repf
, a factor arising because the component lifetime 

can be different from the project lifetime, is given by(Ani, 
2015): 

( ) ( )






=

>
=

0      ,                                       0
0      ,,,

rep

reprepproj
rep R

RRiCRFRiCRF
f

-------
------------------------------------- (15) 

repR
, the replacement cost duration, is given by(Ani, 

2015): 











⋅=

comp

proj
comprep R

R
INTRR

----------------------------- (16), 

where ( )INT  is the integer function, returning the 
integer portion of a real value. 

( )SFF , the sinking fund factor is a ratio used to 
calculate the future value of a series of equal annual 
cash flows, is given by(User Manual, 2016): 

( )
( ) 11

,
−+

= Ni
iNiSFF

--------------------------------- (17) 

The salvage value of the component at the end 
of the project lifetime is proportional to its remaining life. 

Therefore the salvage value S is given by(User Manual, 
2016): 

comp

rem
rep R

R
CS ⋅=

-------------------------------------------- (18), 

where remR
, the remaining life of the component at the 

end of the project lifetime is given by(User Manual, 
2016): 

( )repprojcomprem RRRR −−=
--------------------------- (19), 

where: 

repC
= replacement cost of the component 
( )SFF = sinking fund factor 

i = interest rate 

compR
= lifetime of the component 

projR
= project lifetime 

N = number of years 

f) Annualized Operating Cost  
The operating cost is the annualized value of all 

cost and revenues other than initial capital costs and is 
calculated using (Ani, 2015):  

( )[ ]∑ ∑
= = 








=
365

1

24

1t t
ocaop tCC

--------------------------------- (20), 

where 
( )tCoc  is the Cost of operating component. 

 
g) Cost of Emissions 

HOMER uses the following equation to 
calculate the cost of emissions (Ani, 2015; User Manual, 
2016):  
 

( ),21
1000

2222 −−−−−−−−−
+++++

= XX NONOSOSOPMPMUHCUHCCOCOCOCO
emissions

McMcMcMcMcMc
C

where: 

2COc
= cost for emissions of 2CO [$/t] 

COc
= cost for emissions of CO [$/t] 

UHCc
=cost for emissions of unburned hydrocarbons 

(UHC) [$/t] 

PMc =cost for emissions of particulate matter (PM) [$/t] 

2SOc
=cost for emissions of 2SO [$/t] 

xNOc
=cost for emissions of xNO

[$/t] 

2COM
=annual emissions of 2CO [kg/yr] 

COM
=annual emissions of CO [kg/yr] 

UHCM
=annual emissions of unburned hydrocarbons 

(UHC) [kg/yr] 

PMM =annual emissions of particulate matter (PM) 
[kg/yr] 
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2SOM
=annual emissions of 2SO  [kg/yr] 

xNOM
=annual emissions of xNO

 [kg/yr] 

Total cost of a component = Economic cost + 
Environmental cost 

Where: 

Economic cost = Capital cost + Replacement cost + 
Operation & Maintenance cost + Fuel cost (Generator) 

Environmental cost = Emissions cost 
 

Annualized cost of a component is calculated using (Ani, 2015):  

emissionsaoparepacapann CCCCC +++=
------------------------------------------------------- (22) 

Annualized total cost of a component is calculated using (Ani, 2015):  

( )∑
=

+++=
cN

c
emissionscaopcarepcacapctotann CCCCC

1
,,,,,

------------------------------------------ (23), 

where: 

cacapC , = Annualized capital cost of a component 

carepC , = Annualized replacement cost of a component 

caopC , = Annualized operating cost of a component 
From equation (23), the Economic and 

Environmental cost model of running Hybrid (Wind & 
Solar) + Diesel Generator + Batteries+ Converter is 
calculated as(Ani, 2015): 

 
 
 
 
 
 
 

( ) ( )

( ) ( )

( ) ),24(
1

,,,

1
,,,

1
,,,

1 1
,,,,,,,,

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−++

+++++++++

++++++++=

∑

∑∑

∑ ∑

=

==

= =
++++

c

bg

w s

N

c
caopcarepcacap

N

b
emissionsbaopbarepbacap

N

g
afgemissionsgaopgarepgacap

N

w

N

s
emissionssaopsarepsacapemissionswaopwarepwacapcbgswtotann

CCC

CCCCCCCCC

CCCCCCCCC

where: 

wacapC , = Annualized Capital Cost of Wind Power 

warepC , = Annualized Replacement Cost of Wind Power 

waopC , = Annualized Operating Cost of Wind Power 

emissionsC
= Cost of Emissions  

sacapC , = Annualized Capital Cost of Solar Power 

sarepC , = Annualized Replacement Cost of Solar Power 

saopC , = Annualized Operating Cost of Solar Power 

gacapC , = Annualized Capital Cost of Diesel Generator 

garepC , = Annualized Replacement Cost of Diesel 
Generator 

gaopC , = Annualized Operating Cost of Diesel Generator 

gafC , = Annualized Fuel Cost for Diesel Generator 

bacapC , = Annualized Capital Cost of Batteries Power 

barepC , = Annualized Replacement Cost of Batteries 
Power 

baopC , = Annualized Operating Cost of Batteries Power 

cacapC , = Annualized Capital Cost of Converter Power 

carepC , = Annualized Replacement Cost of Converter 
Power 

caopC , = Annualized Operating Cost of Converter Power 
The mathematical model derived estimates the 

life-cycle cost of the system, which is the total cost of 
installing and operating the system over its lifetime. The 
output when run with HOMER software/tool will give us 
the optimal configuration of the energy system that 
takes into account technical and economic performance 
of supply options (rated power characteristics for solar 
Photovoltaic (PV), power curve characteristics for wind 
turbine (WT), fuel consumption characteristics for diesel 
generators (DG) and minimum and maximum state of 
charge (SOC) of a battery bank), the 20-year life cycle 
cost (LCC) of equipment, locally available energy 
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resources (hourly solar insolation data (W/m2), hourly 
wind speed (m/s), as well as cost of fossil fuels), 
environmental costs, and system reliability.  
 

IV. Simulation 

Simulation process determines how a particular 
system configuration, a combination of system 
components of specific sizes, and an operating strategy 
that defines how those components work together, 
would behave in a given setting over a long period of 
time. HOMER simulates the operation of a system by 
making energy balance calculations for each of the 
8,760 hours in a year(User Manual, 2016). For each 
hour, HOMER compares the electric demand of the 
health facility in the hour to the energy that the system 
(energy option) can supply in that hour, and calculates 

the flows of energy to and from each component of the 
system.  

After running the simulations, HOMER sorts the 
feasible cases in order of increasing NPC (or lifecycle 
cost). This cost is the present value of the initial, 
component replacement, operation, maintenance, and 
fuel costs. HOMER lists the optimal system 
configuration, defined as the one with the least net 
present cost, for each system type. It is possible to 
display the overall (entire) list of configurations or to 
show the categorized lists (the best solutions from an 
economic perspective) per system design. Overall list of 
configuration is the simulation results, while the 
categorized lists is the optimization results.In this 
exercise, the optimization result panels in Figure 13 
show the categorized list displayed four (a,b) to five (c) 
different configurations, ordered by most effective NPC. 
 

 
a 

 
b 

 
c 

Figure 13: Optimization result panel for (a) Nembe, (b) Abaji, and (c) Guzamala 
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By clicking on each of the displayed solution we 
can access a comprehensive set of data providing high 
level of detail on each system component such as 
economical information essential to run a thorough 
business case. HOMER’s main financial output is the 
total NPC and COE of the examined system(s) 
configurations (Farid et al., 2017). The Cost summary 
and Cash Flow details represent a practical starting 
point for developing a customized business case, 
including financial indicators such as ROI (Return on 
Investment), payback period and NPV (Net Present 
Value), in comparison to the diesel generator only base 
case that will enable decision makers within health 
organizations to make accurate investment decisions. In 
addition it is possible to display many other relevant 
data concerning renewable (PV and wind turbine) 
equipment details (i.e. electrical production, hours of 
operation, etc.), diesel generator (i.e. diesel generator 
hours of operation, fuel consumption), batteries 
performances (battery state of charge histogram, etc.), 
and emissions, etc. These data were organized and 
presented in the supplementary data.  

V. Results and Discussion 

Results in the supplementary data (Tables A3 – 
A14) show that the study of electrification options for the 
hypothetical health facility at various geographical 
locations (Nembe (Bayelsa State) in the south, Abaji 
(Abuja, FCT) in the centre, and Guzamala  (Borno State) 
in the north) in Nigeria illustrate that the percentage of 
energy generated by both the solar and the wind 
renewable energy components of each of the hybrid 
system types tends to vary with the locations of the 
health facility; and that both the lifetime costof different 
energy system and the environmental impact of the 
hybrid energy system types studied vary significantly 
with the locations of the health facilities due to 
availability of the renewable energy resources and 
climatic conditions. Therefore in setting up power 
system for off-grid rural health facility in Nigeria, the 
following options were to be chosen based on different 
regions as this depends on climatic conditions and 
available renewable energy resources. 

• Equatorial Region has two options (PV/diesel, and 
PV/wind/diesel) 

• Tropical Region has also two options (PV/diesel, 
and PV/wind/diesel) 

• Arid Region has four options (PV/diesel, PV/wind, 
PV/wind/diesel, and wind/diesel) 

VI. Conclusion 

This paper is a resource for health professionals 
seeking to electrify health facilities that currently lack 
power. A case study of a hypothetical off-grid health 
facility at various geographical locations in Nigeria was 
used to illustrate the stepwise approach to electrification 

of health facilities and demonstrate the utility of a 
modeling tool to assist in the critical task of system 
design. Information was provided to help the health 
professionals weigh the pros and cons of various energy 
systems with a focus on appropriate solutions and 
special considerations for off-grid rural health clinics. 
When considering the lifetime cost of different system 
designs, a modeling program HOMER is a valuable tool. 
HOMER simplifies the task of determining the most 
suitable combination of renewable source to supply a 
given load, and is, therefore, a useful tool in systems 
load sizing. The product could be used during the 
process of design, energy analysis and simulation of 
electrical power process in hybrid and stand-alone 
systems for energy supply of daily needs and 
technological processes in health clinics.  
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Supplementary Data 

Electrical Load Data 

Table A1: The electrical load (Power supply requirements) data for a Health facility 

S. 
No. 

Power Consumption 
Power 
(Watts) 

Qty 
Load 

(watt x qt) 
Hours/day On-Time (Time in Use) 

1 Vaccine Refrigerator/Freezer 60 1 60 24  (0.00hr – 23.00hr) 
2 Small Refrigerator (non-medical 

use) 
300 1 300 5 (10.00hr – 15.00hr) 

3 Centrifuge 575 1 575 2 (12.00hr – 14.00hr) 
4 Hematology Mixer 28 1 28 2 (10.00hr – 12.00hr) 
5 Microscope 15 1 15 5 (09.00hr – 14.00hr) 
6 Security light 10 4 40 12 (18.00hr – 6.00hr) 
7 Lighting 10 2 20 7 (09.00hr – 16.00hr) 
8 Sterilizer Oven (Laboratory 

Autoclave) 
1,564 1 1,564 1 (12.00hr – 13.00hr) 

9 Incubator 400 1 400 24 (0.00hr – 23.00hr) 
10 Water Bath 1,000 1 1,000 1 (14.00hr – 15.00hr) 

 Communication via VHF Radio  1    
11 Stand-by 2  2 24 (0.00hr – 23.00hr) 
12 Transmitting 30  30 4 (09.00hr – 13.00hr) 
13 Desktop Computer 200 2 400 5 (09.00hr – 14.00hr) 
14 Printer 65 1 65 3 (09.00hr – 10.00hr;  

13.00 – 15.00hr) 

Table A2: Surface roughness lengths (Manwell, McGowan, and Rogers, 2002) 

Terrain Description z0 

Very smooth, ice or mud 0.00001 m 

Calm open sea 0.0002 m 

Blown sea 0.0005 m 

Snow surface 0.003 m 

Lawn grass 0.008 m 

Rough pasture 0.010 m 

Fallow field 0.03 m 

Crops 0.05 m 

Few trees 0.10 m 

Many trees, few buildings 0.25 m 

Forest and woodlands 0.5 m 

Suburbs 1.5 m 

City center, tall buildings 3.0 m 
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Power System Configurations 

Table A3: Power system configurations for Equatorial region (Nembe) 

Configurations PV 
BWC Excel-R 
Wind turbine 

Diesel 
Generation 

Surrette 
6CS25P 
Battery 

Converter 
Renewable 
fraction (%) 

PV/Diesel/Batt/Conv 5kW  2kW 24 units 19kW 66* 

PV/Wind/Diesel/Batt/Conv 5kW 7.5kW 2kW 24 units 19kW 93* 

Diesel/Batt/Conv   2kW 24 units 19kW 0 
Wind/Diesel/Batt/Conv  7.5kW 2kW 24 units 19kW 36 

*Significant renewable fraction exceeding 60% 

Table A4: Power system configurations for Tropical region (Abaji) 

Configurations PV 
BWC Excel-R 
Wind turbine 

Diesel 
Generation 

Surrette 
6CS25P 
Battery 

Converter 
Renewable 

fraction 
(%) 

PV/Diesel/Batt/Conv 5kW  2kW 24 units 19kW 85* 

PV/Wind/Diesel/Batt/Conv 5kW 7.5kW 2kW 24 units 19kW 94* 

Diesel/Batt/Conv   2kW 24 units 19kW 0 
Wind/Diesel/Batt/Conv  7.5kW 2kW 24 units 19kW 16 

*Significant renewable fraction exceeding 60% 

Table A5: Power system configurations for Arid region (Guzamala) 

Configurations PV 
BWC Excel-

R Wind 
turbine 

Diesel 
Generation 

Surrette 
6CS25P 
Battery 

Converter 
Renewable 

fraction 
(%) 

PV/Diesel/Batt/Conv 5kW  2kW 24 units 19kW 91* 

PV/Wind/Batt/Conv 5kW 7.5kW  24 units 19kW 100* 

PV/Wind/Diesel/Batt/Conv 5kW 7.5kW 2kW 24 units 19kW 100* 

Wind/Diesel/Batt/Conv  7.5kW 2kW 24 units 19kW 74* 

Diesel/Batt/Conv   2kW 24 units 19kW 0 
*Significant renewable fraction exceeding 60% 

Simulation Results of Economic Cost 

Table A6: Simulation results of Economic cost for Equatorial region (Nembe) 

Parameter 
PV/Diesel/
Batt/Conv 

PV/Wind/Diesel/ 
Batt/Conv 

Diesel/ Batt/Conv 
Wind/Diesel/ 

Batt/Conv 

Initial Cost $43,180 $70,180 $33,180 $60,180 
Operating 
Cost ($/yr) 

 
7,103 

 
6,302 

 
10,021 

 
8,780 

Total NPC $124,652 $142,469 $148,124 $160,887 

Table A7: Simulation results of Economic cost for Tropical region (Abaji) 

Parameter 
PV/Diesel/ 
Batt/Conv 

PV/Wind/Diesel/ 
Batt/Conv 

Diesel/ 
Batt/Conv 

Wind/Diesel/ 
Batt/Conv 

 
Initial Cost 

 
$43,180 

 
$70,180 

 
$33,180 

 
$60,180 

Operating 
Cost ($/yr) 

 
6,597 

 
6,342 

 
11,573 

 
10,830 

 
Total NPC 

 
$118,847 

 
$142,925 

 
$165,917 

 
$184,397 

Table A8: Simulation results of Economic cost for Arid region (Guzamala) 

Parameter 
PV/Diesel/ 
Batt/Conv 

PV/Wind/ 
Batt/Conv 

PV/Wind/Diesel/ 
Batt/Conv 

Wind/Diesel/ 
Batt/Conv 

Diesel/ 
Batt/Conv 

Initial Cost $43,180 $68,280 $70,180 $60,180 $33,180 
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Operating 
Cost ($/yr) 

6,325 6,003 5,963 7,823 12,503 

Total NPC $115,730 $137,138 $138,580 $149,911 $176,593 

Simulation Results of Electricity Production 

Table A9: Simulation results of Electricity production for Equatorial region (Nembe) 

Parameter PV/Diesel PV/Wind/Diesel Diesel Wind/Diesel 

PV (6,220) 
66% 

(6,220) 
60% 

0% 0% 

Wind 0% (3,385) 
33% 

0% (3,385) 
36% 

Diesel (3,146) 
34% 

(750) 
7% 

(9,402) 
100% 

(6,112) 
64% 

Total (9,366) 
100% 

(10,355) 
100% 

(9,402) 
100% 

(9,497) 
100% 

 
Table A10: Simulation results of Electricity production for Tropical region (Abaji) 

Parameter PV/Diesel PV/Wind/Diesel Diesel Wind/Diesel 

PV 
(8,493) 

85% 
(8,493) 

80% 0% 0% 

Wind 0% 
(1,502) 

14% 
0% 

(1,502) 
16% 

Diesel 
(1,512) 

15% 
(614) 
6% 

(9,402) 
100% 

(7,756) 
84% 

Total 
(10,005) 

100% 
(10,608) 

100% 
(9,402) 
100% 

(9,258) 
100% 

Table A11: Simulation results of Electricity production for Arid region (Guzamala) 

Parameter PV/Diesel PV/Wind PV/Wind/Diesel Wind/Diesel Diesel 

PV 
(9,138) 

91% 
(9,138) 

55% 
(9,138) 

55% 
0% 0% 

Wind 0% 
(7,490) 

45% 
(7,490) 

45% 
(7,490) 

74% 
0% 

Diesel 
(925) 
9% 

0% 0% 
(2,568) 

26% 
(9,402) 
100% 

Total (10,062) 
100% 

(16,628) 
100% 

(16,628) 
100% 

(10,058) 
100% 

(9,402) 
100% 

Simulation Results of Environmental Impact 

Table A12: Simulation results of Environmental impact for Equatorial region (Nembe) 

Parameter PV/Diesel PV/Wind/Diesel Diesel Wind/Diesel 
Fuel Consumption (L) 1,039 248 3,103 2,017 

Hour of diesel consumption 
(hrs) 

1,578 380 4,701 3,056 

Carbon dioxide (kg/yr) 2,736 654 8,170 5,311 
Carbon monoxide (kg/yr) 6.75 1.61 20.2 13.1 

Unburned hydrocarbon (kg/yr) 0.748 0.179 2.23 1.45 
Particulate matter (kg/yr) 0.509 0.122 1.52 0.988 
Sulphur dioxide (kg/yr) 5.49 1.31 16.4 10.7 
Nitrogen oxides (kg/yr) 60.3 14.4 180 117 

Table A13: Simulation results of Environmental impact for Tropical region (Abaji) 

Parameter PV/Diesel PV/Wind/Diesel Diesel Wind/Diesel 
Fuel Consumption (L) 500 203 3,103 2,559 

Hour of diesel consumption 
(hrs) 

764 311 4,701 3,878 
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Carbon dioxide (kg/yr) 1,317 535 8,170 6,740 
Carbon monoxide (kg/yr) 3.25 1.32 20.2 16.6 

Unburned hydrocarbon (kg/yr) 0.36 0.146 2.23 1.84 
Particulate matter (kg/yr) 0.245 0.0996 1.52 1.25 
Sulphur dioxide (kg/yr) 2.65 1.07 16.4 13.5 
Nitrogen oxides (kg/yr) 29 11.8 180 148 

Table A14: Simulation results of Environmental impact for Arid region (Guzamala) 

Parameter PV/Diesel PV/Wind PV/Wind/Diesel Wind/Diesel Diesel 
Fuel Consumption (L) 306 0 0 853 3,103 

Hour of diesel consumption 
(hrs) 

466 0 0 1,318 4,701 

Carbon dioxide (kg/yr) 805 0 0 2,246 8,170 
Carbon monoxide (kg/yr) 1.99 0 0 5.54 20.2 

Unburned hydrocarbon (kg/yr) 0.22 0 0 0.614 2.23 
Particulate matter (kg/yr) 0.15 0 0 0.418 1.52 
Sulphur dioxide (kg/yr) 1.62 0 0 4.51 16.4 
Nitrogen oxides (kg/yr) 17.7 0 0 49.5 180 
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Abstract- It is generally accepted that having a proper river crossing point has a positive effect on 
rural inhabitants. Such crossing points would increase the ability of communities to access their 
social services, markets, jobs, and thereby lead to raising their standard of living. In line with this 
objective, Rwanda has been promoting the construction of pedestrian footbridges in rural areas, 
and with different partners, different pedestrian footbridges have already been constructed. It is 

very crucial that all institutions involved in the construction of pedestrian footbridges, both public 
and private, consider the financial benefits of pedestrian footbridges and some significant direct 
and indirect effects on the rural communities. The Objective of this study was to identify all 
possible benefits that may be generated by pedestrian footbridges to understand the potential 
range of their impacts in rural areas and the likely responses from those people impacted by the 

project. The study also proposed a comprehensive approach for estimating the economic 
impacts of a pedestrian footbridge in rural areas. The methodology involved community 
interviews conducted during site visits to identify and predict possible impacts due to the lack 
and availability of safe access via pedestrian footbridges.  
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Social-Economic Effects and Political Satisfaction 
from Pedestrian Footbridges in Rural Areas

Claude Munyaneza α & Leopold Mbereyaho σ 

Abstract- It is generally accepted that having a proper river 
crossing point has a positive effect on rural inhabitants. Such 
crossing points would increase the ability of communities to 
access their social services, markets, jobs, and thereby lead to 
raising their standard of living. In line with this objective, 
Rwanda has been promoting the construction of pedestrian 
footbridges in rural areas, and with different partners, different 
pedestrian footbridges have already been constructed. It is 
very crucial that all institutions involved in the construction of 
pedestrian footbridges, both public and private, consider the 
financial benefits of pedestrian footbridges and some 
significant direct and indirect effects on the rural communities. 
The Objective of this study was to identify all possible benefits 
that may be generated by pedestrian footbridges to 
understand the potential range of their impacts in rural areas 
and the likely responses from those people impacted by the 
project. The study also proposed a comprehensive approach 
for estimating the economic impacts of a pedestrian 
footbridge in rural areas. The methodology involved 
community interviews conducted during site visits to identify 
and predict possible impacts due to the lack and availability of 
safe access via pedestrian footbridges. Microsoft Excel 
analysis tools were used to estimate pedestrian footbridges 
benefits for rural communities, and relevant formulas were 
proposed. It is concluded that pedestrian footbridges have 
significant effects on political trust, which is associated with 
both social capital and economic growth of communities living 
in rural areas. It was also confirmed that the proposed 
mathematical approach could accurately estimate the 
economic benefit for planning and evaluation of pedestrian 
footbridge construction in rural areas. A further study would be 
welcome for a comparative investigation between the total 
costs of a new pedestrian footbridge with the economic 
benefits of a pedestrian footbridge during its entire life span. 
Keywords: political satisfaction, pedestrian footbridge, 
bridges to prosperity, social-economic effects. 

I. Introduction 

dequate access to social-economic facilities and 
services, as hospitals, schools, and shopping  
centers, etc., for many people living in rural  

areas, has been one of development goals in 
developing countries. One of the most affordable and 
viable  alternatives  means  against  rural isolation  is the 

 
Author α :  University of Rwanda, College of Science and Technology. 
Faculty of Civil Engineering, Department of Civil, Environmental and 
Geomatics Engineering, Kigali.  
e-mail: claudemunyaneza6@gmail.com 
Author σ: University of Rwanda, College of Science and Technology. 
Faculty of Civil Engineering, Department of Civil, Environmental and 
Geomatics Engineering, Kigali. e-mail: lmbereyaho2015@gmail.com 

construction of pedestrian footbridges. The protection of 
people as they go about their everyday lives in their 
neighborhoods or workplaces may be influenced by 
improvement in transportation systems [1]. 

A pedestrian-friendly environment can be 
transformed by unsafe river crossing points or changes 
in traffic habits that place residents at higher risk of 
injury or death. Such changes need consideration of 
adequate and safe crossing points for pedestrians, 
animals, bicycles, and motorcycles. 

As a developing country, Rwanda is committed 
to addressing the problem of inadequate pedestrian 
footbridges in rural areas, resulting from its 
geographical conditions. In partnership with districts 
and other public and private institutions, an International 
Non-Governmental Organization, Bridges to Prosperity 
(B2P), which is specialized in the design and 
construction of pedestrian footbridges, has been 
constructing pedestrian footbridges for the past nine 
years. B2P’s contribution has resulted in 95 bridges 
implemented in different districts of Rwanda to serve 
over 400,000 people. Per an agreement with the 
Government of Rwanda, over 100 more are to be 
completed over the next three years [2]. 

Although the immediate impacts of Pedestrian 
footbridges in rural areas, such as transport costs, travel 
time, and improved safety, are clear, there are long-term 
impacts such as increased profitability of farmers and 
business revenue change, as well as increased 
employment in the agricultural and non-agricultural 
sectors. It should be also emphasized that the 
development of rural infrastructure, whether physical or 
nonphysical, not only improves local economic capacity, 
but also plays a direct and indirect role in reducing 
poverty [3].  

It is necessary that all institutions involved in the 
construction of pedestrian footbridges, both public and 
private, are well aware of the value and benefits of the 
pedestrian footbridges to rural communities which may 
have significant indirect effects on rural communities, 
which could result from the direct effects. It is clear that 
while a pedestrian footbridge can allow the crossing of 
respective obstacles by communities, it boosts their 
economy and the national economy in general. As a 
result, it directly affects the political trust of the 
communities and the development of the country. 
Therefore, a comprehensive approach for estimating the 
social-economic effects of a pedestrian footbridge in 

A 
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rural areas is indispensable to understand the 
importance of investment in rural pedestrian 
infrastructure.  

The aim of social-economic impact assessment 
is to enable the government and other key stakeholders 
to recognize and better predict the potential social-
economic impacts from proposed projects, strategies, 
and services for human populations and communities 
[4]. 

Some researchers have conducted studies on 
how pedestrian footbridges can improve rural 
economies. [5] concluded that the construction of new 
pedestrian footbridge crossings links rural and 
underserved communities in developing countries 
worldwide with the services they need. 
Some potential indirect effects, such as general 
economic conditions of an area or region, the availability 
of municipal services, like sewer and water, the tax 
incremental, and the quality of life, could occur beyond 
the project’s actual right of way [6]. 

Pedestrian footbridges have a demonstrated 
impact well beyond the two communities they connect. 
A study of the total geographic area served by one 
single pedestrian footbridge in Rwanda resulted in an 
average of 33 unique villages covering 47 square 
kilometers of mountainous terrain when considering the 
reported origins and destinations. An average 
catchment area of 17 villages was then estimated with 
the adjustment to reflect only journeys in service of 
livelihoods, health, and education [7]. A study about the 
methods to identify pedestrian footbridge needs in rural 
areas of Liberia and Rwanda recommended a mixed 
approach that combines both sophisticated remote 
methods with streamlined field-based methods that 
consider the existing local knowledge and expertise and 
cataloged the extensive need for safe access 
throughout rural areas, as well as the destinations that 
deemed critical by communities, but difficult to reach 
due to seasonally impassible rivers [8]. 

The possibility of creating a sustainable national 
Pedestrian footbridge program with the support of a 
comprehensive Pedestrian footbridge management 
system was documented in 2020 by Claude 
Munyaneza. and Leopold Mbereyaho. Analysis of 
condition data, determination of the ranking and priority 
of bridge maintenance activities, as well as evaluation of 
the alternatives of preservation or replacement create an 
environment where Pedestrian footbridges may be 
effectively built and maintained [9]. 

In 2020, Brooks and Donovan published their 
findings of a study about the impact of new bridges in 
rural Nicaragua, which found that lack of reliable outside 
market access can have a significant effect on rural 
economies' long-term agricultural decisions, and 
infrastructure benefits go beyond the ability to move 
products more efficiently through space. Pedestrian 
footbridges improve accessibility to labor markets, 

which may decrease distortions in the agricultural sector 
[10]. Such access to local businesses increases the 
safety within the community and generally enhances the 
quality of life for residents [11]. This results in both 
social capitals as well as economic fairness evaluations 
which have significant effects on political trust [12]. 

The Objective of this study was to identify all 
possible benefits resulting from pedestrian footbridge 
construction to understand the range of potential 
impacts of a new pedestrian footbridge in rural areas 
and the likely responses of those impacted by the 
projects, to highlight rural pedestrian and motorcycle 
transport as an effective strategy for rural economic 
development. The study also proposed a 
comprehensive approach for estimating the economic 
impacts of a pedestrian footbridge in rural areas.  

II. Methods 

a) Methodology Description 
In addition to the literature review, which 

provided an opportunity to understand the situation 
globally and locally and note the gaps, the methodology 
used in this study involved community interviews and 
feedback analysis. Interviews and discussions with 980 
people, including 30 local leaders, ten bridge builders 
from B2P, and 940 local communities who are mostly 
the beneficiaries of constructed pedestrian footbridges 
in different districts, were held to understand and 
determine how they are impacted by the pedestrian 
footbridges. The questionnaire was structured so that 
information concerning changes of lives before and after 
the construction of pedestrian footbridge as well as 
expectations before the project were acquired. 
Observations made during the site visits helped to 
identify or predict the impacts of blocked access, and 
safe crossings. Microsoft Excel analysis tools developed 
the estimating approach of pedestrian footbridge 
benefits for rural communities with established formulas. 
During the site visit, five pedestrian footbridges under 
the operation stage were selected. The analysis involved 
the social and economic effects. Social effects were 
analyzed into four main categories such as accessibility 
and connectivity, health and safety, an increase of 
income and reduction of cost, and cultural well-being. 
The economic effects were analyzed in two main 
categories: economic impact from user cost and the 
overall economic benefits. 

Using statistical analysis software of Rao soft, 
five pedestrian footbridges were all assessed for their 
social-economic and political satisfaction effects. 
Finally, one bridge was taken as a case study for the 
economic impact assessment. 

b) Identification and Analysis of Estimated Effects 

A Synthesis of interviews, background 
information, and observations made during the site visits 
were included in this process. This required the 
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identification and prediction of effects without the 
pedestrian footbridge and with the pedestrian footbridge 
in the area. This study focused on identifying social-
economic impact during the operation stage of a 
pedestrian footbridge, to gain an understanding before 
and following pedestrian footbridges construction.  

c) Community Interest 
The community interest for this study has been 

informed by several sources. Several interested people 
were selected because they identified as directly 
benefiting from the constructed bridges. Additionally, 
most used the bridges to access their daily social-
economic activities. For analyzing the effects of the 
project during the construction stage, the communities 
who participated in all construction stages were also 
considered.  

The community of interest was further informed 
by a demographic analysis of a wider geographic study 
area, identifying social and community infrastructure 
and facilities within the study area, particularly those 
close to the bridge. The demographic study area was 
selected to analyze the characteristics of residents and 
communities within the catchment who were most likely 
to experience effects as a result of the bridge and assist 
in the identification of potential community groups that 
may have been affected by the bridge project, 
particularly those which are not in direct proximity to the 
bridge project. 

Input from the wider community of interest was 
then sought through further engagement with identified 
community groups and the general public. This included 
feedback provided by face-to-face interviews and open 
day discussions and feedback.  

d) Social-Economic Impact Assessment Criteria 
Referring to the relevant categories of the 

International Association for Impact Assessment (IAIA) 
framework [13], the following framework has been 
established for assessing the potential impacts that may 
result from a Pedestrian footbridge project:  

Way of Life: 

• Impacts on accessibility, connectivity, living habits, 
and mobility 

• Changes to ways of crossing (walking and cycling)  
Well, Being: 

• Changes to wellbeing  
• Health and safety 
Financial: 

• Change of market price 
• Benefit increase from agriculture productivity 
• Making Money 

e) Rating of Effects 
In assessing effects, each effect has been given 

an overall rating of impacts. A four-point scale has been 
applied, and the ratings applied are: 

• Significant positive 
• Moderate positive 
• Minor positive 
• Insignificant  

In applying the overall rating of the effects, 
consideration was given to: the project stage of the 
effect (construction, operational, or both), who is 
affected (directly affected, neighbors, wider community), 
the probability of occurrence (high, medium, or low), 
and the magnitude of the impact (high, medium, low), 
and the significance of the affected feature (local, 
regional, national) [14]. 

III. Results 

a) Results from the Interview 

i. Demographic Profile of Respondents 
As mentioned in section 2, the total number of 

participants for this study was 980 people, including 30 
local leaders, ten bridge builders from B2P, and 940 
local communities. They are mostly the beneficiaries of 
the constructed pedestrian footbridge in the area. Their 
demographic profile was considered into three main 
categories, as summarized in Table 1 below. These 
include the age distribution, gender composition, and 
primary occupation. 

 
 
 

Table 1: Demographic Profile for Participants 

Age Distribution Percentage Gender 
Composition 

 
 

Age 
group Number

 
%

 
Male

 
Female

 
Agriculture

 Business 
people 

Salaried 
Employee Students

 

4_12 54 5.51 32 22 0 0 0 54 

13_21 47 4.80 16 31 12 2 1 32 

22_30 179 18.27 105 74 129 30 18 2 

31_39 245 25 108 137 187 36 22 0 

40_48 233 23.78 104 129 204 16 13 0 
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Primary Occupation



49_57 155 15.82 77 78 140 9 6 0 

58+ 67 6.84 32 35 62 4 1 0 
TOTAL 980 100 474 506 734 97 61 88 

ii. Social-Economic Effects of Pedestrian Foot 
bridges In Rural Areas  

As mentioned in section 2, five pedestrian 
footbridges built by Bridges to Prosperity were selected 
for the assessment. Table 1 summarizes the overall 
main findings from the interviews, discussions with 

different surrounding communities, and the observations 
made during site visits of those five pedestrian 
footbridges. The table summarizes the effect and overall 
rating (the magnitude of the effect), the percentage of 
similarity feedback, and further comments that were 
considered for assigning each effect with its rating.  

Table 2: Results from Interview, Discussions, and Observations 

Effect
 Positive 

Overall rating 
% Similarity 

Feedback from 
Respondents 

Situation before the construction of 
Pedestrian footbridge in the area. 

Way of Life (Accessibility and Connectivity) 
Access to schools Significant 

Positive 
97% During the rainy season, students were not able 

to attend the schools. some were not able to go 
back home and stay at school. 

Access to Markets Significant 
Positive 

98% During the rainy season, Communities could not 
attend the local markets and even sometimes 
they could not back home, until the water in the 
river get low. 

Access to Health/ Hospital center Significant 
Positive 

96% During the rainy season, Communities could not 
go to health centers and hospital due to high 
water level over the existing log timber bridge. 

Access to Church Significant 
Positive 

94% The attendance to churches was low during the 
rainy season. Communities couldn’t cross when 
the river is flooded. 

Access to Drinking water Moderate 
Positive 

95% Some communities from one side use the bridge 
to fetch drinking water from the other side of the 
river. 

Access to Public Offices Moderate 
Positive 

93% Some communities use the bridge to go the 
sector and cell offices. 

Access to Public Transport Significant 
Positive 

97% It was difficult to access the bus station during 
rainy season, and the bridge made consistent 
access possible. 

Saving Walking/Travel Time Significant 
Positive 

100% The alternative safe crossing points are far from 
the residences and the social-economic facilities. 
The average distance is about 9km from nearest 
village to the nearest facility. 

Well-being (Health and Safety) 
Saving lives Significant 

Positive 
98% Before the bridge was constructed, many people 

died while crossing the river. 
Decrease of injuries Significant 

Positive 
98% Before the bridge was constructed, many people 

were injured while crossing the river. 
General improvements to 
pedestrian and cyclist safety 

Moderate 
Positive 

96% People of all ages were able to cross safely 
during bridge construction 

Reducing infant and maternal 
mortality 

Moderate 
Positive 

94% Since the health center is far from the alternative 
safe crossing point, before the bridges, some 
mothers were insisting on giving birth at home by 
preventing to cross the river. 

Ability to pay the health insurance 
(Mutuel de Sante) 
 

Significant 
Positive 

92% The bridges increased the economic revenue, 
which gave the communities the ability to pay 
their “mutuel de sante” 

Financial (Income and Cost) 
Economic benefit from farming 
goods 

Significant 
Positive 

99% Pedestrian footbridges allowed farmers to bring 
their products on their expected local markets, 
which increased the price. 

Additional economic benefits from 
products and farming goods 

Significant 
Positive 

97% Pedestrian footbridges allowed the farmers to 
bring all their products to market. 

Economic benefits from additional 
worker jobs 

Significant 
Positive 

98% Pedestrian footbridges allowed the workers to 
access their daily activities and earn additional 
income. 

Business revenue change Significant 
Positive 

95% Pedestrian footbridges increased the traffic flow, 
therefore the customer flowed to surrounding 
businesses. 
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Saving money for travel cost Significant 
Positive 

99% Pedestrian footbridges decreased the travel 
distance for motorcyclists and bicyclists with their 
passengers. 

Reduction of accident cost Moderate 
Positive 

90% Accidents were reduced due to the presence of 
Pedestrian footbridge. 

Reduction of operational costs for 
motorcycles and bicycles 

Minor Positive 80% The cost to repair the motorcycle and bicycles 
was reduced due to shorter travelling distances. 

Reduction of delay cost Significant 
Positive 

98% Working hours were increased due to time saving 
as a result of the shorter travelling and walking 
distance. 

Government tax Significant 
Positive 

87% Taxes from agriculture production were 
increased, as a result of the increases in 
investments and yields. 

Change to Well-being and Cultural well being 
Increased trust between 
community and government 

Significant 
Positive 

96% The social and cultural coherence and the 
economic growth, resulted from having 
Pedestrian footbridge in community rural areas 
gave them great pleasure and much confidence 
and appreciation of their leaders. 

Interaction and visits of friends 
and relatives 

Significant 
Positive 

99% Pedestrian footbridges facilitated the 
communities to visit each one another. 

Improvement of crossing way of 
disability people 

Significant 
Positive 

96% Following Pedestrian footbridge construction, 
people with disabilities were able to cross the 
river safely. 

Work occupation of local 
communities 

Moderate 
Positive 

94% Attendance to work increased following 
Pedestrian footbridge construction. 

Decrease of family conflicts Moderate 
Positive 

90% Due to work occupation, the conflicts in the family 
has been decreased. 

Increase of school attendance of 
new students 

Minor Positive 94% Footbridge facilitated the students to attend 
schools without fail. 

Success of students Moderate 
Positive 

93% the increase of student attendance, and short 
walking distance affected the overall student 
results. 

b) Economic Impact Analysis of Pedestrian Footbridge 
Cost categories of the economic impact of the 

pedestrian footbridge are summarized in Figure 1. As 
shown by the figure, the economic impact was 
quantified using user cost for motorcycles and bicycles, 

user cost for pedestrians, economic benefit, and 
business revenue change. The scope of analysis 
presented in this study is limited to the duration of one 
year.  
 

  

i. Economic Impact from user Cost 
As shown in Figure 1, the economic impact 

from User Cost is evaluated from Bicycle/Motorcycle 
user cost and pedestrian user cost. They include 
motorcyclist/bicyclist, passenger, and pedestrians’ 
costs. The Motorcyclist/Bicyclist cost is comprised of the 
travel cost (fuel cost, etc.), the delay cost (the Amount of 
profit that a motorcyclist or bicyclist loses when they are 
late to get to their destination), and the Operating cost 
(Tire or tube replacement, general mechanical repair, 

etc.). The passenger cost comprises of the delay cost 
(the Amount of profit that a passenger loses when they 
are late to get to their destination) and the travel cost 
(transport charges, etc.). The Pedestrian cost comprises 
of the delay cost (the Amount of profit that a pedestrian 
loses when they are late to get to their destination). 
Equations developed by [15] have been considered, 
modified, and from there, the following equations 1 to 12 
were developed.  
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Social-Economic Effects and Political Satisfaction from Pedestrian Footbridges in Rural Areas

Figure 1: Economic Impact Analysis Pedestrian footbridge



Pedestrian Delay Cost is calculated: 

𝑃𝑃𝑃𝑃𝑃𝑃 = (𝑊𝑊𝑊𝑊𝐶𝐶𝐶𝐶𝐶𝐶 −𝑊𝑊𝑊𝑊𝐶𝐶𝐶𝐶) ∗ 𝐴𝐴𝐴𝐴𝐴𝐴𝑃𝑃 ∗ 𝐼𝐼𝐼𝐼𝐼𝐼𝑃𝑃 ∗ 𝐻𝐻𝐻𝐻𝑝𝑝             (1) 

Where ‘WTCAP’ is the walking time by crossing 
the alternate crossing point (the nearest other safe 
crossing point); ‘WTCB’ is the walking time by crossing 
the bridge; ‘ADTp’ is average daily pedestrian traffic; 
‘IDYP’ is the impassable days per year for pedestrians 
(when the river is flooded and not impassable), and 
‘HRP’ the hourly rate for pedestrians. 

The formulas for user cost from Motorcyclist 
and Bicyclist were developed as follows: 

Motorcyclist Travel Cost: 

𝑀𝑀𝑀𝑀𝑀𝑀 = [(𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − 𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶) ∗ 𝐴𝐴𝐴𝐴𝐴𝐴𝑀𝑀 ∗ 𝐼𝐼𝐼𝐼𝐼𝐼𝑀𝑀 ∗ 𝑇𝑇𝑇𝑇𝑀𝑀)]                      (2)
 

Motorcyclist delay Cost: 

𝑀𝑀𝑀𝑀𝑀𝑀 = [(𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − 𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶) ∗ 𝐴𝐴𝐴𝐴𝐴𝐴𝑀𝑀 ∗ 𝐼𝐼𝐼𝐼𝐼𝐼𝑀𝑀 ∗ 𝐻𝐻𝐻𝐻𝑀𝑀)]                             (3)
 

Bicyclist delay cost: 
𝐵𝐵𝐵𝐵𝐵𝐵 = [(𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − 𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶) ∗ 𝐴𝐴𝐴𝐴𝐴𝐴𝐵𝐵 ∗ 𝐼𝐼𝐼𝐼𝐼𝐼𝐵𝐵 ∗ 𝐻𝐻𝐻𝐻𝐵𝐵]                                  (4)

 

Motorcycle Operating Cost: 

𝑀𝑀𝑀𝑀𝑀𝑀 = (𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − 𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶) ∗ 𝐴𝐴𝐴𝐴𝐴𝐴𝑀𝑀 ∗ 𝐼𝐼𝐼𝐼𝐼𝐼𝑀𝑀 ∗ 𝑀𝑀𝑀𝑀𝑀𝑀                                 
(5) 

Bicycle Operating Cost: 

𝐵𝐵𝐵𝐵𝐵𝐵 = (𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − 𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶) ∗ 𝐴𝐴𝐴𝐴𝐴𝐴𝐵𝐵 ∗ 𝐼𝐼𝐼𝐼𝐼𝐼𝐵𝐵 ∗ 𝐵𝐵𝐵𝐵𝐵𝐵                                     
(6) 

Motorcycle passenger travel Cost: 
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = [(𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − 𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ) ∗ 𝐴𝐴𝐴𝐴𝐴𝐴𝑀𝑀𝑀𝑀𝑀𝑀 ∗ 𝐼𝐼𝐼𝐼𝐼𝐼𝑀𝑀𝑀𝑀𝑀𝑀 ∗

𝑇𝑇𝑇𝑇𝑀𝑀𝑀𝑀𝑀𝑀 ]             (7) 
Motorcycle passenger delay Cost: 
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = [(𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − 𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ) ∗ 𝐴𝐴𝐴𝐴𝐴𝐴𝑀𝑀𝑀𝑀𝑀𝑀 ∗ 𝐼𝐼𝐼𝐼𝐼𝐼𝑀𝑀𝑀𝑀𝑀𝑀 ∗

𝐻𝐻𝐻𝐻𝑀𝑀𝑀𝑀𝑀𝑀 ]            (8) 
Bicycle Passenger Travel Cost: 
𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = [(𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − 𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ) ∗ 𝐴𝐴𝐴𝐴𝐴𝐴𝐵𝐵𝐵𝐵𝑆𝑆 ∗ 𝐼𝐼𝐼𝐼𝐼𝐼𝐵𝐵𝐵𝐵𝐵𝐵 ∗

𝑇𝑇𝑇𝑇𝐵𝐵𝐵𝐵𝐵𝐵 ]                (9) 
Bicycle Passenger delay Cost: 
𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = [(𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − 𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ) ∗ 𝐴𝐴𝐴𝐴𝐴𝐴𝐵𝐵𝐵𝐵𝐵𝐵 ∗ 𝐼𝐼𝐼𝐼𝐼𝐼𝐵𝐵𝐵𝐵𝐵𝐵 ∗

𝐻𝐻𝐻𝐻𝐵𝐵𝐵𝐵𝐵𝐵 ]               (10) 
where,  

Table 3: Abbreviation Definitions 

Abbreviation Definition 
ADTM Average daily motorcycle traffic 
ADTB Average daily bicycle traffic 

ADTBPS Average daily bicycle passenger traffic 
ADTMPS Average daily motorcycle passenger traffic; 
BOC Bicycle operating cost 
HRB Hourly rate for bicycles, 
HRM Hourly rate for motorcycles 

HRMPS Hourly rate for motorcycle passenger 
HRBPS Hourly rate for bicycle passenger. 
IDYM Impassable days per year for motorcycle (when the river is 

flooded and not passable) 
IDYB Impassable days per year for bicycles (when the river is 

flooded and not impassable) 
IDYMPS Impassable days per year for motorcycle passenger (when 

the river is flooded and not impassable) 
IDYBPS Impassable days per year for bicycle passengers (when the 

river is flooded and not impassable) 
MOC Motorcycle operating cost, 
TTCAPM Motorcycle’s traveling time by crossing the alternate crossing 

point (the nearest other safe crossing point) 
TTCBM Motorcycle’s traveling time by crossing the bridge 
TRM Travel rate for motorcycles 

TTCAPB Bicycle’s travel time, incurred by crossing the alternate 
crossing point (the nearest other safe crossing point) 

TTCBB Bicycle’s travel time by crossing the bridge; 
TRB Travel rate for bicycles 

TTCAPMPS Motorcycle passenger’s traveling time by crossing the 
alternate crossing point (the nearest other safe crossing 
point); 

TTCBMPS Motorcycle passenger’s traveling time by crossing the bridge 
TRMPS Travel rate for motorcycle passenger 

TTCAPBPS Bicycle passenger’s traveling time by crossing the alternate 
crossing point (the nearest other safe crossing point 

TTCBBPS Bicycle passenger’s traveling time by crossing the bridge 
TRBPS Travel rate for bicycle passenger; 
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ii. Business Revenue Change 
The formulas for business revenue changes 

resulting from the construction of a new Pedestrian 
footbridge were developed using the theory created by 
[14]. The business revenue change when the 
community gets a safe crossing point is a component of 
economic impact on surrounding businesses. The 
business revenue increase (BRC) is directly affected by 
the increase in customer number (IC). It is also a 
function of average expenditure per household (AE). The 
number of weeks per year that could be impossible to 
cross the river without a bridge when it is flooded (IW) 
means impassable weeks per year. 

𝐵𝐵𝐵𝐵𝐵𝐵 = 𝐼𝐼𝐼𝐼 ∗ 𝐴𝐴𝐴𝐴 ∗ 𝐼𝐼𝐼𝐼                                                  (11) 

A significant parameter in the quantification of 
revenue change of a Pedestrian footbridge is the 
influence area. In this study, the bridge influence area 
was estimated based on the study conducted by 
Bridges to Prosperity, as denoted in section 1 above, 
which was resulted in an average of 17 villages directly 
served by a single Pedestrian footbridge.  

The increase in a number of customers, as 
shown in Eq. 17, is a function of number of households 
that would not be able to cross without the bridge when 
the river is flooded (HCWB) and the percentage area 
influenced by the bridge (I), and the average frequency 
per week of patronizing businesses in area (F).  

𝐼𝐼𝐼𝐼 = 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 ∗ 𝐼𝐼 ∗ 𝐹𝐹                                                    (12) 

I and F are estimated using survey data or just 
by estimating. 

c) Estimation of Economic Benefit Per Year Per 
Pedestrian Footbridge for Gashyushya Suspension 
Bridge Case Study 

i. Gashyushya Trail Bridge Profile 
The Gashyushya pedestrian footbridge is a 

suspension bridge built in 2019 by a non-Government 
organization, Bridges to Prosperity, in collaboration with 
the Muhanga district. The communities surrounding the 
Gashyushya pedestrian footbridge are primarily 
occupied by Agriculture of different crops mainly, 
potatoes and bananas. For accessing their market, they 
must cross the Makurungwe River. Community 
members also have to cross the river to access their 
social-economic facilities like schools, medical care, 
and jobs.  

During the rainy season, the Makurungwe river 
frequently becomes violent and stays flooded and fast 
for three days at a time. So, before the construction of 
the Gashyushya pedestrian footbridge, it was too 
dangerous to cross during such period, which resulted 
in innumerable missed opportunities and has caused 
multiple injuries in attempted crossings and in at least 
one reported death per year. The Gashyushya 
pedestrian footbridge provides safe, year-round access 
for over 3,000 members of the Murama, Munini, and 
surrounding communities, providing enhanced access 
to opportunity to empower the communities out of 
poverty. 

 

Figure 2:
 
Community crossing the river (Before the

 
construction of Gashyushya Pedestrian footbridge)
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Figure 3: Community crossing the Gashyushya Pedestrian footbridge 

ii. Economic Impact from Pedestrian Footbridge user 
Cost 

Tables 2 and 3 summarize the results of the 
economic impact from the Gashyushya Suspension 
Bridge constructed in Muhanga District in terms of user 
cost. Most of the data were estimated from the 
participants’ feedback during the interview and 

discussion, in addition to the observations made during 
the site visit. The average daily traffic for pedestrians 
(ADTP), the average daily traffic for motorcycles (ADTM), 
and the average daily traffic for bicycles (ADTB) were 
estimated from the traffic count survey during seven 
days.  

Table 4: Estimated Values for User Cost Parameters 

Parameter Value  Parameter Value 
ADTB 82 bicycle/day  IDYP 112 days 

ADTBPS 16 passengers/day  TRM 900 Rwf 
ADTM 53 Moto/day  TRMPS 2,000 Rwf 

ADTMPS 32 passengers/day  TTCAPB 0.75h 
ADTP 664 people/day  TTCAPBPS 0.8h 
HOCB 200 Rwf  TTCAPM 0.25h 
HOCM 400 Rwf  TTCAPMPS 0.25h 
HRBPS 350 Rwf  TTCBBPS 0.3h 
HRM 500 Rwf  TTCBM 0.05h 
HRP 660 Rwf  TTCBMPS 0.05h 

HRMPS 350Rwf  WTCAP 2.0 h 
IDYM 112 days  WTCB 0.3h 

IDYMPS 112days    

Table 5: Total user Cost 

Parameter’s Name Parameter’s 
Abbreviation 

Value (RWF) Equation used 

Bicyclist delay cost BDC 1,974,560 Equ. 4 
Bicycle operating cost BOC 918,400 Equ. 6 
Bicycle passenger delay cost BPDC 313,600 Equ.10 
Bicycle passenger travel cost BPTC 358,400 Equ. 9 
Motorcyclist delay cost MDC 593,600 Equ. 3 
Motorcycle operating cost MOC 474,880 Equ. 5 
Motorcycle passenger delay cost MPDC 250,880 Equ. 8 
Motorcycle passenger travel cost MPTC 1,433,600 Equ. 7 
Motorcyclist travel cost  MTC 1,068,480 Equ. 2 
Pedestrian delay cost  PDC 57,652,000 Equ. 1 
Total user cost TISC 57,652,000  
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iii. Economic Benefit 
The approach used by Rotary International for 

analyzing the economic benefit for their funded projects 
was used in this study. It is composed of three main 
types of benefits, which are the economic benefit from 
farming goods, the additional economic benefit for 

products and farming goods, and the economic benefit 
from additional worker jobs. Table 4 summarizes the 
results from the Gashyushya Suspension Bridge 
analysis. The estimated values were from the discussion 
with local communities and the observations during site 
visits. 

Table 6: Estimate of economic benefit per year per Pedestrian footbridge 

Parameter'
 

name
 

Parameter's 
Symbole 

Value
 

Equation
 

Estimated number of bridge users crossing per day (A): people/day A 664  N.E  
Estimated number of kilos of farming goods crossing per day(B): kilos/day B 9,960  N.E  
Estimated differential sales price between selling product on one side versus newly 
accessed side(C): Rwf/kilo C 15  N.E  
Estimated additional kilos of products/farming goods not otherwise sold without 
access to other side per annum(D): kilos/annum. D 25,550  N.E  
Average price of products sold per kilo(E) Rwf/kilo E 250  N.E  
Estimated number of worker crossings per day that would otherwise not be able to 
access job on newly accessed side(F): Number F 26  N.E  
Estimated wages earned by workers per day that would otherwise not be able to gain 
access to jobs without bridge(G) RWf /day G 1,500  N.E  
Number of days that footbridge is used per year by farmers and workers(H): days H 325  N.E  

 Economic benefit from farming goods(I). Rwf /day (Multiply B by C) I 149,400  (B*C)  
Additional economic benefit for products and farming goods(J). Rwf /day (Multiply D 
by E then divide by 365) J 17,500  [(D*E)/365]  
Economic benefit from additional worker jobs(K): Rwf /day (Multiply F by G) K 39,000  (F*G)  
Total economic benefit for farming goods and workers(L): Rwf /day (Add I + J + K)   

L 205,900  (I+J+K)  
Estimated economic benefit per year for this footbridge: Rwf /annum (Multiply L by H) 

M 66,917,500  (L*H)  

iv. Business Revenue Change 
As said earlier in this section, the business 

revenue changes when a community receives a safe 
crossing point is a component of economic impact on 
surrounding businesses. The business revenue increase 
(BRC) is directly affected by the increase in customer 
number (IC). It is also a function of average expenditure 

per household (AE).
 
The number of weeks per year that 

could be impossible to cross the river without a bridge 
when it is flooded (IW) means impassable weeks per 
year. Table 5 below summarize the results from the 
interviews and observations during the site visit of the 
Gashyushya suspension bridge.

 

Table 7: Business revenue Increase per year per Pedestrian footbridge 

Parameter's name
 Parameter's 

Abbreviation Value
 

Equation
 

number of households that would not be able to cross without the 
bridge when the river is flooded (Households) 

HCWB 2000  

percentage area influenced by the bridge (percentage) I 50%  

average frequency per week of patronizing businesses in the area 
(visit per week)  

F 2  

average expenditure per household (Rwf/visit/househpold)  AE 700  

Impassable weeks per year (Weeks/year) IW 16  

number of customers  IC 2000 (WCWB*I*F) 

The business revenue increase (Rwf)  BRC 22,400,000 (IC*AE*IW) 

d) Total Economic Benefit Per Year Per Pedestrian 
Footbridge. 

The total economic benefit from a constructed 
pedestrian footbridge is the summation of benefit from 

bridge user cost, farming goods, increase of 
employment,

 
and the business revenue change. Table 6 

summarizes the results of
 
the Gashyushya Suspension 

Bridge.
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Table 8: Total economic benefit per year per Pedestrian footbridge 

Benefit Description
 

Symbol
 

Amount (Rwf)
 Percentage of the Total 

Benefit 
Total user cost per year UC 57,652,000 39.22% 
Economic benefit from farming goods and 
increase of employment per year 

EB 66,917,000 45.53% 

Business revenue increase per year. BR 22,400,000 15.25% 
Total economic benefit per year for Gashyushya 
Suspension Footbridge 

FB 146,969,000 100% 

 
e) Political Satisfaction Effect of Pedestrian Footbridge 

In Rural Areas 
Out of the total population interviewed, 96% 

showed that having a pedestrian footbridge in their rural 
areas gave them great pleasure and much confidence 
and appreciation of their leaders.  Pedestrian footbridge 
increased the benefit from gross domestic products, 
which changed the economic situation in rural areas.  
Pedestrian footbridges increased the economic 
prosperity of a rural communities. Pedestrian footbridge 
in the traditional footpaths helps rural communities not 
only to access the social-economic facilities but also 
motivate and increase community hope and efforts, 
which affect the trustworthiness of the government to 
prioritize the population. 

f) Discussion 

i. Results Validation 
The results from interviews and discussion are 

presented in Table 1. About 90% of participants were 
pedestrian footbridge beneficiaries in one way or 
another. These included the bridge users who cross it 
regularly to access their social-economic facilities, as 
well as others whose lives improved as a result of the 
overall economic benefit and business revenue change 
due to the pedestrian footbridges in their areas. There 
are some others who made and who are making money 
from the construction and use of pedestrian footbridge 
in their rural areas, where we can say for example the 
motorcyclists and cyclists.  

The formulas to estimate the economic benefit 
year per pedestrian footbridge were developed from 
international theories for estimating the economic 
benefit for infrastructure projects. It was based on the 
existing factors that influence the economic growth in 
rural areas. The price of each factor was estimated from 
the information given by the local communities 
surrounding the pedestrian footbridge in the study.  

ii. Discussion of the Results 
Social-Economic Effects of Pedestrian footbridge in Rural 
Areas: 

1) More than 97% of respondents confirmed that 
pedestrian footbridges in their rural areas were 
effectively changing their livelihoods both socially 
and financially [5]. This is understandable because 
pedestrian footbridge improves their accessibility to 

social-economic facilities like schools, markets, 
health centers, etc. During the rainy season, the 
river was impassable, and many activities were 
stopped until the water lowered.  

2) What was also found is that pedestrian footbridge is 
not only beneficial to the surrounding communities 
but also to the wider communities [7]. During the 
site visit on market day, some communities 
attending the market indicated that people traveled 
from 10 – 15 kilometers away (two to three hours 
walking). This is mainly caused by the small number 
of social-economic facilities presented in some rural 
areas. 

3) Gashyushya Suspension Bridge built by Bridges to 
Prosperity was taken as a case study to analyze the 
economic benefit per year. The total benefit 
resulting from bridge user cost represented about 
39.22% of the total benefit of the bridge per annual. 
The Benefit from the farming goods and products in 
addition to the benefit from additional work jobs 
takes about 45.53 %, while the benefit from the 
business revenue changes represents about 15.25 
%.  

4) It has been found that in some areas, communities 
do not benefit from the constructed pedestrian 
footbridge due to the small number of bridges 
presented in the area, because there are need for 
pedestrian footbridges, but they are not known. 
There should be a better way to identify all needed 
pedestrian footbridges in rural areas [8]. Otherwise, 
some communities are having difficulties to cross a 
water point before they access the constructed 
Pedestrian footbridge.  

Political Satisfaction Effects of Pedestrian footbridge in 
Rural Areas:  
1) Pedestrian footbridge increased the government 

trustworthiness of the communities around the 
constructed pedestrian footbridge in rural areas. 
This is very understandable because one of the 
indicators of the political satisfaction of the 
population are the social and cultural coherence 
and economic growth, which are directly affected by 
infrastructure development 

2) Pedestrian footbridges helped the communities not 
only to access their social-economic facilities but 
also to fulfill their needs and desire and increased 
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the benefit from gross domestic products, which 
increased the economic prosperity in their rural 
areas.    

IV. Conclusion 

The main objective of this study was to identify 
potential benefits and propose the comprehensive 
approach of estimating the economic benefits of a 
pedestrian footbridge in rural areas to better understand 
the potential impacts of the constructed pedestrian 
footbridges in rural areas and the likely responses of 
those impacted by the projects. With the detailed 
literature review, interviews, and discussion with different 
foot bridging stakeholders, the following results were 
achieved:  

1. As per the majority of participants in this study, a 
pedestrian footbridge in rural areas have a 
significant social-economic effect which are directly 
affect the political satisfaction of local communities 
in rural areas.  

2. Different formulas were developed, and one bridge 
was selected as a case study to analyze its 
economic benefit to the surrounding community. 
The total benefit resulted from the user cost, farming 
goods, and products, and benefit from the business 
revenue was estimated as One hundred and forty-
six million and nine hundred and sixty-nine 
thousand Rwandan Francs (146,969,000 Rwf) per 
year. This number is a good example and proof of 
investment needs in the pedestrian footbridges, 
which affect not only the rural community but also 
the country’s economy in general. 

3. The present detailed bridge social-economic 
effects, which are conducted by Bridges to 
Prosperity before and after the bridge is built, could 
help to understand how communities are being 
impacted by pedestrian footbridges in rural areas. 

4. All Pedestrian footbridge effects outlined in this 
study were adequate and comprehensive enough to 
support relevant authorities to prioritize the 
pedestrian footbridges wherever they are needed in 
the country. 

Based on the above results, it is recommended 
that pedestrian footbridges could be prioritized not only 
to provide access to the rural communities but also to 
facilitate their economic growth to break the cycle of 
poverty. A further study would be welcome for a 
comparative investigation between the total cost of a 
new pedestrian footbridge with the total economic 
benefit of a pedestrian footbridge during its entire life 
span, to understand well how the investment in 
pedestrian footbridge can contribute to the entire 
economic growth of a country.  
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return a Color Work Agreement form before your paper can be published. Also, you can email your editor to remove the 
color fee after acceptance of the paper. 

Tips for writing A Good Quality Engineering Research Paper 

Techniques for writing a good quality engineering research paper: 

1. Choosing the topic: In most cases, the topic is selected by the interests of the author, but it can also be suggested by the 
guides. You can have several topics, and then judge which you are most comfortable with. This may be done by asking 
several questions of yourself, like "Will I be able to carry out a search in this area? Will I find all necessary resources to 
accomplish the search? Will I be able to find all information in this field area?" If the answer to this type of question is 
"yes," then you ought to choose that topic. In most cases, you may have to conduct surveys and visit several places. Also, 
you might have to do a lot of work to find all the rises and falls of the various data on that subject. Sometimes, detailed 
information plays a vital role, instead of short information. Evaluators are human: The first thing to remember is that 
evaluators are also human beings. They are not only meant for rejecting a paper. They are here to evaluate your paper. So 
present your best aspect. 

2. Think like evaluators: If you are in confusion or getting demotivated because your paper may not be accepted by the 
evaluators, then think, and try to evaluate your paper like an evaluator. Try to understand what an evaluator wants in your 
research paper, and you will automatically have your answer. Make blueprints of paper: The outline is the plan or 
framework that will help you to arrange your thoughts. It will make your paper logical. But remember that all points of your 
outline must be related to the topic you have chosen. 

3. Ask your guides: If you are having any difficulty with your research, then do not hesitate to share your difficulty with 
your guide (if you have one). They will surely help you out and resolve your doubts. If you can't clarify what exactly you 
require for your work, then ask your supervisor to help you with an alternative. He or she might also provide you with a list 
of essential readings. 

4. Use of computer is recommended: As you are doing research in the field of research engineering then this point is quite 
obvious. Use right software: Always use good quality software packages. If you are not capable of judging good software, 
then you can lose the quality of your paper unknowingly. There are various programs available to help you which you can 
get through the internet. 

5. Use the internet for help: An excellent start for your paper is using Google. It is a wondrous search engine, where you 
can have your doubts resolved. You may also read some answers for the frequent question of how to write your research 
paper or find a model research paper. You can download books from the internet. If you have all the required books, place 
importance on reading, selecting, and analyzing the specified information. Then sketch out your research paper. Use big 
pictures: You may use encyclopedias like Wikipedia to get pictures with the best resolution. At Global Journals, you should 
strictly follow here. 
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6. Bookmarks are useful: When you read any book or magazine, you generally use bookmarks, right? It is a good habit 
which helps to not lose your continuity. You should always use bookmarks while searching on the internet also, which will 
make your search easier. 

7. Revise what you wrote: When you write anything, always read it, summarize it, and then finalize it. 

8. Make every effort: Make every effort to mention what you are going to write in your paper. That means always have a 
good start. Try to mention everything in the introduction—what is the need for a particular research paper. Polish your 
work with good writing skills and always give an evaluator what he wants. Make backups: When you are going to do any 
important thing like making a research paper, you should always have backup copies of it either on your computer or on 
paper. This protects you from losing any portion of your important data. 

9. Produce good diagrams of your own: Always try to include good charts or diagrams in your paper to improve quality. 
Using several unnecessary diagrams will degrade the quality of your paper by creating a hodgepodge. So always try to 
include diagrams which were made by you to improve the readability of your paper. Use of direct quotes: When you do 
research relevant to literature, history, or current affairs, then use of quotes becomes essential, but if the study is relevant 
to science, use of quotes is not preferable. 

10. Use proper verb tense: Use proper verb tenses in your paper. Use past tense to present those events that have 
happened. Use present tense to indicate events that are going on. Use future tense to indicate events that will happen in 
the future. Use of wrong tenses will confuse the evaluator. Avoid sentences that are incomplete. 

11. Pick a good study spot: Always try to pick a spot for your research which is quiet. Not every spot is good for studying. 

12. Know what you know: Always try to know what you know by making objectives, otherwise you will be confused and 
unable to achieve your target. 

13. Use good grammar: Always use good grammar and words that will have a positive impact on the evaluator; use of 
good vocabulary does not mean using tough words which the evaluator has to find in a dictionary. Do not fragment 
sentences. Eliminate one-word sentences. Do not ever use a big word when a smaller one would suffice. 

Verbs have to be in agreement with their subjects. In a research paper, do not start sentences with conjunctions or finish 
them with prepositions. When writing formally, it is advisable to never split an infinitive because someone will (wrongly) 
complain. Avoid clichés like a disease. Always shun irritating alliteration. Use language which is simple and straightforward. 
Put together a neat summary. 

14. Arrangement of information: Each section of the main body should start with an opening sentence, and there should 
be a changeover at the end of the section. Give only valid and powerful arguments for your topic. You may also maintain 
your arguments with records. 

15. Never start at the last minute: Always allow enough time for research work. Leaving everything to the last minute will 
degrade your paper and spoil your work. 

16. Multitasking in research is not good: Doing several things at the same time is a bad habit in the case of research 
activity. Research is an area where everything has a particular time slot. Divide your research work into parts, and do a 
particular part in a particular time slot. 

17. Never copy others' work: Never copy others' work and give it your name because if the evaluator has seen it anywhere, 
you will be in trouble. Take proper rest and food: No matter how many hours you spend on your research activity, if you 
are not taking care of your health, then all your efforts will have been in vain. For quality research, take proper rest and 
food. 

18. Go to seminars: Attend seminars if the topic is relevant to your research area. Utilize all your resources. 

19. Refresh your mind after intervals: Try to give your mind a rest by listening to soft music or sleeping in intervals. This 
will also improve your memory. Acquire colleagues: Always try to acquire colleagues. No matter how sharp you are, if you 
acquire colleagues, they can give you ideas which will be helpful to your research. 

20. Think technically: Always think technically. If anything happens, search for its reasons, benefits, and demerits. Think 
and then print: When you go to print your paper, check that tables are not split, headings are not detached from their 
descriptions, and page sequence is maintained. 
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21. Adding unnecessary information: Do not add unnecessary information like "I have used MS Excel to draw graphs." 
Irrelevant and inappropriate material is superfluous. Foreign terminology and phrases are not apropos. One should never 
take a broad view. Analogy is like feathers on a snake. Use words properly, regardless of how others use them. Remove 
quotations. Puns are for kids, not grunt readers. Never oversimplify: When adding material to your research paper, never 
go for oversimplification; this will definitely irritate the evaluator. Be specific. Never use rhythmic redundancies. 
Contractions shouldn't be used in a research paper. Comparisons are as terrible as clichés. Give up ampersands, 
abbreviations, and so on. Remove commas that are not necessary. Parenthetical words should be between brackets or 
commas. Understatement is always the best way to put forward earth-shaking thoughts. Give a detailed literary review. 
22. Report concluded results: Use concluded results. From raw data, filter the results, and then conclude your studies 
based on measurements and observations taken. An appropriate number of decimal places should be used. Parenthetical 
remarks are prohibited here. Proofread carefully at the final stage. At the end, give an outline to your arguments. Spot 
perspectives of further study of the subject. Justify your conclusion at the bottom sufficiently, which will probably include 
examples. 
23. Upon conclusion: Once you have concluded your research, the next most important step is to present your findings. 
Presentation is extremely important as it is the definite medium though which your research is going to be in print for the 
rest of the crowd. Care should be taken to categorize your thoughts well and present them in a logical and neat manner. A 
good quality research paper format is essential because it serves to highlight your research paper and bring to light all 
necessary aspects of your research. 

Informal Guidelines of Research Paper Writing 

Key points to remember: 

• Submit all work in its final form. 
• Write your paper in the form which is presented in the guidelines using the template. 
• Please note the criteria peer reviewers will use for grading the final paper. 

Final points: 

One purpose of organizing a research paper is to let people interpret your efforts selectively. The journal requires the 
following sections, submitted in the order listed, with each section starting on a new page: 

The introduction: This will be compiled from reference matter and reflect the design processes or outline of basis that 
directed you to make a study. As you carry out the process of study, the method and process section will be constructed 
like that. The results segment will show related statistics in nearly sequential order and direct reviewers to similar 
intellectual paths throughout the data that you gathered to carry out your study. 

The discussion section: 

This will provide understanding of the data and projections as to the implications of the results. The use of good quality 
references throughout the paper will give the effort trustworthiness by representing an alertness to prior workings. 

Writing a research paper is not an easy job, no matter how trouble-free the actual research or concept. Practice, excellent 
preparation, and controlled record-keeping are the only means to make straightforward progression. 

General style: 

Specific editorial column necessities for compliance of a manuscript will always take over from directions in these general 
guidelines. 

To make a paper clear: Adhere to recommended page limits. 
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Mistakes to avoid:

• Insertion of a title at the foot of a page with subsequent text on the next page.
• Separating a table, chart, or figure—confine each to a single page.
• Submitting a manuscript with pages out of sequence.
• In every section of your document, use standard writing style, including articles ("a" and "the").
• Keep paying attention to the topic of the paper.



 

  
  
  
  
  

•

 

Use paragraphs to split each significant point (excluding the abstract).

 

•

 

Align the primary line of each section.

 

•

 

Present your points in sound order.

 

•

 

Use present tense to report well-accepted matters.

 

•

 

Use past tense to describe specific results.

 

•

 

Do not use familiar wording; don't address the reviewer directly. Don't use slang or superlatives.

 

•

 

Avoid use of extra pictures—include only those figures essential to presenting results.

 

Title page:

 

Choose a revealing title. It should be short and include the name(s) and address(es) of all authors. It should not have 
acronyms or abbreviations or exceed two printed lines.

 

Abstract: This summary should be two hundred words or less. It should clearly and briefly explain the key findings reported 
in the manuscript and must have precise statistics. It should not have acronyms or abbreviations. It should be logical in 
itself. Do not cite references at this point.

 

An abstract is a brief, distinct paragraph summary of finished work or work in development. In a minute or less, a reviewer 
can be taught the foundation behind the study, common approaches to the problem, relevant results, and significant 
conclusions or new questions.

 

Write your summary when your paper is completed because how can you write the summary of anything which is not yet 
written? Wealth of terminology is very essential in abstract. Use comprehensive sentences, and do not sacrifice readability 
for brevity; you can maintain it succinctly by phrasing sentences so that they provide more than a lone rationale. The 
author can at this moment go straight to shortening the outcome. Sum up the study with the subsequent elements in any 
summary. Try to limit the initial two items to no more than one line each.

 

Reason for writing the article—theory, overall issue, purpose.

 

•

 

Fundamental goal.

 

•

 

To-the-point depiction of the research.

 

•

 

Consequences, including definite statistics—if the consequences are quantitative in nature, account for this; results of 
any numerical analysis should be reported. Significant conclusions or questions that emerge from the research.

 

Approach:

 

o

 

Single section and succinct.

 

o

 

An outline of the job done is always written in past tense.

 

o

 

Concentrate on shortening results—limit background information to a verdict or two.

 

o

 

Exact spelling, clarity of sentences and phrases, and appropriate reporting of quantities (proper units, important 
statistics) are just as significant in an abstract as they are anywhere else.

 

Introduction:

 

The introduction should "introduce" the manuscript. The reviewer should be presented with sufficient background 
information to be capable of comprehending and calculating the purpose of your study without having to refer to other 
works. The basis for the study should be offered. Give the most important references, but avoid making a comprehensive 
appraisal of the topic. Describe the problem visibly. If the problem is not acknowledged in a logical, reasonable way, the 
reviewer will give no attention

 

to your results. Speak in common terms about techniques used to explain the problem, if 
needed, but do not present any particulars about the protocols here.

 

 

 

 

The following approach can create a valuable beginning:

o Explain the value (significance) of the study.
o Defend the model—why did you employ this particular system or method? What is its compensation? Remark upon 

its appropriateness from an abstract point of view as well as pointing out sensible reasons for using it.
o Present a justification. State your particular theory(-ies) or aim(s), and describe the logic that led you to choose 

them.
o Briefly explain the study's tentative purpose and how it meets the declared objectives.
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Approach:

 

Use past tense except for when referring to recognized facts. After all, the manuscript will be submitted after the entire job 
is done. Sort out your thoughts; manufacture one key point for every section. If you make the four points listed above, you 
will need at least four paragraphs. Present surrounding information only when it is necessary to support a situation. The 
reviewer does not desire to read everything you know about a topic. Shape the theory specifically—do not take a broad 
view.

 

As always, give awareness to spelling, simplicity, and correctness of sentences and phrases.

 

Procedures (methods and materials):

 

This part is supposed to be the easiest to carve if you have good skills. A soundly written procedures segment allows a 
capable scientist to replicate your results. Present precise information about your supplies. The suppliers and clarity of 
reagents can be helpful bits of information. Present methods in sequential order, but linked methodologies can be grouped 
as a segment. Be concise when relating the protocols. Attempt to give the least amount of information that would permit 
another capable scientist to replicate your outcome, but be cautious that vital information is integrated. The use of 
subheadings is suggested and ought to be synchronized with the results section.

 

When a technique is used that has been well-described in another section, mention the specific item describing the way, 
but draw the basic principle while stating the situation. The purpose is to show all particular resources and broad 
procedures so that another person may use some or all of the

 

methods in one more study or referee the scientific value of 
your work. It is not to be a step-by-step report of the whole thing you did, nor is a methods section a set of orders.

 

Materials:

 

Materials may be reported in part of a section or else they may be recognized along with your measures.

 

Methods:

 

o

 

Report the method and not the particulars of each process that engaged the same methodology.

 

o

 

Describe the method entirely.

 

o

 

To be succinct, present methods under headings dedicated to specific dealings or groups of measures.

 

o

 

Simplify—detail how procedures were completed, not how they were performed on a particular day.

 

o

 

If well-known procedures were used, account for the procedure by name, possibly with a reference, and that's all.

 

Approach:

 

It is embarrassing to use vigorous voice when documenting methods without using first person, which would focus the 
reviewer's interest on the researcher rather than the job. As a result, when writing up the methods, most authors use third 
person passive voice.

 

Use standard style in this and every other part of the paper—avoid familiar lists, and use full sentences.

 

What to keep away from:

 

o

 

Resources and methods are not a set of information.

 

o

 

Skip all descriptive information and surroundings—save it for the argument.

 

o

 

Leave out information that is immaterial to a third party.

 

 

 

 

 

Results:

The principle of a results segment is to present and demonstrate your conclusion. Create this part as entirely objective 
details of the outcome, and save all understanding for the discussion.

The page length of this segment is set by the sum and types of data to be reported. Use statistics and tables, if suitable, to 
present consequences most efficiently.

You must clearly differentiate material which would usually be incorporated in a study editorial from any unprocessed data 
or additional appendix matter that would not be available. In fact, such matters should not be submitted at all except if 
requested by the instructor.
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Content:

 

o

 

Sum up your conclusions in text and demonstrate them, if suitable, with figures and tables.

 

o

 

In the manuscript, explain each of your consequences, and point the reader to remarks that are most appropriate.

 

o

 

Present a background, such as by describing the question that was addressed by creation of an exacting study.

 

o

 

Explain results of control experiments and give remarks that are not accessible in a prescribed figure or table, if 
appropriate.

 

o

 

Examine your data, then prepare the analyzed (transformed) data in the form of a figure (graph), table, or 
manuscript.

 

What to stay away from:

 

o

 

Do not discuss or infer your outcome, report surrounding information, or try to explain anything.

 

o

 

Do not include raw data or intermediate calculations in a research manuscript.

 

o

 

Do not present similar data more than once.

 

o

 

A manuscript should complement any figures or tables, not duplicate information.

 

o

 

Never confuse figures with tables—there is a difference. 

 

Approach:

 

As always, use past tense when you submit your results, and put the whole thing in a reasonable order.

 

Put figures and tables, appropriately numbered, in order at the end of the report.

 

If you desire, you may place your figures and tables properly within the text of your results section.

 

Figures and tables:

 

If you put figures and tables at the end of some details, make certain that they are visibly distinguished from any attached 
appendix materials, such as raw facts. Whatever the position, each table must be titled, numbered one after the other, and 
include a heading. All figures and tables must be divided from the text.

 

Discussion:

 

The discussion is expected to be the trickiest segment to write. A lot of papers submitted to the journal are discarded 
based on problems with the discussion. There is no rule for how long an argument should be.

 

Position your understanding of the outcome visibly to lead the reviewer through your conclusions, and then finish the 
paper with a summing up of the implications of the study. The purpose here is to offer an understanding of your results 
and support all of your conclusions, using facts from your research and generally accepted information, if suitable. The 
implication of results should be fully described.

 

Infer your data in the conversation in suitable depth. This means that when you clarify an observable fact, you must explain 
mechanisms that may account for the observation. If your results vary from your prospect, make clear why that may have 
happened. If your results agree, then explain the theory that the proof supported. It is never suitable to just state that the 
data approved the prospect, and let it drop at that. Make a decision as to whether each premise is supported or discarded 
or if you cannot make a conclusion with assurance. Do not just dismiss a study or part of a study as "uncertain."

 

 

 

 

Research papers are not acknowledged if the work is imperfect. Draw what conclusions you can based upon the results 
that you have, and take care of the study as a finished work.

o You may propose future guidelines, such as how an experiment might be personalized to accomplish a new idea.
o Give details of all of your remarks as much as possible, focusing on mechanisms.
o Make a decision as to whether the tentative design sufficiently addressed the theory and whether or not it was 

correctly restricted. Try to present substitute explanations if they are sensible alternatives.
o One piece of research will not counter an overall question, so maintain the large picture in mind. Where do you go 

next? The best studies unlock new avenues of study. What questions remain?
o Recommendations for detailed papers will offer supplementary suggestions.
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Approach:

 

When you refer to information, differentiate data generated by your own studies from other available information. Present 
work done by specific persons (including you) in past tense.

 

Describe generally acknowledged facts and

 

main beliefs in present tense.

 

The Administration Rules

 

Administration Rules to Be Strictly Followed before Submitting Your Research Paper to Global Journals Inc.

 

Please read the following rules and regulations carefully before submitting your research paper to Global Journals Inc. to 
avoid rejection.

 

Segment draft and final research paper:

 

You have to strictly follow the template of a research paper, failing which your 
paper may get rejected. You are expected to write each part of the paper wholly on your own. The peer reviewers need to 
identify your own perspective of the concepts in your own terms. Please do not extract straight from any other source, and 
do not rephrase someone else's analysis. Do not allow anyone else to proofread your manuscript.

 

Written material:

 

You may discuss this with your guides and key sources. Do not copy anyone else's paper, even if this is 
only imitation, otherwise it will be rejected on the grounds of plagiarism, which is illegal. Various methods to avoid 
plagiarism are strictly applied by us to every paper, and, if found guilty, you may be blacklisted, which could affect your 
career adversely. To guard yourself and others from possible illegal use, please do not permit anyone to use or even read 
your paper and file.
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CRITERION FOR GRADING A RESEARCH PAPER (COMPILATION)
BY GLOBAL JOURNALS 

Please note that following table is only a Grading of "Paper Compilation" and not on "Performed/Stated Research" whose grading 

solely depends on Individual Assigned Peer Reviewer and Editorial Board Member. These can be available only on request and after 

decision of Paper. This report will be the property of Global Journals.

Topics Grades

A-B C-D E-F

Abstract

Clear and concise with 

appropriate content, Correct 

format. 200 words or below 

Unclear summary and no 

specific data, Incorrect form

Above 200 words 

No specific data with ambiguous 

information

Above 250 words

Introduction

Containing all background

details with clear goal and 

appropriate details, flow 

specification, no grammar

and spelling mistake, well 

organized sentence and 

paragraph, reference cited

Unclear and confusing data, 

appropriate format, grammar 

and spelling errors with

unorganized matter

Out of place depth and content, 

hazy format

Methods and

Procedures

Clear and to the point with 

well arranged paragraph, 

precision and accuracy of 

facts and figures, well 

organized subheads

Difficult to comprehend with 

embarrassed text, too much 

explanation but completed 

Incorrect and unorganized 

structure with hazy meaning

Result

Well organized, Clear and 

specific, Correct units with 

precision, correct data, well 

structuring of paragraph, no 

grammar and spelling 

mistake

Complete and embarrassed 

text, difficult to comprehend

Irregular format with wrong facts 

and figures

Discussion

Well organized, meaningful

specification, sound 

conclusion, logical and 

concise explanation, highly 

structured paragraph 

reference cited 

Wordy, unclear conclusion, 

spurious

Conclusion is not cited, 

unorganized, difficult to 

comprehend 

References

Complete and correct 

format, well organized

Beside the point, Incomplete Wrong format and structuring
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