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ABSTRACT 

 

Supply chain network design and optimization are very important in decision making, which 

gives the ability to stakeholders to assess the massive supply chains to increase profit while 

minimizing risks. Risks in supply chains arise from various sources such as demand, supply 

and manufacturing. One of the significant sources is the supply chain disruptions caused by 

chemical and process hazards during the transportation, manufacturing and storage of 

chemicals. Process safety engineering is the study of hazards and risks in the chemical 

process industry and deals with the prevention and mitigation of the risks.  The concept of 

process safety has grown exponentially during the last two decades.  

 

Risk analysis techniques such as Hazard and Operability (HazOp) Analysis and Layer of 

Protection Analysis (LOPA) are well-established. However, they need large amounts of 

information that is not available during early design. Several quantitative and semi-

quantitative safety indices such as Inherent Safety Index and Dow Fire and Explosion Index 

have been published which can be used at early design. But, there is a need for classification 

and critical analyses of these indices for correct usage. This study presents a critical 

discussion of published indices which includes classification into categories such as 

application industry, input type, and model aggregation; and lists advantages and 

disadvantages of each index. This will help researchers and engineers select correct safety 

index for their application.  
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Supply chain is a part of product life-cycle. Often, supply chain analysis overlooks the 

hazards at consumer level. Several of the products used every day such as propane grills, 

batteries, and spot removers are hazardous if not used properly. This study shows a 

systematic way of analyzing injuries due to hazardous consumer products. A brief 

introduction of propane supply chain is presented. NEISS database has been analyzed for 

consumer propane injuries and several recommendations have been derived for the 

consumer propane market. It was inferred that there is a lack of awareness of hazards of 

propane products at home, which result in high number of injuries to face due to flash burns. 

 

Quantification of chemical and process hazard is necessary in decision making and is one of 

the challenges faced by the chemical process industry. Moreover, due to the complexities of 

the process and limited understanding of the chemicals, the risk and hazards posed are 

uncertain in nature. This study develops a novel framework of holistically analyzing supply 

chain network design and process safety. This work shows how the hazards in the supply 

chain drive the upper bounds on the flow for each entity in the supply chain. Secondly, the 

general supply chain formulation has been revised to integrate these bounds. The supply 

chain formulation described here is a non-linear mixed integer programming (MINLP) 

model with a case study in ammonia supply chain. The results show that in a chemical supply 

chain profit is an increasing function of hazard bounds. 

 



 

iv 
 

 

DEDICATION 

 

This dissertation is dedicated to my late grandfather Dr. Narendra Narayan Roy.  



 

v 
 

 

ACKNOWLEDGEMENTS 

First of all, I would like to express my deepest gratitude to my Committee Chair and my 

advisor, Dr. M. Sam Mannan, for his constant and sincere support and guidance during my 

doctoral research. I would also like to express my deepest appreciation for my Committee 

Co-Chair, Dr. Faruque Hasan, for his detailed advice and guidance.  

 

I also would like to thank my Committee members Dr. Mahmoud El-Halwagi, and Dr. Sergiy 

Butenko for their valuable advice and assistance. I would like to thank Dr. Fadwa El-Jack 

my committee member, for her help in data collection from simulations.  

 

I would like to give special thanks to Dr. Richart Vazquez, Dr. Samina Rahmani, Dr. Sonny 

Sachdeva, and Dr. Yogesh Koirala, Dr. Bin Zhang and Preetha Thiruvenkatswamy for their 

technical help. I am also grateful to all the members of the Mary Kay O’Connor Process 

Safety Center especially, Valerie, Dr. Pasman, Donna, Dr. Monir, and Alanna for their help.  

 

I would like to thank the Chemical Engineering department, all chemical engineering 

students, and the administration.  Finally, I would like to thank my family for their constant 

support. 

 

The constant financial support from Mary Kay O’Connor Process Safety and Qatar National 

Research Fund is acknowledged.  

  



 

vi 
 

 

CONTRIBUTORS AND FUNDING SOURCES 

 

This work was supervised by dissertation committee consisting of Prof. M. Sam Mannan 

(advisor), Prof. MM. Faruque Hasan (co-advisor), Prof. Mahmoud El-halwagi of 

Department of Chemical engineering, Prof. Sergiy Butenko of Department of Industrial and 

Systems Engineering, and Prof. Fadwa El-jack of the Department of Chemical Engineering 

at Qatar University, Doha, Qatar.  

 

The simulations for Chapter V was provided by Dr. Fadwas El-jack of the Department of 

Chemical Engineering at Qatar University, Doha, Qatar. The analysis depicted in Chapter 

IV were conducted in part by Mengxi Yu of the Department of Chemical Engineering. The 

review presented in Chapter III were conducted in part by Dr. Arturo Giminez of University 

of Mexico de Celaya and published in 2016. All other work conducted for the dissertation 

was completed by the student independently. 

 

This work was made possible in part by NPRP grant No. 6-678-2-280 from the Qatar 

National Research Fund (a member of Qatar Foundation) and in part by internal grant from 

Mary Kay O’Connor Process Safety Center, Texas A&M University System.  

 

 

 

 

 



 

vii 
 

 

TABLE OF CONTENTS 

              Page 

ABSTRACT ..............................................................................................................  ii 

DEDICATION ..........................................................................................................  iv 

ACKNOWLEDGEMENTS ......................................................................................  v 

CONTRIBUTORS AND FUNDING SOURCE .......................................................  vi 

TABLE OF CONTENTS ..........................................................................................  vii 

LIST OF FIGURES ...................................................................................................  ix 

LIST OF TABLES ....................................................................................................  xi 

CHAPTER I  INTRODUCTION ..........................................................................  1 

     1.1 Problem Statement .........................................................................................  5 

     1.2 Methodology of Study ....................................................................................  5 

     1.3 Dissertation Organization ...............................................................................  6 

 

CHAPTER II  BACKGROUND AND LITERATURE REVIEW ........................  9 

     2.1 Synopsis  ........................................................................................................  9 

     2.2 Life Cycle of Product .....................................................................................  9 

     2.3 Supply Chain ..................................................................................................  11 

     2.4 Supply Chain Risk and Disruptions ...............................................................  13 

     2.5 Hazard Identification and Quantification .......................................................  15 

     2.6 Supply Chain Optimization  ...........................................................................  16 

     2.7 Hazardous Chemical Supply Chains ..............................................................  17 

     2.8 Gaps and Motivation  .....................................................................................  22 

     2.9 Research Objectives .......................................................................................  24 

 

CHAPTER III CRITICAL ANALYSIS OF PROCESS SAFETY METRICS ......  25 

     3.1 Synopsis  ........................................................................................................  25 

     3.2 Introduction ....................................................................................................  25 

     3.3 Development of safety indices .......................................................................  29 

     3.4 Classification of safety indices .......................................................................  34 

     3.5 Some applications of safety indices during process design  ..........................  48 

 

 



 

viii 
 

 

CHAPTER IV PATTERNS AND TRENDS IN INJURIES DUE TO CONSUMER 

PROPANE INCIDENTS ...........................................................................................  50 

     4.1 Synopsis  ........................................................................................................  50 

     4.2 Introduction ....................................................................................................  50 

     4.3 Methodology ..................................................................................................  56 

     4.4 Results & Discussion .....................................................................................  59 

     4.5 Conclusion & Recommendations  ..................................................................  79 

 

CHAPTER V APPLICATION OF PROCESS SAFETY INDEX IN  

OPTIMIZATION OF HAZARDOUS CHEMICALS SUPPLY CHAINS ...............  82 

     5.1 Synopsis   ........................................................................................................  82 

     5.2 Introduction ....................................................................................................   83 

     5.3 Modeling hazard using Hazard Identification and Ranking Index.................  89 

     5.4 Incorporating Hazard in Chemical Supply Chains: An MINLP Formulation   95 

     5.5 Results and Discussion  ..................................................................................   106 

     5.6 Conclusions  ...................................................................................................  119 

 

CHAPTER VI  CONCLUSIONS AND FUTURE WORK ....................................  120 

     6.1 Conclusions ....................................................................................................  120 

     6.2 Recommendations for Future Work ...............................................................   123 

      

REFERENCES  ........................................................................................................  126 

APPENDIX I  ...........................................................................................................  143



 

ix 
 

 

LIST OF FIGURES 

 

Figure 1: Supply chain diagram showing the ammonia supply chain with basic units. .... 3 

Figure 2: Methodology of the study of application of process safety indices in supply                               

chain. ...................................................................................................................... 8 

Figure 3: Product Lifecycle .............................................................................................. 10 

Figure 4: Effectiveness of various safety strategies during process design stages [11]. .. 11 

Figure 5: Diagram of a typical supply chain [13] ............................................................ 12 

Figure 6: Factors of supply chain risk [2]. ....................................................................... 14 

Figure 7: Scope of Optimization in Supply Chain [21] ................................................... 17 

Figure 8: Diagram to show the supply chain of ammonia ............................................... 18 

Figure 9: A typical propane supply chain ........................................................................ 21 

Figure 10: Index classification system ............................................................................. 43 

Figure 11. Papers on safety published according to the ISI Web of Science. .................. 48 

Figure 12: The flow chart showing the steps of data processing and analysis. ................ 57 

Figure 13: Number of incidents from years 2002 to 2016 ............................................... 59 

Figure 14: Incidents over the years 1997-2012 aggregated over the months ................... 60 

Figure 15: Distribution of incidents with location ........................................................... 61 

Figure 16: Distribution of incidents by quarters and locations ........................................ 62 

Figure 17: Distribution of injuries with months and products at home for 2002-2016.... 63 

Figure 18: Variation incidents from 2002-2016 by gender .............................................. 64 

Figure 19: Variation of incidents over 2002-2016 aggregated over quarters and                

gender ................................................................................................................... 64 

Figure 20: Incidents as a function of age at different locations ....................................... 66 

Figure 21: Incidents with age over years.......................................................................... 67 

Figure 22: Distribution of total injuries with treatment type............................................ 68 



 

x 
 

 

Figure 23: Incidents over different body parts with location ........................................... 70 

Figure 24: Distribution of injuries over months by body parts in 2002-2016 .................. 70 

Figure 25: Distribution of injuries by body type and top 10 diagnosis ............................ 71 

Figure 26: Incidents with different diagnosis as a function of gender ............................. 72 

Figure 27: Distribution of injuries for Top 10 diagnosis by injuries over years  

           2002-2016 .............................................................................................................. 73 

Figure 28: Incidents over the years as a function of race ................................................. 74 

Figure 29: Percentage of incidents involving fire during 2002-2016 .............................. 75 

Figure 30: Distribution of injuries involving (a) Fire and (b) no fire............................... 76 

Figure 31: Distribution of injuries by top 10 products ..................................................... 78 

Figure 32: Distribution of injuries by consumer propane product and diagnosis ............ 78 

Figure 33: Distribution of injuries for face by product and diagnosis ............................. 79 

Figure 34: Schematic of a typical chemical supply chain ................................................ 87 

Figure 35: Variation of Profit with hazard factors bounds keeping other bounds at  

maximum. ........................................................................................................... 112 

Figure 36: Variation of scaled indices with hazard bounds.  . ....................................... 115 

Figure 37: Variation of number of manufacturing facilities and 2nd technology with  

hazard bounds.. ................................................................................................... 116 

Figure 38: Variation of number of manufacturing plants, technology 2 and profit with  

           fire hazard bound for production layer zoomed in for region of Δ 290 to 350. .. 117 

Figure 39: Variation of number of warehouses selected by the solver with hazard     

bounds. ............................................................................................................... 118 

Figure A.1 : Aspen Hysys simulation showing the process units for ammonia   

            production ........................................................................................................... 143 

 

 

 



 

xi 
 

 

 

LIST OF TABLES 

 

Table 1: Internal and external corporate risks [3]. ........................................................... 14 

Table 2: Summary of the variables signifying main principles of inherent safety .......... 40 

Table 3: Indices quantifying the inherent safety of the process ....................................... 41 

Table 4. A list of 25 representative safety indices, their level of application and inputs 

required. ................................................................................................................ 44 

Table 5. Additional properties for the selection of 25 Indices ......................................... 47 

Table 6: Recent Incidents related to consumer propane and products using propane ..... 52 

Table 7: Incident databases available in United States .................................................... 54 

Table 8: NEISS product codes for consumer propane related injuries ............................ 56 

Table 9: Brief descriptions of NEISS data ....................................................................... 58 

Table 10 Penalties used in Δ............................................................................................. 92 

Table 11: Sets used in the mathematical formulation ...................................................... 97 

Table 12: Parameters in the formulation .......................................................................... 97 

Table 13: Variables used in the mathematical formulation .............................................. 99 

Table 14: Demands of retailers ...................................................................................... 108 

Table 15: Distance in km from suppliers to production sites ......................................... 108 

Table 16: Distance in km form production sites to warehouse locations. ...................... 109 

Table 17: Distance in km from warehouses to retailers ................................................. 109 

Table 18: Hazard factors constants for each node .......................................................... 110 

Table A.1: Results of Application of Δ and Ψ for each equipment in Ammonia     

simulation ........................................................................................................... 144



 

1 
 

 

CHAPTER I 

INTRODUCTION 

 

Life cycle phases of a product, from design to disposal, are interrelated to each other. There 

have been many previous incidents, which signify the effects of one phase of life cycle on 

the other. An incident of mercury contamination of mustard gas occurred in the Deseret 

Chemical Depot in Tooele, Utah; even though the emissions coming out of the facility were 

almost 100% free of the mustard gas, the EPA still found large amounts of mercury and its 

associated toxic compounds being released in the form of gaseous emissions. This facility 

was used as a destruction facility for the different nerve gases like Sarin, VX and mustard 

gas [1]. The mercury was not supposed to be in the gases or the process of the destruction 

facility. Later it was found that the mercury was coming from the storage tanks that were 

previously used to store the mercuric chloride. Mercuric chloride was used in the production 

of the mustard gas, which was never thought to be cleaned properly before storing the 

mustard gas. This incident points out that a small phase in life cycle like storage can have a 

huge impact on another phase in life cycle like disposal that is many steps down the line. 

 

Supply chains can be considered a section of product life cycle. Supply chains have become 

massive due to globalization. Industries now have very tight relations and connections with 

the suppliers and distributors. Any small disturbances may have huge implications on the 

different part and parameters of the supply chain, and the cascading effect can affect 

industries that are situated in different parts of the world. Therefore, it becomes very difficult 

for managers (humans) to make important decisions. Wrong decisions could amount in 
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shortage of supply, concerns for safety in transportation, storage, process and economic 

losses, which could amount to global economic instability and economic breakdown long 

term.  

 

In July 2007, an earthquake occurred in Niigata region of Japan, and many parts of the region 

were destroyed. As a result, many automotive parts-plants were damaged. Motor companies 

like Toyota and Nissan had to stop production for almost one month, incurring huge losses. 

These losses even caused some motor companies like Tanigawa-Shaitoyama to permanently 

close due to huge losses. This also affected the automobile supply to the United States [2]. 

Another recent example is the 2011 Thailand Floods, which affected the production of some 

of the major electronic companies in the United States, like Apple Inc., Toyota Motor Corp., 

and Western Digital. During the March 2011 tsunami off the coast of Tohuku, Japan, many 

auto-industry members like Ford, Chrysler, GM, Volkswagen and Mercedes were affected. 

It was because they all unknowingly were using a paint pigment for black paint from a 

manufacturer based in Fukushima, which was the sole manufacturer of the pigment. With 

the shutdown of the manufacturer, the auto companies were unable to produce black paint. 

This incident made the manufacturers study their supply chain carefully [3].  

 

Another classical example of this problem is a safety incident which happened at Royal 

Phillips chip manufacturing facility in Albuquerque, New Mexico on March 17, 2000, which 

was supplying radio frequency electronic chips to Ericsson and Nokia. Royal Phillips 

claimed to provide the chips in two weeks. Unlike Ericsson, Nokia started planning for 

alternative options. Eventually chips were not supplied till almost six weeks and 
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subsequently, Ericsson after six months recorded 1.68 billion $ in losses. It is also claimed 

that this incident caused the company to merge with Sony to form Sony Ericsson [4, 5].  

 

One of the many problems decision-makers face is to quantify the risk associated with units 

and products in the supply chain in early stages of design. Many wrong judgements could 

and have been made due to approximate or under qualified numbers during decision-making 

process. Over estimating risk increases the cost of safety barriers  while underestimation of 

risk could amount to potential loss of human lives, injuries and property losses. Therefore, 

a balance between the competing goals is necessary as early as possible during design, which 

requires a thorough understanding of relation of incidents due to hazardous chemicals.  

 

 

Figure 1: Supply chain diagram showing the ammonia supply chain with basic units. 

The importance of this problem can be learned from the following cases. Let’s say a decision 

needs to be made by a distributor of a chemical product (Figure 1) between the 

Consumers 
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Transportation 
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manufacturing plants from which the products can be bought. For the distributor, cost of the 

product should be such that there is maximum profit. But, it is also important to make sure 

that the product is supplied on time and without any interruption, to make sure the distributor 

does not lose the trust of the customers. For doing so, risk of disruption in the flow needs to 

be considered, for which one of the most important part is process safety risk. And not only 

risk at the manufacturing plant be considered, but also the risk in the transport link, where 

the manufacturing facility is getting its raw materials from and so forth. This analysis will 

let the distributor consider the best possible options in a comprehensive way. A second case, 

where this analysis is necessary is when a big industry is trying to set up a new network of 

industries in a region. The industry will own the major parts of the supply chain, many 

transport links, storage plants and manufacturing plants. Apart from taking into account the 

economics of the business, the industry should also take into account the risk involved in 

terms of safety at each plant, location, and transportation link to decide more efficiently the 

location of the plant. The plant also needs to consider the technology of the process, type of 

transportation, and supplier selections. The framework developed in this work will provide 

comprehensive information for these decisions. 

 

Another important connection in a life cycle of a product are the consumers. Products used 

by consumers have various kinds of hazards that are not always apparent. For example, 

Apple Inc. has made numerous efforts to make the wearable technology safer for human 

skin. However, products such as lighters, spot removers and batteries have hazardous 

chemicals. One such chemical widely used is propane. Propane is used in various consumer 

products such as grills, space heaters, lighters, and stoves. Propane as a chemical, poses great 
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danger, which has been seen in numerous consumer incidents. The hazards of propane 

products used at consumer level should be decreased and there should be an awareness about 

the hazards of propane products and its proper handling.  There is a need for further study 

of incidents due to consumer propane products. 

  

1.1 Problem Statement 

Hazardous incidents in supply chain can cause catastrophic consequences including 

shutdowns of companies, supply of materials and overall economy. Quantification of 

chemical hazards in different parts of supply chain is not understood very clearly. It is 

necessary to understand the effect of chemical safety in supply chain design. The chemical 

safety of a product at the consumer level is an important aspect of supply chain and product 

life-cycle. The overall objectives of this work are to answer some key questions about the 

above-mentioned cases. Firstly, how do we incorporate the hazard analysis in supply chain 

as a whole? The aim is to come up with an integrated model which incorporates hazard 

analysis in the supply chain. Secondly, how do we incorporate this analysis to design and 

optimize a safe chemical supply chain network? And thirdly, how do the chemical hazards 

of products affect the community at consumer level? This work aims to develop a framework 

to help stake holders make critical decision in a supply chain considering profit as well as 

the safety of the community. 

 

1.2 Methodology of Study 

To develop the framework as discussed in the problem statement, a step-by-step plan of 

research work was proposed and conducted, given in Figure 2. It can be divided into three 
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major parts, though they are interdependent on each other. The specific tasks to achieve the 

objectives were:  

1. Conduct a literature survey and classification of the hazard and risk quantification 

techniques for the supply chain. The aim is to build an integrated hazard 

quantification framework for the whole supply chain.  

2. Study the impact of hazards of product at consumer level in a supply chain. 

3. Develop a supply chain model for a chemical industry, with detailed network design. 

It will incorporate the simulations of the manufacturing plants to get more detailed 

information for economic and safety analysis.  

4. Optimize the supply chain model for best possible profit for a given level of hazard 

in the system. 

 

1.3 Dissertation Organization 

1) Chapter I provides an introduction to the research, problem statement, and objectives. 

2) Chapter II reports the important background information relevant to the study. A 

brief description of product life cycle is given as well as its connection with supply 

chain. This chapter provides a review of fundamental understanding of supply chain 

dynamics and disruptions. Hazard quantification techniques in process safety is 

introduced. Previous work on supply chain optimization is also discussed. Finally, 

the gaps are identified in previous work to determine the objective of the study. 

3) Chapter III discusses the published works in hazard quantification techniques. This 

chapter critically analyzes the methods used for developing safety indices at early 

design in process industries using various examples. The published safety indices 
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have been categorized and compared to give readers information about correct 

applications of the safety indices.  

4) Chapter IV reports the trend and patterns in injuries from 2002-2016 due to propane 

products at consumer level in the US. NEISS database was used for this analysis. 

Recommendations are summarized based on the findings.  

5) Chapter V shows the mathematical model and framework for designing an optimized 

supply chain considering both profit and safety. Mathematical modeling and safety 

analysis are discussed in this chapter. 

6) Chapter VI summarizes the main conclusions from the current research and provides 

some recommendations for future work. 
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Figure 2: Methodology of the study of application of process safety indices in supply 

chain. 

 

.  
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CHAPTER II 

BACKGROUND AND LITERATURE REVIEW 

2.1 Synopsis 

In this chapter, a brief background is presented about product life-cycle, supply chain 

disruptions, and typical hazardous chemicals supply chains. A review of supply chain 

dynamics is provided. A brief introduction to supply chain optimization and the previous 

literature pertaining to chemical industry have been presented. Propane and ammonia supply 

chain has been described in detail. Finally, the literature review summarizes the research in 

the safety and supply chains. 

 

2.2 Life Cycle of Product 

Life cycle assessment could encompass across both the lifecycle of a product and life cycle 

of process. The concept of LCA has mainly originated or been driven by the fact that the 

product needs to be disposed of after use. The main parts of a product-centered LCA include 

steps from goal definition, inventory analysis, impact assessment, extraction and processing, 

production, use, and re-use to disposal [6]. Figure 3 shows the main parts of the life-cycle of 

a product. The product centered LCA was more popular earlier, but many articles have been 

published now for the LCA on process life cycles [7, 8]. These analyses were usually on 

environment, process design, economics and very little on safety. A process life cycle can 

be divided into various phases like research, process development, detailed design and 

construction, operation, maintenance and modification and decommissioning. Some also 

consider start-up and shut down as separate parts of life cycle.  
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Figure 3: Product Lifecycle 

 

During the life cycle of the process, the opportunities of making changes in the process first 

increases untill the basic engineering design of the process after which it starts to decrease. 

This is called the design paradox. This can be seen clearly in Figure 4. This is one of the 

reasons the life-cycle assessment should be done at the right phase of the design process. 

The same concept is applied for the application of safety considerations at different stages 

of the life cycle. But if the degree of freedom for the decision for inherently safer process 

design is considered, it continuously decreases as the life cycle proceeds. It is very important 

to do the safety analysis early enough so that safety features can be engineered instead of 

adding protection systems later. This way both time and money can be saved [9, 10]. When 

we do the LCA analysis, many factors are considered such as environmental impacts, 

product quality, productivity, operability, and operating cost [10]. The main advantages of 

LCA are in fields like marketing, designer training, product design, legislation, process 

optimization, resource evaluation, and process safety. It is used by almost all the major 
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industries like energy, transport, chemical, nuclear, textile and leather. LCA offers a way to 

incorporate the whole supply chain of materials and energy, safety, environment and 

technology in to strategic planning and policy development [11].  Figure 4 shows the stages 

of the process design and when the hazard elimination can be done and safety systems could 

be applied.  

 

 

Figure 4: Effectiveness of various safety strategies during process design stages [11]. 

 

2.3 Supply Chain 

Part of a product life cycle is the supply chain. Supply chain is a collection of resources, 

which are involved in supplying the product from its raw materials to the consumers. 

“Supply chains may be defined as an integrated network of facilities and transportation 

options for the supply, manufacture, storage, and distribution of materials and products” 

[12]. Supply chains are huge, vast and consist of three main elements: storage, transportation 
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and process. Almost 65 % of revenue is consumed by the supply chain, and nearly everything 

about the product is dependent on the supply chain.  It drives the price, product quality and 

time of delivery. It can also define the demand. So, it has a direct impact on the consumers 

[13]. Apart from the movement of the materials, there are two other main things that are 

dynamic in the supply chain: information and money. Money is in the form of payment for 

any resource or service in the supply chain. Information is the flow of order quantities from 

the customer to the supplier. Money and information flow opposite to the material flow 

which is diagrammatically shown in Figure 5.  

 

Raw 
Materials

Supplier

Manufactur
ing

Distribution

Supply-Chain

Material Flow

Customer

Consumer

Money/Information

 

Figure 5: Diagram of a typical supply chain[13] 

 

Overall, supply chain is comprised of two major parts – the production planning and 

inventory control process; and the distribution and logistics process. So, the major units in 

the supply chain are the manufacturing facility, storage facility and the transportation [14]. 
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2.4 Supply Chain Risks and Disruptions 

The supply chain risk is conducted through many factors of the supply chain like capital, 

information, technology, price, interest rates, confidence, policy etc. Due to the vastness of 

the supply chain, the risks are extensive and the conduction of the risk is very complex and 

things can mutate very quickly. The risk can arise from both the internal and external 

environment and can mutate, amplify or accumulate through the supply chain. We can 

separate the risks into six categories: supply risk, demand risk, and the environmental risk 

which are exterior to an enterprise, whereas the process risk, control risk and the event risk 

can be categorized in the enterprise interior, which is shown in Table 1 and diagrammatically 

in Figure 6. If we consider the whole supply chain, risk can come from three factors; the 

external factors, like natural disasters or terrorist activities; the internal factors like the risk 

from different member companies; or the risk from within the enterprise like the process and 

control risks. Understanding risk factors is a very important issue in the supply chain risk 

assessment [2]. 
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Table 1: Internal and external corporate risks [3]. 

Internal Risk 

Process 
Management and value-added 

activities 

Control 
Rules, systems which govern how 

a firm controls the processes. 

Supply Chain 

Risk 

External to the 

firm but Internal to 

the supply chain 

network 

Demand (downstream) 

Supply (upstream) 

External to the 

network 

‘Environment’ (e.g. natural 

disasters, weather or socio-

political) 

 

 

 

Figure 6: Factors of supply chain risk [2]. 

 



 

15 
 

 

Supply and demand risks are very much dependent on the industries. Usually due to an 

uncertainty factor, the industries set their demand a little higher than what they need. This is 

done at every level of the supply chain, and it adds up to a very high upstream demand. 

Adequate information flow is the key to this type of supply chain risk. Looking into the 

process risk and the control risk, we can see that both are very internal but important parts 

of the supply chain. Process risk is defined as “disturbances in production and management 

activities within enterprises” [2]. Process risk is derived from the malfunctions in every step 

of the process like the production plant, transportation, communication, and capital 

management. 

2.5 Hazard Identification and Quantification 

Industries store, process and transport hazardous goods. Incidents due to lack of knowledge, 

maintenance, mistakes and external disasters can cause consequences such as fire, explosion 

and toxic exposures. Some of the most notable examples are Bhopal-1984, Flixborough-

1974, Pasadena-1989, Texas City – 2005 and Tianjin-2015. Rapid growth of globalization 

and population increased risk due to hazardous chemicals. Hazard is a chemical or physical 

condition that has potential to cause damage to people, property or the environment. Risk is 

the measure of consequence in terms of injury, loss of life and property considering both 

magnitude and probability of consequence.  

 

An essential part of decision making is measuring performance. It is rightly said “You don’t 

improve what you don’t measure”. Hence, a good quantification technique is needed to 

measure risk and hazard of a system. Increasing industrialization and globalization is making 

quantification complex and difficult to master. Several techniques, such as quantitative risk 
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analysis and layer of protection analysis, are used in the industry.  However, many times 

these quantifications are only possible to apply at operational design phase. For decision 

making at early design phase these detailed risk analysis techniques cannot be used. Hence, 

safety indices such as leading indicators, lagging indicators, and hazard quantification 

methods such as Dow Fire and Explosion Index are used at early decision making. Several 

of the published safety indices can be used at early design phase. Inherent safety indices 

quantify the inherent safety of a system. Inherently safer design principle is based on 

reducing the inherent hazard of the system. Trevor Kletz first expounded the basic principles 

of inherent safety. It is based on four main principles of intensification, substitution, 

attenuation and simplification. Inherent safety indices give the hazard potential of a system.  

 

2.6 Supply Chain Optimization 

The ability of enhanced information exchange and high computation capability has increased 

the use of sophisticated optimization algorithms in supply chain management. The word 

‘optimum’ means the ‘best’. So, the optimization is to find the best possible solution to the 

problem. Abstract models are created to imitate the real world problems and then they can 

be used in many diversified ways to solve our problems [15].  The supply chain presents a 

vast number of options for the designer like the type of transport, type of production facility, 

and the type of storage facility and also the variables of the supply quantities, production 

quantities and the storage options. These options give manufacturers a chance to model and 

optimize the best possible solution. And this interest is not newfound. There have been 

numerous studies in supply chain optimization that have identified the extraordinary benefits 

of this area [16-20]. Supply chain optimization lets the decision makers of manufacturing, 
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distributions, and retailers make informed decisions on forecasting, production and stocking 

[20]. These decisions can help each enterprise cut costs on various supply chain elements 

like inventory, transportation, and manufacturing [21]. There are levels and areas in supply 

chain optimization which are shown in figure 7. 

 

Production Planning 
(Operational)

Lot-sizing
Scheduling

Transportation Delivery 
(Operational)

Vehicle Routing

Inventory (Operational)
Safety Stock Allocation

Inventory Policy

Logistics Network Design 
(Strategic)

Multi-period Network 
Design (Tactical)

 

Figure 7: Scope of Optimization in Supply Chain [21] 

 

2.7 Hazardous Chemical Supply Chains 

Some examples of hazardous chemicals supply chains that are prominent in industry and 

cover many areas of industry are ammonia supply chain [18], ethylene supply chain [19] and 

propane supply chain [22]. We will discuss in brief about ammonia and propane supply 

chains.  



 

18 
 

 

 

2.7.1 Ammonia Supply Chain 

Anhydrous ammonia is a pungent gas, most widely used for producing fertilizer urea. It is 

the highest used RMP listed chemical in the United States of America. It is also the highest 

single RMP chemical by total weight produced in the industry [23]. Ammonia is on the 

“Right to Know Hazardous substance list” because it is cited by OSHA, IRIS, ACGIH, DOT, 

NIOSH, DEP, NFPA and EPA. Every year a large number of incidents are reported for 

which the cause is the ammonia. During the last 15 years 1000 incidents have been reported 

out of the 10,000 facilities storing more than 10,000 pounds of ammonia. These incidents 

resulted in 19 deaths, 1,651 injuries, and almost 350 million dollars in property damage. 

More than 65,000 people were affected during these incidents. On a yearly basis more than 

800 transportation incidents related to ammonia occur in road, boats, pipeline and railroads 

[24]. 

 

 

Figure 8: Diagram to show the supply chain of ammonia 
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The demand for nitrogen derived chemicals drives a huge international industry. The 

chemicals involve ammonia, urea, nitric acid, ammonium nitrate, nitrogen solutions, and 

ammonium sulphate. Such nitrogen products have a total worldwide annual commercial 

value of more than 50 billion dollars. The most important of these is ammonia. Almost all 

ammonia is produced in anhydrous form via the Haber’s Process. Anhydrous ammonia is 

the basic raw material for various industries like fertilizers, livestock feed, commercial, 

military and polymer intermediates. About 97% of nitrogen fertilizers are produced from 

anhydrous ammonia. Almost half of the ammonia produced is used in the production of 

Urea. Figure 8 shows a simplified diagram to show the main parts of the ammonia supply 

chain. Ammonia is produced through the Haber’s Process using hydrogen and nitrogen. 

Ammonia is the single largest consumer of hydrogen in chemical manufacturing. The main 

raw materials for hydrogen are dry processed natural gas.  

 

 CH4 + H2O → CO + 3H2 

 

(2.1) 

 CO + H2O → CO2 +  H2 

 

(2.2) 

 

 3H2 +  N2 → 2NH3 

 

(2.3) 

 

Equations 2.1-2.3 show the steps in producing ammonia from natural gas. Usually, the 

hydrogen production is integrated into the overall plant design of ammonia production. 
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Therefore, most ammonia plants are considered consumers of natural gas. Natural gas in the 

ammonia plant goes through many steps to produce hydrogen. The natural gas is supplied 

from LNG terminals or directly from the natural gas fields through pipelines. Ammonia is 

produced using ammonia synthesis loop. This process has various technologies in the 

commercial market such as Kellogg Brown and Root Ammonia process, Haldor process and 

Linde process. After ammonia production, it is transported to the urea manufacturing 

facilities. On commercial scale urea is produced from ammonia and carbon dioxide. The 

main reactions are 2.4-2.5: 

 2NH3 + CO2 → NH2COONH4 

 

(2.4) 

   NH2COONH4 ↔ CO(NH2)2 + H2O 

 

(2.5) 

 

Then urea is generally produced in prilled form and is transported to the urea distribution 

facilities after which it is sold to the farmers [25-27].  

 

2.7.2 Propane Supply Chain 

More than 60 million people in the US use propane products. The US exports around 10 

billion gallons propane every year [28]. It is used in room heating, barbeques, portable stoves 

and many household goods. It is also used in locomotives, buses, forklifts, and taxis. It is 

also used as a feedstock for petrochemical plants and used for drying agricultural crops [29]. 

It is good power source is that it vaporizes as soon as it is released from its pressurized 

container. The growth of propane production and use is expected to increase 40% in the 
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coming 20 years[30]. Propane supply is expected to continue to grow with development of 

shale gas and shale oil resources and it will lead to development of propane based industrial 

facilities like propane dehydrogenation units. Domestic propane production is expected to 

grow rapidly, despite sharp decline in oil prices. The typical supply chain of propane is given 

in figure 9. It consists of a four level system consisting of propane producers, regional supply 

terminals, distributors-owned storage plants, customer storage tanks and final customers. 

Propane is shipped to regional supply terminals using rail, pipeline or trucks. The storage 

plants serve as the supply sources for the retail distribution to both residential and industrial 

retail customers [22].  

Sources
1. Natural Gas reserves

2. Refineries
3. Imports

Primary Storage
1. Underground 

Storage
2. Above Ground 

Storage

Secondary Storage
Steel Tanks

Customers
1. Agriculture
2. LPG fleets
3. Industrial
4. Exports

5. Commercial
6. Residential

1. Ships 
2. Pipelines

1. Pipelines
2. Rail

3. Trucks

1. Bobtails
2. Trucks
3. Ships

 

Figure 9: A typical propane supply chain 

 

Propane is flammable and can explode in containment. The vapor is an asphyxiant and liquid 

can cause frostbite when exposed to skin [31]. The hazards of propane are greater 

emphasized in a work place. However, many accidents have been seen at the customer end 

of the supply chain using products which contain propane such as lighters, propane grills, 

propane heating systems, etc. A good incident analysis of injuries and deaths due to 

consumer propane is needed. Various databases record the injury and deaths at workplaces, 

hospitals, public recreational centers, fire injuries, etc. Large scale analyses and visualization 

can give insights into major causes and process of accidents. These analysis can help us in 

design of safety measures, emergency preparedness, and awareness programs [32, 33]. 
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Incident analysis of propane related incidents have been performed for industrial accidents 

[34]. However, there is much less mention about accidents due to propane at consumer level 

where there is less understanding of hazards of propane.  

 

2.8 Gaps and Motivation 

According to inherently safer design principles, the most efficient safety measures can be 

taken at early design phase. Hence, quantification of hazard and risk should be done early to 

make the decision process precise and hassle free. Many quantification techniques are 

available at early design phase to quantify the hazard and risk of processes and chemicals 

for different applications and level of detail [35, 36]. However, not many quantification 

techniques for quantifying a chemical hazard and risk analysis in supply chain have been 

published.  

 

Disruptions in supply chain can arise due to many factors. Safety in supply chain is one of 

the major factors, and it plays an important role in the chemical supply chain. Safety risk in 

supply chains is categorized in the process risk [37-39]. There are many risk quantification 

techniques available for process safety [40, 41], but still there is a need for risk quantification 

technique that quantifies the risk in the supply chain as a whole. The supply chain consists 

mainly of three units: the storage, transportation and the manufacturing or process[42]. Risk 

quantification techniques can be classified based on the part of the supply chain to which 

they can be applied [43-45]. The integration of all these quantification techniques into one 

framework is necessary. There has been no literature published doing so.  
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In the area of supply chain optimization, there has been an increase in research after the 

1990s [46-48]  in this area after the introduction to logistics optimization during the second 

world war [49]. Various advanced models have been formed incorporating techno-

economics of the systems involved. Later, many models involving environment were also 

published [50]. But very few have been published where risk involved due to process safety 

of the supply chain is considered in the model [51]. 

 

Many works have also shown the importance of process safety in supply chain. Saad and 

Kleindorfer [37] have described the importance of process safety in supply chain disruption 

risks. Manuj and Mentzer [38] note manufacturing risk and transportation risk in supply 

chain. Hale and Moberg [39] emphasize the chemical storage risk in the supply chain. The 

concept of supply chain optimization is not new and has been a subject of interest for many 

decades specifically with regard to logistics network optimization and decision making [17, 

52-54]. Grossman, 2004 showed the importance of supply chain optimization in process 

systems engineering. Supply chain optimization has been applied in many industrial cases 

like bio-refineries [55], petroleum refinery[56], and bio-fuels. One of the significant papers 

in supply chain network optimization was by Tsiakis, Shah and Pentalides [48] which gives 

methodology to solve a multi-product supply chain network. Multi-objective optimization 

in supply chain has been often done with environmental constraints. One of the significant 

papers in this area is by Hugo and Pistikopoulos, [50] which considers the environment 

objective with supply chain planning. This dissertation critically analyzes methods used in 

assessing hazards in supply chain and gives a methodology to make intelligent decisions in 

a supply chain during design phase. It also considers various technological options to choose 
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in a manufacturing plant. Quantitative techniques for hazard and risk analysis have been 

used for a long time. El-halwagi et al. [51] applies risk analysis in bio fuel industrial 

planning. However, there are still a lot of aspects that need to be improved though. There 

has been very limited literature that has tried to study the effects of incorporating process 

safety in supply chain network planning and optimization.   

 

2.9 Research Objectives 

After considering the motivation and the literature review mentioned before, we see that 

there are still many areas for improvement on this subject and hence, this work will focus on 

the following objectives: 

• Quantify the process safety hazards and risks in a supply chain: Proper quantification 

of inherent safety of three important parts of supply chain storage, transportation and 

process / manufacturing and the aim is to develop an integrated model for the whole 

supply chain.  

• Incorporate risk analysis in network design for decision making: A framework to 

conduct a multi-objective optimization in supply chain focused on safety and 

economics. 

• Study the effect of hazards of products at consumer level of the supply chain. 
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CHAPTER III 

CRITICAL ANALYSIS OF PROCESS SAFETY METRICS* 

 

3.1 Synopsis 

For fast and reliable decision making, we need safety indices, which can be used in different 

phases of the life cycle. A proper knowledge of the characteristics and application of the vast 

number of the safety indices will help in right application of the indices. This chapter 

develops a systematic way of characterizing and classifying these indices and then applies 

this classification on recently published safety indices. A critical analysis of the major safety 

indices published in the last decade is also been presented. Various quantitative indices have 

been reviewed in terms of their application to different phases of life-cycle, design phases. 

Furthermore, the chapter investigates their advantages and limitations. Also, some examples 

of recent applications that include safety as part of the design of several chemical processes 

are given.  

 

3.2 Introduction 

Hazard is the potential to cause harm due to factors such as chemicals, pressurized vessels 

and chemical processes, whereas risk is the measure of human injury or economic loss in 

terms of both the incident likelihood and the magnitude of loss. Various hazard and risk 

evaluation techniques have been developed in literature, and some of these have been used 

                                                           
*Part of this chapter is reprinted with permission from "A review of safety indices for process design."  Nitin 

Roy, Fadwa Eljack, Arturo Jiménez-Gutiérrez, Bin Zhang, Preetha Thiruvenkataswamy, Mahmoud El-

Halwagi, M Sam Mannan, Current Opinion in Chemical Engineering 14 (2016): 42-48. Copyright 2016 

Elsevier. 
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in practice. Several techniques are well established and widely used in estimating risks. 

Some classical safety analysis techniques are discussed below. 

 

The checklist approach is one of the simplest risk analysis techniques; it indicates if a certain 

procedure has been followed. It lists all the tasks that should be conducted, and then the user 

has to check if they have been performed. The checklist method puts a lot of emphasis on 

the previous experience of the person to form the tasks [40]. Hazard and Operability Study 

(HAZOP) is another key classical safety analysis method that has been widely accepted and 

that is being used in manufacturing industries. HAZOP is a detailed hazard analysis done by 

a team of professionals who are experts in the area. Many improvements have been added 

to HAZOP[45]. Fault-Tree Analysis is used to find different events that lead to and occur 

after the trigger event. Event-tree is the analysis of the events after the trigger (failure event). 

The fault tree could be followed by an event tree which in combined form is called bow-tie 

diagram. The bowtie encompasses every event that can cause the trigger event or happen 

due to the trigger event. This way it will be helpful in finding barrier and mitigation steps 

for the failure event. An added feature in this analysis is that it could be used to determine 

the overall risk of the event of the consequence, if it can evaluate the frequency at each step 

[57]. Failure Mode Effects Analysis (FMEA) works at the component level to find the total 

component level risk of failure. It is based on the principle that a system in the industry is 

made of various little components like pump and valves and their failure mode defines the 

total failure of the component. It is an inductive analysis that requires minimum data from 

the user [40], making it an attractive tool to be used. Instantaneous Fractional Loss Index 
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(IFAL) is used for the insurance purposes. The technique was developed by the Insurance 

Bureau in 1981. It also looks into different hazards to find the final index [58].  

 

The risk evaluation techniques are either qualitative, quantitative or semi-quantitative. 

Techniques like HAZOP, and checklist. are qualitative methods to evaluate hazards in a 

production plant. They are very detailed and time consuming. Fully quantitative techniques 

like QRA (Quantitative Risk Analysis), Bayesian Analysis, and Computational Fluid 

Dynamics (CFD) are very accurate and reliable. However, these need large amounts of 

information, are time consuming and hence, costly. This type of analysis can only be 

performed at later stages of design, when enough information is available. Therefore, the 

safety analysis is often thought and practiced later in the design stage when the detailed plant 

design has been developed. However, safety analysis should be done at every level of design. 

The safety analysis for detailed design and operations is well-established, but there is a need 

for quantitative safety analysis at early design phases; where the process engineers can 

compare and rank their design using limited data and time. At early design we can employ 

the semi-quantitative methods such as Dow Fire & Explosion index, which tries to rank the 

system relatively based on system properties and expert opinion. These techniques estimate 

the hazard or risk of the system to give them a relative rank with the information available. 

Moreover, these techniques are often fast to calculate and are very good for comparative 

analysis. There have been numerous studies developing safety indices for various 

applications. Safety indices can be very powerful, if used properly in right applications. 

Hence a proper understanding, characterization and classification of safety indices are 

necessary for correct results and powerful decision making. 
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Several indices have been developed as a measure of safety for different pieces of equipment, 

use of chemicals and operating conditions in manufacturing processes. Current efforts are 

being observed on the application of such types of metrics as part of the design of a process. 

This application focuses on the synthesis of inherently safer designs. It is then important to 

recognize proper safety metrics that can be applied from the early design stage of a chemical 

process.  

 

The assessment of safety properties in process design has been recognized as one of the 

major topics under current research. A design project, driven by a market analysis, gets into 

different stages going from research and development to the production of the valuable 

chemical. Different safety metrics that could be applied from the conceptual stage of a 

process design are needed. Typically, major decisions are based on technical, economic, and 

more recently environmental considerations; aspects such as safety issues are left for 

analysis until the project is completed.  As part of the safety analysis, critical points in the 

plant are located, and control loops are designed to prevent major damages in the event of 

plant accidents. The application of safety metrics from the early stages of a design project 

would guide the efforts towards an inherently safer design. In this chapter we give a review 

on available safety indices that have been developed, with particular interest to those that 

can be applied during the design of a chemical or biochemical process and include some 

analysis as to their use and the type of information needed for their application.  
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3.3 Development of Safety Indices 

The most conventional and popular approach to qualitatively evaluate the hazards of a 

system is the Hazard and Operability (HAZOP) method. However, HAZOP can only be 

implemented after the detailed design of the plant is available, and requires significant 

amount of time and effort. As far as the quantification of risk in a processing plant, a 

convenient approach is the application of a quantitative risk analysis (QRA), a method based 

on a probabilistic estimation of failures and consequences in different pieces of 

equipment[45].  The above methods require the details of the plant or design to be available. 

The estimation of safety based on initial data such as chemicals, synthesis routes, operating 

conditions and equipment for the process would give the designer a useful basis for the 

assessment of risk and safety, which would complement other design tasks such as 

equipment sizing, selection of operating conditions and their effect on the process 

economics. Different process designs, chemistry routes or selection of chemicals could be 

rated for their safety properties. Based on the need for tools for early evaluation of safety, 

several hazard and risk indices have been developed. The major developments in this area 

are described here. 

 

Safety indices have several degrees of details regarding the input required for their use, 

which means that different indices would be suitable for application depending on the state 

of development of the design of a process. The development of safety indices should take 

into account the factors of the processing plant, including transportation, that affect the 

hazard of the system. The first safety index reported in the literature was developed by Dow 

in 1964 [36], known as the Dow Fire & Explosion Index (F&EI); the index is based on the 
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material properties and process conditions. The index was subjected to several revisions [59-

61]. The Dow’s chemical and exposure index (C&EI) was the basis for the development of 

the Mond index by Lewis [61], which included the toxicity of the chemical. A parallel 

development was the Dow Chemical & Exposure Index[62], which took into account the 

toxic exposure from chemicals. Both Dow F&EI and Dow C&EI have found ample use in 

the chemical industry.  

 

Khan & Abbasi [63] developed the Hazard Identification and Ranking (HIRA), an index to 

overcome some of the limitations of the Dow Fire & Explosion Index, since in the Dow’s 

index the material factor is considered as independent of the operating conditions and it 

depends more on expert opinion than on the system properties. The HIRA index took 

chemical thermodynamic properties into account, and integrated it with expert opinions. The 

index provides a risk ranking of the process units in terms of a damage radius in case of an 

accident. The types of outputs of the Dow F&EI and the HIRA indices are quite similar. The 

Accident Hazard Index [64], which was developed a year earlier, had similar characteristics 

to the HIRA. The structure of HIRA has been subjected to several revisions, for instance the 

one developed by Khan et al. [65], who added a credit factor for safety barriers (including 

those related to preparation for emergencies), procedures, and safety instrumented systems 

(SIS). Its application requires a detailed design of the process or the plant to be in operation.  

 

The structure of the HIRA index has had additional impact on the development of other 

indices, such as the I2SI index [66], which also gives a cost component for the damage of 

the infrastructure and humans similar to the Dow F&EI index. The HIRA index was also 
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used as a sub-index for the Domino Hazard Index [67] to calculate the hazard of a secondary 

unit if it is affected by a primary unit. This index gives a domino hazard ranking of a given 

unit in the plant based on the consequences under some set of scenarios, on the distance 

between units and on the chemical and process properties associated to the units. The index 

is particularly useful as a tool for plan layout decision-making.  

 

One recent application of the HIRA index was in the development of the Quantitative 

Integrated Inherent Safety Design index [68], which includes a quantitative inherent safety 

measure and gives a framework to develop alternative process flowsheets and process flow 

routings. A similar approach was used for the development of the Inherent Safety and Key 

Performance Indicators (IS-KPIs) by Tugnoli et al. [69] This index gives emphasis to both 

the catastrophic and maximum credible scenarios for a unit. It also takes into account the 

credits for various types of equipment based on its failure rates. The index can only be used 

after the detailed design of the process is known. 

 

An item of particular interest in recent years has been related to the application of inherent 

safety, the term first coined by Trevor Kletz [45].  An index for inherent safety was first 

developed by Heikkila[70], who labeled it as Inherent Safety Index (ISI). This index was 

partially based on the PIIS index of Edward and Lawrence  [71]. This index aims to quantify 

or score the factors that define the principles of inherent safety, namely minimization, 

moderation, substitution and simplification. This was further enhanced into the Enhanced 

Inherent Safety Index, EISI [72] and the Comprehensive Inherent Safety Index [73] . The 
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concept of the Inherent Safety Index has been taken as a basis to develop new indices [74, 

75].  

 

In practice, if one process is changed, the effect of this change could create new or increase 

the existing hazard in the other part of the facility as we have discussed this in the 

introduction about the life-cycle, since hazards in a facility are correlated, not independent 

[68]. Many have tried to include this concept of hazard transfer in the indices. Rusli et al. try 

to evaluate the hazard transfer at the process level to find the best inherently safer design 

[68]. 

 

Another type of approach, for safety index, was provided by the development of fuzzy 

indices, which account for uncertainties in the hazard and risk calculations. As part of this 

approach, a fuzzy member function is given to each of the sub-indices of a fuzzy index. A 

pioneer work in this area was done by Gentile et al.[76] who developed the Fuzzy Inherent 

Safety Index and paved the way for other fuzzy-based indices. The Fuzzy ISI index addresses 

the inherent uncertainty in the hazard calculations. It converts linguistic variables into fuzzy 

ranking of the chemical for each type of hazard. Chemical properties and plant layout are 

some of the factors taken into account by this index.  

 

A useful set of indices has been developed that allows their applications as part of automated 

procedures. Some methodologies have been used to automate hazard and risk calculations 

through the link to external software such as process simulators. Within this development 

we can cite the Process Route Index (PRI) [77] and the Process Stream Index (PSI) [78], 
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which estimate hazard depending on synthesis routes and use streams instead of units to 

simplify the calculations. A predictive risk index shown by Chen and Yang [79] uses a 

predictor based on regular observations of unsafe conditions as an indicator of safety of a 

processing plant. 

 

Several of the indices that have been developed have focused on material properties[80-82]. 

These indices can be used in the research phase of a process design or early stages of 

flowsheet design. Indices such as the Environmental Health and Safety (EHS) [80] and the 

Runaway Reaction Index [81] use only information on material and reaction route properties 

to assess a given chemical and provide a ranking of alternatives. The EHS index takes into 

account safety, health and environmental hazard related to the chemical. It can be used to 

rank chemicals and reaction routes at the research level or at the early conceptual design of 

the process. Other indices such as HIRA, ISI and Dow F&EI also have the chemical/material 

factor embedded either implicitly or explicitly.  

 

Another set of indices worth of mention is related to life-cycle [83-86]; such indices quantify 

the risk and hazards due to various parts of the product life-cycle such as processing, storage 

and transportation and their effect on society and the environment. For example, the Life 

Cycle (LinX) [83] and the Risk Assessment Hydrogen indices [84] cover several parts of the 

product life cycle. The LinX index assesses various properties of the life cycle of a 

technology such as environment, health and safety, as well as technological costs and socio-

political aspects. The parameters have been grouped intuitively into sub-indices, and a 

weighted average is used to give a single ranking. However, the ranking is based solely on 
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expert opinion. The path forward in index development aims at giving rankings at multi-

scale levels of the system. For example, it would be useful to include ranking of chemicals, 

units in process plants, storage and cover a supply chain and its effect on the environment. 

Several indices have also been developed specifically for transportation [10, 87-90]. To take 

into account the waste disposal of the chemicals and its related safety, Musee et al. developed 

the fuzzy hazardous waste index [91].  

 

From the several safety indices that have been reported in the literature, Table 4 shows a 

selection of representative indices that can be applied at different stages of process design 

and the type of output obtained from their application. Table 5 gives additional information 

for the application of the selected safety indices. Such indices might be considered as 

primary sources for use in studies regarding the safety assessment of process design at 

different stages of development. 

 

3.4 Classification of Safety Indices 

The reviewed safety indices can be classified in multiple ways for better understanding and 

judgments in application. A thorough classification of reviewed safety indices is given in the 

following sections: 

 

3.3.1 Index structure and aggregation 

Process safety indices correlate the hazard or risk of the system using different fundamental 

parameters or indicators to give a relative ranking of systems. The parameters could range 

from chemical properties and chemistry of the process to the process parameters and 
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management systems. Different models for weighing and aggregating the hazards are used. 

The model structure, the aggregation of the individual parameters and factors to give the 

final index of the hazard can be categorized in to two methodologies: 

 

1. Additive model: The index is the weighted average of the different parameters where 

the weights are usually based on expert opinions. For example, Inherent Safety index 

(ISI) gives equal weightage to all the sub-indices. 

 

2. Multiplicative model: The parameters are correlated to hazard or risk of the system 

using established models, expert opinions and empirical relations. There are some 

direct factors that give the direct implication or the consequence of the hazard. The 

indirect factors are characterized as either penalty, (e.g. chance of a runaway reaction), 

which tries to aggravate the risk; or as credit factor (e.g. dike or process controls), 

which act as a barrier to reduce the risk. For example, in the Hazard Identification and 

Ranking index by Khan et al [92], the basis of aggregation is the industrial experience 

of the author or expert information collected during the development.  

For example, Inherent safety index has an additive model structure, whereas, Hazard 

Identification and Ranking index has a multiplicative model structure. 

 

3.3.2 Leading and lagging indices 

Safety indices can be leading indices, which tell us the safety of the plant before any incident 

happens. These indices can be used in the design stages of the plant. Results from process 

simulation studies can be used for process safety evaluations. While others, called lagging 
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indices tell us about the situation of safety in the plant after the incident has happened. 

Lagging metrics utilize the data pertaining to previous incidents to assess the safety 

performance. These metrics or indices are very helpful in comparing the statistics between 

companies. Mengtian et al. describe the process safety metrics based on the simple statistics 

of the facility [93]. For example, IFAL index is a lagging metric, whereas, Inherent Safety 

Index is a leading metric.  

 

 

3.3.3 Quantitative and Qualitative Indices  

The indices could also be categorized based on their quantitative and qualitative nature. 

Qualitative indices use abstract inputs such as opinions from employees about the safety 

culture in the facility, which can qualitatively tell about the industry’s safety conditions. 

Quantitative indices have numerical inputs and give quantitative results, which can be 

compared between two facilities or processes. For example, INSET toolkit is qualitative 

index, whereas, HIRA is a quantitative index. 

 

3.3.4 Deterministic and Probabilistic (Risk-Based) Indices 

We can also group the safety indices into deterministic and probabilistic safety indices. 

Deterministic safety indices just take the values of the current process or conditions to 

determine the safety conditions. These conditions are generally the process variables, layout 

designs, and specific values like the number of safety personnel and number of process 

upsets. Deterministic indices do not account for the frequency of the events but rely on the 

consequence and severity of the event if any catastrophe happens in the facility. This makes 
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deterministic indices easy to evaluate.  However, the probabilistic safety indices consider 

the number of respective associated incidents. They give the values of the accident 

probability or safety index numbers using those probabilistic values to compare different 

processes and facilities. The values can be reported in many forms like accident probability 

per year, fatality per year, etc.  Fuzzy indices also can be categorized under probabilistic 

indices, since they take probabilistic distributions of parameters. Many fuzzy index analyses 

have been developed [94]; some have been developed specifically for the food industry [95]. 

Application of the fuzzy logic for the process safety metrics is very innovative. They can 

handle the uncertainty in the risk analysis very efficiently, since they have overlapping states 

[87]. For example, GreenPro is probabilistic index, whereas, Dow C&EI is a deterministic 

index  

 

3.3.5 Consequence and Non-consequence based Indices 

Deterministic safety indices can be further classified or categorized by the way they take the 

consequence of the event to evaluate the safety. They can be divided into either consequence 

based or non-consequence based indices. The consequence-based indexes evaluate each 

scenario of the event that could result when a catastrophe event happens and then evaluate 

the final index based on that. However, non-consequence based indices find the severity of 

the safety by relating it to the process conditions [93]. The consequence-based indices are 

more accurate but need a lot of time. Consequence based indices consider the scenarios of 

the incidents and final consequence for calculating the index. There are also indices which 

are based on scoring systems, which just tell us the range of scores that can be given based 

on conditions in the process. These scores are based on the expert information and opinions 
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[65]. For example, Domino Hazard Index is a consequence -based index whereas, Process 

stream index is a non-consequence based index.   

 

3.3.6 Index Model  

We can classify the indices based on their concepts of development. They can be based on 

thermodynamics, expert opinion, or empirical models. Thermodynamic models can be used 

to evaluate the safety based on the process condition. One of the most popular 

thermodynamic based indices is the Dow Fire & Explosion index. However, this index solely 

considers the fire and explosion hazards in the facility [9]. Expert opinions can be collected 

to find the optimum scores for the safety depending on the past experiences of the industrial 

experts, while some indices just find the safety based on the empirical models developed 

from the past incident data.. For example, ISI is based on rules whereas, FEDI is inspired by 

thermodynamic relations.   

 

3.3.7 Inherent Safety Indices 

Inherent safety concept has been a topic of interest in the last decade. In fact if we look into 

safety indices more in depth, we see that all indices depend on one or more of the principles 

of inherent safety: (1) minimization of the hazardous material; (2) substitution of the 

hazardous material; (3) moderation of the process conditions; and (4) simplification of the 

process. The characteristics of the process that evaluate these principles are discussed here. 

These variables, such as process conditions and material properties, can be used to quantify 

the inherent safety principles they signify. These can be categorized as follows: 
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A) Minimization 

Inventory of the material is the most important factor for hazard quantification. The lower 

the quantity of material, the lower the hazard is. This direct relationship is not always linear 

with respect to scale.  Depending on the concept of mass of the chemical, indices either add 

them as different penalties or hazard; most have them as a direct multiplication to the hazard. 

For example DOW F&EI [59] considers them as a penalty factor, whereas indices like the 

Inherent Safety Index (ISI) [70] take them as a separate sub-index. But most of the indices 

like Safety Weighted Index (SweHI) [65] take them as a direct multiplication [96].  

 

B) Substitution 

There can be various ways to produce the same product using different chemicals and 

processes. Different chemicals, equipment, processes and chemistry will have different types 

of hazard. The substitution principle states that to reduce hazard of the system, the chemicals, 

processes or equipment involved in the process can be substituted. Substituting chemical can 

be done based on the following parameters. The major variables which quantify substitution 

are reactivity, toxicity, heat of reaction, flammability of the materials, and the decomposition 

potential of the material. These parameters correlate to the release scenario and the 

dispersion of the substance to find the damage if a disaster happens. Though, this needs 

detailed information about the equipment and the scenarios.  

 

C) Moderation 

In inherent safety, when it is not possible to substitute the chemical, then the safety of the 

process can be increased by making the process moderate i.e. making the pressure and 
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temperature of the process less extreme. Usually these are the earliest and easiest types 

variable that are available in the assessment [96]. The analysis also depends on the type of 

operation that is being performed. Some indices also consider the equipment details and 

organizational measures to assess the facility, which can be used in the later part of the 

detailed design or when assessing the hazard when the facility is already there. The major 

variables that quantify moderation are process pressure, temperature, etc. 

 

D) Simplification 

Simplification principle tells that if the system is less complex, it would be easier to 

understand and hence it would be less hazardous. So, having less equipment or process 

operations and more automation can increase simplification and hence will be less 

hazardous. 

Almost all the early design safety indices could be co-related to one or more of these 

variables. Table 2 summarizes the variables to each principle of inherent safety. Table 3 lists 

the safety indices focusing on the inherent safety of the process. 

 

Table 2: Summary of the variables signifying main principles of inherent safety 

Principles of Inherent Safety Variables 

Minimization Inventory 

Substitution Toxicity 

 Explosiveness 

 Corrosiveness 

 Heat of Reaction 

 Heat of Combustion 

Moderation Pressure  

 Temperature 

Simplification Number of Equipment 

 Automation or degrees of freedom 
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Table 3: Indices quantifying the inherent safety of the process 

Index Year of 

Publication 

Edward and Lawrence ISI [97] 1993 

ISI [70] 1999 

INSET Toolkit [98] 2001 

Fuzzy Logic Based ISI [76]  2003 

I-Safe index [74] 2004 

I2SI [66] 2004 

Inherent Safety Index Module (ISIM) [75]  2008 

ISI-KPIs [69]  2009 

Qualitative Assessment for Inherently Safer Design (QAISD) [99] 2010 

EISI [72, 100]  2011 

Comprehensive Inherent Safety Index [101] 2012 

QI2SD [68] 2013 

 

3.3.8 Design phase of the application 

The type and amount of data required as input into a safety index determines when it can be 

used. Indices that require less information can be applied at the concept design phase (e.g. 

Inherent Safety Index, Hazard Identification and Ranking (HIRA), while others that require 

detailed information about the layout of the facility (e.g. Safety Weighted Hazard Index 

(SWeHI), Dow Fire & Explosion Index) may only be applied after the detailed design phase. 

For example, the National Fire and Protection Agency (NFPA) ranking system, or some 

other simple leading indicators just need to know one or two variables to assess the hazard. 

They can be applied in the early process design phase but will have limited reliability. Other 

metrics like HIRA try to rank the hazards in a facility by taking in process conditions. They 

can assess the danger of the hazard in terms of  high, low or negligible categories [96]. But 

very few indices give the flexibility of being used at different design phases of the process, 



 

42 
 

 

for example [96]. Table 4 gives a list of indices with its use in different phases of process 

design. 

 

3.3.9 Output type  

Indices can also be categorized based on the output they give. Many indices give the output 

as actions, recommendations, or operation procedures for the facility. Some determine the 

failure rate, the reliability and accident frequencies; many give risk index level such as ISI 

or HIRA. The output of these methods can be a single score based on expert opinion, in 

terms of hazard radius or the area affected due to an incident or in terms of risk or business 

loss, business interruption or fatalities or injuries. Table 4 gives notes the output type of the 

indices. 

 

3.3.10 Product Life-cycle phase 

Indices can also be classified according to the part of life cycle they can be used. A product 

life cycle as discussed earlier can be divided mainly into main parts such as raw materials, 

supplier, manufacturing, distribution, customer, consumer and disposal. Even though there 

seems to be many units in a supply chain, for analysis, only three types of operations happen 

in each part. Those are manufacturing process, transportation and storage. Since the 

manufacturing is the most important and unsafe part of the life cycle, it can be noted that the 

safety indices for this process have been researched most as you can see in figure 11.  Table 

5 gives the classification of indices based on the application in product life-cycle it can be 

applied. 
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3.3.11 Application Area 

Indices are usually created keeping an industry in mind. The reason for this is that one index 

trying to cover multiple types of industries will be hard to create and very cumbersome to 

use. So, the indices can be classified according to their industrial area focus or the area of 

expertise they want to evaluate. For example, Hydrogen index can be used in hydrogen 

industry, while FEDI can be used in chemical industry and accident risk index can be used 

in any industry. 

 

 

Figure 10: Index classification system 

 

Major classifications can be summarized in the diagram given in figure 10. The interest in 

safety indices as related to several stages and parts of design and life-cycle analysis is 

reflected in Figure 11. The keywords used were process safety index, life cycle safety index, 
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transportation safety index and so on. 2762 total studies were found relevant and were 

retrieved on February 17th, 2016. One can notice that the highest degree of application has 

been centered on the process itself, which calls for the development of suitable indices to be 

applied during the design stage of the process. 

 

Table 4. A list of 25 representative safety indices, their level of application and inputs 

required.  
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Mond Index [61] 

1 0 1 1 0 1 0 0 0 0 0 0 0 Numerical 

Ranking 

Edward and 

Lawrence PIIS 

[71] 

1 1 1 0 0 1 0 0 0 0 0 0 0 Numerical 

Ranking 

Dow C&EI [62] 1 1 1 1 0 1 1 1 0 1 1 0 0 

Damage 

Radii, Cost 

involved 

Dow F&EI [59] 1 1 1 1 0 1 1 1 0 1 1 0 0 

Hazard 

Radii, 

Numerical 

Ranking 

Hazard 

identification 

and ranking 

(HIRA) [63] 

1 1 1 1 0 1 0 0 0 1 0 0 0 

Hazard 

Radii, 

Numerical 

Ranking 

Inherent Safety 

Index [70] 
1 1 1 1 1 1 0 0 0 0 0 0 0 

Numerical 

Ranking 

EHS Index [80] 

 
1 1 1 0 0 1 0 0 0 0 0 0 0 

Numerical 

Ranking 

INSET Toolkit 

[98] 
1 1 1 1 1 1 0 1 0 1 1 0 0 

Qualitative 

Ranking, 

Numerical 

Ranking 
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SweHI [65] 1 1 1 1 0 1 1 1 0 1 1 1 1 

Hazard 

Radii, 

Numerical 

Ranking 

GreenPro - I : 

[102] 
1 1 1 0 0 1 0 0 0 0 0 0 0 

Fuzzy 

Ranking 

Runaway Risk 

Index [103] 
1 1 1 1 0 1 0 1 0 0 1 0 0 

Runaway 

Risk Rank 

Fuzzy Logic 

Based ISI [76] 
1 1 1 1 0 1 0 0 0 1 0 0 0 

Fuzzy 

Ranking 

I2SI [66] 1 1 1 1 1 1 0 1 0 1 1 1 1 

Fuzzy 

Ranking, 

Numerical 

Ranking 

Life cycle 

index [83] 
1 0 1 0 0 1 0 0 0 0 0 0 0 

Numerical 

Ranking 

PROCESO 

index [104] 
1 1 1 1 0 1 1 1 1 1 1 1 1 

Numerical 

Ranking 

KPIs 

Quantitative 

Assessment 

[69] 

1 0 1 1 1 1 1 1 1 1 1 0 0 

Estimated 

Risk 

Domino 

Hazard Index 

[67] 

1 1 1 1 0 1 0 1 0 1 1 1 1 
Numerical 

Ranking 

Environmental 

Consequence 

Index [105] 

1 0 0 0 0 1 0 0 0 1 0 0 0 Numerical 

Ranking 

Process Route 

Index [77] 
1 0 1 0 1 1 0 0 0 0 0 0 0 

Numerical 

Ranking 

Qualitative 

Assessment 

for Inherently 

Safer Design 

(QAISD)  [84, 

99] 

1 1 1 1 1 1 0 0 0 1 0 0 0 Inherently 

Safer 

Alternatives 
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Risk 

Assessment 

Hydrogen 

[84] 

0 0 1 0 0 1 0 0 0 1 0 0 1 
Numerical 

Ranking 

Process 

Stream Index 

[78] 

1 0 1 0 1 1 0 0 0 0 0 0 0 
Numerical 

Ranking 

QI2SD [68]  1 1 1 1 1 1 0 1 0 1 1 1 1 

Damage 

Radii - 

Numerical 

Ranking 

Occupational 

Risk Index 

[106] 

0 0 0 1 0 0 1 0 1 1 1 1 1 Risk Rank 

Risk Based 

Ranking of 

Hazardous 

Thermal 

Chemicals 

[81] 

1 1 0 0 0 0 0 0 0 0 0 0 0 
Runaway 

Risk Rank 
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Table 5. Additional properties for the selection of 25 Indices  
 

Process Plant Storage Transportation Toxicity Fire 

Mond Index [61] 1 0 0 1 1 

Edward and Lawrence 

PIIS [71] 

1 0 0 1 1 

Dow C&EI [62] 1 1 0 0 1 

Dow F&EI [59] 1 1 0 1 0 

Hazard identification and 

ranking (HIRA) [63] 

1 1 1 1 1 

Inherent Safety Index [70] 1 1 0 1 1 

EHS Index [80] 

 

1 0 0 1 1 

INSET Toolkit [98] 1 1 1 1 1 

SweHI [65] 1 1 1 1 1 

GreenPro - I : [102] 1 1 1 1 1 

Runaway Risk Index 

[103] 

1 0 0 0 0 

Fuzzy Logic Based ISI 

[76] 

1 1 0 1 1 

I2SI [66] 1 1 1 1 1 

Life cycle index [83] 1 0 1 0 0 

PROCESO index [104] 1 1 1 1 1 

KPIs Quantitative 

Assessment [69] 

1 1 0 1 1 

Domino Hazard Index 

[67] 

1 0 0 1 1 

Environmental 

Consequence Index [105] 

1 1 1 1 1 

Process Route Index [77] 1 0 0 0 1 

Qualitative Assessment 

for Inherently Safer 

Design (QAISD)  [84, 99] 

1 0 0 1 1 

Risk Assessment 

Hydrogen [84] 

1 1 1 1 1 

Process Stream Index [78] 1 0 0 0 1 

QI2SD [68]  1 1 1 1 1 

Occupational Risk Index 

[106] 

1 0 0 0 0 

Risk Based Ranking of 

Hazardous Thermal 

Chemicals [81] 

1 0 0 0 0 
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Figure 11. Papers on safety published according to the ISI Web of Science.† 

 

3.5 Some applications of safety indices during the process design 

Recent applications of safety principles and metrics as part of the design of a process 

illustrate the importance and interest that this topic is gaining in the research community. 

Some works have used inherent safety principles, while others have implemented simple 

safety measures that add to the economic metrics as part of the design problem formulation. 

Patel et al. [107] applied the concepts of inherent safety for the design of liquid-liquid 

extraction processes. Medina et al. [108] showed how distillation systems can be designed 

using inherently safer principles. An application of Quantitative Risk Analysis metrics 

together with process economics was used by Medina-Herrera et al. [109] to identify optimal 

solutions in the form of Pareto fronts for the selection of solvents for extractive distillation 

processes. Hamad et al. [110] incorporated safety metrics for the assessment of solvent usage 

on Fischer-Tropsch reactors.  The safety metrics were based on the work by Pokoo-Aikins 

                                                           
†This figure is reprinted with permission from "A review of safety indices for process design."  Nitin Roy, 

Fadwa Eljack, Arturo Jiménez-Gutiérrez, Bin Zhang, Preetha Thiruvenkataswamy, Mahmoud El-Halwagi, M 

Sam Mannan, Current Opinion in Chemical Engineering 14 (2016): 42-48. Copyright 2016 Elsevier.  
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et al. [111] and included four chemical specific indicators (flammability, toxicity, reactivity 

and vapor pressure) and two process specific indicators (temperature and pressure). 

 

Safety metrics have also been used during the process synthesis phase for the comparison of 

process alternatives. Pokoo-Aikins et al. [111] used the chemical and process metrics 

mentioned above as part of a multi-criteria approach for screening process alternatives for 

the conversion of sewage sludge to biodiesel. Thiruvenkataswamy et al. [112] evaluated two 

alternative ethylene production processes using techno-economic and safety measures. 

Safety was measured using the HIRA methodology to obtain the Fire and Explosion Damage 

Index as a convenient tool for application, given the preliminary stage of development 

considered in this work. Lou et al. [113]introduced a process security index to assess process 

safety. Hassim and Hurme [114] and Hassim and Edwards [115] developed methodologies 

for the assessment of inherent occupational health and their inclusion in process design. 

 

Safety objectives have also been used in the design of supply chains and macroscopic 

systems. El-Halwagi et al. [51] developed a multi-objective optimization approach for the 

synthesis of bio-refining supply chains with economic and safety objectives. Here, safety 

was measured through a risk quantification for the stages that are part of a life cycle for the 

biorefinery. Similar approaches have been used for municipal solid waste management 

[116], for facility location and the interaction of processing facilities with surround 

watersheds [117], for safe heat exchanger network allocation [56], optimal placement of gas 

detectors [118], facility layout problem considering toxic release and mitigations systems 

[119] and for quantifying stability points in a steady state operation [120]. 
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CHAPTER IV 

PATTERNS AND TRENDS IN INJURIES DUE TO CONSUMER PROPANE 

INCIDENTS 

 

4.1 Synopsis 

Propane is used by humans in various products regularly in day to day life. Often the hazards 

due to propane for these products are overlooked. The events due to consumer propane are 

usually medium to high frequency low consequence events. The present study analyzes the 

trends in injuries from 2002 to 2016 with various factors like sex, location, time and age to 

emphasize the importance of hazards at the consumer level due to propane and products 

using propane. 

 

4.2 Introduction 

Propane is one of the most versatile fuels used in the United States. Although it covers 4 

percent of our total energy needs, propane products were used by more than 60 million 

people in United States in 1999[121] . The demand and awareness of propane as a clean fuel 

have increased exponentially in the recent years and are expected to grow more [30]. Propane 

is listed in the 1990 Clean Air Act and National Energy Policy Act of 1992 as an alternative 

clean fuel due to its portability and environmental benefits. Propane is used at home for 

heating water, heating spaces, cooking, drying clothes, and barbequing. Per 1999 statistics, 

75 percent of U.S. families own a barbecue grill, and 60 percent of these grill owners use a 

propane gas grill. Propane is also used in recreation for gas grills, outdoor gas lights, mobile 

home, RV appliances, generators, swimming pools [121]. Propane is a staple on 660,000 
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farms for crop drying and flame cultivation [122]. More than 1 million commercial 

establishments, such as hotels, restaurants and laundromats use propane for office buildings, 

vehicles, industries, utilities, portable heating, grills, etc. [123]. Due to enormous demand of 

propane a transportation network of 90 barges, 6000 transports, 36500 bobtails, 22000 

railroad tank cars, 70,000 trunk line pipeline systems is in US. There are around 13500 bulk 

plants that contain one or more propane tanks for storage, which typically contain 18000-

30000 gallons of liquid propane [124]. 

 

Propane is a colorless and odorless flammable gas. It is also an asphyxiant. If inhaled, it will 

cause dizziness, difficult breathing, or loss of consciousness. Vapors are irritant to eyes and 

throat. However, vaporizing liquid can also cause frost bite[31, 125] The main hazard of 

propane is its high flammable nature. Flammable propane can cause injuries due to burn, 

thermal radiation and carbon monoxide poisoning. Since the gas is heavier than air, it may 

accumulate in low spaces and near the space floor. It can travel far to find the ignition source 

and flash back. Containers with propane gas can explode in terms of fireballs or vapor cloud 

explosions. Propane can also explode in confined spaces [126]. Another important hazard 

associated with propane storage and transportation is BLEVE (Boiling Liquid Expanding 

Vapor Explosion) and has been reported many times; many times BLEVEs have caused huge 

damage in life and assets due to the accompanying fire ball and blast. Several large-scale 

incidents that were caused by propane and liquid natural gas (LNG) have been reported. For 

example, the incident that occurred in Mexico City in November 1984 resulted in 500 deaths 

and 5000-7000 burn injuries [127]. It is one of the deadliest disasters in history. It was caused 

by BLEVEs of around 5.6 megaton of propane. More examples are listed in Table 6.  
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Table 6: Recent Incidents related to consumer propane and products using propane 

Propane Incident Year Consequence 

Doxol Propane Rail Car Disaster, Kingsman, 

Arizona [128]  

1973 13 dead, 90 injured 

Falk corporation blasts, Milwaukee, 

Wisconsin[129]  

2006 3 dead, 46 Injured 

Little General Store explosion, Ghent, 

Western Virginia[130]  

2007 4 dead, 6 Injured 

Sunrise Propane Incident, Toronto [131] 2008 2 dead, 18 Injured 

 

The distribution and consumption of LPG is less regulated than other petroleum products. 

NFPA 54 (National Fuel gas code) and NFPA 58 (Liquified Petroleum Gas code) are 

standards dealing with LPG (Fay, 1980). In the Organization for Economic Cooperation and 

Development (OECD) countries, 60-70% of LPG incidents occurred during road 

transportation, process activities and at domestic/commercial premises. Out of which the 

highest contribution is from road transport, followed by domestic/commercial usage. 

Fatalities due to LPG incidents were mostly public fatalities and not at workplace. 

Additionally, frequency and severity of LPG incidents are higher than other conventional 

fuels [132]. According to the U.S. Consumer Product Safety Commission (CPSC), around 

600 propane tank explosions occur each year. For example, in 2013 in Cape May, New 

Jersey, a couple’s home was destroyed due to a propane gas explosion. The closing valve 

was not secured, when it was accidently left open, the gas formed a huge pool in the 

basement. The gas later blew the house after coming in contact with an ignition source. 
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Another incident occurred in the same year in Fillmore, California, when the family was 

using a barbeque. They were using handheld propane lighter. However, the propane bottle 

kept near the open fire, the temperature inside the vessel increased and exploded [133]. 

Additionally, around 7000 gas grill fires occur every year according to National Fire 

Protection Association (NFPA). For example, in 2013, in West Palm Beach, Florida, 

propane gas grill exploded due to the delayed ignition by the user, who got second-degree 

burns [134]. All these recent incidents prove that there is a need to study the propane 

incidents at the consumer level.   

 

One of the most important ways to understand the hazards of propane is to analyze incidents 

that are recorded in incident databases. In the U.S., concerned organizations are required to 

report incidents to various federally and state funded databases. These databases are listed 

in Table 1 and described briefly below. Out of the database mentioned in Table 7, NEISS 

was used in the study due to its massive amount of data, relevance to our interest and ease 

of accessibility. 
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Table 7: Incident databases available in United States 

Database Agency Type of Data 

National Fire Incident 

Reporting System 

(NFIRS)[135]  

United States Fire 

Administration (USFA)  

Fire incidents over 

United States 

National Toxic Substance 

Incidents Program 

(NTSIP)[136] 

Agency for Toxic 

Substance and Disease 

Registry (ASTDR) 

Information pertaining 

to harmful spills caused 

by toxic substances 

Fatality and Catastrophe 

Investigation (FCIS) 

[137] 

Occupational Safety 

and Health 

Administration 

(OSHA) 

Workplace incident 

descriptions 

Motor Carrier 

Management Information 

System (MCMIS) [138] 

Federal Motor Carrier 

Safety Administration 

(FMCSA) 

Inspection, crash, 

compliance review, 

safety data 

Incident Reports 

Database  (OHMS) [139] 

Office of Hazardous 

Materials Safety 

(OHMS) - Pipeline and 

Hazardous Materials 

Safety Administration 

Transportation incident 

data 

Mine Data Retrieval 

System (MDRS) [140] 

Mine Safety and Health 

Administration 

(MSHA) 

Fatality, injuries, and 

citations in mining 

industry 

National Electronic 

Injury Surveillance 

System (NEISS) [141] 

Consumer Product 

Safety Commission 

(CPSC) 

Injuries and fatalities 

due to consumer 

products 

 

 

NEISS (National Electronic Injury Surveillance System) is a database which can be 

expanded to estimate injuries related to a certain product in the United States. The concept 

of the database was originally made by Bureau of Product Safety of the U.S. Food and Drug 

Administration in 1968 and formally started in 1971. The NEISS database is now maintained 

by CPSC. CPSC was established in 1972 by the Consumer Product Safety Act and is an 

independent organization which reports to Congress and the President. Any consumer 

product, which is not specifically regulated by other agencies, comes under the jurisdiction 

of CPSC. CPSC also gathers information through various sources to analyze the hazards 
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with various consumer products and regulate them. For the NEISS database, CPSC collects 

patient information from NEISS hospitals all over the United States and provides the 

information anonymously for the public use. The database covers a large variety of consumer 

products from toys and clothing, to air conditioners and electrical equipment. Elements of 

the database include date of the injury, product related, gender and age of the victim, the 

diagnosis of the injury, the location where the incident occurred and the body part which 

was affected due to the incident. The NEISS coding manual provides the information on the 

database structure, reporting criteria and the instruction of using the database. The NEISS 

database does not contain the incidents which resulted in occupational injuries or injuries 

which have been previously treated in other hospitals and the incidents where no consumer 

product is involved  [142]. A CPSC investigator is dispatched to the incident location to 

investigate the incidents in detail if necessary [143]. Each collected case has a corresponding 

estimated statistical weight based on the sample design method. The actual case counts 

should be multiplied with the statistical weights based on the hospitals. Each hospital has a 

certain weight based on the stratification variable [144]. Sampling error can also be 

computed from historical data and surveys[145].  

 

This study analyzes and presents the trends of injuries that are related to propane or propane 

products at consumer level with the factors such as age and gender of the victim, location of 

incident, and date of incident. The aim of this study is to summarize the lessons learnt from 

the incidents related to propane products and emphasize the importance of the safety at 

consumer level. Section 3.2 introduces the background knowledge of the work. Section 3.2 

of the chapter presents the methodology of the work, including data collection, data 
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description, and tools and resources that are used to analyze the data. The section 3.3 

summarizes the results with corresponding discussions. Section 3.4 concludes the study with 

important recommendations based on the results.  

 

4.3 Methodology  

4.3.1 Data Collection  

The NEISS database can be downloaded from the CPSC website in terms of queries. The 

NEISS injury data is categorized based upon the product code being the main cause of the 

incident. The data can be queried by at maximum three product codes and then downloaded 

by year. Data from 1997 to 2012 was studied for this work. The major codes selected for the 

injuries related to propane are listed in Table 8. The code for carbon monoxide was selected, 

since one of the main hazards of propane burning is carbon monoxide poisoning. 

 

Table 8: NEISS product codes for consumer propane related injuries  

Code Product 

107 Gas cloth dryer 

384 Floor furnaces 

1899 Carbon monoxide poisoning 

131 Propane, LP* or butane gas tanks 

623 Butane or LP gas meters 

3284 Gas or LP grills or stoves 

334 Gas-burning fireplaces, factory built 

393 Heaters or heating systems 

310 Gas furnaces 

392 Gas or LP heaters 

391 Portable gas or LP heaters 

279 Gas ranges or ovens (broilers) 

       *LP stands for Liquid Propane 
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Multiple numbers of files were generated in the .tsv (tab separated values) format, which 

were combined in Python. Later this combined file can be imported to MS Excel. The data 

was cleaned by removing the missing or inconsistent data. Further processing using 

secondary codes and logical function were conducted to obtain the data of propane related 

consumer products. The summary of the steps are illustrated in Figure 12. 

 

 

Figure 12: The flow chart showing the steps of data processing and analysis. 

 

4.3.2 NEISS Data [142] 

The NEISS data is in table formats, where each row represents an injury incident with 

corresponding time stamp and columns present the detailed information of each incident, 

such as the location of incident, and the product code of the cause of incident. A more 

detailed description of the data is provided in Table 9. 
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Table 9: Brief descriptions of NEISS data  

Column Description 

Date of Treatment The date on which the patient was seen for 

treatment 

Case Number Unique record number for NEISS for each case 

Date of Birth Date of birth of patient 

Age of Patient Age of Patient 

Gender of Patient Sex of the Patient 

Diagnosis The Doctor’s diagnosis of injury e.g. anoxia, 

burns 

Body Part Affected  The body part affected due to the injury 

Disposition of Case Disposition of the case from emergency 

department e.g. treated, released, transferred to 

other hospital 

Product (s) Mentioned Two (one) most relevant consumer product 

which caused the injury 

Whether Intentionally Inflicted If the injury was caused due to another person, if 

it was intentional 

Incident Locale The location of the incident e.g. home, street, 

ranch 

Fire Involvement If there was fire and the fire department was 

called 

Whether Work-Related Was the injury occupational 

Race Race of the person 

Other Race and/or Ethnicity Specific minor race category e.g. White 

Hispanic, 

Comments/Narrative Two-line description about the incident 

 

4.3.3 Data analysis and data visualization 

The data analysis and data visualization were conducted in a software tool called Tableau, 

which can handle a large amount of data. Tableau is commercial business Intelligence 

software. It supports various data formats like Excel, Data cubes, and Data warehouses 

[146]. The analysis results are discussed in Sections 4.4.  
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4.4 Results & Discussion 

4.4.1 Yearly, quarterly and monthly variation of incidents 

Figure 13 shows the trend in number of incidents related to propane from years 2002 to 2016. 

As one can notice there is a growing trend of the incidents. Around 68,275 incidents occurred 

over 14 years giving an average of 4,877 incidents per year. The incidents related to propane 

products have increased from 3,604 in 2002 to 6,179 thousand in 2016, an increase of 71%, 

while the total population in US has increased from 288 million in 2002 to 323 million in 

2016, an increase of 12% [147]. This indicates a growing trend of consumer propane related 

incidents, which could be an effect of growing consumption of propane and ignorance of 

hazards due to propane. Thus, the hazards of consumer propane need to be studied and 

awareness about hazards of consumer propane should be increased.  

 

 

Figure 13: Number of incidents from years 2002 to 2016 
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Figure 14 shows the variation of total number of incidents over months from 2002 to 2016. 

Extreme seasons i.e. summer and winter have high number of incidents. The months with 

most accidents are summers and winters. Possible causes would be extensive use of 

barbeques and grills in summers and use of propane as a heating source in winters. October 

is showing the highest number of incidents over the years, while April shows the least. 

 

Figure 14: Incidents over the years 1997-2012 aggregated over the months 

 

4.4.2   Trends in incidents by location 

The distribution of number of incidents by location is shown in Figure 15. 29.7% of the 

incidents have no record of the location. However, within those with recorded locations, the 

highest percentage of incidents has been recorded in the premises of homes (88.2%) 

followed by other public property (4.6 %), places of recreation or sports (4.6 %), and mobile 

houses (1.2 %). There should be more awareness at homes, public property and places of 

recreation which comprise most of the injuries. 
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Figure 15: Distribution of incidents with location 

 

 

Figure 16 presents the incidents aggregated quarterly from 2002 to 2016, for different 

locations. The number of incidents is higher in homes in winter which can be accounted due 

to propane being used for heating. Figure 17 shows the distribution of injuries by propane 

products and months over 2002-2016 for home. It shows the increase in usage of LP grills 

in summer and fall months. Propane tanks are used more in summer for grilling and winter 

for heating. Injuries due to portable gas or LP heaters are more in winters. Also, we can see 

from figure 16, the places of recreation have the highest incident rate in summer and fall, 

when people are more likely to use propane for camping and barbequing, etc. The places of 

recreation include amusement parks, stadiums, lakes, mountains, resorts, and parks. Other 

public property includes stores, hotels, casinos, hotels, theaters, etc. Propane products are 
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also used in industrial places such as railway yards, warehouses, and construction sites for 

heating. The industrial places here however, doesn’t include the incidents due to use of 

propane as an industrial chemical. A fair amount of data has not been recorded. It is 

interesting to note that data with no record is higher in summer. It is clear that  

 

Figure 16: Distribution of incidents by quarters and locations 
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Figure 17: Distribution of injuries with months and products at home for 2002-2016 

 

4.4.3 Trends in incidents by gender 

Figure 18 gives the trend of percentage of incidents involving males and females over the 

years. As observed in Figure 18, males are more than twice more prone to propane incidents 

than females, since men usually do the grilling, or maintaining the heating equipment in the 

household. It is important to note that there is an increasing trend of difference between the 

number of incidents between males and females over the years.  
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Figure 18: Variation incidents from 2002-2016 by gender 

 

 

Figure 19: Variation of incidents over 2002-2016 aggregated over quarters and 

gender  
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Another interesting graph to look at is to see the injuries male and female over different 

quarters of the years (Figure 19). The graph shows that the number of women having injuries 

is not dependent on the quarter of the year; the total injury change in quarters is only affected 

due to the incidents involving men. This would suggest that men are more affected by 

seasonal use of consumer propane products.  

 

4.4.4 Trends in incidents by age  

People who were involved in the incidents are from 2 to 100 years old. In order to study how 

the trend of incidents depends on age, incidents are categorized by different age range. The 

age groups used are 0 – 2 years old, 2 – 12 years, 12 – 20 years, 21 – 40 years, 41 – 60 years 

and greater than 60 years old. Figures 9 show the distribution of incidents with location for 

different age categories. It shows that 13.7% of injuries happen at home in the age group 0-

12, which is small compared to 30.4% in 21-40 age group and 32.48% in 41-60 age group, 

but it is still alarming. It can also be noted highest injuries at school are in the age group 12-

20 but the injuries at home for the same age group is still higher.  

 

Figure 20 shows the distribution of injuries for different age groups over two periods 2002-

2010 and 2010-2016. It is interesting to note that the percentage of injuries in age group 0-

20 has decreased over the years. However, there is a significant rise in percentage of injuries 

in age group more than 60. Possible reasons could be less help from family members in old 

age or increase in average life-expectancy over the years. There is 20% increase in 

population in age group more than 62 years from 2000 to 2010 (census.gov). From the figure 

21, we can see the percentage increase in injuries in age group more than 60 is around 40%, 
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which is worrisome. Percentage of injuries in age group 21-40 has decreased, whereas, in 

age group 41-60 has increased. The trend looks good for age below 40 but, worrisome for 

age group above 40.  

 

 

Figure 20: Incidents as a function of age at different locations 
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Figure 21: Incidents with age over years. 

 

4.4.5 Trends in incidents by diagnosis, disposition and body part affected 

Figure 22 shows the distribution of injuries over the years with respect to treatment type at 

the hospitals. It can be inferred, most injuries (84.5%) are mild or less serious, that fall in 

‘treated and released category’. The injuries in ‘treated and released’ category have 37.1% 

thermal burns, 10.1% lacerations, and 9.1% contusions. The ‘treated and transferred’ injuries 

may be the most serious, which require special treatment hospital such as burn centers. 

82.5% of the ‘treated and transferred’ cases were thermal burns and 52% were burns in face. 

‘Treated and admitted’ injuries are the second most serious injuries, which include 62.9% 

thermal burns and 16.2% anoxia. The category ‘fatality’ is underestimated since, the record 

is only kept for injuries which result in death in the hospital.  
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Figure 22: Distribution of total injuries with treatment type 

 

Figure 23 shows the total number of incidents over the selected period classified by body 

parts and locations. The Body parts are categorized in groups. For example, lower 

extremities include lower arm, fingers, hands and wrists. Lower extremities include ankle, 

feet, toes, lower leg and knee. Highest number of injuries with propane happen to Head & 

Face, which includes, noses, ears, necks etc. Head & Face injuries comprised of 62.9% 

thermal burns, 13.0% lacerations, and 7.3% contusions. The main causes of ‘head & face’ 

injuries were propane gas tanks (46.4%), gas or LP grills (24.6%), gas or LP heaters (6.7%) 

and portable gas & LP heaters (4.7%).  

 

Categories 25-50% of body and all parts of body comprise of more serious injuries. On close 

analysis, these comprise of anoxia, thermal burns and poisoning. After reading the 
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narrations, it is seen that most of the thermal burns have been caused due to explosion of 

propane tanks in grills, mobile homes, and portable heating equipment. Anoxia and 

poisoning has been caused due to propane leaks and carbon monoxide poisoning; and mobile 

homes and places of recreation has been most hazardous in terms of location after homes. 

For injuries in lower extremities and lower torso has more distributed diagnosis with 25.0% 

thermal burns, 22.3% strain-sprain, 14.9% fractures, 10.6% contusions, and 8.0% 

lacerations. The main cause of factures and strain-sprain would be due to falling of objects. 

The main products related to the injuries are 71.3% propane gas tanks, 6.6% gas or LP grills, 

5.2% portable gas or LP heaters and 4.8% gas or LP heaters. For categories upper extremities 

and upper torso, 51.0% are thermal burns, 10.88% are lacerations and 6.4% are fractures. In 

terms of related products upper torso and extremities injuries are related to 54.7% propane 

gas tanks, 14.7% gas or LP grills, 7.1% gas or LP heaters and 6.9% portable gas or LP 

heaters.  
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Figure 23: Incidents over different body parts with location 

 

 

Figure 24: Distribution of injuries over months by body parts in 2002-2016 

 

Figure 24 shows the distribution of injuries by body parts and diagnosis over the years. Head 

& face mostly have thermal burns (65.6%), lacerations (12.5%) and contusions (7.8%). 

Upper extremities such as fingers, hands and lower arm have the main injury as thermal 

burns which is due to poor handling of heated consumer propane products. Lower 

extremities such as toes, feet and lower leg; and lower torso such as lower trunk and upper 

leg have lesser thermal burns but higher percentage of strain-sprain, contusions, lacerations 

and factures. It is interesting to note that the lower torso has 40.7% of strain-sprain injuries 

due to handling of heavy equipment. Injuries with all parts of body and 25-50% of body 
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have mainly anoxia, poisoning and thermal burns. Winter has high injuries with poisoning 

and anoxia due closed conditions in winter and failing or leaking of heating equipment.  

 

 

Figure 25: Distribution of injuries by body type and top 10 diagnosis 

 

Figure 26 shows the total propane incidents over the recorded period classified by diagnosis 

of injury as well as gender. Incidents resulting in thermal burns are highest in number, 

followed by lacerations and anoxia. The figure also shows the distribution of female and 

male injuries. It can be seen that the percentage of female injuries is higher in anoxia and 

poisoning.  
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Figure 26: Incidents with different diagnosis as a function of gender 

 

Figure 27 show the distribution of diagnosis over the years. The main injury due to propane 

products over the years are thermal burns. Anoxia is caused due to propane inhalation, 

whereas, poisoning is caused mainly due to carbon-monoxide poisoning. There is a 

increasing trend in anoxia from 2002 to 2016. Anoxia and poisoning in children and 

teenagers can also be caused due to intentional “huffing”. 
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Figure 27: Distribution of injuries for Top 10 diagnosis by injuries over years 2002-

2016 

 

4.4.6 Trends in injury by race 

Figure 28 shows the number of consumer propane incidents by race. This graphs only shows 

from 2010 because Native Americans were not included before that.  
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Figure 28: Incidents over the years as a function of race 

 

The incidents related to consumer propane in 2016 were on an average have 55% whites and 

4.5% African Americans. Race data for many incidents has not been recorded. The race 

composition from 2016 is 76.9% White and 13.3% African Americans and 2010 is 72.4% 

White, 12.3 % African Americans, 1.3% American Indians/Alaskan Native, and 5.7% Asian. 

(census.gov). It is interesting to note, the there is an increasing trend in not recording the 

race in recent years. 
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4.4.7 Incidents with fire involvement 

The Figure 29 shows the time evolution of propane incidents classified where the incidents 

involved a fire. This figure shows that incidents increase with time, but the proportion of 

incidents involving fire shows potential to increase gradually over the years. Propane is 

highly flammable gas with a LFL and UFL of 2.1% and 9.6% respectively. It has a flash 

point of -104.4 °C and an autoignition temperature of 450 °C. Percentage of incidents 

involving fire is 37.89% in 2016. Overall 70.1% injuries had no fire involvement however, 

still around 42% had face burns. This can be seen in detail in figure 30. This is because many 

burns were due to LP grills and heaters, which are itself a burn hazard without causing an 

official “fire”.  

 

 

Figure 29: Percentage of incidents involving fire during 2002-2016 
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 (a)

(b) 

Figure 30: Distribution of injuries involving (a) Fire and (b) no fire  
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4.4.8 Trends in Injuries by propane products 

Several products were found which were reported as most relevant source of the injury. The 

top 10 products by injury are reported in figure 31. The product with highest injuries was 

propane gas tanks (59.1%), followed by gas or LP grills (18.5%), gas or LP heaters (7.0%) 

and portable gas or LP heaters (6.4%). Figure 32 shows the distribution of injuries by product 

and diagnosis. Grills can be associated mostly with thermal burns due to its inherent burn 

hazard and anoxia due to leakage in propane. Propane gas tanks are associated to multitude 

of injury types of which, the most prominent are thermal burns, strain-sprains and 

lacerations. LP meters can be mostly associated with lacerations. Overall, traumatic injuries 

such as contusions, fracture, and lacerations are less prominent than burns and anoxia. 

Another interesting figure to analyze is the distribution of products related to face which 

constitutes eyes, face, mouth, and ears by primary relevant product and diagnosis (Figure 

33). The injuries in face can be mainly associated with propane gas tanks (42.4%), gas or LP 

grills (37.0%) and gas or LP heaters (7.1%). Gas or LP grills have mostly thermal burns, 

which would mainly flash burns. However, propane gas tanks have various types of injuries 

such as thermal burns, contusions and lacerations in the face. 
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Figure 31: Distribution of injuries by top 10 products  

 

 

Figure 32: Distribution of injuries by consumer propane product and diagnosis 
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Figure 33: Distribution of injuries for face by product and diagnosis 

 

4.5 Conclusions & Recommendations  

There are several incidents due to consumer propane products. Incident database can give 

hidden information, patterns and trends about hazard and risk which needs emphasis. NEISS 

database was used due to its relevance, comprehensiveness. The consumer propane market 

covers more than 60 million people in United States. There is a need for awareness of hazards 

about consumer propane products. Incidents due to consumer propane have increased over 

2002 to 2016. The database was analyzed for years 2002-2016, total more than 68 thousand 

incidents over 14 years concerning consumer propane. The number of incidents has grown 

faster than the population over the years. Summer and winter months have higher number of 

incidents. If we consider location of incidents, highest number of incidents has happened at 

home, where the author thinks there is a need for awareness about risks of consumer propane 
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and its products. Males are involved on an average in more than twice the number of 

incidents as females. It is also interesting to note that the number of incidents involving 

females has a flatter trend within a year. If we classify the incidents with different age groups, 

highest number of incidents has happened in the age group of 21-40 years. However, we see 

that there is high rise in injuries to the age group more than 60 years. Considering affected 

body parts affected due to incidents, incidents affecting face are the highest. Similarly, 

considering the diagnosis, thermal burns was the most diagnosed affect.  In 2016, around 

38% of incidents involved fire which has increasing trend. The database has improved over 

the years; however, complete recording of data is still lacking. We need to increase the 

awareness among the consumer about the hazards of propane and propane products. The 

awareness programs should be focused based on location, age, gender, time of year, type of 

activity, etc. The same should be true about laws and standards for consumer safety of 

people.  

Proposed recommendations for consumer propane market and consumers: 

• Safety efforts focused on hazard to face, head, hands, and upper extremities.  

• Use of protection such as gloves for thermal burns while operating grills and heating 

equipment. 

• Appropriate faceguards should also be considered while using propane grills to 

protect against flash burns. 

• Correct operating procedures should be emphasized to prevent again explosions. For 

example, ensuring ignition switches before opening the propane gas, will help in 

preventing explosions. 

• Extensive use of underutilized NEISS database should be performed  
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Manufacturers provide operating manual with possible hazards. However, consumer often 

ignore the manual as well the hazard signs. Awareness about hazards of propane equipment 

should be increased and, don’ts and dos of operating grills and propane equipment should 

be spread. This study shows that there is a need for a detailed research on hazards of propane 

products, its causes, ergonomics and preventions plan especially at home.  
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CHAPTER V 

APPLICATION OF PROCESS SAFETY INDEX IN OPTIMIZATION OF 

HAZARDOUS CHEMICALS SUPPLY CHAINS 

 

5.1 Synopsis 

Increasing globalization has made supply chains large and highly complex. Moreover, drive 

for efficiency makes the supply chains very interdependent and tight. Disruptions in supply 

chain can cause large implications in different segments of the industry. Incidents due to 

hazardous chemicals is an important factor for reliability of the supply chain. It is important 

to incorporate safety and economic concerns in the design of Chemical supply chains. In this 

chapter, a novel framework for safer supply chain design has been proposed to address the 

trade-offs between safety and financial issues in order to reduce negative impact on both the 

industry and the community due to chemical hazards. Both fire and toxic hazards have been 

included in the model in the form of safety indices. The approach includes assessing hazards 

using a safety index and an optimization formulation to maximize the profit and minimize 

the hazard when designing the supply chain. The formulation also incorporates technological 

options for production plants. The formulation was tested on a case study of ammonia supply 

chain to show the capability of the model. 
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5.2 Introduction 

Chemical supply chains are integrated networks of facilities for processing, production, 

storage and transportation through which the raw materials are acquired, stored, transformed 

into finished products and sold to the customers [148]. Supply chains consist of three main 

elements, namely storage, transportation and process [149-151]. Almost 65% of the revenue 

of a chemical product is consumed by its supply chain [13, 150]. It drives the many 

significant parameters of the product like price, product quality and time of delivery[13]. 

Industries have now very tight relations and connections with the suppliers and distributors. 

Any small disturbances may affect in huge implications in the diverse segments of the global 

supply chain and the cascading effect can affect industries that are situated in very different 

parts of the world. For example, after the earthquake incident in July 2007 in Niigata region 

of Japan, many parts of the region were completely destroyed [152]. After the aftermath, due 

to a disruption in a pigment plant in Ohama, many automobile companies stopped producing 

many colors of the car. The pigment produced was Xirallic, which is used to give glittering 

shine to many colors for vehicle. Surprisingly, this was produced in only one manufacturing 

plant in the world and after this problem many automobile companies had to reassess their 

supply chain [153]. Disruptions in supply chains arise from various sources like, 

uncertainties in demand and supply, weather, logistics, natural disasters, accidents, etc. One 

of the important sources is the supply chain disruptions caused by chemical and process 

hazards during the transportation, manufacturing and storage of chemicals. For example, in 

Taiwan gas explosions in 2014, it impacted four sites and took over 26 weeks to recover 

affecting the local petrochemical market and around 900 million dollars in losses. Same year, 

a chemical spill in Arizona in southeast Phoenix at Intel facility, two sites were impacted 
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and took around 10 weeks to recover. It affected the many of its supply chain partner with 

around 900 million dollars in losses[154, 155]. Another great example of this problem is fire 

at Albuquerque, New Mexico on March 17, 2000 at the Royal Phillips chip manufacturing, 

which was supplying radio frequency electronic chips to Ericsson and Nokia. Royal Phillips 

claimed to provide the chips in two weeks. Unlike Ericsson, Nokia started to look into 

alternative options. Eventually chips were not supplied till almost 6 weeks and subsequently, 

Ericsson later after six months recorded 1.68 billion dollars in losses. It is also claimed that 

that this incident caused the company to merge with Sony to form Sony Ericsson [4, 5]. 

There are several other incidents like this which give the implications of disruptions in 

supply chains.  

Many works have also showed the importance of process safety in supply chain. Saad and 

Kleindorfer [37] have described the importance of process safety in supply chain disruption 

risks. Manuj and Mentzer [38] notes manufacturing risk and transportation risk in supply 

chain. Hale and Moberg [39] emphasizes on the chemical storage risk in the supply chain. 

The concept of supply chain optimization is not new and has been a subject of interest for 

many decades as logistics network optimization and decision making [18, 52, 53, 156]. 

Grossman, 2004 showed the importance of supply chain optimization in process systems 

engineering. Supply chain optimization has been applied in many industrial cases like bio-

refineries [55], petroleum refinery [56], bio-fuels, etc. One of the significant papers in supply 

chain network optimization was by Tsiakis, Shah and Pentalides [48] which gives 

methodology to solve a multi-product supply chain network. The results of this paper were 

reproduced to gain the basic knowledge and hold of the subject. Multi-objective optimization 

in supply chain has been often done with environmental constraints. One of the significant 
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papers in this area is by Hugo and Pistikopoulos [50], which consider the environment 

objective with supply chain planning. There have been rather few works, studying the effects 

of incorporating process safety in supply chain network planning and optimization. 

Abkowitz and Cheng[157], 1988 consider transportation routing for hazardous chemicals. A 

related paper appeared recently by El-halwagi et al. [51]  where, basic risk analysis is applied 

in bio fuel industrial planning. There is still a lack of understanding and awareness of process 

safety in supply chain. Researchers have not considered hazard in supply chain design. There 

is a need of tool to consider the hazard in supply chain at the design phase for inherently 

safer design. 

According to Crowl and Louvar [58], hazard is “a chemical or physical condition that has 

the potential to cause damage to people, property, or the environment” while risk is “a 

measure of human injury, environmental damage, economic loss in terms of both the incident 

likelihood and the magnitude of the loss or injury”. Hazard is the inherent property of a 

chemical or process, which is always there if the chemical or process is there. Whereas, the 

risk can be reduced by applying various safety techniques without reducing the hazard. Risk 

is important to calculate during the operation stage when more detailed information about 

the process is available. However, hazard should be focused at the early design phase, where 

changes in the design is possible and the inherent hazard or the inherent safety of the 

chemical and process is more important than risk. For this research, hazard was chosen as 

quantities to be regulated or minimized during the optimization because firstly, this research 

focuses on the design of supply chains at early design phase where calculating risk is 

impractical and not effective and secondly, this research focuses on the inherent safety, 

which can be measured by measuring the hazard of the system. At the early design phase, 
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we can assess the hazard which is there due to chemicals and process.  There are two main 

types of hazard: mechanical hazard and chemical hazards. Mechanical hazard includes 

worker injuries from tripping, moving or falling equipment. While chemical hazards include 

fire and explosions, and toxic release due to chemicals which depend on different type of 

scenarios and processes. 

A typical supply chain network is represented in figure 34. It consists of raw material supply 

facilities, intermediate and final product manufacturing facilities, final product distribution 

zones or warehouses and the transportation links between each node. So, as we explained 

earlier, a supply chain network consists of three main units: transport, storage and process. 

In the supply chain network explained above, the raw material supply facilities and final 

product distribution facilities are typically storage facilities. The intermediate and final 

product facilities are typically process facilities. The links between each node are the 

transportation links which carry chemicals using various modes like road, rail and ships.  
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Figure 34: Schematic of a typical chemical supply chain 

 

 

Major chemical hazards in each entity of supply chain are: 

1. Storage: This is found at various parts of supply chain like raw material storage, finished 

product storage at each production facility, and warehouses near customer zones. Here the 

hazard is due to the huge quantities of chemical stored. It will depend on the chemicals 

involved. 

2. Transport: This is found between each node in the supply chain, i.e. between a production 

facility and the warehouse for distribution. The hazard here is also due to the chemical stored, 

but will also depend on the mode of transportation like trucks, railcars, or ships. 

3. Process: This is found at the manufacturing sites for intermediate and final products, 

where the raw material is converted to finished products using some chemical and physical 
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processes. The hazard here is due to the chemicals and the corresponding process conditions 

involved. It will highly depend on the process temperature, pressure, equipment etc.  

The main chemical hazards at each point can result into consequences like fire and explosion, 

pool fires, BLEVE, toxic release, etc. There are various ways to model hazard: qualitative, 

semi-quantitative and quantitative. In all these models, the hazard is quantified based on the 

consequence it can have if an accident happens. However, the actual consequence will 

depend on many factors. Qualitative models like Hazard and operability study (HAZOP), 

process hazard analysis (PHA) and what if analysis try to qualitatively characterize the 

hazard as high or low and need expert knowledge of the process[58]. While quantitative 

models like consequence analysis and hazard ranking techniques like Dow Fire and 

Explosion index and Chemical exposure index tries to quantify or approximate the real 

damage hazard can produce. The purpose of these indices is to estimate the effect of the 

hazards of the system using inherent properties of the system and some additional key 

performance indicators of the system. Many of these indicator can be classified as inherent 

safety indices since they solely take the inherent properties of the system. Various types of 

hazard indices have been published in literature. The most noteworthy have been simpler 

techniques like IFAL index and mortality index[63] and more complex techniques like Dow 

F&EI, Dow CEI, Mond Index and SWeHI[158].  

Hence, there is a need for a framework to consider hazard of the whole supply chain in 

decision making of supply chain. With this framework, the design of the supply chain should 

be done considering both economics and the safety of the supply chain. This study proposes 

to develop a novel framework of analyzing supply chain network design and process safety 
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holistically while accounting for the uncertainties. This work shows how the hazards in the 

supply chain will drive the upper bounds on the flow for each entity in the supply chain and 

also as an overall. Secondly, the general supply chain formulation has been revised to 

integrate these bounds. The supply chain formulation described here is a mixed integer linear 

programming model with a case study in ammonia supply chain. 

Section 5.1 of this article introduces various concepts of safety like hazard and risk, and 

explains why hazard is important to consider in supply chain. Section 5.2 explains the 

mathematical models used to assess the hazards in supply chain. 5.3 presents the 

mathematical formulation used along with model elements, model variables, parameters, 

objective functions and constraints. Section 5.4 discusses a case study on ammonia supply 

chain in Texas with corresponding results. Conclusions and future work is discussed in 

Section 5.5.   

5.3 Modeling hazard using Hazard Identification and Ranking Index 

As we discussed earlier there is a need for analyzing the supply chain with a perspective of 

chemical safety in mind. Several authors have studied the supply chain optimization 

problem. However, there are very limited number of contributions assessing the chemical 

safety for designing the supply chain. In this paper a mathematical model is developed 

incorporating both financial and chemical safety performance indices, in a supply chain 

network design. The financial performance indicator used is the Net Present Value of the 

supply chain. The chemical safety performance indicator used is a hazard ranking indicator 

developed based on the Hazard Identification Ranking index. Since there are two supply 

chain performance indicators, a multi-objective model has been performed to design the 
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supply chain mathematical model.  The model will help companies achieve the best supply 

chain network design, identifying the correct facilities (manufacturing plants/ warehouses), 

estimating the flows of product between each echelon or nodes, and select the most 

appropriate technology at the manufacturing plant. The description of the mathematical 

model is explained in four parts, namely modeling hazard using Hazard Identification and 

Ranking Index, problem definition, model elements, and mathematical formulation. 

The most relevant indices for hazard which can be applied in early design phase are listed in 

Table 1. These are categorized based on the area covered by the index in a supply chain and 

detailed for the information in the process plant. The table shows that both Hazard 

identification and Ranking (HIRA) and Inherent Safety Index (ISI) cover most of the 

properties. But the advantage of HIRA over ISI is that it is inspired on fundamental 

thermodynamic equations. It can also be seen that the HIRA covers all basic parts of the 

supply chain. Hence, HIRA has been used as the basis for the hazard potential function in 

this work. However, several modifications has been made to suit the purpose of the 

formulation. The fire and explosion damage index (FEDI) and Toxic Damager Index (TDI) 

are the two indices of the Hazard Identification and Ranking (HIRA) metric system 

developed by Khan et al. It covers the fire and explosion and toxic hazard of the system. The 

fire and explosion factor Δ and toxicity factor Ψ describe in section 2.1 and 2.2 are based on 

indices in HIRA. 

5.3.1 Damage Potential 

FEDI, which has been renamed as Δ, is a function of damage potential (DP) of the system. 

The function is given in equation 5.1, where Δ is the measure of the distance of the hazard 

and is correlated to damage potential.  
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 Δ = 𝜆(𝐷𝑃)𝜎  (5.1) 

The damage potential of the system is the measure of the volumetric damage the hazard will 

have, which can then be converted to the effective distance using the equation 5.1, where 𝜆 

is the converting factor, here taken as 4.76 and 𝜎 is the power factor, here taken as 
1

3
. The 

damage potential of the system depends on energy factors, 𝐸𝐹 and penalties, 𝜋. There are 

three energy factors: chemical energy factor: 𝐹𝑐 ; physical energy factor: 𝐸𝐹𝑝;  and chemical 

reaction energy factor: 𝐸𝐹𝑛 a set of which is defined by 𝑁 = 𝐸𝐹𝐶, 𝐸𝐹𝑃𝐿, 𝐸𝐹𝑃𝐺, 𝐸𝐹𝑅. The 

physical energy factor 𝐸𝐹𝑝 is a function of two sub energy factors 𝐸𝐹𝑝1 and 𝐸𝐹𝑝2 for liquids 

and gases respectively. The penalties 𝜋 are the factors which take into account the subsidiary 

properties of the process and chemicals. If the chemical is stored at high temperature, it has 

higher chance of igniting. This penalty considers the different temperature parameters of the 

process to give the penalty. Similarly, other penalties for pressure, flammability, reactivity, 

and quantity of chemical are calculated for which the detailed analysis There are penalties 

which are specifically associated with the energy factors and some penalties are overall 

penalty factors, defined by set q, are given in table 1. Some penalties which depend on details 

not known at this stage of design are taken as 1.  

𝐷𝑃 has different mathematical functions based on the type of units: storage, units involving 

physical operation, units involving chemical operations, transportation units, and other 

hazardous units. However, the mathematical functions can be generalized as follows in 

equation 5.5.2. 
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 𝐷𝑃 = [∑(𝐸𝐹𝑛 × 𝜋1𝑛)

𝑛

] ∏ 𝜋2𝑞

𝑞

 𝑛 ∈ 𝑁, 𝑞 ∈ 𝑄 (5.2) 

Where, each energy factor is given a weightage using corresponding penalty factors given 

in Table 10. The overall penalties are multiplied successively over q, the set of overall 

penalties which varies with different type of units. The chemical energy factor 𝐸𝐹𝑐 is 

dependent on the mass of the chemical, 𝑀 and the heat of combustion, 𝐻𝑐 of the chemical 

(equation 5.5.3). This factor estimates the total energy of the chemical stored and released 

during fire. The second energy factor 𝐸𝐹𝑝 is a function of two energy factors, the physical 

energy factors due to liquid (𝐸𝐹𝑝1) and gas (𝐸𝐹𝑝2). The function is defined by the physical 

state of the chemical in the system.  

Table 10 Penalties used in 𝚫 

Penalties associated with Energy factors 

(𝝅𝟏𝒏) 

Overall Penalties (𝝅𝟐𝒎) 

Chemical Energy factor: pressure Flammability and reactivity: chemical 

characteristic (1) 

Physical Energy factor (liquid and gas): 

temperature 

Inventory of chemical (2) 

Reaction Energy factor: type of reaction, 

type of side reaction 

State of chemical (3) 

 

 𝐸𝐹𝑛 = 𝑘1  × 𝑀 × 𝐻𝑐 𝑛 = 𝐸𝐹𝐶 (5.3) 



 

93 
 

 

The second energy factor 𝐸𝐹𝑝 is a function of two energy factors, the physical energy factors 

due to liquid (𝐸𝐹𝑝1) and gas (𝐸𝐹𝑝2). The function is defined by the physical state of the 

chemical in the system in equation 5.5.5 and 5.5.6.  

 𝐸𝐹𝑛 = {

𝐸𝐹𝑟 + 𝐸𝐹𝑠: 𝑖𝑓𝑉𝑃 > 𝐴𝑃&𝑃𝑃 > 𝑉𝑃
𝐸𝐹𝑠: 𝑖𝑓𝑉𝑃 > 𝐴𝑃&𝑃𝑃 ≤ 𝑉𝑃 

𝐸𝐹𝑠: 𝑖𝑓𝑉𝑃 ≤ 𝐴𝑃
 

𝑛 = 𝐸𝐹𝑃, 𝑟

= 𝐸𝐹𝑃𝐿, 𝑠 = 𝐸𝐹𝑃𝐺 

(5.4) 

 𝐸𝐹𝑟 = 𝑘2 × 𝑃𝑃 × 𝑉 𝑟 = 𝐸𝐹𝑃𝐿 (5.5) 

 𝐸𝐹𝑠 = 𝑘3 ∗ 1/𝑇 × (𝑃𝑃 − 𝑉𝑃)2 × 𝑉 𝑠 = 𝐸𝐹𝑃𝐺 (5.6) 

where, 𝑃𝑃 is process pressure, 𝑉 is the volume of the equipment, 𝑇 is the temperature of the 

system, 𝑉𝑃 is the vapor pressure of the chemical at temperature T in Kelvin, 𝐴𝑃 is 

atmospheric pressure and 𝑘1, 𝑘2, 𝑘3 are constants. The penalties for calculation of Δ. 

5.3.1.1 Storage Echelon 

A supply chain usually starts with a chemical raw material supply facility, which is a storage 

facility. Storage facilities are the most common in a supply chain. The general equation for 

𝐷𝑃 is given by equation 5.3 as explained earlier. Equation for 𝐷𝑃 changes with different 

type of nodes and units in the system as explained earlier. For a storage unit out of the three 

main energy factors the chemical reaction energy factor is not applicable for storage unit. 

Hence, the 𝐷𝑃 for storage boils down to the equation 5.5.7 given below. Where, overall 

penalties are considered due to characteristic of chemical: flammability and reactivity, 

inventory of chemical. Other penalties for density of units and location of the nearest 
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hazardous unit are approximated as 1 since they are irrelevant for an early design phase 

analysis.  

 𝐷𝑃𝑠 = [∑(𝐸𝐹𝑛 × 𝜋1𝑛)

𝑛

] × 𝜋21 × 𝜋22 𝑛 ∈ 𝐸𝐹𝐶, 𝐸𝐹𝑃𝐿, 𝐸𝐹𝑃𝐺 (5.7) 

5.3.1.2 Process Plant Echelon 

Raw materials are converted to finished products in the process plants by various 

technologies. At the manufacturing plant the calculation of the hazard potential factor 

depends on process parameters, type of process, and also on type of equipment like reactors, 

compressors, vessels and heat exchangers.  Hazard function calculations in a manufacturing 

plant (equation 5.5.8) are similar to the calculations for the storage. However, there is an 

addition of a new energy factor EFR for the reaction energy for the units involving chemical 

reactions. 𝐸𝐹𝐸𝐹𝑅 is dependent on the heat of main reaction, Hrxn in the unit and the flow 

rate of the chemical. There is a new penalty 𝜋1𝐸𝐹𝑅 for the type of reaction and the type of 

side reaction. 

 𝐷𝑃𝑃 = [∑(𝐸𝐹𝑛 × 𝜋1𝑛)

𝑛

] × 𝜋21 × 𝜋22 
𝑛

∈ 𝐸𝐹𝐶, 𝐸𝐹𝑃𝐿, 𝐸𝐹𝑃𝐺, 𝐸𝐹𝑅 

(5.8) 

5.3.2 G Factor 

Like Damage Potential for FEDI, G Factor is defined for the TDI, which forms the core of 

the Toxic Damage Index. G factor is function of mass of chemical released m, and factor 

dependent on the state of the chemical, A (equation 5.9). A is given by table xx. 
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 𝐺 = 𝑚 × 𝐴  (5.9) 

 TDI, renamed as Ψ depends on G Factor and penalties. There are penalties for operating 

temperature, operating pressure, vapor density, toxicity of chemical, and site characteristics. 

The function of Ψ depends on the G Factor and penalties according the equation 5.10.  The 

set r contains the penalties mentioned. The penalties for TDI are independent with the type 

of node. The values for a and b are 25.35 and 0425 respectively.  

 

 Ψ = 𝑎 (G × ∏ 𝑝𝑛𝑟

r

)

𝑏

 

𝑟 = set of penalties 

for Ψ 

(5.10) 

The application of Δ and Ψ on an Ammonia Haldor Topsoe A/s- 2000 MTPD simulation is 

given in Appendix I. 

5.4 Incorporating Hazard in Chemical Supply Chains: An MINLP Formulation 

In this article, a chemical supply chain is considered as described pictorially in Figure 1 as 

the model for formulation. It has four kinds of nodes or echelons, namely supply, 

manufacturing plants, warehouses and customers. A single product flows between two 

echelons. At the manufacturing plant the product changes the identity. Associated with each 

manufacturing plant there can be several technologies which can be used to produce the 

product. And all the nodes are connected through the transportation links.  

Several assumptions are declared to construct the mathematical formulation: 

• demands of customer zones are known and constant; 
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• demands are always satisfied by any manufacturing plant through any warehouse; 

• it is assumed that warehouses store a specified multiple of demand required to model 

safety stock 

• transportation has unlimited capacity 

• it is assumed that hazard is present at production and storage facility 

• distances between network nodes is taken as the shortest road network distance  

• warehouses and manufacturing facility has specified maximum and minimum 

quantities of storage and production respectively  

• there is only one type of transportation used for the supply chain network  

The supply chain model involves the sets, parameters and variables outlined in Tables 11-

13. The sets I, J, K, L, and TJ contain, respectively, suppliers, manufacturing plants, 

warehouses, customer zones, and technologies available for manufacturing plants. The 

parameters of the model are demands at customer zones, transportation costs, and distances 

between nodes, productions costs, fixed costs, capacity limits of manufacturing plants, and 

hazard limits for each node. A set of binary and continuous variables are defined to solve 

the model, to establish the structure and estimate the quantity of products transported or 

manufactured. 
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Table 11: Sets used in the mathematical formulation 

Notation Description 

𝐼 Potential supply facility locations ( 𝑖 = 1,2, … , |𝐼| ) 

𝐽 Potential manufacturing facility locations ( 𝑗 = 1,2, … , |𝐽| ) 

𝐾 Potential warehouse facility locations ( 𝑘 = 1,2, … , |𝐾| ) 

𝐿 Customer zones locations ( 𝑙 = 1,2, … , |𝐿| ) 

𝑇𝐽 Technology options for a manufacturing facility (𝑡 = 1,2, … , |𝑇𝐽| ) 

 

Table 12: Parameters in the formulation  

Type Notation Description 

Demand 𝐷𝑙 Demand at the customer location 𝑙 (𝑙 ∈ 𝐿) 

Distances 𝑑𝑖𝑠𝑡𝑖𝑗 Distance between supplier 𝑖 to manufacturing facility 𝑗 

( 𝑖 ∈ 𝐼,   𝑗 ∈ 𝐽) 

 𝑑𝑖𝑠𝑡𝑗𝑘 Distance between manufacturing facility 𝑗  to 

warehouse 𝑘 ( 𝑗 ∈ 𝐽, 𝑘 ∈ 𝐾) 

 𝑑𝑖𝑠𝑡𝑘𝑙 Distance between warehouse 𝑘 and customer zone 𝑙 
(𝑘 ∈ 𝐾, 𝑙 ∈ 𝐿) 

Transportation Costs 𝑈𝑇𝐶𝑎 Unit transportation cost of ammonia from 

manufacturing facility to warehouse 

 𝑈𝑇𝐶𝑢 Unit transportation cost of ammonia from warehouse to 

customer zones 

 𝑈𝑇𝐶𝑛𝑔 Unit transportation cost of Natural gas from supplier to 

manufacturing plant 
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Table 12. Continued 

 

Type Notation Description 

Variable costs 𝑈𝑃𝐶𝑎𝑣𝑗𝑡 Unit production costs of ammonia at facility 𝑗 for 

technology 𝑡 (𝑗 ∈ 𝐽, 𝑡 ∈ 𝑇) 

 𝑈𝑆𝐶𝑘 Unit storage costs of ammonia warehouse 𝑘  (𝑘 ∈ 𝐾) 

Capacity limits 𝑃𝑗𝑡
𝑈 Maximum production capacity of manufacturing plant 

𝑗 for technology 𝑡 (𝑗 ∈ 𝐽, 𝑡 ∈ 𝑇𝐽) 

 𝑃𝑗𝑡
𝐿  Minimum production capacity of manufacturing plant 

𝑗 for technology 𝑡 (𝑗 ∈ 𝐽, 𝑡 ∈ 𝑇𝐽) 

 𝑆𝑖 Maximum raw material supply for supply facility 𝑖 (𝑖 ∈
𝐼) 

 𝑊𝑘
𝑈, 𝑊𝑘

𝐿 Maximum and minimum capacity of warehouse 

facility 𝑘 (𝑘 ∈ 𝐾) 

Hazard limits 𝐹𝐻𝑖 Maximum fire hazard level for facility 𝑖 (𝑖 ∈ 𝐼) 

 𝐹𝐻𝑗 Maximum fire hazard level for facility 𝑗 (𝑗 ∈ 𝐽) 

 𝐹𝐻𝑘 Maximum fire hazard level for facility 𝑘 (𝑘 ∈ 𝐾) 

 𝑇𝐻𝑖 Maximum toxic hazard level for facility 𝑖 (𝑖 ∈ 𝐼) 

 𝑇𝐻𝑗 Maximum toxic hazard level for facility 𝑗 (𝑗 ∈ 𝐽) 

 𝑇𝐻𝑘 Maximum toxic hazard level for facility 𝑘(𝑘 ∈ 𝐾) 

Utilization rate of 

natural gas  
𝛼𝑗𝑡 Utilization rate of natural gas at manufacturing plant 𝑗 

for technology 𝑡 (𝑗 ∈ 𝐽, 𝑡 ∈ 𝑇𝐽) 

Fixed cost 𝛾𝑗𝑡 Fixed costs for manufacturing facility 𝑗 for technology 

𝑡 (𝑗 ∈ 𝐽, 𝑡 ∈ 𝑇𝐽) 

Selling price  𝑆𝑃𝑙 Selling price of product at customer zone 𝑙 (𝑙 ∈ 𝐿) 

Safety Stock factor 𝛽𝑘 Safety stock factor for warehouse 𝑘 to have more 

storage than the total demand met by the warehouse 

(𝑘 ∈ 𝐾) 
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Table 13: Variables used in the mathematical formulation 

Type Notation Description 

Continuous 

Variables 

𝐹𝑖𝑗 Quantity of product dispatched from supplier 𝑖 to 

manufacturing facility 𝑗 (𝑖 ∈ 𝐼, 𝑗 ∈ 𝐽) 

 𝐹𝑗𝑘 Quantity of product dispatched from manufacturing 

facility 𝑗 to warehouse 𝑘 ( 𝑗 ∈ 𝐽, 𝑘 ∈ 𝐾) 

 𝐹𝑘𝑙 Quantity of product dispatched from warehouse 𝑘 to 

customer zone 𝑙 ( 𝑘 ∈ 𝐾, 𝑙 ∈ 𝐿) 

Binary Variables 𝑋𝑗 {
1    if facility 𝑗 is chosen

0    otherwise
   (𝑗 ∈ 𝐽) 

 

 𝑋𝑘 {
1    if warehouse 𝑘 is chosen

0    otherwise
   (𝑘 ∈ 𝐾) 

 

 𝑦𝑗𝑡 {
1    if technology 𝑡 is chosen at facility 𝑗 
0    otherwise

   (𝑗 ∈ 𝐽, 𝑡 ∈ 𝑇𝐽) 

 

 

The mathematical formulation of the problem is divided into two parts the objective function 

and the constraints. The proposed model tries to maximize the profit of the supply chain. 

The other objective is to minimize the maximum of the FEDI and TDI values for each type 

of echelons. The mathematical model for the objective functions is described in equations 

equation 5.11-5.22. The profit considered here is on daily basis. Therefore, profit here is 

difference of revenue (RV) and Total Costs (TC). Revenue of the supply chain is the sales 

of product at customer zones. The Total Cost (TC) is equal to summation of Transportation 

Costs (TRC) and The Total Annual Costs (TAC). The TAC is summation of Annualized 

Fixed Costs (AFC) and Annual Operating Costs (AOC). AOC comprises of various costs 

like raw material costs, production costs, maintenance costs, labor costs, and utility costs. 
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AFC includes annualized investment costs (AIC), and taxes. The objective function 1 is the 

profit of supply chain in terms of dollars per day which is given in equation 5.11.  

 

max 𝑓1 = 𝑝𝑟𝑜𝑓𝑖𝑡 = 𝑅𝑉 − 𝑇𝐶

= 𝑆𝑃 × ∑ 𝐷𝑙

𝑙

− 𝑈𝑇𝐶𝑛𝑔 × ∑ ∑ 𝑑𝑖𝑠𝑡𝑖𝑗 × 𝐹𝑖𝑗

𝑗𝑖

              

− 𝑈𝑇𝐶𝑎 × ∑ ∑ 𝑑𝑖𝑠𝑡𝑗𝑘 × 𝐹𝑗𝑘

𝑘𝑗

− 𝑈𝑇𝐶𝑢 × ∑ ∑ 𝑑𝑖𝑠𝑡𝑘𝑙 × 𝐹𝑘𝑙

𝑙𝑘

− 𝑅𝐶 × ∑ ∑ 𝐹𝑖𝑗

𝑗𝑖

− ∑ 𝑈𝑃𝐶𝑎𝑗𝑡 × 𝑃𝑗𝑡

𝑗,𝑡

− ∑ 𝑈𝑆𝐶𝑘 × 𝐶𝑎𝑝𝑘

𝑘

− ∑ ∑ 𝛾𝑗𝑡 × 𝑃
𝑗𝑡

𝛽𝑗𝑡

𝑗𝑡

 

(5.11) 

The Revenue is the gross income from the products sold at the customer zones. 

 𝑅𝑉 = 𝑆𝑃 × ∑ 𝐷𝑙

𝑙

 𝑙 ∈ 𝐿 (5.12) 

Total costs include total transportation costs (TRC), annual fixed costs (AFC) and Annual 

Operating Costs (AOC).  

 𝑇𝐶 = 𝑇𝑅𝐶 + 𝐴𝐹𝐶 + 𝐴𝑂𝐶  (5.13) 

The total transportation costs include costs of transportation for raw materials from supply 

to manufacturing locations, finished goods from manufacturing facility to warehouses and 

finished goods from warehouses to customer zones which can be written as,  
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𝑇𝑅𝐶 =                𝑈𝑇𝐶𝑛𝑔 × ∑ ∑ 𝑑𝑖𝑠𝑡𝑖𝑗 × 𝐹𝑖𝑗

𝑗𝑖

  

+ 𝑈𝑇𝐶𝑎 × ∑ ∑ 𝑑𝑖𝑠𝑡𝑗𝑘 × 𝐹𝑗𝑘

𝑘𝑗

+ 𝑈𝑇𝐶𝑢 × ∑ ∑ 𝑑𝑖𝑠𝑡𝑘𝑙 × 𝐹𝑘𝑙

𝑙𝑘

 

(5.14) 

The annual operating costs included cost of production, raw material costs and cost of 

maintaining the warehouses expressed as,  

 𝐴𝑂𝐶 = 𝑈𝑅𝐶 × ∑ ∑ 𝐹𝑖𝑗

𝑗𝑖

+ ∑ 𝑈𝑃𝐶𝑎𝑗𝑡 × 𝑃𝑗𝑡

𝑗,𝑡

+ ∑ 𝑈𝑆𝐶𝑘 × 𝐶𝑎𝑝𝑘

𝑘

  (5.15) 

The annualized fixed costs are the average fixed costs invested at the opening of the facility, 

which can be described by equation 5.16. 

 𝐴𝐹𝐶 = ∑ ∑ 𝛾𝑗𝑡 × 𝑃
𝑗𝑡

𝛽𝑗𝑡

𝑗𝑡

   (5.16) 

The equations 5.17-5.22 give the TDI (Ψ) and FEDI (Δ) hazard values of each echelon. The 

models for Ψ and Δ have been explained in section 2.1 and equations 17-22 can be derived 

from equations 5.7, 5.8 and 5.10. 𝑇𝑃𝑖 is a constant dependent on the process and chemicals 

after the toxic index is applied to it. Equation 5.17-5.19 describe the toxic hazard index for 

supply, manufacturing and warehouse nodes for the problem. They are as follows, 
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 Ψ𝑖 = 𝑎 × (𝑇𝑃𝑖 × ∑ 𝐹𝑖𝑗

𝑗∈𝐽

)

𝑏

 𝑖 ∈ 𝐼 (5.17) 

 Ψ𝑗 =  𝑎 × ( ∑ 𝑇𝑃𝑗𝑡 × 𝑃𝑗𝑡

𝑡∈𝑇𝐽

)

𝑏

 𝑗 ∈ 𝐽 (5.18) 

 Ψ𝑘 = 𝑎 × (𝑇𝑃𝑘 × ∑ 𝐹𝑗𝑘

𝑗∈𝐽

)

𝑏

 𝑘 ∈ 𝐾 (5.19) 

Equations 5.20-5.22 describe the fire hazard index for supply, manufacturing and warehouse 

nodes. 𝐹𝑃 is the constant dependent on process, chemicals and node after the fire index is 

applied to it. The equations are as follows,  

 Δ𝑖 = 𝜆 × (𝐹𝑃𝑖 × (∑ 𝐹𝑖𝑗

𝑗∈𝐽

)

2

)

𝜎

 𝑖 ∈ 𝐼 (5.20) 

 Δ𝑗 =  𝜆 × ( ∑ 𝐹𝑃𝑗𝑡 × (𝑃𝑗𝑡)
2

𝑡∈𝑇𝐽

)

𝜎

 𝑗 ∈ 𝐽 (5.21) 

 Δ𝑘 = 𝜆 × (𝐹𝑃𝑘 × (∑ 𝐹𝑗𝑘

𝑗∈𝐽

)

2

)

𝜎

 𝑘 ∈ 𝐾 (5.22) 

The constraints of the mathematical formulation are described below in equation 5.23-5.40.  
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This model assumes the supply chain fully meets the demand of each customer zone. 

Therefore, total flow of product at customer zone should be greater than equal to the 

respective demands. Therefore,  

 ∑ 𝐹𝑘𝑙

𝑘∈𝐾

≥ 𝐷𝑙   ∀ 𝑙 ∈ 𝐿 (5.23) 

The total production of a facility 𝒋 is defined as 𝑷𝒋 which is equal to the sum of all the flows 

from that facility. To ensure this, we have  

 𝑃𝑗 = ∑ 𝐹𝑗𝑘

𝑘∈𝐾

 ∀ 𝑗 ∈  𝐽 (5.24) 

Since, the total production for the facility depends on the total raw materials coming to the 

facility and the utilization rate 𝜶 for each technology 𝒋, we impose 

 𝑃𝑗𝑡 = 𝛼𝑗𝑡 × 𝑅𝑗𝑡 ∀ 𝑗 ∈  𝐽 (5.25) 

The total capacity 𝑪𝒂𝒑𝒌 of the warehouse 𝒌 is defined as the sum of products coming from 

manufacturing plants, which can be represented as 

 ∑ 𝐹𝑗𝑘

𝑗∈𝐽

= Capk ∀𝑘 ∈ 𝐾 (5.26) 

The capacity 𝑪𝒂𝒑𝒌 of warehouse 𝒌 is a multiple of total demand it needs to supply. This 

equation simulates safety stock for warehouses. Equation 5.27 shows this as follows,  
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 Capk = βk × ∑ 𝐹𝑘𝑙

l∈L

 ∀𝑘 ∈ 𝐾 (5.27) 

The total production is the sum of production of all the technologies at the manufacturing 

site, which can be represented as follows 

 Pj = ∑ 𝑃𝑗𝑡

𝑡∈𝑇𝐽

 ∀𝑗 ∈ 𝐽 (5.28) 

The total raw material for a production facility is the sum of raw materials for all the 

technologies. To enforce that, we write, 

 Rj = ∑ 𝑅𝑗𝑡

𝑡∈𝑇𝐽

 ∀𝑗 ∈ 𝐽 (5.29) 

Since, the total supply 𝑺𝒖𝒑𝒊 from a facility 𝒊 is defined as total sum of products transported 

from that facility, we impose 

 Supi = ∑ 𝐹𝑖𝑗

𝑗∈𝐽

 ∀𝑖 ∈ 𝐼 (5.30) 

The total supply from a facility should be lower than or equal to the maximum supply 

quantity, which can be written as 

 𝑆𝑢𝑝𝑖 ≤ 𝑆𝑖 ∀𝑖 ∈ 𝐼 (5.31) 

The quantity of product produced at a manufacturing facility should be less than equal to the 

maximum capacity and greater than or equal to the minimum capacity of the respective 

technology chosen. Therefore,  
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 𝑦𝑗𝑡𝑃𝑗𝑡
𝐿 ≤ 𝑃𝑗𝑡 ≤ 𝑦𝑗𝑡𝑃𝑗𝑡

𝑈   ∀ 𝑗 ∈  𝐽, 𝑡 ∈ 𝑇𝐽 (5.32) 

The total product at a warehouse can store should be less than or equal to its respective 

maximum capacity and greater than or equal to its respective minimum capacity. To ensure 

this, we have 

 𝑊𝑘
𝐿 ≤ Capk ≤ 𝑊𝑘

𝑈 ∀𝑘 ∈ 𝐾 (5.33) 

Only one technology can be chosen at a facility if the facility exists, otherwise no technology 

should be chosen, which can be written as following,  

 ∑ 𝑦𝑗𝑡

𝑡∈𝑇𝐽

≤ 1 ∀𝑗 ∈ 𝐽 (5.34) 

The equations 5.35-5.37 give the constraint for the upper bound of the fire hazard potential 

in facilities for supply, manufacturing and warehouse respectively.  

 Δ𝑖 ≤ 𝐹𝐻𝑖 ∀𝑖 ∈ 𝐼 (5.35) 

 Δ𝑗 ≤ 𝐹𝐻𝑗 ∀𝑗 ∈ 𝐽 (5.36) 

 Δ𝑘 ≤ 𝐹𝐻𝑘 ∀𝑘 ∈ 𝐾 (5.37) 

The equations 5.38 – 5.40 give the constraint for upper bound of the toxic hazard potential 

in facilities for supply, manufacturing and warehouse respectively. 

 Ψ𝑖 ≤ 𝑇𝐻𝑖 ∀𝑖 ∈ 𝐼 (5.38) 
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 Ψ𝑗 ≤ 𝑇𝐻𝑗 ∀𝑗 ∈ 𝐽 (5.39) 

 Ψ𝑘 ≤ 𝑇𝐻𝑘 ∀𝑘 ∈ 𝐾 (5.40) 

The model can be formulated as min
𝑋,𝐹

𝑓1  𝑠. 𝑡. 𝑒𝑞 (5.23) − (5.40). The model is a mixed 

integer non-linear programming formulation with nonlinear constraints and objective 

function. The equations 5.11-5.16 and 5.23-5.34 represent a location-allocation problem in 

a chemical supply chain. This model can also be used for selection of technologies at the 

manufacturing locations during supply chain design. Equations 5.17-5.22 and 5.34-5.40 add 

hazard equations and constraints to give bounds to the quantities at manufacturing, storage 

and warehouse for designing a safer supply chain based on fire and toxic hazard indices.  

5.5 Results and Discussion 

A numerical case study for ammonia production and supply was developed to illustrate the 

formulation. Ammonia is produced from natural gas through the Habers Bosch Process. It is 

then transported to warehouses over different places in the state. From the warehouses, it is 

transported to the customers or retailers at various cities. A hypothetical supply chain was 

considered. The network in this case has four types of nodes: supply, manufacturing, 

warehouses and customer. The function of each node is described as follows: 

• Supply facility: supplying a raw material to the manufacturing plants; in the case 

study supplying natural gas; 

• Chemical Manufacturing plant: converting raw materials to a product; in the case 

study producing ammonia; 
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• Warehouse: storing product before delivering to customers; in the case study storing 

ammonia. 

10 retailers with deterministic demands, 7 candidate manufacturing locations, 7 candidate 

warehouse locations and 3 suppliers were chosen for the case study. The demand zones and 

their demands for ammonia are listed in table 14. Distances in kilometers between all the 

units is shown in tables 15-17. The utilization rate of manufacturing technologies is 0.03, 

i.e. the total natural gas used in tons per metric ton of ammonia. The minimum quantity for 

supply for supply facility is zero, whereas the maximum quantity for supply facilities are 

1500, 400 and 2000 tons/day. The maximum and minimum quantities at manufacturing 

locations are 500 and 3000 tons/day respectively. The maximum and minimum quantities to 

store at the warehouse locations are 750 and 5000 tons/day respectively. Only one type of 

transportation is considered. The transportation price of ammonia from manufacturing 

location to warehouse is 1.65 cents per km per ton. The transportation cost of ammonia from 

warehouse to customer locations was considered as 3.7 cents per km per ton. The storage 

factor for the warehouse is 1.2, i.e, warehouse will store 1.2 times the needed capacity. This 

is used for modeling safety stock. The transportation cost of natural gas from supply to 

manufacturing location was 4 cents per ton per km. Transportation rate is linear with distance 

and quantity. The price of raw material is taken as 36.9 cents per ton. Storage costs of 

ammonia is 2 cents per ton per day. Manufacturing plants have option for two different types 

of technology. Technology 1 has lower production costs but higher hazard and toxicity levels 

than technology 2. Production cost of Technology 1 is 10 dollars per ton per day, whereas 

the for technology 2 is 9 dollars per ton per day.𝜸𝒋𝒕  or investment cost factor for Technology 
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1 is 1452 dollars, whereas for Technology 2, it is 1375 dollars. The hazard factors for supply, 

production and warehouse are listed in table 18.  

Table 14: Demands of retailers 

Retailer Demand (tons/day) 

Retailer1 100 

Retailer2 400 

Retailer3 5 

Retailer4 200 

Retailer5 400 

Retailer6 20 

Retailer7 200 

Retailer8 100 

Retailer9 100 

Retailer10 20 

 

Table 15: Distance in km from suppliers to production sites 
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Supplier1 99 281 483 360 1063 939 479 

Supplier2 339 20 618 231 1048 851 237 

Supplier3 159 492 502 473 1119 998 659 
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Table 16: Distance in km form production sites to warehouse locations. 
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Production1 20 339 385 317 965 843 501 

Production2 339 20 618 231 1048 851 237 

Production3 385 618 20 443 588 521 692 

Production4 317 231 443 20 817 620 251 

Production5 965 1048 588 817 20 199 1014 

Production6 843 851 521 620 199 20 818 

Production7 501 237 692 251 1014 818 20 

 

Table 17: Distance in km from warehouses to retailers 
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Warehouse1 937 543 147 485 32.7 222 56 47.8 261 517 

Warehouse2 911 238 190 721 305 326 284 314 234 543 

Warehouse3 553 801 531 105 416 297 439 396 413 299 

Warehouse4 680 368 239 574 306 187 283 272 58.6 312 

Warehouse5 123 1187 1053 551 978 821 978 954 872 525 

Warehouse6 76.1 989 855 549 840 624 821 814 675 327 

Warehouse7 869 254 355 739 470 417 449 517 304 560 
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Table 18: Hazard factors constants for each node 

Type TP (Toxic Potential Factor) 
FP (Fire and Explosion 

Potential Factor) 

Supply 0.002 0.009 

Production 

Technology 1 10.49 16.05 

Technology 2 12.51 20.04 

Warehouse 0.0005 0.141 

 

The model is formulated in General Algebraic Modeling Software (GAMS) and solved using 

BARON version 14.4.0, a global solver. The model has 254 variables with 24 integer 

variables. Total number of equations are 196. The model takes around 2-3 minutes to solve 

on r52609 WEX-WEI x86 64-bit MS windows machine. The base case is taken as the 

scenario when we don’t consider any constraint on the toxic or fire indices. For the base case 

the maximum profit achievable is 537,820 dollars per day with 𝚫 values as 90, 1123 and 251 

for supply, manufacturing and warehouse nodes. The 𝚿 values for the base case are 33, 1323 

and 21 for supply, manufacturing and warehouse nodes. Similarly, minimum possible values 

for 𝚫 and 𝚿 for each type of nodes were found. The minimum possible values for 𝚫 are 54, 

290 and 198 for supply, manufacturing and warehouse layers. Similarly, for 𝚿 are 24, 537 

and 18. 

Figure 35 shows the variation of maximum profit with hazard bounds. For example, figure 

35(b) shows the variation of maximum profit with fire hazard bound (𝑻𝑯𝒋) on production 

layer. All the bounds fire hazard index for production are set to a single value. This value is 

varied to see the effect on the maximum profit of the supply chain. All other hazard bounds 

are kept at the maximum possible level.  Maximum profit shows a step function due to 
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variation in hazard bounds on supply and warehouse facilities. This is due to change in 

configuration of supply chain: for example, the change in number of warehouses chosen by 

the solver. However, maximum profit behaves differently due to change in hazard bounds at 

production facility. For example, in figure 35(e), the maximum profit increases rapidly in 

region 500-820 of 𝚿. However, later there is decrease in slope indicating less increase in 

maximum profit but higher increase in hazard. This analysis can help decision makers to 

choose the configuration around this change in slope, which will have best benefit.  
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Figure 35: Variation of Profit with hazard factors bounds keeping other bounds at 

maximum. 
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Figure 36 shows the variation of scaled hazard indices. Similar to figure 35, hazard index 

bound is varied while keeping other hazard bounds at the maximum. However, the hazard 

potential values will change. This change is shown in figure 36.  Variation in supply and 

warehouse hazard bounds have less effect on other hazard values except when there is 

change in configuration. For example, in figure 36(f) fire hazard is affected by the toxic 

hazard bounds since it changes the number of warehouses in the system. Variation in hazard 

bounds of production have effect on production hazard indices, since they change the 

number of facilities, the technology, and the total quantity. For example, in 36(e), the scaled 

fire index varies almost linearly with toxic hazard bound, but has steps due to the change in 

configuration.  

Figure 37 shows the variation in number of production facilities chosen out of seven and 

number of facilities with technology 2 with the hazard bounds. The analysis is similarly done 

as in figure 35 and 36. The hazard bound is varied while keeping other bounds at the 

maximum level. Due to change in supply and warehouse hazard bounds (figure 37: (a), (c), 

(d) and (f)) there is a step function in number of production facilities chosen as mentioned 

earlier in figure 35 and 36 referred as configuration change. As we increase the bounds of 

supply and warehouse hazard indices, the number of production facility decreases from 2 to 

1. The bounds on warehouse have more effect on the count of manufacturing facilities. Also, 

technology 2 is always selected for each facility since it is more profitable. For variation due 

to hazard bound in production (figure 37: (b) and (e)), there the number of production facility 

chosen vary from 7 to 1 and also there is variation in number of facilities chosen with 

technology 2. To understand this variation, variation due to bound on fire hazard of 

production was zoomed in, which is shown in figure 38. The variation of maximum profit is 
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also shown in the same graph with a second y-axis. This graph shows the smooth variation 

of technology selection with hazard bound. The region selected was the lower region of fire 

hazard bound 290-350. The technology 2 is selected less when we decease the bound, 

however, when the number of production facility changes, at first it selected facilities with 

technology 2, but eventually as the bound is decreased less number of facilities are selected 

with technology 2. Abrupt changes in maximum profit can be clearly accounted due to the 

changes number of facilities. Fine changes in maximum profit is due the change in placement 

of facilities in the supply chain.  

Figure 39 shows the variation of warehouse with hazard bounds. The hazard bounds in 

production facility do not affect the number of warehouses chosen by the solver. However, 

it is interesting to note that the hazard bounds in supply layer affect the number of 

warehouses chosen. The warehouse number remains between 3 and 2 and the number 

decreases with increasing bounds.  
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Figure 36: Variation of scaled indices with hazard bounds.  Notations- shape: round 

is fire hazard scaled index and triangle is toxic hazard scaled index, color coding: 

orange is supply layer, blue is warehouse layer, and green is production layer. 
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Figure 37: Variation of number of manufacturing facilities and 2nd technology with 

hazard bounds. Notation: Round points: number of manufacturing facilities chosen 

by solver and crosshair: number of technology 2 chosen in those manufacturing 

plants by the solver. 
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Figure 38: Variation of number of manufacturing plants, technology 2 and profit 

with fire hazard bound for production layer zoomed in for region of 𝚫 290 to 350. 

Notation: Blue round points: number of manufacturing facilities chosen by solver. 

Crosshair: number of facilities chosen with technology 2 and Green round points: 

profit/day in dollars for the supply chain. Secondary y-axis is for profit.  
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Figure 39: Variation of number of warehouses selected by the solver with hazard 

bounds.  
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5.6 Conclusions  

Chemical safety concerns at system level is often overlooked at supply chain design stage. 

This work reports an optimization-based framework to accommodate chemical hazard 

concerns at strategic level of supply chain design. This framework considers the 

manufacturing plants with systems perspective and considers data from process simulation 

model of different technologies. It proposes a new mathematical formulation to analyze and 

optimize supply chain performance indicators of fire and toxic hazards as well as profit. Ψ 

(toxic hazard potential), Δ (fire hazard potential) and profit was chosen as supply chain 

indicators for hazard and economics to create a mixed integer non-linear model. The model 

is explained using an ammonia supply chain case study. This framework can be used by 

decision makers to create supply chain networks which are both cost effective as well as 

safer in terms of chemical hazards. This formulation also incorporates the option of multiple 

technologies in production plants. The case study shows that the model chooses a less 

hazardous technology when we decrease the limits for toxic and fire hazard levels. The 

model is sensitive to the hazard parameters and costs. Hence, it is very important to use 

reliable data to do sensitivity analysis. Even though the mathematical model developed in 

this work tackles current issues in supply chain modeling, further work is needed to apply in 

real life complex situation as it is. An important area to focus in future work would be to 

incorporate the hazards of transportation in the model. 
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CHAPTER VI 

CONCLUSIONS AND FUTURE WORK 

6.1 Conclusions 

This dissertation reports a framework for application of safety indices in product life-cycle 

of hazardous chemicals. Two areas were a major focus of this investigation: supply chain of 

hazardous chemicals and end users. The main objectives of this research was gaining insight 

into hazard quantification in life-cycle of a product and developing a framework to make 

strategic decision in a product life-cycle by incorporating process safety. Based on the 

current study, the main results, conclusions and recommendation can be summarized as 

follows: 

1. To study the application of safety in product life-cycle, a detailed literature review 

of the concepts and practices in quantification of hazard and risk in a product life-

cycle, supply chain optimization, hazard quantification techniques, incident analysis, 

propane supply chain and ammonia supply chain has been reported. Finally, the gaps 

in the research are discussed. 

 

2. A critical analysis of process safety indices is presented. To understand the model 

structure, methodology, and application of safety indices, the indices have been 

studied and classified according to categories such as application area, output format, 

industrial application, phase of process design and model formation. Several of the 

deterministic indices have been developed based on principles of inherent safety. A 

common methodology for inherent safety indices has been shown. The reported 
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classification system can be used to select the safety index for the specified 

application at the right phase of design with proper amount of information available. 

 

 

3. A systematic incident analysis system was structured for consumer product safety. 

Consumer product safety is a vital part of product life-cycle that is often overlooked. 

A detailed analysis of NEISS database for consumer propane injuries and fatalities 

is reported. Important conclusions and recommendations beneficial to the consumer 

propane market and consumer are derived from the study. The major conclusions and 

recommendation are as follows, 

Conclusions: 

I. Thermal burns are the biggest hazard of consumer propane products. 

II. Face, head and upper extremities are most affected. 

III. Around 21% of injuries with no fire are thermal burns, indicating improper 

usage of grills and heating equipment. 

IV. Highest injuries were related to propane gas tanks (59.1%), gas or LP grills 

(18.5%) and gas or LP heaters (7.0%). 

V. There is an indicating trend of injuries due to consumer propane. 

VI. Men are affected twice as often as women. 

VII. There is a shift in injuries towards elderly population over the years. 
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Recommendations for consumer propane market and consumers: 

I. Safety efforts should be focused on hazards to face, head and upper extremities.  

II. Use of protection, such as gloves for thermal burns and faceguards for flash 

burns, is suggested while operating grills and heating equipment. 

III. Correct operating procedures should be emphasized based on seasonality such as 

more awareness programs in winter and fall.  

IV. More utilization of NEISS database is needed to extract information about hazard 

V. The conclusions from this analysis can be used for designing less hazardous 

products chemically as well as ergonomically. 

4. An integrated index for fire & explosion as well as toxicity for chemical process, 

transportation and storage derived from Hazard Identification and Ranking system 

has been discussed. The index was applied on the ammonia manufacturing process. 

The process parameters were obtained from Aspen simulation. The results show the 

highest hazard in separator unit operation due to high temperature and pressure and 

large volume of hazardous material. The hazard ranking of each unit is reported. This 

analysis can be used at early design to design safer process. An automated analysis 

system can also be integrated in process simulation software similar to economic 

analysis toolboxes. 

5. A model was created for making strategic decisions in supply chain of hazardous 

chemicals which also considers the hazard of chemicals at process and warehouses 

apart from profit. This model can be utilized for decisions such as: 

I. Location of manufacturing plants and warehouses 

II. Average inventories of warehouses and manufacturing plants 
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III. Technologies for manufacturing plants 

IV. Selecting the right suppliers 

Also, a case study for a hypothetical case of ammonia supply chain was developed. 

The mathematical model developed was applied on the case study to study the 

feasibility of the model. Bounds in hazard of manufacturing plants and warehouses 

were supplied to develop pareto curves between hazard potential with profit. It is 

noted that profit is non-linear with hazard and increases with higher bound of hazard 

potential function. 

 

6.2 Recommendations for future work 

The hazard potential index derived in this work takes into account extensively the chemical 

and process parameters of the manufacturing plant, which evaluates the hazard potential of 

the unit. It also considers the population densities around the location considered. This helps 

in evaluating the consequence of hazard in the index. However, hazard consequence also 

depends the climate (e.g. wind, humidity, temperature) of location, emergency response 

times of the community, and age of the manufacturing facility. Incorporating these factors 

will make the index more suited for supply chain applications. The challenge here will be to 

develop quantitative assessments for climate, emergency response and safety cultures at 

early phase of design for strategic decisions.  

Also, a cumulative hazard potential index for the whole supply chain needs to be developed 

for better analysis and design. This cumulative index can be made based on Analytical 

Hierarchy Process.  
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The supply chain model considers the hazards at manufacturing plants (chemical process) 

as well as warehouses (chemical storage). The index discussed incorporates all three units 

of supply chain: process, storage, and transport. For the model to be applied in the industry, 

hazards should be considered at transportation as well. Options for different transportation 

routes and modes should be added in the mathematical model. The challenges for 

incorporating transportation options lie in getting data for population, climate, and 

community response along different routes on the hazard quantification part. On the 

modeling part, considerations should be given for multiple trips for trucks, number of 

containers for railcars and time and space constraints in shipping. A good solution for getting 

population densities along transportation routes is using Geographical Information Systems. 

Geographical information system is “a system for capturing, storing, checking, 

manipulating, analyzing, and displaying data which are spatially referenced to the Earth.” 

Techniques such as attribute tables, feature to line tool, network data set tool, network 

analyst toolbox, buffer analyst tool and interest tool can be used for extracting population 

data from integrated road, city and census data. Similar analysis can be used to extract data 

for climate conditions.  

 

The framework developed here outlines a great way to incorporate chemical safety in 

strategic decision in supply chain design. However, it can be improved for better application 

in the industrial scenarios. For example, uncertainties in supply chain (e.g. demand, supply, 

process) are a major concern for decision makers. Uncertainties can be modeled using 

stochastic techniques such as robust optimization, conditional value-at-risk (cVaR), and 
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monte-carlo stochastic optimization. Time-periods should also be considered in the 

framework to model the seasonality in processes, hazards and demands.  

 

NEISS database was chosen in this work because it extrapolates to all the US, has numerous 

fields of interest (e.g., diagnosis, location, products, and age) and it is open source. However, 

during this study it was found that NEISS database is underused. Limited study has been 

done for consumer hazard safety based on this database. It is suggested that several other 

products can be analyzed to research their hazards and develop meaningful 

recommendations.  
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APPENDIX I 

APPLICATION OF SAFETY INDEX ON AMMONIA SIMULATION 

 
Figure A.1: Aspen Hysys simulation showing the process units for ammonia 

production 
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Table A.1: Results of Application of 𝚫 and 𝚿 for each equipment in Ammonia 

simulation 
Section Type of 

Equipment 

Equipment 

Index 

FEDI(Δ) TDI (Ψ) 

Primary Reformer Heat Exchanger E-100 380.1 214.3 

Primary Reformer Heat Exchanger E-101 380.1 214.3 

Primary Reformer Heat Exchanger E-102 380.1 214.3 

Secondary Reformer Heat Exchanger E-103 130.2 155.8 

Secondary Reformer Heat Exchanger E-104 130.5 155.8 

Secondary Reformer Heat Exchanger E-105 121.6 155.8 

Secondary Reformer Heat Exchanger E-106 208.8 155.8 

HT Shift Converter Heat Exchanger E-107 375.8 372.1 

HT Shift Converter Heat Exchanger E-108 399.8 372.1 

HT Shift Converter Heat Exchanger E-109 399.8 372.1 

HT Shift Converter Heat Exchanger E-110 399.8 372.1 

LT Shift Converter Heat Exchanger E-111 399.7 370.6 

CO2 Removal Heat Exchanger E-112 399.7 370.3 

CO2 Removal Heat Exchanger E-113 399.7 370.3 

CO2 Removal Heat Exchanger E-114 399.7 370.3 

Methantor Heat Exchanger E-115 381.5 325.1 

Methantor Heat Exchanger E-116 381.5 325.1 

Methantor Heat Exchanger E-117 381.5 325.1 

Methantor Heat Exchanger E-118 381.5 325.1 

Water Removal Heat Exchanger E-119 381.3 325.2 

Water Removal Heat Exchanger E-120 381.3 325.2 

Water Removal Heat Exchanger E-121 381.3 325.2 

Water Removal Heat Exchanger E-122 365.7 267.0 

Water Removal Heat Exchanger E-123 357.3 267.0 

Ammonia Synthesis loop Heat Exchanger E-124 582.1 1236.2 

Ammonia Synthesis loop Heat Exchanger E-125 619.1 1236.2 

Ammonia Synthesis loop Heat Exchanger E-126 619.1 1236.2 

Ammonia Synthesis loop Heat Exchanger E-128 615.1 483.6 

Ammonia Synthesis loop Heat Exchanger E-129 615.1 483.6 

Ammonia Synthesis loop Heat Exchanger E-130 615.1 483.6 

Ammonia Synthesis loop Heat Exchanger E-131 615.1 483.6 

Ammonia Synthesis loop Heat Exchanger E-132 615.1 483.6 

Ammonia Synthesis loop Heat Exchanger E-133 614.9 482.9 

Ammonia Synthesis loop Heat Exchanger E-134 614.9 482.9 

Water Removal Vessel V-100 475.5 325.2 

Water Removal Vessel V-101 457.5 267.0 

Ammonia Synthesis loop Vessel V-102 1108.3 483.6 
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Table A.1 Continued 
Ammonia Synthesis loop Vessel V-103 1107.8 482.9 

Section Type of 

Equipment 

Equipment 

Index 

FEDI(Δ) TDI (Ψ) 

Air Intake Compressor K-100 0.0 155.8 

Air Intake Compressor K-101 0.0 155.8 

Air Intake Compressor K-102 0.0 155.8 

Air Intake Compressor K-103 0.0 155.8 

Ammonia Synthesis loop Compressor K-104 543.0 1236.2 

Primary Reformer Reactor F-100 531.3 324.2 

Secondary Reformer Reactor CRV-100 520.9 372.1 

HT Shift Converter Reactor CRV-101 520.9 372.1 

LT Shift Converter Reactor CRV-102 504.2 370.6 

Methantor Reactor CRV-103 771.7 325.2 

Ammonia Synthesis Reactor CRV-104 543.0 1236.2 

 

 

 


