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Abstract 

 

Reliability modeling for capital projects decisions 

 

 

 

 

Antonios Poulassichidis, M.S.E. 

The University of Texas at Austin, 2010 

 

Supervisor:  Anthony Ambler 

 

Exploration and Production (E&P) project costs within the oil industry are 

continuously increasing reflecting a reality of more harsh environments, remote locations 

with minimal existing infrastructure and cost increases for materials and skilled 

resources. The significant capital expenditures translate to a number of projects either for 

new or revamped production facilities. Successful project completion requires a series of 

correct decisions throughout the project life-cycle namely design, construction, 

operations, maintenance and decommissioning. 

 

Using a Reliability, Availability and Maintainability (RAM) model as part of the 

project decision process is an E&P industry best practice that recently gained acceptance 

in Hess Corporation. This paper presents the RAM methodology and the gains from its 

application in a capital project. 
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INTRODUCTION 

 

Exploration and Production (E&P) project costs within the oil industry are 

continuously increasing reflecting a reality of more harsh environments, remote locations 

with minimal existing infrastructure and cost increases for materials and skilled 

resources. According to a Reuters business report, global spending for oil and gas E&P 

projects will increase 11% to 439 billion $USD during 2010 (1). This significant capital 

expenditure translates to a number of projects either for new or revamped production 

facilities, processing plants and gathering terminals. 

 

Successful project completion requires a series of correct decisions, throughout 

the project cycle, among various available options. For example, on a macro-level 

optimal decisions are needed regarding field subsea development with tieback to existing 

infrastructure at distance versus development via floating production facility on location. 

On a micro-level, decisions are needed regarding equipment redundancy such as 

installation of a redundant condenser versus operating with a single unit. 

 

Hess corporation is a mid-size independent energy company with a 3.5 billion 

$USD budget for capital E&P projects during 2010. On issues similar with the above-

mentioned, the current Hess practice for making project decisions is based on a peer 

review approach. The collective experience from past projects and the analytical skills of 

specialized personnel are basically the cornerstone of this approach. The successful 

company financial performance over the years suggests that no critical mistakes have 

been made. Having said that, an organization striving for continuous improvement needs 
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to adopt recognized industry best practices that can increase the confidence level on the 

decisions made. 

 

Reliability, Availability and Maintenance (RAM) analysis is a technique that first 

quartile performance E&P companies are using to demonstrate a decision’s economic 

impact. The RAM analysis consists of a probabilistic simulation model that predicts the 

future system or component performance allowing data based decisions.  

 

This report will provide a description of the Reliability, Availability and 

Maintainability (RAM) modeling analysis. The RAM analysis implementation for a gas 

processing plant will be used as an implementation example and its benefits will be 

discussed. Background information regarding the natural gas industry and a high-level 

description of gas processing is provided to offer an understanding of the gas plant case 

study. A discussion regarding theoretical aspects of RAM analysis, comparison with 

other available techniques is also provided. 
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NATURAL GAS OVERVIEW 

 

Introduction 

The report focus is a reliability modeling analysis, performed as part of the design 

effort for an expanded capacity natural gas processing plant. Therefore a review of 

natural gas origin, properties and processing methods is appropriate and offering a useful 

insight for the nature of the business problem that the expanded plant aims to address. 

 

Natural gas has an increasingly significant role as energy source and feedstock for 

chemical products due to its cleaner burn and chemical properties that allow its use as 

basic building block of more complex chemical compounds. Its first recorded commercial 

application is in China almost 2,400 years ago where it was extracted from swallow 

wells, transported in bamboo pipes and used for salt production from brine in gas-fired 

evaporators (2). Technology improvements allowing the safe transportation of natural gas 

via pipelines and distribution systems to commercial users resulted in an exponential 

usage growth during the 20th century. 

 

Natural gas, with methane being its main ingredient, is a hydrocarbon fuel that 

similarly with oil or coal releases energy when it burns. The reduced amount of released 

carbon dioxide and nitrogen oxides from natural gas burning compared to the amounts 

that oil or coal burning produce is the main advantage of natural gas as a fuel. The recent 

society focus on controlling the greenhouse gases, due to their suspected link to global 

warming, is a driver for further increased share of natural gas among the available 
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hydrocarbon fuels. The global trends of increased natural gas usage are reflected in US 

where for example the Department of Energy (DOE) estimates that 900 of the next 1,000 

power plants will use natural gas as fuel (3).  

 

United States natural gas production 

Based on data from the Energy Information Administration (EIA) the annual 

natural gas US consumption is ranging from 22 to 23 trillion cubic feet (Tcf) for the time 

period between year 2004 and 2009. During the same period the US proven gas reserves 

increased significantly from 189 Tcf in year 2003 to 244 Tcf in year 2009 (4). 

 

Natural gas and crude oil form naturally and collect within earth’s crust in 

reservoirs where in the majority of cases can be found mixed or at times gas is present in 

reservoirs that contain little to no oil. Because of its clean-burning performance, natural 

gas will have an increasingly significant role in meeting U.S. energy needs and the shale 

reservoir formations are expected to provide a major portion of future domestic oil and 

natural gas supply. Shale oil formations produce conventional oil and gas from shale 

geological formations that are characterized by their small permeability making difficult 

oil flow from the reservoir to the surface. While as early as mid -1950’s there were 

several known U.S. shale formations, including the North Dakota Bakken shale reservoir, 

it was only recent technological breakthroughs that resulted in extracting oil at significant 

rates and competitive costs from these shale formations.  

 

Horizontal drilling and hydraulic fracturing are the two main technological 

breakthroughs, still under refinement, that enabled oil and gas production from the tight 
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shale reservoirs such as the Bakken in North Dakota where the plant expansion project is 

in progress. Horizontal drilling technology allows directional control of the drill bit 

resulting in penetrating the oil producing area for a longer interval per surface drilled 

well. A field that before with traditional vertical drilling would have at most couple of 

hundred feet producing zone with current technology the same well can result in several 

thousand feet of producing zone. Hydraulic fracturing technology injects high pressure 

water solutions containing proppant particles that sustain the shale formation fractures 

resulting in increased reservoir permeability and hydrocarbon flow to the surface. 
  

The increased U.S. demand for oil and natural gas combined with the recent 

technological developments that improved the hydrocarbon recovery ratios from the 

existing North Dakota shale formations supported the business case for expanding the gas 

processing plant capacity. 

 

Gas processing plants 

Natural gas regardless if originated from crude oil mixture or as unassociated gas 

in reservoir varies significantly in composition. Methane is the main natural gas 

component with the C2+ hydrocarbon content defined as “liquids” while the impurities 

that may be present include hydrogen sulfide (H2S), water, and carbon dioxide (CO2). 

Since the natural gas is used either as fuel or as feedstock for chemical products, the aim 

of a gas plant is to process the gas and make it suitable for the end user by employing the 

appropriate for each case combination of purification, separation and liquefaction 

processes. 
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The purification process aims to remove from the natural gas mixture components 

that are dangerous to public safety (e.g. H2S or mercury) and/or corrosive to mechanical 

equipment (e.g. water, CO2). The separation process aims to extract from the natural gas 

the liquid components such as ethane, propane or heavier hydrocarbons. These liquids 

can be used as feedstock for chemical plants or used as stand alone fuel (e.g. propane) or 

industrial gases (e.g. ethane, helium). The liquefaction process is used to increase the 

energy density of the gas and make it easier for storage or transportation. The type of 

natural gas produced from the reservoir and the market economics determine the design 

requirements for a gas plant.  



 

 

NORTH DAKOTA GAS PLANT EXPANSION  

Business case 

The increased oil and natural gas production from North Dakota’s reservoir 

formations is shown Figure 1. Over the last five years the crude oil production has 

doubled and maintained the momentum in spite of significant price changes.  

 

 

Figure 1: Historical data on North Dakota annual oil production (5) 

The graph shows an effect in oil production as the oil price dropped to less than 

$50 per barrel but overall the oil production is dramatically increased at a rate higher than 
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the oil price. The technological breakthroughs of horizontal drilling and hydraulic 

fracturing take credit for this development. 

 

Demand for oil and natural gas is steadily increasing. Access to oil and natural 

gas supplies overseas has been restricted in recent years in a climate of national 

governments taking control of their natural resources. According to U.S. Energy 

Information Administration in 2007 the national oil companies accounted for 52% of 

global oil production but controlled 88% of proven oil reserves. Therefore having access 

to a domestic supply of oil and natural gas with the benefits of a stable business and 

political environment is a valuable opportunity for any integrated oil company. 

 

The increased crude oil production from North Dakota fields places a strain on 

existing infrastructure (e.g. plants, gathering facilities, pipelines) to accommodate that 

growth, process and then transport these oil products to the market users. The potential 

for increased oil extraction will not materialize if the associated gas is not also properly 

processed. The natural gas is a significant portion of the crude oil produced.  

 

In that business environment, Hess Corporation decided to expand the existing 

gas processing plant that currently operates in North Dakota. In addition to closing the 

gap between available hydrocarbon production and processing capacity of existing 

facilities the upgraded facility provides an optimization opportunity and efficiency gains 

by replacing old technology equipment (e.g. compressors) with newer technology 

machines. As part of the project design and execution plan a reliability model was 

deemed necessary to be developed. This report provides a more detailed review of the 

reliability model.  
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Gas plant process description 

A high level description of the expanded gas plant process is provided and it is 

necessary background information for the role of the reliability model in the design 

phase. The plant inlet section receives two main gas streams from the field operations, 

one at low pressure (LP) and the second at high pressure (HP). The combination of these 

two streams by compressing the LP feed and combine it with the HP feed is the first main 

process step. An amine treating unit is utilized to remove H2S and CO2 components from 

the gas feed.  Contamination from these components can result in increased equipment 

corrosion damage, process problems due to freezing in downstream process equipment 

and violation of end-users product specifications. The amine treating unit is a typical 

counter flow process utilizing a solvent that absorbs the gas feed contaminants. Water is 

removed from the feed using a mole sieve dehydration unit. Feed gas is processed in 

dryers containing compound beds consisting of alumina-silicate material that are able to 

remove water from the gas. Removal of water is important for corrosion control and 

stream freezing at downstream cryogenic equipment. 

 

The contaminant-free feed is then processed in the cryogenic extraction unit. The 

purpose of cryogenic processing is to cool, condense and absorb the ethane and heavier 

feed components into the liquid phase while the methane and inert components remain in 

the residual gas phase. The liquid stream is destined for further fractionation resulting in 

ethane, propane and gasoline products while the remaining gas stream is destined for 

pipeline quality natural gas product. Based on market economics the design allows 

process flexibility resulting in varying recovery rates for ethane or propane, having a goal 

of maximizing financial result as a driver.  
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The fractionation process consists of several units such as the demethanizer, for 

methane separation, the deethanizer for ethane recovery, the depropanizer for propane 

recovery and the debutanizer for butane and gasoline recovery. Finally a number of 

utilities units, including the refrigeration and heat medium are part of the plant supporting 

the feed gas processing. 
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RAM ANALYSIS 

Reliability Concepts 

A review of the basic definitions and theory regarding the Reliability, Availability 

Maintainability (RAM) model is necessary to understand the gas processing plant model 

results.  

 

Reliability is defined as the probability that an item (component, equipment or 

system) will operate without failure for a stated period of time under specified conditions. 

Availability is defined as the fraction of the total time that a device or system is available 

to perform its required function (6).  Maintainability is a measure indicating the ability to 

repair or maintain a system in a timely fashion. Spare parts, accessibility to failed 

equipment, maintenance workforce skill sets, layout for easier access and tools 

availability are factors influencing maintainability performance.  

 

According to the reliability definition, the system success probability is a 

meaningful metric only in the context of a specific mission time within which the system 

meets performance expectations under a set of operating condition. For continuously 

operating systems such as the gas processing plant, equipment or system failures can be 

tolerated without impacting system’s ability to perform assuming proper sparing system 

capabilities. Therefore, reliability is linked with availability but in the gas plant process 

depending on sparing and/or operatic logic the system may be in operational state 

although equipment failures occur.  
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Reliability needs to be built into a design. It is more expensive and at times 

impractical to add reliability in a system after design completion. When a system is 

placed in service it has an inherent reliability as result of the design. Maintenance 

activities while the system is in operations will only be able to restore the inherent system 

reliability level and will not improve the design reliability.  Redundancy is one approach 

for improved system reliability offering sufficient alternative means for continuing 

operation as response to equipment failure. The potential gains should be balanced with 

the increased installation and operating costs. Optimization of costs with system 

redundancy to meet business demands can be achieved with reliability models. Therefore, 

it is important to predict accurately the resulting reliability performance of a system at 

design stage and evaluate the impact of alternative design modifications. 

 

In oil Exploration & Production (E&P) industry it is common to utilize a gated 

process for project management. Projects proceed in stages and as particular requirements 

are met then are allowed to proceed through the “gate” to their next project phase. Each 

subsequent design phase adds more detail and effort at increasing cost leading to design 

completion and start of the construction phase. Hess Corporation follows a similar project 

gated process and the importance of identifying early design optimization opportunities is 

among the process goals. Reliability simulation is an enabler for design improvements in 

the Hess Corporation view. 
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Relative reliability 

Absolute and relative reliability are frequently used terms in reliability 

engineering. Absolute reliability refers to a value that a system is expected to exhibit. 

Relative reliability refers to differences in system reliability before and after the 

consideration of a design or an operational change. 

 

Using past equipment performance as reliability model inputs is appropriate since 

that is our available knowledge but it is difficult to predict accurately future performance. 

There are considerable uncertainties particularly with equipment data and system 

predictions. A wide variability of failure rates for allegedly identical components under 

similar environmental and operating conditions is observed in actual operations. The 

model logic is usually a close approximation of future system behavior but not an exact 

replica of the manner equipment processes and personnel will respond to a future event. 

A “distance to reality” quality step is necessary upon model development as an initial 

model validation.  

 

The main benefit of a system simulation is not the absolute predicted value but 

rather the ability to repeat the simulation for different input values that permit a 

sensitivity analysis. A sensitivity study evaluating the impact of an equipment design 

change or system operating change is therefore meaningful and valuable basis for 

optimizing a design. The change benefit is obtained by evaluating how much the system 

reliability changes after altering the model inputs. The inherent system uncertainties are 

included in all evaluated scenarios and therefore with increased confidence the relative 

reliability differences can be compared between the alternate options. 
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System simulation methods 

Direct analytical methods or simulation methods are the two basic approaches for 

predicting a system’s reliability performance. In analytical methods a system is 

represented by a mathematical model which is often simplified and its reliability 

performance calculated by solving directly the model’s mathematical equations. When 

simulation methods are used, the system reliability is calculated by simulating the actual 

process and system’s random behavior. As the system complexity increases the direct 

analytical methods become ineffective and simulation techniques are the only choice. As 

an example, operating a system of two pumps with each having 100% capacity versus 

three pumps with a 50% capacity can be debated with logical pro and con reasoning for 

each option. A direct analytical method, using appropriate mathematical equations, can 

support a data based decision for the optimum pump configuration among the two above-

mentioned options. Addition of equipment or operating logic to the two pump system 

increases its complexity making it after a point impossible to model with an analytical 

method. The simulation method can handle simple equipment configurations, such as the 

two pump system, but it is the only choice for more complex process systems. 

  

On a gas plant process system level, the debate in similar fashion is regarding 

process options to separate ethane and/or propane from gas liquids.  It is possible to reach 

a correct decision for each of these subjects evaluated separately.  The effect that one 

decision will have on altering the optimum choice for the remaining decisions can not be 

easily calculated with an analytical model. In addition, as we increase the number of 
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separate necessary decisions, using analytical methods to reach an optimal decision that 

includes all underlying relationships of the above issues becomes impossible. 

 

Therefore the alternative design choices for E&P facilities, due to their 

complexity, can be better evaluated with simulation techniques. Incorporating MCS 

analysis in the project design decisions will result in optimum data based decisions.  

 

 

Monte Carlo simulation 

There are several types of simulation processes and it is common to use the term 

Monte Carlo Simulations (MCS) interchangeably with RAM simulation to describe these 

processes (6). It is noted that Monte Carlo simulations have completely random 

characteristics while some processes are time related and in strict term that should 

disqualify them from consideration as an MCS application. 

The Monte Carlo method is a general framework for probabilistic computational 

methods that are based on the repetitive sampling of distributions of random variables. 

The term Monte Carlo was first introduced by Metropolis and Ulam during World War II 

(6). The method was named after the resort city on the French Riviera which is a famous 

gambling industry destination.  The method was used in the development of the atomic 

bomb, where it was applied to problems involving random neutron diffusion in fissile 

material. 

 

The following sections will provide a description of the Monte Carlo Simulations.  
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RANDOM NUMBERS 

Generation of random numbers is a requirement for performing a Monte Carlo 

simulation. The random numbers should be created in a manner that results in their 

uniform distribution within the interval (0,1) which means that there is an equal 

probability that the variable will have any value between 0 and 1. Random numbers 

usually are created by a computer algorithm. Since the algorithm’s formula is used for 

their creation these are not actual random numbers and are described as pseudo-random 

numbers.  

 

The computer’s pseudo-number outputs to be useful for a MCS process need to 

meet the following requirements (7): 

• randomness and uniform distribution 

• a large period before the sequence repeats 

•  reproducibility so that the same sequence can be repeated 

• computational efficiency in their creation 

 

There are several methods for generating random numbers (6). The mid-square 

method proposed by von Neuman, uses the square of the preceding random number and 

extracts the middle digits to create the next random number in the series. For example if 

1613 was one random number then (1613 x 1613= 2601769) the next random number is 

017. The random number generation formula has a weak point, because if the zero is 

encountered then the method terminates. Outcomes of random experiments such as 

tossing a coin or rolling a dice could actually generate the necessary random numbers but 

this approach will not meet the requirement for creating efficiently the necessary quantity 

of random numbers. 
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The most common computer algorithm is the linear congruential method proposed 

by Lehmer in 1951 (8). The method generates pseudo random numbers in a sequence 

where the new random number, Xn+1, is calculated from the previous number, Xn, 

following the formula (8)  

 

Xn+1 = (A Xn + C) (mod B)    (i) 

 

In the above formula, A is an integer multiplier, C is an integer constant and “mod 

B” is defined as the modulus of an integer B, and the result is the remainder after the 

expression is divided by the value B. We will illustrate the recursion algorithm using an 

initial sequence value Xo=2, A=3, C=1 and B=16. Given these values from formula (i) 

then the X1=(3*2+1) (mod16)=7 and X2=(3*X1+1) (mod16)= 22 (mod16) =6,  and 

X3=(3*X2+1) (mod16)=19 (mod16)=3. 

 

The initial random number that the algorithm uses to create the sequence is named 

seed. The pseudo number generator, for reproducibility purposes, must be able to produce 

the same number sequence if the same initial seed value is used. The random numbers are 

used as inputs for the simulated variables in the Monte Carlo simulation. The simulation 

results from multiple iterations are averaged to obtain the mean and the confidence 

intervals for the output value of interest. 

 

MONTE CARLO SIMULATION METHOD STEPS 

The following steps are included in a MCS analysis: 

a) define model objectives 
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b) identify system input variables and their statistical distribution 

c) create a logical model that relates the input parameters with the analysis 

output, commonly the system availability 

d) generate random numbers that are used for system inputs 

e) calculate system output based on the random input variables 

f) multiple iterations of steps d and e above 

g) after a number of iterations the MCS analysis output converges to the 

predicted performance result 

h) Model validation 

 

Each of the above steps will be described in more detail in the following 

paragraphs: 

a) Model objectives 

The single most important step is to properly define the model objectives. 

 Understand what questions are to be answered with the model, and then build the model 

to answer those business concerns. It is common that a model will be used to evaluate 

alternative design or business options and therefore there is need to clarify what is the 

base scenario case. In the case of the gas plant, important elements that need to be 

clarified at this initial project stage include the model mission time, what future interval 

performance our prediction will cover? In addition it is necessary to clarify if the RAM 

model will include auxiliary systems (e.g. utilities), spare parts strategy, scheduled 

maintenance and shutdown intervals.  
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b) System input variables and statistical distributions  

The next step is to define the level of detail that will be included in the model. It 

is a balance between modeling effort and model output usefulness in answering properly 

the business concerns. The preference is to start the model at a high level covering the 

system main components and add additional details for the elements that are deemed 

influential in the overall performance. For example, in the gas plant case we may know 

that the plant feed system has no history of production impact. In that scenario it is 

appropriate to model the series of pressure vessels, pumps and other equipment that 

comprise the feed system as one component or block diagram. In the same gas plant the 

main gas compressors may be known as potential trouble spots hindering plant 

availability. The model should dissect the individual elements of the compressor 

subsystem describing in detail the auxiliary electrical system, the connected 

instrumentation or the lube oil support system serving the compressor. The additional 

included detail can potentially reveal that the compressor subsystem availability issues 

translate to instrumentation malfunction. The result will be a refined plan that addresses 

the specific concerns and allows for improved plant performance at minimum cost. It is 

preferable to start the model at a high level including less system detail and expand 

appropriately as the data analysis suggests than modeling the system using a detailed 

level initial approach. The latter approach may result in draining resources unnecessarily 

and delaying project completion while the former allows flexibility and if done right, 

provides the same quality simulation result.  

 

After defining the architecture of the model with the components and subsystems 

that will be included, it is necessary to analyze the failure data and define the appropriate 

distributions that describe their behavior.  Data regarding component failures are 
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collected from part operating history or available generic industry databases. Analysis of 

these data with statistical tools matches the appropriate distributions with each data set.  

 

Common failure distributions used to model component failure data include the 

following(9):  

• Exponential, the most commonly used distribution in reliability 

engineering, and describes a constant probability of failure. It describes 

appropriately component failure due to random events instead of 

deterioration as result of wear. 

• Normal, also called Gaussian or Bell curve distribution has limited 

applicability to life data, it is used for cases where failure is due to wear 

processes. The distribution is perfectly symmetrical about its mean value 

and the dispersion about the mean is measured and determined by its 

standard deviation. It is not as widely used for reliability applications as 

the exponential. 

• Weibull, a popular distribution within the reliability engineering field 

since it can describe early life or “infant mortality” failures along with 

wear out type failures. Depending on its parameters the Weibull 

distribution is shaped to fit sets of experimental data that can not be 

characterized with another particular distribution. 

• Lognormal, it is related to the normal distribution. It is widely accepted in 

reliability engineering work, mainly used as a good fit for repair times. 

Also applicable to failures due to crack propagation or corrosion.  
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c) System operatic logic 

A thorough understanding of the system operating rules, design basis, failure 

modes and effects for its components is needed to assess the future performance likely 

behavior. The operating logic provides meaning and connects the individual component 

failures with the system. It reflects how all the components are linked together in the 

system and the effects which each component failure will have on the system 

performance. Without this logic the model will not be able to assess the impact of any 

individual component or subsystem to the overall system performance. The operatic logic 

answers questions similar with the following: 

 

• Is there standby spare equipment?  

• What is the probability of the spare equipment to have a start-up failure on 

“cold start”? 

• If power is lost, what systems will be impacted first? at what percentage 

throughput loss?  

• How long can we flare after a process upset? 

 

The operatic logic and the component failure distributions are two independent 

model input sets. Lack of either of these two inputs will render the model useless. 

 

d) Random number generation 

As described earlier, the computer generates pseudo-random numbers that are 

used for the model simulation iterations. The system operation is simulated over the 

specified mission time by taking random samples from the statistical distributions and 
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logging how the changing components states (e.g. fail, operate, repair, standby) affect 

system performance. 

 

e) Calculate system output 

Using the pseudo-random input variables and following the operating logic that is 

incorporated in the MCS model an output value is calculated for each model iteration. A 

model containing several components and subsystems will utilize a separate pseudo-

random input variable for each of the model elements. The pseudo-random input variable 

will follow the element’s specific statistical distribution describing its failure behavior. 

 

f) Multiple iterations 

The above iteration is performed multiple times until convergence is reached. As 

the number of iterations increases the output value oscillation from a mean is decreasing 

and the results are said to converge. MCS software packages include algorithms that 

provide recommendations regarding the necessary number of iterations to reach 

convergence. The theoretical background for calculating the required number of 

iterations is detailed in specialized textbook references (10). 

 

g) Final result 

Each of these MCS iterations can be viewed as a possible future history for the 

system under evaluation. Any of these future histories could happen but it is impossible 

to know which one will occur. The essence of the methodology is to enable an 

understanding of the possible system performance variation and identify the underlying 

reasons or system sensitivities for non-performance. The end result is that the user can 
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then make a decision with a certain confidence or probability of achieving a specific 

performance metric. 

 

h) Validation 

Validation and quality assurance should be an ongoing effort throughout the 

entire MCS model development effort. The validity question is determined based on the 

model’s ability to accurately represent the system under evaluation and provide support 

for the decisions made from the model outputs.  
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GAS PLANT RAM ANALYSIS 

 

Model objectives 

The single most important step is properly defining the model objectives.  Having 

an understanding for the questions that are to be answered with the model is necessary 

prerequisite for building the model and answering those questions.  The “Base-case” 

scenario must be established first and then based on the objectives and the preliminary 

base-case results the alternative scenarios are developed in search of the optimum 

solution.   

 

Ethane recovery maximization is the base-case for the model since this is the 

expected, based on current product economics, most profitable mode of operation. 

 

The gas plant RAM model objectives of this analysis are as follows:   

a) Predict the availability of the system for the base case in order to 

quantify the contribution of the various components to non-

performance (curtailments / shutdowns, etc.). 

b) Develop and analyze the four alternative cases being considered in 

order to quantify the potential improvements or impact of alternative 

operation and the contribution of the various components to non-

performance (curtailments / shutdowns, etc.). 
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c) Provide a base that can be further expanded to include more detail for 

the upstream gas facilities (well production profiles, well down-hole 

and surface tree equipment, artificial lift, flowlines, and production 

equipment such as line heaters, separators and field compression) and 

the downstream gas facilities (pipelines and product truck loading) 

when needed to be used for ongoing optimization of the system. 

 

RAM model inputs 

Hess Corporation plans to expand an existing gas plant facility and as part of the 

expansion project a RAM analysis was completed using the Titan software developed by 

the Fidelis corporation. In the following sections we will review the particular model 

inputs and present the results of the RAM analysis. 

 

KEY ASSUMPTIONS USED 

 

It is necessary to document the RAM model assumptions and evaluate the model 

results with this set of assumptions in mind. The following paragraphs document the 

main assumptions used for the gas plant model: 

a) The model’s mission time is 10 years. System Reliability can not be 

defined outside of a specific timeframe. Using a longer interval can 

result in model simulation slowdown and inefficiencies in model 

processing time. In addition, by the end of a 10-year interval it is 

expected to perform plant overhaul and it is a reasonable opportunity 
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for possible project upgrades matching technology developments at that 

time. 

b) Planned or preventative maintenance (PM) work was not included in 

the model. It is expected that PM work will be opportunistic and 

performed in a manner that will not interfere with plant operations and 

therefore should not impact gas plant availability. Addition of code and 

operatic logic to reflect PM work can slow down the model due to 

increased complexity while not offering any benefit. 

c) All equipment repair work is modeled as not having any work force or 

resource restriction. Furthermore, spare parts were not restricted and 

their analysis including stock levels were not analyzed. Including spare 

parts and workforce requirements in the model can be done at a later 

time building on the existing model. At this design phase stage the 

priority is to identify opportunities for different equipment or subsystem 

configuration and decide the optimum among alternate design choices. 

For the same reason a restart delay time was not used for the field 

production or the gas plant.  

d) The turbo expander unit can fail and be automatically bypassed.  As a 

result there is no loss of production when the plant operates in 

maximum propane mode. If the plant is in ethane recovery mode and 

turbo-expander fails during the simulation then model logic switches to 

propane recovery and no availability impact is recorded in the RAM 

model. In a similar approach other components that could be bypassed 

without affecting production were shown in the flow diagram RBD’s 

but their failure distribution is the model was set to “Never”. 
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e) Failure and repair data for the equipment included in the model was 

provided by OREDA data and was reviewed and modified by Hess 

based on repair data. 

f) Failures with the flare and heat medium components were modeled to 

take down the inlet separation unit because they would prevent the 

distillation train reboilers from functioning. 

g) Equipment potential issues with cold-start are not included in the 

model. Even though not common, it is possible for standby equipment 

to malfunction and not come online as expected when needed as 

response to the primary equipment failure. Due to the limited potential 

for malfunctioning standby spare equipment, our lack of internal 

corporate experience and data supporting this type of failure mode and 

the impact of slowing down the model simulation by adding this as 

potential mode it was not included in the gas plant RAM model. If 

future plant operating experience provides a reason then it is possible to 

add the cold-start potential failure at a later time. 

h) Sufficient number of large size pumps is considered available at 

warehouse. Potential gains of 2.0% from that assumption due to 

reduced repair time. Large horsepower pumps are not readily available 

from vendors and based on their failure distribution the RAM 

simulation predicts plant availability losses that justify purchasing 

warehouse spares. This decision is incorporated in the base case.  
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RELIABILITY BLOCK DIAGRAMS 

 

Developing the reliability block diagrams (RBD), describing the gas plant 

functional logic is among the initial steps for the RAM model.  The RBD’s are describing 

the modeled system as a number of functional blocks which are interconnected and are 

representing the effect of each block failure on the overall system reliability. Two levels 

of RBD’s containing different information detail are used to describe the gas plant 

process. The high level RBD consists of blocks each of which represents a gas plant 

process unit, such as “inlet compression”, or “refrigeration”. Details regarding the 

equipment components that are included in each of the process units are covered in the 

next level of block diagrams. Components such as pumps, motors, and pressure vessels 

are properly connected in this second-level RBD’s to describe the configuration of each 

particular process unit.  

Appendix I illustrates the high level RBD or “flow diagram” for the gas plant 

expansion project. The process inputs and outputs of each process unit are shown in the 

flow diagram with the appropriate pipeline connections reflecting the dependencies 

between the system’s units.  

 

Each of the flow diagram process units that are presented in Appendix I, has a 

detailed level RBD in similar format with the Figure 2 illustration of the regeneration 

mole sieve unit. In the mole sieve regeneration unit example, the RBD consists of an air 

cooler (AC-5311), in series with a regen gas scrubber (D-5312), in series with a regen gas 

compressor subsystem (M237) and with a blower (B-5314).  



 

 

Figure 2: Mole sieve regeneration unit RBD 

 

The impact of each component to overall system availability is denoted with the 

numerical values in parentheses. For example, the AC-5311 cooler is listed as a (0.0/1.0) 

component which means that if equipment is not operating then the process unit 

throughput is zero since the component is in series. In addition, the notation for AC-5311 

also implies that if the component is in operation then the system throughput is 100%. In 

the case of the regen compressor the RBD component availability notation is (0.0/1.0/1.0) 

which translates to a two component parallel configuration that results in zero system 

throughput only if both components have failed. If any of the two components is in 

operation then the compressors are not causing system failure and assuming that 

remaining in series components are operating then the system throughput is 100%. 
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Besides the above examples, it is possible for specific equipment that component failure 

can cause partial system slowdown to a reduced rate of less than 100% system 

availability, a partial slowdown. The RBD in a case of a component inducing a system 

slowdown of 65% as example will be noted as (0.65/1.0) denoting that component failure 

results in 65% throughput. 

 

The RBD is the main representation of the system logic and the starting point for 

developing the gas plant RAM model. Not every possible modeling scenario can be 

"canned" into predefined blocks and software input objects. Additional operating logic 

that describes particular aspects of system performance is entered in the Titan software 

RAM model using Visual Basic programming language and appropriate coding. 

Incorporating software programming code in the RAM model logic makes it a very 

powerful tool and enables us to simulate all system potential complexities.  Production 

profile as function of reservoir characteristics, hurricane weather effect or field 

production economics as commodity pricing changes are some examples of complexities 

that can be modeled with proper software code addition to the Titan RAM model. 

 

There are several logic elements that were added as software code in the gas plant 

RAM model. Plant turnaround is a major scheduled activity that will occur in 

approximately ten years intervals and will result in plant outage for extended period of 

time, up to several weeks. There are equipment items such as the turbo expander that in a 

failure event can be automatically bypassed and gas plant operations continues in a 

different product mode. Instead of recovering ethane, after a turbo expander failure the 

operatic logic switches to propane recovery mode and mix of plant products changes. The 

ability to flare is restricted under state regulations after a specific emissions amount is 



 

reached. Operatic logic is entered in the model that forces gas plant outage when 

allowable flaring quantities have been exceeded after equipment failure.  

 

ASSET REGISTER  

The gas plant model scope includes all major equipment identified in the 

equipment list and the process flow diagrams for the base case.  Therefore, the model 

includes all separators, exchangers, mole sieve beds, heaters, distillation towers, 

compressors, turbo-expander, pumps, motors, and gearboxes.  An asset register is created 

in the Titan RAM software that contains the necessary equipment information for 

performing the model simulation. Figure 3 is extracted from the Titan software and 

illustrates the type of data included in the asset register. 

 

 

Figure 3: View of asset register extracted from the Titan RAM software model 

 

Appendix II is a complete set of all asset register data. The actual equipment tag 

names in Appendix II have been modified but their actual failure distribution 

characteristics are presented. The exponential distribution is mainly used for this model 
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and the failure parameter is expressed in days. As an example, a failure parameter of 

2,190 days is equal with a six-year failure interval (2,190 days/365 days per year= 6 

years). Repair times have variability in actual operations and as any activity can proceed 

in a smooth manner or unforeseen factors can influence their timely completion. A RAM 

model simulation as a concept aims to provide this variability and a triangular 

distribution was used to model each component’s repair time. The triangular distribution 

is defined by three numbers reflecting the minimum, maximum and most common repair 

time. In Figure 3, a repair parameter-1 of 0.125 days equals with 3 hours and that defines 

the minimum repair time for the specific component. The same component as example in 

Figure 3 has a 2 days or 48 hours as parameter-2 which means the maximum repair time 

that may be needed for this component in the model simulations. Finally 0.4458 days is 

the parameter-3 and that defines the most common repair time for this component. 

 

Failure rate 

As stated earlier, the exponential distribution is the main expression describing 

the equipment failure behavior in this RAM model. In general, the failure rate function 

expresses how likely it is that an equipment item that has survived for a time period will 

fail during the next time unit. If the item condition is deteriorating then the failure 

likelihood will increase with aging. A simple example is a 95 year old man has a higher 

probability of dying in the next year than a 20 year old man. It is common for equipment 

to exhibit three different phases during its service life following the bath-tub curve. 

Initially mechanical equipment is expected to have an increased failure rate reflecting the 

infant mortality or burn-in phase. Failures due to fabrication issues, installation errors, 

improper process start-up are responsible for the increased initial failure rates.  
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At the end of the equipment service life, following the bath tub curve, there is 

another failure rate increase associated with wear-out conditions. A constant failure rate 

is expected during the useful equipment life phase, provided it is properly maintained.  

The maintenance policy for several equipment items mandates their replacement or 

refurbishment before they enter the wear out phase. The result then is that the obtained 

plant CMMS failure history reflects data from the useful equipment life phase, where the 

failure rate is constant. Therefore the failure rate is expressed as exponential function for 

most of the equipment items in the Asset register.  

 

  

Data sources 

The failure data quality has an obvious effect on the RAM model results and a 

meticulous effort is appropriate, aiming to accurately describe component failure 

distribution. The fact that the particular gas plant project is an expansion of an existing 

facility with established maintenance history records was very helpful. The initial set of 

expected equipment performance and failure distributions along with repair times was 

obtained from the plant’s computerized maintenance management system (CMMS). The 

CMMS is the database commonly used in manufacturing facilities to record all 

maintenance repair or preventive type work performed against each equipment item. 

Detailed information covering the date, scope of work, equipment tag, equipment type, 

resources used, cost or allocated resources, observations at job closure were available and 

served as the initial set of equipment failure parameters.  

 

Besides the equipment design and particular service operating conditions the 

workforce skills and location are factors that can potentially impact the equipment 
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performance and repair.  Therefore the existing equipment performance history data it is 

the preferred source for the expansion facility simulation. 

 

In addition to the plant’s failure data, information from other Hess corporation 

facilities was reviewed. The main focus equipment types such as compressors that can 

have significant production impact. An effort to develop an internal Hess corporation 

process equipment taxonomy with expected failure distribution parameters is currently 

under development and will provide an improved foundation for future simulation efforts. 

Discussion with plant personnel aimed to clarify and verify findings from the CMMS 

databases and served as a quality assurance process.  

 

OREDA database 

Finally, data were obtained from external sources (11). The Offshore Reliability 

Data (OREDA) database is the most well known oil and gas industry source for process 

equipment failure performance data. It is a project organization sponsored by oil and gas 

companies with global operations. The main purpose of the OREDA project effort is to 

collect and exchange reliability data among the participating companies.  

 

Hess Corporation is not a member of the OREDA group but a purchased copy of 

the OREDA handbook was used for the reliability simulation project. The OREDA 

handbook includes failure data on machinery (e.g. compressors, turbines, pumps), electric 

equipment (e.g. generators, motors), mechanical equipment (e.g. heat exchangers, 

vessels) and other equipment groups (e.g. valves, process sensors). Besides mean time 

between failure (MTBF) values, information regarding equipment repair times is also 

included in the OREDA handbook and used as reference for this model. 
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GENERAL APPROACH  

The following are the main project steps for the development of the gas plant 

expansion model and in general are applicable on all RAM studies: 

a) A predictive model of the base case production configuration was developed 

using process flow diagrams, process simulation outputs, system logic and other 

configuration information.  

b) Unit and equipment reliability, repair and maintenance data were collected 

from internal and external data sources.  

c) All data inputs, model assumptions and operatic logic were validated by plant 

personnel and company subject matter experts.  

d) Alternative design scenarios were developed based on results of base case and 

business needs. The impact on system availability of the various alternative design 

scenarios was evaluated. 

e) Results were presented internally and appropriate design changes were 

recommended. 

 

The Monte Carlo RAM simulation utilizes statistical sampling techniques in order 

to predict future performance of a system.  The behavior of components in the system 

(towers, exchangers, pumps, compressors, motors, gearboxes, separators, etc.) is 

represented by a probabilistic distribution function.  This function is derived by using 

curve fitting techniques on the raw data or from industry databases like OREDA.  Raw 

data is simply intervals between failures and repairs.  The curve that is generated 

represents the possible failure or repair behavior of the component.  The software 

program samples from this curve and derives a time to failure or repair for each piece of 
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equipment.  Many life-cycles are run in order to sample enough points from all of the 

components in the model to insure that all possible combinations are taken into account. 

 

Each life-cycle is a possible future life of the actual system.  After many life-

cycles, a histogram of the possible outputs is created.  In this way, the results have a 

confidence or probability attached to them-not just an average or mean. 

As each component fails it has an effect on the unit that it is in, which in turn has 

an effect on the pipe flow sent through the pipes attached to that unit both upstream and 

downstream.  The RAM software simulation tracks the flow through the pipes as well as 

the utilized and available capacities of the units.   

 

The gas plant RAM model was run for 300 life-cycles of 10 years each.  Each of 

the 300 runs is a possible future performance of the Hess gas plant.  Statistics are kept for 

each life-cycle and aggregated at the end of the simulation to provide probabilistic 

outputs – expected system behavior and the variation possible in the behavior. 

 

 

RESULTS  

Base case results 

This RAM simulation began with an “as-is” model of the gas plant.  Appendix I, 

is the flow diagram that represents the gas plant operation while appendix II is the asset 

register containing the equipment list and their failure and repair distributions.  

 



 

Figure 4 presents the RAM simulation results for the base case in a chart format. 

This chart shows that in 300 possible life-cycles (model runs) the ability of the gas plant 

to produce product varies between 94.1% and 97.5% with a 50% probability to exceed 

96.12%. The results output is a combination bar chart and line chart giving the 

occurrence (relative frequency) versus the plant availability (capacity) on the bar chart 

and the probability to exceed versus the plant availability on the line chart (blue line).  

The x-axis value of the bar chart is the plant availability. The left y-axis is the occurrence 

probability associated with each of the calculated plant availabilities. The right y-axis 

expresses the probability to exceed each of the calculated plant availabilities and it is read 

as the intersection of the blue color line with the bar chart columns.  
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Figure 4: Base case availability results 
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For example the 97% plant availability bar column intersects the blue line at a 

value less than 10% (right y-axis) probably closer to 5%. Therefore there is a 5% 

probability for the gas plant availability to exceed 97% performance. 

 

The importance of the graphical results output illustrated in Figure 4 above can 

not be overstated as this graph provides the variation in possible outcomes and therefore 

provides a "confidence" or probability to meet or exceed a given performance target.  

 

The plant estimated availability is the actual production of the gas plant based on 

all factors including equipment mechanical and operational states.  Typically the key 

output from the model is this availability for the last unit in the model (the unit 

responsible for feeding the end-product, normally chosen as the model “focus unit”).  

 

 

Base case system sensitivities  

System sensitivities can be presented in a Pareto chart format.  The values given 

are the relative percentage of the loss of production responsible by each component in the 

system.  In the base case, the utilized capacity was 96.12%.  The Pareto chart, Figure 5, 

lists the components that are most responsible for the lost production (difference between 

100% and utilized capacity = 3.88%).  As example, for the base case, component “107- 

exchanger fin fan cooler” represents 4.8% of the total lost production or .3198% (3.88% 

x 4.8%) of total estimated production loss. 
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Figure 5: Pareto chart of equipment contribution to gas plant availability 

 

According to the Pareto principle of the “significant few and the insignificant 

many”, it is expected that few equipment items are mainly responsible for the gas plant’s 

potential production losses. The RAM model for the gas plant shows that the “top-ten”, 

of the two-hundred eight five (285) equipment items in the plant model, are responsible 

for approximately 40% of projected plant availability losses. Three fin-fan type air 

coolers and two gas compressors are the main equipment items of interest. During the 

initial plant design feed the impact of the proposed single bank fin-fan air coolers at three 

gas plant locations was not recognized. The RAM model identified these single failure 

point locations as important for the gas plant performance. Installing a second parallel 

bank of air coolers requires a capital investment of approximately $25,000 USD while 
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offering a 0.3% plant availability improvement therefore a plant design change becomes 

an obvious decision. In a similar manner, all potential improvement opportunities are 

evaluated based on their estimated impact on gas plant availability from the RAM model.  

 

It is important to note that when "fixing" a component by making redundant or 

removing it from the model, the system will not gain the full amount of lost production 

attributed to that component as other failures could have been masked.  The RAM 

simulation must run again to see how much production is gained after the proposed 

change is done in the model. 

 

Model convergence  

In a reliability simulation each model run represents a possible lifecycle scenario 

following the operatic logic, failure data distributions and system defined dependencies. 

The model result differences are becoming smaller as the number of lifecycles increases; 

the model outcome converges to its final predicted result. For example, equal outcomes 

of heads versus tails are expected from tossing a coin a sufficient number of times. One 

possibility is that in the first ten times heads can be a more frequent outcome than tails 

but eventually if the tossing exercise is repeated many times it should result to an equal 

number of these two coin toss possibilities. The question then for any RAM model is to 

identify the number of lifecycles needed for the simulation results to converge.   

Optimizing the number of lifecycles results in faster computer processing times 

for the simulation. The RAM software includes a convergence calculation function that is 

presented in a graph format, Figure 6. The utility of these convergence graphs is to check 

that enough lifecycles were chosen for a given simulation case.   
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Figure 6: Convergence graph for base case 

Figure 6 is an example of convergence graph from the gas plant simulation base 

case. The results output is a line graph giving the trailing average availability for all 

lifecycles run versus the number of lifecycles. The x-axis of the graph represents the 

number of lifecycles while the y-axis is the results output.  Since the trailing average is 

taken one would expect that the line should converge to a given average capacity (plus or 

minus some thousandths of a percent).    

 

In the figure 6 example, the average gas plant availability varied between 95.3% 

and 96.25% in the first 20 lifecycles.  As the number of lifecycles reached 100 or so, the 

average availability leveled out at about 96.1 and further stabilized around this value for 

the next 200 lifecycles.  The results of this specific case would have been valid with only 

100 lifecycles chosen instead of the 300 lifecycles than were used for the simulation. The 
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added lifecycles slow down the simulation processing while tightening the results 

confidence intervals. It was decided to use 300 lifecycles for all simulated scenarios as an 

appropriate balance for this model between processing time and level of result accuracy. 

 

 

Alternative scenario results 

Alternate scenarios were analyzed in order to help the engineering team make 

informed, balanced decisions regarding the final design and operations of the facility. 

Three alternative cases were considered in order to quantify the contribution of the 

various components to non-performance (curtailments / shutdowns, etc.).  The scenarios 

were created having in mind the gas plant products that for the base case are ethane, 

residue gas, hydrocarbon liquids and propane. 

 

Scenario 1, aimed to identify main contributors for plant production in the ethane 

rejection mode. Operating problems in the cryogenic plant section will result in reducing 

ethane production and the feed ethane will stay mixed with the sales gas. It is not a 

preferred operating state since generally ethane has a higher market value as stand alone 

product. Furthermore, presence of excess ethane in the gas stream can increase its heating 

value above sales gas specifications an undesirable condition. The gas plant design has a 

flexibility to operate in the ethane rejection mode as response to varying market 

conditions, raw feed composition future changes and possible operating problems with 

the cryogenic plant unit.  

 

Scenario 2, builds on the results of the base case and aims to quantify the impact 

of adding a redundant compressor (#25) in the gas plant design. A decision based on 
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payback period is made using the known total installation costs of the additional 

compressor and the predicted gas plant availability gains. 

 

Scenario 3, analyzes the sparing philosophy differences between the previous and 

the current design stage. The main rotating equipment differences involved four 

compressor trains that have changed from a 2 x 65% capacity design to a 2 x 100% 

capacity. The initial design, for four specific compressor systems, consisted of two 

compressors with a sixty-five percent of required throughput each. The current design 

evolved to having a 100% redundancy for each of these compressor systems resulting in a 

significant capital expenditure increase. The project team question was if that expenditure 

is justified from the expected plant availability gains. 

 

Results for alternative scenario 1 

Figure 7 presents the RAM simulation results for the alternative scenario 1, in a 

graph format. This graph shows that in 300 possible lifecycles (model runs) the ability of 

the gas plant to produce product varies between 93.7% and 97.5% with a 50% probability 

to reach 96.11%.  

 

Similarly with the base case convergence was possible at approximately 200 

lifecycles but for improved simulation accuracy 300 lifecycles were performed. Plant 

predicted availability performance is practically the same between the base case and this 

scenario. 
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Figure 7: Alternative scenario 1, availability results 

 

System sensitivities, alternative scenario 1  

In the alternative scenario 1, the utilized capacity was 96.11%.  Of the lost 

production (difference between 100% and utilized capacity = 3.89%), the Pareto chart of 

Figure 8 lists the components that are most responsible for the loss.  Comparing the base 

case with scenario 1, besides a minor difference regarding the significance for 

compressor #25, there are not any other differences on the equipment items with the 

highest gas plant availability impact. 

 

The compressor #25, for the alternative scenario 1, represents 5% of the total lost 

production or .19% (3.89% x 5%) of the gas plant predicted production. 
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Figure 8: Alternative scenario 1, Pareto chart of equipment contribution to gas plant 
availability 

 

Results for alternative scenario 2 

The significance of the compressor #25 for the gas plant in both the base case and 

the alternative scenario 1 pointed to a need to evaluate in detail the potential design 

improvement opportunities and specifically sparing the compressor with a 100% 

redundancy unit.  

 

Figure 9 presents the RAM simulation results from sparing compressor #25, the 

alternative scenario 2, in a graph format. This graph shows that in 300 possible lifecycles 

(model runs) the ability of the gas plant to produce product varies between 94.75% and 

97.5% with a 50% probability to reach 96.42%.  
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Figure 9: Alternative scenario 2, availability results 

There is a 0.3% gas plant availability improvement compared with the base case 

after installing a redundant compressor #25. A decision then can be made following 

corporate guidelines regarding acceptable investment return. For illustration purposes, 

assuming that the desired payback period for any capital investment is 3 years, $X the gas 

plant operating profit per day and $Y the total installed compressor cost (purchasing and 

installation costs included) then the following calculations can be made. 

 

The 0.3% gas plant availability improvement translates to 1.095 days production 

gain per year or 1.095 days/year * $X profit /day = $1.095X profit/year from adding a 

redundant (100% capacity) spare compressor #25. If 3* 1.095X < Y then the 3-year 

payback criterion is met and the capital investment is desirable. If the payback criterion is 

not met then even-though the proposed spare compressor will improve the gas plant 

availability the estimated production gains are not justifying the added capital expense. 
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The above describes the essence of the decision types that a RAM model analysis 

enables, where capital investment and design changes are justified on their predicted gas 

plant availability impact. 

 

System sensitivities, alternative scenario 2  
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204: Exchanger, fin-fan cooler
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198: Exchanger

206: Exchanger

59: Exchanger, fin-fan cooler

Production Loss Sensitivity 

Pareto (Top 10): C2 Recovery—redundant #25 Compressor 

 

Figure 10: Alternative scenario 2, Pareto chart of equipment contribution to gas plant 
availability 

In the alternative scenario 2, the utilized capacity was 96.42%.  Of the lost 

production (difference between 100% and utilized capacity = 3.58%), the Pareto chart of 

Figure 10 lists the components that are most responsible for the loss.  The pareto chart 

shows, as expected, that after adding a redundant compressor #25 the equipment’s impact 

on the gas plant availability is eliminated. In addition the recycle compressor #35 is not 

among the top ten items most responsible for plant availability losses while the 
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exchangers #218, #198 and #206 are now added among the critical impact equipment for 

the gas plant availability.  

 

Results for alternative scenario 3 

Figure 11 presents the RAM simulation results for the alternative scenario 3, in a 

graph format. This graph shows that in 300 possible lifecycles (model runs) the ability of 

the gas plant to produce product varies between 89.75% and 96.15% with a 50% 

probability to reach 94.06%. 

 

0%

5%

10%

15%

20%

0.890 0.900 0.910 0.920 0.930 0.940 0.950 0.960 0.970

O
cc

ur
re

nc
e

Average Capacity

0%

20%

40%

60%

80%

100%

Probability to Exceed

Utilize d Unit Histogram for: reve rt to fee d 1

Total Production  

Figure 11: Alternative scenario 3, availability results 

 

Scenario 3 is a RAM simulation of the initial gas plant design approach. The 

project proceeds following a gate review process. As the project progressed from the 
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“Feed 1” stage to the completion of the “Feed 2” stage significant changes occurred for 

the rotating equipment philosophy. The rotating equipment changes were mainly capacity 

upgrades so that the achieved redundancy for each compressor train is 100%. The 

additional capital expenditures for these rotating equipment capacity upgrades drew 

attention as part of the “Feed 2” review and the RAM model was used as an objective 

tool assessing the validity of the business decision. 

 

Similarly with above, considering $Y the total additional cost for installing larger 

size compressors and $X the operating profit per day for the plant, an evaluation based on 

investment’s payback period is possible. The base case, upgraded capacity compressors, 

results in a 2.06% improvement over the “Feed 1” design (96.12% - 94.06%=2.06%). 

Therefore the base case design results in 2.06*365days/100=7.519 days additional 

production per year. Based on $X profit per day the financial gains then are $7.519X per 

year and to satisfy a three year payback period 3*7.519X needs to be lower than the total 

added cost from the upgraded rotating equipment, $Y. 

 

System sensitivities, alternative scenario 3  

In the alternative scenario 3, the utilized capacity was 94.06%.  Of the lost 

production (difference between 100% and utilized capacity = 5.94%), the Pareto chart of 

Figure 10 lists the components that are most responsible for the loss.  The “Feed 1” 

design that is simulated in this alternative scenario, is utilizing redundant compressor of 

only 65% plant capacity. Therefore a compressor failure results in immediate reduction 

of the gas plant production regardless of the standby equipment availability status. It is 

not surprising then that the Pareto chart, Figure 10, shows that nine compressors are 

included among the top-ten most critical equipment items for gas plant production. 



 

Compressor #25 is among the top-ten most problematic equipment of scenario 3 but not 

the worst contributor to plant availability losses as seen in Figure 12.  
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228: Compressor
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107: Exchanger, Fin fan cooler

Production Loss Sensitivity 

Pareto (Top 10): revert to feed 1

  

Figure 12: Alternative scenario 3, Pareto chart of equipment contribution to gas plant 
availability 

 

RAM MODEL RESULTS DISCUSSION 
 

The overall gas plant availability was the main performance indicator that was 

used to compare the 4 design configurations as shown in the Table 1.   

 

The base case utilized capacity was 96.12%. From table 1, comparing the base 

case results with the “ethane rejection” scenario, it is clear that there is not a plant 

availability difference between the two main operating gas plant modes. 
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Case Plant 

availability 

Plant availability change from 

Base case 

Base Case- Ethane recovery 96.12% NA 

Scenario 1 – Ethane rejection 96.11% -0.01% 

Scenario 2 – Redundant compressor #25 96.42% 0.3% 

Scenario 3 – Revert to Feed #1 design 94.06% -2.06% 

Table 1: RAM model results  

Operating in an optimized ethane production or in an ethane rejection mode is 

dictated by market economics. In spite of utilizing different gas plant process subunits 

downstream of the main process equipment train, the two process modes, as shown in 

their Pareto charts, exhibit no difference regarding their equipment most responsible for 

predicted plant availability losses. The plant flexibility allows a quick transition from one 

operating mode to the other and therefore the common main process equipment remain 

the most critical for potential plant availability losses in either operating mode. Based on 

the Pareto chart from the base case it is evident that redundancy is needed for the the fin 

fan coolers #107, #6 and #204 that in current design stage are single failure points. 

 

The alternative scenario 3 represents the initial gas plant design and according to 

the RAM simulation is expected to result in a 2.06% reduced plant availability. The 

predicted plant availability reduction is due to insufficient rotating equipment 

redundancy. Justification for the business decision to install additional rotating equipment 

capacity was based on the comparison of the base case with the Scenario 3. Similarly, 

Scenario 2 results compared with the base case supported the decision to install a 

redundant compressor #25. 
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CONCLUSIONS 

The reliability prediction of a system is concerned with its future performance and 

behavior. Identical systems will perform differently in real time reflecting variations 

regarding time to failure, repair time and spare part availability. The Reliability, 

Availability and Maintainability (RAM) model, based on the Monte Carlo simulation, 

aims to reflect the randomness of these system events in real life processes and provide 

meaningful predictions for its future performance. 

 

This report demonstrates the RAM methodology value using as example its 

application during the design phase of a gas plant expansion project. An overview of the 

gas processing plant process along with the theoretical foundation of the RAM model is 

provided. The gas plant operating rules, design basis, equipment failure distributions 

along with the failure consequences are the RAM model inputs while predicted plant 

availability is the main output. 

 

Comparison of the RAM base case model with the alternative design scenarios 

offered financial justification for the gas plant design optimization effort. Decisions for 

capital asset allocation were made based on data analyzed in the RAM model and the 

known costs for the proposed alternative design scenario equipment. Adding rotating 

equipment and fin-fan cooler redundancy are the RAM model’s main design 

improvement recommendations. 
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Utilizing RAM models in project design will support an optimized and successful 

deployment of Hess Corporation capital resources ensuring company’s future growth and 

success.  

 
 



 

APPENDIX I: High-level Reliability Block Diagram for the Hess gas plant expansion project 
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APPENDIX II: Gas plant RAM model asset register 

Equipment name Description 
Failure 
Distribution 

Failure 
Parameter 1 

Repair 
Distribution 

Repair 
Parameter 1 

Repair 
Parameter 2 

Repair 
Parameter 3 

Separator 1 Inlet Separator Exponential       2,190.0  Triangular            0.13           2.00             0.45  
Exchanger 2 Inlet Liquid Heater Exponential       2,555.0  Triangular            1.00           4.50             3.00  

Filter 3 
Inlet Filter / Separator-has 
bypass Never         457.0  Triangular            0.17           7.00             0.33  

Separator 4 Stabilized Feed Separator Exponential       2,190.0  Triangular            0.13           2.00             0.45  
Exchanger 5 Stabilizer Feed/Bot Exch Exponential       2,555.0  Triangular            1.00           4.50             3.00  
Air Cooler 6 Stabilizer Product Cooler Exponential       2,555.0  Triangular            0.15          14.00            0.17  
Tower 7 Stabilizer Exponential       7,300.0  Triangular            0.13           2.00             0.45  
Exchanger 8 Stabilizer Reboiler Exponential       2,555.0  Triangular            1.00           4.50             3.00  

Separator 9 
1st Stg Stabilizer Overhead 
Comp. Scrubber Exponential       2,190.0  Triangular            0.13           2.00             0.45  

Separator 10 1st Stage Suction Bottle Never       2,190.0  Triangular            0.13           2.00             0.45  
Separator 11 1st Stage Discharge Bottle Never       2,190.0  Triangular            0.13           2.00             0.45  

Compressor 12 
1st Stage Compressor 
Cylinder Never           88.7  Triangular            0.10          10.00            0.21  

Compressor 13 
1st Stage Compressor 
Cylinder Never           88.7  Triangular            0.10          10.00            0.21  

Air Cooler 14 
1st Stg Stabilizer Overhead 
Comp After Cooler Exponential       2,555.0  Triangular            0.15          14.00            0.17  

Separator 15 
2nd Stg Stabilizer Overhead 
Comp. Scrubber Exponential       2,190.0  Triangular            0.13           2.00             0.45  

Separator 16 2nd Stage Suction Bottle Never       2,190.0  Triangular            0.13           2.00             0.45  

Compressor 17 
2nd Stage Compressor 
Cylinder Never           88.7  Triangular            0.10          10.00            0.21  

Compressor 18 
2nd Stage Compressor 
Cylinder Never           88.7  Triangular            0.10          10.00            0.21  

Air Cooler 19 
2st Stg Stabilizer Overhead 
Comp After Cooler Exponential       2,555.0  Triangular            0.15          14.00            0.17  

Separator 20 2nd Stage Discharge Bottle Never       2,190.0  Triangular            0.13           2.00             0.45  
Pump 21 Suction Scrubber Drain Pump Exponential         602.3  Triangular            0.02           4.50             1.69  
Pump 22 Suction Scrubber Drain Pump Exponential         602.3  Triangular            0.02           4.50             1.69  
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Equipment name Description 
Failure 
Distribution 

Failure 
Parameter 1 

Repair 
Distribution 

Repair 
Parameter 1 

Repair 
Parameter 2 

Repair 
Parameter 3 

Exchanger 23 Lube Oil Cooler Exponential       6,909.9  Triangular            1.00           4.50             3.00  

Separator 24 
Compressor Cylinder Lube Oil 
Day Tank Never       2,190.0  Triangular            0.13           2.00             0.45  

Compressor 25 
Stabilizer Overhead 
Compressor  Exponential         142.5  Triangular            0.10          10.00            0.21  

Filter 26 Compressor Lube Oil Filters Exponential       2,433.8  Triangular            0.17           7.00             0.33  
Pump 27 Auto Prelube Pump Never       1,825.0  Triangular            0.02           4.50             1.69  
Filter 28 Lube Oil Filter Exponential       2,433.8  Triangular            0.17           7.00             0.33  
Filter 29 Lube Oil Filter Exponential       2,433.8  Triangular            0.17           7.00             0.33  

Separator 30 
Comrpessor Crankcase Lube 
Oil Day Tank Never       2,190.0  Triangular            0.13           2.00             0.45  

Separator 31 Waste Oil Tank Never       2,190.0  Triangular            0.13           2.00             0.45  
Exchanger 32 Crankcase Immersion Heater Never       2,555.0  Triangular            1.00           4.50             3.00  
Separator 33 Distance Piece Seal Pot Never       2,190.0  Triangular            0.13           2.00             0.45  
Pump 34 Seal Pot Drain Pump Never         602.3  Triangular            0.02           4.50             1.69  
Compressor 35 Recycle Compressor Driver  Exponential       5,475.0  Triangular            3.00        280.75          21.00  

Compressor 36 
Recycle Comp. Flex Disc 
Coupling Never              -    Triangular            0.02        121.67            2.34  

Air Cooler 37 
Recycle Comp. Aftercooler 
Motors Exponential       1,826.0  Triangular            0.10           1.67             0.33  

Exchanger 38 Exhaust Fan Exponential       2,555.0  Triangular            1.00           4.50             3.00  
Exchanger 39 Exhaust Fan Exponential       2,555.0  Triangular            1.00           4.50             3.00  
Exchanger 40 Exhaust Fan Exponential       2,555.0  Triangular            1.00           4.50             3.00  
Heater 41 Building Heaters. Ruffneck Never       4,166.7  Triangular            0.29           1.63             0.92  
Heater 42 Building Heaters. Ruffneck Never       4,166.7  Triangular            0.29           1.63             0.92  
Heater 43 Building Heaters. Ruffneck Never       4,166.7  Triangular            0.29           1.63             0.92  
Heater 44 Building Heaters. Ruffneck Never       4,166.7  Triangular            0.29           1.63             0.92  
Exchanger 45 Inlet Liquid Heater Exponential       2,555.0  Triangular            1.00           4.50             3.00  
Tower 46 Amine Contactor Exponential       7,300.0  Triangular            1.00           4.50             3.00  
Air Cooler 47 Sweet Gas Trimcooler Exponential       2,555.0  Triangular            1.00           4.50             3.00  
Air Cooler 48 Sweet Gas Trimcooler Exponential       2,555.0  Triangular            1.00           4.50             3.00  
Separator 49 Sweet Gas Scrubber Exponential       2,190.0  Triangular            1.00           4.50             3.00  
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Equipment name Description 
Failure 
Distribution 

Failure 
Parameter 1 

Repair 
Distribution 

Repair 
Parameter 1 

Repair 
Parameter 2 

Repair 
Parameter 3 

Separator 50 Amine Flash Tank Exponential       2,190.0  Triangular            1.00           4.50             3.00  
Filter 51 Rich Amine Solids Filters Never           13.4  Triangular            1.00           4.50             3.00  
Filter 52 Rich Amine Solids Filters Never           13.4  Triangular            1.00           4.50             3.00  

Filter 53 
Mole Sieve Inlet Coalescing 
Filter Never         457.0  Triangular            1.00           4.50             3.00  

Separator 54 Mole Sieve  Exponential       2,190.0  Triangular            1.00           4.50             3.00  
Separator 55 Mole Sieve  Exponential       2,190.0  Triangular            1.00           4.50             3.00  
Separator 56 Mole Sieve  Exponential       2,190.0  Triangular            1.00           4.50             3.00  
Filter 57 Mole Sieve Dry Gas Filter Exponential         457.0  Triangular            1.00           4.50             3.00  
Filter 58 Mole Sieve Dry Gas Filter Exponential         457.0  Triangular            1.00           4.50             3.00  
Air Cooler 59 Regen Gas Air Cooler Exponential       2,555.0  Triangular            1.00           4.50             3.00  
Separator 60 Regen Gas Scrubber Exponential       2,190.0  Triangular            1.00           4.50             3.00  

Air Cooler 61 
Regen Compressor Lube Oil 
Cooler Exponential       2,555.0  Triangular            1.00           4.50             3.00  

Filter 62 
Regen Compressor Lube Oil 
Filter Exponential       2,433.8  Triangular            1.00           4.50             3.00  

Pump 63 
Regen Compressor Pre-Lube 
Oil Pump Never       1,825.0  Triangular            1.00           4.50             3.00  

Compressor 64 Regen Gas Compressor Exponential         142.5  Triangular            1.00           4.50             3.00  
Filter 65 Seal Gas Filter Exponential       2,433.8  Triangular            1.00           4.50             3.00  
Separator 66 Regen Compressor Drip Pot Exponential       2,190.0  Triangular            1.00           4.50             3.00  

Air Cooler 67 
Regen Compressor Lube Oil 
Cooler Exponential       2,555.0  Triangular            1.00           4.50             3.00  

Filter 68 
Regen Compressor Lube Oil 
Filter Exponential       2,433.8  Triangular            1.00           4.50             3.00  

Pump 69 
Regen Compressor Pre-Lube 
Oil Pump Never       1,825.0  Triangular            1.00           4.50             3.00  

Compressor 70 Regen Gas Compressor Exponential         142.5  Triangular            1.00           4.50             3.00  
Filter 71 Seal Gas Filter Exponential       2,433.8  Triangular            1.00           4.50             3.00  
Separator 72 Regen Compressor Drip Pot Exponential       2,190.0  Triangular            1.00           4.50             3.00  
Burner 73 Blower Never              -    Triangular               -                  -                  -    
Heater 74 Regen Gas Heater Exponential       4,166.7  Triangular            0.29           1.63             0.92  
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Equipment name Description 
Failure 
Distribution 

Failure 
Parameter 1 

Repair 
Distribution 

Repair 
Parameter 1 

Repair 
Parameter 2 

Repair 
Parameter 3 

Exchanger 75 Cold Box Exponential       6,909.9  Triangular            1.00           4.50             3.00  
Separator 76 HS Refrigerant Feed Drum Exponential       2,190.0  Triangular            0.13           2.00             0.45  
Separator 77 LS Refrigerant Feed Drum Exponential       2,190.0  Triangular            0.13           2.00             0.45  
Separator 78 Warm Temp Separator Exponential       2,190.0  Triangular            0.13           2.00             0.45  
Separator 79 Expander Feed Separator Exponential       2,190.0  Triangular            0.13           2.00             0.45  
Turbo-expander 
80 Turbo Expander  Exponential       3,650.0  Triangular            0.17           0.63             0.25  
Turbo-expander 
81 Turbo Expander Compressor Exponential       3,650.0  Triangular            0.17           0.63             0.25  

Pump 82 
Expander L.O. Make-Up 
Pump Exponential       1,825.0  Triangular            0.02           4.50             1.69  

Heater 83 Expander Seal Gas Heater Exponential       4,166.7  Triangular            0.29           1.63             0.92  
Separator 84 Expander L.O. Tank Exponential       2,190.0  Triangular            0.13           2.00             0.45  
Filter 85 Exapnder Seal Gas Filter Exponential       2,433.8  Triangular            0.17           7.00             0.33  
Filter 86 Exapnder Seal Gas Filter Exponential       2,433.8  Triangular            0.17           7.00             0.33  
Pump 87 Expander L.O. Pump Exponential       1,825.0  Triangular            0.02           4.50             1.69  
Pump 88 Expander L.O. Pump Exponential       1,825.0  Triangular            0.02           4.50             1.69  
Exchanger 89 Exp./Comp. L.O. Cooler Exponential       6,909.9  Triangular            1.00           4.50             3.00  
Separator 90 Exapnder L.O. Accumulator Exponential       2,190.0  Triangular            0.13           2.00             0.45  
Separator 91 Exapnder L.O. Accumulator Exponential       2,190.0  Triangular            0.13           2.00             0.45  
Filter 92 Expander L.O. Filter Exponential       2,433.8  Triangular            0.17           7.00             0.33  
Filter 93 Expander L.O. Filter Exponential       2,433.8  Triangular            0.17           7.00             0.33  
Heater 94 Expander L.O. Heater Exponential       4,166.7  Triangular            0.29           1.63             0.92  
Exchanger 95 Demethanizer Reboiler Exponential       2,555.0  Triangular            1.00           4.50             3.00  
Tower 96 De-methanizer Exponential       7,300.0  Triangular            0.13           2.00             0.45  
Separator 97 Demethanizer Surge Drum Exponential       2,190.0  Triangular            0.13           2.00             0.45  
Pump 98 Demethanizer Pump Exponential         602.3  Triangular            0.02           4.50             1.69  
Pump 99 Demethanizer Pump Exponential         602.3  Triangular            0.02           4.50             1.69  
Separator 100 Deethanizer Reflux Drum Exponential       2,190.0  Triangular            0.13           2.00             0.45  
Exchanger 101 Deethanizer Condenser Exponential       2,555.0  Triangular            1.00           4.50             3.00  
Pump 102 Deethanizer Reflux Pump Exponential         602.3  Triangular            0.02           4.50             1.69  
Pump 103 Deethanizer Reflux Pump Exponential         602.3  Triangular            0.02           4.50             1.69  
Tower 104 De-ethanizer Exponential       7,300.0  Triangular            0.13           2.00             0.45  
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Equipment name Description 
Failure 
Distribution 

Failure 
Parameter 1 

Repair 
Distribution 

Repair 
Parameter 1 

Repair 
Parameter 2 

Repair 
Parameter 3 

Exchanger 105 Refrigerant Subcooler Exponential       2,555.0  Triangular            1.00           4.50             3.00  
Exchanger 106 Deethanizer Reboiler Exponential       2,555.0  Triangular            1.00           4.50             3.00  

Air Cooler 107 
Exp. Comp. Discharge 
Aircooler Exponential       2,555.0  Triangular            0.15          14.00            0.17  

Separator 108 Ethane Comp Scrubber Exponential       2,190.0  Triangular            0.13           2.00             0.45  

Separator 109 
1st Stage Suction Pulsation 
Bottle Never       2,190.0  Triangular            0.13           2.00             0.45  

Separator 110 
1st Stage Discharge Pulsation 
Bottle Never       2,190.0  Triangular            0.13           2.00             0.45  

Compressor 111 
1st Stage Compressor 
Cylinder Never           88.7  Triangular            0.10          10.00            0.21  

Air Cooler 112 
1st Stage Intercooler Air-Cool 
Exchanger Exponential       2,555.0  Triangular            0.15          14.00            0.17  

Separator 113 2nd Stage Suction Scrubber Exponential       2,190.0  Triangular            0.13           2.00             0.45  

Separator 114 
2nd Stage Suction Pulsation 
Bottle Never       2,190.0  Triangular            0.13           2.00             0.45  

Separator 115 2nd Stage Discharge  Never       2,190.0  Triangular            0.13           2.00             0.45  

Compressor 116 
2nd Stage Compressor 
Cylinder Never           88.7  Triangular            0.10          10.00            0.21  

Exchanger 117 Lube Oil Cooler Exponential       6,909.9  Triangular            1.00           4.50             3.00  

Compressor 118 
Ethane Compressor 
Reciprocating Comp. Exponential         142.5  Triangular            0.10          10.00            0.21  

Filter 119 Comrpessor Lube Oil Filters Exponential       2,433.8  Triangular            0.17           7.00             0.33  
Separator 120 Waste Oil Tank Never       2,190.0  Triangular            0.13           2.00             0.45  
Pump 121 Auto Prelube Pump Never       1,825.0  Triangular            0.02           4.50             1.69  
Filter 122 Lube Oil Filter Exponential       2,433.8  Triangular            0.17           7.00             0.33  

Separator 123 
Compressor Crankcase Lube 
Oil Day Tank Never       2,190.0  Triangular            0.13           2.00             0.45  

Compressor 124 Ethane Compressor Driver Exponential       5,475.0  Triangular            3.00        280.75          21.00  
Compressor 125 Flexible Disc Coupling Never              -    Triangular            0.02        121.67            2.34  
Air Cooler 126 Air Cooler Motor Exponential       1,826.0  Triangular            0.10           1.67             0.33  
Separator 127 Ethane Comp Scrubber Exponential       2,190.0  Triangular            0.13           2.00             0.45  
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Equipment name Description 
Failure 
Distribution 

Failure 
Parameter 1 

Repair 
Distribution 

Repair 
Parameter 1 

Repair 
Parameter 2 

Repair 
Parameter 3 

Separator 128 
1st Stage Suction Pulsation 
Bottle Never       2,190.0  Triangular            0.13           2.00             0.45  

Separator 129 
1st Stage Discharge Pulsation 
Bottle Never       2,190.0  Triangular            0.13           2.00             0.45  

Compressor 130 
1st Stage Compressor 
Cylinder Never           88.7  Triangular            0.10          10.00            0.21  

Air Cooler 131 
1st Stage Intercooler Air-Cool 
Exchanger Exponential       2,555.0  Triangular            0.15          14.00            0.17  

Separator 132 2nd Stage Suction Scrubber Exponential       2,190.0  Triangular            0.13           2.00             0.45  

Separator 133 
2nd Stage Suction Pulsation 
Bottle Never       2,190.0  Triangular            0.13           2.00             0.45  

Separator 134 2nd Stage Discharge  Never       2,190.0  Triangular            0.13           2.00             0.45  

Compressor 135 
2nd Stage Compressor 
Cylinder Never           88.7  Triangular            0.10          10.00            0.21  

Exchanger 136 Lube Oil Cooler Exponential       6,909.9  Triangular            1.00           4.50             3.00  

Compressor 137 
Ethane Compressor 
Reciprocating Comp. Exponential         142.5  Triangular            0.10          10.00            0.21  

Filter 138 Compressor Lube Oil Filters Exponential       2,433.8  Triangular            0.17           7.00             0.33  
Separator 139 Waste Oil Tank Never       2,190.0  Triangular            0.13           2.00             0.45  
Pump 140 Auto Prelube Pump Never       1,825.0  Triangular            0.02           4.50             1.69  
Filter 141 Lube Oil Filter Exponential       2,433.8  Triangular            0.17           7.00             0.33  

Separator 142 
Compressor Crankcase Lube 
Oil Day Tank Never       2,190.0  Triangular            0.13           2.00             0.45  

Compressor 143 Ethane Compressor Driver Exponential       5,475.0  Triangular            3.00        280.75          21.00  

Air Cooler 144 
Reciprocating Gas 
Compressor cooler Exponential       2,555.0  Triangular            0.15          14.00            0.17  

Compressor 145 Flexible Disc Coupling Never              -    Triangular            0.02        121.67            2.34  
Air Cooler 146 Air Cooler Motor Exponential       1,826.0  Triangular            0.10           1.67             0.33  

Air Cooler 147 
Ethane Condenser Air-cool 
Exchanger Exponential       2,555.0  Triangular            0.15          14.00            0.17  

Separator 148 Ethane Vapour Trap Exponential       2,190.0  Triangular            0.13           2.00             0.45  

Separator 149 
MP Residue Compressor 
Suction Scrubber Exponential       2,190.0  Triangular            0.13           2.00             0.45  
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Equipment name Description 
Failure 
Distribution 

Failure 
Parameter 1 

Repair 
Distribution 

Repair 
Parameter 1 

Repair 
Parameter 2 

Repair 
Parameter 3 

Filter 150 
MP Residue Comp Inlet 
Strainers Never         457.0  Triangular            0.17           7.00             0.33  

Compressor 151 MP Residue Compressor Exponential         142.5  Triangular            0.10          10.00            0.21  

Air Cooler 152 
MP Residue Comp. Interstage 
Cooler Exponential       2,555.0  Triangular            0.15          14.00            0.17  

Gearbox 153 
Residue Comp. Speed 
Increaser Exponential       7,300.0  Constant            1.46               -                  -    

Compressor 154 
MP Residue Compressor 
Driver Exponential       5,475.0  Triangular            3.00        280.75          21.00  

Filter 155 
Residue Compressor Seal 
Gas Filter Exponential       2,433.8  Triangular            0.17           7.00             0.33  

Filter 156 
Residue Compressor Seal 
Gas Filter Exponential       2,433.8  Triangular            0.17           7.00             0.33  

Separator 157 Lube Oil Rundown Tank Never       2,190.0  Triangular            0.13           2.00             0.45  

Air Cooler 158 
Residue Compressor LO 
Cooler Exponential       2,555.0  Triangular            0.15          14.00            0.17  

Filter 159 
Residue Compressor LO 
Filter Exponential       2,433.8  Triangular            0.17           7.00             0.33  

Filter 160 
Residue Compressor LO 
Filter Exponential       2,433.8  Triangular            0.17           7.00             0.33  

Pump 161 
Residue Compressor Main LO 
Pump Exponential       1,825.0  Triangular            0.02           4.50             1.69  

Pump 162 
Residue Compressor Standby 
LO Pump Exponential       1,825.0  Triangular            0.02           4.50             1.69  

Separator 163 
MP Residue Compressor 
Suction Scrubber Exponential       2,190.0  Triangular            0.13           2.00             0.45  

Filter 164 
MP Residue Comp Inlet 
Suction Strainers Never         457.0  Triangular            0.17           7.00             0.33  

Compressor 165 MP Residue Compressor Exponential         142.5  Triangular            0.10          10.00            0.21  

Gearbox 166 
Residue Comp. Speed 
Increaser Exponential     54,166.7  Constant            1.46               -                  -    

Compressor 167 
MP Residue Compressor 
Driver Exponential       5,475.0  Triangular            3.00        280.75          21.00  
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Air Cooler 168 
MP Residue Comp. Interstage 
Cooler Exponential       2,555.0  Triangular            0.15          14.00            0.17  

Filter 169 
Residue Compressor Seal 
Gas Filter Exponential       2,433.8  Triangular            0.17           7.00             0.33  

Filter 170 
Residue Compressor Seal 
Gas Filter Exponential       2,433.8  Triangular            0.17           7.00             0.33  

Separator 171 
Residue Compressor Lube Oil 
Rundown Tank Never       2,190.0  Triangular            0.13           2.00             0.45  

Filter 172 Compressor Lube Oil Filters Exponential       2,433.8  Triangular            0.17           7.00             0.33  
Filter 173 Compressor Lube Oil Filters Exponential       2,433.8  Triangular            0.17           7.00             0.33  

Pump 174 
Residue Compressor Main LO 
Pump Exponential       1,825.0  Triangular            0.02           4.50             1.69  

Pump 175 
Residue Compressor Standby 
LO Pump Exponential       1,825.0  Triangular            0.02           4.50             1.69  

Air Cooler 176 
MP Residue Compressor 
After Cooler Exponential       2,555.0  Triangular            0.15          14.00            0.17  

Air Cooler 177 
MP Residue Compressor 
After Cooler Exponential       2,555.0  Triangular            0.15          14.00            0.17  

Filter 178 
Future - Rich Gas Pipeline 
Sales Gas Meter Never         457.0  Triangular            0.17           7.00             0.33  

Filter 179 
Future - Rich Gas Pipeline 
Sales Gas Meter Never         457.0  Triangular            0.17           7.00             0.33  

Separator 180 Residue Recycle Scrubber Exponential       2,190.0  Triangular            0.13           2.00             0.45  

Air Cooler 181 
Residue Recycle Compressor 
Aftercooler Exponential       2,555.0  Triangular            0.15          14.00            0.17  

Air Cooler 182 
Recycle Compressor Lube Oil 
Cooler Exponential       2,555.0  Triangular            0.15          14.00            0.17  

Pump 183 
Recycle Compressor Pre-
Lube Oil Pump Exponential       1,825.0  Triangular            0.02           4.50             1.69  

Compressor 184 Residue Recyle Compressor Exponential         142.5  Triangular            0.10          10.00            0.21  
Filter 185 Seal Gas Filter Exponential       2,433.8  Triangular            0.17           7.00             0.33  
Separator 186 Recycle Compressor Drip Pot Exponential       2,190.0  Triangular            0.13           2.00             0.45  
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Filter 187 
Recycle Compressor Lube Oil 
Filter Exponential       2,433.8  Triangular            0.17           7.00             0.33  

Compressor 188 
Residue Recyle Compressor 
Driver Exponential       5,475.0  Triangular            3.00        280.75          21.00  

Separator 189 
Depropanizer Reflux 
Accumulator Exponential       2,190.0  Triangular            0.13           2.00             0.45  

Pump 190 Depropanizer Reflux Pump Exponential         602.3  Triangular            0.02           4.50             1.69  
Pump 191 Depropanizer Reflux Pump Exponential         602.3  Triangular            0.02           4.50             1.69  
Air Cooler 192 Depropanizer Condenser Exponential       2,555.0  Triangular            0.15          14.00            0.17  
Air Cooler 193 Depropanizer Condenser Exponential       2,555.0  Triangular            0.15          14.00            0.17  
Air Cooler 194 Depropanizer Condenser Exponential       2,555.0  Triangular            0.15          14.00            0.17  
Air Cooler 195 Depropanizer Condenser Exponential       2,555.0  Triangular            0.15          14.00            0.17  
Air Cooler 196 Depropanizer Condenser Exponential       2,555.0  Triangular            0.15          14.00            0.17  
Tower 197 Depropanizer Exponential       7,300.0  Triangular            0.13           2.00             0.45  
Exchanger 198 Depropanizer Reboiler Exponential       2,555.0  Triangular            1.00           4.50             3.00  

Separator 199 
Debutanizer Reflux 
Accumulator Exponential       2,190.0  Triangular            0.13           2.00             0.45  

Pump 200 Debutanizer Reflux Pump Exponential         602.3  Triangular            0.02           4.50             1.69  
Pump 201 Debutanizer Reflux Pump Exponential         602.3  Triangular            0.02           4.50             1.69  
Air Cooler 202 Debutanizer Condenser Exponential       2,555.0  Triangular            0.15          14.00            0.17  
Air Cooler 203 Debutanizer Condenser Exponential       2,555.0  Triangular            0.15          14.00            0.17  
Air Cooler 204 Debutanizer Gasoline Cooler Exponential       2,555.0  Triangular            0.15          14.00            0.17  
Tower 205 Debutanizer Exponential       7,300.0  Triangular            0.13           2.00             0.45  
Exchanger 206 Debutanizer Reboiler Exponential       2,555.0  Triangular            1.00           4.50             3.00  

Separator 207 
LS Refrigerant Comp Suction 
Scrubber Exponential       2,190.0  Triangular            0.13           2.00             0.45  

Separator 208 Refrigerant Economizer Exponential       2,190.0  Triangular            0.13           2.00             0.45  

Filter 209 
Refrig. Comp. Suction 
Strainer Never         457.0  Triangular            0.17           7.00             0.33  

Air Cooler 210 Refrigerant Condenser  Exponential       2,555.0  Triangular            0.15          14.00            0.17  
Air Cooler 211 Refrigerant Condenser  Exponential       2,555.0  Triangular            0.15          14.00            0.17  
Air Cooler 212 Refrigerant Condenser  Exponential       2,555.0  Triangular            0.15          14.00            0.17  
Air Cooler 213 Refrigerant Condenser  Exponential       2,555.0  Triangular            0.15          14.00            0.17  
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Air Cooler 214 Refrigerant Condenser  Exponential       2,555.0  Triangular            0.15          14.00            0.17  
Air Cooler 215 Refrigerant Condenser  Exponential       2,555.0  Triangular            0.15          14.00            0.17  
Air Cooler 216 Refrigerant Condenser  Exponential       2,555.0  Triangular            0.15          14.00            0.17  
Separator 217 Refrigerant Surge Drum Exponential       2,190.0  Triangular            0.13           2.00             0.45  
Filter 218 Refrigerant Dryer Exponential       2,190.0  Triangular            0.17           7.00             0.33  

Filter 219 
Refrig. Comp. Suction 
Strainer Never         457.0  Triangular            0.17           7.00             0.33  

Filter 220 
Refrig. Comp. Suction 
Strainer Never         457.0  Triangular            0.17           7.00             0.33  

Filter 221 
Refrig. Comp. Suction 
Strainer Never         457.0  Triangular            0.17           7.00             0.33  

Compressor 222 Refrigerant Compressor Exponential         172.1  Triangular            0.08           7.00             0.33  

Compressor 223 
Refrigerant Compressor 
Driver Exponential       5,475.0  Triangular            3.00        280.75          21.00  

Filter 224 
Refrig. Comp. Suction 
Strainer Never         457.0  Triangular            0.17           7.00             0.33  

Filter 225 
Refrig. Comp. Suction 
Strainer Never         457.0  Triangular            0.17           7.00             0.33  

Filter 226 
Refrig. Comp. Suction 
Strainer Never         457.0  Triangular            0.17           7.00             0.33  

Compressor 227 Refrigerant Compressor Exponential         172.1  Triangular            0.08           7.00             0.33  

Compressor 228 
Refrigerant Compressor 
Driver Exponential       5,475.0  Triangular            3.00        280.75          21.00  

Separator 229 
LS Refrigerant Comp Suction 
Scrubber Exponential       2,190.0  Triangular            0.13           2.00             0.45  

Separator 230 
LS Refrigerant Comp Suction 
Scrubber Exponential       2,190.0  Triangular            0.13           2.00             0.45  

Separator 231 Heat Medium Expansion Tank Never       2,190.0  Triangular            0.13           2.00             0.45  
Pump 232 Heat medium Pump Exponential         602.3  Triangular            0.02           4.50             1.69  
Pump 233 Heat medium Pump Exponential         602.3  Triangular            0.02           4.50             1.69  
Pump 234 Heat medium Pump Exponential         602.3  Triangular            0.02           4.50             1.69  
Heater 235 Heat Medium Heater Exponential       4,166.7  Triangular            0.29           1.63             0.92  
Burner 236 Infratech Natural Draft Burner Never              -    Triangular               -                  -                  -    
Burner 237 Infratech Natural Draft Burner Never              -    Triangular               -                  -                  -    
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Burner 238 Infratech Natural Draft Burner Never              -    Triangular               -                  -                  -    
Burner 239 Infratech Natural Draft Burner Never              -    Triangular               -                  -                  -    
Burner 240 Infratech Natural Draft Burner Never              -    Triangular               -                  -                  -    
Burner 241 Infratech Natural Draft Burner Never              -    Triangular               -                  -                  -    
Burner 242 Infratech Natural Draft Burner Never              -    Triangular               -                  -                  -    
Burner 243 Infratech Natural Draft Burner Never              -    Triangular               -                  -                  -    
Separator 244 Heat Medium Surge Tank Never       2,190.0  Triangular            0.13           2.00             0.45  

Heater 245 
Heat Medium Surge Tank 
Heater Never       4,166.7  Triangular            0.29           1.63             0.92  

Separator 246 MP Fuel Gas Scrubber Exponential       2,190.0  Triangular            0.13           2.00             0.45  
Heater 247 Fuel Gas Heater Exponential       4,166.7  Triangular            0.29           1.63             0.92  
Separator 248 LP Fuel Gas Scrubber Exponential       2,190.0  Triangular            0.13           2.00             0.45  
Pump 249 Cryo Drain Pump Exponential         602.3  Triangular            0.02           4.50             1.69  
Pump 250 Cryo Drain Pump Exponential         602.3  Triangular            0.02           4.50             1.69  
Separator 251 HC LT Drain Tank Exponential       2,190.0  Triangular            0.13           2.00             0.45  
Heater 252 HC LT Drain Tank Heater Never       4,166.7  Triangular            0.29           1.63             0.92  
Stack 253 Cryogenic Flare Stack Never              -    Triangular            0.29           1.63             0.92  
Stack 254 HP Flare Stack Never              -    Triangular            0.29           1.63             0.92  
Separator 255 HP Flare Knockout Drum Exponential       2,190.0  Triangular            0.13           2.00             0.45  
Separator 256 Acid Gas Flare KO Drum Exponential       2,190.0  Triangular            0.13           2.00             0.45  
Stack 257 Acid Gas Flare Stack Never              -    Triangular               -                  -                  -    
Pump 258 Acid Gas Drain Pump Exponential         602.3  Triangular            0.02           4.50             1.69  
Pump 259 Acid Gas Drain Pump Exponential         602.3  Triangular            0.02           4.50             1.69  
Separator 260 Methanol Storage Tank Exponential       2,190.0  Triangular            0.13           2.00             0.45  
Pump 261 Methanol Injection Pump Exponential         602.3  Triangular            0.02           4.50             1.69  
Pump 262 Methanol Injection Pump Exponential         602.3  Triangular            0.02           4.50             1.69  

Filter 266 
Refrig. Comp. Suction 
Strainer Never         457.0  Triangular            0.17           7.00             0.33  

Filter 267 
Refrig. Comp. Suction 
Strainer Never         457.0  Triangular            0.17           7.00             0.33  

Filter 268 
Refrig. Comp. Suction 
Strainer Never         457.0  Triangular            0.17           7.00             0.33  

Compressor 269 Refrigerant Compressor Exponential         172.1  Triangular            0.08           7.00             0.33  
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Compressor 270 
Refrigerant Compressor 
Driver Exponential       5,475.0  Triangular            3.00        280.75          21.00  

Separator 271 
MP Residue Compressor 
Suction Scrubber Exponential       2,190.0  Triangular            0.13           2.00             0.45  

Filter 272 
MP Residue Comp Inlet 
Suction Strainers Never         457.0  Triangular            0.17           7.00             0.33  

Compressor 273 MP Residue Compressor Exponential         142.5  Triangular            0.10          10.00            0.21  

Gearbox 274 
Residue Comp. Speed 
Increaser Exponential     54,166.7  Constant            1.46               -                  -    

Compressor 275 
MP Residue Compressor 
Driver Exponential       5,475.0  Triangular            3.00        280.75          21.00  

Air Cooler 276 
MP Residue Comp. Interstage 
Cooler Exponential       2,555.0  Triangular            0.15          14.00            0.17  

Filter 277 
Residue Compressor Seal 
Gas Filter Exponential       2,433.8  Triangular            0.17           7.00             0.33  

Filter 278 
Residue Compressor Seal 
Gas Filter Exponential       2,433.8  Triangular            0.17           7.00             0.33  

Separator 279 
Residue Compressor Lube Oil 
Rundown Tank Never       2,190.0  Triangular            0.13           2.00             0.45  

Filter 280 Compressor Lube Oil Filters Exponential       2,433.8  Triangular            0.17           7.00             0.33  
Filter 281 Compressor Lube Oil Filters Exponential       2,433.8  Triangular            0.17           7.00             0.33  

Pump 282 
Residue Compressor Main LO 
Pump Exponential       1,825.0  Triangular            0.02           4.50             1.69  

Pump 283 
Residue Compressor Standby 
LO Pump Exponential       1,825.0  Triangular            0.02           4.50             1.69  

Air Cooler 284 
MP Residue Compressor 
After Cooler Exponential       2,555.0  Triangular            0.15          14.00            0.17  
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