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1 INTRODUCTION AND SCOPE 

1.1 Project Background 

Ervia is assessing how Carbon Capture and Storage (CCS), located close to large-scale CO2 emitters can 
play a role in reducing Ireland’s CO2 emissions. A technical feasibility study on the potential for large-scale 
CCS in Ireland was completed by Ervia in 2020. 

The general location of Poolbeg Power Station in Dublin was selected for a Central Processing Facility (CPF) 
for liquefaction, storage, and export of CO2 overseas via a new marine jetty. The CPF will cater for CO2 
captured at 3 emitter locations (Dublin Waste to Energy (Covanta), Poolbeg Power Station and ESB Dublin 
Bay (Synergen) CCGT). A new CO2 gas pipeline gathering network will transport CO2 from the emitters to the 
CPF. 

Ervia has appointed RPS / Bechtel to carry out a Pre-FEED study that involves a detailed assessment of the 
key CPF, pipeline and storage infrastructure necessary to condition, compress, transport and store liquid CO2 
at Dublin Port for subsequent loading onto ships for export. (Note: The scope of this project does not include 
the carbon capture facilities at each emitter). 

RPS appointed ARC to carry out a Reliability, Availability and Maintainability (RAM) Study for the Project.  This 
document presents the results of the RAM study. 

1.2 Scope 

This document presents the results of the Reliability, Availability and Maintainability (RAM) Study for the Pre-
FEED Carbon Capture Utilisation and Storage (CCUS) Project for Dublin. The scope of the RAM study covers 
the overall system including the CO2 gathering network, CPF and loading facilities, in order to determine 
suitable design margins required to achieve the specified annual production rates. The scope of this study 
does not include the carbon capture facilities at each emitter or the ship transportation. 

The objectives of the study are: 

1. Evaluate the production efficiency and availability of the Project facilities. 

2. Identify the key contributors to availability losses and their relative contributions. 

3. Identify critical equipment / instruments affecting the availability of the facilities. 

4. Provide recommendations to improve production efficiency and availability and estimate the cost 
impact of those recommendations. 

5. Execute a sensitivity analysis as identified during the course of the study. 

1.2.1 RAM Simulation Cases 

There is a single phase / mode of operation for the Dublin CPF.  This is receiving of CO2 from Dublin emitters, 
liquefaction and export of liquid CO2 via existing jetty.  RAM simulations were carried out for 2No cases as 
follows: 

• Case 1: Export.  Considers the initial operation of a relatively low export throughput for a smaller ship 
size of 7,500 m3 and cargo transfer rate of 800 t/hr of liquid CO2 under medium pressure conditions.  
Case 1 considers 3 CO2 spheres and 3 loading arms (minimum of 2 arms required). 

• Case 2: Increased Capacity.  Assesses the availability of the facility and additional equipment 
required for the future capacity increases. The future capacity increase includes the following 
additional equipment: 

• 2 additional loading arms  

• 1 additional CO2 sphere  

• 1 additional CO2 export pump  



Reliability, Availability, Maintainability Study - Dublin 

MDE1234-RPS-01-DX-RP-Z-0016 | ERVIA CCS Pre-FEED Study | S3 P02 | 14 June 2022 

rpsgroup.com  Page 2 

Case 2 is the same as Case 1, but with export to a larger ship size of 15,000 m3 and cargo transfer 
rate of 1,600 t/hr of liquid CO2 under medium pressure conditions.  Case 2 considers 4 CO2 spheres 
and 5 loading arms (minimum of 4 arms required). 

 

1.3 RAM Study Basis 

The RAM Study Basis and methodology is presented in Appendix B. This includes details of the RAM Study 
software, modelling assumptions, equipment failure data and repair times. 
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2 RAM RESULTS 

The RAM study was conducted using Miriam RAM Studio with 1000 replications simulated across 25 years. 
The results presented represent an average of the simulations obtained from the models. Miriam RAM Studio 
uses a stochastic “next time to failure” simulation using random numbers generated by the computer. Naturally, 
this will yield slightly different results from each simulation run. Therefore, it is necessary to use the average 
of several simulation runs in order to calculate the correct results. The number of replications possible is 
“unlimited” in Miriam RAM Studio, but obviously a large number of replications will increase the simulation time 
drastically, particularly for large models. A sufficient number of replications needs to be computed such that a 
satisfactory level of convergence in the results is achieved. The convergence graph for the simulation is shown 
in Appendix A. 

Reliability Block Diagrams associated with the project facilities are presented in Appendix A.  

2.1 Availability 

The study considers critical equipment failures only and assumes that repairs cannot be deferred to a 
scheduled shutdown. 

Miriam RAM Studio calculates availability of a boundary point (the term boundary points is used to refer to the 
Entry Point (EP) and Discharge Point (DP) to the model) as: 

• Production availability: The production availability is the ratio of production to planned production, 
or any other reference level, over a specified period of time. In Miriam RAM Studio, production 
availability is calculated as the ratio of actual volume flow to the demand volume. 

• On-stream availability: On-stream availability is the percentage of time a system or element has 
throughput rate greater than zero. Full demand level may or may not be achieved during this time. 
In Miriam RAM Studio this is calculated as the percentage of time where actual flow is greater than 
zero. 

• Demand availability: Demand availability is the percentage of time a system or element meets its 
demand throughput rate. In Miriam RAM Studio this is calculated as the percentage of time where 
actual flow is equal to demand (or greater than demand, if there is compensation). 

All three of the above availability definitions are reported.  However, the production availability, best meets the 
definition of reliability given in the basis of design.  

2.2 Results Summary 

The RAM modelling software provides output detailing the availability of the overall system, and the criticality 
of specific equipment or subsystems to overall downtime. 

Some key assumptions made as part of the study include, CO2 supply from the CO2 emitters is always 
available. No variation in feed CO2 flow is considered. The CO2 flow is split between the liquefaction trains (5 
x 25%). There is no substitution or compensation considered in the flow network. Shutdowns/planned 
maintenance are excluded from the study. Each of the liquefaction trains is shutdown sequentially for 15 days 
a year for routine maintenance. 

Table 2-1 Results shows the results summary for the facilities. The results presented are the production 
availability ratio of production to planned production) for export of liquid CO2 via the jetty. This can be 
considered as the availability to export liquid CO2 from the CO2 storage spheres to a ship. As the CO2 is stored 
in spheres ready for export, the production availability, is not dependant on the liquefaction availability, unless 
the quantity CO2 stored runs out and the export demands are not met. However, as the liquefaction trains have 
a high level of availability, due to the provision of a spare train, the overall production availability of the CO2 
export is high. 
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Table 2-1 Results 

RAM Study Results Case 1 Case 2 

Production availability CO2 loading 99.61 99.58 

Production unavailability days per year 1.42 1.53 

P10 Production availability 99.68 99.76 

P50 Production availability 99.61 99.75 

P90 Production availability 99.55 99.7 

On-stream availability 99.94 99.98 

 

The P10, P50 and P90 parameters for the Case 1 model should be interpreted in the following way 
respectively: 

• 10% of lifecycle simulations gave an availability higher than 99.68%. 

• 50% of lifecycle simulations gave an availability higher than 99.61%. 

• 90% of lifecycle simulations gave an availability higher than 99.55%. 

The above is shown diagrammatically in the variability chart in Figure 2.1 Case Variability Chart. 

 

Figure 2.1 Case Variability Chart 
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2.3 Critical Systems and Equipment Ranking 

2.3.1 Blaming in Miriam RAM Studio 

The objective of the Blaming is to identify the events that are responsible for the production loss whenever 
flow at a boundary point is below demand. The advanced blaming algorithm blames the components 
considering their actual contribution to the loss taking into account their capacity, redundancy and other non-
criticality. The losses for each system are reported in terms of: 

• Production availability: The ratio of loss on the system to loss on all systems per discharge point – 
i.e., relative to other systems 

• Availability loss: The percentage of discharge point production loss by the system fault – i.e., 
absolute availability loss of each system 

As the loading export system is relatively simple and is taking CO2 from the storage spheres, the loading to 
ships has a high level of production availability, 99.6%, for each case over the 25 year period (this excludes 
all planned shutdowns). The main blamed items are the process control valves on the loading header as other 
equipment such as the CO2 export pumps, and loading arms are spared. Control valves typically have a high 
level of reliability. It should be noted that no failures to the loading arms are included as there is no reliable 
failure data for these equipment items. However, with a spare loading arm available there is unlikely to be an 
impact on the production availability. 

The CPF Refrigeration / Liquefaction systems also have a high level of availability with 1 spare train available. 
The refrigeration systems associated with each train have a production availability of >99% as the refrigeration 
compressors are spared. 

The BOG compressors are in a 2 x 75% configuration. The BOG system also has a high level of production 
availability 99.74% for the 25-year lifetime. For the BOG system, the production availability is considered to be 
the system’s availability to process the BOG from the spheres and from the offloading/loading system. 

The low complexity of the design coupled with the sparing philosophy and the storage provisions results in a 
high level of production availability for export/import of CO2. 

 

2.4 Modelling Assumptions and Uncertainties 

The following factors influence the uncertainty in the results: 

• Reliability and maintenance data. 

• Assumptions and modelling approximations. 

• Simulation uncertainty. 

The following sections further describe these contributing factors to the overall uncertainty. There is an 
uncertainty in the reliability and maintenance data presented in Appendix B. 

The quality of the reliability and maintenance data is based upon the following factors: 

• Number of failure events reported. 

• Number of inventory items reported. 

• Number of installations. 

• Total operational time. 

Data has mainly been based on the OREDA data handbooks 2002, 2009, and 2015 (Ref. 006, 007 & 008). 
The data is considered representative for a generic offshore installation on the Norwegian continental shelf. 
For the OREDA data, there is often a trade-off between installation/equipment specific data and statistical 
basis. Statistical basis has mainly been favoured, as there is a high uncertainty when the data is equipment 
specific, but has poor statistical basis. For example, reliability and maintenance data for plate heat exchangers 
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may be used rather than for printed circuit heat exchangers as the population of printed circuit heat exchangers 
is low. The older OREDA data handbooks (2002 and 2009) have also been used as a result of poor data 
quality in the newer version for some of the equipment units. 

Given that the system analysed in this RAM analysis is a CO2 processing plant, the data from OREDA may be 
considered conservative as the OREDA data handbooks are based on oil and gas installations which are 
considered as dirtier fluids. Or alternatively, offshore equipment may be subject to higher levels of preventative 
maintenance or condition monitoring. However, while the OREDA data handbook is the best available data, it 
should be noted that the data represents an average of several failure modes and downtimes. 

The reliability data is modelled with failure rates assuming exponential distribution, whereas the repair times 
are treated as constant values without uncertainty. 

The uncertainty in the results must be seen together with the assumptions listed in this document. The 
assumptions will bias the results to varying degrees. The assumptions of how the process behaves, including 
dependencies, will affect the CO2 export availability. 

Assumptions have been made regarding downtime associated with failure events, and in general all spare 
parts are assumed to be available. 

Assumptions such as pre- and post-repair times and ramp-up time are important for the availability estimate.  
However, they are uncertain estimates. 

All presented results in this report are based upon simulations, thus associated with a simulation uncertainty. 
The simulations are run with a design time of 25 years (corresponding to the equipment design life given in 
the Study Basis (Ref. 001)), with 1,000 replications. 

 

2.5 Sensitivity Assessments 

A sensitivity analysis is performed to evaluate the impact on the production availability due to the removal of 
the spare liquefaction train. 

Without the spare liquefaction train, the overall production availability for export of CO2 is reduced to 94.81%. 
This is due to losses occurring during the 15 days downtime per year for each train (there is no spare capacity, 
therefore production is decreased accordingly).  
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3 CONCLUSIONS AND RECOMMENDATIONS 

The RAM Study has quantified the overall production availability. For the base case, the gas export production 
availability is 99.6% and is calculated as the ratio of production to planned production, or any other reference 
level, over a specified period of time. 

Based on the analysis it is concluded that the current design is likely to achieve a high level of availability. It 
should be noted that the analysis is based on a high level Pre-FEED design and availability may decrease as 
the design progresses. However, it is evident that there is sufficient redundancy within the design at this stage. 

As the production availability is high, there are no meaningful recommendations to improve the availability as 
these would not make economic sense. A sensitivity study reviewed the impact of removing the redundancy 
provided by the spare liquification train. However, it is not possible to estimate the cost saving involved with 
this change without further information on equipment costs and financial losses due to production 
unavailability. 

A number of limitations and approximations have been assumed in the modelling of the facilities. 
Improvements in the availability of the design may be achieved through refinement of these assumptions. 
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Flow Network and RBDs 
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A.1 Flow Network 

A.1.1 Case 1 
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A.1.2 Reliability Block Diagrams 

A.1.3 Inlet Facilities 
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A.1.4 CPF Refrigeration / Liquefaction (each train is duplicated) 
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A.1.5 Storage (duplicated for each storage sphere) 
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A.1.6 BOG 
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A.1.7 Nitrogen/Air 
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A.1.8 Case 2 Network Flow Diagram 
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A.1.9 Convergence Graph 
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B.1 Introduction 

This document presents the Reliability, Availability and Maintainability (RAM) Study Basis and Assumptions 
for the Pre-Front End Engineering Design (FEED) Carbon Capture Utilisation and Storage (CCUS) Project for 
the Dublin site. The scope of this project does not include the carbon capture facilities at each emitter. 

B.2 Scope and Objectives 

The scope of this document is to define the basis for the RAM study and any assumptions that are required to 
perform the analysis. 

The scope of the RAM study shall cover the overall system including the gathering network, Central Processing 
Facilities (CPF’s) and loading facilities, in order to determine suitable design margins required to achieve the 
specified annual production rates. 

The RAM study shall include a comprehensive RAM analysis using industry recognised RAM software to 
ensure that the following main objectives are satisfied: 

1. Evaluate the production efficiency and availability of the Project facilities. 

2. Identify the key contributors to availability losses and their relative contributions. 

3. Identify critical equipment / instruments affecting the availability of the facilities. 

4. Provide recommendations to improve production efficiency and availability and estimate the cost impact 
of those recommendations. 

5. Execute a sensitivity analysis as identified during the course of the study. 

The model does not take into consideration the early effects of commissioning that may affect availability in 
the initial years of service. Hence, this study does not consider the effects of: 

• Human error 

• Learning curves 

• Early life failures 

• Incorrect control system programming 

• Incorrect design or incorrectly specified equipment 

• Accidental incidents including earthquakes, landslide, etc 

• Weather related shutdowns, i.e. turndown due to extreme heat limiting air coolers. 

B.3 Dublin 

The ESB Dublin Bay Power Plant (Synergen), the Dublin Waste to Energy Facility (Covanta) and Poolbeg 
Power Station are the 3 CO2 emitters considered for the Pre-FEED study scope for CO2 transport, storage 
and shipping of CO2 from Dublin. Refer to the table for CO2 flowrates from emitters: 

Table B3-1 CO2 Flowrates from Source Dublin, Million Metric Tonnes Per Annum (MMtpa) 

Source Max Min 

Dublin Waste to Energy (Covanta) 0.75 0.375 

Poolbeg Power Station 0.5 0.25 

ESB Dublin Bay (Synergen) 0.5 0.25 

Total (Max/Min) 1.75 0.25 

For the RAM study, it is assumed that total production flowrate is 199.77 t/h. 
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B.3.1 Design Capacity 

The design capacity of each liquefaction train shall be 0.44 MMtpa CO2. There will be 5 liquefaction trains of 
0.44 MMtpa each (4 operating and 1 standby). 

B.3.2 Design Life 

Each of the 5 liquefaction trains shall be designed for 350 operating days (8,400 hours) per year. Each of the 
liquefaction trains is shutdown sequentially for 15 days a year for routine maintenance. The design life of the 
new CPF shall be 25 years, i.e. the design shall be such that the train will be able to operate at 100% of design 
feed throughput for 25 years, with inspection planned maintenance occurring every 4 years. 

The design life of new pipeline will nominally be 40 years. 

For the purpose of the RAM study the plant is assumed to operate 365 days per year, 24 hours per day. The 
RAM model therefore shall be run over a 25-year lifetime. 

B.3.3 Project Phases 

There is a single phase / mode of operation for the project. 

Table B3-2 project Phases 

Project Phase /  
Mode of Operation 

Description 

1 Receive CO2 from Dublin emitters, liquefaction and export via existing jetty 

B.4 Functional Description 

B.4.1 CO2 Collection Pipeline Network 

The CO2 Collection Pipeline Network includes the connecting pipelines for the 3 emitter locations (Dublin 
Waste to Energy (Covanta), Poolbeg Power Station and ESB Dublin Bay (Synergen) CCGT). A new CO2 gas 
pipeline gathering network will transport CO2 from the emitters to the CPF. Each pipeline is provided with a 
temporary pig launcher. As pigging is intermittent the pig launchers and receivers are excluded from the RAM 
study. 

B.4.2 CPF Refrigeration / Liquefaction 

CO2 from the gas pipeline gathering network is passed through a gas inlet filter, which is provided with a full 
flow bypass, to the 5x25% CO2 liquefaction plant trains (CO2 Chiller). Each train has a refrigeration system 
comprising of a Refrigeration Compressor Suction Knock Out Drum (KOD), Refrigeration Compressor 
Package, Refrigeration Compressor Aftercooler and a receiver. The Refrigeration Screw Compressors are 
installed in a 2x50% configuration for each train. 

Refrigerant Make-Up is provided from the Refrigerant Storage Drum via the Refrigerant Storage Drum Pump. 
As production would not be affected by failure of the Refrigerant Make-Up system, it is excluded from the RAM 
study. 

B.4.3 Storage and Ship Loading 

Liquid CO2 from the CO2 Chiller is stored in the CO2 spheres. The spheres have a storage capacity of 3 days 
+ ship size of 15,000m3. The desired storage level is 80% capacity (i.e. the flow algorithm with try to maintain 
this storage level). CO2 is exported via the CO2 export pump (2x100%) to the 3 CO2 Loading/Unloading Arms. 
2 Loading/Unloading Arms are in operation and 1 is spare to cater to future ship size of 7,500 m3. Four 
loading/unloading in operation and 1 spare to cater to future ship size of 15,000 m3. 
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One CO2 export pump in operation and 1 spare for ship size of 7,500m3. Two CO2 Export pumps in operation 
and 1 spare to cater to ship size of 15,000 m3. 

Plot space is kept for additional storage capacity, loading arms, export pump required to cater to ship size of 
15,000 m3. 

The storage capacity in tonnes is calculated based on the assumption that 1m3 of liquid CO2 is approximately 
1.1 tonnes (~1100kg/m3) of liquid CO2. 

Therefore, the storage capacity, in metric tonnes, is calculated as:  

Total storage capacity = 3 days production + ship size of 7,500m3 

3 days production in tonnes = ((1.75 MMtpa x 100,000) / (365 days)) x 3 days = 14,383.562 tonnes 

Ship size of 7,500m3 in tonnes = 7,500 m3 x 1.1 tonnes/m3 = 16,500 tonnes 

Total storage capacity in tonnes = 14,383.562 + 16,500 = 30,883.562 tonnes 

Capacity per sphere = 30,883.562 / 3 spheres = 10,294.52 tonnes 

B.4.4 Offloading Frequency 

As per CCS Pre-FEED STUDY Study Basis – Dublin (MDE1234-RPS-01-DX-RP-Z-0001), the following ship 
data is provided. 

Table B3-3 Ship Data 

Parameter Value Value 

Ship size (m3) 7,500 15,000 

Ship loading rate, t/hr 800 1,600 

Export throughput 
(MMtCO2/year) 

1.75 1.75 

Total ships required per year 7,500 x 1.1 = 8,250 tonnes per ship 

Total production = 1,750,000 tonnes 
per year 

Ships required = 1,750,000/8,250  
= 212.12 per year 

15,000 x 1.1 = 16,500 tonnes per ship 

Total production = 1,750,000 tonnes 
per year 

Ships required = 1,750,000/16,500  
= 106.06 per year 

Estimated round trip travel 
time, days 

6 (144 h) 6 (144 h) 

Inter arrival period, days 1.7 (40.8 h) 3.3 (79.2 h) 

Inter arrival period for RAM 
study, days (note 1) 

365 / 212.12 = 1.721 (41.3 h) 365 / 106.06 = 3.44 (82.6 h) 

Offload duration 8,250 tonnes per ship / 800 t/h = 
10.3125h 

16,500 tonnes per ship / 1,600 t/h = 
10.3125h 

Note 1: This is required otherwise export would exceed production.  

B.5 Utilities 

B.5.1 Electric Power Generation and Distribution 

Power for the CPF facility shall be supplied from grid. Standby low sulphur diesel powered generators will be 
provided for supplying essential power in the event of loss of import power. Diesel fuel is used for the essential 
diesel generator package and for the diesel driven fire water pumps. Diesel fuel will be trucked in and stored 
in 100% bunded diesel day tanks. Diesel storage of 24 hours would be specified within the essential diesel 
generation package and no additional storage for diesel is considered. 
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As the power from the grid is considered to have a high availability and would have negligible effect on the 
plant availability, the power and standby power systems are excluded from the RAM study. 

B.5.2 Refrigerant Supply and Storage 

Based on environmental and economic consideration, external refrigeration with ammonia has been selected. 

Ammonia Source: Imported via tanker trucks 

Ammonia Storage: Pressurised horizontal bullets 

Ammonia Storage Capacity: One train inventory + 3 months of losses from 3 trains 

As production would not be affected by failure of the Refrigerant Make-Up system, it is excluded from the RAM 
study. 

B.5.3 Vent Stack 

Two vent stacks will be provided. CO2 and NH3 relief will be routed in gas phase to two individual vent stacks 
for safe disposal. The availability of the vent stacks are considered to be sufficiently high such that they would 
have negligible effect on the plant availability and therefore are excluded from the RAM study. 

B.5.4 Instrument Air 

Instrument air required for the CPF facility will be supplied by N+1 capacity motor-driven Air Compressors and 
Instrument Air Dryer Package via plant wide header systems. Instrument air (IA) is required for instrumentation 
and control valves. The sizing basis for IA is based on continuous and intermittent users. The system will be 
designed to allow online filter replacement. 

The system will be sized for availability and flexibility of operation during normal operation, start-up, emergency 
shutdown and pre-commissioning. The system will be connected to normal / continuous power supply and one 
out of 2 motor-driven air compressors will also be connected to the essential power supply. In the event of a 
decrease in IA pressure, the spare air compressor is brought online to meet the increased demand. 

As IA is required for continuous operation, the IA system is included in the RAM model. 

B.5.5 Nitrogen System 

The primary source of gaseous nitrogen will be provided via gaseous nitrogen cylinders from third party. The 
system will be designed to supply nitrogen for inerting, pad gas, compressor gas seal and utility station. The 
nitrogen requirement for start-up/shutdown purging will be fulfilled by bringing additional facilities such as liquid 
nitrogen vaporiser during start-up/shutdown. 

The nitrogen system is considered to have a high availability and is excluded from the RAM study. 

B.5.6 Water 

Water will be required for a variety of uses in the project, including firewater, potable water for human 
consumption, eyewash, safety showers (EW/SS) and utility water for general washdown. Water will be supplied 
from the local mains supply. The water system is considered to have a high availability and is excluded from 
the RAM study. 

B.5.7 Fire Water 

Mains water will be fed into the fire water system. Fire water is stored in Fire Water Tank and distributed to the 
underground fire water network using Main Fire Water Pumps. Jockey Pumps are also provided to maintain 
pressure in the Firewater System. As production would not be affected by failure of the fire water system, it is 
excluded from the RAM study. It is noted the fire water system shall be tested regularly and any failures dealt 
with accordingly. Production maybe shutdown if the fire water system is not available however for the purposes 
of the RAM study the fire water system can be excluded. 
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B.5.8 Wastewater Treatment and Disposal 

Sanitary wastewater will be collected in a septic tank and removed from site by vacuum tanker for disposal in 
an authorised wastewater treatment facility. 

Storm water will be collected within a dedicated surface water drainage network and discharged at a 
designated location that has been approved at planning stage. 

As production would not be effect by failure of the Wastewater Treatment and Disposal system, it is excluded 
from the RAM study. 

B.5.9 Equipment Design Basis and Margin 

The table below lists design margins and equipment factors which are generally applied to equipment. The 
design margins listed below are the margins applied to the general equipment classifications. 

Design margins will be confirmed during the FEED stage. 

Table B3-4 Design Margins and Equipment Factors 

Equipment Services Design Factor 

CO2 Export Pump  1.0 x Design capacity 

Intermittent Pumps  1.0 x Design capacity 

Other Process Pumps  1.1 x Normal capacity 

Vessels  10% of normal vapour & liquid flow 

Shell & tube heat exchanger  10% on flow & duty 

Air coolers  10% on flow & duty 

Compressor  10% on normal flow 

B.6 Base Case Input Data 

The following documents will be used as the basis of the RAM assessment for the base case: 

• Study Basis 

– Study Basis – Dublin, MDE1234-RPS-01-DX-RP-Z-0001 

• Process and Utilities Design Philosophy 

– Process and Utilities Design Philosophy – Dublin, MDE1234-RPS-01-DX-RP-Z-0003 

• Process Flow Diagrams 

The base case is based on the initial operation with relatively low export throughput with smaller ship sizes of 
7,500 m3 and cargo transfer rate of 800 t/hr of liquid CO2 under medium pressure conditions. 

CO2 transport and storage facilities at Dublin will be designed to cater to ship size of 7,500 m3 with partial 
investment as discussed below to cater to ship sizes of 15,000 m3. 

Storage capacity and loading lines at Dublin will be sized based on ship size of 15,000 m3. Storage capacity 
is based on 3 days production + parcel size of 15,000 m3. 

Existing BOG compressor package for ship size of 7,500 m3 with design margin would be adequate for ship 
size of 15,000 m3. 

It is assumed that 1m3 of liquid CO2 equals 1.1 tonnes of CO2 (~1100kg/m3). 
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B.7 Methodology 

The RAM study shall be an analysis of the project facilities. In general, this shall be assessed down to 
equipment level (e.g. compressor, motor, actuated valve etc.). 

B.7.1 RAM Modelling Software 

A reliability model is used to represent a system graphically and mathematically so that the availability can be 
predicted. 

The reliability modelling will be conducted utilising Miriam RAM Studio. Miriam RAM Studio is a powerful and 
flexible reliability and availability analysis programme that is used to evaluate the operational performance of 
continuous process plants in terms of equipment availability, production capability and maintenance resource 
requirements. The programme models the stochastic behaviour of a system over time and is suitable for 
complex verifications of integrated production, processing and export systems. The software uses Monte Carlo 
simulation method of generating random events that more accurately predict a system’s behaviour. 

The reliability modelling software will provide an output detailing the availability of the overall system, and the 
criticality of specific equipment or subsystems to overall downtime. These results will be used to assess the 
reliability performance of the system elements. 

B.7.2 Modelling Features 

B.7.2.1 Flow Diagram 

The flow diagram is used to define the model network. Here, the number of entry / discharge points, process 
stages, pipelines and storage units are defined, and these elements are connected with links. 

The flow algorithm primarily attempts to maximize the flow through the network, given the flow limitations at 
the nodes (boundary points, process stages, items and storage units) in the network. 

These flow limitations are the given flow limitations / restrictions at each node (boundary points, process stages 
or storage units), failed items in the network, empty storage tanks etc., much like the flow in a real process 
plant. A real process plant will have items (valves, pumps etc.) that limit the flow through the network (e.g. 
bottlenecks) and items that allows for higher flow rates. Failed pumps may prevent or put a ceiling on the flow 
rates through the system. 

The flow allocation algorithm tries to maximize the flow through the network, if possible, also by using 
alternative flow routes through the network. 

Moreover, the flow algorithm determines the quality attributes when streams are brought together in the 
process stages. This takes place, in general, every time a change in element state occurs that affects the flow 
rates. 

The flow network is used to account for different products so it can demonstrate that the process is capable of 
maintaining the design capacity for the design life while achieving the required overall availability and reliability. 

B.7.3 Flow Diagram Elements 

B.7.3.1 Entry Points 

These define the entry point edges of the system to be modelled, and are the points at which flow enters the 
system. They effectively control the supply of a given throughput. Each Entry point (EP) has at least one 
downstream connection. Certain basic data are associated with each EP such as its capacity, throughput flow 
rate etc. 

B.7.3.2 Discharge Point 

These define the discharge point edges of the system to be modelled, and are the points at which flow leaves 
the system. They control the demand of a given throughput. Each Discharge point (DP) has at least one 
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upstream connection. Certain basic data are associated with each DP such as its capacity, throughput flow 
rate etc. 

Note: EP and DP together will be referred as Boundary points (BP) in some places. 

B.7.3.3 Process Stages 

A process stage (PS) is the main functional unit of the Miriam RAM Studio model. There must be at least one 
PS defined for each model. Each PS must have at least one upstream and one downstream link in the model, 
and contains at least one item (see below). PSs may contain more than one identical parallel stream, each 
stream containing a number of items in series. Items defined within PS contain failure and repair data, and 
other information associated with specific items of equipment. For non-identical parallel streams or more 
complex configurations, separate PS elements must be defined. Certain basic data associated with the 
process stages are capacities, yields, quality attributes/constraints etc. Planned maintenances are defined for 
either the whole system or only some of the process stages. 

B.7.4 Items 

A process stage consists of one or more items. Items normally represent a piece of equipment or an equipment 
failure mode. Items are where failure and repair data are entered in the model. The distribution of time between 
failures is defined by specifying the parameters of a probability distribution, or by a constant value. 

Two types of failures can be defined: critical failures and failures for which repair can be deferred. 

Different failure modes on single items can be handled by defining "sub-items" corresponding to the different 
types of event. When the repair can be deferred the failed item can support reduced flow, and is repaired when 
an opportunity arises or when the maximum deferral time is reached. The time between failures can be 
modelled as a function of running time, elapsed time or throughput x time (cumulative time to failure). 

Item repairs may be deferred either for a maximum defined period, until a specified calendar date, until a given 
planned maintenance action begins, or until the required amount of repair resources are available on site. If 
an opportunity occurs the repair will be undertaken early. 

Miriam RAM Studio users may also define utility requirements and actions if the utility delivered is insufficient 
for each item. 

Repair data for each item can include the restoration time distribution and information on which spares and 
resources are needed to perform the repair. The time to restoration is obtained by sampling from the given 
repair distribution. 

For any item, start-up conditions can be defined by a time delay between switch-on and start of flow, and also 
the time taken to reach full throughput (see Ramp-up from idle and Ramp-up after repair below). This allows 
the effects of ramping to be accounted for. As can be seen from Figure B3.1 Different statuses of an item, 
ramp-up is done in steps in Miriam RAM Studio. The flow algorithm is called each time the flow rate changes 
and calculates the new flow through the network. 

B.7.4.1 Throughputs 

Throughputs define the types of input and output which flow through the model and are defined as types in a 
similar way to elements. 

The idea of using multiple throughputs in a model is to enable throughput from each input boundary point to 
be tracked through the system, thus allowing realistic control and measurement of throughput type-related 
production, storage utilisation and substitution volumes. 100% throughput is taken to be equal to the name 
plate capacity. 

B.7.4.2 Replications 

Miriam RAM Studio uses a stochastic “next time to failure” simulation using random numbers generated by the 
computer. Naturally, this will yield slightly different results from each simulation run. Therefore, it is necessary 
to use the average of several simulation runs in order to calculate the correct results. 



Reliability, Availability, Maintainability Study - Dublin 

MDE1234-RPS-01-DX-RP-Z-0016 | ERVIA CCS Pre-FEED Study | S3 P02 | 14 June 2022 

rpsgroup.com   

  



Reliability, Availability, Maintainability Study - Dublin 

MDE1234-RPS-01-DX-RP-Z-0016 | ERVIA CCS Pre-FEED Study | S3 P02 | 14 June 2022 

rpsgroup.com   

B.8 Reliability Block Diagrams 

Once the systems, including the interactions between individual components are defined, then reliability block 
diagrams (RBDs) will be developed to represent the effect of failure events on the overall system availability. 

RBD’s graphically depict the interaction of equipment from a reliability perspective and do not necessarily 
indicate the actual physical connections or process flow. In addition to depicting the interaction from a reliability 
perspective, RBD’s are also used to illustrate the following: 

• Equipment redundancy – duty/duty versus duty/standby for spared equipment. 

• Equipment configuration – series or parallel arrangement. 

• Equipment capacity – 2 x 50% versus 2 x 100%, etc. 

B.9 Reliability Analysis Data 

B.9.1 Failure Data 

Equipment failure frequency and restoration time data shall primarily be taken from Offshore Reliability 
Database (OREDA) 2015 with OREDA 2009 used for some items, particularly if OREDA 2009 reports 
significantly longer operating time or greater number of installations. OREDA will be used as it 
comprehensively provides the failure rates of the various likely failure modes along with the mean repair times 
for the process equipment.  

OREDA presents 2 types of time scales as the basis for the failure rate estimates; Calendar time and 
Operational time. The aggregated time in service for the total population is given for both time scales. These 
are defined as: 

• Calendar time: The interval of time between the start and end of data collection for a particular 
item. 

• Operational time: The period of time during which a particular item performs its required 
function(s) between the start and end of data surveillance. 

Note that while the calendar time is given with high certainty, the operational time has in many cases to be 
based on estimates (by the data collector). Note also that for some equipment there is a great difference 
between calendar time and operational time. This is typical for standby equipment being occasionally started 
and operated for some time only (e.g. fire pumps). Equipment being mainly used for on/off functions (e.g. 
valves) are considered to be in an operational state as long as they are in a status ready to be used on demand. 
Therefore, all failure rate data presented is based on calendar time. 

The following severity class types are defined in OREDA and will be considered within the availability model: 

• Critical Failure: A failure which causes immediate and complete loss of a system’s capability of 
providing its output – 100% loss of functionality. 

• Degraded Failure: A failure which is not critical, but which prevents the system from providing its 
output within its specifications. Such a failure would usually, but not necessarily, be gradual or 
partial, and may develop into a critical failure in time. A degraded failure many not need to be 
repaired straightaway and can be repaired at the next opportunity. 

• Incipient: An impending failure signified by an incipient condition such as bearings rumbling or 
relatively higher temperature in an engine cylinder. However, the equipment still functions at 
100%. It is therefore assumed there is no loss of production and maintenance can be deferred 
until a planned shutdown period or can be carried out on an opportunity basis during critical 
failures in other system elements. 

• Unknown Failure - Failure severity was not recorded or could not be detected. 

The failure data used in this study have been rationalised by considering that if good maintenance practices 
are carried out (inspections/condition monitoring), then incipient and unknown failures are addressed on an 
opportunity basis. As a result, it is assumed that repairs for such failure categories will be delayed until the 
next opportune time to prevent impact to system operation. Therefore, these failure modes will not result in 
additional losses in production and consequently are not included in the availability model. 
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For rotating equipment, both critical and degraded failure severity classes are considered. It is assumed that 
a degraded failure will lead to a reduction of 30% of the output capacity of the equipment upon failure and that 
the equipment will need to be shut down for repair on an opportunity basis. Thus, critical and degraded failures 
shall be considered in the reliability model. 

Failure data for all equipment types is shown in the table at the end of this report. 

There isn’t a reliable database with failure data for gas plants or ammonia refrigeration, therefore OREDA is 
used as the most suitable alternative. 

B.9.2 Repair Times 

The OREDA database presents the mean and maximum calendar time (hours) required to repair and return 
the item to a state where it is ready to resume its functions. Active repair time is the time when actual repair 
work is being done. It does not include time to shut down the unit, issue work order, wait for spare parts, start-
up after repair, etc. The active repair time is therefore normally shorter than the down time where some of the 
activities indicated above may be included. 

In the OREDA database there is a good coverage of "restoration manhours" data, whereas the data for "active 
repair time" is rather sparse. It should also be noted that active repair hours are highly influenced by how 
maintenance is organised on the facility. The figures for active repair times should therefore only be used as 
an indication of what the actual active repair times would be. It is highly recommended to use expert judgement 
in addition to the values given in the handbook. Therefore, in the absence of any plant data for maintenance 
activities the following assumptions shall be applied: 

1. Sufficient maintenance resources are assumed to be available to complete all required maintenance tasks 
within the active repair time. Mean active repair times for all equipment types are shown in Appendix A. 

2. No logistic delays are considered. Logistics delays would include the time and effort in procuring and 
having delivered a replacement part which was not in stock on site. It is assumed that there will be a full 
set of capital spares for critical equipment including major items like rotor bundle, bearings, seal, spare 
control valves etc. retained at the plant. 

3. Shutdown and preparation for maintenance time are not included in the OREDA repair time. The 
shutdown and preparation time is likely to vary depending on equipment type and the is heavily influenced 
by the maintenance management systems specific to the site. An average additional 2 hours mobilisation 
time is included in the model to account for shutdown and start-up delays. There will be sufficient number 
of crew available 24/7 to address/resolve multiple failures simultaneously. 
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B.9.3 Ramp-up and Restart 

A warm restart will take 2 to 4 hours while a cold restart will take between 2 to 8 hours with mean/median of 5 
hours. No details are provided as to whether this is a linear increase in throughput back to full production and 
therefore it is assumed full production is restored after the repair time and restart time have elapsed. 

Figure B3.1 shows the different statuses of an item shows the flow rate and item statuses during a typical 
repair progress. 

 

Figure B3.1: Different Status of an Item 

 

The timings are summarised as follows: 

• Failed: Mobilisation time 2 hours. 

• Repair: as per repair times in Appendix A. 

• Start-up and Ramp-up: 5 hours. Ramp-up is assumed to be in 3 steps. 

B.10 RAM Model Lifetime 

The lifetime of 25 years is taken for the availability analysis. It is assumed that failure rates are constant during 
normal operations and no abnormal operating states, such as, commissioning are considered within this 
analysis. The number of simulations will be determined to ensure sufficient convergence of the results. 

B.11 Preventative Maintenance 

It is assumed that the maintenance philosophy of the new facilities will be typical to similar facilities with 
equivalent sparing philosophies. 

This includes: 
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• “Intervention only” concept on live plant, limited to corrective maintenance and critical high 
frequency preventative maintenance routines, for example Pressure Safety Valve (PSV) 
recertification. 

• General planned maintenance by dedicated campaign. 

• Maintenance campaign durations to be optimised in order to minimise the resultant shutdown 
times and impact on production. 

It is assumed that the availability target excludes preventative maintenance shutdowns and therefore all 
shutdown times are excluded from the analysis. Optimisation of the shutdown schedule shall be carried out at 
a later project stage. 

B.12 Equipment Modelling Details and Assumptions 

Manual valves are excluded from the RAM study. Manual valves will only affect production if they do not isolate 
on demand. As demand is dictated by other variables the contribution to downtime due to valve failure is 
considered to be sufficiently low to be excluded from the analysis. 

Control valves are included in the RAM study where they are critical to production. Control valves are provided 
with a manual bypass however it is assumed that production will not be continued on manual bypass and 
therefore the bypass valves are excluded for the analysis. 

Static equipment in general is not spared due to the high availability and low maintenance expected. The RAM 
of static equipment shall be assured by the Licensor/Manufacturer. It is expected that the 
cleaning/maintenance of the exchangers will be carried out during scheduled planned maintenance and will 
not require additional downtime. 

The feed filter is not spared because the facility can operate with it being bypassed. All other filters are spared 
(i.e. instrument air filters etc), to allow cleaning of filter elements without a full unit shutdown. 

Process monitoring, control, shutdown and safety instrumented systems are considered to have a high level 
of availability. OREDA provides data on spurious operation of control logic units that would lead to a spurious 
plant shutdown and restart (assumed to be 5 hours). 

B.13 Definitions and Failure and Repair Data 

Entry points 

These define the entry point edges of the system to be modelled and are the points at which flow enters the 
system. They effectively control the supply of a given throughput. All Miriam RAM Studio models must have at 
least one EP. Each EP has at least one downstream connection. Certain basic data are associated with each 
EP such as its capacity, throughput flow rate etc. 

Discharge point 

These define the DP edges of the system to be modelled and are the points at which flow leaves the system. 
They control the demand of a given throughput. All Miriam RAM Studio models must have at least one DP. 
Each DP has at least one upstream connection. Certain basic data are associated with each DP such as its 
capacity, throughput flow rate etc. 

Note: EP and DP together will be referred as BP in some places. 

Blaming 

The objective of the Advanced Blaming is to identify the events that are responsible for the production loss 
whenever flow at a boundary point is below demand. The Advanced Blaming Module solves the limitations in 
the simple standard blaming related to simultaneous events, redundant elements and non-critical elements. 
The list of identified loss contributors is obviously a vital outcome of a regularity analysis, and a basis for 
reliability and regularity improvement actions. 

The main difference compared to the simple blaming option is when there is more than one component to 
blame. With the simple blaming algorithm the blame is shared equally between those components. The 
advanced blaming algorithm blames the components considering their actual contribution to the loss taking 
into account their capacity, redundancy and other non-criticality. The credit given for recovered loss if 
accounting period is used is also a feature which is not supported by the simple blaming 
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Failure Distribution: Indicates the probability distribution for sampling. To simulate the stochastic behaviour of 
a system, sequences of independent events are generated by sampling random variables from probability 
distributions. 

Exponential Distribution 

The probability density is given as 

𝑓(𝑡) = 𝑙𝑒−𝑙𝑡 

The cumulative distribution function becomes 

𝐹(𝑡) = 1 − 𝑒−𝑙𝑡 

For an exponential distribution, 

𝑀𝑒𝑎𝑛 =
1

𝑙
 

𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒 =
1

𝑙2
 

In Miriam RAM Studio, 

Parameter 1 = Mean 

A value T from the exponential distribution can be obtained by generating a uniform random number R: 

𝑇 = (
1

𝑙
) ln(𝑅) 

 

A: Mean failure time. Required parameter for use in the Exponential Distribution. 

Repair distribution: Indicates the probability distribution for sampling. 

Constant Distribution 

Consider the continuous random variable t, with probability density function (PDF) f(t) and cumulative 
distribution function (CDF) F(t). 

𝐹(𝑡) = ∫ 𝑓(𝑢)𝑑𝑢, 0 ≤ 𝐹(𝑡) ≤ 1
𝑡

−∞

 

It can be shown that F(t) is uniformly distributed on the interval (0,1). To sample a value T from the required 
distribution, a random number R is generated (0≤R≤1). Then T is obtained from the inverse CDF by setting R= 
F(T). 

For a discrete random variable x, taking values Xk (Xk < Xk+1 k=1,2, …K) the CDF is 

𝐹(𝑥) = ∑ 𝑓(𝑋𝑘)

𝑋𝑘≤𝑥

 

A sample value X can be obtained from the random number R by defining the value Xk such that 

F(Xk-1) ≤ R < F(Xk) 

 

D: Mean repair time. Required parameter for use in the Constant Distribution 

Failure Type: Failure type can be set to ELAPSED, CUMULATIVE or RUNNING. ELAPSED is the time since 
the start of the simulation. 

Capacity while failed: This indicates the capacity of the unit when a failure event occurs. It is used for degraded 
failures where the equipment has not completely stopped, and a repair can be undertaken at the next 
opportunity. 

Capacity while under repair: This indicates the capacity of the unit when a repair takes place. Equipment is 
assumed to be offline with 0 capacity while repairs take place.
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Item Class Description Type Symbol Mobilisation No blame 
Failure 

distribution 
A TimeUnit 

Repair 

distribution 
D TimeUnit FailureType 



Compressors Critical  OREDA 2015 1.1 ./Compressors Compressor 8H false EXPONENTIAL 0.74 YEARS CONSTANT 16 HOURS ELAPSED 
 

Compressors Centrifugal Critical  OREDA 2015 1.1.1 ./Compressors Compressor 8H false EXPONENTIAL 0.72 YEARS CONSTANT 16 HOURS ELAPSED 
 

Compressors Centrifugal Electric Critical  OREDA 2015 1.1.1.1 ./Compressors Compressor 8H false EXPONENTIAL 1.48 YEARS CONSTANT 17 HOURS ELAPSED 
 

Compressors Reciprocating Critical  OREDA 2015 1.1.2 ./Compressors Compressor 8H false EXPONENTIAL 0.8 YEARS CONSTANT 16 HOURS ELAPSED 
 

Compressors Reciprocating Electric Critical  OREDA 2015 1.1.2.1 ./Compressors Compressor 8H false EXPONENTIAL 0.8 YEARS CONSTANT 16 HOURS ELAPSED 
 

Compressors Screw Electric Critical  OREDA 2009 1.1.3.2 ./Compressors Compressor 8H false EXPONENTIAL 0.96 YEARS CONSTANT 15 HOURS ELAPSED 
 

Electric Motors Critical  OREDA 2015 2.2 ./Drivers Electric generator 8H false EXPONENTIAL 5.53 YEARS CONSTANT 24 HOURS ELAPSED 
 

Electric Motors Compressor Critical  OREDA 2015 2.2.1 ./Drivers Electric generator 8H false EXPONENTIAL 4.52 YEARS CONSTANT 33 HOURS ELAPSED 
 

Electric Motors Compressor Gas processing Critical  OREDA 2015 2.2.1.4 ./Drivers Electric generator 8H false EXPONENTIAL 15.18 YEARS CONSTANT 16 HOURS ELAPSED 
 

Electric Motors Pump Critical  OREDA 2015 2.2.2 ./Drivers Electric generator 8H false EXPONENTIAL 7.02 YEARS CONSTANT 22 HOURS ELAPSED 
 

Filter Expert judgement ./Air Filter   8H false EXPONENTIAL 10 YEARS CONSTANT 10 HOURS ELAPSED 
 

Heat Exchangers Critical  OREDA 2015 3.1 ./Heat exchangers Heat exchanger 3 8H false EXPONENTIAL 6.98 YEARS CONSTANT 47 HOURS ELAPSED 
 

Heat Exchangers Air Cooler Critical  OREDA 2009 3.1.1 ./Air Cooler Heat exchanger 2 8H false EXPONENTIAL 6.98 YEARS CONSTANT 47 HOURS ELAPSED 
 

Heat Exchangers Plate Critical  OREDA 2015 3.1.1 ./Heat exchangers Heat exchanger 3 8H false EXPONENTIAL 4.25 YEARS CONSTANT 39 HOURS ELAPSED 
 

Heat Exchangers Shell and tube Critical  OREDA 2015 3.1.3 ./Heat exchangers Heat exchanger 3 8H false EXPONENTIAL 5.06 YEARS CONSTANT 50 HOURS ELAPSED 
 

Heat Exchangers Shell and tube Gas->Sea Water Critical  OREDA 2015 3.1.3.2 ./Heat exchangers Heat exchanger 3 8H false EXPONENTIAL 2.61 YEARS CONSTANT 92 HOURS ELAPSED 
 

Input Devices Critical  OREDA 2015 4.2 ./Instruments Instrument 8H false EXPONENTIAL 53.1 YEARS CONSTANT 9.9 HOURS ELAPSED 
 

Pumps Critical  OREDA 2015 1.3 ./Pumps Centrifugal pump 8H false EXPONENTIAL 2.01 YEARS CONSTANT 27 HOURS ELAPSED 
 

Pumps Centrifugal Critical  OREDA 2015 1.3.1 ./Pumps Centrifugal pump 8H false EXPONENTIAL 0.45 YEARS CONSTANT 27 HOURS ELAPSED 
 

Valves Blowdown Critical  OREDA 2015 4.4.2 ./Valves Cylinder operated valve 8H false EXPONENTIAL 8.14 YEARS CONSTANT 16 HOURS ELAPSED 
 

Valves BY-PASS Critical  OREDA 2015 4.4.3 ./Valves Cylinder operated valve 8H false EXPONENTIAL 25 YEARS CONSTANT 10 HOURS ELAPSED 
 

Valves ESD Critical  OREDA 2015 4.4.5 ./Valves Cylinder operated valve 8H false EXPONENTIAL 29.65 YEARS CONSTANT 20 HOURS ELAPSED 
 

Valves Process control Critical  OREDA 2015 4.4.9 ./Process Control Valves Actuated valve 8H false EXPONENTIAL 6 YEARS CONSTANT 9 HOURS ELAPSED 
 

Vessels Critical  OREDA 2015 3.2 ./Vessels Vessel 8H false EXPONENTIAL 4.22 YEARS CONSTANT 8.2 HOURS ELAPSED 
 

Vessels Separator Critical  OREDA 2015 3.2.8 ./Vessels Vessel 8H false EXPONENTIAL 1.57 YEARS CONSTANT 6.4 HOURS ELAPSED 
 

 


