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Abstract 

The stringent regulatory framework for both emissions and safety as well as the market pressure to reduce the operational 

costs led the cruise ship industry to pursue alternative solutions. In this respect, multi-objective optimisation methods can 

be employed for decision-making for identifying optimal solutions with improved efficiency, lower environmental 

footprint, lifecycle cost as well as a safety level during the ship design phase. In this study, the optimal power plant 

solutions for an existing cruise ship are compared in terms of their Probability of Blackout (PoB). For this purpose, a 

novel power plant bi-objective optimisation method has been used whilst considering an actual cruise ship operational 

profile, a number of design parameters and alternative configurations. Then a Combinatorial Approach for Safety 

Assessment (CASA) that includes System-Theoretic Process Analysis, Event Sequence Identification and Fault Tree 

Analysis whilst taking into account a number of design parameters and historical data has been employed to estimate and 

compare PoB for derived optimal cruise ship power plant configurations. The results demonstrate that the cruise ship 

power plant configurations with dual fuel engines exhibit lower lifecycle cost and lifetime CO2 emissions. Furthermore, 

the results demonstrate that power plant configurations with lower redudancy can have similar PoB. 
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1 INTRODUCTION 

The cruise ship industry is a highly competitive 

market that has been rapidly developing with both the 

vessels size and number constantly increasing [1]. At the 

same time, the stricter environmental regulations 

targeting the CO2, SOx and NOX emissions reduction 

are applied to the new-built and existing cruise ships. In 

this respect, optimisation of cruise ship power plants is 

a mean to achieve cost-efficient solutions, thus 

contributing towards the cruise ship operating company 

viability. 

A number of previous studies has focused on energy 

efficiency optimisation of cruise ship power plants. The 

economic optimisation of a combined gas turbine 

electric and steam configuration for a cruise ship was 

investigated in [2]. In [3], the design and operation 

optimisation of a cruise ship power plant configuration 

including Diesel-Generator (D/G) sets, waste heat 

recovery and electric energy storage was presented. Two 

alternative power plants for a cruise ship with Dual-Fuel 

and Diesel engines were investigated in [4]. The fuel 

consumption and weight optimisation of different power 

plants for a cruise ship was presented in [5]. Finally, the 

load allocation of a hybrid cruise ship configuration was 

optimised in order to improve the cost efficiency in [6] 

and the energy efficiency in [7]. 

Due to the expected future CO2 emissions reduction 

target, there is great attention to identifying cruise ship 

power plants that can mitigate the carbon emissions 

whilst keeping the life cycle cost low. The available 

studies presented herein mostly focused on the techno- 

economic or energy efficiency optimisation of cruise 

ship energy systems. Even though, they investigated 

technologies that can improve the energy efficiency and 

as a consequence the carbon emissions of cruise ships, 

no existing study incorporated the CO2 emissions as an 

objective in the optimisation process. As highlighted in 

[8] carbon pricing influences the optimal configurations 

and their life cycle cost. Therefore, there is a gap in the 

pertinent literature regarding the optimisation of the 

cruise ship energy power plants in terms of their 

lifecycle carbon emissions and costs. 

In addition, the present studies focused either on the 

comparison of alternative cruise ship power plants, or 

the operational optimisation of an existing power plant 

or a predefined propulsion system optimisation. 

Therefore, there is a lack of a method that optimises the 

cruise ship power plant by identifying the optimal main 

ship energy systems type, the type of fuels and the type 

of technologies necessary to improve the energy 

efficiency and environmental performance of the 

systems. 

At the same time, the proposed solutions safety level 

needs to be at least equivalent to the one of the original 
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solutions. Cruise ships carry a large number of 

passengers and crew, therefore, ensuring the safety of 

power plant is paramount as potential malfunctions may 

lead to collision, contact or grounding, which may end 

up in significant human losses as well as severe 

environmental pollution [9-11]. 

A number of previous studies [12-15] has focused on 

the reliability and availability analysis of propulsion 

plants similar to the one employed on cruise ships using 

various methods including Reliability Block Diagrams 

[12], Fault Tree Analysis (FTA) [13], Markov Models 

[14], Failure Mode and Effects Analysis (FMEA) [15]. 

[16-18] have focused on the qualitative safety analysis 

of ship power plants using either FMEA [16] or System- 

Theoretic Process Analysis (STPA) [17-19]. In [20], the 

cruise ship power plant safety has been assessed in terms 

post damage system availability and recommendations 

for engine room locations have been provided. In [21], 

the probability of blackout in cruise ship power plant has 

been predicted based on a Combinatorial Approach for 

Safety Assessment (CASA). In [22], Failure Mode, 

Effects and Criticality Analysis was used to compare a 

number of propulsion systems for a ro-ro ferry. 

The methods presented in [12-15] are capable of 

estimating the plant reliability and availability metrics, 

although their primary focus was not the safety related 

events in cruise ship power plants. In addition, [16-19] 

focused on qualitative level, omitting the prediction of 

occurrence of safety related events, whereas [20] 

focused on the plant post-accident behaviour and the 

evaluation of alternative engine room arrangements. In 

[21], the estimation of blackout probability is provided 

for a cruise ship power plant, without referring to other 

potential system configurations. In [22], the comparison 

between diesel-electric propulsion, hybrid-electric 

propulsion with batteries and diesel-mechanical 

propulsion was implemented using high level 

information and the result were dependent heavily on 

expert judgement. 

The preceding discussion reveals the following 

research gaps in the pertinent literature: (a) optimisation 

of cruise ship propulsion plants in terms of their CO2 

emissions and life-cycle cost and comparison of 

alternative cruise ship power plant designs in terms of 

their safety metrics; (b) verification that the optimal 

cruise ship power plant designs achieve equivalent or 

enhanced safety level than the baseline using 

appropriate metrics. In this respect, this study aims at 

identifying optimal cruise ships power plant solutions in 

terms of their emissions and life-cycle cost and their 

safety assessment in terms of their blackout probability, 

which can be viewed as one safety metric. The optimal 

solutions are derived by the bi-objective optimisation 

method presented in [23] with objectives the life cycle 

cost and the lifetime CO2 emissions [24]. In addition, the 

CASA method [21] that includes STPA, Events 

Sequence Identification (ESI) and FTA is employed for 

the blackout probability estimation of the derived 

optimal power plant designs. 

The remaining of this paper is organised as follows. 

In Section 2, a short description of the employed 

methodology is provided. In Section 3, the required 

input for the implementation of the methodology is 

presented. In Section 4, the optimal solutions along with 

the estimated metrics are provided and discussed. The 

main findings of this study are summarised in Section 5. 

 

2 METHODOLOGY 

The overall methodology followed in this study is 

given in Figure 1. The process commences with 

identification of optimal configurations to minimise the 

lifecycle cost and carbon emissions metrics. In 

subsequence, the identified optimal configurations are 

assessed for their safety in terms of their susceptibility 

to blackout. Then the optimal design is selected. 

 
 

2.1 Bi-objective optimal design identification 
 

 

Figure 2 Optimisation methodology flowchart 
 

For the specific case study, the multi-objective 

optimisation method presented in [23] has been 

extended and adapted to suit the requirements and 

characteristics of cruise ships. Mathematical models 

based on algebraic equations were developed to 

simulate the performance of the considered energy 

systems components. The mathematical expressions 

were derived by employing regression analysis on 

performance parameters data derived from the literature 

and manufacturers’ Project guides. 

The following components of the cruise ship energy 

systems were taken into consideration for the electric 

 

 

 

 

 

 

 

 

 

 

Figure 1 The overall paper methodology 



  

and thermal energy generation: D/G sets, thermal boiler, 

waste heat recovery system and exhaust gas abatement 

technologies. The following options were considered as 

alternatives: both diesel and dual fuel generator sets, 

marine gas oil, heavy fuel oil and natural gas (stored in 

the form of LNG), carbon capture technology for 

capturing a percentage of the produced CO2 up to 4% of 

the ship payload. In addition, two different engine room 

spaces were considered to comply with the safety 

regulations. The engines number and nominal power are 

selected to satisfy the ship power requirements, whereas 

the engines installed in each engine room may be of a 

different nominal power. 

The multi-objective evolutionary algorithm, NSGA- 

II, is employed in the present study, whereas the 

flowchart of the methodology for the cruise ships energy 

systems optimal design is presented in Figure 2. The 

required input parameters include the ship 

characteristics (type and deadweight), and the voyage 

characteristics including the annual time percentage 

sailing within Emission Control Areas (ECA). An 

expected annual operating profile derived from 

measured operating data for a similar cruise ship is 

employed, assuming that it represents the whole life 

time of the investigated cruise ship. Then the lifecycle 

cost and CO2 lifetime emissions are estimated according 

to the equations provided in Appendix A. 

Based on the input and the optimisation variables 

ranges, the initial population is generated by the 

optimisation algorithm. Subsequently, the lifetime 

performance for each individual is estimated according 

to the mathematical models and the objective functions 

in terms of cost and carbon emissions are evaluated. 

Following the evaluation of the objective functions, the 

individual solutions are ranked and the selection, 

crossover and mutation operators are applied. In 

addition, a number of constraints are formulated, so that 

the derived plant configurations comply with the 

international NOx and SOx emissions regulations 

imposed by the IMO. The process is repeated until the 

termination criteria are met. The output of the 

optimisation is a set of optimal cruise ship energy 

systems. 

 
2.2 Blackout Probability estimation 

CASA is a method for the safety assessment of 

cyber-physical systems, which was introduced in [9] and 

described in detail in [21]. In this respect, only a short 

description is provided herein. CASA addresses the 

classical hazard identification methods deficiencies [25] 

by: (a) capturing better the software-intensive character 

of the cyber-physical systems; (b) considering the 

potential events sequences; and (c) implementing a 

quantitative estimation of the safety related events [21]. 

The method steps are presented in Figure 3. Steps 

1−9 result in the determination of the Fault Tree that 

describes the events combinations leading to the 

investigated safety event (black out in this study). The 

last step is based on the FT of the previous step and 

includes the quantitative analysis, during which event 

probability in various operating conditions is calculated. 

Steps 1–4 are similar to the steps of the classical STPA 

approach [26], which is used to identify the hazards or 

sub-hazards, based on the hierarchical control structure 

to identify the unsafe control actions that lead to these 

hazards/sub-hazards and their causal factors. In Step 5, 

each sub-hazard is used as an initiating event and the 

propagation of sub-hazards into other hazards or sub-

hazards is examined by considering the interactions 

between the system components, the presence of 

protective barriers and the combinatory faults. In steps 

6–8, the previous steps results are synthesised into a 

single Fault Tree, which effectively integrates the results 

of STPA and ESI. Step 9 is used to develop further some 

events of the Fault Tree developed in step 8 by using the 

FTA. Step 10 includes the quantitative safety analysis 

that results in the undesired event probability estimation. 

The required input for this step analysis includes the 

plant operational data, such as operating modes (��p), 

number of redundant components, components 

 

Figure 3 CASA method workflow and input-output relations. 



  

maintenance intervals (�i ) and testing intervals (��i ), 

maintenance tasks duration (�i), components failure 

rates (�i), beta factor of the Weibull distribution (�i) and 

the probability of failure on demand for the software 
components (���i). The basic events of the developed 

Fault Tree are characterised as either active operating 
components or safety barriers. Then, basic events, 
probability for the undesired event in a specific system 
configuration ��p and top event (��TE) probability is 

estimated according to equations given in appendix A. 

 

3 ANALYSIS INPUT 

The cruise ship energy systems performance is 

assessed according to real operating data derived from 

shipboard measurements. Distinct operational phases 

with specific power requirements and duration were 

estimated. The operational profile used in this work is 

depicted in Figure 4. In addition, it is assumed that the 

cruise ship operates only inside Emission Control Areas, 

whereas the investigated vessel lifetime is 25 years. The 

technologies capital and maintenance costs, which are 

derived from the existing literature and technical 

reports, are provided in Table 1, whereas the fuel prices 

and the respective CO2 emissions factors used in this 

case study are presented in Table 2. 
 

 

Table 1 Capital cost of investigated technologies 
Equipment type Capital Cost 

(€/kW) 
Maintenance Costs 

D/G Set 490 0.012 (€/kWh) 

Dual Fuel 
Generator Set 

740 0.012 (€/kWh) 

Scrubber 70 0.395 (€/kg SO2 

removed) 
SCR 40 0.006 (€/kWh) 

 
Table 2 Fuel properties 

 Price 

(€/t) 

CO2 emission factor (kg 

CO2/ kg fuel) 

HFO (IFO 380) 300 3.021 

LSHFO (LS380) 350 3.075 

NG 250 2.750 

 
Table 3 Required input parameters for the 

implementation of the CASA method. 
Type of data used 

for input 

Number of 

used 
parameters 

Example 

Design data 50 Number of speed sensors 
on D/G 

Operating data 15 Percentage of type vessel is 
in sailing mode 

Maintenance 
inspection 
intervals 

27 Testing of circuit breaker 
capability 

Maintenance 
duration 

18 Maintenance duration of 
D/G 

Failure rates for 
components 

152 The failure rate for PMS 
hardware 

 

The required input for the CASA method 

implementation is provided in Table 3. Five types of 

input parameters are required: (1) the system layout and 

functions, the number and type of the power plant 

components, the control structure; (2) operating data for 

the system and components; (3) the components failure 

rates; (4) maintenance and inspection intervals; (5) 

maintenance duration. The information for the baseline 

system was retrieved from available system drawings, 

and existing cruise ship operating data. The maintenance 
 

 
Figure 5 The generic control structure used for the analysis. 

 

 

 

 

 

 

 

 

 

 
 

Figure 4 Operational profile for the cruise ship 



  

and inspection duration for components and failure rates 

were taken from available literature as described in [21]. 

The following assumptions were considered: the 

engines start based on the vessel load demand; the 

engine switchover is implemented based on the D/G sets 

running hours; the load is evenly shared between the 

operating D/G sets that can operate till 90% of their 

nominal power; in cases where the power demand 

exceeds N times 90% Pnominal (N is the number of the 

operating D/G sets) [20], an additional available D/G set 

will start and connect to network; the loading starts first 

with loading the D/G sets in the first engine room, and 

then the D/G sets in the second engine room are loaded. 

The system includes functions for fast propulsion 

motors load reduction, bow thrusters electrical load 

reduction and preferential tripping of the compressors of 

the Heat Ventilation Air Conditioning system (fast load 

reduction). The system has also the capability to change 

over to another D/G set in response to the faults in D/G 

sets. A generic functional control structure is provided 

in Figure 5. 

 

4 RESULTS AND DISCUSSION 
 

4.1 Cruise ship energy systems optimal solutions 

The characteristics of the baseline plant 

characteristics as well as the selected optimal 

configurations are provided in Table 4. The Pareto front 

with the performance of the optimal solutions is 

displayed in Figure 6. The performance of the baseline 

configuration is also included in the Figure 6 and it is 

evident that the baseline design does not belong in the 

Pareto front of the optimal solutions. 

In addition, it is identified from Figure 6 that the 

inclusion of the carbon capture technology in solution 3 

manages to reduce the CO2 emissions around 18% 

compared to solution 2. However, there are trade-offs 

between the carbon emissions reduction and the life 

cycle cost herein, as in solution 3 the lifecycle cost is 

increased 40% compared to solution 2. 

 

 

Figure 6 Pareto front of optimal cruise ship energy 

systems 

The single line diagrams of the investigated cruise 

ship power plant are shown in Figure 7. The most cost- 

efficient solution includes a combination of diesel and 

Dual-Fuel Generator (DF/G) sets as the diesel engines 

(DE) exhibit a lower capital cost comparing to the more 

expensive fuel feeding and storage systems required in 

the case of the Dual Fuel Engine (DFE). However, the 

optimal solutions include DFE due to their lower carbon 

footprint compared to the DE. Different nominal sets 

and number of engines are identified, in order to satisfy 

the ship power requirements. Based on the optimisation 

results, selected optimal configurations expected 

operating profile is given in Table 5. Baseline 

operational profile is also provided for comparison 

purposes. 

Table 4 Optimal and baseline configurations. 

 
 

 
Figure 7 Baseline and alternatives designs single line diagrams 

 Engine 
Room 1 

Engine 
Room 2 

WHR Thermal 
boiler 

Carbon 
capture 

Base 
line 
(0) 

3 x 12 

MW, DE 

3 x 12 

MW, DE 

No Oil fired 
(HFO) 

No 

1 
3 x 8 

MW, DE 
3 x 16 

MW, DFE 
No Gas 

fired 
No 

 

2 
3 x 6 

MW, 
DFE 

3 x 18 
MW, DFE 

Yes Gas 

fired 

No 

 

3 
4 x 4 
MW, 
DFE 

4 x 14 
MW, DFE 

Yes Gas 
fired 

Yes 
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Table 5 Operational profile for the selected cases 
D

es
ig

n
 

Number of operating D/G sets 

1 2 3 4 5 6 7 8 

Operational time % 

0 24 15 19 30 12 0 NA NA 

1 31 23 43 3 0 0 NA NA 

2 0 26 7 42 25 0 NA NA 

3 0 6 20 5 16 40 13 0 

 
4.2 PoB estimation results 

A generic Fault Tree representing the 

interconnection between different hazards developed 

following the steps of the CASA method is presented in 

Figure 9. Due to the large number of components and 

events the detailed Fault Tree was not presented in the 

present study. 

attributed to additional redundancy in fuel supply 

system. 

Comparing the PoB for different configurations, it 

can be also observed that when two or three D/G sets 

operate in the baseline design, the PoB is higher than the 

PoB in the other configurations. With four or more D/G 

sets operating, the PoB is lower in the baseline than in 

alternative configurations. When running with 6 D/G 

sets, the PoB is much higher in first alternative 

configuration than in the other solutions. This is due to 

variation in loading conditions when running with more 

D/G sets, which, in turn, is owing to different sizing of 

the installed D/G sets. In this respect it can be inferred 

that D/G sets sizing may affect the PoB at higher loads. 

Further investigations are required to determine the 

strength of correlation between D/G sets sizing, D/G 

sets loading conditions and PoB at higher loads. 
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The overall estimated PoB as well as the PoB as 

function of the D/G sets operating for the considered 

alternative configurations are provided in Table 6 and 

Figure 8, respectively. 

As it can be seen from Figure 8 (a) and (b), the PoB 

varies with the number of operating D/G sets and is 

significantly higher with only one D/G set operating in 

all the configurations, as a single point failure can lead 

to a complete power generation loss. The PoB is 

considerably reduced when two or more D/G sets are 

connected to the system, as in this case, reconfiguration 

functions will start another D/G set and blackout will 

occur due to multipoint failures. 

Furthermore, it can be observed that when running 

with one D/G set, the PoB is slightly lower in second 

and third alternatives than in the baseline and the first 

alternative configuration. This is due to the higher 

redundancy in fuel supply system, as except for the 

normal diesel fuel system, there is also LNG fuel supply 

system. In case of fault in LNG fuel supply system, the 

necessary fuel is taken from the heavy fuel supply 

system. So slight improvements in system PoB may be 

 

 

 

 

 

 

 
 

Figure 8 PoB with different number of D/G set operating 

Table 6 Estimated overall PoB for the investigated 

power plants 
Design PoB 

Based on [27] 1.1415e-05 

Baseline 5.0163e-05 

1st Alternative 6.6451e-05 

2nd Alternative 1.7702e-07 

3rd Alternative 1.0995e-07 

As it can be seen from Table 6, the PoB in the 

baseline and 1st alternative configurations is 

significantly higher than in the other two. This is 

attributed to the fact that in these configurations, the 

operation with single D/G set is more frequent than in 

the other configurations (Table 5). As described 

previously, this leads to significantly higher PoB. Thus 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 9 FT showing the interconnection between 

hazards. 



 
 

the operation with single D/G set operating must be 

avoided. 

The first alternative exhibited a higher PoB than the 

baseline design. This indicates that an optimal solution 

in terms of CO2 emissions and lifecycle cost may not be 

necessary optimal in terms of the PoB. 

The smallest PoB value is estimated for the third 

alternative configuration. This can be attributed to 

higher redundancy of this configuration, as four instead 

of three D/G sets are installed in each engine room. 

However the increase in redundancy, not necessary 

leads to significant improvement in PoB, as can be 

observed through comparison between second and third 

alternative. It seems that it is strongly dependent on 

operational profile. 

 

5 CONCLUSIONS 

In the present study, an approach that combines life- 

cycle cost and carbon emissions optimisation with PoB 

estimation based on two novel methods for ensuring 

both cost efficiency, emission reduction and adequate 

safety level expressed in PoB has been presented. 

The main findings of this study are summarised as 

follows: 

 

 The baseline configuration does not belong in the 

optimal solutions. 

 Cruise ship power plant configurations with DFE 

have improved life cycle cost and lifetime CO2 

emissions in cruise ships. 

 The carbon capture technology manages to reduce 

around 18% the CO2 emissions, however it 
increases more than 40% the life cycle cost. 

 System design with frequent single D/G set 

operation must be avoided as it results in higher 

PoB. 

 Slight improvements of the PoB in power plant 

configurations with DF engines, can be attributed to 

the addition of LNG fuel system, leading to 

increased redundancy in fuel supply. 

 D/G sets sizing can affect the PoB at higher loads. 

Further investigations are required to determine the 

correlation between the D/G sets sizing, the D/G 

sets loading conditions, cruise ship operational 

profile and PoB at higher loads. 

 Optimal cruise ship power plant solutions in terms 

of carbon emissions and cost-effectiveness do not 

necessary result in lower PoB. 

 Increase in installed D/G sets number in system can 

lead to lower PoB, whilst leading to fewer life-cycle 

cost and emissions, but this trend is not consistent. 

Systems with lower redundancy can have similar 

PoB. 

 

In summary, the results demonstrate that the 

presented approach can support decisions for identifying 

the cruise ships power plants optimal solutions that 

simultaneously enhance safety, reduce emissions and 

the lifecycle cost. It is expected that such an approach 

will constitute a valuable tool for optimal design of the 

cruise ships and other ships power plants. 
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NOMENCLATURE 
 

�i Weibull shape factor [-] 

�i Failure rate for component [hours-1] 

�i Repair rate for component [hours-1] 
Cc Capital cost [€/kW] 

cf Correction factor [-] 
Cm Maintenance cost [€/kWh] 

coefCO2 CO2 coefficient 

DE Diesel engine 

DFE Dual-fuel engine 

DF/G Dual-fuel Generators 

D/G Diesel Generators 

dr Discount rate [-] 

��p Top event probability in one hour in specific 
configuration [-] 

��TE Top event probability in one hour or year [-] 

fa Fuel amount [t] 

fc Fuel cost [€] 

LNG Liquified Natural Gas 

��p % of time system is working in a specific 
configuration [%] 

��i Operational time [hours] 

N Number of sets [-] 

�OC 
i Probability of failure in one hour 

�SS 
i 

Probability of failure in one hour of safety 
system 

Pi Instant power [kW/h] 

�SSS 
i Probability of specific system states 

��� The probability of failure on demand [-] 
Pn Nominal power [kW] 

�i Inspection or maintenance interval [hours] 

Subscripts  

me Main engine 

s system 

tb Thermal boiler 
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APPENDIX A 

The equations employed in optimisation process are 

given in Table A1 whilst equations used for estimation 

for basic events and top event probability are given in 

Table A2. 

 
Table A1: Optimisation method equations 

 
Objective 
Functions 

Equations Eq. 
No 

Life 
Cycle 
Cost 

f = ∑ C N P + ∑OTi ∑ s fcs€F+∑s €m,sPi,sh 
1 s    c,s  s  n,s k=1 (1+dr)k 

(1) 

CO2 

Lifetime 

Emissions 

f2 = 
coef€O2,me ∑

OTi fame+coef€O2,tb ∑
OTi fatb 

k=1 k=1 

(2) 

 
Table A2: Equations employed for estimation of basic 

events probability. 
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 System components Equation Eq. 
No 

O
p

er
at

in
g
 c

o
m

p
o
n

en
ts

 

Software, hardware, 
communication and 

sensors failures [28] 

 
pO€ = λit, t = 1 hour 

i 

 
(3) 

Parts with 

preventive 

maintenance where 
a single component 

failure out of r 

identical will lead to 

event occurence 
(based on [28]) 

 

pO€ = 
i 

r 
∑r(r) (Τþi–1 þj 

) (1 − 
1  1 i 

λ
i 

1–r 

Τþi–1
λþi ) t, t = 1 hour 

i i 

 
 

 
(4) 

Parts with 

preventive 
maintenance where 

all the r identical 

components must 

fail for event 

occurrence (based 
on [28]) 

 
 

r 
pO€ = [(Τþi–1

λþi ) + 
i i i 

r–1 

rΤþi–1
λþi (

 hi  ) + 
i i hi+µi 

r 

(
 hi ) ] t, t = 1 hour 
hi+µi 

 
 

 
(5) 

S
af

et
y

 s
y

st
em

s 

Tested standby 
equipment does not 

function (except for 

software failures) 
[28] 

 
(e–hiOTi − 1) 

pSS = 1 + 
i λiOTi 

 

(6) 

For safety 
system/functions 

with continuous 

monitoring does not 
function [28] 

 

 
pSS = hi  (1–e—(hi+µi)OTi) 

i hi+µi 

 

(7) 

Safety functions 

with periodical 

testing do not 
function [28] 

(e–hiOTi − 1) 
pSS = 1 + 

i λiOTi 

 
(8) 

 For software failures   

in safety functions 
[28] 

pSS = PFDi 
i 

(9) 

Unavailability due  

 
1/ 

r 

pSS = ( Ti 
) 

i 1/T +µi 
i 

 

to periodical  

maintenance of  

standby equipment 
where r standby 

(10) 

equipment are  

involved (based on  

[28])  

 



 
 

 


