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Abstract 

 
The system under scrutiny in this paper is a thermal power plant in Sines, Portugal. The final 
power output of the plant is affected by random events such as equipment failures. Whenever 
such random events cause the power output to be below the demand of the electrical grid, it is 
said there is unplanned unavailability. Unplanned unavailability means shorter production and 
smaller profits and should therefore be minimised, which is not a trivial matter because the plant 
is a highly complex system. This problem can be handled by a simulation model, which may be 
used to identify the problem areas in the plant (bottlenecks) and to compare alternative 
scenarios. The simulation modelling approach has advantages when compared to other 
decision support tools, namely mathematical models. The generic simulation methodology that 
was used was developed by Albertyn [10]. A formal system description is first made and the 
conceptual development of the model is explained. The necessary data are collected for 
analysis and the model is implemented in a general programming language under the activity 
simulation perspective. The model is verified and validated. The model is then enhanced by 
including a variance-reduction technique and by using the event simulation perspective. Finally, 
the main results are discussed and the most significant conclusions are presented. 
 
Keywords: Power plant, unplanned unavailability, bottleneck, generic methodology, simulation 
model. 
 

 

1. Introduction 
 

The Sines power plant is operated by the 
national Portuguese electricity company, 
Electricidade de Portugal – EDP. The 
normal thermal process for electricity 
generation process is employed – fuel (in 
this case coal) is burned to produce steam, 
which then passes through a turbine. 
The final power output of the plant is 
affected by random events such as 
equipment failures. Whenever such random 
events cause the power output to be below 
the demand of the electrical grid, it is said 
there is unplanned unavailability. A 
computer model will be developed to show 
whether a decrease in unplanned 
unavailability at the Sines power plant, with 
the consequent gain in electricity 

production, is feasible. The model should 
identify the sections of the production 
process that are responsible for the most 
unplanned unavailability (bottlenecks) and 
make it possible to compare alternative 
scenarios. 
 
2. Approach to the problem 
 
Different decision support tools might be 
used to handle this problem. According to 
Kleinschmidt [1], there are seven or eight 
major types of decision support tools. From 
the least costly to the most costly, these 
are: intuition, assumptions, theoretical 
calculations, simulations, model tests, small 
samples and large samples. Intuition and 
assumptions are too inaccurate to be 
considered. Theoretical calculations, on the 
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other hand, do not make provision for 
randomness. 
Between theoretical calculations and 
simulations are mathematical models, 
which include operations research methods 
(linear programming, inventory theory, etc). 
Several authors, namely Taha [2], Hillier 
and Lieberman [3] and Tavares et al. [4], 
indicate that many real-world problems are 
too complex to be explained by the 
analytical relations of mathematical models. 
Such seems to be the case of the problem 
at hand. Simulation is often the only 
possible choice. Model tests and samples 
also have evident disadvantages when 
compared to simulation – they are more 
expensive, they are not repeatable and it is 
not possible to virtually accelerate time as 
in a simulation model. Simulation thus 
emerges as the best decision tool for this 
problem. Simulation permits handling of 
complex problems, bottleneck analysis, 
gaining insight about the interaction of 
variables and time-scale manipulation. 
According to Law and Kelton [5], simulation 
models may be static or dynamic, 
deterministic or stochastic and discrete or 
continuous. A simulation model of the Sines 
power plant will have to be dynamic and 
stochastic. The third dimension is not that 
clear as the system possesses both 
discrete (random events) and continuous 
characteristics (a continuous process). 
In process simulation two kinds of flowsheet 
simulators exist – steady-state simulators 
and dynamic simulators. Important 
references in the first dominion are Sargent 
and Westerberg [6] and Shacham et al. [7], 
while in the second there are the works of 
Ordys and Clarke [8] and Prasad et al. [9]. 
Steady-state simulators are not an option to 
build the simulation model because they 
are static. As for dynamic simulators, they 
focus on the detailed analysis of the 
system’s transient behaviour during short 
periods of time resorting to continuous 
simulation. The point of the simulation 
model, however, is to study the large-scale 
behaviour of the power plant over long 
periods of time. A less detailed, discrete-
event approach appears more appropriate. 
The generic simulation methodology 
developed by Albertyn [10] privileges such 
an approach. The methodology is designed 
to accommodate stochastic, continuous, 
complex systems while using discrete-event 
simulation. The methodology allows for the 
main bottlenecks to be identified and 
alternative scenarios to be compared, 
which are the main goals of the power plant 

simulation model. The methodology 
developed by Albertyn [10] was therefore 
selected as the basis for this work. 
 
3. Model conceptualisation 
         
According to Porta Nova [11], the main 
steps in a simulation study are: problem 
statement, conceptual model development, 
data collection and analysis, model 
implementation, verification and validation, 
experiment planning, analysis of the results 
and implementation of the study. In this 
section the conceptual development of the 
model is addressed. 
The research of Albertyn [10] focused on a 
specific kind of systems. These were 
systems having a continuous process (i.e. 
the commodities are continuous flows), 
subject to chronological and random events 
(services and failures, respectively) and 
displaying complex interrelationships. All 
these characteristics are exhibited by the 
power plant. 
The aspect of the failures is worth notice. 
The maintenance division of the plant does 
not record failures of individual components 
but groups those components into smaller 
systems. A preliminary analysis to the 
failure data that was collected indicated that 
the smaller systems whose failure may 
result in unavailability are very diverse. A 
simulation model characterising the failures 
of all the smaller systems would be a very 
detailed one, and it is arguable that such a 
level of model detail is required for an 
accurate representation of the system. 
Therefore, it was decided to group the 
smaller equipments and systems into 
entities called “smaller plants”. Smaller 
plants correspond to functional sections of 
the electricity production process and were 
established and named according to the 
specific task they perform. A total of eight 
smaller plants were established in this 
phase: coal processing, steam generation, 
turbine, electricity generation, water 
cooling, condenser, feedwater and air-
smoke. 
A hierarchical structure proposed by Harrell 
and Tumay [12] was followed to perform a 
formal system description. According to this 
structure, a system may be described in its 
physical and functional aspects. The 
physical aspect comprises the configuration 
(element identification, arrangement and 
connections) and element characteristics 
(capacities and failure characteristics), 
while the functional aspect comprises the 
process flow (processes and path 
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sequence) and process logic (rules of 
operation). 
A block-diagram schematising the process 
and input/output commodities already 
provides a good picture of the configuration 
and process flow of the system. Yet a more 
proper way to present this information and 
to combine it with the information on 
element capacities is to write a table 
suggested by Albertyn [10]. In this table, 
each line contains information about one 
smaller plant. Smaller plants are identified 
with numbers. One column of the table 
indicates the number of modules in the 
smaller plant. One module corresponds to 
one “replication” of the smaller plant. For 
instance, there are five coal grinders in 
each production group of the power plant; 
therefore, it is said that the coal processing 
plant has five modules. The modules obey 
to the same component-grouping principle 
of the smaller plants; that is, in the coal 
processing plant, for instance, each module 
has a bunker system, a feeder system and 
a pulverizing system. Two other columns of 
the table indicate the commodities that flow 
in to and out from each module and the 
respective input/output module capacity. 
Finally, one column of the table indicates, 
for the input commodities of each smaller 
plant, the smaller plant from which those 
commodities flow, and for the output 
commodities, the smaller plant to which 
those commodities flow. 
As for the process logic, the only relevant 
rule of operation in the power plant, for this 
matter, is the fact that when the feedwater 
plant module fails, it is replaced by two 
backup modules consuming 10 MW of 
electrical power, which are taken from the 
output of the electricity generation plant. 
Up until this point, the physical aspect and 
the functional aspect of the system have 
been almost fully described. The failure 
characteristics of the smaller plant modules, 
however, are yet to be defined. This can 
only be done after failure data have been 
properly collected and analysed. A 
preliminary analysis to the failure data 
revealed that there are situations when the 
plant’s control system may have to interrupt 
production due to a variety of reasons. In 
other situations, a failure external to the 
power plant occurs (an example is a 
technical problem in the electrical grid). A 
third kind of situations is peaks. It is said 
there is a peak when a given safety interval, 
for instance for the temperature of a 
commodity, is breached. These “special” 
events – control actions, external failures 

and peaks – do not correspond to a failure 
of one the smaller plants but have an 
impact on the final output throughput of the 
power plant and therefore must be 
accounted for by the model. 
 
The variables technique 

If a discrete-event simulation software 
package is used to build the simulation 
model, a problem may arise as this kind of 
packages are oriented to the representation 
of discrete quantities, and not continuous 
flows. One technique that could be used is 
to convert a commodity flow into a set of 
entities in the software package. Thus, a 
flow of 36.000.000 m

3
/h of sea water, for 

instance, could be converted into, say, 
36.000 entities, if each entity is considered 
to represent a “package” of 1000 m

3
/h of 

water. This technique, however, poses 
runtime and accuracy problems. A more 
accomplished technique is to simply 
represent the flows with real variables. This 
variables technique will be used by the 
simulation model to represent commodity 
flows. 
 
The ERM method 

One of the characteristics of the power 
plant is the presence of complex 
interrelationships. The fact that the 
electricity production process is made up of 
different steps, each performed in a 
different smaller plant, means that a failure 
in one smaller plant has an immediate 
effect on the output throughput of all the 
smaller plants. The dimension of this effect 
depends on the availability of the modules. 
A failure in the steam production plant, for 
instance, causes the plant to be unable to 
produce any steam whatsoever because 
the plant possesses only one module; in 
plants with two modules, half-load can still 
be guaranteed if one of the modules failed. 
The main goal of this work is the 
development of a simulation model to study 
unplanned unavailability at the power plant. 
Unavailability, in terms of power, is defined 
as the difference between the power 
demand of the operator of the electrical grid 
and the power output of the power plant: 
 

UnavPow(t)=DemandPow(t)-OutputPow(t)  
(Eq. 1) 

 
Therefore a method is required that can 
determine the power output of the power 
plant at any given moment in time, while 
accommodating the complex 
interrelationships characteristic. The ERM 
(Entity Represent Module) is that method. 
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ThroughputMaxPos(t) 

ThroughputSSAct(t) 
FractionPlt(t) = 

The actual power output of the power plant 
depends on the maximum output 
throughput of each smaller plant. The 
maximum output throughput of a smaller 

plant at a given time t is the number of 
available modules times the output capacity 
of each module: 
 
ThroughputMaxPos(t)=(nAvMd(t))(CapacityMd)  

(Eq.2) 
 
The number of available modules is the 
total number of modules minus the number 
of modules that are being repaired: 
 

nAvMd(t)=nMd- nMdFail(t) (Eq. 3) 
 
The ERM method advocates the 
construction of an availability part and a 
repair part in each symbolic representation 
of a smaller plant. At any given moment in 
time, the number of available modules is 
the number of modules in the availability 
part and the same goes for the modules 
being repaired in the repair part.  
To number of modules that are switched on 
is given by the ratio of the actual output 
throughput of the smaller plant to the 
capacity of each module (or the ceiling of 
that ratio). The number of modules that are 
switched off is then the difference between 
the number of available modules and the 
number of switched on modules.  
The “special” situations can be modelled as 
fictional smaller plants (with dummy 
availability and repair parts) with one 
module. An occurrence of one of these 
situations is represented by the failure of 
the respective module. 
 
The FC method 

Using the information of the ERM method, 
the FC (Fraction Comparison) method 
identifies the momentary bottleneck and 
determines the actual output throughput of 
every smaller plant and hence of the power 
plant, at any given moment in time. 
The steady-state actual output throughput 
(of each output commodity) of each smaller 
plant is defined as the total number of 
modules of the smaller plant times the 
capacity of each module (the steady-state 
operation of power plant is equal to its 
maximum capacity). At any given moment 
in time, the FC method computes, for each 
smaller plant, the fraction of the maximum 
possible output throughput (given by eq. 2) 
to the steady-state actual output 
throughput: 
 
 
 

(Eq. 4) 

The smaller plant with the smallest fraction 
value is the momentary bottleneck point in 
the power plant. This value is referred to as 
the Benben value. The actual output 
throughput of each smaller plant is obtained 
by multiplying the Benben value with the 
steady-state actual output throughput of the 
corresponding smaller plant: 
 

ThroughputAct(t)= 

=(Benben(t))( ThroughputSSAct(t))  
(Eq.5) 

 
The FC method is applied to every smaller 
plant, including the “special” situations. 
The ERM and FC methods can thus 
effectively handle the complex 
interrelationships characteristic.  
 
Bottleneck identification techniques 

For the most significant bottlenecks to be 
identified, information on the momentary 
bottleneck is collected over time alongside 
the application of the ERM and FC 
methods. At the end of the simulation run 
that information must then be analysed 
using some sort of criteria to identify the 
most significant bottlenecks. 
The generic methodology features two 
techniques for bottleneck identification and 
prioritisation - the lost production technique 
and the bottleneck time technique. 
When a given smaller plant becomes the 
momentary bottleneck, one of the attributes 
of the smaller plant registers the current 
simulation time, while another attribute 
registers the power unavailability. When the 
smaller plant ceases to act as a bottleneck, 
the current simulation time is registered and 
the time difference between this time and 
the time the smaller plant became the 
bottleneck is calculated, for the purposes of 
the bottleneck time technique. The time 
difference is then multiplied by the power 
unavailability to determine the lost 
production (energy unavailability) due to the 
smaller plant, for the purposes of the lost 
production technique. At the end of the 
simulation run, the lost production values of 
all smaller plants are summed up and can 
be divided by the total, to generate 
comparable percentages and thus identify 
the main bottlenecks in terms of lost 
production. The bottleneck time technique 
works in exactly the same manner. 
 
Summary 

It is possible to observe a separation of the 
methods and techniques that were 
presented in two parts. The ERM method 
addresses the discrete-event characteristic 
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of the system (the failures) by handling the 
modules in availability and repair parts. The 
modules are “real” and so the ERM method 
is referred to as the “real” part of the 
simulation model. The variables technique, 
the determination of the number of modules 
that are switched on and switched off, the 
FC method and the bottleneck identification 
techniques, on the other hand, address the 
continuous process and complex 
interrelationships characteristics by using 
variables and logical equations, which are 
“virtual”. These methods and techniques 
are thus referred to as the “virtual” part of 
the simulation model. The updating of 
different variables, whether during the 
simulation run (for instance the number of 
repairs made in each smaller plant so far) 
or after the end of the run (for instance the 
mean number of available modules in each 
smaller plant) is also included in the “virtual” 
part of the simulation model. 
 
4. Model construction 
 
The first step in constructing the model was 
to collect and analyse data. Failure data of 
the modules were collected. It was 
assumed that all four groups of the power 
plant had identical failure characteristics 
and therefore the failure data were referent 
to one group only (group 2). This is an 
important assumption because it means 
that only one group needs be represented 
by the model, whose results will be 
extendable to the whole power plant. 
The failure data allowed for the failure 
characteristics of the modules, which were 
the one aspect of the system description 
that had not yet been covered, to be 
defined. Theoretical probability distributions 
were fitted to the time between successive 
failures and the time to repair of the 
modules. For the time between failures of 
the modules, the Weibull distribution was 
used, and for the time to repair of the 
modules, the Weibull and exponential 
distributions were used. The Erlang 
distribution was not considered. 
It was then necessary to select a computer 
tool for the implementation of the model. It 
was decided to use Mathematica, a 
programming language oriented to 
mathematics. The main reason for this 
choice was the great familiarity the author 
possessed with the system. Still, 
Mathematica has characteristics that are 
beneficial for the model – it allows good 
data manipulation, has good random 

number capabilities and has extensive 
statistics functionalities. 
As for the model elements, the modules 
were considered as the entities of the 
model. The activity simulation perspective 
was chosen at this stage as the basis for 
model. It was observed that the modules 
engaged in two different activities – failure 
and end of repair. When a module fails, it is 
moved from the availability to the repair 
part. When a module finishes being 
repaired, new values are assigned to its 
next repair duration and next failure time 
attributes and the module is moved from 
the repair to the availability part. In the 
activity perspective, the simulation time is 
incremented in fixed amounts. At each 
instant, the conditions presiding to the 
realisation of each activity are verified. If the 
conditions are met, the corresponding 
activities are performed. The condition for 
the realisation of the failure activity is that 
there is a failure scheduled to occur at that 
instant. End of repair is analogous. 
The Mathematica functionality for the 
definition of abstract data types, packages, 
was used to define the building blocks of 
the simulation model. Three basic building 
blocks were defined – modules, stacks (for 
the availability and repair parts, which work 
like queues) and smaller plants. Each 
building block corresponds to one package. 
Other packages include random number 
generation and operations on smaller 
plants. The packages are in one 
Mathematica file, Packages.nb. In another 
file, Functions.nb, the simulation functions 
are defined – Simav, Simout, Simbot and 
Updatevars. Simav applies the ERM 
method, Simout applies the FC method, 
Simbot applies the bottleneck identification 
techniques and Updatevars updates the 
value of relevant variables. In a third file, 

Variables.nb, the main variables (the 

smaller plants) of the model are initialised, 
and a final file, Simulator.nb, runs the main 
simulation function. Figure 1 is a good 
representation of these concepts. 
For the verification and validation of the 
model, the length of the simulation run and 
the number of runs had to be specified. 
It was decided to use a two-year basis for 
the length of the simulation run because of 
the relatively low values of the failure rates, 
which could introduce a larger error if only 
one year was used. It was then decided 
that the model would be validated by 
comparing the total electricity production of 
one group of the power plant during a 
particular two-year period with the value 
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Simav [ ]: uses ERM method to 

determine the state of the modules 

 
Simout [ ]: uses FC method to determine 

the actual output throughput vector 

 
Simbot [ ]: uses results of FC method to 

update bottleneck information 

 
Updatevars [ ]: updates record variables 

Functions.nb: Definition of functions to 
be applied to each smaller plant 

 
Random numbers  

Modules data type  

Smaller plants data type  

Stacks data type  

Operations  

Packages.nb: Definition of packages 
  

Number of modules  

 
Input/output matrix  

 
Time between failures and time to repair 

distribution parameters  

 
Smaller plant  

 
Power plant (list of smaller plants)  

Each 
smaller 
plant 

 

Variables.nb: Initialisation of variables  

 

  Simulator.nb: Main function  

Yes  

No  

START Initialise variables necessary to 
main function  

 
Updatevars [ ]  

 
Simav [ ]  

 
Simbot [ ]  

 
Simout [ ]  

 
END 

 
Updatevars [ ]  

 
 

   Current time instant 
   > 

   Run length? 

Update variables necessary to 
main function  

Figure 1: Simulation model diagram 
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Table 1: Validation of the simulation model 

returned by the model in the same 
conditions. The period 2006-2007 was 
selected for being the most recent as 
possible. It was decided to use a group 
subject to particularly long planned stops in 
that period, because that would accentuate 
the effect of transient behaviour in the 
system; if the model is proven to be valid 
under those circumstances, it is an 
indication that transient behaviour can 
indeed be excluded from the model (see 
section 2). Group 2 had been subject to one 
of the longest stops – 2400 hours in total 
between April and July 2007 – of all groups 
and the electricity production data for 
validation was therefore relative to this 
group (which was also why the group had 
been chosen for the failure data). Each run 
of the model was thus defined as lasting for 
two years or 17520 hours of simulated time, 
with a 2400h stop between the 10920

th
 and 

13320
th
 hours to mimic the stop in the real 

world. This is for validation purposes; for 
obtaining results, the structure of the run is 
identical but the interruption is between the 
8436

th
 and 8940

th
 hours, to account for the 

six weeks stop every four years of a group, 
or alternatively a three weeks stop every 
two years, between December of the first 
year and January of the second year. 
According to Crow et al. [13], the minimum 
number of runs to reach a confidence 

interval of probability 100(1 – α)% whose 

length does not exceed 2H, the number of 

runs n is increased and calculate the 

standard deviation S until 
 

tα/2;n-1(Sn
1/2

) ≤ H 
 

(Eq.6) 
 
The minimum number of runs to satisfy this 
condition was 18. The number of model 
runs was defined as the closest “round” 
number, i.e. 20. 
The model was now ready for actual 
verification and validation. 
Several verification techniques pointed out 
by Law and Kelton [5] were applied during 
the implementation of the model, namely 
writing the model in subprograms, running 
the model under a variety of input 
parameters and tracing the model during its 
execution. A comparison between real data 
and model results was also performed to 
verify the reasonableness of the results. 
The real-world number of failures in each 
smaller plant during 2006-2007, in group 2, 
was compared to the number of failure 
generated by the model and it was 
concluded that the output of the model was 
reasonable. Finally, the model was 

validated by comparing the real-world total 
electricity production in group 2 during 
2006-2007 with the value returned by the 
model, after 20 runs with the validation 
structure presented previously. The results 
are shown in table 1: 
 
 

 
The percentage deviation of the model 
value to the real value is very small (less 
than 0,1%). The ratio of lost production to 
total production determined by the model 
was 3,81%, which correlates closely with 
the real-world value of 3,76%. These 
results indicate that it can be accepted that 
activity-based simulation model is a valid 
representation of the power plant. 
The possibility to somehow enhance the 
model was then explored. 
The antithetic variates (AV) variance-
reduction technique was applied to the 
model. When using this technique, model 
runs are grouped in pairs. The second run 
of each pair uses the complementary 
random numbers of the first run, so that 
negative correlation is established. The 
smaller plant building block was enhanced 
with the inclusion of dedicated random 
number streams, i.e. one stream for 
generating failure times and one stream for 
generating repair times. 
The AV technique decreased variance of 
model results by around 56%. The 
minimum number of runs was now 12, and 
length of the confidence interval decreased 
by around 35%. Model runtime and 
accuracy experienced no visible change. 
It was also decided to implement a version 
of the model using the event perspective. In 
an event perspective, simulation time is 
automatically incremented to the time of the 
next event. An extra package, the vent 
package, was created for the manipulation 
of the list of future events. The events the 
modules are subject to are the same as the 
activities – failure and end of repair – and 
the logic is identical. 
The results of the event-based model 
showed no visible change in accuracy with 
respect to the activity-based model. The 
runtime, on the other hand, experienced a 
major decrease from approximately 28 
minutes to approximately 10 seconds. 
These results indicate that the enhanced 
simulation model (using the AV technique 

Real elec. 
prod. (MWh) 

Model elec. 
prod. (MWh) 

Dev. 
(%) 

4342301 4340073 -0,051 
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Table 2: Main lost production bottlenecks 

Table 3: Main bottleneck time bottlenecks 

and event perspective) performs, in 
general, better than the original model. The 
enhanced simulation model is used to 
obtain the final results. 
 
5. Model application 
 
It was decided to evaluate three different 
scenarios. Scenario I represents the 
“business as usual” situation, i.e. it studies 
the current configuration of the power plant. 
Scenarios II and III represent two possible 
alternative configurations of the power 
plant. 
Table 2 shows the top-three smaller plants 
in terms of caused lost production: 
 
 

 
Table 3 shows the top-three smaller plants 
in terms of bottleneck time: 
 
 

 
From the results indicated in tables 2 and 3 
it is possible to take two conclusions. 
Firstly, in both the lost production and the 
bottleneck time criteria the top three smaller 
plants account for most of the bottleneck 
effect in the power plant. This proves that 
there are indeed main bottlenecks in the 
power plant. Secondly, the main 
bottlenecks are the same in the two criteria. 
It is thus possible to say that those smaller 
plants are the main bottlenecks regardless 
of the bottleneck criterion that is used. 
These results lead to the conclusion that 
the main bottlenecks in the power plant 
are the steam production and feedwater 
plants and external failures. 
If the bottleneck effect at the power plant is 
to be reduced, only the steam production 
and feedwater plants need to be 
concentrated upon, given that external 

failures are not really the responsibility of 
EDP. 
The steam production plant is the main 
responsible for lost production. The 
following changes in the steam production 
plant might be considered: adding modules, 
increasing the time between failures or 
decreasing the repair time. 
Adding modules would mean adding new 
boilers to the system, This is not 
reasonable because boilers are hugely 
complex, expensive systems. Increasing 
the time between failures, on the other 
hand, does not hold great promise as the 
time between failures of the steam 
production plant is already quite long. 
Decreasing the repair time is a reasonable 
measure and in fact it will be attempted by 
the management of the power plant. The 
repair times of the steam production plant 
are long because, after every failure, the 
boiler takes a long time to cool down before 
the repair team can enter. The 
management proposes to accelerate the 
cooling process by enhancing the air 
circulation inside the boiler. This measure 
will expectedly reduce the mean time to 
repair of the steam production plant in 24%. 
Scenario II was thus considered as 
representing the power plant with a mean 
time to repair in the steam production plant 
24% shorter than its current value. When 
running the model under this scenario (20 
runs following the structure for obtaining 
results presented earlier), the confidence 
interval for the electricity production 
overlapped with the confidence interval of 
scenario I (which represents the current 
configuration of the power plant). Therefore 
scenario II cannot be considered to 
represent a different situation than that of 
scenario I, 
The feedwater plant is the main responsible 
for bottleneck time. Again, the following 
changes in the feedwater plant might be 
considered: adding modules, increasing the 
time between failures or decreasing the 
repair time. Decreasing the repair time is 
not possible here. On the other hand, it is 
difficult to assert what kind of reliability 
programs could be used to increase the 
time between failures and the impact of 
those programs. Adding modules seems 
the best option in this case.  
The major source of unavailability in the 
feedwater plant is the 10 MW of electricity 
consumed by the two backup modules 
when these have to replace the main 
module (see the rule of operation presented 
earlier). The idea is to have an extra 

Smaller plant 
% Lost 

production 

Steam production 34,6 

External failures 23,9 

Feedwater 17,0 

Smaller plant 
% 

Bottleneck 
time 

Feedwater 70,2 

Steam production 11,5 

External failures 7,9 
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Table 4: Scenario I and III final results 

Table 5: Scenario I and III final results #2 

module in the feedwater plant that is 
identical to the main module. When one of 
the modules is working, the other module is 
idle (switched off). When the working 
module fails, it is replaced by the second 
module. This avoids having to resort to the 
backup modules with the consequent 10 
MW of unavailability. 
Scenario III therefore represents the power 
plant with two modules in the feedwater 
plant instead of one (main) module. The 
confidence intervals this time do not 
overlap, which means that scenario III can 
be considered to represent a different 
situation of scenario I. 
When running the model under scenario III, 
the feedwater plant represented 2,8% of 
lost production. Therefore, in scenario III 
the feedwater plant does not qualify as 
an important lost production bottleneck 
anymore. Under scenario III, the feedwater 
plant represented 23,1% of bottleneck time, 
which is still a considerable percentage but 
much smaller than the 70,2% in scenario I. 
Tables 4 and 5 make a final comparison 
between the results of scenario I and III: 
 
 

 
 
 

 
 
In scenario III, the electricity production 
increased in 33310 MWh or 4,6 production 
days with respect to scenario I. This 
increase is registered over two years (the 
model run length is two years), and is thus 
equivalent to 2,3 production days every 
year. 
Lost production decreased from 186122 
MWh to 152811 MWh or alternatively from 
3,80% to 3,10% of the total electricity 
production.  
The total bottleneck time registered a major 
decrease of approximately 63%, from 1889 
hours to 692 hours. 

It is thus possible to conclude that, 
when an extra module is added to the 
feedwater plant, the bottleneck effect at 
the power plant and hence unplanned 
unavailability is decreased, while the 
electricity production of the power plant 
is increased. 
 
6. Conclusion 
   
In this section the strengths and 
weaknesses of the generic methodology 
that was used, as well as the main 
contributions and limitations of this work are 
presented. 
Models developed and later maintained 
under the generic methodology are of 
relatively swift development, because the 
concepts of the methodology are easy to 
grasp. Model runtimes are short, thanks 
namely to the variables technique and the 
FC method. In the work of Albertyn [10], the 
methodology had been applied to the 
development of a simulation model of a 
petrochemical plant; the successful 
application of the generic methodology to 
the power plant constitutes evidence that 
the methodology is robust. The methods 
and techniques employed in the 
methodology ensure, on the other hand, 
that its results are accurate. Therefore, it 
can be considered that the strengths of the 
generic methodology are short model 
development and maintenance times, short 
model runtimes, robust modelling ability 
and accurate modelling ability. As 
weaknesses, one could mention the 
exclusion of transient behaviour, the 
relatively low level of detail in which the 
various systems and equipments are 
represented (due to the necessary grouping 
procedure) and the lack of consideration for 
the energetic component of the process. 
As for this work in particular, the main 
contribution is the fact that the management 
of the power plant has been provided with a 
decision support tool (a simulation model) 
that accurately represents its behaviour and 
may be used to study the effect of proposed 
changes in the system and to compare 
alternative scenarios. A strength of the 
simulation model that was built is that it is to 
a large extent generic, which is essentially 
due to the fact that the model building 
blocks (especially the smaller plants 
building block) are themselves generic. 
Another strength is that the model is quite 
compact in size (168 KB) and has very 
short runtimes (10 seconds for 20 runs of 
two years each). 

Scenario 
Electricity 

prod. (MWh) 
Lost prod. 

(MWh) 

I 4884650 186122 

III 4917960 152811 

Scenario 
% Lost 

production 
Bottleneck 

time (h) 

I 3,81 1889 

III 3,10 692 
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This work also constitutes an innovative 
contribution to the work of Albertyn [10], in 
that: it has contributed to demonstrate the 
robustness of the generic methodology, by 
showing that it could be successfully 
applied to a system other than the 
petrochemical plant of Albertyn’s model; the 
implementation in Mathematica is further 
evidence of the generality and robustness 
of the generic methodology, because the 
original model developed by Albertyn [10] 
was implemented in two simulation 
software packages; and it has 
demonstrated that the antithetic variates 
variance reduction technique, which is a 
significant enhancement to the simulation 
model, is compatible with the generic 
methodology. As for the limitations of this 
work, one weakness of the model is the 
loss of generality with respect to the 
feedwater rule of operation. If this rule were 
to be modified or eliminated it would be 
necessary to make changes in the 
Mathematica code. This seems to be a 
weakness not only of this simulation model 
but of the generic methodology itself. 
Additionally, the use of a general 
programming language to implement the 
model had a negative impact in the user-
friendliness of the model, because no 
graphics or animations are available. 
One possibility for further work is the 
application of the simulation model that was 
developed to power plants other than the 
Sines power plant. The loss of generality in 
the rules of operation is also a possibility for 
future developments in the generic 
methodology. The generality of the generic 
methodology may be improved by the 
inclusion of a “library” from where such 
rules could be easily selected and 
implemented in the model under 
construction (Albertyn [10]). Finally, the 
generic methodology has the potential to 
propel the development of a specific 
simulation software package solely for its 
application, possibly enhanced with more 
graphical capabilities and a concise, 
simplistic and user-friendly generic 
methodology manual (Albertyn [10]). 
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