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Abstract 

The energy sector particularly in Spain, and in a similar way in Europe, has a significant 

overcapacity due to the big growth of the renewable energies in the last ten years, and 

it is seriously affected by the demand decrease due to the economic crisis. 

That situation has forced the thermal plants and in particular, the combined cycles to 

operate with extremely low annual average capacity factors, very close to 10%. Apart 

from the incomes reduction, working in out-of-design conditions, means getting a 

worse performance and higher costs than expected. In this scenario, anything that can 

be done to improve the efficiency and the equipment condition is positively received. 

Asset Management, as a multidisciplinary and integrated process, is gaining 

prominence, reflected in the recent publication of the ISO 55000 series in 2014. 

Dealing Asset Management as a global, integrated process needs to manage several 

processes and significant volumes of information, also in real time, that requires 

information technologies and software applications to support it. 

This thesis proposes an integrated asset management concept (Integrated Plant 

Management-IPM) applied to combined cycle power plants and develops a 

methodology to assess the benefit that it can provide. Due to the difficulties in getting 

deterministic benefit estimation, a statistical approach has been adopted for the cot-

benefit analysis. As well, the quantitative analysis has been completed with a 

qualitative validation of the technologies included in the IPM and their contribution to 

key power plant challenges by power generation sector experts. 

The cost- benefit analysis provides positive results even in the negative scenario of 

annual average capacity factor close to 10% and is promising for capacity factors over 

30%. 
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Resumen 

El sector energético, en España en particular, y de forma similar en los principales 

países de Europa, cuenta con una significativa sobrecapacidad de generación, debido 

al rápido y significativo crecimiento de las energías renovables en los últimos diez años 

y la reducción de la demanda energética, como consecuencia de la crisis económica. 

Esta situación ha hecho que las centrales térmicas de generación de electricidad, y en 

concreto los ciclos combinados de gas, operen con un factor de  utilización 

extremadamente bajo,  del orden del 10%.  Además de la reducción de ingresos, esto 

supone para las plantas trabajar continuamente fuera del punto de diseño, 

provocando una significativa pérdida de rendimiento y mayores costes de explotación. 

En este escenario, cualquier contribución que ayude a mejorar la eficiencia y la 

condición de los equipos, es positivamente considerada. 

La gestión de activos está ganando relevancia como un proceso multidisciplinar e 

integrado, tal y como refleja la reciente publicación de las normas ISO 55000:2014. 

Como proceso global e integrado, la gestión de activos requiere el manejo de diversos 

procesos y grandes volúmenes de información, incluso en tiempo real. Para ello es 

necesario utilizar tecnologías de la información y aplicaciones de software. 

Esta tesis desarrolla un concepto integrado de gestión de activos (Integrated Plant 

Management – IPM) aplicado a centrales de ciclo combinado y una metodología para 

estimar el beneficio aportado por el mismo. Debido a las incertidumbres asociadas a la 

estimación del beneficio, se ha optado por un análisis probabilístico coste-beneficio. 

Así mismo, el análisis cuantitativo se ha completado con una validación cualitativa del 

beneficio aportado por las tecnologías incorporadas al concepto de gestión integrada 

de activos, mediante una entrevista realizada a expertos del sector de generación de 

energía. 

Los resultados del análisis coste-beneficio son positivos, incluso en el desfavorable 

escenario con un factor de utilización de sólo el 10% y muy prometedores para 

factores de utilización por encima del 30%. 
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1.1 Background 

The electric sector is formed by several enterprises and organisms that make electricity 

available for the final users, industrial, commercial or domestic consumers, when 

needed [1].  The main elements in the electric sector are the electric companies that 

transform primary energy sources into electricity at the power generation plants. The 

electricity generated is transmitted through the high voltage network to the points 

where it is distributed to the consumers [2]. The most relevant organisms, in the case 

of Spain, are the Market Operator and the System Operator [1]. The first one is 

responsible of the management of the bidding market, where all the power generators 

need to offer their electric production and the second one is in charge of the technical 

coordination to assure that production fits demand at every moment. 

The electric companies are key in the electric sector and relevant actors in the national 

economy because of the significant long term investments that they afford, the 

business volume or the number of employees [1]. 

The electric sector has drastically evolved in the last decades due to significant 

technological and regulatory changes that have completely transformed the business 

paradigms. In the last fifteen years the electric sector has moved from a public service 

to a highly competitive market subjected to strict environmental requirements and in 

the most recent years, to the over capacity [3]. All that, comes together with a 

technological evolution, which has introduced renewable generation technologies in 

the scene with a significant contribution to the generation mix [1] [4]. 

In this environment, the flexibility to follow market requirements and the optimization 

of the operation costs are key drivers to make profit from the existing installations. An 

integrated Asset Management strategy contributes to rationalize operation, and 

especially maintenance costs, as introduced for the electricity Transmission and 

Distribution (T&D) sector by [5], that links the use of a unified map of technical asset 

management activities and discusses how it can help to optimize the short and 

midterm operations and maintenance actions.   Or as discussed in [6], which proposes 
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the use of asset management to optimize the utilization of equipment on a cost-

effective way at electrical grids. These two authors point out the relevance of IT 

systems and data integration in the application of asset management.   [7] Describes 

one of the earliest approaches identified to an integrated information system, using 

sensors to monitor both processes and equipment to develop predictive diagnostics 

for the nuclear power plants. 

The improvement in monitoring technologies, as dealt in [6] or [8], many of them 

available for online analysis, on communications, data management and analytics 

allows an integrated asset management based on actual equipment condition and 

supported by predictive analysis, considering process and market aspects. 

This thesis proposes an integrated asset management strategy, combining technical 

analysis results to the power generation key processes (operation and maintenance) 

management and a methodology to assess the expected value that the integrated 

asset management can bring to the power plant. A gas turbine combined cycle is 

selected to illustrate the concept that could be easily extended to other generation 

technologies. 

In Figure 2 is shown the installed capacity by power generation in Spain [9] as 

December 2014. Comparing it to the generated energy in the same year [9] in 

percentage, it can be quickly identified the unbalance between the installed capacity 

(24.8%) and the actual generation (8.5%) in the case of the combined cycles, that turns 

into an average annual capacity factor of 12% [9]. 
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Figure 1: Installed power capacity in Spain 2014. Source [9] 

 

 

Figure 2: Installed power capacity in Spain between 2011 and 2014. Source [9] 
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Figure 3: Demand coverage in Spain 2014. Source [9] 

 

 

Figure 4: Demand coverage in Spain from 2011 to 2014. Source [9] 
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and 2009 [10], followed by the wind farms. 20,000MW of wind power were installed 

between 2000 and 2013. The situation today is that the utilities are considering the 

mothballing or closure of 6,000MW combined cycles. As Moreno stated in [11] the 

variability of wind power must be backed-up by the natural gas combined cycles (CC). 

 

Figure 5: Combined cycle vs wind installed capacity in Spain between 2006 and 2014. Extracted from 
[9]. 

 

 

Figure 6: Combined cycle vs wind demand coverage in Spain between 2006 and 2014. Extracted from 
[9]. 
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In order to work on that scenario, as covered in [12] (see Figure 7), the new gas 

turbines development will focus on flexibility, efficiency, emissions reduction and life 

cycle costs. Although those developments are tight to design aspect, for existing 

plants, asset management technologies can positively contribute to those targets. 

 

 

Figure 7: New competitive arena for power generation. Source [12]. 

 

Efficiency, as mentioned in [13], can be considered the sixth source of energy, or the 

first fuel, as denominated in [14]. Any savings in the fuel needed to produce electricity 

will turn in economic savings and in the reduction of the environmental impact, and 

thermal power plants provide significant opportunities to reduce fuel consumption, 

both at base load and during transitional operations in [15] and [16]. Through the 

study, the efficiency improvement is considered one of the targets of the  asset 

management process.  

Linking with the environmental impact, combined cycle plants in Europe need to fulfill 

the CO2 credits regulation, the emissions regulations and the BREF, other aspect to link 

to the asset management. Iung connects in [17]  the ecology and the industry 



9 
 

positioning the advanced maintenance as a key piece in establishing sustainable 

industrial processes. He also points out the necessity to apply a multidisciplinary and 

integrated approach, where the human factor has an outstanding role and notes how 

all the process requires the use of information and communication technologies to be 

effectively managed. 

 Asset management is a complex function, and [5] requires the combination of 

different IT systems and software applications, which results in the need of 

integration. Haider discusses [18] how the introduction of IT to support asset 

management is a disruptive process that requires effective change management to get 

optimum advantage of the technology.  

The results of a survey [18] performed in Australia in 2011 within several industries, 

including power generation, show that none of the investigated companies counted 

with a centralized technology and accordingly, combined data from unconnected basis, 

like data bases, excel spreadsheets, and a plethora of information systems. 

Although it has not been found a similar study at European power generation 

companies, it can be assumed that the corporations commonly deal the asset 

management without a fully integrated system.  

One of the interviewees in that study, IT manager of an electricity asset management 

organization, mentioned the conservative position in that industry, “we are not early 

adopters, *…+ and we are not easily influenced by whatever the latest thing on the 

market is.” Although few years have passed since then and the technology has 

consolidated, according to the author´s experience, this still reflects well the average 

view of the professionals in the sector. 

 

1.2 Objectives and Methodology 

The aim of this thesis is to define an integrated asset management concept that helps 

power plants to optimize their performance in the current energy market and to 
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investigate the contribution that it can provide to combined cycle power plants, 

quantitative and qualitatively. 

The main objectives of the thesis are: 

1) Investigate and report the state of the art of the technologies linked to the 

asset management at power generation plants. 

2) Define an integrated asset management concept that combines technical 

analysis and operation and maintenance management for thermal power 

plants, as a novel approach to combined cycle power plants asset management 

strategy. 

3) Develop a methodology to quantitatively estimate the impact of that concept 

on the results of the power plants. 

4) Qualitatively validate the benefits of the technologies included in the IPM 

concept with sector experts. 

Additionally to the core objectives above mentioned, there are several sub-objectives 

that have been covered along the investigation. 

A ground base target, is to identify and describe the main aspects of the energy sector 

and power generation technology, specifically, the combined cycle power plants that 

need to be considered in the establishment of the integrated asset management 

concept and its benefits estimation. 

In order to adopt the individual technologies or the integrated asset model, the 

industry stake holders need to demonstrate the benefits they bring to the industry. 

The third main target of this research is to identify and quantify the expected benefits. 

However, there are many advantages brought by the proposed technologies that are 

extremely difficult to quantify or are intangible benefits. 

That has made it advisable to add a qualitative benefits analysis, the fourth core target 

of the study, which has been fulfilled with a survey among experts in the industry. 

According to the mentioned objectives and considering the final results reached, the 

main contributions of this thesis are: 
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 A synthesis of the monitoring and analysis systems and process management 

systems applied at combined cycle power plants. 

 An innovative approach to asset management, integrating technical and 

management systems. 

 A methodology to stochastically analyze the quantitative benefit of 

implementing the integrated asset management concept in a combined cycle 

power plant. 

 The qualitative assessment of the value of the technologies involved in the 

integrated asset management concept by power generation sector 

professionals and executives. 

The subject of the investigation is absolutely linked to the industrial framework. It is 

addressed from an extensive experience in the sector and specifically, on the asset 

management technologies applied to power generation plants. Behind the thesis 

development is the philosophy of tightening the links between the University and the 

industry to boost the applied investigation.  

This approach turns the results into a practical contribution to the industry but at the 

same time, has meant a big challenge. Few academic fonts have been found to ground 

the investigation, making it necessary to turn to other sources like commercial 

information or discussions with matter experts to gather the relevant data to build on 

the subjects of the thesis. Of course, the experts input and actual experiences results 

need to be kept as private communications. As well, it has been decided to keep as 

private communications the commercial material. 

With that scenario, and in order to ground the investigation, it was decided to perform 

an experts’ survey, to qualitatively validate the current challenges of the sector and 

the impact of the proposed technologies on the power plants. 

In Figure 8, the steps followed in the thesis development are represented 

schematically. 
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Figure 8: Schematic thesis content 

 

The driver of the investigation, as mentioned above, is a situation in the industry that 

requires adopting every possible measurement to contribute to the efficient operation 

of the combined cycles in the Spanish and European market. The investigation was 
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opened to identify the energy market scenario and the challenges of the most 

extended power plants in that scenario.  

Once identified the current challenges for the power plants in the mentioned energy 

market, an investigation on the state of the art has been done, covering the asset 

management strategies in the energy sector, the monitoring and analysis technologies 

available and the management tools used at the power plants. 

From that point, the Integrated Plant Management (IPM) concept was defined, as the 

core of the work, to help power generation plants being more competitive. 

After defining the IPM concept the study was focused on analyzing the contribution 

that the system could bring to the power plants in the current scenario, defining a 

Cost-Benefit Analysis (CBA) model. The efforts to apply a rigorous quantification of the 

benefits faced several difficulties that opened two lines to solve them. On one hand, it 

was decided to move from a deterministic scenario to estimate the benefits to a 

sensibility study, which provides a probability distribution of reaching the benefits.  

On the other hand, the quantitative analysis should be complemented with a 

qualitative analysis. To do so, a survey among a group of professionals in the sector has 

been performed, and the results applied in the decision making process to adopt the 

IPM or related technologies. 

 

1.3 Document Content 

The document is structured in five sections plus two appendixes. 

Section 1 contains the introductory chapters, including the description of the key 

energy market aspects affecting the investigation and the combined cycle power 

plants challenges to profitably operate in that market. 

Section 2 covers the first objective, the description of the technological framework 

needed to define the IPM model. Here, the different aspects that take part in the 

development of the thesis are covered, in such an extent, that allows the 
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understanding of the proposed IPM concept and the assessment of the benefits 

brought to the power plants. First of all are dealt the power generation business 

process description. Secondly, basic asset management and maintenance concepts are 

reviewed. To close this section, the different modules that will form the IPM will be 

described. 

Along this section, it has been defined the conventions adopted related to 

nomenclature, when a universal one is not available. 

In Section 3 is covered the second target. The Integrated Asset Management concept, 

(IPM), is described, combining the technical analysis and operation and maintenance 

(O&M) management tools at the power plant, paying special attention to the 

integrations. 

The third and fourth main targets, the quantitative and qualitative evaluations of the 

IPM contribution to the power plants, are described in Section 4. First, the expected 

benefits are analyzed, secondly in both the quantitative and qualitative cases the 

methodology applied is described, and finally the results reached are presented and 

discussed. The details of the quantitative and qualitative analysis are presented in the 

Appendixes. 

Section 5 presents the global conclusions reached and describes some of the 

numerous lines identified to continue the investigation related to this subject. 

Appendix 1 links to the detailed reports of the sensibility analysis performed to 

identify the quantitative benefit of the IPM and Appendix 2 the survey detailed 

content and results. 

Figure 9 summarizes in which document section are covered the different items dealt 

in the thesis. 
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Figure 9: Summary of the Thesis content in the different document sections. 

 

For the tables and figures included in the document, the source is mentioned in 

brackets, when they are extracted or based on other authors or publications. When no 

source is explicitly mentioned, the tables and figures are elaborated by the author. 
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2 Technological framework 
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2.1 Power Generation value chain 

For a power plant in the operation phase, the business process can be summarized, 

according to Figure 10 in scheduling, production and settlement.  

 

Figure 10: Power generation plant value chain 

 

Planning the generation programs, and the resources needed to accomplish them with 

the highest possible accuracy is a starting step for a successful business result. It allows 

the most effective maintenance actions and unavailability periods to reduce cost and 

maximize output. 

Settlement, rather than being an aspect linked to the plant state, serves as analysis 

point and input to improve the future planning. 
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Within the production phase, the processes are grouped in operation, analysis and 

maintenance. Analysis is, at the end of the day, a set of activities and functions that 

give support and improve the operation and maintenance. 

A basic classification of the analysis in techniques is proposed, into those related to 

efficiency and those linked to the asset condition monitoring. More detail about the 

considered technologies is included in the following sections. 

Based on the information systems required to support the main processes above 

mentioned, it has been made a selection of solutions to be included in the asset 

management process that is described in detail in the following sections.   
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2.2 Asset Management 

2.2.1 Introduction to Asset Management 

According to the PAS 55-1 [19] Asset Management is defined as  

“systematic and coordinated activities and practices through which an organization 

optimally and sustainably manages its assets and asset systems, their associated 

performance, risks and expenditures over their life cycles for the purpose of achieving 

its organizational strategic plan”. 

In the international field, there are two standards recognized as the main references in 

Asset Management: the British Standards PAS 55-1:2008 [19] and the ISO 55000 series. 

The PAS 55 was led by the Institute of Asset Management (IAM) in collaboration with 

the British Standards Institution (BSI), with the assistance of several international 

experts and institutions. It is developed in two documents, PAS 55-1:2008, 

Specification for the optimized management of physical assets [19] and PAS 55-2:2008, 

Guidelines for the application of PAS 55-1 [20]. 

The most recent standards were published in January 2014 by the International 

Organization for Standardization (ISO). It is formed by the ISO 55000, ISO 55001 and 

ISO 55002: 

 ISO 55000:2014 (E) Asset management-Overview, principles and terminology 

[21] 

 ISO 55001:2014 (E) Asset management. Management systems: Requirements 

[22] 

 ISO 55002:2014 (E) Asset management – Management systems – Guidelines for 

the application of ISO 550001 [23] 

They provide an overview of the asset management and asset management systems 

and are the result of international cooperation in a broad range of assets, 

organizations and cultures. 
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Asset management enables an organization to realize value from assets [22] in the 

achievement of its organizational objectives, while considering financial, 

environmental and social costs, risk, quality of service and performance related to 

assets. Extracting from [19] and [21] the main benefits that asset management brings 

to an organization and taking those directly related to the power generation 

companies, the following non exhaustive list can be defined: 

 Optimized return of investment, 

 Improved risk management, 

 Improved services and outputs, 

 Improved efficiency and effectiveness, 

 Improved health, safety and environmental performance, 

 Demonstrated social responsibility and compliance, 

 Demonstrated sustainable development. 

 

2.2.2 Plant Maintenance Strategies 

A key element in the Asset Management is the equipment maintenance. To 

understand the comprehensive and integrated approach to asset management, it is 

necessary to understand its evolution. The growing complexity of the maintenance 

strategies, requiring more and more information management to implement them is 

one of the pillars to propose the IPM model. 

Maintenance definition, as mentioned in [24] has been dealt by several authors, but it 

is a common point, that it has evolved from the concept of “repair broken items” to a 

more sophisticated and ambitious process.  

According to the ISO 13306:2010, further referred as [25], 

“Maintenance is a combination of all technical, administrative and managerial actions 

during the life cycle of an item intended to retain it in, or restore it to, a state in which 

it can perform the required function”.  
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[26] States that the “objective of maintenance is to maintain the assets of a company 

so that they meet the reliability needs at an optimal cost” and it can be added to the 

definition the fact of performing the required function at the desired performance. 

There are several classifications of maintenance strategies. Based on  [25], 

maintenance actions can be classified in Corrective Maintenance, when the aim is to 

restore the item to a state that allows it to perform its function [24] or Preventive, 

when it aims to retain it at proper condition. 

 

 

Figure 11: Maintenance classification base on [25] and [27] 

 

Corrective maintenance is the “maintenance carried out after fault recognition and 

intended to put an item into a state in which it can perform a required function”, 

according to [25]. It can be executed immediately or scheduled to be done in an 

appropriate moment, as for example a weekend plant shut-down or in a planned 

outage.  
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Preventive maintenance aims to avoid the equipment to fail their function. It is 

defined in [25] as “maintenance carried out at predetermined intervals or according to 

prescribed criteria and intended to reduce the probability of failure or the degradation 

of the functioning of an item”.   

When the maintenance actions are planned based on fixed time periods 

(months/hours since last intervention) or conditions (number of operating hours), it is 

known as scheduled maintenance.  

Condition Based Maintenance (CBM) [28] is a maintenance strategy that uses the 

actual condition of the asset to decide what maintenance needs to be done. CBM 

dictates that maintenance should only be performed when certain indicators show 

signs of decreasing performance or upcoming failure. 

In a different way, [6] considers that the different types of maintenance strategies lead 

to varying maintenance costs and asset availability and divides the maintenance 

strategies depending on the fact of considering or not the equipment condition, to 

decide the maintenance actions, and if the importance of the equipment is considered 

or not. Accordingly he proposes the classification shown in Figure 12. 
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Figure 12: Classification of maintenance strategies according to the equipment importance and 
condition consideration. Source [6]. 

 

The Reliability Centered Maintenance (RCM) is introduced [29] as an additional 

category. In fact, RCM is a maintenance methodology, that not only looks at the 

equipment condition to decide the maintenance actions to perform, but also, its 

capability to perform the function that it is expected to. 

RCM is defined in [29] : 

“RCM is a process used to determine what must be done to ensure that any physical 

asset continues to do what its users want it to do in its present operating context”. 

To do so, it is necessary to evaluate the functions of the equipment, the failure modes, 

the failure causes, the impact of the failures, the way to predict the failure, etc.  

Beside the above mentioned classifications, two maintenance strategies are 

considered worth of being introduced in the maintenance strategies picture: the 

predictive maintenance and proactive maintenance. 
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Figure 13 summarizes the evolution of maintenance strategies, showing how they 

involve higher complexity together with a growing strategic value.  

 

 

Figure 13: Evolution of the maintenance strategies: Strategic value vs. complexity. 

Comparing with the classification proposed by [25] and showed in Figure 11, 

preventive, condition based, predictive and proactive maintenance as here presented 

would enter in the “preventive maintenance” category.  

The most basic approach of the maintenance function is "reactive" maintenance. The 

worst disadvantage of the corrective maintenance is that if the equipment that fails is 

not redundant, it can affect directly to the plant availability and the production. And 

moreover, it can affect it in an unexpected way. 

The reparations costs can be high if spare parts or experts are not available and have 

to be contracted urgently. And also, the time to repair can be long, waiting for both 

spares and experts to be available.  
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The next step is preventive maintenance. In this case, to avoid unexpected equipment 

failure and the negative impact on production, a series of regular performances are 

set, based on time intervals, the hours of operation of the equipment, etc. 

This strategy improves the reactive one as long as it improves the reliability of the 

equipment, but implies performing many actions, regardless of the state of the 

equipment. Therefore, it involves a high cost, incurring in personnel costs, spare parts 

and downtime of equipment, even though the asset has not deteriorated to require 

those recommended actions. And at the same time, the experience shows that not all 

the equipment evolves in the same way, and this regular actions, do not avoid 

unexpected failure of the equipment. 

In the case of the condition-based maintenance, the philosophy is to assess the 

condition of the equipment and according to it, decide the actions to be undertaken. 

The equipment condition analysis can be made in different ways. The most basic 

analysis would be the operation rounds, in which data are taken in the field or manual 

equipment condition measurements. 

Another option is to have instrumentation that makes automatic measurements of 

different parameters that are subsequently analysed manually by specialists. 

Finally, it is possible to know the condition of the equipment from systems that 

automatically analyse the captured measurements with different sensors. This analysis 

consists mainly in the establishment of limit values and alarm generation in the event 

of thresholds trespassing.  

Condition based maintenance contributes to improve the equipment reliability and 

performance and to reduce the scheduled maintenance costs. 

The following step, Predictive Maintenance, fits in the classification defined in [25], as 

a preventive, condition based maintenance and is defined as  a “condition based 

maintenance carried out following  forecast derived from the analysis and evaluation 

of significant parameters of the degradation of the item”.  



30 
 

Predictive maintenance is hence an evolution of maintenance based on the condition 

in which the equipment status is evaluated not only in terms of instrumentation, but 

by applying predictive models, capable of identifying deviations in behaviour early, 

thanks to the application of advanced models. This allows performing only those 

actions that are necessary and also planning the necessary resources and the 

unavailability of plants, reducing the negative impact. 

The last step considered in the evolution of maintenance strategies is the proactive 

maintenance, focused on eliminating the causes of failure, as repetitive failures and 

recurring problems, continuously improving maintenance strategies. Although some 

experts [30] treat proactive maintenance as acting before the failure takes place, or 

[31] which defines that in a Proactive Maintenance strategy, work is completed to 

avoid failures or to identify defects that could lead to failure (failure finding), in the 

same way as the ISO preventive category, here it is considered as the most advance 

step in the maintenance evolution. 

In [32] it is proposed a “regular and systematic application of engineering knowledge 

and maintenance attention to equipment to ensure their proper functionality and to 

reduce their rate of deterioration”, that can be assimilated to a Proactive 

Maintenance.  

It will be considered that proactive maintenance includes routine preventive and 

predictive maintenance activities and work tasks identified from them, together with 

risk assessment, failure impact analysis etc. As well, it can be said that a Proactive 

Maintenance is a process that allows the continuous improvement of maintenance 

strategies and performance of machinery and aims to eliminate repetitive failures or 

possible recurrent problems, combining risk assessment, cause effect analysis, 

criticality evaluation, etc. in order to decide the most appropriate maintenance for 

each piece of equipment. 

The above mentioned RCM can be considered a kind of proactive maintenance, since it 

combines [5] condition monitoring, Failure Modes and Effect Analysis (FMEA) and the 

investigation of operating needs and priorities. 
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At the end, proactive maintenance can be seen as a combination of the previous 

maintenance strategies, selected for each item according to several technical and 

economic aspects. 

The increasing complexity of maintenance strategies requires the collection, 

management and analysis of growing volumes of data. As well, automatic analysis 

systems to monitor the equipment condition and an effective maintenance 

management system are essential to support the most advanced strategies. 

The following figure summarizes the advantages and disadvantages of the different 

maintenance types [33]. 

 

Figure 14: Strengths and weaknesses of different maintenance types. Source [33]. 

 

Figure 15 summarizes how the total cost of maintenance is the sum of the cost of 

repairs, the cost of preventive maintenance and the lost production cost, due to 

equipment failures: 

Total Maintenance Related Cost = Cost of Repairs + Cost of PM + Lost Production Cost 
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Figure 15: Impact of maintenance strategies on total maintenance cost. Source [32]. 

 

Selection of the maintenance method applied for every asset should follow the 

application of a detailed analysis, considering equipment criticality and failure effect, 

the cost of repair, the available condition monitoring techniques and their cost, etc. 

One way of tracking and analyzing the effectiveness of the maintenance performed is 

to define and follow Key Performance Indicators (KPIs) as covered in [34] [30]. 

 

2.3 Data Integration and Management System 

The Data Integration and Management System (DIMS), also known as Plant 

Information Management System (PIMS), is the basic solution for any analysis based 

on plant data and the core to integrate plant data in the different systems used at a 

power plant or corporate level, since it allows the information gathering and 

interconnection between the different systems. It allows reading data associated to 
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variables from different sources, store them in an efficient way, and support queries, 

reporting and different ways of visualizing the information stored. According to [35], a 

Plant Information Management System (PIMS) gathers and integrates information 

from different sources.  

 

Figure 16: DIMS basic scheme 

 

Sensors and actuators are used on real time to operate plants [36]. Beside the 

operational use, sensors data can serve to extract relevant information for plant 

optimization, failures anticipation, etc. 

Additionally to the sensors and actuators required for operation control, the 

installation of on-line devices to monitor the condition of the equipment is getting a 

more relevant role every day, as said before.  

Other data sources can be the Laboratory Information Management System (LIMS), 

environmental emissions measurements or even manual data entries, for example to 

record manual sets of data coming from operator rounds.  In this sense, the PIMS 

serves as an intermediate layer between condition monitoring and CMMS and 

Enterprise Resources Planning System (ERP) that also can integrate events data as 

suggested by [37]. 
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Connection to data sources is solved through different drivers, Open  Process Control 

(OPC) and Fieldbus [38], TCP, Modbus, SNMP, or other specific drivers developed to 

connect with supervisory, control and data acquisition (SCADA) systems, etc. In the 

case of power generation plants, the Distributed Control System (DCS) is the main 

source of process data. 

Single data parameters are usually called tags. Tags values are stored following certain 

logic, as at each modification, or with a sampling interval [36]. Acquired data are 

stored in a data base. To make an effective use of the storage volume, it is possible to 

apply truncation or compression algorithms. The frequency of data storage is limited 

by the original data sampling frequency and typical refreshing times go from 1 second 

to 1 minute. This parameter can be also configured particularly for every tag. 

Traditionally, information from different sources has remained isolated. The 

integration of the sensors installed at the plant in the PIMS allows the information to 

be accessible for general and consistent use along the company and also makes it 

available for integration in different applications and systems. 

In order to improve the data quality, data validation and reconciliation techniques can 

be applied. Data validation applies simple rules to check data quality, as for example 

maximum and minimum values, non-zero data or non-plain data, etc. Data 

reconciliation adjusts the values so that the corrected ones are consistent with the 

corresponding balances [39], based on information contained in the process 

measurements and models. 

Examples of data use are [36] equipment monitoring, maintenance support, statistics 

publication, compliance with environmental regulation, results reporting, etc. Data can 

also be analyzed through data mining techniques with very different purposes. 

According to [40], the volume of data managed for predictive analysis is doubling every 

two years. In 2012, [41] states that the volume of generated data was 2.8 zettabytes 

(1E21 bytes), but only 0.5% of them were used for analysis. Forecast following [41] is 

to reach 40 ZB generated in 2020. To deal with such a volume of data, traditional data 

management systems are no longer valid, and Big Data technology takes a relevant 
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role on the stage. It is especially important when moving to fleet analysis and when 

plant, market and business data are analyzed in combination. 

 

2.4 Monitoring and Analysis Tools 

2.4.1 Efficiency Monitoring Systems 

Within the efficiency monitoring section, those techniques and technologies oriented 

to improve the efficiency of the installation are grouped. By getting most from the 

primary energy source (natural gas in the case of gas turbine combined cycles) 

transformed into electricity, the efficiency can be increased by improving the process 

itself and by the reduction of auxiliary energy consumption. 

 

2.4.1.1 Energy Efficiency Monitoring 

Although energy management has a higher relevance in industry and building sectors, 

it is briefly covered here as well. 

First, energy efficiency monitoring is assumed as the calculation of the ratio of 

produced versus consumed energy (fuels, heat, electricity,…) along the installation. For 

the combined cycle power plant case, skipping what will be covered within the thermal 

performance monitoring, the energy efficiency monitoring will track the electric 

consumptions along the plant, especially, for big electric equipment, mainly pumps or 

compressors. 

This consumption monitoring can be done as easily as calculating the energy balance 

based on specific data sets. Setting target or reference values and upper limits linked 

to alarms can be helpful to get an easier assessment of the plant electric consumption. 

Of course there are also specific tools available, but they are oftener used at complex 

processes, as in the chemical or oil and gas industry. If deviations are identified an 

investigation about the cause would be open to drive the equipment again to its 

optimal performance point. 
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The improvement of energy efficiency in a thermal power plant could be partially done 

through operational changes (especially during the start-ups or when the plant is not 

generating energy), but in many cases, it is linked to improvements in the equipment 

themselves. 

 

2.4.1.2 Thermal Performance Monitoring 

Performance monitoring is the process of continuously evaluating the production 

capability and efficiency of a unit over time using on-line measured plant data [42]. 

The main purpose of a performance monitoring system is to provide detailed 

information of the plant and equipment performance to allow taking actions to 

operate and maintain the plant at its optimum performance. 

It implies the calculation of the thermodynamic balance for the complete process, but 

also for the main equipment (turbines, compressors, HRSG, condenser, pumps,…). The 

calculated actual performance is compared to a reference or optimum balance that 

can be estimated in several ways. Some options to calculate the reference are, design 

data, performance test data, operational data benchmark, or a similar plant reference 

data. Ideally, as actually some existing tools do, the reference data have to be defined 

taking into account the operational and boundary conditions. 

The deviations between actual and reference values allow to identify equipment 

degradations and miss-performance, as well as problems with the instrumentation. 

Accordingly, the plant operator can make decisions on operation and maintenance to 

drive the equipment to the optimum performance in the shortest feasible time. 

In order to carry out that analysis the performance monitoring systems generally 

consist of two main modules: 

Modeling environment: it consists of a calculation engine capable of simulating the 

plant steady-state energy balance under different operating and ambient conditions. 

The model is based on thermodynamic first-principles. The user can set-up and 
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maintain the thermodynamic models from a library of components typically present at 

power plants. 

Monitoring environment: this module includes the required tools to perform the on-

line calculation of the thermodynamic plant balance from the available 

instrumentation, compare it to the “optimum balance” and identify deviations.  

These systems include also other functional modules, like the interface to plant data, 

data validation or reconciliation, a data base, reporting tools, different options of user 

interface or data export. 

 

2.4.2 Asset Condition Analysis  

Several technologies target to identify, characterize and foresee the condition of the 

equipment are dealt within this section. Different criteria are found along the 

literature to define the available technologies related to the characterization of the 

current and future condition of the assets. The assumptions applied in this article are 

based on the definition of monitoring, diagnosis, prediction and prognosis in a general 

sense [37]. 

 

Figure 17: Equipment condition analysis stages 
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Hence, monitoring are understood as those techniques and systems that show the  

actual state of the data related to certain equipment or process, diagnosis when a 

system or technique helps to identify the causes and the severity of a failure or visible 

degradation in an equipment, predictive analysis, those that identify degradations 

before the failure  takes place, giving the choice to modify the operation mode and 

maintenance actions to avoid the failure and collateral damage to other equipment. 

Finally, prognosis is assumed to be the kind of analysis that predicts the state of the 

assets in the future, assessing the risk of failure in a certain time window that can vary 

from weeks to few years.  

Due to the huge multiplicity of available technologies [37], in the study, only a general 

overview of the main techniques is included, and the selection is based on the more 

extended ones for the main equipment in power generation plants. 

 

2.4.2.1 Condition Monitoring 

Condition monitoring [43] is the process of monitoring a parameter of condition in 

machinery (vibration, temperature, etc.), in order to identify a significant change which 

is indicative of a developing fault. It is a major component of condition based and 

predictive maintenance. The use of condition monitoring allows maintenance to be 

scheduled, or other actions to be taken to prevent failure and avoid its consequences. 

Condition monitoring contributes to avoid or minimize the evolution of phenomena 

that would shorten normal lifespan, taking action before they develop into a major 

failure. 

Condition parameters are a group of characteristics that indicate equipment condition. 

These characteristics, such as vibrations and temperatures, usually remain stable as 

long as the equipment is healthy. 

Some examples of condition monitoring techniques for different equipment present at 

power plants are vibrations analysis, oil analysis, gases dissolved in oil analysis, partial 
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discharges analysis, short cut analysis, acoustic analysis, thermography, radiography, 

visual inspections, corrosion analysis, etc. 

Condition monitoring can be performed periodically or on-line. Accordingly, data can 

be generated off-line or on-line. In the case of periodic off-line analysis, to perform an 

integrated plant management, it is recommended to digitalize and systematically 

manage the information to allow its review, comparison and integration with other 

systems. This can be done combining documentation management systems with the 

extraction of key parameters to the PIMS. 

Over the last years, many of the above mentioned technologies have evolved and on-

line monitoring devices have been developed. The primary measurements are treated 

with specific analysis systems to provide information about the equipment condition. 

For on-line data it is relatively simple to integrate them in the PIMS, allowing easily 

tracking and using them. The data integrated in PIMS can be the raw sensors 

measurements, or certain elaborated parameters that represent the condition of the 

equipment. 

 

Table 1: Typical Condition Monitoring Techniques. Source [32]. 

Monitoring 
Techniques 

Use Problem Detection 

Vibration 
Rotating machinery, e.g., 
pumps, turbines, compressors, 
internal combustion, gear boxes 

Misalignment, imbalance, 
defective bearings, mechanical 
looseness, defective rotor 
blades, oil whirl, broken gear 
teeth 

Shock Pulse Rotating machinery Trends of bearing condition 

Fluid Analysis Lubrication, cooling, hydraulic, 
power systems 

Excessive wear of bearing 
surfaces fluid contamination 

Infrared 
Thermography 

Boilers, steam system 
components, electrical 
switchboards and distribution 

Leaky steam traps, boiler 
refractory cracks, deteriorated 
insulation, loose electrical 
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equipment, motor controllers, 
diesel engines, power 
electronics 

connection, hot or cold firing 
cylinders 

Performance 
Trending 

Heat exchangers, internal 
combustion engines, pumps, 
refrigeration units and 
compressors 

Loss in efficiency, 
deteriorating performance 
trends due to faulty 
components 

Electrical 
insulation tests (ie. 
Megger tests, 
polarization index, 
surge comparison 
testing, rotor 
impedance 
testing, DC high 
potential testing) 

Motor and generator windings, 
electrical distribution 
equipment 

Trends of electrical insulation 
condition, turn-to-turn and 
phase-to-phase short, 
grounds, reversed coils or 
turns 

Ultrasonic leak 
detectors 

Steam hydraulic and pneumatic 
system piping Leaking valves, system leaks 

Fault gas analysis 
and insulating 
liquid analysis 

Circuit breakers, transformers 
and other protective devices 

Overheating, accelerated 
deterioration, hostile 

dielectric 

Protection relay 
testing and time 
travel analysis 

Circuit breakers, transformers 
and other protective devices 

Deteriorating or unsafe 
performance 

Stereoscopic 
photography, hull 

potential 
measurement, 

driving inspections 

Underwater hull Corrosion, fatigue, cracking 
trends, hull fouling trends 

Material (non-
destructive) 
testing, e.g., 

ultrasonic, eddy 
current, 

boroscopic 
inspections 

Hull structure, shipboard 
machinery and associated 

piping systems and mechanical 
components 

Corrosion, erosion, fatigue, 
cracking, delaminations, wall 

thickness reduction 

Signature analysis, 
time domain and 
frequency domain 

Rectifiers, power suppliers, 
inverters, AC and DC regulators, 

generators 

Degraded solid state circuits 
and other electrical 

components 

Wear and 
dimensional 

Sliding, rotating and 
reciprocating elements 

Excessive wear and proximity 
to minimum acceptable 
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measurements dimensions which affect 
performance 

 

2.4.2.2 Predictive Monitoring 

Predictive analytics allows identifying certain patterns in a data set. Applied to identify 

early degradation and impelling failures, this technique has proved to be extremely 

effective. There is not a clear academic definition, but when predictive analytics are 

performed on real time, allowing on-line analysis of the equipment state, is known as 

“predictive monitoring” [44]. 

Predictive analytics is a technology based on data, experimental data, and hence is 

very flexible to adapt to different sectors or technologies. Here of course, the 

application to power generation equipment health assessment is considered. 

The main targets of the predictive monitoring systems are [45] to detect and identify 

incipient disturbances sufficiently early to avoid forced shut-downs and physical 

damage. In short, to detect disturbances so that necessary repairs can be scheduled 

and performed at a time convenient to plant operational requirements. 

[45] [46] [47] On-line sensors validation and provision of “virtual” sensors for 

replacement of failed sensors, and diagnosis of disturbances are significant 

applications of predictive monitoring as well. 

A key factor that differentiates predictive monitoring from the above mentioned 

condition monitoring techniques is that the predictive monitoring works with the 

available data, whichever origin they have, as long as they characterize the equipment 

performance or condition and correlate to each other. 

 The data used for the predictive monitoring in a combined cycle power plant can be 

process and control data from the DCS, environmental data, or even data coming from 

condition monitoring systems, for example vibrations for the rotating equipment or 

gases dissolved in oil for the transformers.  
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Normally, predictive monitoring systems work with the available information and do 

not need additional instrumentation to be installed at the plant. On the contrary, the 

condition monitoring systems are focused on specific phenomena and require the 

installation of instrumentation and often, additional components to gather and 

process that information. 

Other difference between both technology groups is that while condition monitoring 

techniques are rather specific, focusing on certain degradations or failures that are 

linked to the equipment (it can be said that they somehow zoom on specific 

phenomena to identify detailed problems), the predictive monitoring provides a wide 

analysis using any data available, as long as it is linked to the equipment performance 

and condition. 

All these make both technologies complementary, being the experience at power 

plants that the predictive monitoring provides earlier identification while condition 

monitoring (for example, vibrations analysis), provides a detailed insight to diagnose 

and follow the evolution of mis-performance, according to the users of these kind of 

solutions. 

The monitoring and diagnostic systems [45] use a model of the process to estimate its 

operational estate, make a measurement of the current operation state and to analyze 

the difference between the estimate and measurement to determine if such 

differences are due to normal statistical fluctuations or if a real disturbance is 

manifesting itself. 

As explained in [44], the overall diagnostic procedure consists of a training step, used 

to characterize the monitored asset based on historical operation data [45] (normal 

operation data) and a monitoring step, where the actual operation data are compared 

[46] to an expected estimate of the current state of the system, obtained from the 

historical normal data set applying advanced pattern recognition techniques. 

The mathematical technology on which the predictive monitoring relies is a group of 

advanced empirical techniques that can be parametric or non-parametric. Some of the 
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most common ones are the Multivariate State Estimation Techniques (MSET) that are 

broadly described in the literature [45], [46]. 

Artificial intelligence techniques, like neural networks have been also explored and 

applied [48], but the difficulty of obtaining the required training data makes them less 

effective. 

 

2.4.2.3 Equipment Condition Prognosis 

Prognosis is the forecasting or making a prediction about how something will develop. 

When applied to assets condition, there are two main types of prognosis [48], the first 

one, and most extended, is to predict the remaining time before a failure occurs given 

the current machine and past operation profile. The time before the failure takes place 

is known as Remaining Useful Life (RUL). 

The second type consists of predicting the chance that a machine operates without a 

fault or failure up to some future time, given the current machine condition and past 

operation profile. 

The aim of the prognosis is to provide objective information to make decisions about 

when to perform maintenance activities, what actions to develop and to make 

decisions about equipment refurbishing or replacement. 

A prognosis system combines [49] the monitoring of operational data, boundary 

conditions, such as ambient conditions, and asset health with a forecast model that 

prognoses the evolution of the asset condition based on the current state and the 

operating conditions expected for the time period under analysis. 

Following [48], three different approaches to prognosis can be defined: statistical 

approaches, artificial intelligence approaches and model-based approaches. 

In the prognosis process, [48] multiple sensors and data are combined, but also 

different condition techniques as proposed in [37]. 
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For the power generation industry, [37] the prognosis can be applied from the 

component level (pumps, turbines, compressors,…) to the unit level and to the fleet 

level.  
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2.5 Plant Management Systems 

2.5.1 Enterprise Resource Planning System 

An Enterprise Resource Planning system (ERP) is a software solution that supports the 

integrated management of the business process in a corporation [50]. They contain 

data bases with the main information to be used in the business and support the main 

business flows as the human resources management, the customers relationships, the 

acquisitions, the cost and profits, etc. [51]. 

 

 

Figure 18: Typical ERP Modules. Source [52].  

 

As mentioned in [50], the integration between processes and systems can make a big 

difference for a company´s results. Following that idea, which is completely aligned 

with the main idea of this thesis, the ERP is included as a piece of the asset 

management process in its economic and financial aspects. 
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2.5.2 Operation Management 

The so called Operation Management systems include different functionalities 

depending on the generation technology and the design or the scope selected by the 

users. As considered in this study, the operation management block comprises the 

systems needed to support the operation process. The functions covered by this 

system are the generation program and generation plan follow-up, the coordination 

between shifts, tracking of incidents, both manually and automatically and the 

execution of works at the plant, including the equipment isolation procedures and the 

safety requirements management. 

 

2.5.3 Environmental Impact Management 

The environmental impact management system collects the emissions measurements 

at the power plant. The measurements registration can be automated by those 

measuring devices that allow automatic integration or manually introduced in the 

system. 

The use of this kind of systems assures a consistent record of all the emissions, 

especially those regulated by law and support the auditing and reporting process. 

Often they are recognized by the authorities as a valid way of reporting regular 

emissions data. 

 

2.5.4 Maintenance Management 

[18] The Maintenance Management block covers the systems required to perform the 

maintenance planning, execution and optimization. On the first stage, it is the 

maintenance management system that represents the traditional Computerized 

Maintenance Management System (CMMS). The spare parts and warehouse 

management, that can also be considered as a subsystem or functionality of the 

CMMS, is included in this block too. Finally, the most recent Asset Performance 

Management (APM) systems [53] have been included on the top of the previous ones, 
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since they support advance management strategies implementation and the 

optimization of the maintenance process. 

 

2.5.5 Asset Performance Management 

The CMMS as mentioned in the previous section supports the maintenance process at 

a facility. The Asset Performance Management systems (APM) have been recently 

introduced in the market to support advanced maintenance processes, combining risk 

assessment, bad actors identification, etc.  According to [53] Asset Performance 

Management (APM) encompasses the capabilities of data capture, integration, 

visualization and analytics tied together for the explicit purpose of improving the 

reliability and availability of physical assets. APM includes the concepts of condition 

monitoring, predictive forecasting and Reliability-Centered Maintenance (RCM). 
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3 Integrated Plant Management Concept 
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3.1 IPM Concept Description 

The Integrated Plant Management (IPM), is the asset management approach 

developed in this thesis to support an integrated plant management, that uses the 

equipment condition and performance information to manage the operation and 

maintenance processes, focusing on a combined cycle power plant. Of course, it could 

be also applied with certain adaptations to other power plants or industrial facilities. 

As already discussed in [5], speaking about T&D, an integrated asset management 

approach relies on Information Technology (IT) systems, to manage and integrate the 

different data and processes and there is not a single system that covers all the aspects 

included in the asset management process. The same occurs when speaking about 

power generation plants, and that results in the need to select the systems or 

solutions to be used and establish the integrations between them. 

 Figure 19 represents schematically the novel IPM concept developed in the thesis.  
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Figure 19: Integrated Plant Management (IPM) Concept 

 

The IPM has been structured in three layers: 

 The Data Integration and Management System (DIMS) 

 The monitoring and technical analysis 

 The process and business management 

The novel IPM as covered in this thesis is only an example of integrated asset 

management approach, since the modules or systems included can be different 
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depending, for example, on the power plant or power generation company targets, 

requirements, available resources, or technological status. Hence, a practical 

application of the developed model would require an analysis of the above mentioned 

and other relevant aspects to define a tailor suited model. 

The DIMS is the core of the model. It gathers, integrates and manages information 

from different sources, and allows queries, reporting, and analysis, as described in 2.3. 

DIMS serves in many cases as well, as link between field data and the monitoring and 

analysis systems and the O&M management system. It allows the interchange of 

information between the different technical and management systems. 

Within the second layer, the Monitoring and Technical Analysis block, two groups of 

technologies are distinguished, first, those oriented to monitor efficiency, and 

secondly, those devoted to monitor and analyze the equipment condition. 

The systems considered within the efficiency monitoring are the energy efficiency 

monitoring and the thermal performance monitoring. In the equipment condition 

block are considered the condition monitoring systems, the predictive monitoring and 

the equipment condition prognosis. 

Those blocks and their components are described in detail in the previous section. 

The third layer has four blocks. Two main blocks when speaking about power plants: 

the operation management system and the maintenance management system. In the 

case of Maintenance Management, the CMMS and also the advanced maintenance 

management solutions, known as APM, are considered. Additionally to those main 

blocks, in the management layer are included the ERP and the Environmental 

Management system that would complete the process management at the power 

plant level. All of them are described in 2.5. 

 

3.2 Integrations Analysis and Definition 

The integration of the meaningful data between the different management and 

analysis systems, in order to assure an operation and maintenance management based 
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on actual equipment condition and predictive analysis results, is already under 

development in some pioneer projects, but neither broadly extended, nor reported. 

Considering the crossed impact of the decisions on operation and maintenance issues 

over the performance and equipment condition and the opposite, IPM provides a 

significant opportunity to optimize power generation plants’ results. 

 

Figure 20: Integration between the different IPM modules. 

 

Figure 20 shows schematically the integrations among the different modules. 

Regardless that in certain cases, a direct integration among specific modules could be 

required, the DIMS serves as the central repository and connection point between 
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them. The DIMS includes the relevant process and control data coming from the 

distributed control system (DCS), a selection of results coming from the analysis and 

management systems and other sources, as can be the laboratory management 

system (LIMS), or environmental data. 

In the drawing, the integration lines between modules have been included for 

conceptual evidence, but it does not necessarily mean that those connections are 

being performed independently from the DIMS. 

The innovative graphical representation of the integrations illustrates how the 

integrations are centered between the asset condition analysis systems among them 

and between them and the operation and management systems. 

From the efficiency analysis block, the only significant integration (beside the 

integration to the DIMS) is the integration between the performance monitoring 

system and the predictive monitoring system. 

The ERP is integrated to the operation and monitoring systems and the APM. Those 

three management systems share also information among them. The environment 

management system is integrated only with the operation management system. 

Table 2 shows a complete description of the data shared among the different systems, 

being the information sent from the systems in the left column to the systems named 

in the upper line. 

The integrations within the equipment condition block (besides the reading of plant 

data through the DIMS) include the use of certain results of the condition monitoring 

solutions to the predictive monitoring system. Some examples are the vibrations 

analysis results (ie. the first, second and third harmonic values, or the acceleration), 

that add significant information to analyze the mechanical state of rotating equipment.  
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Table 2: Information integrated among the different modules in the IPM. 
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The use of tags related to the gases dissolved in oil for the transformers, either as 

individual gases concentration or as a synthetic index improves the capability of early 

detection of degradations, by putting the information in context with other 

operational parameters. 

The results of both, condition monitoring and predictive monitoring systems are 

relevant inputs for the prognosis analysis, that takes them into account to estimate the 

risk of unavailability in a near and midterm, based on the evolution of the equipment 

condition, the operation and use it is submitted to and historical patterns among 

others. 

The predictive monitoring module is especially useful to provide integrated analysis of 

different kind of information in order to detect deviations from the normal behavior. 

Accordingly, it shows an improvement of results when thermal performance results, 

for example, steam turbine, pumps or heat exchangers performance are included in 

the predictive monitoring system. 

Within the efficiency analysis technology, no relevant choice to get value from 

integration from one to the other has been found. As mentioned, it is interesting to 

integrate results from the performance monitoring to the predictive monitoring, and 

of course the reading of data from the DIMS. 

Once covered the main integrations within the technical analysis blocks, we can move 

to the integrations with the O&M management systems. As in the other cases, the 

DIMS serves as source of data to the different modules and repository of the most 

relevant results of the systems. 

The maintenance management system can efficiently and consistently perform a 

preventive maintenance plan thanks to the automatic reading of plant operation data. 

The operating hours or even more elaborated rules, including time spent over a certain 

load or number of start-ups for certain equipment can be automatically followed and 

fire work orders included in the preventive maintenance plans. 
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A more sophisticated application would be the use of alerts associated to the condition 

monitoring and predictive monitoring systems to launch work requests. In that case a 

predictive maintenance strategy could be automatically supported.  

Apart of the integration to the CMMS, it makes sense to integrate the APM system to 

the condition monitoring, the predictive monitoring and the prognosis systems, to 

automatically get the results of the mentioned solutions. That does not mean that a 

specific connection is needed, since that integration can typically be solved through 

the DIMS. 

Also between the O&M management systems exists meaningful integrations. The most 

important is the integration of the operation management system and the CMMS. The 

aims are first, the use of a common asset hierarchy and the consistent definition of 

some procedures that involve both the Operation and Maintenance areas, as for 

example, the work permits to assure the compliance with all the safety and work 

execution requirements, linked to the maintenance activities. As mentioned in [6] the 

operational incidents contained in the operation management system are relevant to 

perform analysis on the effectiveness and impact of the maintenance management. 

Hence that integration can be relevant to the CMMS and the APM. 

Finally, sending relevant results and KPI´s from the O&M management systems to the 

DIMS facilitates combined analysis and visualization of the complete process linked to 

the power plant operation. 
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3.3 Application of the IPM to different power generation technologies 

The innovative IPM model can be adapted to different generation technologies. Table 

3 shows the technical analysis and management solutions that would apply for 

different power generation technologies. 

Table 3: Application of the IPM technologies to different technology power plants 

  
Combined 

Cycle 
Pulverized 

Coal  Nuclear Hydro Wind 

Data management x x x x x 

Condition 
monitoring  x x x x x 

Predictive 
monitoring x x x x x 

Prognosis x x x x x 

Energy management  x x x x - 

Performance 
monitoring  x x x - - 

Combustion 
monitoring x x - - - 

Operation 
management  x x x x x 

Maintenance 
management x x x x x 

Asset Performance 
Management x x x x x 
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4 IPM Impact Assessment Model 

Business  
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4.1 Introduction to the Impact Assessment 

The third objective of this thesis, once the IPM concept is defined, is to develop a 

methodology to evaluate the impact that the IPM model can bring to the power 

generation plants, from a single site point of view.  

As mentioned in [54] or [55], the economic benefit is a key driver to decide and get 

approved the investment to deploy these technologies. Also [5] mentions that the 

business case, to quantify the financial gains, benefits and return on investment, is an 

essential step to achieve the investment approval from management. 

The question to answer is “Are the expected benefits worth the initial and recurring 

investments?” [56]. And this question is going to be analyzed for the power generation 

sector, from the point of view of the final user, it is to say, the power plant owner. 

However, there are also benefits, that are either difficult to quantify or that can be 

directly considered as intangibles.  

Gaechter states in [55] the difficulties to determine the rate of return of any 

investments in condition monitoring, in that case, for rotating equipment in the oil and 

gas industry. It is especially difficult to assess the expected benefit to reach a realistic 

return of investment, and the effort to get a detailed analysis may imply significant 

time and cost. As referred in [57], the benefits of obtaining and analyzing additional 

information need to compensate the cost of getting them. Even the viability of 

projects, especially of relatively small scope, can be threatened by the cost of a 

thorough evaluation process. 

It is needed hence to find a balance between the detail of the analysis done and the 

cost it implies. Part of that cost is also the “cost of doing nothing”, since postponing 

the decision to implement certain technologies would be preventing the plant of 

experiencing the benefits. 

The best way to improve that analysis previous to the investment decision would be, 

besides using an established methodology, to get access to actual projects validation 

results, including a follow-up of the gained benefits. To do so, a direct comparison of 

the key performance indicators (KPIs) before and after installing the solutions will be 
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probably not accurate. Neither the direct comparison of similar installations with and 

without the IPM solutions would be valid. It is always necessary a normalization work, 

to level boundary and operation conditions that directly affect the power plants results 

and key performance indicators. 

As a first approach, a Cost–Benefit Analysis (CBA) will be performed. CBA [57] is a 

method that is widely used to evaluate projects and support the decision of investing, 

as well as evaluating the results of an investment done.  

The benefits to be considered, got by the application of the IPM or its individual 

technologies are grouped in: 

 Increased production, 

 Heat rate reduction, 

 Maintenance costs reduction, 

 Environmental impact reduction and 

 Improved O&M activities efficiency. 

The three first criteria were mentioned in [55] for the evaluation of the benefit of 

condition monitoring and diagnostic systems for reciprocating machines in the oil and 

gas sector. 

The benefits gained depend on several aspects as are: 

 The power plant technology, 

 The state of the power plant, 

 The energy market rules, 

 The operating conditions, 

 The current or future legislation, 

 Etc. 

Actual state of the power plant under evaluation is also a key factor to establish the 

potential benefit. A plant with poor performance provides broader opportunities to 

improve, although the effort needed to reach the operational excellence in those cases 

may require significant efforts, not only on the installation of software solutions, but 
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also on the transformation of O&M practices and procedures, or even assets 

refurbishment. 

Energy market rules, the way power generation plans are defined and how the power 

plants are reattributed influences as well the solutions to install and their use, and it 

absolutely conditions the benefit estimation. Power plants integrated in markets 

where actually incurred costs are recognized and remunerated need totally different 

management criteria than those in a liberalized market. When needed, in this study 

the MIBEL (Iberian Electricity Market) [58] is going to be taken as reference for the 

benefit calculations. 

Operating conditions, such as operating hours per year, frequency of start-ups, load 

variations, etc., are key aspects, first, for selecting the solutions to install and how to 

configure them and second, for evaluating the expected benefit. The situation is 

different for a plant operating base load or for a unit cycling daily or even acting as 

peaker. The production costs, the risks and the challenges are totally different from 

one case to the other. 

A qualitative description of the advantages expected at a combined cycle power plant 

by approaching the operation and maintenance management based on the IPM is 

described here. 

The benefits are classified based on the impact on three main processes, the plant 

operation, maintenance and the interaction with the electric market. 
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Table 4: Impact of the IPM in power generation business process 
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The integration between the condition monitoring and the operation management 

allows first of all an improvement in the work efficiency due to the reduction of time 

needed to perform plant rounds, once that some of the measurements traditionally 

included in the rounds are automatically recorded and processed. 

Most important is the fact of making operation decisions based on actual equipment 

condition, for example, the selection of redundant pumps according to their actual 

state, identified by vibrations or electric wave form analysis.  

The predictive monitoring enhances the capability of making decisions on the 

operation side compared to the condition monitoring, especially because of the 

anticipation gained with these systems compared to condition monitoring ones. It is 

also a plus getting a detailed on-line insight of the degradations detected in early 

stages, showed by severity index. 

The detection of operational errors is quite often done by the predictive monitoring. 

Although in another way, the performance monitoring can also identify malfunctions 

or operational and control settings mismatches, that would not be otherwise detected 

with the control system. 

To finalize the benefits gained on the operation, the results of the performance 

monitoring, that normally show the equipment in the process that are contributing to 

mis-performance, allow the operator to take decisions to drive the plant to its optimal 

thermal performance in real time. 

In the maintenance process there is a common benefit from all the equipment 

condition systems that is the improvement of reliability and availability, together with 

a reduction on maintenance costs, mainly due to a better works planning and 

avoidance of collateral damages. 

The different contribution of the condition monitoring, predictive monitoring and 

prognosis is, as covered in Table 4, the time frame that moves from the current 

moment (monitoring), the short term (predictive) to the mid or long term for the 

prognosis. As well, the detailed analysis of the causes and progression of the 
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degradation moves on the opposite way, providing the condition monitoring 

techniques the highest detail. 
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4.2 Expected Benefits 

The contribution of the considered technologies and systems and the IPM to the 

power generation plant results are summarized as: 

 Increased production 

 Heat rate reduction 

 Maintenance costs reduction 

 Improved O&M activities efficiency 

 Environmental impact reduction. 

Table 5 matches the contribution of the individual technologies to the benefits gained. 

Table 5: Contribution of the individual technologies to quantitative benefits at thermal plants 

  Increased 

production 

Heat Rate 

reduction 

Maintenance 

Cost 

reduction 

Environmental 

impact 

reduction 

O&M 

Activities 

efficiency 

1 Data management 
system 

 x x x  

2 Condition monitoring 
systems 

x  x x  

3 Predictive monitoring 
system 

x x x x  

4 
Prognosis system 

x  x x  

5 
Energy management 

 x  x  

6 Performance 
monitoring system 

 x x x  

7 Plant Combustion 
Optimization 

 x x x  

8 Operation 
management system 

    x 

9 Maintenance 
management system 

x  x  x 

10 Asset performance 
management system 

x x x  x 

11 Environmental 
management system 

x x x 
 

x 
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In the following sections the different benefits are going to be described and analyzed 

in detail. 

From the above mentioned benefits, the following are going to be considered Key 

Quantitative Benefits and used for the CBA quantitative analysis: 

 Increased production 

 Heat rate reduction 

 Maintenance costs reduction 

 Improved O&M activities efficiency (reduction of personnel). 

Apart of the quantitative benefits, several intangibles or difficult to quantify aspects 

are brought by implementing the IPM model. In the case of the environmental impact, 

and due to its relevance for the power generation sector, a section is included where 

how the IPM contributes to reduce the environmental impact of the power plants is 

briefly reviewed. 

 

4.2.1 Increased Production 

The increase of production includes several aspects that turns directly into an increase 

in the incomes received by the energy or related services put into the market. The IPM 

contributes to improve several aspects: 

 Increase availability 

 Avoid de-rates 

 Improve flexibility 

IPM, and especially the systems directly related to monitor equipment condition, 

contributes to increase availability in several ways. 

First of all, avoiding failures, and more precisely, avoiding unexpected failures. 

Identifying an equipment degradation at an early stage does not imply being able to 

completely avoid it, but settles the opportunity to analyze the problem, plan the spare 

parts and materials and schedule the support of experts, and the internal team work. 
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In so that, the duration of the repair is minimized, as well as the cost. The anticipation 

gained gives place to look for spare parts and avoid paying for urgent services and 

supplies. 

The early identification of problems, also contributes to avoid problems to grow, 

increasing the degradation of the equipment itself, or causing collateral damage to 

other equipment at the plant. 

Avoiding failures that lead to plant shut downs reduces also the number of equivalent 

operating hours in the gas turbines or the impact in the plant, what contributes to 

extent the time between overhauls and the life of the plant. 

From the incomes side, under most of the energy markets models, an unexpected shut 

down means unfulfillment of the assigned generation, what implies penalties, such as 

paying for the undelivered energy. Other benefit of avoiding shut-downs is to reduce 

expenses on fuel, auxiliary fuels or electricity, specific for the start-up. 

The increase of availability is also gained by extending the time between overhauls 

without increasing the risk. And finally, for all the generation technologies, the IPM 

model, and more specifically the condition monitoring systems, the predictive 

monitoring and prognosis and the asset performance management systems, allows 

reducing the duration of the outage by a better preparation and avoiding the finding of 

unexpected problems. Those unplanned actions can negatively affect the initial 

schedule. 

Avoiding derates assures the power plants to sell the maximum possible energy and 

avoid generation assignment unfulfillment. IPM contributes to get it combining the 

asset condition systems and the performance monitoring for thermal plants. Also the 

energy management solutions can contribute to improve the net power output when 

internal electrical consumptions are optimized. 

Although not really an increase of production, flexibility is a key driver at the power 

generation market today, that allows companies benefit of high remuneration levels 

for providing network services. Due especially to the introduction of renewables in the 
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market, it implies that technologies that traditionally had run at base load need to 

regulate load or cover demand peaks. Those operations that for units as the combined 

cycles were out of the design conditions, introduce additional risk and degradations on 

the equipment that might not be well known, besides the negative impact on the 

efficiency. Condition monitoring solutions, as the vibrations analysis, or the predictive 

monitoring, provide online information about the equipment condition, helping to 

reduce the risk of following those off-design operations. Being able to safely operate 

the plants that way, allows to sell services to the energy market, which receive a higher 

remuneration. 

 

4.2.2 Heat rate reduction 

Since the fuel cost is the most relevant variable cost at thermal power plants, and can 

reach about 70% of the plant variable cost, thermal efficiency is the most important 

cost factor [59]. As well, for an existing power plant, there are almost always options 

to improve the thermal performance, turning the savings in a direct save on fuel 

consumption. 

Net efficiency in a power plant is defined as [59]: 

  
    

 ̇


Where: 

Pnet is the net power output at the high voltage terminals of the step-up transformer 

in MW, including the plant auxiliary electrical consumption. 

 ̇ is the heat flow input to the power station in MJ/s, calculated as the fuel mass flow 

multiplied by the LHV (lower heating value). 

The Heat Rate (HR), is the inverse of the efficiency. It is going to be used as a reference 

parameter to quantify the economic impact of improvements in efficiency. 
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Heat rate is typically measured in kJ/MWh. 

There are several ways of improving the heat rate linked to the application of the IPM: 

 Improvement of the efficiency 

 Reduction of the auxiliary power consumption 

The improvement of the efficiency is mainly supported by the performance 

monitoring system, although there are other systems included in the IPM model that 

slightly contribute as well to the fuel consumption reduction. 

The performance monitoring system identifies deviations in performance compared to 

the optimal at actual operation and environmental conditions. The deviations are 

separated in two groups, controllable and un-controllable losses. 

Un-controllable losses are mostly related to environmental conditions or long-term 

degradations, and hence, cannot be avoided. 

The controllable losses are allocated among major components. In a CC for example, 

gas turbine, HRSG, steam turbine, condenser and cooling tower. 

The following table shows the impact on heat rate that several typical degradations at 

power plants can have on HR. 

Table 6: Degradation impact on unit heat rate. Source: Private Communication. 

Problem Area Deviation 
Δ Heat Rate 

% 

Δ Heat Rate 

 (kJ/kWh) 

Throttle Pressure LOW -1.65bar 0.11 12 

Throttle Temp LOW -5.5 C 0.03 4 

Reheat Temp LOW -5.5 C 0.07 8 

SH Spray High 1% Throttle Flow 0.01 3 

RH Spray High 1% Throttle Flow 0.16 17 
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FW Temp Boiler LOW -5.5 C 0.17 18 

HP Heaters TTD HIGH +5.5 C 0.24 27 

LP Haters TTD HIGH +5.5 C 0.16 18 

HP Heaters DCA HIGH +5.5 C 0.01 3 

LP Heaters DCA HIGH 5.5 C 0.02 4 

HP Drains to Condenser 100% 0.70 73 

LP Drains to Condenser 100% 0.04 5 

Condenser Pressure High 

(High Load) 

0.034 bara 0.17 18 

Condenser Pressure High 

(Low Load) 

0.034 bara 0.83 87 

Economizer Exit Gas Temp 

HIGH 

+5.5 C 0.04 5 

AH Air Exit Gas Temp HIGH +5.5 C 0.33 35 

AH Air Preheat Temp HIGH +5.5 C 0.09 10 

Excess Oxygen HIGH +1 0.21 23 

HP Efficiency LOW -5% 1.18 123 

IP Efficiecy LOW -5% 0.84 88 

Total Opportunity 5.42 563 

 

Of course, it would not be reasonable that all the degradations take place at the same 

time, giving opportunities to reduce the HR in more than a 5%. The potential to 

improve HR depends on the current state of the plant, and vary broadly, in the range 

of 0.2% to 2%. 

The corrective actions to improve the HR after identifying the degradations can be 

operative (correction of set points, valves positions, etc.), or maintenance actions such 

cleaning of compressors, heat exchangers, condensers, etc. 
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Finally, the predictive monitoring system has a slighter but significant contribution to 

the HR reduction that depends a lot on the equipment actual condition and the actions 

taken based on the gained information. 

The reduction of auxiliary power consumption contributes to reduce the net heat rate 

when the plant is operating. The system that most contributes to this reduction is the 

energy efficiency management module. Predictive monitoring and condition 

monitoring systems in a lower grade, contribute to keep the auxiliaries as low as 

possible, because monitoring the equipment condition provides the opportunity to 

keep the assets at their optimal condition, reverting in the lowest possible electric 

consumption. That would be the case for pumps, fans or compressors. 

The impact of the auxiliaries on the heat rate is: 

   

   
( )  

     
    
 

    
     

  
 

The impact of the auxiliary power improvement on the heat rate improvement is very 

sensitive to the initial Paux. 

Auxiliary power consumption at combined cycle power plants are reported [60] to 

range between 1% and 10% with a mean value of 3.45%. The main way of reducing 

auxiliary consumption at thermal power plants is according to [60]  incorporating 

adjustable-speed-drive mechanisms for plant motors. However, according to [61] 

there are also opportunities to improve auxiliary power by monitoring and O&M 

practices, that would be those boosted by the energy efficiency monitoring. 

When speaking about auxiliaries, it has to be taken into account as well the time when 

the plant is not producing energy. This is especially important when the plants have a 

low annual capacity factor. This situation is rather common today in Spain and Europe 

for combined cycles and coal plants. In that situation, the monitoring of the energy 

consumption can help to improve energy auxiliary consumptions. 
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4.2.3 Maintenance Cost Reduction 

In the industry, maintenance cost can reach up to 70% of the total cost of production 

[24], and one third of it is unnecessarily incurred, due to bad planning, overtime cost, 

misused preventive actions, etc.  

The total cost related to maintenance, can be assumed, as represented in Figure 15 to 

be: 

Total Maintenance Cost = Cost of Repairs + Cost of PM + Lost Production Cost 

The contribution of the IPM to reduce maintenance cost is to allow a proactive 

maintenance strategy, thanks to the installation of instruments and systems to 

monitor and predict the condition of the assets.  

The lost production cost, is completely linked to the analysis performed before, about 

how the IPM model contributes to increase production. 

The cost of repairs is reduced, thanks to avoiding the problems to develop to failures 

through the condition monitoring, predictive monitoring and prognosis. Also, the 

scheduled preventive works are avoided, and only performed when they are needed to 

avoid the equipment degradation to grow. 

As mentioned before, the proactive strategy implies identifying, for each equipment, 

the maintenance plan that minimizes equipment downtime (summing up unexpected 

unavailability and scheduled down-time) and maintenance costs (corrective plus 

preventive maintenance costs). 

The selection of the most adequate maintenance can be done based on simulations, as 

explained in [62] for a complex industry, or in [63] for a thermal power plant, applying 

for example Markov (or its variations) model, or Montecarlo analysis. Further theory 

on this subject is broadly available in the literature [64], [65] or [66]. 

 



 81 
 

4.2.4 Improved O&M Activities Efficiency 

In any human activity, and it cannot be different at power generation plants, the 

human factor is a key driver to reach success. The improvement in the efficiency of 

O&M activities is a basic aspect that the technologies included in the IPM model bring. 

Each piece of the model has a different contribution, but all of them are designed to 

facilitate the analysis and development of process and automate them in many cases. 

The introduction of IT to manage asset lifecycle [18] is a multidimensional and 

disruptive process and requires effective change management to gain the maximum 

benefit. Hence, in the process of implementing the IPM or any of the individual 

technologies that build it, it is necessary to consider the human factor, involving any 

stakeholder in the selection, implementation, training, and continuous evaluation of 

the tools as needed. 

A change management program linked to the adoption of a new project or subproject 

facilitates extracting the maximum benefit of it in an early stage [18]. Of course it has 

to cover the training needed for the users to be able to efficiently develop the 

activities that they are supposed to do. 

For new power generation plants, the implementation of the IPM model could help to 

optimize the staff needed to operate the plant. 

At existing plants, it is not easy changing the personnel structure, but the IPM would 

allow the personnel to invest less time in routine work and spend time in higher value 

activities. The most relevant point is to focus the analysis effort and the experts’ 

knowledge to prevent failures and optimize production and profit, rather than doing 

post-mortem activities or reporting events, actions taken, etc. That would require 

qualifying the technicians and redefining their activity statement, making them familiar 

with the IT systems [18], understand and follow established procedures and take on a 

proactive attitude. 

Establishing clear procedures and guidance, included in an asset management plan or 

similar, would be the best way to align the IPM with the corporate asset management 

strategy. 
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Table 7 provides an overview of how the different IPM modules contribute to improve 

the O&M efficiency activities. Those advantages are fostered when the IPM model is 

implemented, because of the automation and process consistency brought by the 

integrations. 

Table 7: IPM systems contribution to perform O&M activities more effectively. 

  Contribution to O&M activities efficiency 

Data Management 
system 

- Auto data transfer among systems 
- Automatic reporting 

- Easy historical/on-line data visualization and plotting 

Condition monitoring 
systems 

- Reduces field rounds 
- Automatic data gathering and transmission 

- Reduces scheduled preventive maintenance activities 

- Avoids unexpected equipment failures 

Predictive monitoring 
system 

- Provides continuous automatic analysis to detect 
deviations from normal behavior 

- Most of the commercial tools include incidents tracking 
tools 

- Facilitate information sharing on the system itself 
- Allows focusing attention to priority issues 

Prognosis system 
- Provides detailed and objective information to allow 

more accurate planning 

- Allows to define thorough planning of overhauls, 
avoiding unexpected works and delays 

Energy management - Brings the attention immediately to equipment with bad 
performance 
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Performance 
monitoring system 

- Provides on-line information about efficiency for the 
global plant 

- Allocates the causes of misperformance to equipment 
and quantifying their impact 

- Manages complex models, taking into account boundary 
and operating conditions 

- Provides automatic performance reporting 

- Allows easy benchmark 

Plant Combustion 
Optimization 

- Identifies combustion out of optimum 

- Provides recommendations to reach the target or  
- In closed loop, automatically adjust set points 

Operation 
management system 

- Registers automatically plant events 

- Supports communications between shifts, saving time 
and assuring consistency 

- Supports secure and agile works at plant 
- Automatic reporting 

Maintenance 
management system 

- Minimizes time to register maintenance costs in a 
classified way 

- Allows analytics and benchmark 

- Provides automatic KPI´s to decide on maintenance plans 

- When integrated to DIMS, automates preventive and 
predictive maintenance 
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Asset performance 
management system 

- Supports advanced maintenance strategies 

- Provides analytics results translated to maintenance 
plans 

Environmental 
management system 

- On-line tracking of environmental aspects 

- Automatic reporting fulfilling legal requirements 

- Facilitates the auditing process 

 

All the above mentioned improvements in working hours require specific dedication to 

the mentioned tools use and maintenance, but as it will be seen in the economic 

model, it broadly compensates. 

Other relevant advantage brought by the IPM model is that it strongly supports the 

knowledge improvement along the organization; this is a wonderful way to share it 

and allows preserving it over the individual experts. Of course, all this is not got 

automatically, requires the establishment of procedures to assure that feedback on 

conclusions and  actions taken on different issues are recorded and settled accessible 

along the organization, or the relevant groups. This intangible benefit, is extremely 

difficult to quantify, but can be significant. It is especially important when it is linked to 

generational replacement or young staff groups. 

To close this section, the stakeholders that can benefit from the IPM exceed the 

boundaries of the power plant, as seen in Figure 21. The impact in a full population of 

stakeholders, additionally to the work efficiency improvement, contributes to a better 

corporate image. 
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Figure 21: Stakeholders related to the IPM. 

 

4.2.5 Environmental impact reduction 

The IPM contributes to improve the environmental impact of the power plant, mainly, 

because of the direct impact that an improvement on the efficiency has on the 

reduction of CO2, NOx, SO2 and other contaminants produced in the combustion. 

The impact on the environmental impact provided by the use of the IPM is not going to 

be quantified in this study, because it is a subject to fill a specific thesis investigation by 

itself. 

However, that contribution will be especially relevant now that the European Industrial 

Emissions Directive (IED) will be updated, very likely at the beginning of 2016. This new 

regulation will be based on the Best Available Techniques Reference Document (BREF) 

for Large Combustion Plants (LCP), available today in its draft version [67].    
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The following pollutants will be limited: SO2, NOx, CO, PM10, Green House Gases (N2O, 

CO2), heavy metals, halides and dioxins. Thermal efficiency limit values will be 

considered as well. 

The implementation of IPMS can contribute as accompany measurement to contain 

environmental impact and efficiency targets at existing and new built combined cycles. 

Beside that direct impact, the improvement on the maintenance strategy, based on 

the actual equipment condition can also contribute to reduce the production of 

wastes, like lubricants, greases, additives or spare parts. 
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4.3 Quantitative Benefit Analysis 

 

The third objective of this thesis, developing a methodology to quantitatively analyze 

the impact of the IPM on the power plant is covered in this section. First of all is 

described the model developed to estimate the benefit and later the results obtained 

for a set of hypothesis will be analyzed. 

 

4.3.1 Cost-Benefit Analysis 

Cost-benefit Analysis (CBA) is a quantitative economic method extended applied to 

evaluate proposed projects as covered in [57], [68] and broadly documented in the 

literature. 

The key steps in a CBA are defined in Figure 22. 
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Figure 22: CBA process. Source [57] 

 

The contribution made is the definition of the quantitative benefit estimation model. 

The assumptions taken about the business parameters and the expected benefits, or 

even the investment costs, may vary in the time. In those cases, the analysis can be 

easily adapted to the actual values. 

The CBA performed on the IPM developed and applied to thermal power plants, has 

been done for average benefit estimations. However, avoiding one single catastrophic 

event, or solving a specific problem for a plant can justify the investments and 

operating costs of the IPM by themselves. As well, there are several savings that are 

not so much representative, and have been disregarded, but summed-up would be 

significant savings. That positions the estimations done in this study as a very 

conservative approach. 
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4.3.2 CBA Parameters 

The parameters selected to perform the CBA are: 

 Net Present Value (NPV) 

 Net Present Value / Investment (NPV/Invest.) 

 Internal Rate of Return (IRR) and 

 Pay Back Period (PB) 

The NPV is defined as the sum of the present values (PVs) of benefits and costs cash 

flows over a period of time. It is calculated applying the following formula: 

    ∑
(     )

(   ) 

 

 

 

Where: 

Bt is the benefit at time t, 

Ct is the cost at time t, and 

r is the discount rate. 

A positive NPV would mean that the project brings net benefit to the company from an 

economical point of view. When comparing different investment alternatives, the 

largest the NPV, the better. 

NPV/Investment is considered to facilitate the comparison between different 

alternatives and is calculated as the NPV divided by the initial investment. 

The Internal Rate of Return [69] is the annualized rate of return that makes the NPV of 

all cash flows from a particular investment, equal to zero. The highest value it gets 

shows a better profitability of the project. 

IRR is calculated as the discount rate (r) that makes: 

https://en.wikipedia.org/wiki/Present_value
https://en.wikipedia.org/wiki/Time_series
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As general criteria for normal projects, the higher the IRR, the better and, the projects 

would be selected when the IRR is higher than r. This is the case for the projects under 

evaluation in the study. 

Projects are considered “normal” when the cash flow is negative at the initial periods 

and positive after a certain point. In the case that there are several changes of sign in 

the yearly cash flows along the life of the projects, the application of the IRR as 

decision criteria is much more complicated. 

Additionally to the CBA, it has been included in our evaluation the Pay Back Period 

that is the time, in years, needed to recover the initial investment. This is a decision 

making parameter very extended in the industrial projects. 

 

4.3.3 CBA Model Description 

In order to perform the CBA, the methodology showed in Figure 23 has been followed.  

This section describes the calculations and hypothesis used in the analysis. 

The steps followed to perform the analysis have been: 

1) Select the reference business parameters 

2) For the individual modules of the IPM, define the investment and operation 

costs and the expected improvement in the key quantitative benefits. 

3) Estimate the CBA parameters for the individual modules and the reference 

business parameters, costs and expected benefits. 

4) Define the investment and key quantitative benefits for the complete IPM 

model. 

5) Establish the values to perform the sensibility analysis on the CBA, varying the 

business parameters and the expected benefits. 



 91 
 

6) Analysis of the results on the sensibility analysis to reach conclusions about the 

potential quantitative benefits for thermal power plants in the current energy 

market.
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Figure 23: Cost-Benefit Analysis Model 
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4.3.3.1 Reference business parameters for the CBA 

The selected reference parameters are summarized in. 

Table 8. 

Table 8: Reference Business Parameters for the CBA 

Parameter Value Units 

Average energy margin 15 EUR/MWh 

Average power warranty 70 EUR/MW/day 

Average unavailability 

(breakdowns) 
8 % 

Average annual capacity factor 10 % 

Total annual maintenance costs 1000000 EUR 

Total thermal power 400 MW 

Discount rate to be used 

in NPV calculations 
3 % 

Average annual cost per person 60000 EUR 

Amortization schedule 5 years 

Average fuel price 7 EUR/GJ 

Average heat rate 6700 kJ/kWh 

Tax rate 35 % 

 

The values selected are the best available according to the professional experience and 

private communications with experts. Below are mentioned the specific sources used 

when available. 

The average energy margin in the liberalized energy market is a value that all the 

companies keep absolutely confidential. It has been assumed to be 15 Euro/MWh. 
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The average power warranty is also a rather confidential data or the utilities and an 

unbalanced figure for the different plants. The average approximate value of 60 

Euro/MW/day has been estimated from [70], that published that it is expected that 

about 700 million Euro will be spent yearly in Spain for the 27,000 MW installed 

combined cycles. This gives aprox. 71 Euro/MW/day. An additional 15% reduction has 

been applied, due to the uncertainty in this figure, to reach the 60 Euro/MW/day. 

From [9] has been taken the average unavailability. Although the average in 2014 has 

been 8.3%, a round value of 8% has been taken. Also from [9] has been extracted a 

reference capacity factor, that were of 10.8% in 2014 and has been assumed as 10%. 

Some fonts as [71] or [72] deal the maintenance costs for combined cycle plants. 

However, it has been decided to take an average value from the industrial experience. 

Enagas publishes in [73] a forecast of natural gas prices for 2015. From that document 

a reference price in Europe of 25 Euro/MWh that converts to roughly 7 Euro/GJ. 

Finally, an average heat rate (HR) of 7000 kJ/kWh that corresponds to a net efficiency 

of 51%. 

The efficiency is defined as [74]: 

            
    

 ̇
 

Where: 

Pnet is the power output at the high voltage terminals of the step-up transformer in 

MW, including all the plant auxiliaries’ consumption. 

 ̇ is the heat input to the power station in MJ/s, measured at the plant boundary, it´s 

to say, the fuel mass flow multiplied by the lower heating value (LHV) of the fuel. 

The HR and the efficiency are interchangeable parameters, since both represent the 

efficiency to convert fuel into electricity [75], and the conversion factor is: 
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The combined cycle plant efficiency is reported in the literature to be between 50% 

and 59% [74], [76] and on the 62% - 65% LHV [76] for the newest gas turbines with 

1700ºC turbine inlet temperature. For aprox. 400 MW combined cycle plants under 

operation, as the combined cycle taken as reference for the quantitative analysis, 

empirical efficiencies in the range of 34% to 52%. Accordingly, a range between 6000 

and 10500 kJ/kWh has been taken for the study. 

 

4.3.3.2 Individual IPM Modules Cost/Benefit Parameters 

As an intermediate and auxiliary step to estimate the quantitative benefit that the IPM 

can bring to the thermal power plant, the individual benefit for each of the modules in 

a base case is estimated, and to do so, the cost and benefit hypothesis defined. 

The individual systems selected for the analysis are: 

 Data integration and management 

 Condition monitoring 

 Predictive monitoring 

 Equipment condition prognosis 

 Energy monitoring 

 Performance monitoring 

 Operation management 

 Maintenance management (CMMS) 

 Asset performance management 

 Environmental management 

Additionally to the above mentioned modules, the cost for the required information 

technology (IT) infrastructure is considered, estimated as a percentage of the initial 

investment. 
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For every individual module, the base case costs and saving drivers are defined. 

The data taken as reference for the base case are the results of the experience in the 

subject and different private communications hold with experts in the field. Those data 

are very sensible to many factors, and the aim here is not to reach a figure for the 

benefit, but to establish the methodology to estimate it. As result of this variation and 

uncertainty in the costs and savings, it has been decided to perform a sensibility 

analysis that allows taking the investment decisions based on a probability analysis 

result, rather than on a fix value. 

The costs considered in the analysis are the initial investment costs that in most of the 

cases would be a combination of software licenses and services, plus the yearly 

maintenance, estimated as a percentage of the initial investment, and the personnel 

required to operate and maintain the solutions. For the considered solutions, only in 

the case of the condition monitoring, some instrumentation would be installed at the 

assets to monitor. 

Of course, the people in charge of the considered modules can be involved on the 

support of several of them, and hence, fractions of persons are considered as valid. 

Some of the aspects affecting the initial investment and maintenance cost are: 

 The technological state of the technology 

 The maturity of the products 

 The existence of a hard competence 

 The initial conditions of the plant where they are going to be installed 

 The scope of application 

 The region, availability of technical resources or the necessity to incur in long 

travels 

The saving driver parameters considered as a common element for the considered 

modules are: 

 Reduction of the unavailability 

 Reduction of the heat rate 
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 Reduction of the maintenance costs 

 Reduction of the personnel 

The reduction of unavailability is expressed as a percentage of actual unavailability at 

the plant, as well as the HR or the maintenance cost reduction. In the three cases, the 

potential of improving is highly related to the original estate of the plant. If they are 

high compared to similar plants or have not been optimized at all, the improvement 

potential could be much higher than the considered here. 

In the case of the reduction of personnel costs, it is estimated as number of persons in 

a year. Only for the management systems, more closely related to the plant processes, 

reduction in personnel has been taken into account. 

Table 9 and  

Table 10 show the reference costs and saving parameters assumed for the base case. 

Table 9: Costs hypothesis taken for the individual modules 

 
Costs 

  
Initial investment 

(Euro) 
Tool maintenance 
(% of invest./year) 

People incharge 
(nº) 

Data management system 120000 10 0.5 

Condition monitoring systems 300000 10 0.2 

Predictive monitoring system 240000 10 0.5 

Prognosis system 140000 20 0.2 

Energy monitoring system 100000 10 0.1 

Performance monitoring system 200000 10 0.5 

Operation management system 80000 25 0.2 

Maintenance management syst. 220000 15 0.5 

Asset performance management 700000 10 1 

Environmental management 100000 10 0.3 

IT infrastructure 180000 10 1 
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TOTAL 2380000 11.55 5 

 

 

Table 10: Benefit hypothesis taken for the individual modules 

 
Reductions 

  
Unavailability 

(%) 
Heat rate  

(%) 
Maintenance 

cost 
(%) 

Personnel cost 
(nº) 

Data management system 1 0.05 1 1 

Condition monitoring 
systems 

7 
0 

5 0 

Predictive monitoring 
system 

15 
0.2 

15 0 

Prognosis system 10 0.05 10 0 

Energy monitoring system 0 0.15 0 0 

Performance monitoring 
system 

0 
0.8 

0 0 

Operation management 
system 

0 
0 

0 1.5 

Maintenance mngmt. 
system 

1 
0 

15 1.5 

Asset performance mngmt. 20 0.01 20 1 

Environmental 
management 

0 
0 

0 1 

TOTAL 40 1.11 40 6 

Direct sum 54 1.26 66 6 

 

The reductions of the individual systems´ benefits cannot be summed-up, because 

some of them would overlap. That global contribution will be evaluated in the step 4 of 

the analysis. 

A review of the assumptions taken is jointly done with the hypothesis applied at the 

IPM, in 4.3.3.4. 
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4.3.3.3 Individual IPM Modules CBA 

The cost base analysis (CBA) as defined in 4.3.2, is based on the hypothesis selected in 

the previous section. 

The CBA will focus on the NPV, NPV/Investment, IRR and PB results. In this section is 

explained how those parameters are calculated for all the individual modules of the 

IPM. 

The NPV was defined as: 

    ∑
(     )

(   ) 

 

 

 

Going into detail, NPV is the sum of the actualized free cash flow along the evaluated 

period of time.  

The considered time period is ten years plus the initial year, denominated year 0. In 

the initial year, it is supposed that all the investment is made, but neither operating 

costs are incurred, nor benefits gained. After that initial year, 10 years have been 

considered, because it is a reasonable time speaking about information technologies, 

to expect systems obsolescence. In any case, it sounds as a reasonable period to 

analyze the results gained with this kind of investments. 

The main steps followed to calculate the CBA parameters: 

1) Calculate the balance for year 1 to 10 

2) Calculate the actualized net cash flow for year 0 to 10. 

The balance is defined as: 

Balance (Euro) = Benefits – Costs – Investment 

The benefits quantified are: 

 Increased power because of reduction of unavailability 
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 Increased power warranty incomes because of reduction of unavailability 

 Reduction in fuel cost because of reduce HR 

 Reduction in maintenance cost 

 Reduction in personnel cost 

The costs quantified are: 

 Solution maintenance costs 

 Personnel costs for the solution operation 

The mentioned values for the base case were covered in . 

Table 8 and the     in  

Table 9. 

The detail calculations for the mentioned benefits are described below. 

The increased power because of reduction of unavailability is calculated as: 

              (         )  
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The increased power warranty incomes because of reduction of unavailability are: 
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The reduction in fuel cost, because of reduce HR is: 
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The reduction in maintenance cost is: 
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The reduction in personnel cost is: 
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For the costs, the solution maintenance cost is estimated as a percentage of the 

investment of the module and the personnel cost for the operation of the solution is 

the number of persons in charge of the module use multiplied by the average annual 

cost per person. The number of persons can be a non-whole number, because the use 

of the proposed modules can be compatible among them and also with other regular 

plant activities.  

Once the savings and costs are available in a yearly basis, the balance is calculated. 

The next step to reach the NPV, IRR and PB is to calculate the cash flow (CF). 

The free cash flow (FCF) in Euro in year i is calculated as: 
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The terms included in that formula have been already defined, except for the taxes. 

They are calculated in a yearly basis and in Euro as follows: 

                   ( ) 

The tax rate assumed for the base case (. 

Table 8) is 35%. 

Being the EBIT the earnings before interest and taxes: 

                                

The amortization is the process of decreasing the value of an item over a period of 

time. In the base case (see Table 8) the amortization period is 5 years. The formula 

applied to calculate the amortization in Euro in the year i, for i between 1 and 5 (or the 

selected amortization schedule) is: 

              
            

                     
 

Once the FCF is calculated, the discounted cash flow (DCF) is calculated taking into 

account the discount rate: 

     
     

(          
    
   )

 
 

The NPV is calculated as: 

    ∑     

    

   

 

The NPV/Investment is calculated dividing the NPV by the investment. 

The IRR is calculated with the specific formula available in Excel 2010 for the years 0 to 

10. 
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Finally, the PB is calculated as the number of year when the cumulative CF is negative 

plus the quotient of the absolute value of the CF in the last year it is negative, by the 

FCF in the first year, that it turns positive. 

All this parameters for the individual modules are only taken as reference and base for 

the IPM CBA. 

 

4.3.3.4 IPM Global Quantitative Benefit Analysis 

As a fourth step in the performance of the IPM sensibility CBA, the costs and benefits 

for the individual modules are reviewed to take into account the impact of the joint 

implementation. 

Speaking about the costs, some modules benefit of the existing of base systems, 

mainly the DIMS, and can slightly reduce the investment. On the contrary, there are 

some cases, where additional effort is needed to integrate the system inputs and 

results in the IPM and it implies additional investment. Also the people in charge of the 

individual modules is slightly reduced because there are certain common activities, like 

the link to the plant O&M personnel, the feedback reporting for several systems used 

to evaluate a single event or the IT infrastructure maintenance. 

The implementation of the IPM globally brings also the opportunity to optimize the IT 

infrastructure, sharing servers, base software license, etc. 

Table 11 summarizes the assumptions taken for the individual modules and for a global 

IPM implementation.  
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Table 11: Summary of the investments and costs for the individual modules vs. IPM 

 

Hypothesis-Individual systems Hypothesis-IPM 

 

 Cost Cost 

Initial 
investment 

(Euro) 

Tool 
maintenance 
(% of invest.) 

People in 
charge 

(nº) 

Initial 
investment 

(Euro) 

Tool 
maintenance 
(% of invest.) 

People in 
charge 

Data management 
system 120000 10 0.5 150000 10 0.25 

Condition monitoring 
systems 300000 10 0.2 300000 10 0.2 

Predictive monitoring 
system 240000 10 0.5 200000 10 0.3 

Prognosis system 140000 20 0.2 140000 20 0.1 
Energy Management 100000 10 0.1 80000 5 0.05 
Performance monitoring 
system 200000 10 0.5 180000 10 0.5 

Operation management 
system 80000 25 0.2 100000 20 0.1 

Maintenance 
management system 220000 15 0.5 250000 15 0.5 

Asset performance 
management 700000 10 1 520000 10 1 

Environmental 
management system 100000 10 0.3 100000 10 0.2 

IT infrastructure 180000 10 1 140460 10 1 
TOTAL 2380000 11.55 5 2160460 11.50 4.2 

 

Table 12 gathers the estimated quantitative benefits considered for the main 

individual modules and the IPM. 
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Table 12: Summary of the quantitative benefits considered for the individual modules and the IPM  

  
Expected benefit-Individual systems Expected benefit-IPM 

Unavailability 

(%) 

Heat rate  
(%) 

Maintenance 

cost (%) 

Personnel 

cost (nº) 

Unavailability 

(%) 

Heat rate  
(%) 

Maintenance 

cost (%) 

Personnel 

cost (nº) 
Data management system 1 0.05 1 1 0 0 0 1 

Condition monitoring systems 7 0 5 0 7 0 5 0 

Predictive monitoring system 15 0.2 15 0 15 0.1 10 0 

Prognosis system 10 0.05 10 0 7 0.05 5 0 

Energy Management 0 0.15 0 0 0 0.15 0 0 

Performance monitoring 

system 
0 0.8 0 0 0 0.8 0 0 

Operation mgmt.  system 0 0 0 1.5 0 0 0 1.5 

Maintenance mgmt.  system 1 0 15 1.5 1 0 10 1.5 

Asset performance 

management 
20 0.01 20 1 10 0.01 10 1 

Environmental mgmt. system 0 0 0 1 0 0 0 1 

TOTAL     40 1.11 40 6 
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The assumptions covered in Table 12 are reviewed below. 

It was already mentioned that this assumptions depend on many different factors and 

that a big uncertainty is associated to their estimation. As general criteria conservative 

values are chosen for this base case. 

Other relevant fact is the lack of data, especially in the academic bibliography, about 

this subject. The methodology proposed in this thesis can serve as a starting point for 

the industry to evaluate and justify the adoption of the IPM model, a similar one or 

some of the individual modules that it contains. Of course, the base case should be 

reviewed based on the expected benefits that can be provided by similar plants that 

have performed similar projects before, the solutions providers, or by the performance 

of specific analysis studies or test drives. The limitation there is again the effort and 

cost necessary to improve the accuracy of the estimation. 

In order to take into account that uncertainty and difficulty to estimate the impact of 

the implementation of these systems, already mentioned in [55], it has been decided 

to perform a sensibility analysis that allows taking decisions based on an expected 

range  rather than in a single value. 

The DIMS, when installed individually, would be supporting some of the functions that 

are typically covered by other specific modules, as for example, certain predictive 

monitoring basic functions or performance monitoring indicators. That is the reason 

why when the individual installation is considered, certain improvements on the 

unavailability, the heat rate or the maintenance costs are taken into account. 

As well, in both cases a reduction in personnel has been assumed, thanks to a more 

effective reporting, data retrieve, etc. 

For all the technical analysis systems (condition and efficiency), it has been assumed 

that there is no reduction on personnel number at the plant. Following the general 

criteria of adopting the most conservative hypothesis, this reduction has been applied 
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only to the DIMS and the management systems that are more closely related to the 

O&M processes optimization. 

Condition monitoring is introduced here as a single line, although it could be broken 

down into several items, as for example the vibrations on-line analysis, on-line oil 

analysis, gases dissolved in oil for the transformers, etc. Accordingly the hypothesis 

they are very rough and should not been paid much attention individually. The 

condition monitoring is supposed to contribute to reduce the unavailability and the 

maintenance costs, and the same contribution is considered for the individual 

installation or the IPM model. 

For the predictive monitoring and prognosis, commercial and actual projects data have 

been accessed, what provides the selected values a reasonable confidence. Both 

solutions contribute to the reduction of unavailability and maintenance costs, and in a 

small degree, to the reduction of the HR. Since they might overlap in the contribution, 

and also with other systems like the performance monitoring for the HR, or the asset 

performance management for the unavailability and maintenance costs, the 

improvement rates, are reduced compared to the individual ones.  

For the energy management system, the investment is slightly reduced in the IPM 

case, because it can take advantage of the DIMS to cover some basic functionality, like 

the data collection or access to the results. It has been assumed that thanks to the 

monitoring, from the total reduction potential of auxiliaries (10-15% according to [60]) 

a reduction of 4% in the auxiliary consumption can be reached due to the monitoring 

and O&M modifications.  

Applying the formula in 4.2.2, it gives a reduction of aprox. 0.15% in the HR, assuming 

a 3.5% of auxiliary consumption in the original state. Since this is a rather specific 

system, the same value is kept for the individual and global IPM implementation. 

The performance monitoring system also has a slight reduction in the investment for 

the IPM case, because of the use of the DIMS, avoiding the installation of a module to 

acquire and manage the plant data. Being this the module devoted specifically to 

monitor the thermal performance, the HR reduction is considered the same in the 
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individual installation and the IPM. The contribution to HR is reduced for the other 

systems contributing in a secondary way to the thermal performance improvement. 

HR improvements between 0.1 and 1% are reported in [77] for a single cycle gas 

turbine. For combined cycles this figure can reach up to 2% or more reduction, 

depending also on the initial HR. For the base case, a 0.8% improvement of the HR due 

to the performance monitoring is taken. 

From this point, the management systems that form part of the IPM are reviewed. 

Although the ERP is connected to the IPM, it has not been included in the quantitative 

analysis because it is not only related to the asset management process, but also to 

the business management itself and the justification and benefits analysis of its 

implementation, exceeds the scope of this work. 

For the operation management system the initial investment is slightly increased in the 

IPM to account for additional budget to integrate the system to the DIMS and the 

maintenance management system (CMMS). Although it could be discussed if the 

operation management system contributes to improve availability or reduce the 

maintenance costs, a conservative solution has been adopted and only a reduction in 

personnel costs is considered. That reduction would be due to the reduction of the 

time needed to do the shift handover, improved time for regular production reporting, 

automation of the events follow-up and reporting and because of more efficient 

development of works at site thanks to the mobility solutions or the integration to the 

CMMS. 

Also in the case of the CMMS an increase of investment is considered in the case of 

IPM to account for the integration to DIMS. The investment considered is for first line 

commercial CMMS, and if the software requirements are not very strict the investment 

could be lower. The reduction of the maintenance cost, again, depends highly of the 

initial situation. The experts report up to 20 or even 30% of maintenance reduction 

costs. For the base case, it has been selected 15% when individually installed and 10% 

within the IPM, to consider overlaps with other systems, mainly the APM. 
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There is a cost reduction that is not explicitly considered in the study but is worth to 

mention. Apart of helping to reduce the maintenance costs, if the CMMS includes a 

spare parts and stocks management module –what is rather common- the costs of 

spare parts and the fixed assets value available in the warehouse can be significantly 

reduced. 

The asset performance management systems are rather new and it is difficult to find 

information about the investments and the benefits. In this case a rule of thumb figure 

has been taken (and has hence a high uncertainty) for the investment and 

maintenance cost. In the IPM case, the investment is reduced to avoid functional 

overlaps, as for example with the predictive monitoring module. This system is 

supposed to contribute to improve availability, reduce HR and maintenance costs and 

to reduce personnel. The contributions to reduce unavailability and maintenance costs 

in the IPM, has been reduced to take into account possible overlapped contributions 

with the CMMS; and the predictive monitoring system mainly. 

To close the list of modules, the environmental management system is related to a 

critical aspect of the power plants, the follow-up and reporting of the environmental 

emissions of the plant. As a quantitative benefit, only a reduction in personnel, due to 

the reduced effort to report and support auditing is considered. 

  

4.3.3.5 Sensibility Analysis Parameters 

In the CBA model defined there are several parameters with a high uncertainty that 

can change significantly the results of the analysis. 

First of all, and as explained in the introduction, the business parameters are linked to 

the international and regional economy and the energy sector. Both scenarios suffer 

continuous and often unexpected changes. 

The other main source of uncertainty in the results is the expected benefit gained by 

the power plant when IPM or any of its individual modules are installed. The expected 

benefits depend strongly on the initial state of the plant, but also in other 
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technological and operational aspects. In this case, to reduce the uncertainty, more 

thorough estimations can be done, but at the end, it implies time, resources and costs.  

Two ways of solving these restrictions are proposed in this thesis. The first one is to 

perform a sensibility analysis that provides a probability distribution of the benefits 

gained and the second one, to consider quantitative benefits and validation in the 

decision process. The second is to considere qualitative benefits analysis, what is 

covered in the following section. 

To perform the sensibility analysis, for the two blocks of parameters mentioned, has 

been defined a probability distribution, to simulate the possible changes in the value. A 

simplified triangular distribution has been selected. The minimum and maximum 

values have been defined based on the information used to select the base case. The 

“most likely” value has been calculated, assuming that the base case would be the 

mean value in the distribution. 

c = 3m – a – b 

Being: 

a the minimum value 

b the maximum value 

c the most likely value and 

m the mean or average value. 

 

Figure 24: Triangular distribution 

 



 111 
 

The following table summarizes the range of parameters applied to perform the 

sensibility analysis and in Appendix 1 are shown all the probability distributions for the 

input data. 
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Table 13: Summary of input data variation for the sensibility analysis 

  

Values Prob (%) 

  

Minimum  
Most 
likely Average Maximum Minimum  Most Likely Maximum 

Benefit Unavailability (%) 20 45 40 55 20 50 5 

  Heat rate (%) 0 1.33 1.11 2 1 50 10 

  
Maintenance 
cost (%) 

5 55 40 60 10 50 2 

  
Personnel cost 
(nº) 

2 5 6 11 10 50 10 

Business 
Param. 

Energy margin 5 10 15 30 20 50 10 

  Power warranty 0 110 70 100 20 50 5 

  unavailability 0 4 8 20 2 50 10 

  Capacity factor 0 0 10 30 5 50 1 

  

Total annual 
maintenance 
costs 

500000 1000000 1000000 1500000 5 50 5 

  

Average annual 
cost per person 

30000 60000 60000 90000 10 50 10 

  
Average fuel 
price 

2 5 7 14 10 30 10 

  
Average heat 
rate 

6250 6650 6700 7200 5 50 5 

 



 113 
 

The sensibility analysis has been performed in three phases, varying only the expected 

benefit ranges, varying the business parameters and varying the two blocks of 

parameters at the same time. 

As well, an additional analysis has been performed for an average capacity factor of 

30%, because as shown later in the results, the average annual capacity factor has a 

huge influence on the sensibility analysis. The selected 10% case is absolutely linked to 

the 2014-2015 scenarios in Spain and drastically affect the results obtained. To make 

the results a bit more general, the 30% capacity factor scenario has been considered. 

To perform the sensibility analysis, the excel add-in Crystal Ball, of Oracle, has been 

used. Appendix 1 contains the detailed results of the simulations. The probability 

distribution of the NPV, NPV/investment, IRR and Pay Back period, together with a 

summary of the statistical hypothesis and results. 

 

4.3.4 Cost-Benefit Analysis Results 

It has to be reminded that the aim of this thesis is not to state reference values for 

investment and business parameters, but to identify the different aspects that 

influence the benefits and establish a methodology to support the decision making to 

implement the required solutions for an integrated asset management at power 

plants. 

Once clarified this, first of all a review of the base case CBA results is done. The main 

costs and benefits assumptions are gathered in Table 14 . 
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Table 14: Summary of the base case CBA – AACF10 

Costs 

Initial investment (kEuro) 2160  NPV 2160 k€ 

Yearly maintenance (%) 11.5  NPV/Invest.   1.0 

Persons in charge (numb) 4.2  IRR 17.8% 

Improvements 

Unavailability (%) 40  PB (years) 3.7 

Heat Rate (%) 1.11    

Maintenance Cost (%) 40    

Personnel reduction (numb) 6    

 

With those assumptions that correspond to a very constrained energy market, forcing 

to extremely low operating hours, and conservative savings assumptions, the 

investment would be reaching positive NPV and a return of investment period bellow 4 

years. 

Since the current 10% AACF is a rather unusual scenario, another scenario with 30% 

AACF, that still represents a low operating rate, has been analyzed too. Looking to the 

results when varying the business parameter with a 30% AACF, much more positive 

results are found, with a base case NPV/Investment of 2.97 and a PB of 2 years. 

After looking at the base case results we can move forward to the sensibility analysis, 

focusing on the results that drive to practical conclusions on the decision taking 

processes to implement the IPM in a global or partial way. 

The first step is to look at the influence that the uncertainty on the expected benefits 

introduces in the CB results. In the Appendix 1-1 the detailed results of the sensibility 

analysis varying the benefit hypothesis are included.  

The following graphs show the variation of the IRR, NPV, NPV/Investment and PB as 

result of the benefits hypothesis variation. 
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Figure 25: IRR as result of the benefit hypothesis variation – AACF10 

 

Figure 26: NPV as result of the benefit hypothesis variation – AACF10 

 

Figure 27: NPV/Investment as result of the benefit hypothesis variation – AACF10 
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Figure 28: Pay Back period as result of the benefit hypothesis variation – AACF10 

 

Figure 29: IRR as result of the benefit hypothesis variation – AACF 30 

 

Figure 30: NPV as result of the benefit hypothesis variation – AACF 30 
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Figure 31: NPV/Investment as result of the benefit hypothesis variation – AACF 30 

 

Figure 32: Pay Back period as result of the benefit hypothesis variation – AACF 30 

 

As a summary of the results reached: 

 The IRR is larger than 8 in 90% of the cases, far above the selected r, that has 

been assumed to be 3. 

 The NPV is greater than zero in more than 90% of the cases, what would drive 

to a positive decision of investment. 
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 The NPV/investment is larger than 1 only in 40% of the cases and larger than 2 

in less than 10% of the cases. 

 The PB is below 9 years in 100% of the cases, it is to say, below the systems 

expected life and the plant expected life, and below 5 years in 50% of the cases. 

 The reduction on the maintenance cost, followed by the personnel reduction is 

the key parameter affecting the benefit results. However, for 30% AACF 

scenario, the improvement of the heat rate is the clear protagonist impacting in 

the results (see Figure 33 and Figure 34).  

 In the case of an AACF of 30%, all the CBA improves significantly, getting IRR 

larger than 18%  and NPV/investment values larger than 1 in the 100% of the 

cases and PB of less than 1.5 years in almost 90% of the cases. 

 

 

Figure 33: NPV sensibility to the expected benefit parameters – AACF10 
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Figure 34: NPV sensibility to the expected benefit parameters – AACF30 

 

Looking at the impact of the business parameters on the CBA results, the following 

distributions for an AACP of 10% is got. 

 

Figure 35: IRR as result of the business parameters variation - AACF10 
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Figure 36: NPV as result of the business parameters variation – AACF10 

 

Figure 37: NPV/Investment as result of business parameters variation – AACF10 
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Figure 38: PB as result of business parameters variation – AACF10 

 

Summarizing: 

 The IRR in more than 80% of the cases is larger than 5. 

 The NPV is larger than zero in more than 90% of the cases and NPV/Investment 

larger than 1 almost in 40% of the cases. 

 In this case, the PB is below 8.9 in 100% of the cases and below 4 in 50% of the 

situations. 

 Speaking about the business parameters variation, the average annual capacity 

factor is leading the results variability, followed by the annual maintenance 

costs, the unavailability, the fuel price and the energy margin. 

The following figures summarize the results in the case of AACF of 30%, with a result 

similar to the above discussed, with very positive mean results and extremely low risk 

of reaching low NPV or large PB periods.   
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Figure 39: IRR as result of business parameters variation – AACF30 

 

 

Figure 40: NPV as result of business parameters variation – AACF30 
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Figure 41: NPV/Investment as result of business parameters variation – AACF30 

 

 

Figure 42: PB as result of business parameters variation – AACF30 

 

Finally, the expected CBA results considering at the same time the variation on the 

expected benefits and the business values are analyzed.  
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Figure 43: IRR as result of benefit and business parameters variation – AACF10 

 

 

Figure 44: NPV as result of benefit and business parameters variation – AACF10 
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Figure 45: NPV/Investment as result of benefit and business parameters variation – AACF10 

 

 

Figure 46: PB as result of benefit and business parameters variation – AACF10 

 

In this case, varying the expected benefits and the business parameters, and an AACF 

of 10%, the average values are similar for the CBA to the previous scenarios, but the 

variation range is much broader, introducing higher uncertainty. Some outstanding 

results are that: 
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 The IRR is over 10 in almost 70% of the cases with a mean value very similar to 

the one obtained varying individually business values or expected benefits. 

 NPV also reaches a positive value in 90% of the cases. 

 The PB period has a mean value of 4 years and is below 9 years in all the cases, 

and is very similar to the values reached with the individual variations. 

 The NPV is very sensitive to the average capacity factor, as happened before, 

followed by the number of people reduce and the maintenance cost.  

 

 

Figure 47: NPV sensibility to the expected benefit and business parameters – AACF10 

 

As expected, in the case of the AACF of 30%, the estimated benefits are much higher: 

 The IRR reaches a mean value of 43 compared to 17 for an AACF of 10%. 
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  The IRR minimum value is still negative, although only less than 5% of the cases 

would meet negative values compared to more than 10% and the maximum 

value reaches 150, almost 50% higher than for AACF 10. 

 The NPV mean value for AACF 30 is almost three times larger than the AACF 10, 

reaching an NPV/Investment close to 3. And only about 5% of the cases would 

reach a negative NPV, compared to more than 10% for AACF10. 

 The PB mean value is 2.4 years versus 4 years in the AACF10 and although the 

maximum value is similar in both cases, around 9 years, in the AACF 30, 90% of 

the cases have a PB below 3.7, while in AACF 10, 90% of the cases would be 

below 6.2 years. 

 The results, and concretely the NPV, still shows a high sensibility to the AACF, 

but for AACF 30, the average unavailability takes the second position and the 

heat rate improvement and the average fuel price climb positions, and get a 

significant impact on the results variation. 

 

4.3.5 Cost-Benefit Analysis Conclusions 

Once reviewed the results obtained with the CBA, the following conclusions are 

reached: 

 There are two main sources of uncertainty when analyzing the cost benefit of 

the IPM implementation: the expected benefits and the business parameters. 

 When evaluating the impact of the benefit uncertainty and the business 

parameters, it is found that the business parameters introduce a higher 

dispersion in the results. This means that although getting a more accurate 

estimation of the expected benefits can help to reduce the uncertainty in the 

CBA, the uncertainty will remain due to the business parameters. 

 The average annual capacity factor (AACF) strongly influences in the CBA 

results. 

 The range of variation of the AACF (and it would be the same for other 

parameters as the unavailability), conditions strongly the results of the analysis 
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and even changes the merit order of the benefits criteria in the profitability of 

the investment. 

 The global IPM approach brings some synergies in the investment that turns 

into better CBA results, based mainly in the shared use of functionalities, 

specially the DIMS, and the optimization of the IT infrastructure and the 

systems maintenance. 

 However, configuring a selection of the tools with a higher impact on the target 

parameters (heat rate, unavailability,…) would allow a lower investment. 

 Several simplifications have been introduced along the project that make the 

estimated benefits a base reference, but the actual benefits are expected to be 

well over the values reported here. As well, conservative criteria have been 

applied along the process, what reinforces the fact that the values reached in 

the study can be taken as a low reference. 

 Although the criteria applied by different users can vary, the economic analysis 

parameters justify the implementation of the IPM, even in the worst scenario 

of AACF 10%. 

 Due to the simplifications and uncertainties existing in the process, it is 

recommended to additionally consider qualitative criteria in the decision 

making process. 

  



 129 
 

4.4 Qualitative benefits analysis 

 

 

Along the previous section the quantitative analysis methodology and assumptions 

have been described. It has been a persistent message the uncertainty of the assumed 

hypothesis and the impossibility of quantifying all the expected benefits, adopting 

simplifications and taking the most conservative values. The lack of bibliographic 

references and academic data on the subject has been an additional difficulty. 

That means that the quantitative results reached can only be taken as a lower level 

approach to the savings that can be reached and should not been taken as the sole 

decision making criteria. 
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According to the fourth objective of the thesis, the quantitative analysis results are 

complemented with a qualitative assessment of the system contribution to the plant 

performance. 

To get this qualitative input, it has been decided to include in the research a survey 

within the power generation sector to get the professionals’ perception of the value 

brought by different technologies included or related to the IPM model. 

 

4.4.1 Industry Experts Survey Definition 

The detailed content of the survey is included in the Appendix 2. It is structured in 5 

blocks. 

1) Interviewees qualification 

2) Current power generation plants challenges 

3) Maturity and contribution of the monitoring and plant management systems 

4) Qualitative assessment of the different solution contribution to critical 

challenges 

5) Current use of the reviewed systems and decision making criteria 

The interviewees’ qualification block aims to identify the professional role and 

experience on the power generation sector. 

The second block tries to confirm the current challenges in the sector. Blocks 3 and 4 

gathers the information needed to qualify how the sector experts value the 

contribution of the different technologies and their contribution to the main 

challenges at the power plants. 

Finally, the questions in block 5 try to identify potential development requirements 

and success key parameters. 

The survey were sent to middle and high management professionals in the power 

generation sector through a specific platform that a assured answers confidentiality 

and facilitated the treatment and analysis of the results. It was delivered in Spanish to 
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facilitate a full understanding for most of the addresses. A total of 20 answers were 

received and have been dealt in the elaboration of the conclusions. 

The scope of the survey is somehow broader than the scope of the thesis, because of 

two reasons. First, because the scope of the thesis has evolved along the investigation 

development and secondly, because related technologies, although not directly 

included in the IPM model dealt in this study, have been included in order to extract 

conclusions about in a wider range of solutions. The conclusions will be mainly related 

to the solutions included in the IPM model. 

The technologies covered in the survey are: 

1) Data integration & management system 

2) Analytical techniques ("analytics") 

3) Data reconciliation 

4.1) Vibrations analysis 

4.2) Electrical spectra analysis 

4.3) Boilers acoustic monitoring 

4.4) Gases dissolved in oil analysis 

5) Predictive monitoring system 

6) Prognosis 

7) Techno-economic impact of coal quality 

8) Combustion monitoring  (gas turbine) 

9) Combustion optimization (pulverized coal) 

10) Thermal performance monitoring 

11) Maintenance management system 

12) Asset performance management (APM) 

13) Operation management system 

14) Environmental management system 
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4.4.2 Survey Results 

Additionally to the results analysis dealt in this chapter, the details of all the answers 

are included in Appendix 2. 

Of the 20 answers received, 19 correspond to power generation companies’ 

professionals. The sample includes professionals working in Spain, Mexico, England 

and France, with the distribution shown in Figure 48. 

 

Figure 48: Countries where the survey takers work 

 

The professional position of the answerers is covered in the following figure, showing 

that they have the right experience to bring useful information into the investigation. It 

has to be pointed out that the answerers work for at least three of the large utilities in 

Spain, among other companies.  
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Figure 49: Survey takers professional position. 

 

The survey takers have worked with the following generation technologies, being the 

other one, natural gas combustion engines and biomass boilers. 

 

Figure 50: Generation technologies that the answerer´s work or have worked with 
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When asking about the current challenges for the power generation, the survey takers, 

point to costs reduction, reliability and operation flexibility as the key challenges. 

According to the additional comments got, the flexibility, followed by the reliability 

and availability, are critical to be able to supply network services like secondary or 

tertiary services. Also, it is explicitly mentioned the importance of the installations 

safety and the reduction of incidents. 

 

Figure 51: Current challenges for the power generation plants 

 

Question 11 “According to your knowledge/experience, what is the maturity level of 

the following technologies applied to the power generation industry?” shows that 

most of the technologies are mature or very mature, except in the case of equipment 

condition prognosis.  
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Figure 52: Perception of the maturity level of the IPM and related technologies. 
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Focusing on the IPM technologies, 55% of the answers consider that the data 

management system is a mature or very mature technology. Linked to this, analytics is 

perceived as under development in a 58% and has been explicitly mentioned to be an 

interesting line to get value from the huge volume of data gathered and stored today. 

In the case of the on-line condition monitoring there is not a clear condition, since 

asking in a general way, they are perceived to be under development in a 53% of the 

cases, but going through a few individual examples (ie. vibrations, oil analysis, gases 

dissolved in oil,…) they are mostly marked to be mature or very mature.  

Going forward in the condition monitoring line, predictive monitoring is perceived as a 

mature or fully mature technology in a 60% of the cases and under development in a 

40% of the cases, while the prognosis is identified as a technology under development 

or not available in an 85% of the cases. 

Thermal performance monitoring is a mature or fully mature technology for a 75% of 

the survey takers. 

Finally, the O&M management solutions, operation, maintenance, asset performance 

and environmental management systems are considered mature or fully mature in 

more than 85% of the cases. The APM is the one with a higher score on the “under 

development” option, what really fits with the recent introduction of these systems in 

the industry, and even more in the power generation industry. 

From question 13 “How would the considered technologies help to solve your 

priority current challenges?” a ranking of the technologies according to their 

contribution to the plant current challenges has been defined. 
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Figure 53: Ranking of the IPM technologies according to their contribution to solve current challenges 

 

Questions 15 and 17 are very similar, being 15 oriented to the impact of the systems 

installed at the individual systems or subsystems of the plant, where they are installed, 

and 17 “How do you assess the impact of the above mentioned technologies on the 

cost savings or incomes improvement from the global plant point of view?” looks at 

the impact in a global sense. Being both questions very similar, we are focusing here 

on the results for the global plant approach.  

Those questions are probably the most important ones in the study. Since the survey 

has been sent to professionals working with several power generation technologies, a 

filter has been applied to select only those working with combined cycles. The results 

obtained with or without the filter are rather similar, and probably due to the 

individuals point of view, rather than to a bias due to the technology. Accordingly, it 

has been decided to consider the full set to have a higher representation of answers. 

The answers have been processed to present the contribution of the systems to the 

following aspects: 
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 Thermal performance 

 Flexibility 

 Maintenance costs 

 Environmental impact 

 O&M activities efficiency. 

The legend of the technologies, which is not clearly seen in the graphs, is: 

1) Data integration & management system 

2) Analytical techniques ("analytics") 

3) Data reconciliation 

4.1) Vibrations analysis 

4.2) Electrical spectra analysis 

4.3) Boilers acoustic monitoring 

4.4) Gases dissolved in oil analysis 

5) Predictive monitoring system 

6) Prognosis 

7) Techno-economic impact of coal quality 

8) Combustion monitoring  (gas turbine) 

9) Combustion optimization (pulverized coal) 

10) Thermal performance monitoring 

11) Maintenance management system 

12) Asset performance management (APM) 

13) Operation management system 

14) Environmental management system 
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Figure 54: Impact of the different systems on the plant availability 

 

Figure 55: Impact of the different systems on the plant reliability 

 

The results for the availability and reliability are very similar and points at the 

vibrations analysis, the predictive monitoring and the equipment condition prognosis 

as the solutions that most significantly contribute to improve those parameters. They 
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are followed by the maintenance and operation management systems and the data 

integration. 

 

Figure 56: Impact of the different systems on thermal performance 

From the technologies included in the IPM model, the performance monitoring is the 

most relevant tool to improve the thermal efficiency. 

 

Figure 57: Impact of the different systems on plant flexibility 
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The interviewees consider that the IPM technologies most contribute to improve the 

plants operation flexibility are the data integration, operation management and 

predictive monitoring. For the combined cycles, also the gas turbine combustion 

monitoring is considered to have an important impact. 

 

Figure 58: Impact of the different systems on maintenance costs 

 

In the reduction of maintenance costs, the maintenance management system, the 
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Figure 59: Impact of the different systems on the environmental emissions 

 

 

Figure 60: Impact of the different systems on the O&M activities efficiency 
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According to the answers gathered, the daily activities efficiency is improved thanks to 

the maintenance and operation management systems, the data integration vibrations 

analysis, predictive monitoring and prognosis. 

Question 19 “What is the current application of these technologies at the 

installations you work with” provides relevant information for two different aspects. 

On one hand, it provides an idea of the use of the analyzed technologies and on the 

other, since the survey takers are already working with many of the proposed 

technologies, it gives more value to the information gathered about the impact the 

technologies have on improving different aspects of the power generation. 

The predominant answers show that the technologies are installed and in use and 

even integrated to each other in many cases. The prognosis outstands as a technology 

under evaluation in several cases. 
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Figure 61: Current adoption level of the technologies under evaluation. 
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The last question points out the relevance of the following aspects to assure a 

successful deployment of the evaluated technologies: 

 Technology maturity 

 Existence of references 

 Other users proved benefits 

 Information Technology 

 Alignment to the strategic targets 

 Proper change management 

The results are showed in the following figure. 

 

Figure 62: Drivers to assure successful adoption of the analyzed technologies. 
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3) Knowledge of the potential value that the solutions can provide 

4) Clear definition of strategic targets and C-Level support to follow a well-

structured implementation process. 

4.4.3 Survey conclusions on the IPM qualitative analysis  

From the results of the survey it can be concluded that: 

 The survey has been completed by experts in at least four different countries, 

including Spain, Mexico, England and France. It is known that among the 

experts that answered in Spain, there is representation of at least three of the 

big utilities in the country. 

 The power generation sector challenges dealt in the investigation are fully 

aligned with the expert´s view, being the three most relevant, costs reduction, 

reliability and flexible operation. Beside the closed questionnaire, several 

experts pointed out the flexibility to follow market demand as the most 

relevant aspect nowadays.  

 Most of the technologies included in the IPM are perceived as mature by the 

experts, with the exception of the prognosis and the on-line condition 

monitoring technics. 

 The technologies included in the IPM have a clear contribution to solve the 

current challenges: 

o The data integration and management, and the vibrations analysis 

(included within the condition monitoring systems in the IPM) are those 

that more contribute to solve the current challenges at power plants. 

o They are followed by the predictive monitoring and the equipment 

condition prognosis. 

o In a third level within the most valued are the CMMS, the on-line 

condition monitoring technologies in a general way and the operation 

management system. 

 

 A map of the solutions contribution to face different challenges (availability, 

thermal performance, flexibility,…) has been extracted from the survey and is a 
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useful additional input to the CBA  to select  the solutions to implement, 

depending on the most critical targets for the power plants. 

 Today, there is a broad implementation of the reviewed technologies, but there 

is still place to improve integration and to include the newest technologies, 

such as the predictive monitoring, the equipment condition prognosis or the 

assets performance management systems. 
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5 Conclusions and Future Research 
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5.1 Conclusions 

The current situation for the combined cycle plants at the Spanish and European 

energy markets is critical, with a number of operating hours that threatens their 

proficiency and makes them operate at extreme conditions, out of the design point, 

with frequent start-ups, shut-downs and load variation ramps that negatively affect to 

their performance and cost. 

In that scenario, any measurement taken to improve the availability and reliability, 

optimize the performance and the generation costs, and mainly, to improve the 

flexibility, are absolutely welcome. 

The development of this thesis has been motivated by that scenario, and the 

objectives settled have been fulfilled.  

The first objective, investigate and report the state of the art of the technologies 

linked to the asset management at power generation plants is covered in Section 2. 

The main conclusion reached is that many of the technologies are in a mature state to 

be applied at power plants. As well, those technologies are in many cases of general 

application to other installations, for example, different kind of generation facilities, oil 

and gas plants, etc. 

The results of the survey performed to professionals in  the power generation industry, 

reinforces that most of the technologies included in an integrated asset management 

approach are in a mature state and in use at several power plants. However, there is 

still place to improve the technologies related to on-line condition monitoring, 

equipment condition prognosis and Asset Performance Management (APM), and their 

integrated use. The analytics technologies are in a rather incipient stage at the sector 

and are a promising technology to get the most possible value from the available data. 

The integration of different technical systems to jointly evaluate the impact of any 

operation or maintenance decision on both, efficiency and equipment condition is not 

consolidated at the power plants. In Section 3 is defined the novel concept of the IPM 

for combined cycle power plants, covering the second objective of the thesis. 
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In that section, the integrated asset management concept, Integrated Plant 

Management (IPM) concept is described, making emphasis in the integrations 

between the different systems. The IPM concept is rather flexible and can be adapted 

to the challenges, targets and available resources at each power plant. It is structured 

in three layers, (1) the Data Integration and Management System (DIMS), (2) the 

monitoring and technical analysis applications and (3) the process and business 

management layer. The most innovative aspect is the integration between the 

different technical analysis and the management systems to take maximum advantage 

of the available information shared for both the technical and process management at 

the plants. 

From the integrations review, it has been concluded that the DIMS serves as 

integration core from the plant control and process data to all the considered systems 

and among these ones. Beside the basic integrations to DIMS, the most relevant 

integrations take place between the different asset condition analysis systems 

(condition monitoring, predictive analysis and prognosis) and between those systems 

and the operation and maintenance management systems. For the efficiency analysis 

systems, no relevant integrations have been identified; it is only worth to mention the 

integration of the thermal performance monitoring and the predictive analysis 

systems. 

The return on investment is one of the main criteria that the companies need to 

approve the investments in new technologies. The third objective settled in the thesis 

was to develop a methodology to quantitatively estimate the impact of the IPM 

concept on the results of the power plants has been covered in Section 4.  

First of all, the main quantifiable benefits (increased production, heat rate reduction, 

maintenance costs reduction, and improvement in the O&M activities efficiency) have 

been identified and a quantitative estimation for each of them has been established. 

However, following the effort done to develop a methodology to quantify the 

economic benefit of the IPM, it has been found that the quantitative assessment of the 

benefit requires several simplifications to make it practical, that results in a figure that 

is rather a minimum value, than an expected figure. 



154 
 

As well, the uncertainties linked to the expected benefits and the business parameters 

(ie. average energy margin, annual capacity factor, fuel price, heat rate,…) have led to 

adopt a sensibility analysis rather than a deterministic estimation of the benefit. This 

approach to the cost-benefit analysis (CBA) in this kind of projects is rather innovative 

and has resulted in the development of a stochastic cost-benefit analysis model that 

takes into consideration the uncertainty linked to the expected benefit and business 

parameters assumptions.  

It has been found, that the business parameters have a bigger influence in the 

dispersion of the quantitative analysis results, than the benefit hypothesis. This fact 

rests relevance to the lack of reliable and thorough figures for the expected benefits 

brought by the IPM or its individual technologies. 

Although the costs and benefits can vary a lot, the results reached for the CBA would 

justify the implementation of the IPM even in the worst analyzed scenario with an 

Average Annual Capacity Factor (AACF) of 10%. In this scenario, 90% of the cases 

would return an Internal Rate of Return (IRR) larger than 8, far over the discount rate, 

that has been assumed to be 3, and a positive Net Present Value (NPV). 

Analyzing a more often scenario with AACF of 30%, a mean Pay Back period (PB) of 2.4 

years and a positive NPV in 95% of the cases are reached. 

Installing the IPM globally presents some advantages compared to the individual 

installation of some of the technologies that form it, as a slight reduction of the IT 

infrastructure cost or the share of certain functionalities by different modules. 

However, the installation of the systems that have a higher contribution to the actual 

targets of the plant could be an effective option if the initial investment is an issue. 

The cost-benefit analysis by itself, due to the associated uncertainties and 

simplifications, can miss-value the contribution of the IPM and should be 

complemented with the intangible benefits and qualitative assessment of the benefits. 

It has to be mentioned the positive impact that the IPM can have in several 

environmental aspects, and mainly in the reduction of CO2 and other gaseous 

contaminants directly linked to the fuel consumption. 
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The AACF is the parameter with a highest influence on the cost-benefit analysis. When 

it increases, parameters affecting directly to the fuel cost, like the efficiency 

improvement or the fuel cost gain relevance. 

The fourth objective of the thesis (and last) was to qualitatively validate the benefits of 

the technologies included in the IPM concept by sector experts. As covered in Section 

4.4, a survey to a significant sample of professionals in the power generation sector 

has been performed, driving to interesting conclusions. 

According to the  experts input (additionally to the results of the quantitative analysis), 

the technologies included in the IPM contribute significantly to afford the current 

challenges in the power generation sector, as are the availability, reliability, flexibility, 

efficiency, costs reduction and environmental impact and the benefits that the 

technologies included in the IPM model can provide to the power plants during the 

operation phase are fully aligned with the current challenges for the power plants, as 

stated in the survey results. 

The survey has provided interesting results about the perception of the specialists on 

the maturity of the different technologies (as already above mentioned), the benefits 

brought by each of them and their current implementation. 

It is worth mentioning the conclusions reached from the question 17, “How do you 

assess the technologies contribution to improve the critical challenges at power 

plants”. The results of that question allows to build a ranking of the technologies 

according to their contribution to the considered challenges, that helps to select the 

most relevant technologies to include in the IPM, in the case that the full concept 

cannot be implemented, or at least, to prioritize the technologies. 

According to several authors and the experts´ answers, change management and 

human factors are critical aspects to assure the success when implementing IPM. 

The final conclusion is that an integrated asset management approach can bring 

several quantitative and qualitative benefits to the power plants. In the thesis, the 

Integrated Plant Management concept is defined, after a thorough review of the state 
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of the art of the different technical and management systems that form it. It has been 

developed a stochastic cost-benefit analysis model in order to solve the uncertainties. 

Finally, a survey has been made to power generation sector professionals, to 

qualitatively validate the expected benefits. 

 

5.2 Future research 

Along the development of this thesis, several lines to dig in have been identified. As 

well, many areas to extend the application of the integrated asset management have 

been found. 

A first line to further investigate would be the evaluation of the savings brought by the 

different solutions involved in the IPM. The most useful way of investigating them 

would be the analysis of results at an actual power plant where the IPM concept is 

implemented. This would require the development of specific activities to measure the 

contribution of the systems. 

Although the investigation has been focused on a single power plant, the IPM concept 

is very suitable to be applied for a fleet, typically centralizing all or most of the 

activities in a monitoring center. In that case, the costs would be optimized, and the 

benefits would increase thanks to the use of systems and experts for several plants 

and the more intensive experience and knowledge acquisition, that could be shared 

for the fleet, rather than for a single plant. 

As already sketched in the document, many of the systems that conform the IPM can 

be applied to other power generation technologies. Also other technologies that are 

not relevant for the combined cycle, as for example coal combustion optimization for 

coal thermal power plants, or blades condition monitoring for wind turbines, can be 

brought into the concept, adapted to those technologies. 

In the “Introduction to the Impact Assessment”, it was said that the benefit have been 

analyzed from the power generation plant point of view. Broadening the scope of the 

benefits for a fleet, or for equipment manufacturers would be also useful. 
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It would be also of interest investigating the impact of the IPM on the environmental 

impact of the power plants or other industries where it can be applied. 

Beside the power generation, the IPM concept could be adapted to other industries in 

the energy sector, like electricity Transmission and Distribution (T&D) or oil and gas 

facilities upstream and downstream. 

Big data analytics could be also useful to extract additional information from the plant 

data, especially when looking at a fleet or even to a big sample of similar equipment or 

power pants. 

Finally, and following the last industrial trend of developing the “Internet of Things”, 

the option of capturing the data at a site and sending them to a cloud were the 

functionalities of the different systems are provided as a service, could bring both 

advantages and disadvantages worth to explore. 
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List of Acronyms 

AACF: Average Annual Capacity Factor 

AC: Acquisition cost 

AM: Asset Management 

APM: Asset Performance Management 

BREF: Best Available Techniques Reference Document 

BSI: British Standards Institution 

CC: Combined Cycle 

CCC: Combine Cycle Power Plants 

CF: Cash Flow 

CMMS: Computerized Maintenance Management System 

DCF: Discounted Cash Flow 

DCS: Distributed Control System 

DIMS: Data integration and management system 

ERP: Enterprise Resources Planning System 

FC: Fuel cost 

FCF: Free Cash Flow 

FMEA: Failure mode and effect analysis 

FOM: Fixed operation and maintenance cost 

HR: Heat Rate 

HRSG: Heat Recovery Steam Generator 

IAM: Institute of Asset Management 

IED: Industrial Emissions Directive 

IMS: Integrated Management System 

IPM: Integrated Plant Management 

IRR: Internal Rate of Return 

ISO: International Organization for Standardization 
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IT: Information Technology 

KPI: Key Performance Indicator 

LCC: Life cycle cost 

LCOE: life cost of energy 

LCP: Large Combustion Plants 

LHV: Lower heating value 

LIMS: Laboratory Information Management System 

MIBEL: Iberian Electricity Market 

MSET: Multivariate State Estimation Techniques 

NPV: Net Present Value 

O&M: Operation and Maintenance 

OPC: Open Process Control 

OT: Operational Technology 

PB: Pay Back Period 

PV: Present Value 

PIMS: Plant Information Management System (the same as DIMS) 

PLC: Programmable Logic Controllers 

PMS: Plant management system 

r: Discount Rate 

RCM: Reliability Centered Maintenance 

RUL: Remaining Useful Life 

SCADA: Supervisory Control and Data Acquisition 

SNMP: Simple Network Management Protocol 

T&D: Electricity Transmission and Distribution 

TCP: Transmission Control Protocol 

VOM: Variable operation and maintenance cost 
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APPENDIX 1: Sensibility analysis reports 
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1. Variation of the expected benefit hypothesis for an Average Capacity 

Factor of 10% 

REPORT Benefit-10.pdf  

file:///D:/Tesis/Tesis-Entrega%2030-11-2015%20Deposito/REPORT%20Benefit-10.pdf
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2. Variation of the expected benefit hypothesis for an Average Capacity 

Factor of 30% 

REPORT Benefit-30.pdf  

file:///D:/Tesis/Tesis-Entrega%2030-11-2015%20Deposito/REPORT%20Benefit-30.pdf
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3. Variation of the business parameters for an Average Capacity Factor of 

10% 

REPORT Business-10.pdf 

  

file:///D:/Tesis/Tesis-Entrega%2030-11-2015%20Deposito/REPORT%20Business-10.pdf
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4. Variation of the business parameters for an Average Capacity Factor of 

30% 

REPORT Business-30.pdf 

  

file:///D:/Tesis/Tesis-Entrega%2030-11-2015%20Deposito/REPORT%20Business-30.pdf
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5. Variation of the expected benefit and business parameters for an 

Average Capacity Factor of 10% 

 

REPORT Business & Benefit -10.pdf  

file:///D:/Tesis/Tesis-Entrega%2030-11-2015%20Deposito/REPORT%20Business%20&%20Benefit%20-10.pdf
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6. Variation of the expected benefit and business parameters for an 

Average Capacity Factor of 30% 

 

REPORT Business & Benefit - 30.pdf 

file:///D:/Tesis/Tesis-Entrega%2030-11-2015%20Deposito/REPORT%20Business%20&%20Benefit%20-%2030.pdf
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APPENDIX 2: Survey 
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1. Survey content 
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2. Survey results: Detailed 

Question 1 

 

 

 

 

 

 
 
 
 
 

Questions with no answer:: 0 
Answers gathered: 20 

 

Question 2 

 

 

 
Technical Analysis 

Highlighted 
conclusions 

Mean 1,000 

 "100,00%" chose "yes" 

 
 

Confidence interval (95%) [1,000 - 1,000] 

Sample size 12 

Standard deviation 0,000 

Standard error 0,000 

Spain Mexico France Fail England 

71% 

14% 

5% 5% 5% 

yes 

100% 
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Question 3 

 

Tecnical analysis   Highlighted conclusions 

Mean 6,167 "50,00%" chose: 

Confidence interval (95%) [5,207 - 7,127] Power plant manager 

Sample size 12 Operation manager 

Standard deviation 1,697 4 options rested unchosen 

Standard error 0,490   

 

17% 

17% 

33% 

17% 

8% 

8% 

Technical possition at a power plant

Personal de Operación

Maintenance manager

Operation manager

Other Management possition at a power plant

Power plant manager

Corportae technical possition

Corporate M-level possition

Corporate C-level possition

Other
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Question 4 

 

Tecnical analysis   Highlighted conclusions 

Mean 10,833 "100,00%" chose: 

Confidence interval 
(95%) [9,585 - 12,082] Pulverized Coal 

Sample size 12 Combined cycles 

Standard deviation 2,206 The option chosen the least represents "16,67%": 

Standard error 0,637 Thermosolar 

 

14% 

8% 

14% 

5% 

5% 

What power generation technologies are you directly involved 
with?  

Combined cycles Pulverized Coal Nuclear Hydro

Wind Solar PV Thermo solar Other
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Question 5 

 

Tecnical analysis   Highlighted conclusions 

Mean 20,500 "100,00%" chose: 

Confidence interval 
(95%) [19,379 - 21,621] Pulverized coal 

Sample size 12 Combined cycles 

Standard deviation 1,981 The option chosen the least represents"16,67%": 

Standard error 0,572 Thermosolar 

 

Question 6 

Open question 

Questions with no answer:: 19 

15% 

18% 

15% 
15% 

15% 

14% 

3% 
5% 

What power generation technologies 
does your company operate?  

Combined cycles Pulverized Coal Nuclear Hydro

Wind Solar PV Thermo solar Other
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Answers gathered: 1 

Question 7: 

Questions with no answer:: 19 
Answers gathered: 1 

- 

Open question 

Question 8 

Tecnical analysis   Highlighted conclusions 

Mean 8,000 "100,00%" chose "Other (Please specify)" 

Confidence interval 
(95%) [8,000 - 8,000]   

Sample size 1   

Standard deviation 0,000   

Standard error 0,000   

 

Questions with no answer: 19 
Answers gathered: 1 

Motores de gas natural y Calderas de Biomasa 
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Question 9:  

 

Availability   Highlighted conclusions 

Mean 1,550  "95,00%" chose: 

Confidence interval (95%) [1,285 - 1,815] Fully Agree 

Sample size 20 Agree 

Standard deviation 0,605 2 options rested unchosen 

Standard error 0,135   

   Reliability   Highlighted conclusions 

Mean 1,200 100,00%" chose: 

Confidence interval (95%) [1,020 - 1,380] Fully Agree 

Sample size 20 Agree 

Standard deviation 0,410 3 options rested unchosen 

Standard error 0,092   

   Risk reduction   Highlighted conclusions 

Mean 1,550 "100,00%" chose: 

Confidence interval (95%) [1,326 - 1,774] Agree 

Sample size 20 Fully Agree 

Standard deviation 0,510 3 options rested unchosen 
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At what extent are the following aspects current 
challenges for your company?  

Fully agree

Agree

Partially disagree

Completely
disagree

Not apply
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Standard error 0,114   

   Performance improvement   Highlighted conclusions 

Mean 1,316  "90,00%" chose: 

Confidence interval (95%) [1,054 - 1,578] Fully Agree 

Sample size 19 Agree 

Standard deviation 0,582 2 options rested unchosen 

Standard error 0,134   

   Reduce costs   Highlighted conclusions 

Mean 1,150 "100,00%" chose: 

Confidence interval (95%) [0,989 - 1,311] Fully Agree 

Sample size 20 Agree 

Standard deviation 0,366 3 options rested unchosen 

Standard error 0,082   

   Flexible operation (quick response to load 
changes)   Highlighted conclusions 

Mean 1,350  "90,00%" chose: 

Confidence interval (95%) [1,056 - 1,644] Fully Agree 

Sample size 20 Agree 

Standard deviation 0,671 2 options rested unchosen 

Standard error 0,150   

   Environmental impact reduction   Highlighted conclusions 

Mean 1,550  "90,00%" chose: 

Confidence interval (95%) [1,249 - 1,851] Fully Agree 

Sample size 20 Agree 

Standard deviation 0,686 2 options rested unchosen 

Standard error 0,153   

 

Question 10 

Kept Confidential  
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Question 11 

0 2 4 6 8 10 12 14 16

1) Data integration and management

2) Data analytics

3) Data reconciliation

4) On-line condition monitoring

4.1) Vibrations analisys

4.2) Oil analysis

4.3) Partial discharge monitoring

4.4) Shortcut analysis

4.5) Electric spectrum analysis

4.6) Boiler accoustic analysis

4.7) Gases disolved in oil analysis

5) Predictive monitoring

6) Equipment condition prognosis

7) Fuel quality impact analysis (fossil plants, mainly coal)

8) Combustion monitoring (gas turbines)

9) Combustion monitoring (pulverized coal)

10) Thermal performance monitoring

11) Maintenance management systems

12) Asset performance management systems (APM)

13) Operation management system

14) Environmental management system

According to your knowledge/experience, what is the maturity level of 
the following technologies applied to the power generation industry?  

Un-known Not available Under development Mature Fully mature
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1) Data integration and management   Highlighted conclusions 

Mean 2,263 "80,00%" chose: 

Confidence interval (95%) 
[1,942 - 

2,585] Mature 

Sample size 20 Under development 

Standard deviation 0,733 
The option "Not available" was not 
chosen by anyone. 

Standard error 0,164   

   2) Data analytics   Highlighted conclusions 

Mean 2,632 "85,00%" chose: 

Confidence interval (95%) 
[2,324 - 

2,939] Under development 

Sample size 19 Mature 

Standard deviation 0,684 
The option "unknown" was not chosen by 
anyone. 

Standard error 0,157   

   3) Data reconciliation   Highlighted conclusions 

Mean 2,632 El "95,00%" chose: 

Confidence interval (95%) 
[2,414 - 

2,849] Under development 

Sample size 20 Mature 

Standard deviation 0,496 2 options rested unchosen. 

Standard error 0,111   

   4) On-line condition monitoring   Highlighted conclusions 

Mean 2,474 "90,00%" chose: 

Confidence interval (95%) 
[2,199 - 

2,749] Under development 

Sample size 19 Mature 

Standard deviation 0,612 2 options rested unchosen. 

Standard error 0,140   

   4.1) Vibrations analisys   Highlighted conclusions 

Mean 1,800 "90,00%" chose: 

Confidence interval (95%) 
[1,530 - 

2,070] Mature 

Sample size 20 Fully mature 

Standard deviation 0,616 2 options rested unchosen. 

Standard error 0,138   

   4.2) Oil analysis   Highlighted conclusions 

Mean 1,700  "95,00%" chose: 

Confidence interval (95%) 
[1,450 - 

1,950] Mature 
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Sample size 20 Fully mature 

Standard deviation 0,571 2 options rested unchosen. 

Standard error 0,128   

   4.3) Partial discharge monitoring   Highlighted conclusions 

Mean 2,150 "80,00%" chose: 

Confidence interval (95%) 
[1,823 - 

2,477] Mature 

Sample size 20 Under development 

Standard deviation 0,745 
The option "unknown" was not chosen by 
anyone. 

Standard error 0,167   

   4.4) Shortcut analysis   Highlighted conclusions 

Mean 2,316 "80,00%" chose: 

Confidence interval (95%) 
[1,987 - 

2,644] Mature 

Sample size 20 Under development 

Standard deviation 0,749 
The option chosen the least represents 
"5,00%": 

Standard error 0,168 Not available 

   4.5) Electric spectrum analysis   Highlighted conclusions 

Mean 2,368 "80,00%" chose: 

Confidence interval (95%) 
[2,035 - 

2,702] Mature 

Sample size 20 Under development 

Standard deviation 0,761 
The option chosen the least represents 
"5,00%": 

Standard error 0,170 No disponible 

   4.6) Boiler accoustic analysis   Highlighted conclusions 

Mean 2,389 "80,00%" chose: 

Confidence interval (95%) 
[2,083 - 

2,695] Mature 

Sample size 20 Under development 

Standard deviation 0,698 
The option chosen the least represents 
"5,00%": 

Standard error 0,156 Fully mature 

   4.7) Gases disolved in oil analysis   Highlighted conclusions 

Mean 2,000 "85,00%" chose: 

Confidence interval (95%) 
[1,754 - 

2,246] Mature 

Sample size 20 Fully mature 

Standard deviation 0,562 2 options rested unchosen. 

Standard error 0,126   
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   5) Predictive monitoring   Highlighted conclusions 

Mean 2,350  "95,00%" chose: 

Confidence interval (95%) 
[2,093 - 

2,607] Mature 

Sample size 20 Under development 

Standard deviation 0,587 2 options rested unchosen. 

Standard error 0,131   

   6) Equipment condition prognosis   Highlighted conclusions 

Mean 2,900 "85,00%" chose: 

Confidence interval (95%) 
[2,619 - 

3,181] Under development 

Sample size 20 Mature 

Standard deviation 0,641 
The option "unknown" was not chosen by 
anyone. 

Standard error 0,143   

   7) Fuel quality impact analysis (fossil plants, 
mainly coal)   Highlighted conclusions 

Mean 2,529 El "75,00%" eligieron: 

Confidence interval (95%) 
[2,215 - 

2,844] Under development 

Sample size 20 Mature 

Standard deviation 0,717 
The option chosen the least represents 
"5,00%": 

Standard error 0,160 Fully mature 

   8) Combustion monitoring (gas turbines)   Highlighted conclusions 

Mean 2,053 "80,00%" chose: 

Confidence interval (95%) 
[1,780 - 

2,325] Mature 

Sample size 20 Under development 

Standard deviation 0,621 
The option "Not available" was not 
chosen by anyone. 

Standard error 0,139   

   9) Combustion monitoring (pulverized coal)   Highlighted conclusions 

Mean 2,444 El "75,00%" eligieron: 

Confidence interval (95%) 
[2,101 - 

2,788] Mature 

Sample size 20 Under development 

Standard deviation 0,784 
The option chosen the least represents 
"5,00%": 

Standard error 0,175 Fully mature 

   10) Thermal performance monitoring   Highlighted conclusions 
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Mean 2,200  "95,00%" chose: 

Confidence interval (95%) 
[1,971 - 

2,429] Mature 

Sample size 20 Under development 

Standard deviation 0,523 2 options rested unchosen. 

Standard error 0,117   

   11) Maintenance management systems   Highlighted conclusions 

Mean 1,600  "95,00%" chose: 

Confidence interval (95%) 
[1,338 - 

1,862] Mature 

Sample size 20 Fully mature 

Standard deviation 0,598 2 options rested unchosen. 

Standard error 0,134   

   12) Asset performance management 
systems (APM)   Highlighted conclusions 

Mean 2,100 "85,00%" chose: 

Confidence interval (95%) 
[1,819 - 

2,381] Mature 

Sample size 20 Fully mature 

Standard deviation 0,641 
The option "unknown" was not chosen by 
anyone. 

Standard error 0,143   

   13) Operation management system   Highlighted conclusions 

Mean 1,750  "95,00%" chose: 

Confidence interval (95%) 
[1,509 - 

1,991] Mature 

Sample size 20 Fully mature 

Standard deviation 0,550 2 options rested unchosen. 

Standard error 0,123   

   14) Environmental management system   Highlighted conclusions 

Mean 1,800 "90,00%" chose: 

Confidence interval (95%) 
[1,464 - 

2,136] Mature 

Sample size 20 Fully mature 

Standard deviation 0,768 
The option "unknown" was not chosen by 
anyone. 

Standard error 0,172   
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Question 12 

Kept Confidential 
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Question 13: 

0 2 4 6 8 10 12 14 16

1) Data integration and management

3) Data reconciliation

4.1) Vibrations analisys

4.3) Partial discharge monitoring

4.5) Electric spectrum analysis

4.7) Gases disolved in oil analysis

6) Equipment condition prognosis

8) Combustion monitoring (gas turbines)

10) Thermal performance monitoring

12) Asset performance management systems (APM)

14) Environmental management system

This section tries to identify the priority developement lines, combining current level of development and 
their contribution to solve prioritair challenges. Rate from 0 to 3, beeing 3 the highest contribution and 0 not 

relevant  

NC 3 2 1 0
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1) Data integration and management   Highlighted conclusions 

Mean 3,750 "100,00%" chose: 

Confidence interval (95%) 
[3,555 - 

3,945] 3 

Sample size 20 2 

Standard deviation 0,444 3 options rested unchosen. 

Standard error 0,099   

   2) Data analytics   Highlighted conclusions 

Mean 3,211 "90,00%" chose 

Confidence interval (95%) 
[2,898 - 

3,523] 2 

Sample size 20 3 

Standard deviation 0,713 the option "1" was not chosen by anyone 

Standard error 0,159   

   3) Data reconciliation   Highlighted conclusions 

Mean 3,000  "85,00%" chose: 

Confidence interval (95%) 
[2,682 - 

3,318] 2 

Sample size 20 3 

Standard deviation 0,725 
the option "DK/NA/REF" was not chosen 
by anyone 

Standard error 0,162   

   4) On-line condition monitoring   Highlighted conclusions 

Mean 3,400 "90,00%" chose 

Confidence interval (95%) 
[3,102 - 

3,698] 3 

Sample size 20 2 

Standard deviation 0,681 2 options rested unchosen 

Standard error 0,152   

   4.1) Vibrations analisys   Highlighted conclusions 

Mean 3,737 "95,00%"chose: 

Confidence interval (95%) 
[3,533 - 

3,940] 3 

Sample size 19 2 

Standard deviation 0,452 3 options rested unchosen. 

Standard error 0,104   

   4.2) Oil analysis   Highlighted conclusions 

Mean 3,368 "95,00%"chose: 

Confidence interval (95%) 
[3,100 - 

3,637] 2 

Sample size 19 3 
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Standard deviation 0,597 2 options rested unchosen 

Standard error 0,137   

   4.3) Partial discharge monitoring   Highlighted conclusions 

Mean 3,158 "80,00%" chose: 

Confidence interval (95%) 
[2,848 - 

3,467] 2 

Sample size 19 3 

Standard deviation 0,688 2 options rested unchosen 

Standard error 0,158   

   4.4) Shortcut analysis   Highlighted conclusions 

Mean 3,111 "80,00%" chose: 

Confidence interval (95%) 
[2,849 - 

3,373] 2 

Sample size 19 3 

Standard deviation 0,583 
The option "0" was not chosen by 
anyone 

Standard error 0,134   

   4.5) Electric spectrum analysis   Highlighted conclusions 

Mean 3,000 "65,00%"chose: 

Confidence interval (95%) 
[2,716 - 

3,284] 2 

Sample size 19 1 

Standard deviation 0,632 
The option "0" was not chosen by 
anyone 

Standard error 0,145   

   4.6) Boiler accoustic analysis   Highlighted conclusions 

Mean 2,941 "70,00%" chose: 

Confidence interval (95%) 
[2,645 - 

3,237] 2 

Sample size 19 1 

Standard deviation 0,659 
The option "0" was not chosen by 
anyone 

Standard error 0,151   

   4.7) Gases disolved in oil analysis   Highlighted conclusions 

Mean 3,167 "80,00%" chose: 

Confidence interval (95%) 
[2,889 - 

3,445] 2 

Sample size 19 3 

Standard deviation 0,618 
The option "0" was not chosen by 
anyone 

Standard error 0,142   
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   5) Predictive monitoring   Highlighted conclusions 

Mean 3,632 "95,00%"chose: 

Confidence interval (95%) 
[3,414 - 

3,849] 3 

Sample size 20 2 

Standard deviation 0,496 2 options rested unchosen 

Standard error 0,111   

   6) Equipment condition prognosis   Highlighted conclusions 

Mean 3,450 "90,00%" chose 

Confidence interval (95%) 
[3,088 - 

3,812] 3 

Sample size 20 2 

Standard deviation 0,826 
the option "DK/NA/REF" was not chosen 
by anyone 

Standard error 0,185   

   7) Fuel quality impact analysis (fossil plants, 
mainly coal)   Highlighted conclusions 

Mean 3,000 "60,00%" chose: 

Confidence interval (95%) 
[2,680 - 

3,320] 2 

Sample size 20 1 

Standard deviation 0,730 
The option "0" was not chosen by 
anyone 

Standard error 0,163   

   8) Combustion monitoring (gas turbines)   Highlighted conclusions 

Mean 3,500 "90,00%" chose 

Confidence interval (95%) 
[3,275 - 

3,725] 2 

Sample size 20 3 

Standard deviation 0,514 2 options rested unchosen 

Standard error 0,115   

   9) Combustion monitoring (pulverized coal)   Highlighted conclusions 

Mean 3,529 "80,00%" chose: 

Confidence interval (95%) 
[3,256 - 

3,803] 3 

Sample size 20 2 

Standard deviation 0,624 
The option "0" was not chosen by 
anyone 

Standard error 0,140   

   10) Thermal performance monitoring   Highlighted conclusions 

Mean 3,263  "85,00%" chose: 
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Confidence interval (95%) 
[2,977 - 

3,550] 2 

Sample size 20 3 

Standard deviation 0,653 
The option "0" was not chosen by 
anyone 

Standard error 0,146   

   11) Maintenance management systems   Highlighted conclusions 

Mean 3,500 "95,00%"chose: 

Confidence interval (95%) 
[3,234 - 

3,766] 3 

Sample size 20 2 

Standard deviation 0,607 2 options rested unchosen 

Standard error 0,136   

   12) Asset performance management 
systems (APM)   Highlighted conclusions 

Mean 3,100 "75,00%" chose: 

Confidence interval (95%) 
[2,755 - 

3,445] 2 

Sample size 20 3 

Standard deviation 0,788 2 options rested unchosen 

Standard error 0,176   

   13) Operation management system   Highlighted conclusions 

Mean 3,450 "95,00%"chose: 

Confidence interval (95%) 
[3,185 - 

3,715] 3 

Sample size 20 2 

Standard deviation 0,605 2 options rested unchosen 

Standard error 0,135   

   14) Environmental management system   Highlighted conclusions 

Mean 3,421 "90,00%" chose 

Confidence interval (95%) 
[3,155 - 

3,687] 2 

Sample size 20 3 

Standard deviation 0,607 
The option "0" was not chosen by 
anyone 

Standard error 0,136   
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Question 14 

No answers 

Question 15 

Questions with no answer:: 3 
Answers gathered: 17 

 

0

0,2

0,4

0,6

0,8

1
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Question 16 

No answers 

Question 17 

Questions with no answer:: 6 
Answers gathered: 14 
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Question 18 

No answers 
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Question 19 
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1) Data integration and management

3) Data reconciliation

4.1) Vibrations analisys

4.3) Partial discharge monitoring

4.5) Electric spectrum analysis

4.7) Gases disolved in oil analysis

6) Equipment condition prognosis

8) Combustion monitoring (gas turbines)

10) Thermal performance monitoring

12) Asset performance management systems (APM)

14) Environmental management system

What is the current application of these techologies at the installations you work with ? 
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1) Data integration and management   Highlighted conclusions 

Mean 2,308 "76,92%" chose: 

Confidence interval (95%) 
[1,281 - 

3,334] 
Installed and integrated to other 

solutions 

Sample size 13 Installed and in use 

Standard deviation 1,888 3 options rested unchosen 

Standard error 0,524   

   2) Data analytics   Highlighted conclusions 

Mean 3,100 "53,85%"  chose: 

Confidence interval (95%) 
[1,781 - 

4,419] Installed and in use 

Sample size 12 
Installed and integrated to other 

solutions 

Standard deviation 2,331 3 options rested unchosen 

Standard error 0,673   

   3) Data reconciliation   Highlighted conclusions 

Mean 3,727 "53,85%"  chose: 

Confidence interval (95%) 
[2,316 - 

5,138] Installed and in use 

Sample size 12 Not considered up-to-now 

Standard deviation 2,494 3 options rested unchosen 

Standard error 0,720   

   4) On-line condition monitoring   Highlighted conclusions 

Mean 2,750 "61,54%"  chose: 

Confidence interval (95%) 
[1,541 - 

3,959] 
Installed and integrated to other 

solutions 

Sample size 12 Installed and in use 

Standard deviation 2,137 4 options rested unchosen 

Standard error 0,617   

   4.1) Vibrations analisys   Highlighted conclusions 

Mean 1,615 "100,00%"  chose: 

Confidence interval (95%) 
[1,340 - 

1,891] Installed and in use 

Sample size 13 
Installed and integrated to other 

solutions 

Standard deviation 0,506 6 options rested unchosen 

Standard error 0,140   

   4.2) Oil analysis   Highlighted conclusions 

Mean 2,308 "92,31%"  chose: 

Confidence interval (95%) 
[1,527 - 

3,089] Installed and in use 
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Sample size 13 
Installed and integrated to other 

solutions 

Standard deviation 1,437 5 options rested unchosen 

Standard error 0,398   

   4.3) Partial discharge monitoring   Highlighted conclusions 

Mean 2,077 "92,31%"  chose: 

Confidence interval (95%) 
[1,729 - 

2,425] Installed and in use 

Sample size 13 
Installed and integrated to other 

solutions 

Standard deviation 0,641 5 options rested unchosen 

Standard error 0,178   

   4.4) Shortcut analysis   Highlighted conclusions 

Mean 2,556 "61,54%"  chose: 

Confidence interval (95%) 
[1,650 - 

3,462] Installed and in use 

Sample size 13 DK/NA/REF 

Standard deviation 1,667 5 options rested unchosen 

Standard error 0,462   

   4.5) Electric spectrum analysis   Highlighted conclusions 

Mean 3,222 "38,46%"  chose: 

Confidence interval (95%) 
[2,417 - 

4,028] Installed and in use 

Sample size 13 DK/NA/REF 

Standard deviation 1,481 4 options rested unchosen 

Standard error 0,411   

   4.6) Boiler accoustic analysis   Highlighted conclusions 

Mean 4,500 "69,23%"  chose: 

Confidence interval (95%) 
[3,241 - 

5,759] Installed and in use 

Sample size 13 Not considered up-to-now 

Standard deviation 2,316 3 options rested unchosen 

Standard error 0,642   

   4.7) Gases disolved in oil analysis   Highlighted conclusions 

Mean 2,000 "100,00%"  chose "Installed and in use" 

Confidence interval (95%) 
[2,000 - 

2,000]   

Sample size 13   

Standard deviation 0,000   

Standard error 0,000   
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5) Predictive monitoring   Highlighted conclusions 

Mean 2,923 "76,92%"  chose: 

Confidence interval (95%) 
[2,050 - 

3,796] Installed and in use 

Sample size 13 Under evaluation 

Standard deviation 1,605 4 options rested unchosen 

Standard error 0,445   

   6) Equipment condition prognosis   Highlighted conclusions 

Mean 4,000 "69,23%"  chose: 

Confidence interval (95%) 
[2,847 - 

5,153] Under evaluation 

Sample size 13 Installed and in use 

Standard deviation 2,121 4 options rested unchosen 

Standard error 0,588   

   7) Fuel quality impact analysis (fossil 
plants, mainly coal)   Highlighted conclusions 

Mean 4,400 "23,08%"  chose: 

Confidence interval (95%) 
[3,277 - 

5,523] Under evaluation 

Sample size 13 DK/NA/REF 

Standard deviation 2,066 
The option "under installation" was not 
chosen by anyone 

Standard error 0,573   

   8) Combustion monitoring (gas turbines)   Highlighted conclusions 

Mean 2,727 "76,92%"  chose: 

Confidence interval (95%) 
[2,036 - 

3,419] Installed and in use 

Sample size 13 Under evaluation 

Standard deviation 1,272 4 options rested unchosen 

Standard error 0,353   

   9) Combustion monitoring (pulverized 
coal)   Highlighted conclusions 

Mean 3,000 "61,54%"  chose: 

Confidence interval (95%) 
[2,115 - 

3,885] Installed and in use 

Sample size 12 Under evaluation 

Standard deviation 1,563 3 options rested unchosen 

Standard error 0,451   

   10) Thermal performance monitoring   Highlighted conclusions 

Mean 2,000 "84,62%"  chose: 

Confidence interval (95%) 
[1,231 - 

2,769] 
Installed and integrated to other 

solutions 
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Sample size 13 Installed and in use 

Standard deviation 1,414 5 options rested unchosen 

Standard error 0,392   

   11) Maintenance management systems   Highlighted conclusions 

Mean 1,692 "92,31%"  chose: 

Confidence interval (95%) 
[1,089 - 

2,295] 
Installed and integrated to other 

solutions 

Sample size 13 Installed and in use 

Standard deviation 1,109 5 options rested unchosen 

Standard error 0,308   

   12) Asset performance management 
systems (APM)   Highlighted conclusions 

Mean 2,727  "61,54%" chose: 

Confidence interval (95%) 
[1,534 - 

3,921] 
Installed and integrated to other 

solutions 

Sample size 13 Installed and in use 

Standard deviation 2,195 2 options rested unchosen 

Standard error 0,609   

   13) Operation management system   Highlighted conclusions 

Mean 2,308  "76,92%"  chose: 

Confidence interval (95%) 
[1,281 - 

3,334] 
Installed and integrated to other 

solutions 

Sample size 13 Installed and in use 

Standard deviation 1,888 3 options rested unchosen 

Standard error 0,524   

   14) Environmental management system   Highlighted conclusions 

Mean 1,385 "100,00%"  chose: 

Confidence interval (95%) 
[1,109 - 

1,660] 
Installed and integrated to other 

solutions 

Sample size 13 Installed and in use 

Standard deviation 0,506 6 options rested unchosen 

Standard error 0,140   

 

Question 20 

No answers 
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Question 21 

 

 

 

 
  

Technology maturity level   Highlighted conclusions 

Mean 5,143  "85,71%" chose: 

Confidence interval (95%) 
[4,690 - 

5,596] 5 

Sample size 14 6 

Standard deviation 0,864 2 options rested unchosen 

Standard error 0,231   

   Existing references or proved benefits from 
other customers   Highlighted conclusions 

Mean 4,857  "71,43%"chose: 

Confidence interval (95%) 
[4,404 - 

5,310] 5 

Sample size 14 4 

Standard deviation 0,864 2 options rested unchosen 

Standard error 0,231   

   

0 1 2 3 4 5 6

Technology maturity level

Existing references or proved
benefits from other customers

Benefits tested by other clients

IT aspects

Allignment with strategical targets

An adecuate change management
plan

Others (detail)

According to your criteria, which are the drivers to assure successful 
adoption of the mentioned tecnologies? Rank from 1 to 5 being 5 for 

the most impotant aspect and 1 for the less important  
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Benefits tested by other clients   Highlighted conclusions 

Mean 5,143  "85,71%" chose: 

Confidence interval (95%) 
[4,796 - 

5,490] 5 

Sample size 14 6 

Standard deviation 0,663 3 options rested unchosen 

Standard error 0,177   

   IT aspects   Highlighted conclusions 

Mean 4,571  "64,29%"chose: 

Confidence interval (95%) 
[3,931 - 

5,212] 5 

Sample size 14 6 

Standard deviation 1,222 The option 1 was not chosen by anyone 

Standard error 0,327   

   Allignment with strategical targets   Highlighted conclusions 

Mean 5,286 "78,57%" chose: 

Confidence interval (95%) 
[4,853 - 

5,718] 6 

Sample size 14 5 

Standard deviation 0,825 3 options rested unchosen 

Standard error 0,221   

   An adecuate change management plan    Highlighted conclusions 

Mean 5,000 "71,43%" chose: 

Confidence interval (95%) 
[4,384 - 

5,616] 6 

Sample size 14 5 

Standard deviation 1,177 2 options rested unchosen 

Standard error 0,314   

   Others (Detail)   Highlighted conclusions 

Mean 5,500 "14,29%" chose: 

Confidence interval (95%) 
[4,520 - 

6,480] 5 

Sample size 2 6 

Standard deviation 0,707 4 options rested unchosen 

Standard error 0,500   
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Question 22 

Kept Confidential 
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