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CBM
CIC
CIS
CMMS
DP

DSO

ECB
EMA
GIS
ICT
IEA
IEC
IEEE
KBAI
OECD

OLD
OMS

RCM
SCADA

SCM
SPI
TBM
TSO
WACC

Asset Management

Condition-based maintenance

Customer Interruption Costs

Communication and Information System
Computerised Maintenance Management System
Degree of polymerisation value for power
transformer insulation paper (approximately 1200
when paper is new)

Distribution System Operator

Enterprise Asset Management, A system to manage
the network maintenance processes within a
company to ensure equipment availability and to
reduce asset downtime.

European Central Bank

Electricity Market Authority

Geographic Information System

Information and Communications Technology
International Energy Agency

International Electrotechnical Commission

Institute of Electrical and Electronics Engineers
Knowledge Based Asset Integrity

The Organisation for Economic Co-operation and
Development

Online Diagnostics

Operations Management Support

Power Transformer

Reliability Centered Maintenance

Supervisory Control and Data Acquisition, Control
system used for gathering data in real time from
remote network locations in order to control
equipment and conditions.

Service Configuration Manager

System Performance Index

Time-based maintenance

Transmission System Operator

Weighted Average Cost of Capital

The World Bank
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1 Introduction

The life of individuals, welfare of societies and global
economics are deeply interconnected to power systems in a
multidimensional manner. Change in one entity affects the
whole system. This thesis is a research journey from electrical
distribution systems to global economics and finally to power
transformer unit asset management. The objective is to
investigate dynamic scenario modelling in power system asset
management and apply it to a distribution system operator’s
power transformer asset base.

1.1 Research Domain

The electrical energy sector has developed from small local islands to a
conglomerate of highly integrated complex energy systems within a
hundred years. Business structures have developed as the importance of
electricity systems has increased and there has been considerable
technical development in the energy and information & communication
sectors. The latest significant structural business legislation event in
Finland was the deregulation of the electricity energy markets in 1995.
Electricity generation, transmission & distribution and retail were
segregated to increase competition in the market. As a result, the
transmission and distribution businesses are regarded as natural
monopolies regulated by the government’s energy market authority.

? New
Energy
Services ™
Trading/ oh—
. Wholesale B l
Generation S
| Customers
Transmission

Figure 1-1 Current electricity industry value chain highlighting the part

this thesis concentrates on: developing the Distribution System Operator’s
asset management. /1 applied/



The complexity of the long-term energy policy solution is vast and every
inhabitant on this planet is dependent on and affected by energy systems,
not least when concerning emissions and relations to global economy and
health. Due to the global size of the dilemma, change happens
continuously, but when energy policy is altered the whole value chain is
affected and policy changes can transform large scale business segments.
For example, the increasing energy efficiency demand in traffic is leading
to new demand for electricity for electric vehicles, and distribution
networks need to respond to this increasing demand. Another
development is the rising of a new energy business segment along with
local small-scale energy production, energy related home automation and
electric mobility. Global economic cycles, energy policies and the energy
business sector are bonded together. This is especially true from the asset
management perspective in power system operations. Our economic
environment has changed along with globalisation and this adds
significant challenge in asset management decision-making. /2/

“The fact is that we are entering a new age, The Age of Turbulence. -
Turbulence is the new normality, punctuated by periodic and intermittent
spurts of prosperity and downturn—including extended downturns
amounting to recession, or even depression. And turbulence has two major
effects. One is vulnerability, against which companies need defensive
armour. The other is opportunity, which needs to be exploited. Bad times
are bad for many and good for some. “ Philip Kotler and John A. Caslione

/3/

Power system asset management involves balancing multiple objectives
and deals with the question of comprehensive long-term solutions for the
desired service target within a changing environment. This thesis aims to
enhance power system asset management decision-analysis by linking
technical electrical network planning with the global economic
dependencies. For techno-economic solutions both sides of the dilemma
need to be handled together, because complex relations from technical
designs affect economic performance and vice versa. A one-sided, purely
technical analysis cannot reach the required accuracy in a turbulent global
environment.

The thesis concentrates on asset management analysis with dynamic
scenario modelling utilising probabilistic methods. The main aim is to
investigate dynamic scenario modelling in the power system asset
management environment and to apply it as a case example to a DSO’s
power transformer assets. The motivation is to enhance better utilisation
of the assets within a changing economic operation environment, and also
to produce an insightful analysis for electricity distribution system asset
management decision-making. This thesis combines three central asset
management aspects in the dynamic scenario modelling:



Current and future societal demand for the electrical network

Community planning creates the essential background information
for the future requirements for the electrical network. Especially sub-
transmission systems require space, which creates the demand for co-
operative long-term community planning with city administrators.

Technical aspect of power system asset management

An electrical network is a geographically widely spread complex
technical construction which comprises numerous components and
subsystems. Knowledge about the network properties and condition
forms a backbone for timely investment decision-making.

Global economic effects on power system asset management

Global economic trends significantly affect energy consumption and
the pressure to invest. The electrical transmission and distribution
network business is physically asset intensive: Finland’s distribution
network current replacement cost is in the scale of billions of Euros,
and is ultimately linked to building cost indices and global
commodities such as copper and aluminium. Despite the noticeable
dependencies between the global economy and electrical network,
investments are planned solely from a technical requirement
perspective, whereas evaluations in terms of economic trends are
somewhat ignored. Right timing can save a lot of money without
endangering the primary distribution system operator mission:
reliable and effective electricity distribution. In some of the best cases
reliability benefit and investment cost reduction can both be achieved,
for example when applying modern online condition management
technology.

1.2  Electricity Distribution System Interest Groups

There are several interest groups around the electrical transmission and
distribution business and associated physical facilities; therefore the
demands are also multidimensional. For instance, elements such as high
service quality along with environmental protection and minimisation of
economic metrics drive actions in different directions and the asset
manager has to construct a solution to this challenge. Central aims in
asset management are enhancing quality of service, reducing costs in
service production and increasing profits for the owners. Various decision
attributes are to be taken into account in asset management planning,
implementation and monitoring. Figure 1-2 illustrates the main
beneficiaries around the transmission and distribution business: the blue
circle denotes the electrical distribution system operator’s business and



the arrows represent the active forces in asset management decision-

making. /4/
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Figure 1-2 Beneficiaries around the transmission and distribution
business: the arrows represent the forces which affect business decision-
making. The asset manager’s task is to transparently harmonise the different
aspects in line with the corporate service strategy. /4/

The previous figure shows only a two-dimensional snapshot illustration
from the real situation: actually the forces are more multidimensional.
Even a single beneficiary has demands which push decision-making
around the electrical network in exclusive directions; one of the major
issues is to balance the trade-off between capital expenses and the
reliability of the network. Aesthetics are also evaluated highly in urban
areas, which usually mean higher expenses as well.

Figure 1-3 Three dimensional illustration of the multidimensional
forces around asset management decision-making. /4 applied/

Electrical engineering, system analysis and applied economics are used in
modelling the dynamic dependence between the essential factors in
distribution system asset management. This method for dynamic scenario
modelling is outlined, to enhance comprehensive and transparent
decision-making in the DSO’s companies.
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Figure 1-4 A structural example of an investment decision attributes set

in terms of the aims of different interest groups and controlled by rules,
legislation and resources. /4/

Many of the attributes can be linked to economic resources. For example,
system performance is highly dependent on investments and operation &
maintenance costs, although a system analysis is needed to make this
interdependency visible. The challenge is to model all the various
perspectives and to comprehend what is significant in each case. Another
challenge is that we are involved with future dimensions. This means that
with the information from the past and the present we must construct
scenarios and analyse them with probabilistic methods. Uncertainty still
remains, but a sensitivity analysis can aid in handling the risk and in
understanding the possible range of change.

There is concern if the decision-maker and decision-analyst regard
economics as objective science when placing certain highly subjective
valuations into equations /5/. It is essential to acknowledge this dilemma,
especially when qualitative aspects of distribution network service are
converted into economic metrics. One of the central conversions of a
qualitative attribute to economic metrics in power system asset
management practice is evaluating network service reliability from the
economic point of view of the customer.

1.3 Asset Management Drivers

Electricity transmission and distribution are monopolies regulated by the
Finnish Ministry of Employment and the Economy. The Finnish Energy
Market Authority (EMA) is an expert organisation subordinate to the
Ministry with a mission to supervise and promote the functionality of the
Finnish electricity markets. EMA grants the licenses for the electricity



distribution business regionally with legislative obligations that drive the
DSO’s asset management. The Finnish Electricity Market Act declares
three principal obligations for the electricity distribution system operator
(DSO): /6/ /7/

The distribution System Operator has the obligation to:

“ maintain, operate and develop the electricity system

% connect consumption sites and power generation

% transmit electricity

“The system operator shall maintain, operate and develop its electricity
system and the connections to other systems in accordance with its customers'
reasonable needs, and to secure, for its part, the supply of sufficiently high-
standard electricity to its customers (obligation to develop the electricity system).

" /6/
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“On request and against reasonable compensation, the system operator
shall connect to its system electricity consumption sites and power generating
installations meeting the required technical specifications within its area of
operation (obligation to connect). The connection conditions and technical
requirements shall be impartial and non-discriminatory and they shall take
note of the conditions of the reliability and efficiency of the electricity system.
At the request of the subscriber, the system operator shall give him a
comprehensive and sufficiently detailed estimate on the subscription costs.
(1130/2003) ” /6/
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“The system operator shall sell electricity transmission services against
reasonable compensation to those that need them within the limits of its
system transmission capacity (obligation to transmit). ” /6/
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These general principles form a course of conduct for the distribution
system operator. Power system asset management analysis is designed to
aid decision-making concerning the performance of the general tasks of
the network company. An electricity network has usually been developed
over more than one hundred years and so there are a multitude of
consumption load points and power generation connections in the
network. Given that the network has been under construction for a long
time, the development steps are founded upon previous actions and
technology. An electricity distribution system which is widely spread over
the environment is always influenced by nature, material deterioration,
the global economy, community structuring, and the constructing and
maintaining of all other infrastructures in the city.

Generation
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Consumption
New customer P

Reliability
Reasonable & Efficiency|
compensation CONNECT
v Terms of
connection

Consumption
Secure the Growth
Supply l

\
MAINTAIN, OPERATE & DEVELOP

1/t

C

Deterioration
New power generation

i aihien Capacity Expires

systems

DISTRIBUTION SYSTEM INVESTMENTS

‘ New Network Investments ‘ ‘ Quality Enhance Investments ‘

‘ Renewal and Maintenance Investments ‘ ‘ Land Use Economy ‘

‘ Control and Protection System Investments ‘ ‘ Energy Metering Investments ‘

Figure 1-10 Three principal obligations for electricity distribution system
operators according to the Finnish Electricity Market Act regarding electricity
distribution network asset management.

The principal DSO obligations lead to a complicated investment portfolio
which has many options. For example, balancing the principal obligations
to maintain and develop the electricity network can be solved with
a variety of renewal investment and maintenance program combinations.
A complete quantitative analytical solution without any assumptions
about power system investment decision-making is impossible to find as
so much of the process is strongly linked to uncertain global economic
development. However, one can aim to make sense of the relations and
dynamics of the economic playground in question. A classical scientific
way to increase understanding in research is to break down the problem
into its basic parts and define the relationships between them. Such a
reductionist approach usually confronts limits when trying to build a
comprehensive model of the subject. The science of economics has



developed methods to override the limitations of reductionist modelling
with a view that tries to grasp a robust holistic overview rather than
include all the details. An example of this is the use of probabilistic
methods and applying the chaos theory in economics. /8/

1.4 Research Objective

The objective of this thesis is to investigate dynamic scenario modelling in
power system asset management and to apply it with a case study on a
distribution system operator’s power transformer fleet assets. The case
specific target is to enhance decision-making in power transformer! asset
management, including investment timing and maintenance strategies.

Dynamic scenario modelling aims to make asset management more
adaptive and more transparent within a changing economic and societal
environment. Modelling starts from consumption forecasts and continues
with future investment planning. The global material market and building
trade behaviour are important factors to include in the model since the
asset manager is dealing with physical assets and construction for the
most part. The presented method will robustly model power transformer
fleet behaviour in different asset management environment scenarios.
The comprehensive cost function comprises capital, operational,
maintenance and quality costs. Quality aspects are derived from network
reliability from the societal point of view.

Research Boundaries

The applied philosophical approach in this thesis is concentrated on
known unknowns with different development scenarios. In decision-
analysis theories there is a classification of unknown unknowns,
expressing that there are many relevant elements that are not taken into
account in evaluations since there is no knowledge about them. The
method of unknown unknowns is used, for example in the aerospace
industry and in business economics. /82/ /81/

The evaluation of different psychological decision making processes and
decision making biases that cause deviation from the normative process is
out of the scope of this thesis. /10/ /84/ /85/

As a disclaimer: the thesis applies many different sources for the future
scenario building for global economics, material prices, construction
activity and electricity demand. There is a continuous need to renew and

I The DSO power transformer fleet under this case analysis are units with the
110 kV primary voltage level and the fleet is described in the Appendix 1.



update the basis of future scenarios of the asset management
environment and so this thesis only presents a momentary snapshot of
the information. The scenario information must be updated with the most
topical information around the decision-making process.

DSO business regulation model effects and company tax planning are out
of the scope of this thesis, although dynamic scenario modelling can be
useful for those purposes as well. /12/

1.5 Research Design

The research design to link the applied data to the research objective is
structured around five general components: research question, research
proposition, unit of analysis, logical linkage from the data to proposition
and interpretation criteria. The research question is how to enhance
decision-analysis in electrical network asset management within a
changing business environment. The research proposition is built around
the observation that changes in the global economy have significantly
greater effects than generally applied electrical engineering focused asset
management approach can take into account. The thesis proposition is to
combine global economy, societal development aspects and electricity
distribution system asset management into dynamic scenario modelling
to compose a decision-analysis which is applicable in the turbulent
business environment. In the specific case described in this dissertation,
the unit of analysis is DSO power transformer asset management cost,
and theresearch is designed to model comprehensive costs to be
applicable in power transformer fleet asset management scenario
analysis. /13/

Asset Management Logics, Criteria and Goals

The applied data is collected with a research question and proposition in
mind to aid decision-making with dynamic scenario analysis. Many
different information sources for electrical system modelling, global
economy dynamics and society development are used and presented step-
by-step in the work. In essence, decision-analysis logic is built on three
fundamentals: decision goals, alternative options and selection criteria.
Decision-analysis in asset management requires a wide range of decision
strategies and corresponding selection criteria in different phases of the
process. The backbone of electrical network asset management is in
heuristic principles from the discipline of electrical engineering, in terms
of understanding, describing and ensuring the functionality of the system.
Standards and legislation lay down an important foundation for local
electrical network design and properties, as they provide representative
rules and boundaries. In decision-making, standards are pre-decisions,
and are needed only to ensure that all requirements are fulfilled. An



empirical approach is required as an adjusting loop from experiences of
the system performance, and also when estimating future performance
based on historical data. /9/ /10/ /13/

After the engineering principles of functionality and normative
boundaries are met, there is still a wide range of possible alternative
solutions. Rational goal setting is used to finalise the decision-analysis.
A historically preferred approach is to minimise present day capital costs
once standards and legislative boundaries are met, but when operational
life-cycle costs and quality costs present a large part of the overall costs in
asset management there is a need for a more long-term approach.
A decision goal which takes into account several cost and benefit factors
over the life-cycle is required. After the technical and societal quality
requirements are met, variable quality costs and benefits mainly concern
the reliability of the distribution services in network asset management.
Reliability aspects can be measured with the availability of the service and
converted to economic benefits or costs based on the cost of interruption
to customers. Interpretive conversions of reliability indices to economic
metrics enable single attribute analysis, hence all other costs, whether
they be labour, investment, energy losses, materials, effort or real estate,
can be expressed through monetary terms. /9/

When standards and legislation ensure the health and safety aspects of
the electrical network and city zoning define structural and aesthetical
boundaries, then a multi-attribute analysis can be functionally converted
into a single attribute analysis. Then the decision goal is to minimise the
total costs, which include: capital costs, operational costs, maintenance
costs and the quality costs from the customers’ point of view. /9/

1.6 Methodology and Structure of the Work

The methodology is built around equations that represent network asset
management related costs and are simulated with different initial future
development scenario data. Methodological mode of thinking and acting
is consultative and is comprised with the systems approach. The work is
documented with linear-analytic structure starting from the description of
the research domain and objective in this chapter. The second chapter
reviews essential international asset management concepts and research
around the dissertation topic. The comprehensive cost functions for
electrical network asset management presented in the third chapter
determine the system causality and are programmed in an excel routine
for the simulations. The data for the initial values in the future
simulations are important. Table 1-5 gives the sources that are used for
initial scenario data in the simulations. /13/ /14/
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General groundwork scenarios for network asset management are
presented in Chapter four and more case specific power transformer asset
management scenarios are presented in Chapter five. The computer
simulation routine is programmed in Microsoft Excel visual basic.
Dynamic scenario simulation results are shown in Chapter six and overall
conclusions of the dissertation in Chapter seven.

Table 1-5 Essential data sources for the dynamic asset management
environment simulation.

MARKET DYNAMICS [Chapter 4]
World Bank - Global Economic Prospects /67/
Statistics Finland information /89/ /91/
OECD statistics /90/
Finnish Business and Policy Forum EVA /76/

ELECTRICITY CONSUMPTION DEVELOPMENT [Chapter 4.3]
Helsinki city zoning master plan 2030 [chpt. 4.3.1]
Characteristic consumption development scenarios [chpt. 4.3.2]
Helsinki city construction statistics [chpt. 4.3]

RELIABILITY MODEL [Chapter 5]
CIGRE fault statistics and guides /51//35/ /59/
Finnish fault survey statistics by Fortum /87/
French survey statistics - RWE /65/
Diagnostic survey in Helen Electricity Network Ltd [chpt. 5.7]

DSO's NETWORK PROPERTIES FOR MODELING (HELEN) [Chapter 5]
DSO power transformer fleet in focus [chpt. 5.2]
Fingrid (National TSO) commercial conditions for DSO [chpt. 3.4]
DSO power transformer fleet purchases information [chpt. 5.5]
DSO power transformer customer distribution information [Appendix 1]

COST OF INTERRUPTIONS TO CUSTOMERS [Chapter 3.6.1]
Finnish research results 1979-2005 /36/

Dynamic scenario modelling is a continuous long-term process and data
needs to be updated at least on a yearly basis. Besides the straightforward
application of updated data, the new information can also be used to
revise and validate the systemic model as well.

1.7  Contribution

The environment for power system asset management is continuously
changing. Global economic shifts make up a significant part of the overall
costs in the asset management of electrical networks. Electrical
parameters are carefully calculated in the distribution system operator’s
decision-making while global economic price developments are valuated
with a single constant. This thesis investigates the possibilities and
benefits of combining a classical power system analysis with global

11



economic scenarios in an asset management comprehensive cost analysis.
This thesis applies the findings of many equipment condition monitoring
professionals from manufactures, academic researchers and specialists in
the energy companies.

Figure 1-11 Thesis approach: the asset manager’s dilemma of combining
four approaches in dynamic scenario modelling: Global economic scenarios,
theory of electrical systems and reliability, maintenance diagnostics and
expert knowledge.

The main contributions are in presenting a methodology for combining
global economic scenarios with electricity distribution system asset
management and in presenting a practical application of the dynamic
scenario modelling with a case study of a distribution system operator’s
power transformer fleet assets. The contribution is not only in the
analytical and empirical modelling, but in combining a wide and diverse
range of inputs to deliver a practical outcome that is applicable in power
transformer asset management right away.

12



2 Asset Management Concepts and
Research

Seeking more from less has been practised for a long time in
human history. This chapter presents the basis of the asset
management concept in electrical networks and specific tools
Jor condition assessment and maintenance applied in network
asset management. Dynamic scenario modelling is built on
electrical engineering, system analysis, component life-cycle
research and applied economics.

2.1 Evolving Asset Management Thinking

Asset management has existed as a background philosophy as long as
there has been the idea to seek the highest benefit from the limited
resources available. A structured view on asset management has
developed along with the research of physical sciences and in the business
sector, especially alongside scientific management development in the
20t century. The more society has faced limitations from lessening
resources compared with demand, the more effort has been directed on
enhancing the useful output from less input. For example, in Finland
during the Second World War and later on due to the payment of war
reparations, the industry was forced to make more from less in order to
survive. During that period scientific management was applied to
maximise the usage of valuable resources. Asset management continues
the heritage of scientific management and international research efforts
have accelerated along with the ageing of vital infrastructure in western
countries and new investments in emerging countries on a massive scale.

/41/ /57/
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Figure 2-1 Evolution of corporal asset management thinking in the

recent decades. /60 Applied/

Asset management thinking has gradually been upgraded from the
operational “floor” level maintenance actions with relations to strategic
asset portfolio management and dynamic strategic planning!. Early
automation rapidly increased operational efficiency and development
steps later on have increasingly connected asset performance with
organisation strategic targets in a systemised and quantitative way.
Increased efficiency requirements and rapid structural changes in
businesses have lead to thinking about asset portfolio lifecycles. This
development is ongoing, especially now with the addition of distributed
automation and diagnostic intelligence to asset systems. Network asset
management is aligned with this general development path when more
ICT components are added for more accurate operations and asset
performance. /60/

2.2 Traditional Thinking in Network Asset Management

Traditional investment processes have been driven by the standards and
ensured by reasonably flexible budgets. Clear simplified rules enabled
functional daily planning with limited computational needs. Reliability
evaluations were performed with deterministic principles such as the n-x
criterion. To make a long story short: a desirable service target was
assured by adhering to robust technical criteria and economic evaluations
were based on single-attribute minimisation such as investment costs. /9/

The traditional planning cycle begins with forecasting the peak load
development in the network area. The next step is to evaluate the peak
load distribution for all systems in order to find if the network can handle
the situation with a deterministic reliability analysis. A case study plan is
made to fix the problem if any deviation from these standards is found.

I Richard de Neufville, Dynamic Strategic Planning for Technology
Policy, Technology and Policy Program, Massachusetts Institute of Technology
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Alternative actions are ranked with choosing the option with the lowest
investment for the fix. /9/
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Figure 2-2 The traditional standards-driven, project-oriented least cost

process described by H. Lee Willis. /9/

Network asset management has been affected by efficiency-thinking,
which has been increasing throughout society over the last decades.
Accordingly, the benefit-cost ratio was developed to prioritise optional
investments only if the benefits outweigh the expenses. This work will also
take different future scenarios into account in the analysis. Historically
deterministic decision-making has been the practice in network
investment planning to a great extent. A deterministic analysis does not
have high computational demands: decisions are based on a simple time-
relation, and are ensured by a flexible and sufficient budget. It is practical
and easy to use, but at the same time the simplified models leave essential
options out. Budget flexibility is also narrowing as the business frame is
and is still changing around electricity distribution companies.

Gradually, theories from business finance, such as real option theories,
are being applied in electrical distribution systems expansion planning
and maintenance management as well. The theory assesses real capital
investment options in sense of timing and expansion. The first
publications of real option theory were published around 1984. /31/ /42/

/44/
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2.3 Defining Asset Management

The various definitions for asset management vary, depending on which
perspective the philosophy is applied. A single business unit can see asset
management as a strategy which aims to balance performance, risk and
cost, for example, balancing network investments with system reliability.
Corporate management can see it as handling the dilemma of which
companies to buy or sell. One example of that is a shift in the car industry:
for a car manufacturer nowadays it is relevant to own Dbattery
manufacturing industry because the importance of battery technology is
increasing due to electric vehicles!. /39/ /15/ /43/

One other example of corporate asset management from the energy sector
is the privatising of municipal owned energy companies. For example, in
2006 Espoo city in Finland sold™ its municipal-owned company to a large
international energy corporate and invested the funds through portfolio
management services. One essential driver for privatisation™ is the idea
that fund management is a more applicable form of asset management
compared to running a city-border-limited energy utility.

The research scope is wide in power system asset management and an
increasing number of publications have been written in recent years.
A significant number of the publications deals with the asset management
concept and some specific subsystem condition asset management. /15/

/17/ /18] [21/ [25/ [57/

I Kariatsumari Kouji, Nissan, NEC Form Li-Ion Battery Company, article in
Nikkei Electronics Asia on  26.7.2007, downloaded 17.10.20009,
http://techon.nikkeibp.co.jp/article/ HONSHI/20070726/136836/

I Espoon Sidhko, Fortum, E.on in Finnish Wikipedia
ur Arola Heikki, Helsingin Sanomat newspaper article, Reduced Stock Prices

Lowered Millions the Value of Espoo City Portfolio, in Finnish:
“Kurssilasku s6i miljoonia Espoon sdhkorahastosta”, 5.9.2008
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Figure 2-3 Number of asset management publications in IEEE (Institute

of Electrical and Electronics Engineers) Power, Energy and Industry
Applications database. IEEE published in the year 2009 approximately one
third of the World’s technical literature in electrical engineering, computer
science and electronics (query date 2.7.2012). /57/

A versatile and up to date definition for asset management can be found
from the most recent standard by the British Standards Institution (BSI)
PAS 55:

“Asset management is 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” /39/

Asset management is divided into subgroups from top-down: /40/

Corporate level

Asset portfolio
Asset systems

Assets

(corporate ownership portfolio of different
companies)

(diverse portfolios like DSO’s entire assets)
(complex functional systems such as sub
transmission network)

(equipment items or components such as power
transformers)
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Corporate Organisational strategic goals

management

Capital investment optimisation

Manage asset portfolio and sustainability planning

Sustained performance cost
and risk optimisation

Manage asset systems

Optimise life
cycle activities

Management assets

Utilise Maintain

Figure 2-4 Asset management frames according to PAS 55 standard.

/39/ /40/

The typical priorities of asset management in corporate management
concentrate on the ownership portfolio of companies and organisational
strategic goals. Although the corporate ownership portfolio perspective is
not in the focus of this thesis, the dynamic investment scenarios
presented later on can be an aid in business action decision analysis. In
general, decision analysis aims to reveal the possible consiquences of a
certain decision or strategy within the applied future scenario. At the
corporate management level, strategical goals usually define the frame for
decision-making in the asset management as well. /39/

Here is one example how a strategic goal is attached to asset management
step by step.

One strategic goal from a multidisiplinary energy corporate which owns
several companies with different asset portfolios, such as various power
plants, electrical networks, distric heat and cooling generation and
distribution facilities :

“ QOur customers and other interest groups have confidence in our
operations and operations are based on good security of supply, excellent
service and high quality.”

High level initiatives at the corporate level are usually qualitatively
indicative because goals are applied to various asset portfolios and
therefore it is not reasonable to define a detailed goal. The more strategic
goals approach the level where asset management is performed in
practice, the more quantitative it will become. A corporate owner and

I Helen Group Strategy 20009; Strategy and the Values of Helsinki Energy
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asset portfolio manager needs to deepen the conversation in order to
specify quantitative objectives.

A strategic goal within a subsidiary company which is applied to a
consistent asset portfolio :

“We aim for a considerable improvement in the reliability of the electrical
network and betterment of the service level.”

“The considerable” adjective is one step from a qualitative to
a quantitative and measurable goal. From that follows the practice of
network planning where the goal should be clear and quantitative. A
network development unit forms corporate high level initiatives into a
measurable variable I:

“ The target is to halve electricity supply system average interruption
duration within the next five years.”

The idea is that the qualitative corporate level goal has to be attached to
measurable performance rates. Setting up and sustaining this system of
scientific management requires the regenerative coupling of abstract
ideas with the predicted properties of the planned future investments.
Revealing the relation between a qualitative idea and a quantitative goal
and network planning with measurable performance rates is the challenge
for transparent asset management. Several analytical tools are needed,
often with a high degree of simplification. The more detailed the
analytical approach, the more attention is narrowed into small separate
islands of the whole asset management challenge. Also, when a more
comprehensive view is applied in asset management optimisation,
influential characteristics may be inadvertently omitted. This challenge is
always present when defining an asset management framework.

Organisations should develop the criteria for investment and action
optimisation from strategic goals through a top down approach.
Simultaneously a practical evaluation should be implemented in a bottom
up approach: starting the optimisation of certain tasks and interventions
from equipment and minor entities, continuing with the life cycle
activities for whole asset system and eventually multiple activities across
multiple asset portfolios. The following figure shows three typical asset
management intervention optimisation types in an asset portfolio
according to the British Standard Institution (PAS 55). /40/

I Helen Electricity Network Ltd, Strategic Goals 2008 in Helen Electricity
Network Ltd.
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Portfolio of assets and asset systems

(types, criticalities, condition, performance)

Acquire/create
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3

Renew/dispose

e olacivter

Figure 2-5 Typical asset management interventions: vertical boxes
denotes certain asset (e.g. power transformers), - Horizontal green arrows
denotes certain life cycle activity (e.g. company maintenance program for all
assets). /40/

1. Specific Intervention optimisation
costs / benefit / risk / timing

For example, the construction of a new sub transmission
subassembly (high voltage lines and substation), where costs,
benefits, risks and timing are optimised from this specific project
point of view.

2. Assetlife cycle optimisation
cost / performance / risk / sustainability
a) Individual assets (whole life cycles)
b) Asset system integration level (performance sustainability)

For example, the optimisation of all company owned power
transformer life cycle activities while optimising performance in
the long run with a certain asset strategy.

3. Activity programme optimisation
cost / benefit / risk / timing of multiple activities across multiple
assets

For example, the optimisation of all life cycle activities for power
transformer assets. /40/

2.4 Comprehensive Conceptual Approach

The asset management concept combines and synchronises management,
engineering and information perspectives. So it harnesses a cross-
disciplinary research from organisational design to the detailed analysis
of technical systems. The asset management term is multidimensional
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and can be understood from very different angles: from a complex
technical system analysis to short economical stock trading aspects. The
following presentations condense the asset management concept from the
energy systems perspective.

Asset Management

Management Engineering Information

Business Strategy Planning System Architecture
Regulatory Strategy Design System Integration
Organisational Design Operations Business Intelligence
Performance Management Maintenance Knowledge Mangement
Process Design Reliability Asset Registry
Resource Planning Protection EAM, CIS, GIS
Decision Analysis Equipment Health CMMS, SCM

Financial Risk Technical Risk SCADA, OMS

Figure 2-6 Asset management according to Brown and Humbrey is
based on three pillars of competence: Management, Engineering and
Information. Acronyms in the information pillar stand for ICT systems such
as (EAM) Enterprise Asset Management, (GIS) Graphical Information
System, and (CMMS) Computerised Maintenance Management System. /15/

Information lays the foundation for actions in network asset
management. Manifold information is gathered from many sources: from
field measurements, technical parameters, factory tests, scientific
societies and economic forecasts. Sometimes information is even based on
the intuition of equipment specialist. This requires data management and
especially a general understanding about the concept. Thousands of
network measurement points are being followed continuously in real-time
and a vast amount of the information is recorded for later use. Several
service providers are working among the network assets and gather
information on site with technical measurement equipment and also
essentially, with their senses. Scientific institutes, system operators and
manufacturers are experimenting on component performance in a broad
range of setups, with numerous scientific publications as an outcome.
Colleagues in the transmission and distribution sector are changing
experiences and information among themselves. Financial information is
always involved when we are dealing with the assets. Component costs
and the commodities market, labour cost indexes, network operational
costs - the amount of data and information is manifold and vast and needs
further validation and filtering case specifically.
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Brown and Humbrey present organisational design and management as
an essential pillar for a functioning asset management /15/. The general
idea behind organisational design from the AM perspective is to reach
a holistic view in the processes and in the business units. For example,
network investment planning has to be in line with asset condition
management and maintenance for a functional asset management.

There are a variety of business drivers in the electricity distribution
business. For example John Rimell presents some of the central
stakeholders in network asset management from the Eastern Electricity
point of view which serves the eastern region of England. There are
obvious beneficiaries such as customers, personnel, financial stakeholders
and the regulator, but there are also influential parties and statutory
organisations that have significant influence on operation policies and
investment decision-making. /17/

Department of
Trade & Industry Street Works
Authorities

General Public Regulator  Staff

Environment

Agency Business User’s
Representatives
Financial
Stakeholders Network Asset Health & Safety
. Executive
- Management Planning
Electricity
Suppliers Embedded
PP Generators
Landowners
& Agents Authorities
Customers Developers Planning
Figure 2-7 Some of the influential stakeholders around the electricity

distribution business according to John Rimell. /17/

Each stakeholder brings their own drivers to the business in the form of
quantitative or qualitative performance measures. For example, the
finance and continuity of the supply targets can be presented with
numbers, but there are many embedded qualitative drivers, such as
environmental limitations and license conditions fixed by law. Rimell
categorised drivers under six main headings which are then linked to
network activities: /17/

% Financial

« Customer

< Distribution System Operator Licence
% Regulatory

< Statutory

< Environment, Health & Safety

Previous references underline and present a variety of attributes to be
considered in power system asset management. Balzer et al. continues
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from this general view to an analytical practice and the asset management
process is divided into four levels according to a top-down process:

Evaluation of the overall strategy for the complete fleet of
equipment

Result: evaluation of the yearly budget, life cycle cost of the fleet
Utilisation of the reliability centered maintenance method

Result: consideration of which equipment has to be maintained /
replaced, depending on the condition and importance for the system
taking into account the yearly budget

Selection of suitable maintenance activities

Result: optimal maintenance strategy for the considered equipment,
e.g. risk assessment, equipment life cycle costs

Optimal service for the components
Result: detailed service activity which has to be applied. /21/

Asset management in power systems is related to a multitude of factors
and so every attempt to present the whole process and relations in one
figure demands simplification. Balzer (et al.) describes the functional
chains between finance, personnel, technology, customers and company
factors. /21/

» Personal operational Finance
expenses expenses
1
Staff total
expenses
Company
human material = investment
resources expenses expenses financial .
A resut % benefit
1
new = 1‘
[ investment |
replacement/ 4 system
service @ ——® equipment —p o} 4———‘
activities Concltion
consumption
A
power
& Customer
|
Technology R&D quality
customer
behavior
Figure 2-8 Functional chains of the asset management process

considering finance, staff, technology, customer and company owner
according to Balzer et al. /21/
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Every white box illustrates an entity of analytical analyses build on
quantitative or qualitative information based on the nature of task. These
matters described in each white box in Figure 2-8 are relevantly simple,
and transmission and distribution companies have performed these
analyses for a long time with an increased benefit-cost focus and with
increased applications of ICT. The analyses were and still are made with a
narrow point of view. The main enhancement from asset management is
the idea for a joint comprehensive analysis. /21/

Asset management involves a lot of information and so one essential
demand is a structured data handling. Martin and Bamford /25/ classify
four different approaches on the basis of complexity and discrimination:
complexity characterises the number of attributes and factors taken into
account in a maintenance strategy study, discrimination describes the
ability to rank criticality from the highest to the lowest, for example.

There are several tailored computer programs for asset management such
as RiBAM (risk-based asset management), Infor EAM (Enterprise Asset
Management) and TAMIS (Transmission Asset Management Information
System). Also, network information systems can include asset
management modules, such as Tekla XPowers’ RNA/AM (Reliability
based Network Analysis and Asset Management) and Siemens PSS
(Power System Simulation) Sincals’ probabilistic reliability calculation
module SINCAL-ZU. Usually programs are not immediately applicable
without adjusting or at least understanding the assumptions and presets
in the simulations.
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Figure 2-9 Complexity and discrimination for various maintenance

models according to Martin and Bamford: KBAI means Knowledge Based
Asset Integrity, RCM Reliability Centered Maintenance. /25/
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An expert opinion is the most common strategy in the relatively simple
maintenance planning, where asset risks and costs of the maintenance
actions are low. Lightly documented analytical assessment methods are
appropriate when the discrimination requirement rises and there is clear
information available. One typical example is discrimination on the basis
of the operational age for a low importance component. A knowledge
Based Management approach evaluates the risks and the consequences
for finding the critical assets and for directing the maintenance effort. The
division between reliability centered maintenance and complex
engineering analyses is hazier, however both methods deal with
incomplete information and usually involve higher risks, wider
consequences and costs of maintenance or renewal operations.

2.5 Condition Asset Management

The next reference shows an example assessment of 110 kV circuit-
breakers for replacement and service activities described in the functional
chains shown in Figure 2-8. The basic idea in ranking actions is to assess
components based on their condition and importance from the system
point of view. Component condition information is the foundation for
quantitative asset management and it usually results from various
analyses. Many times a qualitative assessment by maintenance personnel
resulting from intuition from all the information available in the case is
also included. Information collection is expensive so an asset manager
must decide where would be the limit of effort put into condition
assessment. A detailed laboratory inspection of the component condition
is not possible because usually the process must run while assessing the
system. /21/

In the case of 110 kV circuit-breaker condition assessment measurement
methods for ranking could be, for example: /22/ /23/

< Age, manufacturer, environmental location
< Partial discharge measurement

% Gas analysis and density

% Insulating oil condition

% Visual inspection

% Infrared photography

% Switching time monitor

% Impedance measurements

% Frequency response analysis

The importance is determined by assessing the effects of the component
failures on system reliability. In this method (Balzer et al.), measures
from 0 to 100 are given for the whole component fleet for describing its
importance and condition. The distance from the 45 degrees zero-point
line is the base for the ranking. /18/
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condition

A B C D E F G H I J K L M N

60 circuit-breaker
importance
Figure 2-9 Assessment of 110 kV circuit-breakers, on the right is a

priority diagram of circuit-breakers for replacement, according to Balzer et
al. /18/

The priority determines the order for the actions but it does not define
suitable maintenance strategy. The financial attribute needs to be taken
into account to choose appropriate actions:

- extension of the time in operation by changing service interval,
- replacement of all components,
- refurbishment and retro-fit actions where certain parts are

replaced,
- upgrade or system enhancement
- redesign and re-configuration of the system. /18/
c
100
renewal
section
Cr
d
maintenance
section
i
Figure 2-10 Evaluation of the system performance index (SPI) according

to Balzer et al. /18/

Condition E1 is a start value and the transfer to E2 illustrates a transition
followed by a refurbishment. E3 presents the result of the replacement.
The maintenance strategy which gives the longest transition in the
condition dimension per financial expense results the highest system
performance index. /18/

There are several publications covering network asset maintenance
prioritisation and reasonable service strategy. The basic elements in all
these are determining the condition of the assets, creating priority for the
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actions, assessing overall benefit/cost of different actions and following
the best practice. /18/ /24/ /27/ /32/ /33/ /54/ /58/

The electrical transformer is one of the most historically analysed
components in power systems engineering: In the year 2010 20" of
March, the IEEE database of power, energy and industrial applications
included 612 817 publications and 14 345 deal with transformers. For
comparison, that is six times more compared to overhead lines and 26
times more than asset management publications. /57/

Weighted | TRANSFORMER PRORITY INDEX
Condition (TPI)

VITAL [ CRITICAL | IMPORTANT
5

Factor

Figure 2-11 Transformer condition ranking matrix according to
‘Weidmann-ACTI Inc., David Woodcock. /58/

One important task for an asset manager is to contemplate all asset
related actions and undertakings: George Anders and John Endrenyi
compare overall economics for different approaches, also with the option
of ceasing all maintenance actions. /11/ /24/

One of the aims in asset management is to make the most of the system
considering financial and quality performance. There are several
approaches to the balance required between maintenance and renewal
investment: Anders and Endrenyi present life curves for comparing
maintenance policy effects on the operational life time of equipment.
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Figure 2-12 Two life curves according to Anders and Endrenyi for the

same equipment under two different maintenance policies where operating
conditions are assumed to be the same. /11/

An economic evaluation of different maintenance policies involve all the
case related maintenance activities and expected number of failures. A
general way to describe the future costs of different maintenance actions
is to use present values. Typically, the price levels of these actions are
assumed to stay the same.

iaintenance
ailure

me

Present Value of Costs in
Ten Years (US $1,000)
&

s
T

==

T 1
Continue  Stop Al Overhaul Install New
as Before Maintenance Breaker

Figure 2-13 A Cost diagram for the various maintenance policies with a
ten year time horizon and with a three year time delay for the beginning of
the new policy. /24/ /11/

In this evaluation example the most expensive option is to stop all the
maintenance actions, the most cost-effective options to continue as
before. For achieving the highest quality, a new breaker should be
installed, meaning higher costs compared to the current practice.
However installing new equipment would be cheaper than to cease all
maintenance actions. /24/
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Figure 2-14 Total reliability costs presented by Allan and Billington. /16/

After the comprehensive asset management research, the relation
between costs and reliability from the customer and utility perspective
can now be discussed.

2.5.1 Life Cycle Research

A life cycle assessment goes deep into the physical fundamentals of the
system when evaluating the current asset condition and the effects of
various maintenance and operational policies. An asset manager must
link material physics and a thorough understanding of the system
functions and economics to gain an overall picture for decision-making.
All asset managers need to find and combine relevant information, so the
same need is faced in this research.

A power transformer is one of the most important components of the
power system and it is a relevantly old invention of the electrical age. The
invention of the power transformer in a constant AC power supply system
dates back to the end of the nineteenth century /32/. Thus, a lot of
information for transformer life cycle management is available today.
Despite this, robust time-based and deterministic decision-making is the
common practice, although there is lot of information available for case
sensitive decision-making. Information by itself does not make the
difference in asset management, but the whole process in decision-
making needs to take these pieces of information into use. A new way of
decision-making requires a lot of effort and when things are running quite
well in the transmission and distribution sector; the adoption of new
methods is not so tempting.

A general approach for transformer aging is to model the degradation of
the insulation paper. A classical aging theory is based on the Arrhenius
equation, which was developed in the 17t century. This equation models
the dependency between absolute temperature and the chemical reaction
speed. Montsinger conducted practical experiments in the special case of
degradation of the insulation paper in oil in the 1930s and further
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developed the Arrhenius equation. Since then Montsinger’s equation has
been the most common way to model the aging of insulation. /27/

Asset management aging models in some cases combine analytical
equations and probabilistic methods at the same time. For example,
amodern application of the Arrhenius equation with a probabilistic
sensitivity analysis presents the degradation of transformer paper
insulation and reliability of the component based on an aging model.
Arjan Schijndel presents an example calculation of the degree of
polymerisation (DP-value) on the basis of time in an IEC standard with
98 °C normal aging reference temperature with a 5 °C range of change.

/33/ /52/
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Figure 2-16 An example of the time evolution of the degree of
polymerisation (DP) value and the DP-threshold with accuracy bandwidths
according to Arjan Schijndel /33/. The degree of polymerisation value
describes the condition of the power transformer insulation paper.

The degree of polymerisation value of the transformer insulation paper
describes the tensile strength of the material. The tensile strength of the
insulation paper is under pressure, especially when something abnormal
occurs during transformer operation. Transient fault currents create
physical forces and movement in transformer windings. A major question
then is will the paper insulation tolerate movement without tearing apart?

The following Arjan Schijndel model presents the reliability evaluation of
transformer paper insulation according to operation years. The
calculation is made at a constant 98 °C reference temperature, which is
a relatively high value compared to average Finnish network transformers
where average loading is around half of the nominal. Figure 2-16 shows
that after around 10- 20 years in operation the paper DP-value
approaches 200-150 level, which is considered to be the end of life of
paper insulation: the brittle paper tensile strength is then so low that it
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would crumble if there would be any transient current based movement.
When the DP-value is around 200-300, the tensile strength drops to the
40-60 % level compared to new paper. The localised transformer
breakdown voltage drops remarkably when the insulation paper cracks
and then partial discharge can start to self-destruct the transformer at an

increasing pace. /33/ /54/ /27/
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Figure 2-17 Paper insulation failure probability versus time without

measured input and with the incorporation of a degree of polymerisation
value measurement after five years in operation. /33/

Paper insulation failure probability does not exhaustively present the
whole network power transformer failure probability but it shows the
probability of surviving or breaking in the situation where paper tensile
strength is on the line. The failure probability distribution is relevantly
wide in Figure 2-17, especially when there are no DP-value calibration
points to verify what the insulation condition is. In this example,
diagnostic information after five years in operation narrows the
distribution by approximately five years from both ends. /33/

There are other factors besides temperature which affect paper insulation
ageing. Lundgaard et. al models the effect of water and oxygen content,
and oil acidity in the Kraft paper degree of polymerisation /53/. Analytical
ageing models are still being developed to take more details into account.
An asset manager usually has to operate with different pieces of
information, where only some factors are analytically modelled.

The next model shows an empirical approach for evaluating the ageing of
paper insulation in transformers. The consequences of different timely
maintenance on ageing are also reflected on. Generally, electrical
networks in Finland are built with n-1 redundancy when substation level
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power transformers are considered. Because of that, a power transformer
under normal operation conditions is near the half of the rated loading
capacity and the operating temperature is much lower than the theoretical
temperature aging models. The following figure shows the DP-
development for a typical network power transformer from a statistical
point of view.

DP-number
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Figure 2-18 A specific use case model for the development of the DP-
number of a paper insulation in a power transformer with lower loading
history. During the transformer overhaul the paper insulation and oil are
dried, which slows down the degradation process. Right timing for overhaul
is essential: in this figure the correct timing is around 20 to 25 years. /26/

The significance of water, oxygen and acidity content in oil increases over
time when the transformer operation temperature is relatively low.
The degradation process of paper insulation creates water and the water
in paper auto-accelerates the degradation by itself. This auto acceleration
theory is visible in the curve in Figure 2-18: towards the end of the paper
insulation life-time the degree of polymerisation accelerates due to the
auto-acceleration phenomena. Lehtonen presents the idea that it is
reasonable to schedule major transformer overhaul before the auto-
acceleration process speed up significantly due to the paper degradation
increased moisture content. /53/ /26/

In practice things are usually even more complicated than one glimpse at
the ageing models might indicate. The paper insulation aging effects of
temperature, oxygen content and acidity in oil are proven facts, but still
these theories need to have diagnostic information for more pertinent
judgement. Structural solutions also have a large effect on the life cycle of
transformer and a diagnostic approach gives valuable information on how
aging is proceeding in a particular case.

One of the most common cooling solutions for oil-immersed power
transformers is the Oil Natural Air Natural (ONAN) system, where oil is
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moving inside the transformer tank on the basis of oil thermal expansion.
An aging model in this particular case can evaluate the natural oil flow
from the top and bottom oil temperature difference. In normal cases,
the temperature naturally rises with height in such a way that the highest
temperature is near the top of the winding. Unambiguous hot-spot
location requires several fibre-optic measurements, but with natural oil
flow, the hot-spot is generally located slightly inside from the top of the
winding, although the hot-spot location can differ largely due to the
winding structure and if the oil flow is forced. The hottest spot in the
winding suffers the highest paper insulation ageing stress as well.
The following figure shows the DP-values along the height of the winding
of an Oil Forced Air Forced OFAF cooled power transformer. /52/ /55/

/56/
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Figure 2-19 Example of a power transformer unit’s* low voltage winding

DP-values along the height after 20 years in operation: Height 100 % is the top
of the winding and o0 % is at the bottom. *) Unit information: Generator
transformer of nuclear power plant, 415/20 kV, 800 MVA, OFAF-cooled,
manufactured in 1977, DP-value measured in 1998, average loading 90 % of
nominal power, average top-oil temperature 50 °C. /27/ DP-value
measurement results and /54/ assumption model are combined in the figure.

The hottest spot seemed to be located quite low on the winding, around
one fifth of the length from the bottom to the top. Forced oil flow can alter
the hot-spot location remarkably as does the winding structure.
Figure 2-19 also shows the assumption, which is based on natural oil flow
where hottest spot is located little bit inside from the top of the winding.
According to the natural convection thermal model assumption, the
temperature as well as the degradation effect decreases from the top
winding hot-spot to the bottom of the winding. /27/ /52/ /54/

Asset manager needs to understand the fact that we are dealing with
incomplete information and theories. International research is searching
for solutions for theoretical aging models, for example, on transformer
insulation degradation, which is useful, but not as one thorough
representation of the asset manager’s dilemma. A statistical asset analysis
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and especially diagnostics solutions provides useful information in
addition to theoretical models.

The following example shows the relevancy of the combination of
a statistical approach and theoretical model. The effect of the temperature
has been historically overrated because relatively few network
transformers fail solely due to the temperature degradation. Network
power transformers are used with lower load compared to the severe duty
cycles industrial transformers are subject to. An international statistical
failure survey points out that there are several types of transformer
failures and the following figure shows the distribution of failure
locations. Data from more than 7000 transformer units were gathered
during 1968-1978 from 13 countries including Finland. /27/ /50/ /51/

Core
Other 3%
12%

Tap-changer

/

A
Windings |
19% |
\
b
. 4
Bushing
12% Leakage
13%
Figure 2-20 Transformer failure statistics of different components

reported by Cigre and presented by Jongen et. al. The failure statistics consist
of approximately 800 fault cases. /50/ /51/
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Almost half of the transformer component failures in the CIGRE survey
were attributed to defects in design, materials and manufacturing. /51/

So far, this chapter has condensed many international research results
from transformer life cycle management with several practical, statistics
and theoretic attributes. One reason for this deep-narrow transformer
condition perspective is to point out the fact that, besides theoretical
modelling, asset manager needs practical diagnostic solutions to calibrate
the overall condition attributes of the unit. The need for diagnostic
calibration rises from the fact that the asset condition theories are not
unambiguously comprehensive in reflecting the real world without
current condition information. Another essential reason for the condition
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monitoring is that the real component manufacturing deviates from the
theoretical presumptions of homogenous structure, which was visible in
the Figure 2-19 case example.

2.5.2 Condition monitoring

The online condition equipment manufacturer GE Energy markets the
transformer online gas monitoring product Hydran also as a potential
reduction for insurance costs. The Cigre guide on the economics of
transformer management presents a simple calculation method for the
evaluation of the total benefits for an online monitoring equipment
investment. The next figure shows an example evaluation for a
transformer fault type and probability for the transformer with and
without online monitoring. /59/ /61/

Cverall Transformer Existing Diagnostic

On-Line Monitoring Failure Type
Failure Rate Technigues Detection Probability
Detection
Without On-Line -
Moniforfng Detectable
Percent: 30%
Failure Rate ! Probability: 0.003 Catastrophic
Percent: 1% Percent: 10%
Probability: 0.01 i Not Detectable ( Probabitiy: 0,0007
Percent: 70%
Probability: 0.007 L Non-Catastrophic
Percent: 90%
Probabiltiy: 0.0063
With On-Line
Monitoring
Defectable
‘ S Percent: 30%
Fallure Rate Piobabilty: 0.003 Doteciabio
Percent: 1%
Probability: 0.01 Percent: 60%
- U e Catastrophic
R Not Detectable Probability: 0.0042 ——
Percent: 70% — US|
Probabiltiy: 0.00028
Probalbilfy: 0.007 Nor Derectable (
Percent: 40% -
Probabilty: 0.0028 L Non-Catasfrophic
Percent: 90%
Probabiltiy: 0.00252
Figure 2-21 Power transformer failure probability trees with on-line

monitoring and without it applying existing traditional frequent off-line
diagnostic detection. /59/

The Cigre guide presents two probability trees in the example calculation
with difference that online monitoring reveals indicatively 60 percent of
the incipient faults compared to the situation where only frequent
diagnostics are applied. This particular calculation method means that
catastrophic failure probability decreases from 0,0007 to 0,00028 per
year and non-catastrophic failures also decrease in the same proportion.
A key measure in this example is the assumption of the fault detection
rate for online monitoring equipment. A sensitivity analysis is beneficial
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to evaluate the reliability modelling and the applied rates should be
updated with topical information. /59/

Generally, online monitoring equipment prices have decreased and are
still decreasing due to the development of ICT development and
the increasing application of such technology /59/. The earlier Cigre
calculation is applied in the fifth chapter to evaluate the benefits in the
Helsinki power transformer scenario with the findings of local attributes
for reliability. Increased asset condition knowledge enables investment
delay to some degree without decreasing reliability compared to the
situation without on-line condition monitoring. /72/

2.6 Summary and Discussion

The central purpose of electricity distribution asset management is in
balancing comprehensive costs throughout the asset life-cycle and to seek
return on investment. Asset management decision-making is dependent
on a significant number of factors and in many cases there is no
unambiguous model for these factors. It requires lot of case related
incomplete data which still is dependent on expert judgment in applying
the information elsewhere. One example of this is power transformer
paper insulation’s degree of polymerisation as a function of operational
time. Nevertheless, there are enough data to model the development with
a sensitivity analysis to understand its relevance in the overall asset
management costs. Reliability statistics are important and when electrical
network components are already very reliable, there is a need to gather
information internationally in order to get sufficient data for the analysis.
This thesis applies power transformer failure statistics in assessing quality
expenses. Three different statistical sources are applied: Cigre
international surveys, Fortum service’s local Finnish surveys and RTE’s
fleet analysis statistics. /35/ /51/ /59/ /65/ /87/

The PAS 55 standards along with Balzer’s research for asset management
concepts form an important base for this work, where global economic
scenarios and local information are applied /40/ /21/. The increasing
trend for online monitoring requires an analysis of its significance, and
Cigre guide gives the initial background for this undertaking /59/.
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3 Economic Modelling I: Dynamic
Cost Function

A comprehensive cost function is the mathematical
Jundamental for quantitative scenario modelling. This chapter
presents the equations which are used to model asset
management cost behaviour. Naming the main cost functions
Jor electricity network investments is simple, but detailed case
applicable functions are long: that is why the equations are
presented step by step.

3.1 Comprehensive Asset Cost Function

A logical cost partition for overall expenses is the division into capital,
operational and maintenance expenses /9/. In addition, factors related to
quality - mainly concerning system reliability and environment must be
taken into account to make a comprehensive cost function. Also, the
present day regulation model in Finland has a marked effect on
a distribution network company’s investment programs through allowed
profit and operational efficiency improvement obligations. The capital
and the operational expenses are direct expenses to the distribution
system operator, whereas the maintenance expenses comprise from the
direct expenses of preventive maintenance and expected expenses of the
corrective maintenance. In this thesis, the quality expenses reflect the
fundamental societal valuation for the continuity of the electricity supply
service, hence giving the actual reference point for the asset manager
beside the qualitative targets of existing service standards and the
common engineering aim of functioning systems.

Cost function:
Cmtal = Cvapex + Cnpex + Cmaintex + Cqualex (3«1)
Where,

Croral Comprehensive expenses Cuiex Maintenance expenses

C capex Capital expenses qualex Quality expenses

C Operational expenses

opex
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Each constituent part of the cost function includes relations to several
factors, such as electricity consumption, material prices, state of the
economy, city development and zoning, component reliability and
maintenance intensity. The whole dynamic cost function is quite long and
the final detailed case applicable function varies between each case
because of the different relationships and needed emphasis. The general
relations are first presented.

3.2 Physical Asset Life Cycle

The figure below represents a basic view of the behaviour of physical
assets: there is a certain life time for the materials which determines the
expected duration of the operational life. To reach the required life time
reliably, a maintenance program is usually needed. This includes several
smaller frequent and condition based maintenance actions and perhaps a
major overhaul once the component’s life cycle. The maintenance
program varies depending on the nature of the component and its loading
characteristics and criticality. From the asset manager’s point of view,
the focus is on operational time up until the renewal process; the
manufacturer optimises the component construction based on
international standards and customer specifications.

Network Asset

Life Cycle Manager's focus

/ // Maintenance Progh \ \
[

Materials o
Construction Operational time Decommission

Figure 3-1 The lifetime concept for ageing infrastructure. This work is
focused on the part of the life span from the manufactured element to the
renewal process. /83/

The entire electrical network infrastructure is a complex combination of
these elements, and is planned to operate at all times. Thus, investments
and maintenance strategy have to be comprehensively planned and
optimized for the desired service target. A sub-transmission and
distribution network is constructed from tens of thousands of components
which have a varying life cycle. Merely in the substations there are
interconnected systems such as building, high voltage switchgear, power
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transformer and auxiliary systems which have a life cycle length from
some years to even a hundred years. An asset manager has to have a
comprehensive view of this matter in order to schedule actions logically.
A deep understanding of the components and interconnected systems is
required when integrating the overall asset management program.

3.3 Capital Expenses

Capital expenses for an electrical component are related to material
and manufacturing costs. Each component type has a different material
fingerprint, which needs to be taken into account with the involvement

factor f,, Almost always there is some kind of construction site

at(x,m) *
where these components are finally installed. In fact, construction costs
play a major role in the overall network expenses and the building cost
index curve portrays that part.

(t) s 1)
capex zpss(,\) IO {Z - (m)(t mat (x,m) + llwm(g )) fcons (x) ll/ab(( ))ﬁab(x) (32)
0 cons \"0 lab

y=l Lnar (m)

where,
f mai(xm) Cost involvement factor for manufacturing material » for subsystem x
Sooons (x) Construction cost relation to whole subsystem x investment
Srab ) Labour cost relation to whole subsystem x investment
Eat () () Nominal material m price index value in the future moment
ma,(m) (ZO) Manufacturing material m price index present-day value
lwm(t ) Nominal construction price index value in the future moment (t)
Toons (t0 ) Construction price index present-day value
i ,gb(t ) Nominal labour cost index value in the future moment ¢
Iiap (to ) Labour cost index present-day value
Pasn) (to) Present day price for a certain subsystem x investment

For example, when negotiating about future purchases, global power
transformer suppliers want to bind a sale contract with a price clause on
metal, oil and labour cost indexes. A network Company can try to
negotiate a fixed price even for the future, but in that case a manufacturer
has to evaluate the material price risk and name the price for it.
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Copper Price Development 1999 - 2009
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Figure 3-2 Copper Price development in London Metal Exchange /34/

The material price effect for a company operating in the energy sector is
so significant that it is reasonable to inquire and observe the commodities
markets frequently. For example, power transformer prices have
approximately doubled during the years 2003 to 2008 due to the increase
in manufacturing material prices and the global investment pressure in
the markets.

Capital Expenses for power transformers

The next list presents an applicable solution for the transformer price
clause relations and material and index involvement factors! which are
applied later on:

Carbon steel 25 %
Copper 20 %
Transformer Oil 10 %
Labour costs index 40 %
Producer Price index 5%

Transformer price factors are based on the manufacturers’ terms of sale,
but instead of labour costs and a producer index, manufacturers’
commonly use fixed rates. A calculation model is used with the power
transformer prices used by Helen Electricity Network and thus it
describes transformer future prices more case sensitively. The installation
environment also differs between city centre underground and suburban
substations, and so site installation specifics have to be taken into
account.

I Price clause relation indices for power transformer capital expenses are derived
from the Helen Network Ltd’s data reflecting closely the actual unit purchases.
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The annual capital costs for power transformer unit:
Coapex pr(t) = Cor For(t) + Coion Fanon(t) + Coup Forn(t) + C speciar Fpecian(t) (3-3)
The cost involvement factor for power transformer price:

iy (t) ’sr (t) il (t) Iiab (t) ’pro( t)

for(t)= fa * foet Jon * for_ta for oo (34)
o Cu(t ) : St (tO) * Oil(t ) o lab(tO) - Ib pro (t ) o
l/ab (t) Loro (t)
p ( ) f ai f cons (3‘5)
MOH Iabitoi MOH _I b pm to MOH _
ecl (t) Ia (t)
fow(t) = —(OC:D ;Chh U)fow tech /Lbb(to)fDLDJub (3.6)
specm/(t) Cons((t)jf special _cons (37)
cons 0 N
Where,

Ceaper T, (f) Power Transformer unit’s capital expenses in the year: (€)

Cpr PT investment price in the beginning of assessment (€)

Crion PT major Overhaul expenses in first year (€)

Corp PT on-line diagnostic (OLD) equipment investments in first
year to (€)

Copecial PT special installation expenses in first year to (€)

i (t) Price relation indices development along the time for
different cost elements, such as construction or labour costs

feu Subsystem price relation factor for copper price

fs Subsystem price relation factor for steel price

Sou PT unit price relation factors for oil

S tab PT, MOH or OLD price factor for labour costs

f «_pro PT, MOH or OLD price factor for producer price index

Lo cons MOH and special installations price relation factor for

) construction cost index

Puon(t) Major overhaul price relation factor in the year ¢

Jop (@) OLD investment price relation factor in the year ¢

Special® Price relation factor for special installations in the year ¢ ,

e.g. underground substation

Power transformer capital expenses comprise of investments, installation,
major overhauls and diagnostic equipment expenses, which are
dependent on the price development of the different materials and labour,
and also on construction and producer index development.
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3.4 Operational expenses

Investments have an effect on operational expenses and so the
decision-maker has to be aware about the balance between capital and
operational expenses. Here operational expenses for a certain investment
are considered to be a function of network losses and changes in
personnel costs and Transmission System Operator grid fees. Operational
cost evaluation is based on forecasts: first, electrical network structure,
operation and loading determine transmission and distribution losses and
second, energy price forecasts determine the overall costs for the network
losses.

The main parameters behind operational expenses:

Cupex (penergy(t)’ Aznetwork’ Snetwork(t)’ Acpersonneb ACgridfee’ cLossCapaciy ) (3'8)

where,

Penergy (?) Energy price as function of time

Az etwork Network impedance changes due to an investment

S, etwo,k(t ) Network loading as function of time

Ac personnel Changes in the personnel costs due to an investment

Ac ridee Changes in the National TSO grid fees due to an investment

C LossCapacity Network marginal costs for the required loss transfer
capacity

Transmission

grid fee

~ Construction
Costs

Figure 3-3 Cost factors that have an effect on operational cost
development when there are no changes in operational staff.

A specific equation for operational costs in the earlier mentioned power
transformer investment example can be calculated for different scenarios
related to consumption and energy price development, and also to
network construction and labour cost scenarios. The transformer loading
scenarios are made for 17 years ahead until the year 2030 and they are
based on different city development plans and economic prospects.
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Equation for yearly operational costs for the power

transformer (PT):

Cape.\‘PT (y) = [pLoadLossE (y) .

+ {pNoLoadanE (y)

+ Crrnsmc (P

Where,
CopexPT(y )

P roadiosse (V)

D oLoadLosse (V)
Crsofeept
E\paidtosspr (V)
E Novoadrosser (V)

CTransMC

TransformerLoss

Lenergy (V)
Icons (V)

ienergy (y) ) CDI‘!S (y)

u)m( 0 )

+ Crsoperr (Vo

] LoadLossPT (y)

energy (y 0 )

ener (y) Leons (y)
L + CTSOfuPT (y()) NnLnadLassPT (y)
energy (yO) Leons ( 0)
D ) Z.L()n\' (y)
TransformerLoss
& wns (y 0 )

(3.9

Yearly operational costs for the power transformer in
the year y

Load loss energy price in the specific year y

No-load loss energy price in the specific year y
Balanced TSO grid fee for PT loss load profile
Yearlyload loss energy for the PT unit in the year y
No-load loss energy for the PT unit in the year y

Yearly marginal cost for building the power loss
transferring capacity

Peak power for the losses of the power transformer
when peak responsibility factor is 100 %
Energy price index in the year y

Construction price index in the year y

Equation for yearly power transformer load and no load losses

in the year(y):

8760

S(/’l) feLoadPT ()’) ’

S 1oagrr (Vo) .10
ELoadLossPT (y) =P % (3 )
h=l N
E Notoadroser (V) = Z PTon orr (V1) Pyopoaan (3.11)
Where,
Boaay Power Transformer nominal load losses
Pyoroad x Power transformer no-load losses at the nominal
voltage
S(h) Transformer loading for hour / of the year

S etoaarr (¥)
J1oaarr (¥0)
Sy

PTONfOFF(yah)

Load growth factor for the year y
Load growth factor for the first simulation year y,

Rated power of the transformer

Boolean value whether power transformer is in

operation or not during the hour / in the year y
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The Load Growth factor is calculated on the basis of peak load
development scenarios created for every power transformer. Peak load
development scenarios for winter and summer time are used in the load
growth factor by weighting winter peak load with 2/3 share and summer
time with 1/3 share.

fL dPT(y) = 2P€WimerPT (y) + PESummerPT(y)

3 (3.12)
2P inter: (y ) + P ummer: (y )
Jroaarr(Vo) = PrinterPT 220 3 . Pt
2 2
[ Setoaarr () j _ [ 2Py ierer (V) + Prsummerer () J (3.13)
S toaaer (Vo) 2By inerer (Vo) + Poymerpr (Vo)
‘Where,
Py it errr (V) Power transformer winter peak load in the year y
P merer (V) Power transformer summer peak load in the year y»

The National Transmission System Operator’s (TSO) grid fee for
a local Distribution System Operator (DSO) is based on four factors: total
electricity consumption, hourly power transfer, reactive power balance
and amount of TSO to DSO connection points. The total electricity
consumption factor has a different expense for wintertime and other
consumption. The TSO grid fee changes due to the fact that the power
transformer losses are roughly around 5 to 8 percent of the total units’
operational expenses. A balanced grid fee for power transformer losses is
calculated on the basis of electricity consumption division between
winter time (January, February, March and November, December) and
other time (April to October) in Helsinki.

Equation for balanced TSO grid fee for power transformer
losses (€/MWh):

ELOSS WinterPT (.X) ELosxOrherPT (x) C

E TSOfeeW int er E TSOFeeOther + CTSOImnsfer
LossYearPT ()C ) LossYearPT (x )

CTSO/’eePT (x)=

(3.14)
Where,

Crsoperr (x) Balanced TSO grid fee for power transformer x losses

E

LossW interPT Power Transformer energy losses in winter time

E, omerrr Power Transformer energy losses at other times
E,,  vewrr Power Transformer energy losses in the year
CTSO/'eeWmt - TSO grid fee for winter time consumption
CTSO/L,L,O,M TSO grid fee for other time consumption

C TSO transfer cost for DSO

TSOtransfer
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Table 3-1 Fingrid TSO grid fee unit prices 2008-2013.!

2008 2009 2010 2012 2013
Consumption, wintertime 2,16 2,28 2.4 2,52 | 3,48 | 3,94
Consumption, other time 1,08 1,14 1,20 | 1,26 | 1,74 | 1,97
Use of grid, input into grid 0,30 | 0,30 | 0,30 | 0,30 | 0,50 | 0,70

Use of grid, output from grid| 0,66 | 0,68 | 0,70 | 0,72 | 0,80 | 0,90

Naturally the winter time consumption TSO grid fee is higher as peak load
demand is in winter times. In the year 2010 in the Helsinki DSO area, 46
% of the consumption occurred in the TSO defined winter time and 54 %
outside this time. Nevertheless, during the winter time power
consumption is higher and power transformers are loaded at higher
levels. Note that load losses increase in relation to the square of the power
as well. The following figure presents the Helen Electricity Networks
power transformer fleet loss energy shares in the winter and at other
times.

Power Transformers winter time / other time - loss division
100 %

90% -
80% -
70% - Winter time-51% o
60% - ~ ':’" ’
50% -t b
40% -

30%

20% - -
----- Winter Loss Energy Share

0, 4
10% Other Loss Energy Share
0% T T T ‘ ‘

1 6 11 16 21 26 31 36 41 46 51 56

!
1
’

4
3

Othertime-49%

Power Transformer Units

Figure 3-4 Power transformer loss energy shares in TSO’s winter and
other time.

So, 51 % of the yearly power transformer losses occur in the winter time
and 49 % in other times on average. Some power transformer units are
located in residential areas where there are electrical heated houses and
so there the winter share is of course higher. TSO grid fees also depend on
the generation of electricity in the DSO subtransmission network. In the
year 2012 there are approximately 1100 MW of electricity generation
capacity in Helsinki, which is so far connected to 110 kV subtransmission
network owned by Helen Electricity Network LTD. This generated

I Transmission System Operator — Fingrid Oyj, Fees for TSO Grid Service,
http://www.fingrid.fi/en/customers/
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electricity reduces the TSO grid fee transfer costs, but this has such a
marginal effect in this evaluation and so the average between the input
and output transfer costs is used. The balanced TSO grid fee increases the
power transformer loss energy cost with 3,8 €/MWh in the year 2013 and
future TSO grid fee development is related to construction cost index
development scenarios, as stated in Equation 3.9.

Building the subtransmission network is costly and it also concerns
the capacity that has to be built to transfer the power losses in the
substations and in the distribution network. In this example
the subtransmission transfer marginal cost is evaluated in terms of power
transformer losses with the following equation.

Equation for annual transfer capacity marginal costs (€/kW/a):

CRCTmn: r (1 + r)’h/unm(,

Crransic = P TransformerLoss (3.15)
TransCapacity (1 +r ) eime — 1
‘Where,
Crransmic Marginal cost for the power loss transferring capacity
r Rate of interest
Lifetime Economic lifetime of the subtransmission network
CRC s Current replacement cost of the 110 kV

subtransmission network
Transmission capacity of the 110 kV
subtransmission network

P

TransCapacity

A

P,

TransformarLoss Peak power for the losses of the power transformer

The energy price changes hourly and so there is a different energy price
for load losses and no-load losses. The DSO Company buys electricity loss
energy from the retail market and so the following marginal increases
need to be added to the system price: naturally the load loss factor is
relatively higher because majority of the load losses is consumed when the
daily price is higher. The actual DSO’s premium over the electricity
system price in the case is 13 % for load losses and 3 % for no-load losses.
The no-load loss premium over system price is quite low, because the
shape of the consumption curve is the same regardless of the time of the
day. These premiums are depending on the electricity retail market
development.

p NoLoadLossEnergy (y ) =p system (y ).ﬁ’\’uLoadShape (y ) (316)

>

ﬁVoLoadShama (20 1 0) = 103%

pLoadLossEneng (y) = ps_vsrem (y)fLoadLossshape (y) , (317)
fLuadLu.\'sShape (20 1 0) = 1 1 3 %
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Where,

P NoLoadLos jEm,,gy(y) Yearly average energy price for no-load losses in the
year )

psystem(y ) Yearly energy system price in the year y

Svoroadsha V) Energy price factor over the system price in the year y

for no-load losses
fLoadShape(y) Energy price factor over the system price in the year y
due to the daily shape of the load loss curve

Finally, placing equations (3.10), (3.11), (3.13), (3.14), (3.15), (3.16) and
(3.17) into equation (3.9) will give the annual operational cost of one
power transformer for a given future scenario.

3.5 Maintenance Expenses

Maintenance management for an electricity network applies a wide range
of actions, measurements, analysis and monitoring to thousands of
components. Maintenance programs are based on scattered incomplete
information and so it is a complex task to make a systemic analysis that
applies to the whole system. There is a limited amount of information
concerning the relation between quantities of maintenance actions and
system reliability.

A
‘@ (2) ®
2
]
o
3
™
w
>
Time in Operation
Figure 3-5 Bath-tub curve for a physical component such as a power

transformer with three different lifetime phases: 1 drive-in, 2 normal
operation, 3 ageing component. /95 applied/

Maintenance expenses are a function of time based and condition
based maintenance, on-line diagnostics, corrective maintenance and
support functions, which include spare parts’ warehouses and contracts.
Corrective maintenance costs are higher in critical locations when
an incipient fault leads to uncontrolled failure and interruption in the
electricity distribution. Preventive maintenance aims to reduce the failure
rate and correct incipient faults in a controlled schedule without
interruption. The importance of a certain partial system or a component
comprises the reliability and consequences of a failure, expenses of the
components and repair time.
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Figure 3-6 Cost elements for overall maintenance costs and balance
between preventive and corrective maintenance expenses.

Equation for yearly maintenance costs (€):

Liab (y )
C paitex (Y) = [CTBM +Coy +Cowp, + Cpur + Conr + Cop por ] — ( (3.18)
liap \ Yo
where,
Craur Costs of time based maintenance
Cegum Costs of condition based maintenance
CoL D, Costs of on-line diagnostics maintenance operation
Coy Costs of preventive maintenance
Ceum Costs of corrective maintenance
C sup port Costs of maintenance support systems, spare parts,
warehouse
i (V) Index for the labour costs in the year y

Equation for expected annual preventive and corrective
maintenance costs! for power transformer (€):

CPM_ rr(V)= Opr (Z“FO ), ﬁPM_fault )CPM__/zmlt (6]

+ Ourlhse ) s s ) (319
CCM7 pr() = Opr(Arp )CCM7F0 ")+ Opr (Ag )CCM:S‘F ) (3.20)
‘Where,
C, M pr(») Expected annual costs of preventive maintenance for PT
Ce e (V) Expected annual costs of corrective maintenance for PT

I Detailed equations for power transformer unreliability and fault rates are
described in Chapter 5.3.
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Covt_fuai(¥) Costs of PM for faults in the year y

Cour s7(») Costs of PM for serious faults in the year y
Opr Unreliability of the power transformer

Aro(¥) Rate for failures in the year y

As7(»)  Rate for serious failures in the year y

B  sauiy Preventive maintenance fault detection rate

PBry s¢ Preventive maintenance serious fault detection rate

osts for corrective maintenance of forced outage cases in
Cey ro Costs f ti t f f d t

the year y
C. Costs for corrective maintenance in serious failure cases in
CM _SF

the year y

Reliability centered maintenance management is a concept which aims to
balance maintenance actions on the basis of the risks and condition
related to the system. Time and condition based maintenance are the
central elements in the maintenance of the electrical network and the use
of on-line diagnostics has increased in the past years and is still
increasing. Reliability centered maintenance is used to balance
maintenance strategies with costs and achieved benefits.

3.6 Quality expenses

Quality expenses comprehend electricity distribution service reliability
and environmental expenses. The quality in electricity distribution can be
valuated from various perspectives as there are many types customer of
connected to the distribution system. One major cost factors in the city
environment for an electricity network are high aesthetic standards and
construction limitations. Building costs that exceed the functional
requirements for a certain electricity network entity due to exquisite
appearance demand are classed as aesthetics costs. For example, there are
also standards for limiting noise from the electrical networks that
naturally increases costs.

The reliability of the electricity supply service is the dominant part in
quality expenses and it is determined by the society and many historic
developments around the power system. The societal CIC-valuation for
the interruptions in the electricity supply lays down the most important
reference point in the asset management. The quality expenses calculation
in this method aims to find the fundamental quantitative balance between
accepted societal costs of electricity distribution and supply performance.
The quality expense in this sense is not direct cost for DSO, but it reflects
the DSO’s long-term responsibility in the society and therefore it is a
better reference point in asset management than just referring to the
current governmental DSO penalty levels of the supply interruptions.
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In the following general function the cost of interruptions for customer
Ccic denotes that view. Quality expenses are calculated with a
probabilistic evaluation for incipient faults that lead to failures and
interruptions in the delivery.

The general parameters behind the expected quality costs for the
customers due to the interruption in the supply:

Cqualex(CCIC (i )s1cic (), ENS, Qs Ayspems Bpus ) (3.21)
Where,

Cpuatex Expected quality Costs

Cuc Cost of interruptions valuation of customers

L Duration of interruption

i.. (y) Cost of interruption development index in the year y

ENS Energy not supplied due to the interruption

0 Unreliability of the system !

Aystom Failure rate of the system

Breu Preventive maintenance fault detection rate

Type
characteristics

Interruption

Fault rate i
times

CIC values

Reliability 7 Confsft:t_;luence '
: of failure

Figure 3-7 Cost factors for reliability quality expenses.

Supply quality costs are determined by the risk of interruptions and
consequences of interruptions. The risk of interruption is related to
system design and its reliability, which can be adjusted with different
maintenance strategies. Online diagnostics can observe certain incipient
faults before they cause an interruption, and so can reduce the failure
rates that lead to uncontrolled interruption. In decision-analysis it is
relevant to understand the consequences of different actions.

I Detailed equations for power transformer unreliability and fault rates are
described in Chapter 5.3.
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Failures ~ Interruption
. inelectricity
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Seriousfailures
Figure 3-8 Fault rate and division into failures, serious failures and

detectable incipient faults. Maintenance strategy determines the proportion
of faults that lead to interruption in electricity distribution.

An incipient fault can be detected with preventive maintenance actions
and fixed before it leads to interruption, so preventive maintenance
reduces real failure rate. A major overhaul reduces the overall fault rate
and actual failures in the same proportion. The incipient fault rate is
the actual failure rate when there is no any maintenance. The following
figure shows the effect of different maintenance strategies, where
incipient faults are diagnosed and avoided with power transformer
preventive maintenance.

Incipient Maintenance  Off-line On-Line Fault Consequence
Fault (TBM) Di ic Di ic detection

P

Forced Outage

Serious Failure

P,

Forced Outage

Serious Failure

YES

P,

Forced Outage

Serious Failure

NO

Forced Outage

b

Serious Failure

Figure 3-9 Consequences of power transformer faults with different
maintenance levels and diagnostic extensions.

Faults lead eventually to preventive maintenance, forced outages or
serious failures, depending on the different maintenance strategies of the
system in focus. The probabilities of different outcomes are calculated for
different maintenance strategies for power transformers in this thesis.
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Cost function for annual quality expenses for power transformer (€):

= etoastV
Couatex_pr (y ) = [CCIQ prtro)Opr (ﬂ'FO (6 )) +Corc_ PTy (ts7)Opr (ﬂ-SF (y))] B — (pdalle ) w
f LoadST (yO )
Where, (3.22)
C qualex_ PT ) Expected yearly quality cost of power transformer
Cerc pr(t) Cost of interruption to customers due to power
transformer failure
tro Interruption time of power transformer forced outage
tsp Interruption time of power transformer serious failure
Aro () Annual forced outage rate of the power transformer! in
the year y
Age (¥) Annual serious failure rate of the power transformer!
in the year y
Pt erruptea (Paaity ) Interrupted electric power (daily average power)
Opr (l ( y)) Power transformer unreliability in the year y on the
function of fault rate 1
Sotoadst ( y) Load growth factor for the year y
S roadsT ( Vo ) Load growth factor for the first simulation year y,

Reliability increases when a system is renewed and maintained, but these
are costly operations so there is a need to balance the spending with the
service targets on the basis of how the customer values continuity of
electricity supply.

3.6.1 Cost of Interruptions to Customers

Each customer type has varying demands for the continuity of supply and
from the year 1979 the cost of interruptions has periodically been studied
in Finland. At the beginning of the nineties a vast 12944 customer survey
was conducted in the Nordic countries and these values are visible in
Figure 3-10 below. Within some limits, historical CIC-values can be
extrapolated from historical CIC-surveys, for example with general
consumer price indexes or the relation between GDP and electricity
consumption. This method is justified when society techno-structural
development is quite even, but when new structures are implemented on
a wide scale extrapolation is irrelevant. For example, society dependencies
on electronics and information technologies have increased remarkably in
last twenty years, so it is useful to update values with a new survey. The
Newest Finnish survey on the cost of interruption to 1625 customers has
been made in 2004 - 2005 and these results are the basis for evaluating
interruption cost in this thesis. The following figure presents the brief
history of these costs of interruptions surveys along with electricity

I Detailed equations for power transformer unreliability and fault rates are
described in Chapter 5.3.
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consumption, consumer price index and gross domestic product
development in Finland. /36/

—e— CPI
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Figure 3-10 Cost of interruptions for different customers and

development for the Finnish electricity consumption index, gross domestic
product GDP and customer price index CPI during years 1978-2004,
according to an extensive Finnish consumer survey. /36/

The development of general indexes and CIC-values do not go clearly
hand in hand. Nevertheless, the consumer price index reflects the
development of the cost of interruptions to residential customers and
the ratio of GDP and electricity consumption reflects the commercial
customer type. Notwithstanding, the linkage between CIC-values and
general indexes are not unambiguously verified, but the indexes can
reflect the near future development of the cost of interruptions before
significant techno-structural society transformation. One visible example
of the next structural step is the implementation of smart grids. The wide
utilisation of distributed generation and energy storages in electric
vehicles might also proportionally loosen the reliability requirement for
the traditional network due the new intelligent backup systems in
residential areas, for example. /36/

Naturally, the cost of interruption is dependent on many customer
characteristics, hour of the day, season of the year, heating solutions,
geographical location and the criticality of electricity in the dependent
production or service. This complex dependency is visible in the variation
of the CIC-values, although a statistically well centered mass which
resembles a logarithmic normal distribution is located in the beginning of
the distribution. The following table presents typical CIC-values for a
range of different customer types. /36/
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Table 3-2 Typical costs of interruptions scaled to peak power (€ / kW)
and to variable costs for every kWh not supplied according to the Finnish
survey of different customer types with one hour and 12 hour durations. /36/

Customer group Costs €/ kW Costs € / kWh

1 hour 12 hour | 1 hour 12 hour
Residential 3-10 25-60 3-7 2-5
Commercial 4-60 25-270 4-47 2-25
Public 5-35 60-450 5-30 5-41
Industrial 7-22 50-190 7-20 4-15
Agricultural 3-16 50-120 3-13 5-11

Definitely, the cost of interruption varies in a large scale even for the same
customer type. The next figure shows the variance of interruption costs
among 247 commercial customers. The clear mass between 4 to 60 €/kW
from the responses is located of the beginning of the cost distribution. At
the same time there are some customers which assess the interruption
cost to be more than ten times higher compared to the largest respondent
group of o to 30 €/kW. The following log-normal distribution form
characterises all other customer types as well.

Distribution of the one hour interruption costs
to commercial customers
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Figure 3-11 Commercial customers’ (214) response distribution to

unexpected one hour interruption costs. y-axis: number of responses in a
certain interruption cost group, x-axis: upper limits of the costs of
interruptions. /36/

The Finnish study calculated the average CIC-values in such a way where
10 % of the smallest and 10 % of the highest €/kW values were left out
from the average. Interruption duration affects the monetary value for the
energy not supplied: for example a commercial customer evaluates a two
minute interruption energy based cost to be three times higher than the
one hour interruption CIC-value. The Finnish CIC study inquired about
the effect of different interruption durations: 1 second, 2 minutes, 1 hour,
12 hours and 36 hours. The three most relevant values are taken in to the
Finnish CIC-baselines in this thesis in the following calculations:
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Table 3-3 Finnish cost of interruptions to customer baselines
(Ccic_rinBase). /36/

Customer group Costs € / kW

2 min 15min 1 hour 4 hour 8 hour 12 hour
Residential 0,7 6,5 54,9
Commercial " 52 130 [ 481 139 212 281,5
Public " 31 92 [ 343 124 348 450,0
Industrial " 24 64 [ 216 76 141 189,6
Agricultural " 09 [ 132 28 148,4

Nine energy companies were involved in the latest CIC-study in Finland.
Helen Electricity Network was one of those companies and obtained
Helsinki area specific CIC-values. Naturally, the statistical background
was smaller because Helsinki-survey included only 143 customer
responses, but the information is still valuable because it shows clearly
that customers evaluate the cost of interruptions higher compared to
Finnish averages. For example, residential customers in Helsinki evaluate
the CIC for a one hour interruption to be almost three times higher than
the Finnish average. /36/

Table 3-4 Helsinki related CIC-value averages from the latest Finnish
survey. (*) Exception: public CIC-value here is the median because
the average differs more than decade from the all other values, (*¥)
Exception: the commercial 2 minute CIC-value is the Finnish average because
there was not enough relevant information from the Helsinki perspective in
the survey. (Ccic_HelBase) /36/

Customer group Costs €/ kW

2 min 1 hour 12 hour
Residential 2,3 18 105
Commercial 5,1** 157 496
Public 15,1* 179* 432*
Industrial 12,5 35 182

In this thesis the variance of interruption costs is handled with a simple
coefficient margin from the baseline. The superior and inferior
interruption cost limits in the scenarios are the following:

CCICfsup = E X Cc1c73ase

1 (3-23)
CClCiinf = EX C

CIC _ Base

The Energy Market Authority of Finland has defined the official cost of
interruption to customer values in the regulation model in order to
evaluate the allowed DSO company profit. The official CIC-valuation for
the unexpected interruptions is presented with average CIC-value,
irrespective of the customer types. The Energy Market Authority’s
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CIC-valuation! for the unexpected interruptions is substantially lower
than the Table 3-3 values, which are dependent of the customer types and
are applied in this thesis.

Customer interruption unit costs vary with the length of the interruption.
Generally the unit cost per kilowatt hour is higher when the interruption
is short and decreases rapidly for the first 45 minutes. After that point
the cost of interruption unit cost gradually decreases for the next 12 hours
in almost all the customer groups. The public sector makes an exception
when the unit cost for a 12 hour interruption is higher than for a one hour
interruption. In the figure below there are indices for the customer
interruption unit cost development for different customer groups on the
basis of interruption length; the one hour interruption cost within each
customer group is the reference level, a 60 minute interruption means
a100% level unit CIC.

Characteristic customer interruption cost development as an
function of interruption time

30
e Residential
25 e Commercial
Public
20 e [ dusstrial
CICone hour X

15
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o 5 10 15 20
Interruption Time (hours)
Figure 3-12 Indices for the unit customer interruption cost development

as a function of interruption length. /36/

The interruption unit cost is 330 % times higher for the two minute
interruption compared to the one hour interruption unit cost in all
customer groups. The public consumption unit cost of interruption is 29
% higher after 24 hours. Other unit CIC-costs decrease with time, and
after 24 hours the unit cost is 30 % smaller. So there is a need to
separately handle public unit CIC development as a function of time from
the residential, commercial and industrial customer types.

I The Energy Market Authority of Finland: Regulation Methods for the
Assessment of Reasonableness in Pricing of Electricity Distribution Network

Operations in 2012-2015, (in Finnish) http://www.emvi.fi/files/vp2015-2/Liite1
Liite%201%20-%20Valvontamenetelm%c3%a4t%20-%20s%c3%aqghk%c3%b6n%20jakeluverkkotoim
inta%20ja%20suurj%c3%aqnnitteisen%20jakeluverkkotoiminta.pdf
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Helsinki profile weighted ./ ) multiplier as a function of interruption time
(excluding public consumptioninterruption characteristics)
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Figure 3-13 Unit cost of interruption as a function of interruption duration for
residential, commercial and industrial customers. /36 applied/

The unit customer interruption cost function is important when analysing
different interruption duration costs in the scenarios instead of using one
constant value for all interruptions. The commercial CIC-unit cost differs
33 percent compared to the residential and industrial customer average:
the unit cost is 5,9 after twelve interruption hours for commercial while
the residential and industrial unit cost average is 8,6. After four
interruption hours the CIC unit cost decreases and CIC unit development
with time is modelled with two linear functions. Individual CIC unit
points are weighted with the Helsinki customer distribution: 24 %
commercial, 31 % residential and 10 % industrial customers. This
evaluation gives the following CIC-unit factor for the residential,
commercial and industrial consumption interruptions:

0,823¢,, +0,06 to <4 hour

int int —

0,527t +1,308 t.. >4 hour (3-24)
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Figure 3-14 The unit cost of interruption as a function of interruption
duration for the public sector. /36/
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The same evaluation for the public sector gives the following CIC-unit
development as a function of interruption time:

0,888, . +0,07 t.. <4 hour

int —

Fety ()= {1,3 3. —1,59 t.. >4 hour (3-25)

The customer interruption cost valuation also increases also over the
years along with inflation and also when the dependency on the electricity
supply grows in society. In the evaluations, the cost of interruption values
approximately doubled within a 26 year time. Hence, yearly growth is 2,7
percent. This constant development is used in evaluating interruptions
until 2030 in the base scenario evaluation.

The customer interruption cost for a power transformer unit is
calculated with the following function (€/kW):

(tinr )] Igic (y )

Cerc rr, (Zinr) = [(crsr +C.S. +CS;+ ¢S, )fCICRC, (tinr)+ ¢y, ferc

ublic H
" Leic (y 0 )
where, (3.26)
Ceqc Ty Cost for power transformer x interruption to customers
i Interruption duration
c, Cost of one hour interruption for customer type z
s, Share of the power demand for customer type z from:
r,c,i,a, p Residential, commercial, industrial, agricultural and public
I (») Cost of interruption development index in year y
e 1C o CIC-unit multiplier for public customers
Jac CIC-unit multiplier for residential, commercial and
RCI

industrial customers

The customer profile is in the city centre differs from suburban residential
areas, and so unit costs for interruption differ also. This difference mean
in practice that cost of interruptions can be more than ten times higher in
the city centre power transformer unit compared to the unit located in the
sub-urban area with low loading.
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4 Economic Modelling Il: Economic
Outlook and Scenarios for Cost
Factors

The construction of energy infrastructure is directly coupled
to local and global economic attributes. The state of the global
economy affects general material, product and service
demand, which is linked to energy demand and electrical
infrastructure. Local economic attributes affect city planning
and especially, privately financed activities in construction,
industry and services. So the economic attributes affects
electrical network asset management from many directions at
the same time: energy and power demand, network
expansion, component and construction costs and reliability
indices.

4.1  The Reason for Scenario Modelling

An electrical network is a wide and complex system which supplies one of
the fundamental needs of modern society. A distribution system
operator’s investment actions are related in many ways to city
development, component industry, contractors and customer behaviour,
and to the general state of the economy. Decisions in the transmission
and distribution business have a long-term effect, and especially
transmission system investments need to be considered with a quarter of
the century in mind. Engineering evaluations are performed from a
technical point of view, while investment portfolio optimisation is done
with only partially detailed electrical equations, even though economic
attributes can swing the overall result greatly. Changes in the general
economy as well as in the electricity distribution business have gained
more significance in the last decade. Where many essential long-term
planning variables are involved in prediction and the future is turbulent,
one official calculation model is not enough and scenario-thinking
becomes useful. /86/

The idea in this thesis is to present a model for the techno-economical
dependency mechanism in electrical networks and apply it to power
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transformer asset management. At its simplest this model requires
scenarios for electricity demand, material and energy prices and reliability
functions. Many other economical, societal and technical attributes can be
in a more detailed case analysis based on the relevancy of the information.
One important task is to find relevant and alternative scenarios for these
evaluation attributes. Of course this is a very complicated task, especially
when the scenario information aims far in to the future. That is why
scenario analyses for company investments need to be made continuously
with the best and most topical information available, still acknowledging
the limitations of modelling and possibilities that lie outside the currently
known scenarios.

4.2  Market Dynamics

One of the background reasons for this thesis is related to the increasing
effects of the global markets in a DSO’s business. Traditionally electrical
network engineering has mainly concentrated on the technical aspects of
the network development. Recent events in the material markets and
construction sector have lifted the importance of economic assessment
in addition to the technical details, especially when distribution
businesses have been segregated into a separate limited company.
Nowadays, effective network asset management requires understanding
in both fields. An asset manager cannot just look at one side of the
challenge. Of course there can be still special experts in the one field of the
dilemma, but the overall assessment cannot be done without an
understanding of both aspects.

The state of the global economy has fluctuated throughout history along
with changes in the environment, science, technology, society and politics.
In the last decades global economies have interconnected more deeply
and changes in the economic sub-systems reflect each other with less
delay, especially in export intensive countries like Finland. /67/ /29/

Historical annual GDP per capita growth 1961-2012
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Figure 4-1 Finland and World GDP per capita annual growth fluctuation

between 1961-2012 according to World Bank statistics. /67/

60



The Finnish economy is highly interconnected to the EU and global
economies. International trade exports represent approximately one third
of the national GDP. This link between Finnish exports and the world
economy is visible in the figure above: the Finnish economy experience
global economic shifts downwards and upwards with higher amplitude
than the global average. /88/

The construction of energy infrastructure is directly coupled to local and
global economic attributes. The state of the global economy affects
general material, product and service demand, which is linked to energy
demand and infrastructure. Local economic attributes affect city
planning, especially privately financed activities in the construction,
industry and services. So, the economic attributes affects electrical
network asset management from many directions at the same time:
energy and power demand, network expansion, component and
construction costs and even electricity supply performance.

Real non-energy commodity prices, index (1977-79 = 100)
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Figure 4-2 According to World Bank statistics: early 2000s commodity
boom was the most significant of all commodity booms with one century in
mind. /67/

Historically, building costs follow general economic development quite
closely: the nineties economic recession is visible in the building cost
index, although the effect is moderate. Also, the late-2000s financial crisis
based recession and preceding periods of growth are convergent with the
building cost index.
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Finland GDP and Building Cost Index 1985-2009
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Figure 4-3 Gross domestic product and building cost index development
in Finland, years 1985-2009. /89/

Network building costs are highly dependent on the cost of labour and the
commodities market, especially the metal exchange. The following price
scenarios are a combination of information from the forward markets and
investment bank commodities scenarios. The exact price information
presented here is not so relevant, because when investment decisions are
made there should be the best information available, which means the
most resent evaluations. Price scenarios have to be updated as a
continuous process in electrical network asset management.

4.2.1 Copper

Almost all the essential electrical network components contain some base
metal like copper, aluminium or iron. The electrical industries consume
42 percent of the world’s copper production, therefore copper price and
consumption is one general indicator of global construction activities.

/34/
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Figure 4-4 Industrial copper consumption in different areas 2007
according London Metal Exchange statistics. /34/
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Copper price development was relatively stable from the eighties to
beginning of the 21th century when compared to the last six years. China
and India are forecast to install new electricity generation capacity at a
4,2 % average yearly growth rate between 2004 — 2030 according to
International Energy Outlook 2007 /38/. Growing generation capacity
and wide infrastructure development is clearly visible in the global copper
exchange price for example. China’s copper demand is 30 % of the world’s
copper consumption /37/. Network component manufacturing prices
increased due to growing global demand for metals in 2005.

The next figure shows a World copper supply and demand analysis
released in the 2007, and the planned refined copper production capacity
increase with qualitative realisation expectancy. On the top of the supply-
demand analysis there is copper price graph from London Metal
Exchange: global copper demand exceeded production capacity and
copper price started to rapidly grow. /28/ /34/
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Figure 4-5 World copper supply / demand analysis made by Deutsche Bank
Global Markets Research. The blue curve represents the copper price increase
in the London Metal Exchange. Copper price began to naturally rise when the
copper demand was higher than production capacity and global construction
activities were accelerating in the economic boom. /28/ /34/

During the years 2005 to 2007 Helen Electricity Network carried out a
110 kV subtransmission network project in Helsinki, where a double
overhead line was removed and replaced with an underground cable. The
project required six 2000 mm?2 copper cables to ensure the same
transmission capacity as the replaced overhead line. Altogether this
subtransmission project required 99 150 kilograms of copper.
The commercial offer for the cable delivery was made in September 2005
in such a way that Helen Electricity Network could fix the time for the
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copper price in the contract. The copper price was increasing with
historical speed and so the copper price difference between the offer and
the contract was 3 743 USD per ton. In this project the increase meant
a 293 000 € higher cost in the one million € cable investment.

Copper price index development 1980-2011
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Figure 4-6 Yearly CIF (Cost, Insurance and Freight) European port
copper price index development according Economy Watch statistics. /66/

One major transformer manufacturer evaluates that the share of the
copper cost element is approximately 20 % of the overall unit price in
the contract clause. Only a two year time difference in the company
investment program can have a significant impact on the overall
cost/benefit balance. Comparing the copper price effect in the years 2004
and 2006 would mean a 27 % increase in the total price. If the investment
would have been delayed from the year 2008 to 2009, that would have
meant a 7 % total cost reduction only considering the copper effect.
Naturally it is a very complex task to estimate future price development
and evaluations always include lots of uncertainty, but still it is
a significant factor worth investigating along with the other investment
attributes.

Global investment banks follow commodity price development as one of
the core activities in the financial service sector and also industrial
manufacturers are active in the field. Global financial service groups offer
commodity estimate services for industrial purposes. Especially, active
monitoring of fundamental commodity estimates can provide applicable
information for network company medium-term planning and investment
scenarios. There is also the need to acknowledge the limitations in
the forecasts. Deutsche Bank Global Market Research showed that
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analysts tended to underestimate the copper futures market price
development in the commodities price boom between 2001 and 2006.
Forecasting is naturally harder during the relatively steep economic
transients, especially in the years 2005 to 2006, when the copper price
increased 83 percent from 3679 to 6722 USD/ton; the forecasting error
was at the highest 55 percent. /28/ /67/
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Figure 4-7 Long-term copper price development scenario according to World
Bank’s evaluation in May 2013. The World Bank evaluation period is from the
year 2013 to 2025, from then on world historical copper price development
statistics are used. /67/

The World Bank long-term price scenario is used as a base evaluation in
the power transformer investment simulations. The copper price
sensitivity effect on the overall results is evaluated with an average copper
future market evaluation error, according to a Deutsche Bank statistical
analysis in 2001-2006. Historically, the copper price has increased
4,6 percent per year from 1960 to 2010. This average increase percent is
used after year 2025, which is when the World Banks fundament forecast
naturally ends due to the tremendous uncertainty. /67//28/

4.2.2 Aluminium

Aluminium is one of the most common materials that electrical networks
are made of. Besides the electrical properties of the material it is
necessary to consider the economical perspectives in planning.
Aluminium demand and price has been fluctuating along with the global
economic trends, even more than copper.
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Figure 4-8 Global increase (%) in the commodity demand between

2003-2007 and contributors to this increase, especially China. /67/

Economic development in China, with expansive infrastructural and
industrial investments, has been dictating the global aluminium and
copper price development in the last decade. In the last decades of the
1900s price fluctuation was also significant. The primary stage of
aluminium production is very energy-intensive and so the aluminium
price correlation with energy price is direct. Demand has been fluctuating
strongly in earlier decades: for example the collapse of the former Soviet
Union in the early nineties lowered the demand in a short period of time.
As along technology has developed aluminium demand has altered. Such
an example can be found from aluminium as a lightweight replacement
for steel. /67/

Aluminium price index development 1960-2010
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Figure 4-9 Aluminium historical price development according to World
Bank statistics. /67/

The global yearly aluminium production has grown 500 % from 1965 to
2007 and at the same time the price has increased 488 % from $540 to
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$2638 per metric tonne. Since 1988 the price has plunged due to the
decreased demand of global heavy industries and it took seven years to
recover to the 1990 demand level. Aluminium price was halved within the
first three years in the early nineties global economic down-swing. /67/

Aluminium future price development is naturally a significant long-term
factor in network investments and needs to be continuously monitored in
investment planning. Analyst consensus aluminium price forecasts error
versus real price was 10 percent between the yearly commodities boom,
2001-2006, according to a Deutsche Bank report. This error level is used
as a long-term range of change in the World Bank base price scenario.

/28] [67/
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Figure 4-10 Long-term aluminium price development scenario according

to the World Bank’s evaluation in May 2013. The World Bank evaluation
period is from the year 2013 to 2025 and after that historical average annual
growth rate is used. /67/

The World Bank aluminium fundament price scenario anticipates
a 33 percent increase between 2013 and 2025. After 2025 there is no
relevant prediction information available and the importance of over a ten
year period is less. In this evaluation after the year 2025 average
aluminium price development is used for the last half century and the
increase rate is 3,07 percent a year. /67/

4.2.3 Iron and Steel

Steel is used as a base material in electrical network structures and
constructions in general. Steel is for the most part iron and less than two
percent carbon and other substances. World crude steel production was
1527 million metric tons in 2011. Iron resources are abundant as the crust
of the earth includes 5 % of iron substances and worldwide current
reserves are estimated to be 180 billion tonnes. /78/

67



iron Ore price index development 1960-2010
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Figure 4-11 Iron ore long-term price scenario according to the World
Bank and upper and lower scenario limits from the Deutsche Bank
forecasting error in the commodity boom. /67/ /28/

The World Bank commodities forecast in May 2013 predicts iron ore price
to be quite stable. The essential reason for this is the evaluation that there
is over capacity in the sector while many large scale construction projects
are on halt due to the economic situation in the western world. The steel
industry is also moving more to the emerging countries. For example, in
the year 2001 four of the top ten steel producers in the world were
European, but in the year 2010 there was only one in the list with
European headquarters. /67/ /79/

4.2.4 Energy Price Scenarios

Electrical network component life cycles are very long compared to the
stability of the energy price. On many occasions the energy prices have
risen to relatively higher levels that were used in the loss capitalisation
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analysis with current energy price. In the last decade consumer energy
prices have increased faster than average consumer price growth in
Finland. /90/

Finnish Customer Price Indices for Energy, Food and All Products
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Figure 4-12 Customer Price indices development 1955-2011 for energy,
food and for all products in Finland. /90/

Changes in energy price growth are faster than the food and general
customer price indexes, which are visible in the upper figure areas. The
energy CPI has increased 142% between 1990 and 2011 while the food CPI
has increased only 24 % and total CPI 45 %. The energy price growth path
is likely to continue with a relevantly volatile change rate and long term
increase in the base scenario. Instead of using one constant electricity
price for many decades the following scenarios are used in this thesis.

/90/
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Figure 4-13 Energy system price development scenarios.

The base scenario expects a relativaly stable long-term electricity system
price due to the globally slow economic growth prospect, energy
efficiency, fuel pricing and low pricing for CO2 emissions. In the high
scenario the electricity price increases significantly due to the increased
demand and higher CO2 emission pricing. Generally the scenarios expect
a power surplus in the Nordic markets due to the high investments in
renewable energy sources. The low electricity price scenario expects low
fuel pricing and energy demand due to the sluggish economic growth and
also near zero CO2 emission pricing. Higher and lower system price
scenarios represent on 80 % confidence interval for the energy system
price scenario.

4.2.5 Crude Oil Scenario

Long term crude oil global demand has the widest range between low,
base and high price scenarios. Oil is an essential commodity all over the
world and it is sensitive to the political environment, technology
development and evaluated long term production capabilities. The
Deutsche Bank average analyst forecasting error related to oil future
pricing was 28 % between 2001-2006. Energy efficiency measures ease
oil demand growth somewhat, especially in the mature economies and
later on also in developing countries, but global oil demand is still
forecasted to grow 1,5 % yearly in the medium term. Historically the
nominal oil price has increased from 1961 to 2010 at a yearly 8,1 percent
speed and 4,6 percent in real prices. /67/ /28/ /80/
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Figure 4-14 History of crude oil price index development and long-term
price scenario view in 2013, with low and high price scenarios. /67/

There are three scenarios for crude oil price development that are based
on different energy system development and environmental policy
scenarios. The base crude oil scenario view in 2013 predicts a relatively
stable average oil spot price development while the high scenario
evaluates that demand growth continues and new policies increase fuel
pricing. The high crude oil price scenario is also related to the energy
efficiency scenario and the forecasted increase of hybrid and electric
vehicles.

4.2.6 Building Cost Scenarios

Construction costs are a combination of local costs for labour,
construction supplies, logistics, infrastructure connections and
machinery. Besides electrical components, electrical substransmission
and distribution network includes a substantial share of building
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construction and earthworks. Historically, the overall building cost index
has increased 1,9 percent a year from the nineties and the 2001-2006
commodity boom is also visible in the supplies cost figure below.
Scenarios for the building index development are comprised by local
construction sector consultants for 2013-2018 and after that historical
annual average growth rate is used. /89/

Building Cost Index Development in Finland
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Figure 4-15 Historical building cost index development and future index
scenario, 2012-2030, for infrastructure and building investments.

Local construction cost development is predicted to differ between
building and infrastructure projects in this decade. The unstable global
economic situation postpones new building construction while many
infrastructure constructions are expected to still be realised. According to
the base scenario, the infrastructure building cost index increases 34 % in
this decade, and 14 % in residential and office building. Low and high BCI
development scenarios are formed with a 10 % range for change, which
denotes a 3-5 years long recession in the lower scenario, and increased
demand and the commodity boom effect in the high scenario. /89/
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4.2.7 Labour Cost Scenarios

Labour cost development is followed with the unit cost of labour for the
employer. The unit labour cost is followed by the OECD, and takes cost
and productivity developments into account in a way that increases in
productivity reduce unit labour costs and vice versa. Industrial
manufacturing and service labour cost development effect network asset
management as, for example, a new power transformer price comprises
approximately 40 % of the total unit price in the dynamic asset
management scenarios.

Unit Labour Costs in Finland Labour Costs & Productivity
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Figure 4-16 Left Figure: Finnish unit labour cost development between

1980-2010 in manufacturing, construction sector and in total. Right figure:
Labour compensation index per hour and productivity per hour index
development. /90/

It is noticeable that unit labour costs in the manufacturing sector have
reduced by 32 percent since the year 1991 while hourly labour costs have
increased 104 % over the same period. The hourly nominal labour cost
increased 82 % in the construction sector and 85 % in the total Finnish
economy in the same period. The Faster productivity increase
development in the manufacturing sector explains the difference when
comparing construction and total unit labour costs. The unit labour cost is
one component of the power transformer manufacturing price and
the Finnish manufacturing sector unit cost development is appropriate for
measuring its history, since almost all power transformers before the
2000s were manufactured in Finland. Unit labour costs in the
manufacturing sector have reduced by 2,04 % yearly on average for the
last two decades, and 1,23 % yearly on average over the last decade. There
is a logical reason for that since opening the economic area for
competition in the EU area has increased the pressure in the
manufacturing sector to reduce the high unit labour cost though
productivity.
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Unit Labour Costs in Europe
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Figure 4-17 Unit labour cost development in Europe according to OECD

statistics. /90/

During the last decade the unit labour cost has increased yearly at 2,4 %
on average in the OECD European manufacturing sector and in the total
economy. This type of development causes a base increase in the unit
labour cost development concerning general electrical network
component manufacturing. A historical low growth period in the
manufacturing sector unit labour cost 2003 -2007 was -0,4 % yearly on
average and during the high growth period, 1991-2001, it was
+6,0 percent yearly. /90/
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Figure 4-18 Manufacturing unit labour cost index development scenarios
in electrical network component manufacturing. /90/
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The manufacturing base unit cost development is formed using the base
growth increase of 2,4 % for 2012-2030. In the high scenario, four high
unit cost growth years at +6,0 percent is added to this decade and three
also in the next decade. In this scenario the unit labour costs increase by
95 percent from 2012 to 2030, which is actually the same overall
development compared to the historical development between the years
1992-2010. In the low unit cost scenario there is five years in this decade
with a 0,4 percent decrease and two years more in the next decade.
The overall unit cost growth is 30 % in the low scenario and 53 % in the
base scenario between 2012 and 2030.

4.2.8 Global Economic Frame Scenarios

Global economic future development sums up factors beyond the accurate
analytical models treated here. Several economic worldwide organisations
and national institutions follow the fundaments of global economic
development closely and try to comprehend the effects of different
alteration factors to the organisation’s economic frame. The power system
asset manager is not required to create a complex world economy
analysis, but merely monitor global economy effects on physical systems
and reflect on future planning with several relevant scenarios available.
Global economic framing can help to evaluate large characteristics in the
development, such as the demand for commodities and energy and the
scale of new construction.

This thesis allusively applies global economy scenarios produced by the
Finnish Business and Policy Forum EVA to frame possible construction
activity levels and general economic trends. The EVA Forum evaluates
global long-term future development with four scenarios: A Comeback of
the west, Chinese capitalism, Battle of the blocks, and Stimulus and
collapse. Although these scenarios were prepared in 2008 and 2009, they
can still frame the global economy in the first part of this decade. /76/
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Figure 4-19 Four global economic development scenarios and average of

world GDP growth formed by the Finnish Policy Forum EVA. The following
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curves describe different paths from the economic recession in the late 2000s
to rapid recovery or sluggish progress in this decade. /76 applied/

Scenario Comeback of the west emphasises functional market
economy and democracy development under the leadership of western
countries. International financial and political institutions are
successfully reformed and more transparent fiscal policies are in place
while productivity is increasing and new efficiency technologies are
applied in society. In this scenario the commodities prices are high due
the high demand and the requirement for environmentally friendlier
politics. Scenario Chinese capitalism highlights the shift of economic
power to Asia and Middle Eastern OPEC countries. Opportunistic
capitalism is increasing at the cost of democracy decrease and
international institutions are weaker in affecting the global politics. Asia
and Middle Eastern countries drive global economic development and the
rest will follow. There are good opportunities for market and expertise
based networks while the significance of individual states decreases.
Economic growth is high for the leaders in this scenario and moderate for
followers behind. Commodities prices are high due to the high demand.
Scenario Stimulus and Collapse assumes that the political recovery
measures in United States and the European Union would not stimulate
the economy into a growth path and no country or bloc can take the
leadership position in the global economy. Global recession leads to
protectionism and weaker international cooperative structures and also to
inflation. Economic growth is sluggish or even negative. Scenario Battle
of blocs describes development path from failed stimulus efforts to
regional trade blocs and a shift from international market transactions to
state capitalism. Europe is a new focal point for economic reforms while
US is taking steps inwards away from international cooperation. Localised
and more isolated economies lead to only moderate global economic
growth. /76 applied/
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Figure 4-20 Global economic GDP growth in four EVA scenarios in three
levels. /76 applied/
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Global demand of commodities, construction activities in Helsinki and
construction cost level alter in the presented scenarios. Comeback of the
west is a high growth scenario from the Helsinki city point of view, where
global growth is 3-4 percent around 2020 and city construction is fast. In
the Chinese capitalism scenario construction activity in Helsinki is
moderate as the more eastern based economy decreases the demand for
office premises in Helsinki, while residential building output is high due
to the continuing urbanisation megatrend. The Stimulus and collapse
scenario leads to a relative decrease in the construction activities in
Helsinki when global economic growth is near zero, which actually did
happen in the nineties economic recession in Finland, although in this
scenario the recovery takes longer. /76 applied/

4.2.9 Interest Rates in Asset Management

Choosing general interest rates when assessing long-term network asset
management expenditures is essential, because the applied interest rate
determines the time value of money on behalf of the customers. Applied
interest rates reflect the valuation of general economic development and
societal expectations for the distribution system operator. The thirty page
Electricity Market Act states the word “reasonable” 21 times and
according to legislation the evaluation of reasonable profits is
the responsibility of the National Electricity Market Authority /6/.
The general interest rate for an asset manager making long-term
assessments is comprised of the real weighted average cost of capital and
evaluation of the long-term inflation. The governmental regulator defines
the reasonable weighted average cost of capital for the distribution system
operator, which is based on the relatively risk-free interest rate of 10-year
government bonds, the regulator guideline for the DSO financial structure
and regulator defined reasonable profit rate levels for equity and debt.
The regulator has stated the reasonable real weighted average cost of
capital on a yearly basis. For the corporate tax obligated distribution
system operator this has been around three to six percent depending on
the economic situation. /45/

Table 4-1 Reasonable profit levels stated by the Electricity Market
Authority of Finland. /45/

(%)|2006|2007|2008|2009| 201o| 2011| 2012| 2013|
Weighted Average Cost ofCapitall 4,73| 5,29| 5,65| 5,78| 5,26| 4,45| 4,58| 3,19|

The economic valuation determines the fundamentals from which the
interest rates in the calculation are derived. For the long-term asset
manager, the applied interest rates should reflect the customers’ time
value of money because the customers pay everything in the end. Asset
cost functions in the dynamic scenario modelling in this thesis reflect the
future expenditure side of asset management in nominal values and so the
payer side should be assessed with the nominal rate as well. The nominal
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interest rate is a function of the real interest rate and expected inflation
rate. The inflation rate from the payer’s side is based on the Euro area all-
inclusive harmonised index for consumer prices. The European
Commission statistics show that the yearly all-inclusive harmonised index
for consumer price inflation has been 1,9 % between 1997/01 — 2013/05
in Finland and 2,1 % in the whole European Union. The European Central
Bank objective is to keep “inflation rates below, but close to, 2 % over the
medium term”. Because of the ECB objective, the baseline evaluation for
inflation is formed around this statement within +0,25 % boundaries.
The baseline WACC is the regulator’s current directive for the year 2013.
Currently the governmental reference interest rate is at a historic lowl,
and so the lower WACC is chosen to be 0,5 % lower than the base value
and the higher rate 1,0% higher than the base rate. /2/ /46/

Table 4-2 Nominal interest rates used in the long-term asset
management scenario evaluations.

WACC Inflation Nominal Rate of Interest

Base 3,19 % 2,0 % 5,25 %
Low 2,69 % 1,75 % 4,49 %
High 5,00 % 2,25 % 7,36 %

Applied interest rates and price expectations in the thesis scenarios are
formed around a relatively stable economic system, but when there is the
need, the scenario analyses can be made in situations where global
economic structural changes cause significant transients in the global
economy.

4.3 Electricity Consumption Scenarios

A network asset manager needs to foresee the future demands of the
electrical transmission and distribution for pertinent investment decision-
making. Electrical consumption prediction is a crucial part in asset
management, because it forms the basis of the investment plan.
An electrical load forecast has to provide information about where, when
and in which magnitude power needs to be delivered. This chapter
presents how an electricity use scenario is constructed for later use in
the investment scenarios. /75/

Electricity demand has followed economic growth for the last century in
Finland and in Helsinki. Energy politics, society planning and technology

I Yield on 10-year government bonds was 1,71 % between 1.1.2013-10.7.2013.

http://www.suomenpankki.fi/en/tilastot/arvopaperitilastot/Pages/tilastot _arvo
paperimarkkinat velkapaperit viitelainojen korot en.aspx#Pe6b2c2888a6348
198d4eeegres600aca 2 39iTOROX0
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development represent the main drivers for the future electricity demand.
The main drivers of future demand are in the period of transition due to
the increased overall requirement for the energy system. Global energy
policy points to energy efficiency and new low-emission energy
technology, and also to the integration of the energy system and ICT. City
planning forms the backbone of the energy system and urban city
expansion requires significant long-term planning. Future electricity
demand is possible to predict with relative accuracy by following the city
zoning plan, characteristic consumption behaviour and new technology
development and roll out scenarios. /68/

The general state of the economy affects the load development. The last
economic recession in Finland in the years 1991 to 1993 can be seen from
the peak load values: there is no load growth, but no significant decrease
either in the recent recession.
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Figure 4-21 Helsinki city yearly peak load excluding the internal
consumption of the power plants in the city. Load growth stopped due the
economic recession in the beginning of the 9o0s. The latest financial crisis
recession effect has been very small on peak load.

City expansion is sluggish in the economic recession, especially privately
financed ventures are on hold. Central government and public authorities
can set up stimulus packages to balance local economic cycles. Essential
infrastructure projects are a central target for stimulus packages.
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Figure 4-22 Customer types in Helsinki
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Industrial load is usually the most sensitive to economic fluctuation but
the share of heavy industrial load in Helsinki is scarce, only 10 percent.
Naturally, the commercial service sector is more sensitive to economic
fluctuation than the public sector and household consumption. The
Helsinki customer type distribution is the reason why electricity demand
did not stall on a large scale in the early 90’s recession. Public sector and
residential consumption require structural changes for significantly
different characteristic consumption behaviour. Increasing automation,
smart grids and electric vehicles represent significant new elements of
change in the future electricity demand and these aspects are evaluated in
the energy efficiency scenario.

Finland GDP and Electricity Consumption in Helsinki
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Figure 4-23 Finnish gross domestic product and electricity energy

consumption in Helsinki between 1975-2009. /89/

In Helsinki, the overall electric energy consumption sensitivity to gross
domestic product is similar to peak power development, although energy
consumption development stagnation is slightly shorter from both ends.
The Finnish ministry of employment and the economy evaluated that it is
probable that the growth of the national economy and electricity
consumption development correlation mechanism with change; i.e.,
an increased national economy may not necessary lead to increased
electricity consumption with such a tight correlation as shown in history
and which is visible at the end of the last decade. /89/
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Figure 4-24 On the Helsinki annual three dimensional load profile:
monthly load variation X-Y axis is due the thermal effect of the four seasons
and in the Z-Y axis daily variation due the rhythm of day-to-day life.

Electricity consumption future scenarios have a wide distribution and
the reason for that is that there are many things happening at the same
time in the energy sector. Climate change issues have directed focus on
decreasing carbon dioxide emissions and there are many major players in
this field. Various methods are presented for solving the problem,
comprising mixtures of political, technical, societal and commercial
interests. Electrical load forecast is fundamental to future long term
network planning and it is necessary to sketch consumption development
around 25 years ahead. Transmission system investments require the
longest perspective in planning because investments are high and
decisions concerning the transmission system somewhat dictate the
solutions applied later in the lower system levels. Substations require
space and the more densely populated the area in question is the longer
the time needed for land use reservations. 10 to 20 years ahead is the
normal lead time from the first sketch to an operational substation in
metropolitan city planning. Distribution and customer-level planning is
done in shorter time scales under the general city zoning plan.
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Figure 4-25 Time frames and hierarchy for network load forecasting at
different network system levels. /75/

There are two basic principles for the construction of an electrical
network load forecast: trending, which extrapolates historical load growth
into the future and simulation, which tries to model the load growth
process itself. The land use simulation method is a good option when
society planning is performed with a high spatial resolution. In Helsinki,
the network load forecasting model is build upon Helsinki region
spatiotemporal land use information. This thesis applies Helen Network’s
spatiotemporal load forecasting model developed by Markku Hyvirinen,
Antti Rautiainen, Jussi Palola and Pirjo Heine. /75/
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Figure 4-26 The outline for the load forecast land use simulation model,

where the land use plan is converted to an electricity use scenario. /75/

A historical electricity use trend was analysed in the 125 small city areas of
Helsinki City for different customer types. In this analysis seven customer
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types were classified: temporary constructions, residential, office
premises, community services, public transportation, outdoor lighting,
and agricultural. Land use and customer classified usage information was
then combined with the city small area plan and converted to create a
future scenario for electrical demand.

Initial data for the Helen Electricity load forecast:

% Current network structure

% Historical loading information

< Existing buildings and future city planning

% Expected changes in the consumption behaviour

% Large individual consumption points (Metro, Computer Server
Halls, Large pumps)

4.3.1  Future City Construction Scenarios

Helsinki city planning department is responsible for the future city
zoning. Helsinki zoning is divided in eight grand districts, which are
further divided into 34 primary districts and 125 small areas. The new
grand Ostersundom district was integrated to Helsinki city in 2009, but
Helen Electricity Network Ltd. is not the DSO responsible for this new
area and so it is left out from the analysis.

Figure 4-27 Helsinki division into districts used in the Helen Electricity
Network ltd’s load forecast. /Helsinki Surveying department!/

I City of Helsinki Urban Facts - statistics http://www.hel.fi/hki/tieke/en/Etusivu
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In Helsinki currently there are altogether 44,6 million floor square meters
in 45 000 buildings. The current city development base plan for the year
2020 includes a 17 percent increase in the new housing and office
premises compared to 2008. The general construction plan until 2020
zones 4,9 million floor m2 for housing and 2,9 million floor m?2 for office
premises. A development plan is given in small area resolution, which is
sufficient for detailed spatiotemporal load growth simulation modelling.
New small area plans are converted to electricity use on the basis of local
area characteristics and are connected to the electric network model.

Construction activity is sensitive to economic fluctuations: for example in
the year 2010 housing activity increased approximately 50 percent
compared to the situation a year earlier in Finland and in Helsinki it
increased even more with 57 %! Three Helsinki construction scenarios
are used in electricity demand evaluation in this thesis on top of different
global economic growth scenarios. Usually, the larger the area in the GDP
- construction activity relation evaluation is used, the more tightly
the construction activity and GDP development correlates: total
construction comprised 7 % of the whole area GDP in Western Europe in
2004 and an even higher share in the rapidly developing countries. /69/

/77/
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Figure 4-28 Construction activity year-to-year development and GDP

growth in Finland 1990-2011 with two economic recessions. /89/

The construction activity level is related to GDP and there are economic
policy modelling publications that handle this relation with detailed
causality models in both directions: how GDP affects construction output
and vice versa. In this thesis, global economic growth frame scenarios are
applied to evaluate possible construction activity levels in Helsinki and

I City of Helsinki Urban Facts - statistics http://www.hel.fi/hki/tieke/en/Etusivu
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not the other way around. In the Finnish economy, industrial and service
export dominates GDP with 40 %, and is very sensitive to global economic
growth. The nineties’ and latest economic recessions are clearly visible in
the upper figure above from Finland’s perspective: construction activity
decreased 20 percent in almost every recession year. The total Finnish
construction activity is more sensitive to GDP than to Europe level
diagram.

Office premise demand is particularly sensitively related to global
economic growth whereas residential construction activity is more stable.
This is taken into account in the Helsinki construction scenarios. There
are other aspects besides economic growth, such as urbanisation trends,
to explain the construction activity level in Helsinki. Construction activity
scenarios are based on the Helsinki City Planning Department general
zoning plan and base scenario. The slow construction scenario is
comprised from the city department’s base scenario with economic
recession effects from the latest recessions in Finland. /77/

Helsinki Slow Construction Scenario
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Figure 4-29 Slow construction scenario formed from the normal

construction scenario with two economic recession periods, in 2014-2018 and
in 2026-2027. /89/

In the slow construction scenario only 53 percent of the general zoning
plan is realised in 2011-2020 and 65 percent between 2021-2030. The
first recession, 2014-2018, which resembles the nineties recession,
postpones construction activities by 3,2 years on average. The second
recession in 2026-2027 resembles the latest 2008 financial crisis with
a shorter recession and it postpones construction projects by 1,2 years on
average.
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Figure 4-30 Helsinki new residential and office construction scenarios
2011-2030.

CONSTRUCTION ACTIVITY SCENARIOS:

HIGH: The whole city zoning potential is constructed right on
time: 100% zoning is realised with a fast construction phase without
delay over the next seventeen years.

NORMAL: Helsinki City Planning Department base construction
scenario in normal economic conditions: 93 % from residential zoning
and 53 % from office premise zoning is realised from the 2030 city
general plan and 777 % overall.

SLOW: All construction activities are postponed for five years
from the base scenario due to sluggish global economic development. 71 %
from residential zoning and 41 % from office premise zoning is realised
from the 2030 city general plan, and 59 % in overall.
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The next thing is to evaluate changes in the consumption characteristics
for the coming years. Specific consumption measures for different
customer types are recorded into the customer information system.
Statistical data clearly shows that cooling demand has and is still
increasing in Helsinki. The district cooling system adds significant
individual load points in the network. The metropolitan subway traffic
system is expanding and new subway substations have been introduced to
the model. Electric vehicles are coming and adding a growing need for
electricity in the coming decades. Newly planned large computer halls
require several megawatts of network capacity as does the Vuosaari
harbour’s high power vessel electricity land feed. The loading forecast
model is made with these characteristic measures in future -city
development scenarios and reservation is made for large individual
consumption points.

4.3.2 Characteristic Consumption Behaviour Prediction

Electricity consumption behaviour is under continuous development,
especially when fundamental structural changes in the society are
advancing. For the next twenty years new elements will increase the
electricity characteristic demand, such as electric mobility and when
higher comfort requirements in air-conditioning become common. The
progress in energy efficiency can also increase the use of electricity when
for example, inferior efficiency systems are replaced with new electricity
based solutions. Current consumption behaviour is analysed spatially
with the classification of customer types in the small areas.

Convergent customer mixes in small areas in seven grand districts
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Figure 4-31 Helsinki customer energy consumption mixes in small areas.
174/

Commercial and public services are significantly concentrated in the city
centre and nearby areas in the southern, western and central grand
districts. Residential consumption is widely distributed in all the areas
although the grand districts four to seven, which are located farther from
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the city centre, are predominantly residential. Public transport
connections are large individual load points from the electrical network
point of view and are taken into account separately. /74/

The city development plan is described in two major categories: future
residential and office premises. Residential and office consumption
information is spatially analysed in the small area scale and used to model
consumption in the planned zoning with the energy efficiency effect.
Future community management and street lighting, which are more
evenly distributed, are extrapolated for the future constructions using
an average value. Smart meters can be applied fully for more accurate
consumption behaviour monitoring and prediction in the near future, as
the first generation smart meters are in place in Finland.

Characteristic Consumption Behaviourin seven Helsinki grand districts and 125 Small Areas

300
¢ Residential < Office Premises

250 R

kWh
floor-m,
Helsinki City Areas (125) under Greater City Districts (7)
Figure 4-32 Helsinki small area characteristic consumption behaviour

information for residential and office premises in order of magnitude under
Helsinki seven grand districts. This information is the basis for the evaluation
of the characteristic demand of future projects in the small areas.

Average residential characteristic consumption is 49,3 kWh / floor-m2
and 130,8 kWh / floor-m2 in office premises. The characteristic
consumption standard deviation is high among the 125 small areas, which
is visible in the figure above: the deviation is 65 % for residential
consumption and in the office premises it is 46 % from the average. The
reason for this high deviation is the different customer mixtures in the
areas. Future changes in the consumption behaviour are assessed with
the energy efficiency scenario. /74/

4.3.3 Electric Vehicle Generalisation Scenarios

Global environmental targets in the transport sector and the development
of energy storages in transport are pointing towards the electrification of
road transport along with an expanding public electric transport system.
Several public administration entities are contributing to promote electric
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mobility. The Finnish ministry of employment and economy formed a
task group to evaluate possible scenarios for the wide introduction of
electric vehicles and later on the Electric Vehicle System development
program to enhance R&D in this field between 2011-2015. Helen
Electricity Network’s early assessment for electric vehicle charging energy
is based on the estimated amount of electric vehicles according to VIT
SGEM indicative studies /75/, Helsinki vehicle fleet characteristics,
average yearly driving kilometres and electric vehicle consumption. The
evaluation of the electricity consumption of electric vehicles in Helsinki is
the following: the introduction of electric vehicles starts in this decade
with extended range electric vehicles and plug-in hybrid vehicles, and
with a relatively smaller share of battery electric vehicles.

Electric Vehicle Generalisation Scenarioin Helsinki
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Figure 4-33 Electric vehicle scenarios in Helsinki. /73 applied/

There are approximately 240 000 registered cars in Helsinki in the year
2010 and the car fleet density is 40 % compared to the city population.
The electric vehicle penetration with reach a 2,3 to 6,6 percent share at
the end of this decade according to the scenarios. Large-scale electric
vehicle deployment speeds up in the next decade and penetration is
largely affected by the general global economic situation: in the slow-
growing scenario the electric vehicle share will reach the 18 % level, while
a favourable economic trend and technology development can speed up
EV penetration to nearly half of the operational car fleet. /73/

Electric vehicle consumption is evaluated assuming 0,2 kWh/km and the
yearly driving distance grows from 18 000 km/year to 20 600 km/year
level. The plug-in hybrid and extended electric vehicles share for electric
drive is assumed to be 80 % in the scenario evaluation. /73/
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Electric Vehicle Electricity Demand Scenarios in Helsinki (EREV, PHEV,BEV)
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Figure 4-34 Electric vehicle electricity consumption scenarios in
Helsinki. /73 applied/

The deployment of electric vehicles will increase Helsinki city’s overall
electricity consumption by 3 to 7 percent in the year 2030. This is one
clear example that increasing energy efficiency leads to electricity
consumption increase as overall energy efficiency is significantly
enhanced when internal combustion engine is replaced by plug-in hybrid
or electric vehicle.

4.3.4 Energy Efficiency Scenario

Energy efficiency by definition aims to reduce characteristic energy
consumption in such a way that systems or products produce the same
service with less energy. Energy efficiency development is a combination
of political, technological and societal processes: significant political
instruments aim to affect change in societal structure and consumer
behaviour while technological development offers new tools for it. The
combination of new energy technologies and policies are influencing peak
load development and energy consumption gradually. The energy
efficiency of electric devices reduces peak power and overall energy
demand even while new electrical devices are connected to the
distribution network. /49/

The European Commission announced an energy efficiency action plan
with the view to reduce primary energy consumption by 20 % by 2020.
The Finnish government is implementing the European Commission
action points in the Finnish long-term climate and energy strategy, which
is used here to build an energy efficiency scenario in the Helsinki
electricity network area. The Finnish Ministry of Economy and
Employment published governmental targets in energy efficiency and
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these targets are used to create the efficiency scenario for Helsinki
electricity consumption. Electricity consumption can increase at the same
when energy efficiency is promoted, so it is also necessary to evaluate
possible increase in the electricity consumption in the scenario. /70/ /71/

173/

Table 4-3 Finnish Government energy efficiency objectives for the
electricity consumption use in following sectors. Percent figures describe
the evaluated energy efficiency objectives compared to 2020 baseline
consumption. /71/

Residential 13%
Electric heating 20 %
Service sector 11%
Other 0%
Industry and Construction 0%
Overall efficiency target 2020 5%
Overall efficiency target 2050 31%

Governmental electricity energy efficiency objectives are used in the
following scenario for the cumulative development of the characteristic
consumption behaviour. The Finnish governmental vision for long-term
electricity energy efficiency is to lower characteristic consumption by 5
percent by 2020 and by 31 percent by 2050. The Characteristic
consumption reduction between 2020 and 2030 is linearly interpolated
from the 2020 and 2050 figures and it is -13 percent in the year 2030.
This target is applied as the ground scenario for the highest energy
efficiency development scenario. On top of that, fast electric vehicle
penetration electricity consumption is added as it represents the highest
energy efficiency development path. /71/

Low Cumulative: Full governmental efficiency target + fast
penetration of electric vehicles

Base Cumulative: Half of the efficiency target is reached + base
scenario for electric vehicles

High Cumulative: Electric efficiency stays the same + low electric
vehicles scenario

91



Characteristic consumption behaviour development scenarios
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Figure 4-35 Energy efficiency scenario and characteristic consumption

development, baseline and high consumption increase, scenario. /71/
/73 applied/

The lowest cumulative characteristic consumption development reaches
-2,7 percent in 2020 and -6,5 percent in 2030 in Helsinki. This level
means a 62 MW peak load reduction in the Helsinki area slow
construction scenario due to the energy efficiency by the year 2030. The
highest cumulative characteristic consumption development scenario
evaluates general electricity efficiency development to be zero and adds
consumption of the electric vehicles from the lowest deployment scenario.
This scenario also means an overall enhancement in the energy efficiency,
but still electricity characteristic consumption slightly increases by +2,3
percent cumulatively until the year 2030.

Dynamic demand response offers a relevant way to limit peak load
development. In Helen Electricity Network distribution area the
controllable night-heating loads alone are 70 MW. Commercial demand
response, customer energy storage and customers’ own electricity
generation will change the load development characteristics along with
energy efficiency progress. The introduction of electric vehicles,
distributed generation and demand response are expected to fit into the
overall energy efficiency scenarios presented above when concerning
consumption development at the power transformer level. In general, for
DSOs it is reasonable to follow these developments closely because
changes in energy politics can accelerate these effects more than currently

expected./48/ /49/
4.3.5 Electricity demand scenarios

The electricity demand scenario is comprised of these main components:
historical consumption information and characteristics, city building
information and future scenarios for construction, consumption
characteristic change scenarios and future individual large load points.
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The base construction scenario without energy efficiency measures
increases Helsinki peak load from 813 MW to 1003 MW within twenty
years, and with slow construction to 964 MW. The high construction
scenario is realised when all zoning is constructed on time and in this
scenario the peak load will rise to 1102 MW in 2030. There is bigger
difference between the base and high scenario than between the base and
low scenario because the high scenario includes a much higher share of
new office and commercial premises, where the characteristic
consumption per square metre is relatively higher compared to residential
consumption. In the figure below there are peak load scenarios with and
without efficiency scenarios.
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Figure 4-36 Helsinki peak load development scenarios: light blue curves
denote peak load development without efficiency scenarios and purple with
efficiency effects.
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Figure 4-37 Historical Helsinki Peak load and future development
scenarios, which are used in the asset management evaluations.
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The base scenario peak load develops at quite the same rate it has
developed for in the last decades in example, to 977 megawatts in 2030.
The peak load difference is 227 MW in 2030 between the high and low
overall scenario due to the different construction phase and efficiency
development. Electricity demand scenarios are connected to electricity
network structure and to every power transformer in the dynamic
scenario model.
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5 Asset Modelling: Case Power
Transformers

On top of the distribution system asset management
scenarios, there is need for the dynamic modelling of the
assets in focus. This chapter comprises a dynamic model for
DSO power transformer assets in reliability, maintenance,
usage, investment economics, and criticality.

5.1 Power Transformer Scenario Assessment

Deterministic decision analysis has been used for many years to schedule
power transformer major overhauls and new unit investments. Usually it
works out fine, with sufficient reliability marginal and robust economic
measures, but there is unused potential which a deterministic analysis
does not analytically utilise. A periodically monitored power transformer
unit in a harsh environment can approach and even across the operational
danger zone limit imperceptibly when the asset manager is relying on
deterministic timing and average reliability margins. A deterministic
analysis is based on time intervals: for example, a transformer lifetime is
evaluated to be 30 to 40 years and with major overhaul 40 to 50 years —
but major overhaul is usually carried out on transformers that have been
20 to 30 years in network operation in Finland.

At least four remarkable factors have changed the thinking in power
transformer asset management and in electrical networks in general
during recent years.

°

% Turbulence of global economic trends and material prices
% Incorporation of the distribution system operation business in Finland
% Technology and price development of ICT solutions for energy systems

°

% Increased demand for electrical network reliability

®

°

®

Turbulence in economic trends and in material prices means alteration in
power transformer prices as well. For example, one power transformer
price clause states that the total sales price is tied to the copper price
index development with a 20% coefficient. The London Metals Exchange
statistics show a 3-month buyer copper price increase from 3200 to 7000
USD within one year, 2005 to 2006. This radical copper price effect would
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increase the copper 0,20 coefficient to 0,44 and the total power
transformer price by 24 % only due to the copper price increase. /34/

The incorporation of the DSO business has given more pressure for
the company’s anticipatory financial design. The long-term pertinent
investment budget enables reasonable financial actions and saves
the company financial expenses. ICT development affects power
transformer asset management through online condition monitoring.
Online monitoring equipment prices have decreased significantly and the
number of different online condition monitoring products has increased
in the last ten years. This technology can offer new and timely information
for decision-making and that information is needed to increase or
maintain reliability and for lowering the overall expenses. /59/

The dynamic scenario assessment model takes the earlier mentioned
factors in account from the DSO point of view. International research has
presented more detailed models for the evaluation of one or two
particular factors in power system asset management from a scientific
point of view, for example in transformer reliability modelling. This thesis
draws results from many international findings in such a way that
the model is still controllable and comprehensive, which means that it
cannot be comprehensive and meticulously detailed at the same time, for
the sake of usability.

Dynamic scenario analysis can aid to make more precise decisions
concerning transformer investments, major overhauls, condition
management and monitoring benefits. The newest transformer fault
statistics and enhanced diagnostics provide crucial information from
the unit’s life-cycle. The transformer operational life concept applied in
this thesis is three dimensional: technical, economical and strategic
lifetime /35/. The aim is to build dynamic model for power transformer
asset management which combines technical and economic aspects
together, in order to make more pertinent decisions. The base for the
transformer investment planning is built on the following ten factors:
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Figure 5-1 Factors comprising the dynamic scenario modelling for
power transformer asset management.

- Electrical parameters - Operational history

- Loading predictions - Network properties

- Reliability functions - Expert judgement

- Material price expectation - Energy price expectation
- Customer analysis - Condition Management

The dynamic scenario assessment is built to model long-term asset
management performance in different economic environment scenarios.
The most important factors are: loading prediction, transformer reliability
functions, customer analysis and expert judgement assessing initial data
correctness, adjustments and model suitability for the specific case.

5.2 Power Transformer Fleet Asset in Focus

An example analysis is made for Helen Electricity Network’s current
power transformer assets and future scheduled investments, on the basis
of new substation construction plans. The power transformer asset
replacement cost is 25 million Euros and the present value is 11 million
Euros.
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Power Transformer Fleet Age Distribution in 2013
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Figure 5-2 Helen Electricity Network power transformer fleet age
distribution in 2012 and applied cooling system which is described in
the Appendix 1.

There are 47 power transformers in operation in the year 2013 and the
fleet average time in operation is 21,8 years. Voltage levels are 110/10kV
in 21 units and 110/20 kV for 26 units. The most common cooling system
is oil forced air forced OFAF in 23 units, because this structure is more
suitable in a densely built city environment. The two newest units in
a downtown underground substation are cooled with a district cooling, oil
forced water forced system due to the space limitations. The rest of the 22
units are oil natural air forced systems in more spacious locations. Figure
5-2 shows the power transformer fleet age distribution and cooling system
design. The reason for noticing the cooling system design is related to the
transformer ageing of OFAF cooled transformers due to the higher
operational temperatures compared to ONAF units.

Electricity demand is increasing even in the Helsinki low growth scenario
and five new substations are planned to supply the demand. According to
the network expansion plan there is a need for nine new power
transformer sites. In addition, old units are renewed all the time and so
20-25 units will reach the end of their operational life cycle in the
following eighteen years, depending on the renewal age.
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Helsinki peak load, demand scenarios and power transformer capacity
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Figure 5-3 Helsinki peak load history and future scenarios with the left

y-axis (MW) and historical and future planned power transformer capacity
with right side y-axis (MVA).

In the year 2010 the power transformer capacity was 1618,5 MVA in
Helsinki while the peak load was 813 MW. Power transformer capacity is
roughly two times greater than the peak load value due to the reliability
requirement. According to the deterministic investment plan, 818 MVA
transformer capacity is renewed (light blue in the figure above) and 469
MVA capacity is added to the Helsinki area network (green pylons in the
figure). The planned capacity is easily sufficient if the lower or base future
electricity demand scenarios are realised and there could still be need for
new capacity if the high electricity demand scenario is realised. It is
probable that commercial demand response mechanisms will increase in
the evaluation period, which will limit the unit peak loading. Distributed
generation, electric vehicle utilisation and demand response are expected
to be included in the intensive energy efficiency scenario, which gives the
lowest consumption forecast in the upper figure. The analysis is made
with the current 47 power transformer sites plus nine planned new sites.

5.3 Reliability model

One challenge is to get good information that is suitable for modelling the
transformers with specific characteristic information. The following
reliability model combines survey results from three sources. Cigre and
Fortum Service statistics are used together to approximate
the transformer failure rate between operation years 0-40. RTE’s
statistics are used to evaluate the share of the serious faults from forced
outage anomalies and the forced outage rate at the end of normal
operation.
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- Cigre international survey on power transformer failure statistics /51/
- Fortum Service transformer fault research in Finland /87/
- France RTE’s transformer fleet failure statistics /65/

An exponential function is used to approximate the power transformer
failure rate statistics. Transformer major overhaul is widely applied in
Finland. Usually, a major overhaul procedure requires that the unit is
moved to the factory where several maintenance actions and diagnostic
measures are taken. A major overhaul costs nearly one fourth of the new
transformer price so it is necessary to comprehensively evaluate the costs
of that maintenance strategy. Also, the effect of condition monitoring is
taken into account in the reliability function.

5.3.1 Failure rate surveys

Cigre international survey 1968-1978

The most extensive results were presented by the Cigre working group
12.05 where information was gathered from 13 countries including
Finland. This international survey presents failure information from
approximately 47000 unit-years from 1968 to 1978 and 7000
transformer units were reached in the survey year 1978. /51/

Table 5-1 Cigre international survey failure statistics for power
transformers with highest rated voltage between 100 — 300 kV. /51/

Age of unit | Number of unit-years | Number of failures | Failure rate (p.u.)
0-5 7796 131 0,017
5 -10 7471 143 0,019
10 - 20 9698 216 0,022

The Cigre Working group concluded that the average transformer failure
rate can be stated to be 2 % per year. Failures which involve longer outage
times, such as transformer design, manufacturing and materials occur
three times more often than the other identified causes, such as incorrect
maintenance, abnormal overload, lightning or loss of cooling. /51/

Fortum Service Power Transformer failure statistics

The latest transformer fault rate research in Finland was made in 2005 by
Fortum Service. The transformers were used in various locations, from
industry to power plants, and for the most part in electricity transmission
and distribution. Altogether 413 transformers were taken into account
and major overhauls were made to 136 units after an average of 26,6 years
operation time. For the most part the data consist of 110 kV transformers
with only one were from the 220 kV and 400 kV voltage levels. The most
common transformer power size was 31-60 MVA, with 104 units
altogether. /87/
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Table 5-2 Fortum Service fault statistics survey in Finland for power
transformers without and after major overhaul (MOH). Annual fault rates are
in p.u. values. /87/

Years in operation 0-5 | 6-10 | 11-15| 16-20 | 21-25 | 26-30 | 31-35 | 36-40 | 41-45
unit-years (without MOH) | 1114 | 1138 | 1184 | 1113 | 985 | 713 330 187 100
Fault rate without MOH | 0,024 | 0,028 | 0,026 | 0,031 | 0,021 | 0,043 | 0,048 | 0,037 | 0,040
Fault rate after MOH 0,0197/0,0396| O 0,008
unit-years (after MOH) 254 202 168 125

Statistical information is limited in this Finnish power transformer survey
and that is visible, for example, in that there were not any faults after
major overhaul between operation years 36-40 in the original data.
Naturally, the failure rate value o is left out from the evaluation and
theresult sensitivity is analysed. A failure rate difference between
transformers with and without major overhaul is 0,021 in average and the
90 percent confidence value for the average difference is +0,011. Major
overhaul decreases the power transformer fault rate by 55 % with a 9o
percent confidence interval of + 20%.

Transformer failure rate and major overhaul effect
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Figure 5-4 Fortum Service’s power transformer failure rate data

according to time in operation, with and without major overhaul, and also the
difference between those failure rates. /87/

Statistical fault rate information ranges up to 45 years in operation, but
the information at the end of the time scale is not so reliable, because only
a few transformers are used fully after 40 years in operation in this data.
Usually aged transformers are for backup and are used just occasionally,
so the fault statistics show that the fault rate is decreasing, which is not
the case in real life. Although the data is limited the survey gives
information for evaluating the benefits of major overhaul to some extent.
It is necessary to weigh this information together with the extensive
international Cigre transformer survey. /87/
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Modelling transformer end of life failure rate is more complex because
many factors affect the failure characteristics with a high degree
of uncertainty. For example, as mentioned earlier, many DSOs use
relatively old transformers as a backup for the normally aged units, which
also decrease the chance of failure in the last operational years. Also,
special maintenance tasks are performed for the old units such as more
frequent condition diagnostics. At the same time, while forty year old
units are scrapped some fleet statistics show 60 to 70 years old
transformer units still in operation. For example, one of three
transformers from the same substation was scrapped when the unit was
40 years old. Usually specialists check the DP-value of the transformer
while dismantling the unit. In this specific case the DP-value was 600,
which is reasonably good; at least paper degradation did not justify the
scrapping.

Power transformer loading 2000-2004 in the same substation
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Figure 5-5 A three transformer substation loading between 2000-2004.
The red-line represents transformer T22 loading, which was used as a backup
and scrapped in 2006.

The figure above shows that during the last operational years transformer
T22 was used only occasionally. Altogether the Helen electricity network
SCADA statistics point out that the transformer in question was loaded
only 9 percent of the time between years 1998-2004. The reason for this
transformer’s somewhat premature renewal was part of an overall
strategic solution where the whole substation was renewed fully. Of
course, the DP-value information was not available during the decision-
making.

102



RTE Power Transformer Fleet Failure Data

The French transmission system operator RTE published transformer
fleet failure statistics in 2008. The study included 1259 power
transformers. Two thirds of the fleet had a high voltage 215 kV winding,
23 percent 400 kV and the rest were 150, 90 and 63 kV transformers.

/65/
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Figure 5-6 RTE transformer fleet age distribution. /65/

At the end of the survey period 1994-2004 the fleet average age was 27
years, but still 40 percent of the transformers were older than 30 years.
Many transformer types were included in the survey, such as three and
single phase autotransformers and single phase transformers, the
majority in the data consisting of 920 units were three phase
transformers, which is very suitable for this thesis. /65/

The RTE Failure data consist of two components: transformer annual
serious failure rate and forced outage rate. A failure was categorised as
a serious failure when the outage time lasted longer than eight days. The
rate stays around the low level 0,005 in the years between 5-20, but rises
to over 0,01 for the units older than 30 years. /65/
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Transformer failure rate and time in operation
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Figure 5-7 RTE transformer fleet’s annual rate for serious failures

according to age of transformers. The confidence interval (90 percent) is
presented with dotted lines /65/

It is noteworthy that the failure rate is relatively high for the first five
years, as highly standardised factory and site acceptance tests usually
eliminate defective units. Higher failure rates in at least the first ten
operational years are not very common according to the Finnish reliability
survey. Although Finnish data do not show any significant early stage
bath-tube curve failure rate it is still taken in account as an extra security
measure. In this thesis, failure rate is considered to be 50 % higher in the
first year in operation and 25 % in the second year. /65/

Problems with cooling, control panels and other transformer equipment
lead to lighter forced outage 7,5 times more frequently compared to
serious failures, while the global serious failure rate was 0,0061 per year,
the average forced outage rate was 0,046 annually. On average the serious
failure rate is 13 percent of the forced outage rate. The forced outage rate
values resemble the serious failure rate in three ways. The outage rate for
the first ten years is higher and after a relevantly long drive-in-period
decrease to 2 %. The next twenty year’s outage rate increases evenly from
2 % to 6 %. It is important to notice that between years 32 to 37, the
outage rate decreases approximately 3 percentage unit and RTE
specialists reckon that maintenance undertakings may have been the
reason for this drop. /65/
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percent confidence interval (Khi2 inferior and Khi2 superior). /65/

After 37 years in operation the outage rate increases of an accelerating
rate that value more than doubles within a ten year period to 11 % and to
20 % after 50 years in operation. During the survey period RTE did not
apply a general refurbishment policy to extend the transformer life-time
like in Finland, where a major overhaul policy is common practice. In the
RTE publication in question, The French TSO considered a new
refurbishment policy criterion for power transformer life extension, but it
remained a lighter overhaul process than in Finland. The units are not
moved to the factory, but are refurbished on the site. /65/

Forced outage rate baseline and 90% confidence interval
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Figure 5-9 RTE’s power transformer fleet forced outage rate baseline

and 90 % confidential intervals for superior and inferior rates. /65/
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According RTE’s analysis, there is a 90 percent probability that the actual
fault rate is in the area described in the previous figure. The confidence
interval’s superior fault rate is 58 % higher and inferior rate is 41 % lower
than the baseline on average. The use of the confidence interval superior
and inferior fault rate difference is only indicative in dynamic scenario
modelling, because the entire numerical RTE research data was not
available from this research, only the summary results presented by Blanc
et al. /65/ Approximating the upper and lower fault rate intervals for
combined data it is safer to use 60 % for the superior level and 40 % for
the inferior level. So with these limits, regarding the fault rate sensitivity,
there is a 100% change interval.

5.3.2 Failure rate data

The Cigre and Fortum Service statistics are weighted with transformer
unit-years to give a for joint failure rate for the first 20 years. Altogether
Cigre and Fortum Service data for the first 20 years comprised of 29 514
transformer unit-years. The 20 to 40 year failure rate data is from
the Fortum Service survey for transformers without major overhaul,
which comprises 2215 transformer unit-years from that period. RTE
statistics provide information to the last years in use, where the outage
rate rises from 0,04 to 0,2 within ten years, between 40 — 50.
A conclusion from the transformer failure rate surveys is presented in the
following table.

Table 5-3 Data for the power transformer failure rate according to
the age of the unit.

Years in operation [ 0-5 | 6-10 [11-15| 16-20| 21-25 (26-30|31-35|36-40|41-45|47,5| 50 |64

Failure rate (p.u.) |0,018| 0,02 | 0,02 | 0,024 | 0,021 | 0,043/ 0,048( 0,04 | 0,06 |0,11| 0,2 | 1

The last value is a measure of precaution due to the lack of statistical
information and it claims that a transformer will fail with 100 % certainty
after 64 years in operation. Even the RTE fleet age distribution shows that
some older units are still in operation and international examples of
insulation paper degradation also show that a transformer can operate
after 64 years, but still it is reasonable to stay on the safer side when there
is not enough relevant data to prove otherwise. Also, there is no relevant
information about the reliability of very old transformers yet, but many
transformer asset owners especially in western countries, are focusing on
managing ageing infrastructure. For the future it is relevant to follow
the newest information from transformer asset management research and
update the data continuously.
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Figure 5-10 Power transformer failure rate data base line without major

overhaul. /87/ /51/ /65/

Now the base line for transformer failure rate without major overhaul is
comprised of three surveys, which include 40 000 unit-years of data. The
next step is to model a function from the information. /87/ /51/ /65/

5.3.3 Failure rate function

The first version of the exponential fault rate function is developed from
of the statistical information presented in the previous chapter. An
empirical way to model a relative failure rate function for ageing is to use
exponential functions to approximate the statistical information. /47/

Exponential fault rate function:
AMty=a-e" +c (5.1

‘Where a,b are age-dependent constants and c is the age-independent part of
the failure rate function. /47/

A transformed regression model is used to generate the exponential
failure rate function. Although the transformed regression model includes
discrepancy due to linear transformation, it is irrelevant in this case.
The function suitability with the data can be checked from the next figure.
The transformed regression model gives the following values with
a correlation coefficient R2=0,9332:

a = 0,001 b = 0,0994 c = 0,0169

So the baseline function for power transformer failure rate is:

A1) =0,001-¢"" +0,0169 (52)
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Naturally, a failure rate function has a degree of uncertainty and it is
necessary to use a sensitivity analysis for the function. RTE’s 100 percent
interval rule of thumb is used here, although with the combined fault rate
statistics it is not exact. Nevertheless, the accuracy is sufficient for the
sensitivity analysis. The superior rate is 60 % higher and inferior rate is
40 % lower than the base rate. In this case, the baseline failure rate
function sensitivity effect in scenarios is evaluated with 100 % value
difference in the following way:

ﬂ'infc:rior(t) = /lbase(t)x 0560 (5-3)
/lsuperior (t) = 2’base(t) x 1760 (54)

Transformer failure rate and time in operation
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Figure 5-11 Baseline failure rate data used to form exponential function,

with inferior and superior boundaries for the sensitivity analysis. The
function is formed with a transformed regression model. /87/ /51/ /65/

Classical failure rate bathtub curves have three parts: early burn-in period
with decreasing failures, constant random failures in the useful period
and increasing failures in the wear-out period. A strong history of
standardised factory and site testing procedures has lowered significantly
the transformer burn-in period failures. A clear burn-in period high
failure rate is not visible in the Cigre and Fortum statistics, because
possible burn-in period failures are usually caught in the factory and site
acceptance tests. The RTE statistics, however, show clear burn-in period
phenomena, with a higher failure rate compared to the normal useful
period. /64/

As mentioned earlier, the burn-in period is modelled for the first two
years in operation, with 50% and 25 % higher failure rates compared to
the exponential function.
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2’Bum-in-year—l (0) = j'(0) X 1950 (55)

/’LBum-in-year-Z(l): A(I)XI,ZS (56)

The whole baseline function with the burn-in period:

l(t)x[l,SO-itJ 0<1<2

Apase () = (5.7)

A(t) t>2
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Figure 5-12 Power transformer failure rate baseline with two year burn-
in period.

Now the baseline function for transformer failure rate has been formed
from the data. The next step is to evaluate the effect of different
maintenance strategies on power transformer reliability.

5.3.4 Major overhaul effect

Power transformer major overhaul is a significant maintenance operation
and it costs a lot of money compared to the full capital investment of the
unit. It is reasonable to put effort into analysing the possible effects that
this operation has overall. Fortum service has conducted research in
Finland about this topic, although the scientific output from this study is
statistically narrow because there were only 413 transformer units
included. But it is still the most extensive study on that subject in Finland.
Globally, there is also a lot to develop in the statistical analyses of
different transformer maintenance strategies. In many cases the network
asset manager is uncertain whether to do major overhaul or not, due to
the lack of information for the decision-making. This attempt is to
increase the knowledge about the relevance and sensitivity of that
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relevance regarding whether to apply major overhaul in the DSO
maintenance actions portfolio. Basically, the major overhaul utility
function depends on:

- Maintenance effects on the fault rates,

- Place where the transformer is located in the network,

- Price development of optional total renewal,

- Reliability requirements from the customers that
the transformer serves,

- Unit’s operational history

- Finally, expert judgement in all

This is quite a demanding list to evaluate at the same time and the
analysis is not comprehensive if some crucial information is left out, for
example overall reliability expenses or the price development of the new
units. Again we are dealing with attributes that include uncertainty and
that is the reason for the scenario assessment, to see how this complex
entity behaves in the different circumstances. The major overhaul
reliability effect is modelled on the basis of Fortum Service reliability
data.

Major overhaul effect to failure rate function

This approach examines major overhaul failure rate effect as a relative
share decrease that acts as an ageing dependent constant. Fortum service
statistics are quite concise in information quantity and so the constant
share approach is much safer when used with a sensitivity analysis, to see
how close alternative conclusions are about the overall benefits.
The calculation from the Fortum Service survey results indicates that the
major overhaul effect on the failure rate is a 55 percent decrease +20%
with a 90 percent confidence interval. The fault rate major overhaul factor
Jfuon = 0,45+0,2 is comprised from 1724 transformer unit-years of data,
from operational years 26 to 35 and from 41 to 45. Because the amount of
data is relatively small, the base major overhaul factor is chosen
conservatively; fiyoy = 0,45+0,2 = 0,65, so major overhaul decreases
annual power transformer fault rate by 35 %.

The major overhaul effect to power transformer fault rate:

Apase(t 0<t<(Tyon +1
lMOH (l) _ { base () ( MOH ) (5.8)
Apase (D vion 12 (Tyoy +1)
Where,
Aion () Power transformer fault rate function with major overhaul
Apase(®) Power transformer fault rate baseline function
JSuon Major overhaul fault rate factor
Tyon Major overhaul year

110



Transformer failure rate and time in operation

0,20 - /
0,18 L
~— -~ Function superior I.’ /
8 0,16 |~ ——Failure rate function with major overhaul 7 / 7
3 0,14 +— — - Functioninferior ” ,-’
o —Failure rate data with major overhaul / / v
3 0,12 5 :
= K / B
< 0,10 i
T 0,08
o p / E
® 0,06
=) . PE o
i R —— T -
0,02 P —— = >
0,00 T T T T T 1
0 10 20 30 40 50 60

Time in operation (years)

Figure 5-13 Power transformer failure rate data with major overhaul and
failure rate function with major overhaul factor equation x using constant

factor fion = 0,65.

The Percent major overhaul factor aligns overhaul ageing-dependent
effects to the failure rate function. For example, transformer insulation
paper and oil contain some levels of water and this moisture accelerates
the operative ageing of the transformer. During a major overhaul,
the transformer insulation paper and oil are dried and this operation
decreases the speed of the transformer’s relative ageing process. Joints
inside the transformer can loosen due to thermal movement and
the loosening of the joints can accelerate the thermal effect, which again
accelerates the whole ageing process. Loose joints are tightened in a major
overhaul. For these reasons it is reasonable to conclude that a major
overhaul has an effect on the ageing-dependent parts of the failure rate
function, which in turn justifies the use of a major overhaul factor.

5.3.5 Maintenance and Condition Monitoring Effect

Reliability can be improved with maintenance and condition monitoring
in our experiences in Helsinki Energy. Time based maintenance has been
the maintenance backbone in the power transformer maintenance
strategy. Condition based maintenance actions have increased and the
concept of reliability centered maintenance strategies in power system
asset management has become familiar. Typically, transformer loading
and temperatures are monitored and, in special cases an online gas
analyser is used to monitor the most critical units. Overload, overheating,
cooling system failure indicator and oil level alarm are implemented on
every unit. Condition monitoring and maintenance has frequently
prevented interruptions in the electricity distribution system in Helsinki.
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Figure 5-14 Power transformer incipient fault detected with off-line
diagnostics in 2003.

In the example figure above, a portable gas analyser detected a deviating
gas development trend in a power transformer, which signalled local
overheating on the basis of the gas composition. The reason was partial
discharges in the aluminium-copper joint, which would have eventually
led to failure and interruption in the electricity distribution, this was
prevented and fixed due to the critical information gained beforehand.
Uncertainty factors increase when there are no measurement results and
monitoring in the transformer: life-time prediction is much more inexact
and in such cases the: probability density function is widely distributed.
Life-time prediction can be more accurate with the information received
from condition monitoring: the probability density function is narrower
with monitoring and gives the possibility to use components more
efficiently. /94/
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Figure 5-15 The idea of the predictive probability density function for
transformer lifetime: maintenance strategy with both major overhaul and
condition monitoring (dotted line), and with neither. /93 applied/

Major overhauls and concrete maintenance actions can move the
operational lifetime probability density centre to the right, as shown in
the figure above. Frequent maintenance actions give more accurate
lifecycle information and so the probability density function shape gets
narrower the more actual and real-time information is used in asset
management. Of course, there are many other factors besides
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maintenance that affect the shape of the probability density function, such
as differences in the manufacturing processes and operational history.

This analysis applies condition monitoring detection rates presented in
The Cigre example calculation on “Guide on Economics of transformer
Management” /59/. The guide suggests when it is possible to use local
expert analysis in the use of detection rate values, because data
acquisition covering the effect of the condition monitoring effects been
gathered over a relatively short period of time and the statistical reliability
is not yet high. However, there is no better local information available,
merely some cases that show the practical benefits of condition
monitoring, but not with statistical significance. Cigre example values are
used with the sensitivity analysis. In the Cigre guide transformer on-line
condition monitoring is presumed to detect 60 % of incipient faults
that have not been detected with offline diagnostics. The offline
diagnostics detection rate was 30 % in the example. This example uses
the offline detection rate as a base detection rate for units with a normal
time based maintenance program and simple temperature
measurement monitoring and basic protection relays. /59/

Condition based maintenance has increased along with the concept of
reliability centered maintenance, which in this case means extra and more
frequent monitoring in the situations where the transformer network
position is more critical or characteristic condition information gives
reason for extra actions. In 2008 condition based analyses were made on
chosen units on the basis of criticality and a suitable representation of the
whole power transformer fleet. One essential incipient fault was detected
and fixed related to the connection for the tap changer. The economic
benefit of condition related extra maintenance actions are evaluated with
an estimate that is a little lower than for time-based maintenance. This
analysis uses a 20 % detection rate value for the extra condition based
maintenance actions practiced in Helen Electricity Network. A failure
probability tree is built on the previous information to model the effects of
different maintenance condition monitoring levels.

Base incipient fault detection rates in the analysis and event tree:

Time Based Maintenance Oy =30%
Condition Based Maintenance Ocpy =20%
On-line Diagnostics Oop =600%
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Figure 5-16 Event tree and fault rate factors for power transformer
failures with different maintenance levels. Alpha fault rate factors denote the
share of failures, which lead to interruptions and beta factors denoting the
share of preventive maintenance.

The failure probability tree for power transformer faults is modelled with
three condition monitoring levels: time based maintenance, condition
based maintenance and on-line diagnostics. As presented in the RTE
failure statistics the overall faults divide into forced outages and serious
failures, as presented in the lower part of the failure probability tree with
two alpha-factors: all incipient faults lead to failures when there is not any
type of condition monitoring to detect them. Some share of the incipient
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faults is detected before actual forced outage with time based
maintenance and so preventive maintenance can lower the actual failures.
The main reason for using the failure probability tree here is to evaluate
the division between actual failures and detected faults that are prevented
with maintenance.
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Equations for the preventive action and failure rates in the
probability tree: (5-9)

ﬁTBM+C‘BM+0LD_F = (1 N )[5TBM + 5CBM (1 - 5TBM)+ (1 - 5TBM )(1 - 5CBM )50LD]
ﬁTBM+CBM+ULDisF =Gsr [5TBM + 6CBM (1 - 6TBM ) + (1 - 5TBM )(] - 6CBM )6OLD]
OFp BM+CBM+OLD = (1 — S )(1 = Scpu )(1 ~Sop )(1 —CsF )

A sp TBM+CBM+OLD = (1 — Orpur )(1 e )(1 —So1p )§SF

Bravecan r = (STBM + 8oy — OramOcam )(1 —SsF )
Brsvcau_sr = (5]'8M + Sy — OrpuScpu )GSF
Or revmrcBm = (1 = Orpur )(1 —Ocpu )(1 - gSF)

Agsr tepmcBM = (1 - 5TBM )(l - 5CBM )QSF

ﬁCBM +OLD F — (5CBM + 50LD - 6CBM 6()LD )(1 —GsF )
ﬂCBMmLLLSF = (ECBM + 50LD - 5CBM5OLD )gsp
Qr cpu+oLp = (1 —Scpm )(1 =Soip )(1 —Gsr )

Asr cpm+oLp = (1 = Scpu )(1 = Soip )gsp

.BCBMj :5CBM(1_gSF) :BOLDiF :50LD(1_§SF)

Besu SF T ScpmS sk ﬁ()LDiSF =001 sF

Ar caym :(l_gCBM)(l_gSF) Ap oL :(1_50LD)(1_§SF)

Qsr cay = (1 —Ocpm )§5F Qs op = (1 = Ooip )§SF

ﬁTBM F = ETBM (1 - gSF) ﬁTBM +OLD F — (5TBM + 50LD - 5TBM 5()LD )(1 - gSF)
Brsu _sr = OranSsr Brsu oo sr = (5TBM +801p ~ Orsuorp )§SF

Ar 3y = (1 = Orpm )(1 - GSF) Qr rBMyoLD = (1 = Orpur )(1 =Ooip )(l - gSF)

Xsp _18M = (1 — Sy )‘;SF Xsp_rBM+0LD = (1 —Orsm )(1 —Sowp )§SF

aFiNoMaimena nce — (l - gSF)

A sr NoMaintenance — S SF

‘Where,

,B& F Share of the preventive maintenance for minor faults with
maintenance program x

/B.n s¢ Share of the preventive maintenance for serious faults with
maintenance program x

o Share of the forced outage failures with maintenance program x

Qg; .  Share of the serious failures with maintenance program x

o TBM Fault detection rate in time based maintenance program
Ocam Fault detection rate in condition based maintenance program
Sowp Fault detection rate with on-line diagnostics

SsF Share of the serious failures from all failures

TBM Time based maintenance program implemented
CBM Condition based maintenance program implemented
OLD On-line diagnostics installed and applied
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Failure rates and preventive maintenance rates can be assessed for
the different maintenance strategies with the above equations. The more
intensively a power transformer is maintained, the larger the share of
incipient faults detected and fixed with preventive maintenance actions.
Damages and corrective maintenance costs are naturally lower when
afault is detected and fixed before an actual failure. Preventive
maintenance actions are divided into two groups according to whether the
incipient fault requires extensive maintenance or just simpler
maintenance. Extensive preventive maintenance and simpler preventive
maintenance follow the rate between normal and serious failures.

5.3.6 Reliability conclusions

The reliability evaluation in this thesis is based on a combination of
international and local Finnish failure statistics. Different maintenance
strategies as well as operational history have an effect on failure
probabilities. When an incipient fault is detected before a real failure it is
easier to repair. In this evaluation an incipient fault has four
consequences: failure, serious failure, prevented failure with maintenance
and prevented serious failure with timely maintenance.

The failure and preventive maintenance rate equations for a power
transformer are:

Failure rate iprp () = Apase O friom Crson )O‘fo (5.10)
Serious failure rate 1PTS,, () = Apase O S sior (Crson )OCSFJ (5.11)
Prevented failures Pr () = e (O frion Erion )ﬁxj (5.12)
Prevented serious failures Ogp ()= ﬂ’basz (t)f MOH (¢ MOH )ﬁxst (5.13)

Reliability as an exponentially distributed probability density function:

Reliability Ry (y)=e™V (5.14)
Unreliability 0, (¥)=1-R.y () (5.15)
Where,

A I, (t) Power transformer failure rate that lead to interruption
A PTyy (t) Power transformer serious failure rate that leads to interruption

lb ase (t) Power transformer incipient fault rate base line function

Pr () Prevented failures rate with applied maintenance strategy

psp(t)  Prevented serious failure rate with applied maintenance strategy
Op

. Share of the forced outage failure with maintenance program x

Qg . Share of the serious failures with maintenance program x

B, r Share of the preventive maintenance for minor faults
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B, s Share of the preventive maintenance for serious faults
Suow oy ) Faultreduction factor after the major overhaul time 7,
R, () Power transformer reliability in the operation year y

Opr (¥) Power transformer unreliability in the operation year y

5.4 Loading Scenarios for Every Power Transformer

Future investments are highly related to load growth, especially new
substation construction. There are various ways to construct a load
prediction for a power transformer unit and in this thesis the model is
based on planned city zoning, economic development, consumption
characteristics and their development into the future. In this manner,
aloading prediction is made for every existing and planned power
transformer in Helsinki till the year 2030.

A transformer is a long-term investment and transformer losses are
significant in the life-cycle costs. Transformer price and losses are related
to each other: higher capital costs can reduce losses and vice versa.
The lifetime cost for the loss kilowatt is usually calculated when the
transformer is about to be purchased with the current or constant energy
price. One way to develop the optimisation in this sense is to predict the
long-term transformer load curve and loss energy price with different
scenarios. The outcome predicts load for every power transformer until
the year 2030 in the dynamic scenario assessment model.

a) b)

130%

120%

110%

100 %

~——_/
Octaber 2010 2015 2020 2025 2030
Month

Figure 5-17 Loading scenario information from Tapanila substation: a)
3D load characteristic figure and b) future peak load development scenarios
till the year 2030.

The year 2010 loading measurements are used as reference curves for
every substation loading. This model combines the substation reference
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curve and peak load prediction together to give the default hourly load for
every present and planned substation for the next 17 years.

5.5 Long-term Trend for Transformer Prices

Deepening the analysis of the relations between power transformer
capital cost design and losses in different energy and material price
scenarios provides new essential information in DSO investment
decision-making. Besides a power transformer’s essential technical
characteristics, there are many choices in the planning table which have
an effect throughout the unit’s operational life-cycle. Manufacturers make
these choices on the basis of the initial values given in the competitive
bidding. Choices relate to usage of different materials and design
solutions: one example is the choice of transformer core materials such as
high permeability steels, and laser-etched steels which define the no-load
loss characteristics in operation and initial capital costs. /32/

Construction Customer Energy politics
Index profile

" \ | Location | .
LT . Zoning

. . [
Operational . marginals
Cost = /

Energy price
development

Producer. Energy losses cost
Index ) =
Unit’s loss

characteristics _

Figure 5-18 General variables when capital and operational cost relation
is balanced. Transformer capital cost elements (materials, labour and
producer costs) are reflected to future load profile of the unit and
development of long-term energy prices.

As mentioned, the classical way to evaluate transformer life-cycle costs
during purchase from the DSO point of view is to define a cost assessment
for transformer losses. The transformer manufacturer uses customers’
capitalised loss expense values as an initial value for designing the
balance between capital and operational costs. This thesis integrates long-
term power transformer capital and operational costs taking into account
future price scenarios of materials, construction, work, energy and future
loading development.

5.5.1 Transformer price development

Helen Electricity Network Ltd. has bought 35 power transformer units in
the years 1977 to 2009. Between 1975 and 1990 transformer unit prices
increased steadily, but after the nineties recession prices decreased
approximately 20 percent within ten years until the early 2000s. In 2004
prices started to rapidly grow at a historical speed.
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Historical transformer purchase prices 1977- 2010
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Figure 5-19 Helen Electricity Network transformer price development

between the years 1977 - 2010.

In the figure above, the power transformer price almost doubled during
the three years following 2005. The graph above shows that it is
increasingly important to systemically follow the underlying price
development factors. One practice is to follow the development of the
general construction costs, as is done in construction related businesses.
Statistics Finland follows and reports the real price development of
construction costs and building works /89/. There are also private
companies that are selling professional forecasting scenario services
related to future building cost development. The following figure presents
power transformer price development and the building index relation
from 1985 to 2010.

40 MVA Transformer purchase price development
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Figure 5-20 Power transformer unit price (k€/MW) relation to the

building cost index development between the years 1985 to 2010. /89/
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The previous figure shows that building cost index development generally
reflects to some extent the long-term transformer pricing, but it is not
nearly sufficient to reflect the short and medium term price development.
The building cost index is an over-dominant index to use in power
transformer investment price evaluation.

5.5.2 General Indices and Transformer Price Development

There is the need for a more responsive price development indicator than
the building cost index. Power transformer manufacturers normally tie
terms of sale to material price indices. There is also relatively large fixed
rate representing labour costs and producer indices, which are easier to
predict from the manufacturers stand point. The major part of the
material costs for a power transformer normally relates to the steel,
copper or aluminium and oil. The following figure presents the historical
development of these indices.

Reference price indices development between 1980-2011
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Figure 5-21 Historical price indices development for Iron, Oil, Labour,

Industrial Producer and copper costs. These elements are related to power
transformer purchase costs. /89/ /90/ /91/ /92/

Material price development has been quite stable in the eighties and
nineties compared to the situation during commodities boom in the
2000s. The annual oil price index has almost quadrupled, with a 294 %
increase during the years 2002 to 2008. The same increase levels apply to
other materials as well. The labour cost in Finland decreased substantially
after 1991 during the nineties economic depression and increasing global
competition in the labour force. Almost all power transformers were
purchased and manufactured in Finland before the 1990.
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Power transformer price development is linked to the following
indices and shares:

Carbon steel 25 %
Copper 20 %
Transformer Oil 10 %
Labour costs index 40 %
Producer Price index 5 %

Historical transformer price development 1985 - 2010
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Figure 5-22 Power transformer real purchase prices and reference index

development on the basis of the copper, iron, oil, labour and industrial
producer indices presented in the previous figure.

The transformer price reference index curve above matches’ real power
transformer purchase prices very closely, much better than using only the
building cost index. Industrial markets were more nation-centric in the
last century compared to the current situation, where European Union
public procurement legislation has opened trade barriers. It is important
to notice that labour costs, which represent the largest share of power
transformer costs, should be estimated from the European Union stand
point and not the national reference in future scenarios. Transformer
price reference index and future material price development scenarios are
combined in the dynamic scenario modelling in the sixth chapter.

5.5.3 Loss Characteristics Development

Materials, electrical components and manufacturing processes develop
continuously, pursuing ever more efficient use of resources to maximise
benefit. Energy efficiency is an important factor in electricity transmission
and distribution, especially when energy costs and efficiency
requirements are increasing. Power transformer losses present
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a significant share of the total network losses and transformer energy
efficiency has significantly increased from 1955, as The Cigre study for
large power transformers shows. /62/
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Figure 5-23 Example figures for the characteristic development for large

220 kV power transformers according Cigre studies. /62/

Long-term development has decreased the no-load loss characteristics
3,03 % and load losses 1,5 % per year. For example, core materials and
manufacturing techniques have developed from applying a thick soft iron
wire to very thin grain-oriented laser-scribed plate core materials. /62/

The sophisticated designing of power transformers means the power
losses of new units are considerably lower than before. At the same time,
the material and manufacturing costs have increased. The balance
between operational and capital costs in the case of transformers
concerns the balance between power losses and the amount of
manufacturing materials. A simplified view of this matter is that the
losses decrease when thicker conductors are used. Of course, this
generalisation works only to some extent: there is a limit beyond which
the enlargement of the winding construction only increases overall losses.
Nevertheless, construction optimisation is left for the manufacturers on
the basis of distribution network site specified capitalised loss expenses
for load and no-load losses. Nominal transformer losses are measured in
the factory acceptance tests which gives the data to calculate loss
expenses.

5.6  Criticality Analysis for the Power Transformers

There are different demands related to electrical supply reliability from
the customers and so there are significant differences in the criticalities of
different power transformer units. Two factors are needed to define risk:
the probability of failure and the consequences of failure. A customer
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criticality analysis for a transformer unit is covering up the latter one.
Criticality is a function of substation customer profile and current load,
and general load development in the area with the planned network
investments. Currently in Helsinki there are 47 power transformers
altogether, and nine new units are scheduled along with planned new
substations. Research results for customer interruption cost are applied to
assess the outage costs for each unit. The next example figure shows
the customers profile distribution of one power transformer unit located
in the downtown area. Based on the customer profile distribution, real
loading data and estimated future loading scenario, the development of
the one hour interruption cost for customers is calculated.
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Figure 5-24 a) Customer distribution profile for a single power

transformer unit T12 in the downtown area of Helsinki. b) Development of
one hour interruption cost for the customers that Ti2-unit serves using
Finnish base values for CIC.

The commercial sector is naturally tied to downtown and commercial
consumers’ outage cost values almost seven times higher than residential
consumers. There is a logical reason for that; as when an interruption
occurs in downtowns it may lead to closing large commercial centres
during the busy business hours, whereas a residential customer will
experience discomfort and indirect costs for the most part. Figure b)
presents the development of one hour interruption costs and there is
significant drop after 2011, which means that new neighbouring
substation and power transformer units are lightening the loading and
hence the overall criticality of the unit.
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Power transformer loading criticality is calculated with the following
formula for every current and coming unit:

lm_(y) Jetoaarr (y )

Xpr (y) = (crsr tes, e +e,s, te,s, )i (y )ﬁdailyx I; (y )
cic 0 LoadPT 0

Where, (5.16)

X T ( y) Power transformer’s loading criticality valuation for one
hour interruption in the year y

C, Cost of one hour interruption for customer type x

S, Share of the power demand for customer type x

r,c,i,a,p Residential, commerecial, industrial, agricultural and public

i..(y) Cost of interruption development index in year y

i,.(%) Cost of interruption development index in first year

D aai Iy Annual average for daytime peak power for the power
transformer

SotoadsT ( y) Estimated load growth factor for the year y in the simulation
S Loadst (y0 ) Load growth factor for the first simulation year

The criticality is calculated for every power transformer unit and the
following figure presents the criticality development for all current and
newly planned units. Naturally, there are differences in the criticality in
different unit locations; on the basis of information received from Finnish
customers a unit’s cost for interruptions can be more than sevenfold. This
is valuable information, for example, when considering maintenance
strategies and fleet asset management in general.
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Figure 5-25 Base development scenarios for the consumption criticality
which power transformer units serve.
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Electricity consumption criticality is related to customers, cost of
interruption valuations and consumption development. Consumption
criticality measure is not dependent on unit reliability characteristics,
because that is defining the other risk factor: meaning the probability of
failure whereas criticality is defining consequence. Dynamic consumption
criticality is implemented in the scenario modelling.

5.7 Including Expert Judgement

On top of heuristic system modelling there is the need to include expert
judgement because the whole system cannot be meticulously modelled in
a dynamic way. One clear phenomenon appeared from the historical
diagnostic measurements concerning the power transformer fleet
reliability modelling and the effect of cooling system adjustments /94/.
Mainly, all units are either cooled with OFAF (oil forced air forced) or
with ONAF (oil natural air forced) systems. Historically OFAF-cooled
transformers have been operated at higher temperatures and therefore
the paper insulation degree of polymerisation (DP) has decreased more
rapidly compared to ONAF-cooled transformers, with reference to
historical loading. A reason for this was systematically too high
temperature threshold settings in forced air cooling, hence the cooling
ability for an OFAF-system operated in OFAN-mode is too small and
the temperature can rise to the threshold level even with very low loading
/94/. As a result of the Helen Electricity power transformer fleet analysis
the paper insulation DP-value has been decreased to approximately 600
inside OFAF-cooled transformers although the same value for ONAF-
cooled transformer is only 900 after 25 years in operation.

Degree of polymerisation and cooling system adjustment effect

1000
ONAF- Transformers
[ ]
800
300 lo wer
Dop
o on avergge
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©
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3 ’ .
OFAEF- Transformers
[}
400
200
15 20 25 30 35
Agein years
Figure 5-26 Helen Electricity power transformers fleet’s paper insulation

degree of polymerisation and operational age for eight OFAF and three ONAF
cooled units.
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The next step is to evaluate the effect of OFAF-cooled power transformer
reliability when insulation paper characteristics have decreased faster
than expected. In a normal distribution network operation environment,
an ONAF- cooled power transformer DP value will decrease
approximately 300 units after ten operational years. So this extra OFAF-
cooling system 300 DP decrease amounts to a ten normal operational
year DP decrease. Also, it is relevant to mention that this OFAF-cooling
settings’ deficiency was noticed in 2005 and during 2006 all settings were
altered in the whole fleet. The period of an OFAF-unit’s operation in
adverse temperatures is dependent on the year of purchase and the year
when the cooling system setting was altered. There are 19 units from
the entire power transformer fleet (39 %) that have been affected by
the OFAF-defect.

There is the need to adjust the power transformer fault rate function
based on the information summarised earlier. In the following case,
expert judgment is applied on the basis of available condition
information. The OFAF-cooling system setting deficiency effect is derived
from the ten normal operational year loss of life within 25 years in higher
temperatures. If an OFAF-transformer is used for 25 years with the wrong
cooling system setting then the fault rate is calculated by adding ten extra
years in the evaluation(s,)=A(25+10). In this case, the power
transformer annual fault rate is 4,9 percent whereas in normal conditions
it would be 2,9 percent. Hence the annual fault rate increase c,,,.(25) due
to the wrong OFAF-settings is 2,0 percent.

The effect of OFAF-defect on powertransformer faultrate
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Figure 5-27 Maximum OFAF-cooling system setting defect on power
transformer fault rate.
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The increased OFAF power transformer ageing effect on fault-rate is
calculated with a simple linear function:

Copar Uy _ 0peOFAF )= 42 5 ty opeorar = 25 Uy opeorar (5.17)

A(35)-A(25) 4,9%-2,9%
‘Where,

Corar(operaiio) ~ Fault rate increase due to the OFAF-defect as a function of
time the transformer was operated with the wrong cooling
system setting

/1(t) Power transformer fault rate as a function of time (years)

L opeOFAF Time in years when the power transformer was operated
with the wrong OFAF-cooling setting

The oldest OFAF-cooled power transformer in operation is the T18-unit,
purchased in 1976, meaning that this specific unit has been operated for
30 years at higher temperature due to the wrong cooling system settings.
The entire power transformer fleet has been operated for 355 unit years
with the wrong OFAF-cooling setting, which has a significant effect on
the power transformer fleet condition and hence on the operational
reliability.
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6 Dynamic Scenario Assessment:
Case Power Transformers

The dynamic scenario modelling is applied to the DSO’s power
transformer fleet asset management. Specific analyses are
made for assessing: investinents in a turbulent economic
environment, maintenance strategies, overall benefits of
online diagnostics and major overhaul actions.

6.1 Power Transformer Scenario Assessment Qutput

As mentioned earlier, asset management aims to manage asset
performance, risks and costs with a strategic target /39/. Although capital
investments comprise the largest single cost in the portfolio of asset
management transactions, a significant part of the overall asset
management costs occurs through the life cycle operations of usage,
performance and maintenance. There is therefore the need to evaluate
and manage the future cost of the operations as well as the immediate
investment costs. The basis for the evaluation is the earlier presented
scenarios for economic environmental development and dynamic asset
modelling; by combining these can overall asset dynamics can be assessed
and managed.

Now it is time to apply the scenario modelling to a distribution Power
transformer fleet, to evaluate the overall asset dynamics and then
continue with the more specific cases. In order to present an assessment
result, the analysis is made on a DSO’s power transformer fleet with the
detailed asset management plan and with the baseline scenario for
economic environment. The example asset management plan, which
states the timelines for unit renewal and unit specific maintenance
intensity, is presented in Appendix 3.
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Power Transformer fleet's Asset Costs Scenario
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Figure 6-1 DSO power transformer fleet’s comprehensive long-term
asset cost scenario with economic baseline scenarios described in Appendix 4
and the asset management plan described in the Appendix 3.

Expected net present value! for the planned asset management program
capital expenses between 2014-2030 is 13,9 million Euros in the base
scenario, which comprises 32 new power transformer units, major
overhauls and renewals of online diagnostic equipment. The net present
value of all other expenditure categories sum to 15,9 million Euros in the
base scenarios for the fleet. This specific example shows the scale to which
a fleet’s operational life-cycle expenses compare to capital investments,
even when the time-period in the evaluation is only seventeen years. In
the following we look more deeply into what these expenses are
comprised of, starting from operational energy losses.

Operational Energy Loss Expenditures

Operative energy losses represent a significant asset cost in the power
transformer fleet asset management and with the base scenario the net
present value for energy losses is 9,7 million Euros for the next seventeen
years 2014-2030. There are significant differences in the operational
expenses between power transformer units based on their operational
location and the units’ technical energy loss characteristics. The economic
environment base scenario expects that nominal energy prices will stay at
a lower level than at the beginning of the current decade and so, with
the DSO’s power transformer fleet the energy loss costs remain almost at
the same level till the year 2021, with the asset management plan
described in Appendix 3. Different energy price and consumption

I Annual expenditures occur in the middle of the year in the evaluation and the
net present value is calculated in the middle of the year 2013.
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development scenarios give significantly different results and the results
are presented later in the text, Chapter 6.1.1.

Power Transformer fleet's expected cost of operational

energy losses
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Figure 6-2 Expected DSO power transformer fleet nominal operational
cost base scenario development for every unit with the maintenance plan
described in Appendix 3.

The Figure 6-2 reveals the operational energy loss expenses for every unit
in operation, both currently and planned within the period. The expected
load loss expenditures are 54 percent of the overall operational costs in
the scenario assessment. Operational loss evaluations are especially
important when a power transformer purchase is planned and guideline
specifications for the loss capitalisation are defined. These limit values
determine the valuation balance between capital and operational
expenditures. A secondary need for accurate energy loss evaluation is
while optimising the purchase of the DSO’s energy losses.

Maintenance Costs

In the assessment, the Distribution System Operator’s asset management
maintenance program presented in Figure 6-3 is built upon time-based
maintenance actions, which are closely tied to the frequent condition
assessment and operational age. The maintenance process also requires
supportive functions in order to reserve essential spare parts for quick
availability: so supporting costs are comprised from all the expenses per
unit needed to provide essential spare parts, such as high voltage
bushings, within hours. The most critical units and some other units are
equipped with Online Diagnostic monitoring, which needs to be
maintained as well. After these maintenance processes there are a certain
amount of detected incipient faults that are corrected before failure.
A maintenance program like this relies on some minor incipient fault
preventive maintenance actions and costs. Finally, despite the
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maintenance process, some incipient faults are not detected and lead to
operative failure and so require corrective maintenance. When this
happens costs are higher, because of the time pressure and expected
wider damage from the failure compared to preventive maintenance
actions.

Maintenance Cost Scenario
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Figure 6-3 Expected DSO’s power transformer fleet nominal
maintenance cost base scenario for different expenditure categories with
the maintenance plan described in Appendix 3.

The overall maintenance costs are 3,1 million Euros in net present value
for the time period of 2014 to 2030 in the figure above. One important
task for the asset manager in maintenance strategy planning is to find
areasonable balance between preventive and corrective maintenance
actions and their associated quality costs. Basically all maintenance
actions that are completed before actual failure are preventive
maintenance actions. The cost balance between preventive and corrective
maintenance is 67 % for preventive costs and 37 % for corrective
maintenance costs.

Table 6-1 Expected net present value of the DSO’s power transformer
fleet maintenance program expense base scenario by maintenance categories,
according to Figure 6-3 between 2014-2030.

Base scenario

OLD Equipment Maintenance 104 472 €
Support 400 074 €
Corrective Maintenance 1023 301 €
Detected Preventive Maintenance 177 477 €
Condition-Based Maintenance 0€
Time-Based Maintenance 1408 592 €

Maintenance Cost Summary 3113 915 €

Expected Quality costs

Failures that cause interruption into the supply service need corrective
maintenance or, if the failure is severe, this may also lead to accelerated
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renewal investments. Asset management planning and actions determine
the fleet quality performance and the following evaluation presents the
base level for the expected associated quality cost of the failures that
require corrective maintenance.
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Figure 6-4 Expected quality costs from the customers’ point of view for
the DSO power transformer fleet with base scenario values and the asset
management plan described in Appendix 3.

The expected net present value in the base scenario for the quality costs is
3.1 million Euros for the period 2014-2030. Its noticeable that
the expected nominal quality costs in the scenario increase 60 percent
within twelve years, between 2012-2024. The reason for that can be found
from the asset management for the DSO fleet described in Appendix 3:
this asset management plan has excluded condition-based maintenance
from the portfolio and so there are no intensified maintenance actions for
units at the end-period of their life-cycle. Expected quality costs decrease
after 2028 because there are six renewed units and some major overhauls
planned around 2029-2030. This particular asset management plan is
made to show the basic output of the scenario modelling, which can be
assessed for every single unit in the fleet. To make the scenario modelling
more dynamic, the asset behaviour must be modelled in different
economic environments.

6.1.1  Scenarios and Output Sensitivity Analysis

The previous chapter summarised the scenario modelling output with
the base scenario values for the global economic environment and with
a specific asset management plan for the whole fleet. Dynamic scenario
modelling assesses fleet overall performance for decades to come and so
a single base scenario evaluation cannot give a satisfactory output for the
decision-analysis. Now different economic scenarios are applied to the
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DSO’s fleet asset management plan described in Appendix 3, starting with
the capital expenses scenario.
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Figure 6-5 DSO’s power transformer fleet asset management plan
capital costs in different global economic environments. Asset Management
plan is described in the Appendix 3.

Global demand for commodities has an effect on power transformer
pricing and there can be significant changes within a year. The expected
net present value for capital expenses in given circumstances can alter
from 10,5 million Euros to 16,6 million Euros, between low and high
scenarios for material pricing and labour costs. Capital expenses in the
overall valuation of the asset management plan can alter remarkably in
a turbulent economic environment, thus changing the balance between
capital, operational, maintenance and quality expenses. Therefore,
the balance which determines the justified expenditures in asset
management for renewals, maintenance actions and operational quality is
important, to reflect the different economic environments.

Operational Expenses Scenario

Capitalisation of the power transformer losses in the purchase process is
the most relevant point where the balance between operational and
capital expenses is determined for the units’ life-cycle. The long-term
energy price includes many uncertainties and this is visible in the price
scenarios for operational energy loss expenses. The cost for loss transfer
capacity is also important to take into account and it is paid in two
separate ways: in transmission system operator fees and in network
capital investments to uphold the network capacity during the operational
years. In the base scenario the loss transfer capacity cost median value for
apower transformer unit is 15 percent of the overall operational loss
expenses and this share varies around + 5 percent depending on the
energy prices and construction cost development. If energy prices are
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higher, the share of loss capacity cost compared to overall loss expenses is
lower, and vice versa.
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Figure 6-6 Operational cost scenarios for power transformer energy
losses in different energy price scenarios. Base scenario costs are divided
between load and no-load loss expenses.

The expected net present value for the operational loss expenses in the
base scenario is 9,7 million Euros, and it varies significantly in
the different energy price scenarios. In the high energy price scenario the
expected net present value is 15,0 million Euros, and 6,7 million Euros in
the low energy price scenario. In these scenarios the expected NPV for
fleet operational losses varies 8,3 million Euros, just based on today’s
professional assumptions regarding future energy price development. In
many practical cases, the evaluation of the operational losses is made with
one energy price over the whole unit’s life-cycle, but these results point
out that it is reasonable to explore the balance with a scenario analysis.

Maintenance and Quality Expense Scenarios

Sensible maintenance strategy is determined in the balance between
renewal investments, maintenance and quality expenditures.
Maintenance unit expenses vary mainly on the basis of labour costs, and
overall costs on the basis of maintenance intensity. The essential thing is
to find a reasonable balance between preventive and corrective
maintenance actions.
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Figure 6-7 Expected overall maintenance expenditure scenarios in
different economic environments, where labour costs vary due to changes in
global general demand. Base scenario expenditures are divided into
corrective and preventive maintenance costs.

The expected net present value of maintenance expenses in the evaluation
period and in the base scenario is 3,1 million Euros and 67 percent of
overall maintenance costs are comprised of preventive actions. If
the higher labour cost scenario is realised then the expected NPV rises to
3,7 million Euros. The lower labour cost scenario the expected NPV is 2,6
million Euros. The applied lower and higher labour unit cost scenarios
lead to a -16 % or +20 % difference in the expected NPV when compared
to base scenario result.
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Figure 6-8 Expected quality cost development with different energy
consumption scenarios and with the asset management plan described in the
Appendix 3. The reference level for the quality cost is evaluated in the
situation where there would be no online diagnostics equipment in critical
units.

Clearly, maintenance and quality expenditure scenarios are linked together
and the expected quality cost NPV with the applied asset management
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program and base scenario values is 3,1 million Euros. Quality expenses
vary also along with consumption development and Figure 6-8 presents the
lower and higher scenarios for the expected quality expenses with different
consumption development scenarios. The applied lower and higher
scenarios lead to a -5 % or +8 % difference in expected NPV when
compared to the base scenario result. Figure 6-8 also presents the reference
expected quality expense level if no online diagnostics equipment would be
in use in the most critical power transformer units, the expected NPV would
be in that case 3,85 million Euros in the same evaluation period. The most
important factor behind quality expenses is the valuation of cost of
interruptions to customers. For example, the quality expenses are 2,7 times
higher when Helsinki specific customer interruption cost valuation
presented in the Table 3-4 are applied and compared to base case with
national values. Although, Helsinki CIC-value researchers stated that the
amount of data behind city specific CIC-valuation is limited in this study
case, especially compared to nationwide research, and so applicability is
limited /36/. Basically CIC-valuation is also societal question and it is more
justified to use national CIC-values as a base reference because the
statistical data set behind the valuation is much larger.

Sensitivity Analysis for the Overall expenses

One essential aspect of dynamic scenario modelling is to recognise overall
expenditure effects for different cost factor changes. The following
sensitivity analysis is from the scenarios applied to the DSO’s power
transformer fleet asset management described in this chapter.

Sensitivity of overall expenses for different cost factors
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Figure 6-9 Overall sensitivity for different cost factors on the overall
expected net present value (eNPV) of the asset management costs described
in Appendix 3. /20 visualisation applied/
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In this sensitivity evaluation, the high scenario for the energy price
increase in overall asset management expenses is 18 percent higher in the
period from 2014 to 2030. Changes in the material prices and interest
rates also change the overall output significantly. These sensitivity levels
are always on the move, and are affected by changes in the global and
local economic situation. The sensitivity analysis is made by changing
the above mentioned cost factors by one at a time. In the real world, these
factors are moving continuously, but still this evaluation shows the cost
factor’s significance in asset management planning.

6.2 Major Overhaul Assessment

The asset manager needs to find a reasonable balance between
maintaining the current asset base and renewing. One real case example
is a power transformer major overhaul assessment, concerning whether to
maintain the unit longer or renew faster, what the most reasonable
solution is, how it is linked to global economy and what are the limit
values when applying a major overhaul. A major overhaul is beneficial if
the positive gains outweigh the expenses associated with the negative
outcomes.

Maintenance
expenses
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Reliability
enhnnoemer‘t-z.‘ LOSS_ .
“&  Quality expenses characteristics
decrease renewal
postponed
Postponed -
I.ml';wal Major overhaul
investment capital spending
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aspects / aspects
Figure 6-10 Positive and negative aspects of a power transformer major

overhaul on an overall scale which is affected by the general economy and
unit criticality.

The positive and negative effects are determined by the unit criticality,
the applied asset management plan and the global economic situation,
and can be divided into the elements in Figure 6-10. One part of the
overall analysis is to evaluate the expected economic benefits of the
reliability enhancement due to the major overhaul. This partial evaluation
is made for the DSO’s power transformer T44 unit, which is approaching
its major overhauls year 2015 according to a deterministic asset
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management plan. Major overhauls are scheduled for the T43 and T44 —
units, which will have been 24 years in operation by the year 2015. As
described in Chapter 5.3.4 a major overhaul decreases the power
transformer fault rate by 35 percent with one year latency. The unit is
scheduled for renewal after 40 years in operation and so a major overhaul
will enhance the unit’s reliability between 2016-2030. The following
figure presents the fault rate decrease and its economical effect on quality
and maintenance expenses.

a) Major overhaul effect on T43 power transformer fault rate
AR EERRIRESRAEEERRRERRERREERREED IS EERE SRR R RS R AR R AR EL

6,0 %

5,0 %

Major Overhaul 1 ]

done 2015 Unit renewal e 40%
T 2030 [

3,0%

2,0 %
1,0 %

0,0 %
2010 2015 2020 2025 2030 2035 2040

b) Fault rate decrease effect on quality and maintenance expenses
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Figure 6-11 a) Major overhaul effect on power transformer fault rate and
b) fault rate decrease effects on the expected annual sum of quality and
maintenance expenses. This single reference assessment is made with base
scenario values and without any other preventive maintenance.

The benefit sum for reliability enhancement in this partial analysis is
89 928 € and the NPV is 58 136 €. 71 % is due to expected quality expense
reduction, and 29 % from reduced corrective maintenance expenses. It is
clear to say, that reliability improvement is significant, but all other
aspects, such as capital and operational expenses, need to be taken into
account as well, for a comprehensive assessment.
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6.2.1 Major overhaul versus Renewal

This assessment deals with the question of whether to do the major
overhaul after the mid-point of the operational life-cycle and thus prolong
the operational life-time or whether it is more beneficial to perform only
light maintenance and make the renewal power transformer investment
earlier. The reference assessment is made for a single power transformer
with base scenario values, then continuing with a sensitivity analysis
using lower and higher scenario development. Unit T43 is located in the
same substation as unit T44, both of which are planned for major
overhaul in 2015, according a current asset management plan.

The first option is to perform a major overhaul on power transformer unit
T43 after 25 years in operation, in 2015. After the major overhaul,
the units are expected to last 15 years more in operation until renewal in
year 2030. The second option is to apply only lighter maintenance and
renew the power transformer unit when the expected fault rate reaches
the same level as in the first option’s renewal year, as described in the
following figure.

T43 unit's fault rate developments in two different options
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Figure 6-12 Fault rate developments in two different options. Option 1:

major overhaul in 2015 and renewal in 2030 and Option 2: without major
overhaul and renewal in 2024, when fault reaches the renewal point of option
1.

The fault rate decreases from three to two percent after major overhaul in
the year 2016 and gradually rises with power transformer ageing to the
renewal point in 2030, which is 4,6 % in this evaluation. If a major
overhaul is not performed then the unit reaches the renewal point six
years earlier, in 2024. The first option includes capital investments for
major overhaul in 2015 and renewal in 2030, and the expected net
present value in 2015 for these investments is 412 k€ according the base
scenario values. The second option includes capital investments for
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renewal in 2024, and the expected present value is 359 k€. The second
option seems to be more promising solution when considering only
capital expenses, but let us see how expected annual expenses are affected
in this case.
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Figure 6-13 Expected annual expenses for power transformer T43 in two
different asset management options with base scenario values. The expected
annual expenses are the summary of operational, maintenance and quality
expenses, and their shares are represented by dotted lines for option 1 and
with colored areas for option 2.

The expected annual expenses differ after a major overhaul in 2015,
where quality and maintenance expenses decrease in the first option while
operational expenses are equal between the two options. The second step
change is due to the scheduled renewal in the second option, which
decreases all the annual expenses as well: quality and maintenance
expenses due the higher reliability of the renewed unit and also
the operational expenses, because of the lower characteristic losses. The
third step is when power transformer is renewed in 2030 in the first
option.

Table 6-2 Expected net present values in the beginning of the year 2015
for the two different asset management options for power transformer T43.
Time period for net present value calculation is 2015-2040.

(eNPV) Option 1 Option 2
Capital expenses 384 535 € 358786 €
Operational expenses 254 367 € 237142 €
Maintenance expenses 44 405 € 45 875 €

SUMMARY| 800196 €| 761771€
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The assessment of these two fixed options with the base scenario values
indicates that the second option is 38 400 € cheaper overall. The major
overhaul enhances the unit’s reliability and decreases the expected quality
and yearly maintenance expenses, but in this case these enhancements
are overrun by higher capital costs and operational expenses. An
evaluation with only one scenario reflects only a single point from the
possible outcomes, and in turbulent economic environment is not
sufficient. Asset management scenarios include many future valuations
with uncertainty and therefore analysis with other economic scenarios
gives information about the sensitivities for the cost factors behind the
overall expenses.

6.2.2 Sensitivity Analysis for Major Overhaul

The major overhaul assessment with the base scenario values for the T43
unit indicated that the second option of earlier renewal is more cost
efficient. A sensitivity analysis is now made to analyse how strong this
conclusion is in the different economic environments described in the
scenarios in Chapter 4. The central cost factors in this case are
the expected power transformer and energy pricing, long-term interest
rates and maintenance expense development. The sensitivity analysis is
presented for one cost factor at a time. For example, the first option of
maintaining the power transformer unit longer in operation actually lead
to 7 percent higher expected operational expenses compared to
the second renewal option.
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Figure 6-14 Expected annual expenses with the different energy price

scenarios presented in Chapter 4.2.4 for power transformer unit T43 with
alternative asset management options.
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Different energy price scenarios clearly have a significant effect on
expected overall expenses and also on the relative cost difference between
the two options. The expected operational expense net present value for
both options varies from -32 % to +61 % with the lower and higher energy
price scenario. The more interesting part in the sensitivity analysis is to
see how the relative expense difference between the options changes.
The analysis shows that with lower energy prices, the difference between
the two options narrows 14 percent and with higher values the difference
grows 29 percent. Lower energy prices narrow significantly the cost
difference between the options, but according to this there is still no need
to change the conclusion in the assessment. Cost factor sensitivities are
assessed for all the factors, e.g. the effect of interest rates, manufacturing
and maintenance expenses in the table below.

Table 6-3 a) Cost factor sensitivity analysis for the expected overall
net present valuation of the two options, maintaining or renewing power
transformer unit T43. b) The expense difference between the two
options and the relative change compared to the cost difference with the base
evaluation.

a) Option 1 Option 2
low high low high
Manufacturing prices 740371 € 874248 € 693 546 € 846 635 €

Consumption and energy

e 693 533 € 1055726€ 661159 € 1000 818€

Energy prices 719575€ 955597 € 686 623 € 906 051 €
Maintenance expenses 783873 € 831 358€ 754 213 € 771806 €
Interest rate 868 234 € 648 630 € 815796 € 637 202 €

Reliability information 735940 € 895 936 € 695716 € 860 160 €

b) Difference Sensitivity
low high low high
Manufacturing prices 46824 € | 27 614€ 22 % -28 %
Consumption and energy price development | 32373 € | 54909 € -16 % 43 %
Energy prices 32951 € | 49545€ -14 % 29 %
Maintenance expenses 29661€ | 59551€ -23 % 55 %
Interest rate 52439€ | 11 428€ 36 % -70 %
Reliability information 40224€ | 35776 € 5% -7 %
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Figure 6-15 Sensitivity of the overall conclusion between the two asset

management options for power transformer T43. The Y-axis change
percentage is calculated from the difference in expected net present values
for options one and two, with low, base and high economic scenarios.

Cost factor changes that narrow the cost difference between the two
options are essential, regarding the main conclusion of the assessment. It
is important to recognise the factors that may cause the overall conclusion
to change and in which way that might happen. In this evaluation,
the economic interest rate is one of the key parameters in the evaluation
because the key difference between the options is related to the time value
of money; hence intensive power transformer unit maintenance
postpones renewal investments. Secondly, the development of power
transformer manufacturing prices also dictates whether is it reasonable to
renew or to maintain, and if manufacturing prices rise then it becomes
more economical to maintain current units longer. Vice versa, if
manufacturing prices decreases it is not sensible to spend lot of effort
on maintenance, especially if labour costs associated with maintenance
are not lowered in the same time frame. Thirdly, maintenance expenses
and in particular the cost of major overhaul, change the balance between
the two options significantly. A key reason is that major overhaul
expenses occur in the first year of the assessment and therefore the value
of money is a lot higher than in the renewal investment in the following
decade.

Besides the economic parameters, there is also the need to analyse the
technical factors behind the conclusion. One of the central technical
factors is power transformer reliability information in the modelling.
Inferior and superior fault rates were determined based on the RTE
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statistics described in Figure 5-9. The central target in the first option is to
increase the power transformer’s reliability with major overhaul and
a sensitivity analysis was performed to reveal whether varying
the fault rate level would significantly affect the conclusion. If the fault
rates changes to the superior rate in both options, the expense difference
between the options decrease mildly by seven percent and almost same
happens the other way around with inferior fault rates. Nevertheless these
results do not point to other conclusions in this matter. Only in the
situation where the lower inferior fault rate is used for the first major
overhaul option and the higher base fault rate for the second renewal
option, then the overall result points to a conclusion that favours the first
option. The situation where a 25 years old power transformer unit has
significantly better reliability than the newly renewed power transformer
unit is possible, but the probability is very low. The more likely situation
is that the major overhaul reliability enhancement is more significant
than expected. A sensitivity analysis shows that if the major overhaul is
expected to reduce the power transformer fault rate by 55 % instead of
the applied 35 % reduction, the expected maintenance and quality costs
would decrease by 24 k€ in the first option, but still the overall conclusion
favours the second option.

The second important technical factor in the option assessment is the
applied preventive maintenance intensity. Both options were analysed
that only the asset management plan which included only expected
corrective maintenance actions besides the major overhaul in the first
option. The following assessment presents the maximum monetary effects
achieved by the major overhaul when the reliability enhancements are
valued higher in order to avoid interruptions and expensive corrective
maintenance actions. The DSO’s current asset management plan includes
time-based maintenance for every unit and condition-based maintenance
for older or critical units. So the sensitivity analysis for the maintenance
intensity effect is made with TBM and CBM applied to the T43-unit for
both options. In both cases preventive maintenance noticeably reduces
overall costs by seven to eight percent, 57 k€ in the first option and 59 k€
in the second option, but the difference in the overall expenses increases
mildly. The main conclusion still holds that the second option is better
overall.
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Cost factor sensitivity for the overall
conclusion between two options
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Figure 6-16 Sensitivity analysis and limit values for the base conclusion

of whether to maintain or renew the power transformer unit T43.

The assessment shows that the choice of whether to maintain and renew
is highly related to the economic situation and general interest rates
which dictate the current valuation of expenses over time. The interest in
the base evaluation was 5,25 percent due to the low general interest rates
during the global economic downturn. The preceding DSO analysis of
whether to apply major overhaul or not, was performed during the higher
general interest rates, and if the evaluation would be performed again
applying the same interest rate as high as 8 %, then the major overhaul
option would be better. A higher interest rate would not concentrate
the evaluation on the expenses occurring later on, and so the actions
which postpone large individual investments become more tempting
when capital is expensive.

In addition, if major overhaul expenses could be lowered by performing
only the very essential actions that enhance reliability with a high
expectancy and limiting other actions that have lower expectancy for
reliability enhancement. If major overhaul expenses would be then
around 33 k€, it would then be sensible to overhaul the T-43 unit.
Otherwise, in the current economic situation, it seems reasonable not to
perform a major overhaul but the renew unit earlier, around the year
2024. Also assessments with upper and lower CIC-valuations mentioned
in the Equation 3.23, do not change the conclusion. These conclusions
apply to the other power transformer unit T44 in the same substation as
well.
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6.2.3 Summarising another reference case

One single rule of thumb for the entire asset base can form a functional
solution for a distribution system operator, but it cannot be considered
economically pertinent decision-making when the essential cost factors
are on the move all the time. Concerning major overhaul necessity, one
analysis cannot determine what the right balance for the whole fleet is. In
the DSO’s asset management plan there is also a major overhaul
scheduled in 2015 for units T37 and T38 in the same substation. The same
analysis of whether to maintain or renew shows that in this case the
difference between the two options is smaller.

T37 fault rate developmentsin two different options

9,0% - -
OPTION 1 (- OPTION 2 OPTION 1
8,0% - Major - Renewal in Renewal in
Overhaul (- 2025 2032
7,09% || domeimzots |11 0 BRI
b
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Figure 6-17 Expected fault rate development scenarios with to asset
management options for power transformer unit T37.

Power transformer unit T37 was manufactured in 1992, but still it has
higher expected fault rate than unit T43. The reason for that is in the T37-
unit’s suboptimal OFAF-cooling settings from 1992 to 2006, whereas
ONAF-cooled unit T43 had no cooling system defects. The OFAF-cooling
defect for power transformer fault rates was presented in Chapter 5.7. A
reference asset management plan for unit T37 is formed with
deterministic principles, but due to the OFAF-cooling defect major
overhaul is scheduled two years earlier compared to unit T43. Dynamic
scenario assessment detailed results are presented in Appendix 5.1 and
the overall conclusion in the following figure.
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T37 cost factor sensitivity for the overall
conclusion between two options
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Figure 6-18 Sensitivity analysis and limit values for the base conclusion

of whether to maintain or renew power transformer unit T37. Detailed results
are described in Appendix 5.1.

As the overall expense difference between the options of maintaining or
renewing a power transformer unit approaches the same cost level,
the sensitivity analysis with different scenarios becomes more important.
The figure above shows the situation where a change in one cost factor
can shift the overall conclusion the other way around, when the increased
general interest rate leads to value major overhaul as the more suitable
solution. Dynamic scenario modelling is needed more when the global
economic situation varies. It is not so unbelievable that the DSO’s overall
interest rate for capital investments could rise to 7,4 percent. This is the
reason why an asset manager needs to follow global economic long-term
trends and to be aware of the dependencies around the distribution
system asset management.

6.3 Dynamic Risk Matrix for Asset Management

The asset manager is targeting for a certain balance between investments,
operational spending and risks within a changing environment. One basic
tool in analysing asset performance related risks is to use a criticality-
condition matrix. The risk amplitude is determined by the probability of
failure and its consequence, whereas the risk matrix is a summary view
for risks associated in the evaluated subject, such as in the transformer
condition matrix in Figure 2-11. Dynamic scenario modelling can assess
risk development dynamically by combining the necessary information of
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failure probability and consequence development over time for different
power transformer units.

Risk Matrix
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Figure 6-19 Risk matrix, which is applied for the power transformer fleet

with different economic scenarios to describe different asset management
environments and making it dynamic over time and for different actions.

The reason for risk modelling is in categorising information to plan
targeted actions to reduce failure probability and to mitigate failure
consequences. A risk matrix can be extended to expected future
development with dynamic scenario modelling. Dynamic scenario
modelling is now applied to form a power transformer unit’s risk matrix
to gain an overview about the risk development with a certain asset
management plan.

Table 6-4 Factors that define a power transformer unit’s position and
its movements in the risk matrix above.

A dynamic risk matrix takes the earlier described factors into account that
define the power transformer unit’s movements in the risk matrix over
time. Two power transformer units are chosen to demonstrate a dynamic
risk matrix in Figure 6-20 below. The first unit T18 is nearing the end of
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its operational life with 37 years in operation and the second unit T35 was
newly invested in 2011 to add new capacity to a new neighbouring
substation. The new T35 unit is taking (1.) the load from the other
neighbouring substation power transformers, e.g. the T18 unit, which is
visible in the figure below (2.). Unit T18 is aged and the fault rate
increases rapidly and reaches a high risk level (3.), which leads to unit
renewal (4.). Movements in periods (5.) for unit T35 and (6.) for renewed

unit T18 are caused by load growth, increased CIC-values and mild ageing
process.

Dynamic risk matrix view for units T18 and T35
between years 2010-2030
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Figure 6-20 Dynamic risk matrix and risk development from 2010 to

2030 for the power transformer units T18 and T35 with base scenario values.
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6.3.1 Risk ranking development

An essential usage for a risk matrix scenario is to evaluate unit risks to the
entire fleet’s risks. A dynamic risk matrix can reflect the risk ranking
developments over time in order to target preventive maintenance and
renewal actions where they have the largest effect on risk reduction.

Intensive focus area

e N

- e —
= ==

2010 2015 2020 2025 2030

Figure 6-21 Power transformer fleet base fault risk scenarios and

intensive focus area in reducing overall risks in asset management.

Table 6-5 Eight highest ranking risk units in the DSO’s power
transformer fleet and the unit with the lowest risk and risk average for the
whole fleet between 2013-2014.

Highest 2013 2014 201F 2016
T18 85 % T18 92% | T18 99% | T26 58 %
T1i9 80% | T19 87 % | T19 93% | T25 45 %

[9)]

~

2
3.1 T39 55% | T26 53% | T41 55% | T27 43 %
4. Tq40 55 % Tq41 49% | Tqg2 55% | T28 43 %
5| T26 49% | T42 49 % | T26 53 %
6
7

T41 44% | T47 47 % | T25 41% | T1i4 39 %
T42 44 % | T25 41% | T27 40% | Tiz 20%
8. | T47 42 % T11 38% | T28 40 % | T48 38%
Lowest| T62 4% T62 4% T31 1% T31 2%
leet averace 29 9% 24 % 24 % 219%
Fleet average 23 % 24 % 24 % 21%

Figure 6-21 illustrates the power transformer fleet risk scenario
development and Table 6-5 also shows that the associated power
transformer unit risk can be from 20 to even 99 times higher when a high
risk unit is compared to the low risk unit. This real difference is a
significant reason to follow risk development and intensify maintenance
actions in high risk units, and decrease maintenance activities where costs
exceed overall benefits. The overall power transformer risk ranking
scenario for the whole fleet is described in Appendix 6, and is used in
the maintenance assessment.
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6.4 Maintenance Assessment

Simply expressed, a preventive maintenance action is beneficial when
the maintenance expense is less than the achieved benefit in terms of
quality expenses and in avoiding expensive corrective maintenance.
The balance in this matter with power transformers is related to several
unit characteristics: location, customers, labour cost level, expected
maintenance effects and diagnostic expenses. Power transformer risk
ranking development is an applicable tool in determining preventive
maintenance levels for different units. Expected effects for different
maintenance intensities are described in the fifth Chapter in
the Figure 5-16 event tree.

Incipient TBM CBM On-Line Fault Consequence
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Figure 6-22 Event tree analysis for power transformer faults with

different preventive maintenance intensities. Percentage values for alpha
factors denote the share of failures which lead to interruptions and beta
factors denote the share prevented by maintenance.
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The Power transformer fault rate is the same as the failure rate when no
preventive maintenance is applied. 87 % of faults lead to interruption and
13 % to serious failure with longer interruption and higher repairing
expenses. On the other hand, when the preventive maintenance intensity
is very high, with time-based, condition-based and online diagnostics,
then 78 % from the incipient faults can be detected and corrected before
interruption and only 21 % lead to interruption. It is also clear that
intensive maintenance is costly, so it is reasonable to balance intensity
based on the risk ranking. Maintenance expense modelling values applied
in the maintenance assessment are described in Appendix 6.2.

6.4.1 Benefit scenarios and maintenance intensity

Benefits and costs for different maintenance intensities are evaluated with
dynamic scenario modelling in order to recognise limit values for where to
apply preventive maintenance and with which intensity. Time-based
maintenance, where certain basic maintenance actions are performed
frequently, is common practice in power transformer asset management.

Time-based Maintenance

In the focus DSO’s asset management, power transformer TBM includes
basic maintenance every second year and tap-changer maintenance every
sixth year. TBM effects are described below for the unit T55, which has a
relatively low risk level compared to the whole fleet.

Expected cost effect of time-based maintenance for unit T55

4000

3000

2000

Figure 6-23 Benefits and costs related to time-based maintenance
implementation for power transformer unit T55.

Benefits and costs for the reference power transformer unit are assessed
with base scenarios values. In the evaluation, time-based maintenance
and related condition measurements are expected to detect 30 percent of
the incipient faults, hence 26 percent of the faults lead to normal level
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preventive fault maintenance and 4 percent of the cases correct serious
incipient faults. The net present value in the year 2013 for expected
overall benefits, comprising of quality enhancements and avoided
corrective maintenance, are 29 600 Euros, and the overall costs for TBM
are 26 500 Euros.

Overall effect of time-based maintenance for unit T55
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Figure 6-24 Development of time-based maintenance expenses and their
benefits summarised in terms of overall effect with the base scenario
conditions for power transformer unit T55.

According to base scenario valuation time-based maintenance the yearly
costs currently exceed associated benefits; hence the overall cost effect is
negative until the year 2017 along with the criticality increase and
especially with the ageing of the unit. Unit was renewed in 2004 and is
located in a sub-urban area supplying mainly residential consumption.
The sudden decrease in the maintenance benefits is due to the currently
scheduled major overhaul and subsequent expected reliability
enhancement.

Condition-based Maintenance

Time-based maintenance is intensified with condition-based maintenance
when a power transformer is aged or for other reason the expected
incipient fault rate is higher than normal in the fleet. If the power
transformer unit is supplying very critical consumption, intensified
maintenance can also be applied to assure continuous supply. Condition-
based maintenance will reduce interruptions when the CBM expected
detection rate is 20 percent of the incipient faults before actual failure.
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Overall effect of condition-based maintenance for unit T26
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Figure 6-25 Base scenarios for condition-based maintenance costs,

benefits and overall effect development for power transformer unit T26.

Unit T26 is located closer to the city centre compared to the unit in the
TBM example and most of the consumption is from the public sector with
higher criticality. In this case, reliability enhancements are valued high
and maintenance benefits clearly exceed CBM costs. Net present value in
the year 2013 for expected overall benefits, comprised from quality
enhancements and avoided corrective maintenance, is 39 100 Euros and
overall costs for CBM are 17700 Euros from 2014 to 2030. Condition-
based maintenance is lighter than time-based maintenance from the
expense point of view and it is usually applied along with TBM. If CBM is
performed without TBM, the overall result is a lighter TBM and a lower
detection rate.

Online Diagnostics

Online diagnostics technology has developed significantly in the recent
years and prices have also decreased from the DSO’s point of view into
reasonable levels. The Cigre guide on the economics of transformer
management expects online monitoring to detect 60 percent of the
incipient faults and this estimation is used in the scenario modelling as
well /59/. Online diagnostic equipment pricing is expected to decrease
along with its wider deployment in electrical network asset management,
although the installation expenses and costs of continuous equipment
operation and maintenance are expected to slightly increase. Online
equipment costs are expressed in fixed capital annuity with 10 years of
operational-time and with 5 % yearly costs of the investment price.
Online diagnostic equipment base price with installation in this
evaluation is 16 900 Euros in the year 2010 and the expected price
development is described in Appendix 6.2.
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Overall effect of online diagnostics for unit T54
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Figure 6-26 Base scenario for the overall effects of online diagnostics

applied to power transformer unit T54.

The net present value in the year 2013 for expected overall benefits,
comprised from quality enhancements and avoided corrective
maintenance, is 71 600 Euros and the overall costs for continuous online
diagnostics are 60 700 Euros between 2014 and 2030. Figure 6-26 shows
that there are periods in the unit life-cycle when online diagnostics can
bring clear benefits and these periods are located at the end of the
operational time or one option is when the unit is nearing the major-
overhaul. Power transformer unit T54 was installed in 1980, and so before
the unit reaches its renewal point, the benefits of online diagnostics are at
their best.

Intensive Maintenance

There are power transformers units which are supplying -critical
consumption and intensive maintenance may benefit even the
maintenance costs are many times higher than TBM and CBM. The risk
ranking result for the DSO fleet in Table 6-5 indicates that unit T18 has
the highest risk in the fleet. In the following assessment, time-based
maintenance, condition-based maintenance and online diagnostics are
applied to the unit T18. While yearly costs for such extensive maintenance
are reaching 10 000 Euros, the benefits can still be significantly larger.
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Expected cost scenario for extensive maintenance for unit T18
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Figure 6-27 Overall effects of extensive maintenance applied to the
highest risk ranking power transformer unit T18.

The expected annual benefits for extensive maintenance from combined
TBM, CBM and online diagnostics reach 26 700 Euros in the year 2015.
The net present value in the year 2013 for expected overall benefits,
comprised from quality enhancements and avoided corrective
maintenance, is 151 000 Euros and the overall costs for continuous
extensive maintenance are 105 000 Euros between 2014 and 2030. Unit
T18 is located in the city centre and is supplying commercial consumption
for the most part 71 % and with such high criticality and ageing unit
extensive maintenance is beneficial. It is also important to recognise when

maintenance efforts are not useful, due to the expected low benefits, as in
the following case for unit T61.
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Figure 6-28 Overall effects of TBM and CBM applied to unit T61.
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It is quite possible, to perform maintenance deterministically with only
technical considerations, regardless of the overall benefits of the actions.
Figure 6-28 presents an example assessment of the case where TBM and
CBM are applied to a newly invested unit T61, where the consumption is
mainly residential. The net present value in the year 2013 for expected
overall benefits, comprised from quality enhancements and avoided
corrective maintenance, is 22 000 Euros and overall costs for continuous
intensive maintenance are 44 300 Euros between 2014 and 2030.
Intensive maintenance for unit T61 would only increase overall costs
applied without balancing the effort and benefits together.

6.4.2 Risk Development and Maintenance Strategy

Physical electrical network asset management should reflect risk
development and plan actions that balance overall expenses. Maintenance
strategy should be chosen on the basis of the evaluated risk. The following
assessment summarises the maintenance effects on the risk matrix in
order to find reasonable maintenance intensities based on expected risk
development.

Risk matrix and maintenance intensities
and triggering levels

Fault rate factor

Sk~ eve[c}l_r‘;(:‘ TBM

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Criticality factor

Figure 6-29 Risk matrix presented in Chapter 6.3, where maintenance
intensities presented earlier are plotted with triggering levels. The expected
T14 unit risk level in 2014 is also described in the figure.

The figure above shows the risk level limits where it is reasonable to apply
a certain maintenance intensity to reduce the overall associated risks and
expected costs. It is noticeable that the maintenance intensity limit curves
are asymmetric compared to the constant risk level curves in the risk
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matrix. In other words, the maintenance intensity limit curve is not at
a constant risk level. This is due to the fact that maintenance reduces
the actual failure rate in numerical values more when initial fault rate is
higher. This means that when a transformer fault rate is at a high level,
e.g., with old units, maintenance can reduce the initial fault rate value
more than in a new transformer that already has a low fault rate. As a
result, overall expenses decrease due to maintenance more with the older
units than new ones.

According to Figure 6-29, the T14 unit risk has exceeded the level needed
to implement intensified time-based maintenance (TBM + CBM). It also
seems that unit T14 is approaching and is about to exceed the required
limit level for online diagnostics in the near future. The same assessment
is made for the entire power transformer fleet in order to balance
reasonable maintenance intensities with respect to the risk development.
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Figure 6-30 Risk matrix plot for the year 2014 for the DSO’s entire power
transformer fleet risks and reasonable maintenance intensity levels.

The figure above presents a risk-centered maintenance plan for different
power transformer units in the year 2014. The x-axis criticality values
describe the expected summary of quality and maintenance expenses
when the power transformer annual failure probability would be 100
percent, and the y-axis describes the expected power transformer fault
rate during the year. Power transformer unit risk levels are continuously
changing with the changes in reliability and in criticality. Maintenance
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intensity limit levels are also changing with the price development of
maintenance labour costs and diagnostic equipment.

Maintenance intensity limit level development

2014-2030
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Figure 6-31 Maintenance limit level development between 2014-2030

along with changes in labour costs and in online diagnostic equipment pricing
in the base scenario.

Maintenance risk limit levels increase in time-based and condition-based
maintenance actions due to the expected slowly increasing cost of labour.
Expenses in online diagnostics are not increasing significantly, although
diagnostic equipment requires installation and operation, but still the
share is only fifteen percents of the OLD capital costs, while the OLD
equipment cost is expected to reduce in the long-term. These cost
developments seem to lead to a situation where online diagnostics
become more beneficial than current time-based maintenance
procedures. This development is naturally related to overall labour cost
development and diagnostic equipment pricing, but it is still highly
probable that online diagnostics will replace some part of the time-based
maintenance labour procedures. Of course, if labour cost development is
lower, then this change may be delayed but not avoided. The applied
maintenance expenses are described in Appendix 6.2.

Dynamic scenario modelling takes these developments of power
transformer unit risk position changes and maintenance risk limit
variations with time into account. An example assessment result is
presented in Fig. 6-32 for power transformer unit T52, which is located in
an industrial sub-urban area, has been 31 years in operation by the year
2013 and had a major overhaul in 2000. Currently, renewal is planned
around 2022.
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Maintenance limit level and unit T52
risk development, 2014-2030
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Figure 6-32 Maintenance limit values and unit T52 risk development with
a reasonable maintenance intensity programme: T+C= TBM + CBM, O=online
diagnostics, light= light TBM.

The maintenance assessment indicates that the T52 unit risk level is
optimally reduced with time-based maintenance in 2014, and as the risk
level increases with ageing the limit for combined TBM and CBM is
reached. Currently the T52 unit is relatively old, and so the incipient fault
rate is expected to increase quite rapidly compared to a new unit, meaning
that online diagnostics become the optimal maintenance intensity around
the year 2017 until the unit is renewed in 2022 according to the planned
schedule. After renewal, the unit risk is reduced significantly and time-
based maintenance is enough for the first year, and can even be reduced
to lighter TBM for the following four years before the online diagnostic
level is reached. Of course, before the unit renewal time it would be
reasonable to update the relevant information, to see whether is
reasonable to include OLD equipment in the unit purchase, which it
probably will be. Nevertheless, the assessment results for the near future
are the most relevant, and the dynamic assessment should be updated at
least yearly. Maintenance assessment is made in the dynamic scenario
analysis in a similar manner for the entire DSO’s fleet, and the optimal
maintenance program with the base scenario conditions is described in
Appendix 6.3. The investment schedule in the maintenance assessment is
described in Appendix 3.
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6.5 Investment Assessment

An essential task for the asset manager is to achieve an overall balance of
investments, annual expenses and system performance. Investments are
one of the most important single decisions in asset management; hence
investment decision effects last for many future decades for central
electrical distribution subsystem elements such as power transformers.
This assessment is looking forward at power transformer price
development and lower and higher projections based on the asset
management environmental scenarios presented in Chapter 5. The
projected base scenario is also applied when assessing reasonable renewal
timing with dynamic scenario modelling. Thirdly, the dynamic scenario
modelling is applied to find suitable values for loss capitalisation in the
power transformer purchases.

There are benefits in following projections for the price development of
commodities that affect power transformer pricing, because rapid
movements in commodities market can alter the balance between capital
and annual spending in asset management more than changes in
technical details. The future price scenarios applied here are generated
from publicly available information for the most part. World Bank annual
economic prospects can serve in rough estimations, which can then be
improved by utilising more detailed information from the investment
banking sector, for example.

Base scenario projection for price indices
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Figure 6-33 Base scenarios for projected future price indices
development. Background for the applied projections is described in
Chapter 5 and based on values from Appendix 4.

The World Bank commodities development projection in June 2013
evaluate that the commodities boom is fading and prices are not expected
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to rapidly increase in the near future because of the sluggish general
economic situation. Nevertheless, the projection in 2013 is a little more
positive than the WB projection in June 2012, which is described in
Appendix 7. After the 2000’s commodity boom new production capacity
was introduced in the markets, which was projected in the Deutsche Bank
presentation in Figure 4-5 in Chapter 5. Also, the projection for oil pricing
has decreased in the past year, maybe due to the recognised alternatives
in traffic over the coming decades and the peak effect of shale gas reserve
exploitation in the USA. The purpose here is not to evaluate commodity
market development, but to implement fundamental information to
assess power transformer price development roughly in the investment
analysis, which an asset manager needs to do anyway, whether assuming
that price will be stable for the coming decades or applying more detailed
estimation. The upper and lower boundaries provide information in the
sense of economic turbulence and the commodities boom: upper and
lower projections are calculated from the base scenario with average
analyst forecasting errors during the commodities boom recorded by
Deutsche Bank /28/.

Transformer price development index 2010 - 2030
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Figure 6-34 Long-term power transformer price index development view

in June 2013. The base estimation is constructed applying the Word Bank’s
base estimations published in June 2013 and average developments for
labour and industrial producer costs presented in Chapter 5 and Appendix 4.
167/

The base scenario expectation is quite stable, with a slight price increase
in the near future and slowly increasing development in the latter part of
this decade. The essential factor behind the commodities development is
the amount of global consumption and construction, which has slowed
from the last decade pace due to the financial crisis in the western
countries. As always with the dynamic scenario assessment, the
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information for the near future is the most relevant, because these
estimations are more accurate and are actually applied in decision-
making.

6.5.1 Investment Timing

Simply put, the suitable time for power transformer renewal investment is
when the overall expenses of capital, operational, maintenance and
quality decrease following the renewal investment. The essential elements
in the evaluation of investment timing are power transformer pricing,
energy prices, general interest rates, and maintenance and quality
expenses. Unit pricing is the central element, but also energy prices can
make a real difference when thirty-forty year old units consume much
more loss energy. The consumption criticality is also an important factor,
which drives earlier renewal investments when high. Interest rates
naturally dictate the time value of money and therefore have a significant
effect on long-term capital investment.

The presentation of the investment timing assessment is started here with
the oldest power transformer unit currently in the DSO’s fleet. The unit
was purchased in 1972 and has been 40 full years in operation. Major
overhaul was performed in 1993 and, with a 40 year deterministic
scheduling; the renewal investment time is now in 2013. The unit is
located in a suburban area and is supplying residential consumption for
the most part. The transformer’s overall expenses are a sum of
operational, maintenance and quality expenses and renewal investment is
timely when the newly renewed unit’s overall expenses are lower than the
current unit expenses.

Overall expense scenarios for unit T39 and renewal timing
70 000

Renewal point
in 2017

60000 Renewal reference curve

50 000

€ 40000

30000 fa_ Quality expenses
N ——————
~ cmemm—— cmmmm————"
\\——,—— - - - -
20 000
Operational expenses
10 000
o
2010 2012 2014 2016 2018 2020 2022
Figure 6-35 Overall expense development for unit T39 without renewal

and with time-based maintenance. The red colored renewal reference curve
illustrates overall annual expenses if the T39 unit would be renewed in that
year.
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Figure 6-35 presents the development of overall expenses for the current
T39 unit with TMB maintenance and a reference curve for the unit
renewal limit. Operational expenses vary with consumption and energy
pricing, and there is no dramatic change with the current unit. The central
reason for renewal is expected rising in the quality and maintenance
expenses due to power transformer ageing. The renewal reference curve
describes the overall annual expenses for the newly renewed unit and so
when the overall expenses of the current unit rise the same level, it is time
to renew. The assessment indicates that the current T39 unit with TBM
maintenance should be renewed in the year 2017 in base scenario
circumstances. After that point keeping the current unit in operation
would gradually cost more due to reliability decrease and operational
deficiency compared to the newly renewed unit.

Rise in quality expenses is the main reason for renewal. As in many cases,
intensive maintenance can reduce the risks and slow down the process of
expected overall expenses rising above renewed unit overall expenses.
The maintenance intensity assessment presented in Chapter 6.4.2 for
the T39 unit indicates the maintenance program shown in Table 6-6.

Table 6-6 Intensive maintenance program for ageing unit T39 to
reduce risks and to postpone the renewal point. T=TBM, O=0OLD, C=CBM

2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024

T39 T+0 T+0 |[T+C+0O [ T+C+0 | T+C+0 [ T+C+0 [ T+C+0 | T+C+0 | T+C+0 | T+C+0 | T+C+0

Annualised expense scenarios for unit T39 and renewal timing
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First renewal Se¢dond renewal /
70 000 pointin 2017 ‘point in 2024 I
i ¥
60000 Renewal reference curve \i,
50 000
€ T39 overall
TBM,
40 000 ¢
30 000
T39 overall expenses
(with optimal maintenance intensity,
20 000 presented in the Table 6-6)
10 000
(o]
2010 2012 2014 2016 2018 2020 2022 2024 2026 2028 2030
Figure 6-36 Renewal investiment timing reference level with two

maintenance intensity options. An assessment is made with base scenario
values.

If the presented maintenance strategy is applied to unit T39, it would
postpone the renewal time point for seven years in the base scenario
environment compared to the situation when only time-based
maintenance is applied. If the T39 unit is renewed in 2017, the unit’s

165



operational time would be 45 years and with a second renewal point, the
operational time would rise to 52 years. The difference between the first
and second renewal point options are in the shares of capital, operational,
maintenance and quality expenses; when renewal is made at the earlier
point, capital expenses rise and others decrease while in second renewal
point option operational, maintenance and quality expenses are high.

The asset management balance between expenses changes as global
economic situations develop. For example, changes in financial interest
rates change the annualised capital expenses of a renewal investment.
High interest rates increase capital expenses and thus the balanced
renewal time are postponed, and vice versa with lower interest rates.

T39 unit, renewal timing and interest rates

100 000 /

90000 2//23 Z2028

80000 2017- 2020
€ 70000
60 000 ighrf o .-

N

50 000 LI

40 000

30 000
2010 2012 2014 2016 2018 2020 2022 2024 2026 2028 2030

Figure 6-37 Real interest rate scenarios and effects on power
transformer unit T39 renewal timing with changes in annualised renewal
investment expense changes.

Global interest rates are currently at a relatively low level and when there
is some relevant change in the interest rates it will be when interest rates
increase. The applied real weighted average cost of capital scenarios
presented in Table 4-2 results in a three to five year change in renewal
timing in the case of the upper figure above. Basically, the same
phenomena goes for changes in consumption, labour costs, energy prices
and power transformer prices as well, but still there is the need to simplify
any assessment to one conclusion. Currently it would be safer to choose
the renewal point by comparing renewal option expenses to the current
unit with normal time-based maintenance. This way the renewal time
emphasises the known capital expenses over the other future expenses
from operation, maintenance and quality, which are more volatile,
especially when it comes to quality expenses. Annual operational
expenses are also decreased with earlier investment scheduling.
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The previous assessment is performed for every power transformer unit in
the dynamic scenario modelling. Renewal points vary according to the
condition and criticality of the unit. For example, the highly critical
OFAF-cooled power transformer units T18 and T19 reach their renewal
point six operational years earlier than the ONAF-cooled units T39 and
T40, which are situated in an industrial suburban area. An illustration
summarising the fleet renewal timing is constructed by subtracting overall
expenses for renewed units in the same location from the overall expenses
of the current unit in service. When the result is negative, it is time for
the renewal investment in the given overall circumstances.

DSO's power transtormer fleetrenewal timingbase scenario

Figure 6-37 Renewal timing assessment for the entire power transformer
fleet with the TBM maintenance intensity. The assessment is made using base
scenario values. Detailed unit renewal years are listed in Appendix 8.1.

Every line represents a single power transformer and the more positive
the values are, the better condition the unit is in. When the curve is
approaching the zero value and gaining negative values the more
beneficial it is to renew the unit in question. Seventeen power
transformers will reach negative values in the period from 2013 to 2030.
Detailed results for the renewal timing assessment are presented in
Appendix 8.1.

6.5.2 Dynamic Capitalisation of Losses

The balance between capital and operational expenses depends on
location, consumption development, energy prices, capacity expenses,
TSO fees, characteristic consumption changes, commodity pricing and,
especially, power transformer pricing. Location related design solutions
such as special cooling systems also make a difference in loss
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capitalisation. An assessment is made for every unit with the different
scenarios for energy pricing and consumption.

€/kw Characteristic Load Loss Valuation
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Figure 6-38 Capitalised losses for different units in the fleet with 40 year

economic lifetime and base scenario values for consumption development
and energy pricing.

Load loss valuation for different units can vary highly depending on
expected consumption development and energy prices. The above figure
presents load loss valuations for 42 different power transformer units.
The average value for capitalised load losses are 1324 € per kilowatt, but
there is high deviation of 44 percent between the values. The different
scenarios for interest rates are also visible in the figure and when interest
rate is high, future loss expenses become less relevant. With a low interest
rate the opposite happens. The highest load loss valuation for the T47 unit
with base scenario conditions is 2766 €/kW, because this unit has
relatively high loading for many hours per day. The lowest load loss
valuation is 485 €/kW for unit T61, which is located in a new substation,
meaning that loading is relatively low for many years until the
consumption increases around the new substation.

These variations clearly show why there are benefits in assessing load loss
valuation near the purchase time, with different energy pricing,
consumption development and interest rate scenarios.
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Figure 6-39 No-Load loss capitalisations with the different energy price
scenarios and interest rates presented in Chapter 5.

No-load loss valuation does not vary between units; hence the loss energy
profile is naturally the same, unless the unit is in abnormal, for example,
as a reserve unit. Energy price scenarios and general interest rates dictate
that the valuation of no-load losses and also economic lifetime differences
will also have an effect. The no-load loss valuation is 7 725 €/kW with
the base scenarios for energy pricing and interest rates. The lowest
no-load loss valuation is 4 275 €/kW for the low energy price scenario
when the high interest rate is applied. The highest valuation is
13 379 €/kW, when energy prices are high and interest rates are low.
There is large variation and it is necessary to update loss valuation
assessments with the most current information during power transformer
purchase.

6.6 Discussion of the Assessment

Dynamic scenario assessment presents techno-economical dependencies
taking different economic environments into consideration. Many
distribution system elements have a long operational lifetime of over
several decades and changes in the global economy can alter the asset
manager’s techno-economical balance in a much shorter period of time.
Asset managers are not able to state one unambiguous conclusion that
will be a guaranteed optimum over such a long period of time, but merely
provide guidance though different possible paths according to the
company strategy. Choosing the expected future economic environment
development that should form the basis in decision-making is the task of
the business core, and is therefore the responsibility of corporate
management and ultimately the owners. This challenge remains the same,
whether a simple single constant is used to evaluate future economic
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development or whether more detailed future economic scenario
developments are applied. Continuous dynamic scenario modelling can
still shorten the reaction time in asset management decision-making to
different economic situations. The normally suggested frequency for
updating economic environment scenarios in distribution system asset
management is twice a year, based on the current global scenario
updating by global financial institutions. In a turbulent economic
environment, the scenario updating frequency should be naturally be
increased.

Future research topics from this point might be to apply real option
theory on top of the dynamic scenario modelling. Real option analysis
could aid in narrowing down the distribution of the expected net present
valuations in asset management. The dynamic scenario modelling could
also be deepened towards macroeconomic theory. Economic
environment scenario building could be enhanced by linking the
interdependencies of economic attributes, such as the various material
prices, construction activities and cost of labour.
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7 Conclusions

Revealing the dynamics of power transformer asset
management with scenarios is relevant in a turbulent global
environment. The thesis has presented a method to assess
techno-economical dependencies in the electricity distribution
system to aid asset management decision-making.

Dynamic scenario modelling reveals the dependencies between the global
economic situation and electrical distribution system asset management.
Economic transients and even slower changes proportionally alter
the overall balance in network asset management from a technical asset
manager’s point of view. The benefits of revealing asset dynamics with
scenario modelling can be used for many purposes, depending on the
owner’s interests. It may be used to increase the quality of supply, to
decrease capital expenses, and to minimise operational and maintenance
expenses. Nevertheless, it is a tool that links investments, maintenance,
operational expenses and quality aspects to the overall assessment of any
given economic environment scenario.

GLOBAL ECONOMY
|

LOCAL %ONOJ\IY

Figure 7-1 Dynamic scenario modelling reveals the dependencies
between global and local economics, and the asset management overall
expenses of capital, operational, maintenance and quality.
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Deterministic rules of thumb can lead to operational success when a
substantial and sufficient amount of capital is guaranteed, even without
a quantitative understanding of the overall balance between spending and
expected performance. Dynamic scenario modelling gives the asset
manager the possibility to make strategically transparent decisions
regarding spending and quality within a changing environment. The
comprehensive associated expenses in asset management with different
scenarios are relevant to analyse and to quantitatively link with
the technical and economic factors. Of course, a dynamic scenario model
includes many uncertainties, but it is better to analyse possible scenarios
beforehand than to analyse future economics with the expectation that
price levels will stay the same. Dynamic scenario modelling is intended to
evaluate the future environment in asset management, and so there is the
need to update the scenario data and dynamics at least annually.

As a case example, dynamic scenario modelling was applied to a DSO’s
power transformer assets and, as a result, a balanced asset management
plan was introduced. The presented result takes global economic
prospects and technical power transformer factors into account in the
same assessment. The case for a power transformer major overhaul was
analysed taking into account the sensitivities to central economic and
technical attributes. This analysis revealed new information for asset
management decision-making concerning power transformer assets. A
dynamic risk matrix was also introduced to enhance asset management
long-term planning with scenario views. These are examples of what
dynamic scenario modelling can achieve, but there are more possibilities
from utilising this method. Basically, this approach could be applied to
any distribution system asset with any given economic environment
scenario, by modelling the asset specific dynamics, as was illustrated in
Chapter five for power transformer assets.

A systematic approach increases the accuracy of asset management, and
can be used at many levels of asset management. Corporate level quality
targets can be quantitatively linked to overall economics and to asset
portfolio management. Maintenance can be planned more accurately, so
that actions are taken at the most optimal time, taking into account
changes in the asset management environment. The chosen scenarios
reflect the possible asset management environments for the distribution
system operator and dynamic modelling enables the overall assessment of
different asset management plans. There are several future application
areas for dynamic scenario modelling in electricity distribution system
asset management:

» DSO’s strategic long-term planning
» Asset portfolio management
» Asset investment, renewal and maintenance planning
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Current network information systems include the main information
needed for dynamic scenario assessment. Operationally, electrical system
analysis is highly automated and in daily usage. Integrating dynamic
scenario modelling in electricity distribution system asset management
would require the possibility to feed different scenarios for the economic
environment in the time dimension as, currently, asset management
economic environmental development factors are described with a single
constant value or stable growth rate. One of the recent developments
seen in practice due to the financial crisis, is the increased interest by
capital investors in owning DSO business. In these circumstances,
dynamic scenario modelling offers a tool to interpret technical asset
management in terms of finance and vice versa, from financial
parameterisation to technical asset performance.

Understanding the dynamic balance between asset management and
overall expenses is becoming increasingly important, while seeking
economic efficiency and return on investments.
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APPENDIX 1

Example DSO’s current power transformer fleet information

Nominal | Nominal s g _

Rated noload | load E i -'E“

Manufacturing | Power |Cooling| losses | losses 2 E % 3
(year) (MVA) | system | (kW) (kw) 3 S & '_E

T1i0 1990 31,5 OFAF 15 167 28 % 47 % | 12% 13 %
T11 1990 31,5 OFAF 16 173 28 % 47 % | 12% 13 %
T12 1971 30 OFAF 23 138 14 % 66% | 18% 3%
T13 1971 30 OFAF 23 138 14 % 66% | 18% 3%
T14 1986 40 OFAF 15 177 17 % 46 % | 19% 17 %
Tis 1986 40 OFAF 15 176 17 % 46 % | 19% 17 %
T16 2003 31,5 OFAF 14 120 14 % 60% | 23% 4%
T17 2007 31,5 OFAF 21 115 14 % 60% | 23% 4%
T18 1976 31,5 OFAF 21 158 10 % 71% | 16% 3%
T19 1977 31,5 OFAF 21 151 10 % 71% | 16% 3%
T20 2005 31,5 ONAF 17 141 26 % 36% | 30% 9%
T21 2005 31,5 ONAF 17 148 26 % 36% | 30% 9%
Ta2 1987 31,5 ONAF 17 129 26 % 36% | 30% 9%
T23 1989 31,5 OFAF 16 148 10 % 35% | 38% 17 %
T24 1988 31,5 OFAF 16 148 10 % 35% | 38% 17 %
Tas 1986 31,5 OFAF 17 151 24 % 25% | 50 % 1%
T26 1981 31,5 OFAF 21 154 24 % 25% | 50% 1%
T27 1985 31,5 OFAF 15 161 26 % 43% | 30% 1%
T28 1985 31,5 OFAF 15 161 26 % 43% | 30% 1%
T29 2013 31,5 OFAF 20 131 38 % 37 % | 12% 13 %
T30 2013 31,5 OFAF 20 131 38% 37 % | 12% 13 %
T35 2011 40 OFWF 20 133 14 % 66% | 18% 3%
T36 2011 40 OFWF 20 133 14 % 66% | 18% 3%
T37 1992 31,5 OFAF 18 139 62 % 15% | 20% 3%
T38 1992 31,5 OFAF 18 139 62 % 15% | 20% 3%
T39 1972 40 ONAF 25 192 35 % 25% | 17 % 24%
T40 1972 40 ONAF 24 216 35 % 25% | 17 % 24 %
T41 1976 40 ONAF 30 208 48 % 32% | 17 % 4%
T42 1976 40 ONAF 31 208 48 % 32% | 17 % 4%
T43 1990 40 ONAF 23 164 52 % 17% | 17 % 15 %
T44 1990 40 ONAF 21 164 52 % 17% |17 % 15 %
T45 2000 40 OFAF 20 150 12% 43% | 37 % 8%
T46 2000 40 OFAF 21 150 12 % 43% | 37 % 8 %
T47 1975 40 ONAF 27 220 33% 14% | 47 % 5%
T48 1980 40 ONAF 31 176 33 % 14% | 47 % 5%
T49 1982 31,5 ONAF 20 132 33 % 14% | 47 % 5%
T50 2001 40 ONAF 24 168 31% 20% | 23% 17 %
Ts1 2001 40 ONAF 24 208 31% 20% | 23 % 17 %
Ts2 1982 31,5 ONAF 20 132 10 % 39 % 11% 40 %
T53 1987 40 ONAF 16 204 10 % 39% | 11% 40%
Ts54 1980 40 ONAF 30 176 54 % 22% | 14% 10 %
T55 2004 40 ONAF 21 180 54 % 22% | 14% 10 %
T56 1984 40 OFAF 19 192 64 % 19% | 11% 6 %
Ts7 1984 40 OFAF 19 192 64 % 19 % 11% 6 %
T58 1991 40 OFAF 24 164 64 % 19% | 11% 6 %
T59 1995 40 ONAF 23 168 56 % 16% | 14% 14 %
T60 1995 40 ONAF 22 168 56 % 16% | 14% 14 %
T61 2009 40 ONAF 20 142 64 % 19% | 11% 6 %
T62 2009 40 ONAF 20 142 64 % 19% | 11% 6 %
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APPENDIX 2

Planned Power Transformer Fleet Information

T31
Tg2
T33
T34
T63
T64
T65

Purchase
(year)

2014
2026
2025
2025
2017
2015
2015

Rated
Power
(MVA)

30
31,5
31,5
31,5
40
40
40

Estimated Nominal

nominal no

Cooling load losses

system

OFAF
OFAF
OFAF
OFAF
ONAF
OFAF
OFAF

(kw)

18
13
13
13
16
17
17

load
losses
(kw)

121
106
108
108
128
132

132

Residential

26 %
26 %
26 %
26 %
52 %
12 %
12 %

Commercial

36 %
36 %
36 %
36 %
17 %
43 %
43 %

Public

30 %
30 %
30 %
30 %
17 %
37 %
37 %

Industrial

8 %
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APPENDIX 3

Example Power Transformer Asset Management Plan

Ti0
T11
T12
T13
Ti4
Tis5
T16
Tiy
T18
T19
T20
T21
T22
T23
T24
T2s
T26
Tay
T28
T29
T30
T31
T32
T33
T34
T35
T36
T37
T38
T39
T40
Tg1
T42
T43
T44
T45
T46
T47
T48
T49
Ts50
Ts1
Ts2
T53
T54
T55
T56
T57
T58
T59
T60
T61
T62
T63
T64
Tés

188

1990
1990
1971
1971
1986
1986
2003
2007
1976
1977
2005
2005
1987
1989
1988
1986
1981
1985
1985
2013
2013
2014
2026
2025
2025
2011
2011
1992
1992
1972
1972
1976
1976
1990
1990
2000
2000
1975
1980
1982
2001
2001
1982
1987
1980
2004
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1991
1995
1995
2009
2009
2017
2015
2015
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ONAF
ONAF
OFAF
OFAF

RENEVAL TIME MAINTENANCE INTENSITY
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planned
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(year)
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2010
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APPENDIX 4

Price Scenario View 2013 Applied in the Scenario Analysis
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APPENDIX 5

Major overhaul analysis results for unit T37

T37 expected annual expenses in two options

35000€

30000€ - ] | | ] [ ’O‘\t"‘
N 2 \
’I

25000€ - id !

’ \
. 7
Maintenance
20 000 € | expenses

15000 €
10 000 €
5000€

o€
2010 2015 2020 2025 2030 2035 2040

Appendix Figure 5-1 Expected annual expenses for power
transformer T37 in two different asset management options with the base
scenario values. Expected annual expenses are the sum of operational,
maintenance and quality expenses and their shares are described with dotted
lines for option 1 and colored areas for option 2.

T37 expected annual expenses in two options with different
energy price scenarios
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Appendix Figure 5-2 Expected annual expenses with the different
energy price scenarios presented in Chapter 4.2.4 for power transformer unit
T37 with alternative asset management options.
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APPENDIX 5

T37 cost factor sensitivity for the overall
conclusion between two options
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Appendix Figure 5-3 Sensitivity of the overall conclusion between the

two asset management options for power transformer T37. The percentage
change in the Y-axis is calculated from the difference between the expected
net present values for options one and two, with low, base and high economic
scenarios.

Appendix Table 5-1 a) Cost factor sensitivity analysis for the
expected overall net present valuation of the two options: maintaining or
renewing power transformer unit T37. b) The expense difference between
the two options and relative change compared to the cost difference in the
base evaluation.

a) Option 1 Option 2
low high low high
Manufacturing prices 623 693 € 757 571 € 579371€ 732459€

Consumption and energy

price development 583753€ 773095 € 560 951 € 739955 €

Energy prices 607 260 € 758007 € 585095 € 728 415 €
Maintenance expenses 639 423 € 693 952 € 624 226 € 647 061 €
Interest rate 719506 € 525463 € 680 354 € 527 029 €

Reliability information 606 343 € 736736 € 582 634 € 710752 €

b) Difference Sensitivity
low high low high
Manufacturing prices 44 322€ | 25111 € 80 % 2%
Consumption and energy price development | 22 802€ | 33139 € -7 % 35 %
Energy prices 22165€ | 29593 € -10 % 20 %
Maintenance expenses 15197 € | 46892¢€ -38 % 91 %
Interest rate 39152€ | -1566€ 59 % -106 %
Reliability information 23709€ | 25983 € -4 % 6 %
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APPENDIX 6.1

DSO’s Power Transformer fleet Risk Ranking Scenario

2013

T18
T19
T39
T40
T26
T41
Tg42
Ta7
T25

T10
T2y
T28
T24
T48
T23
T14
T15
T45
T46
T54
T16
Ts2
T53
T17
T50

T55
T37
T38
T59
T60
T61
T62
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85%
80 %
55%
55%
49 %
44 %
44 %
42 %
38 %
35%
35%
34 %
34 %
31%
30%
29 %
29 %
29 %
29 %
29 %
23 %
23 %
23 %
17 %
17 %
16 %
16 %
13 %
13 %
11 %
11 %
11%
11 %
10 %
10 %
10 %
10 %
10 %
8%
8%
6 %
6 %
4%
4%

2014

T18
T19
T26
T41

T23
T45
T46
T54
T16
Ts52
T53
T39
T40
T17
Ts50
Ts51
T56
T57
T43
T44
T35
T36
T20
T21
T12
T13
T55
T37
T38
T59
T60
T61
T62

92
87
53
49
49
47
41
38
38
37
37
33
33
32
32
32
31
31
26

%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%

25 %

25 %

19
19
19
18
17
17
14
14
12
12

12

%
%
%
%
%
%
%
%
%
%
%
%
%

%
%

10 %

8
8
6
6
4
4

%
%
%
%
%
%

2015

T18
T19
T41
Tg42
T26
T25
T27
T28
T24
T14
T15
T48
T23
T54
Ts52
T16
T53
T45
T46
T17

T10
T47
T50

T37
T38
T29
T30
T59
T60
Té61
T62
T31

99 %
93 %
55%
55%
53 %
41 %
40 %
40 %
36 %
35%
35%
34 %
34 %
29 %
27 %
26 %
20 %
20 %
20%
18 %
18 %
18%
18 %
17 %
17 %
16 %
16 %
15%
15 %
14 %
14 %
13 %
13%
12 %
12%
11 %
11 %
11 %
11 %
11 %
9%
9%
9%
9%
7 %
7 %
5%
5%
1%

2016

T26
T25
T27
T28
T24
T14
T15
T48
T23
T54
T52
T16
T18
T19
T11
T1o
T53
T41
T42
T45
T46
T17
Ts50
Ts51
T56
T57
T47
T35
T36
T43
T44
T39
T40
T55
Té64
Té65
T12
T13
T20
T21
T37
T38
T29
T30
T59
T60
T61
T62
T31

58 %
45 %
43 %
43 %
39 %
39 %
39 %
38%
37 %
32 %
30%
28 %
27 %
27 %
23 %
23 %
22 %
22 %
22 %
21 %
21 %
19 %
18 %
18 %
16 %
16 %
15 %
15 %
15 %
15 %
15 %
14 %
14 %
12 %
11 %
11 %
11 %
11 %
11 %
11 %
10 %
10 %
9 %
9 %
7 %
7 %
5%
5%
2%

2017

T26
T25
T27
T28
T14
T15
T48
T24
T23
Ts54
Ts52
T16

T10
T53
T18
T19
T45
T46
T17
Tg41
T42
T50
Ts51
T56
T57
T43
T44
T35
T36
T39
T40
T47
T55
Té64
T65

T13
T37
T38
T20

T29
T30
T59
T60
T61
T62
T31

64 %
49 %
47 %
47 %
43 %
43 %
42 %
42 %
40 %
35%
33 %
30%
25 %
25 %
24 %
24 %
24 %
23 %
23 %
20 %
19 %
19 %
19 %
19 %
18 %
18 %
16 %
16 %
16 %
16 %
14 %
14 %
13 %
12 %
12 %
12 %
11 %
11 %
11 %
11 %
11 %
11 %
9%
9%
8%
8 %
5%
5%
3%

2018

T26
T25
T27
T28
T48
T14
T15
T24
T23
T54
Ts2
T16
T11
T10
T53
T45
T46
T17
T50
T51
T18
T19
T56
T57
T43
Ta4
T35
T36
T39
T40
T47
T55
T64
Té65

T13
T37
T38
T41
T42
T20

T29
T30
T63
T59
T60
Té61
T62
T31

69 %
53 %
51 %
51 %
47 %
47 %
47 %
45%
43 %
40 %
37 %
33%
28 %
28 %
27 %
25%
25%
21 %
20 %
20 %
20 %
20 %
19 %
19 %
17 %
17 %
16 %
16 %
15 %
15 %
13 %
13 %
12 %
12 %
12 %
12 %
11 %
11 %
11 %
11 %
10 %
10 %
10 %
10 %
8%
8 %
8%
5%
5%
4%

2019

T26
T25
T27
T28
T48
T14
T15
T24
T23
Ts54
Ts52
T16

T10
T53
T45
T46
T17
Ts50
T51
T56
T57
T18
T19
T43
Ta4
T35
T36
T39
T40
Ta7
T55
T64
Té65
T12
T13
T37
T38
T41
T42
T29
T30
T20

T21
T59
T60
T63

T61
T62

T31

76 %
57 %
55 %
55 %
53 %
52 %
52 %
49 %
47 %
44 %
41 %
35%
30 %
30%
29 %
26 %
26 %
22 %
22 %
22 %
21 %
21 %
20 %
20 %
19 %
19 %
17 %
17 %
16 %
16 %
14 %
14 %
13 %
13 %
12 %
12 %
12 %
12 %
12 %
12 %
10 %
10%
10%
10 %
9%
9%
9%
5%
5%
5%

2020

T26
T25
T27
T28
T14
T15
T24
T23
Ts2
T16

T11
T10
T53
T45
T46
T50
T51

T57
T17
T18
T19
T48
T43
T44
Ts54
T35
T36
T39
T40
T55
T47
T64
T65
T37
T38

T13
T41
Tg2
T29
T30
T20

T59
T60
T63
T31
T61
T62

83 %
63 %
60 %
60 %
57 %
57 %
53 %
50 %
45%
37 %
33 %
33 %
32 %
29 %
29 %
23 %
23 %
23 %
23 %
23 %
21 %
21 %
21 %
21 %
21 %
18 %
18 %
18 %
17 %
17 %
15%
14 %
13 %
13 %
13 %
13 %
13 %
13 %
13 %
13 %
11 %
11 %
10 %
10 %
10 %
10 %
9 %
6 %
6 %
6 %



MAINTENANCE EXPENSES (1/2)

APPENDIX 6.2
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MAINTENANCE EXPENSES (2/2)

APPENDIX 6.2
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APPENDIX 6.3

Power transformer fleet’s maintenance program

2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023

Tio | T+C | © T T T 0 0 0 o o 0
T11 T+C (6] T T T [¢] (6] (6] (6] [¢] (6]
T12 lite lite lite lite lite lite lite lite lite T T
T13 lite lite lite lite lite lite lite lite lite T T
T14 T+C T+C (0] (0] o (6] T+O T+0 T+0 T+O T+O
T15 T+C T+C (0] (0] [¢] (6] T+O0 | T+O T+O0 | T+O T+O
T16 T+C (0] o [0) [0) (0] T+O | T+O | T+O | T+O | T+O
T17 T T+C T+C T+C T+C (6] (0] (0] (6] (6] (6]
T18 T+C+0O|T+C+O (0] (0] T T+C (0] (0] [¢] (0] O
T19 T+C+O|T+C+O|T+C+0O| O [¢] T+C o (0] [¢] (¢] (¢]
T20 T T T T T T T T T T (0]
T21 T T T T T T T T T T o
T22 T T T T T T T T T T T
T23 T+C | T+C [¢] (6] [0) [0) () [¢] T+0 | T+O | T+O
T24 T+C T+C (6] (6] (¢] (0] (6] T+0 T+0 T+O T+0
T25 0 0 o o T+O0 | T+O | T+O | T+O | T+O | T+O [T+C+O
T26 T+O | T+O | T+O | T+O | T+0O | T+O |T+C+O|T+C+O|T+C+O|T+C+O| O
T27 T+C (0] 6] [¢] (6] T+O T+0 T+0 T+0 T+0 |[T+C+0
T28 T+C 0o [0) [0) (0] T+O | T+O | T+O | T+O | T+O |T+C+O
T29 lite lite lite lite lite lite lite lite lite
T30 lite lite lite lite lite lite lite lite lite
T31 lite lite lite lite lite lite lite lite lite
T32 lite lite lite lite lite lite lite lite lite
T33

T34

T35 lite T T T T T T T T 0 0
T36 lite T T T T T T T T (0] (6]
T37 lite lite T T T T T [¢] (6] (0] [¢]
T38 lite lite T T T T T o 0 [¢] o
T39 T+0 T+0O [T+C+0O|T+C+0O (0] T T T T T (6]
T40 T+O T+0O [T+C+O|T+C+0O (0] T T T T T (0]
T41 T+C+O| T+C | T+C T T lite lite lite lite T T
T42 T+C+0O| T+C | T+C T T lite lite lite lite T T
T43 T T T T T T 0 [ 0 0 0
T44 T T T T T T o (0] (0] (0] o
T45 (0] T+0 T+C (¢] (0] [¢] (0] (¢] (0] (0] (0]
T46 (0] T+0 T+C (6] (0] [¢] (¢] (0] (0] (6] (0]
Tgq7 T+0| O | T+C [ T+Cc [ T+C | © 0 0 0 0 0
T48 (0] T+0 T+O0 | T+O | T+O o (0] (0] (0] (0] o
T49 T T T T T T T T T T T
T50 T T T T+C T+C o (0] (0] (0] (0] (0]
Ts51 T T T T+C T+C [¢] (¢] o (0] [¢] (0]
Ts52 T T T+C T+C 6] [¢] (6] (0] (6] T+0 T+O
T53 T T T T T T (6] (6] (0] [¢] (6]
Ts54 T T+C | T+C 0 o o (0] 0 T+0 | T+O 0
T55 lite lite lite lite T T T T T T [0)
T56 T T T T+C T+C o (0] (0] (0] o (0]
Ts57 T T T T+C T+C (¢] (0] (0] (0] [¢] (¢]
T58 T T T T T T T T T T T
Ts59 lite lite lite lite lite lite lite lite lite lite lite
T60 lite lite lite lite lite lite lite lite lite lite lite

T61 lite lite lite lite lite lite lite lite lite lite lite
T62 lite lite lite lite lite lite lite lite lite lite lite

T63 lite lite lite lite lite lite
Té64 T lite lite lite lite T T T T
To6s5 T lite lite lite lite T T T T

T = Time-based Maintenance, C = Condition-based Maintenance, O = Online diagnostics
Tlite = Light Time-based Maintenance
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APPENDIX 7

Power transformer price development projection view 2012

Base reference index development 2010-2030

200%
~=Iron REFERENCE 2010 = 100%/
180% | —Oil
—=Labour
160% | ~Industrial producer
==Copper
140%
120%
o \/
60% T T
2010 2015 2020 2025 2030
Appendix Figure 7-1 Expected base price index development, forecast

in June 2012.

Transformer price developmentindex 2010 - 2030

170 %
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160 % i
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ﬁ 9/ ~ 4’ -~ K_,,«-"‘ #
@ 110% % P P
O 4 e /ﬂ‘/
E 100% F o S 7
90 % KS -
\ - -
oo S
30 Y6
2010 2015 2020 2025 2030
Year of Purchase
Appendix Figure 7-2 Expected power transformer price index

development projection made in June 2012, applying Word Bank June 2012
estimations and average developments for labour and industrial producer
indices.
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APPENDIX 8

Power transformer renewal point assessment

T14 1986 40 2026 40 2031 45
T15 1986 40 2026 40 2031 45
T18 1976 31,5 2015 39 2022 46
T19 1977 31,5 2016 39 2023 46
T23 1989 31,5 2030 41 2031 42
T24 1988 31,5 2029 41 2031 43
T25 1986 31,5 2029 43 2031 45
T26 1981 31,5 2023 42 2031 50
T27 1985 31,5 2027 42 2031 46
T28 1985 31,5 2026 41 2031 46
T39 1972 40 2017 45 2024 52
T4g0 1972 40 2017 45 2023 51
Tg41 1976 40 2014 38 2026 50
T42 1976 40 2014 38 2024 48
T47 1975 40 2014 39 2018 43
T48 1980 40 2018 38 2023 43
Ts54 1980 40 2023 43 2030 50

DSO's power transformer fleet renewal timing base scenario

40000

30000

20000

10 000

Appendix Figure 8-1 Renewal timing assessment for the entire power
transformer fleet with TBM maintenance intensity and renewal times applied
from the upper table renewal timing, before the unit’s curves gain negative
values.
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Power systems are deeply interconnected to
global economics in a multidimensional
manner. Indeed, asset management in
electricity distribution is simultaneously
affected by a multitude of economic factors,
including: electricity demand, network
expansion requirements, the time value of
money, and component, construction and
operational expenditures. This thesis is a
research journey from electrical
distribution systems to global economics,
and finally to power transformer unit asset
management.

This thesis offers an approach to assess
techno-economic dependencies in
electricity distribution asset management
within a changing economic environment.
Understanding the dynamic balance
between asset management and overall
expenses is increasingly important while
seeking economic efficiency and return on
investments.
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