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Under high-penetration of renewable energy, power grid is facing with the development
problems such as production delay, wind and solar power abandoning. With the
continuous growth of renewable energy installation such as wind power, photovoltaic
(PV), as well as the increase of power generation capacity, it is urgent to increase peak-
load and frequency regulation capacity on a large scale to alleviate the consumption
problems caused by large renewable energy integration, and then requires power
generation enterprises of peak-load and frequency regulation to increase relevant
equipment assets. As a result, peak-load and frequency regulation enterprises must
carry out scientific cost management of equipment assets. This paper introduces the
concepts, developments and perspectives of life cycle cost (LCC) management of
equipment assets in high-penetrated renewable energy power grid, and probes into
cost collection and estimation scheme in the process of equipment asset management.

Keywords: high-penetrated renewable energy power grid, peak-load and frequency regulation, asset full life cycle
cost, cost collection and estimation, full life cycle management

INTRODUCTION

Development and Consumption of New Energy
With the continuous increase of environmental pressure and energy demand caused by energy
development, the proportion of wind power, photovoltaic (PV) power generation and other
renewable energy in the power grid is increasing year by year. Through policy guidance,
preferential subsidies and other incentive policies, countries vigorously promote investment in
wind power, PV and other renewable energy, develop advanced technology and architecture
systems, so as to promote large-scale grid connection of renewable energy (Wen et al., 2008).
According to statistics, by the end of 2020, the cumulative installed capacity of global offshore
wind power has reached 32.5GW, and 162 offshore wind farms have been put into operation, an
increase of 19.1% over the same period at the end of 2018, which indicates the promising prospect
of renewable energy power development (Hu and Cheng, 2013; Feng et al., 2015). The variation of
installed capacity of offshore wind power in the past decade is shown in Figure 1.
The rapid development of renewable energy leads to major changes in the investment scale
and asset management mode of power system. In 2019, the annual investment in renewable
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FIGURE 1 | The installed capacity of offshore wind power in the past decade.

energy power in the world reached 53.1 billion United States
dollars, and the rapid growth of asset investment greatly
promoted the research and development of related technologies
and implementation of projects. However, in the process
of rapid development of renewable energy, the problem of
renewable energy accommodation, such as abandoned wind and
solar, is becoming increasingly serious with the disharmony
of the spatial and temporal distribution of capacity and load
(Hu and Cheng, 2013).

Since 2012, China’s installed PV capacity began to grow
rapidly. In 2014, accommodation problem caused by this rapid
growth began to appear, and the problem of abandoned solar
aroused the attention of whole society. Therefore, the power
grid needs to further improve the ability to absorb new
energy (John, 2017). According to Information Brief of PV
Power Generation Construction from January to September 2015
released by National Energy Administration, cumulative PV
power generation in China from January to September was 30.60
billion k·Wh, and PV power abandoning was about 3.03 billion
k·Wh, with a solar abandoning rate of 10%. After wind power
encountered wind abandoning dilemma, PV power generation
also fell into the dilemma of capacity allocation redundancy (Bird
et al., 2016). In the development of wind power in the past five
years, two phenomena have been accompanied by: (1) the good
news of the continuous increase in installed capacity of renewable
energy; (2) the dilemma of "abandoned electricity" such as
abandoned wind and solar due to insufficient accommodation
capacity. The statistics of China’s abandoned wind power from
2011 to 2015 are shown in Figure 2. From 2011 to the first
half of 2015, China’s total wind power on grid was 561.774
billion k·Wh, the total abandoned wind power was 80.191 billion
k·Wh, and the average abandoned wind rate was 14.27%. In
addition, large-scale integration of new energy power generation
has made power frequency imbalances increasingly frequent
(Basmadjian and Meer, 2018). In the context of China’s economy
entering the new normal of medium and high-speed growth,

the problem of abandoned power has become increasingly
prominent (Kasis et al., 2016).

Peak-load and frequency regulation power supplies can
well alleviate accommodation problems caused by large-scale
grid connection of renewable energy, and Improve system
operation level (Chen et al., 2009). Fujian province of China
increased the average utilization hours of nuclear power by
more than 700 h year-on-year, and without abandoned wind,
water, and solar phenomenon, which improve the utilization of
electric power production equipment and increase the return
on investment (Kasis et al., 2016). Renewable energy power
generation investment rise needs to pay attention to equipment
management and investment effectiveness (Kasis et al., 2016;
Dui et al., 2018). Hence, under the guidance of renewable
power investment mode and system, the investment planning
for renewable energy industries such as wind power and PV
and the asset management of power enterprises should take into
account the economy and reliability in full life cycle, so that
the huge renewable energy power construction can get a better
return on investment (Yildiz and Kazimi, 2006; Spertino and
Graditi, 2014). Combined with power equipment management
and related technical characteristics in large-scale renewable
energy grid connection, this paper explores a refined, multi-
angle and strongly related asset cost management mode, which
provides an important method channel for the environmental
friendliness and green economic function of renewable energy
power (Billinton and Huang, 2010; Dui et al., 2018).

Organization of the Paper
The rest of this article is arranged as follows: Section “Power
Assets Full Life Cycle Cost Management” summarizes the
development process and research status of the whole life cycle
cost management of assets and power equipment at home
and abroad. Section “LCC Cost Estimation Model” gives the
estimation model of power equipment LCC by introducing
the structure and estimation method of LCC in detail. Section
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FIGURE 2 | The statistics on abandoned wind power nationwide between 2011 and 2015.

“Conclusion” summarizes the full text and gives the direction of
the next stage of research.

POWER ASSETS FULL LIFE CYCLE
COST MANAGEMENT

Asset Life-Cycle Cost Management
According to IEC60300-3-3 standard formulated by
International Electrotechnical Commission, full life cycle
refers to the life cycle stage of equipment, which can be divided
into concept and definition stage (Hedley-Whyte, 2000), design
and development stage (Arif and Khan, 2010), manufacturing
stage (Lee et al., 2016), installation stage (Asiedu and Gu, 1998),
operation and maintenance stage (Solomon et al., 2000), and
decommissioning disposal stage. Therefore, full life cycle cost
(LCC) is the sum of all costs incurred in the above stages. Full
LCC occurs in different property rights, which can be seen from
the perspective of society (Ozbay et al., 2004), producers and
users (Kiritsis et al., 1999; Mascitelli, 2004). From the perspective
of asset users, most of the research focuses on the estimation and
modeling of product design phase (Park and Simpson, 2003; Liu
et al., 2008).

The concept of LCC originated in the United States in
1927 and was proposed by Department of defense (White,
1976; Bajaj et al., 2004). In 1933, the general audit office of
the United States formally proposed the concept of LCC for
the first time (White, 1976). In the 1960s, this concept was
successfully applied to F16 fighters (Yeung et al., 2013). In 1996,
the United States Department of defense began to formally study
LCC theory, which was first used in the army. Later, Britain,
France, Germany and other countries gradually applied LCC
theory in the army. With the successful application of LCC
theory in the military neighborhood, it gradually gained attention
in the civil field (Zhang and Wang, 2012). With the gradual
expansion of the application field of the theory, scholars began
to focus on engineering design, equipment selection, equipment

maintenance, equipment decommissioning and other aspects of
extensive and in-depth research.

Literature (Asiedu and Gu, 1998) described the complete steps
of LCC theory and gives its reason, content and corresponding
model of each step. Literature (Curry, 1989) summarized
the life estimation of aerospace electronic equipment by the
United States air force using LCC theory, and introduces
a standardized evaluation procedure ‘STEP.’ Moreover, LCC
technology is applied to the modernization of aircraft in-flight
refueling and electronic system (Woodward, 1997; Seo et al.,
2002). In literature (Furch, 2016), LCC theory is applied to
establish the railway vehicle model, and the cost calculation
formula of each stage is given. Besides, a prediction method for
full life cycle scrap time of electronic components is established,
a series of quantitative market or technical attributes were
identified and obtained, and the scrap time of components
was calculated by statistical method (Solomon et al., 2000). In
addition, LCC analysis is carried out for the components of
energy meter and resonant circuit in power system (Meyer and
De Doncker, 2006; Cai et al., 2011). Literature (Nilsson and
Bertling, 2007; Tian et al., 2011; Shafiee et al., 2016) applied LCC
theory to wind power industry, and literature (Tian et al., 2011)
established condition monitoring systems (CMS) based on LCC,
which can reduce indirect damage in case of failure and provide
favorable conditions for maintenance plans. Furthermore, it
presents a LCC analysis strategy and employs CMS to improve
the single wind turbine maintenance plan for onshore and
offshore wind farms (Nilsson and Bertling, 2007). In literature
(Shafiee et al., 2016), a wind farm investment cost regression
model based on commodity price and seawater depth is proposed
to estimate the accurate LCC.

In the fierce global competition environment, world-famous
electric power enterprises have realized the importance of asset
management for enterprise development, as well as electric
power industry is also constantly exploring the full life cycle
management and application of assets (Shahidehpour and
Ferrero, 2005), so as to promote the maximum efficiency of
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assets and serve the development of enterprises. Particularly,
LCC theory has been gradually promoted and applied in the
electric power industry.

National Grid Corporation of United Kingdom has integrated
some intelligent management tools into daily management,
established a complete set of asset management information
sharing platform, among which project management, production
operations, maintenance, and other fields are associated, finally
achieve data integration, according to the need to generate
various reports for reference of all kinds of managers.

In the late 1990s, Canada’s Hydro One introduced the
concept of asset full life cycle management and established a
complete set of asset evaluation methods (Danish et al., 2014). In
addition, it is worth noting that this company’s asset management
business has selected professional outsourcers to be responsible
for the management of some assets, which not only saves the
management workload of the main business personnel, but also
improves the asset management level.

Ashburton Power Company of New Zealand makes a
specific asset plan before making a clear investment objective,
comprehensively considering all aspects of power grid planning,
equipment transformation, maintenance and so on. Secondly,
based on equipment condition and load forecast, the investment
plan is optimized and analyzed. Finally, the information system
is adopted to analyze how to achieve the optimal unit cost in the
whole process of asset procurement, construction, operation and
maintenance, transportation and scrapping.

Given the current situation of the power sector in Afghanistan,
for improving the electricity environment in rural and remote
areas, LCC theory is introduced to establish a cost-effective
hybrid system. In 2004, International Power System Conference
advocated that equipment manufacturers provide management
reports for full life cycle of equipment and products (Lombardi,
2003; Joseph et al., 2018). As a result, world’s major electrical
equipment manufacturers, such as ABB Group and Siemens,
began to study full life cycle management of their products
(Zhang and Cai, 2014; Zakeri and Syri, 2015). In 2005,
representatives of more than 50 countries and regions, including
the United Kingdom and Norway, established international
organizations of asset LCC (Steen, 2005).

The asset management of international advanced electric
power enterprises is aimed at minimizing the life cost of assets
and maximizing the investment value: (1) pay attention to the
analysis of investment in the early stage and determine the
investment strategy through the optimal rating; (2) determine
the health condition of the assets by rating them and determine
their disposal methods to achieve the highest utilization rate; (3)
the employ of information means to achieve assets procurement,
construction, operation and maintenance, return and scrap of full
life cycle management.

Overview of Power Equipment Life Cycle
Management
In literature (Shi et al., 2009), taking a 220 kV heavy load
substation as an example, considering the loss of social output
value, the comprehensive economy of full life cycle of substation

construction is calculated and compared, which concludes that
the scheme has the best reliability and economy is obtained.

Literature (Kim et al., 2010) establishes a two-dimensional
model of power system LCC for the drawback that the application
of power system LCC is traditionally limited to specific
equipment or stage, in which research status of LCC technology
is reviewed. The cost breakdown structure is described in
detail from the device level and the system level. Besides, the
maintenance cost of the combination of reliability-centered
maintenance (RCM) and fault repair (overhaul) is also analyzed.
On this basis, some studies have also proposed a component-cost-
time 3D model (Luo et al., 2011).

Literature (Cai et al., 2011) analyzed the latest progress in LCC
technology, problems that should be paid attention to and several
suggestions for the management of LCC. A full LCC-benefit
model for energy-saving transformation of distribution network
is established in literature (Karamouz et al., 2017), in which a
decision method considering financial and technical constraints
is proposed. It is effective to apply the model and method
to the actual distribution network transformation. Besides, in
order to overcome the problem of neglecting the medium and
long-term cost and underestimating the short-term investment
in the current economic evaluation of power system, a three-
dimensional LCC model of the whole power system is established
from the perspective of component dimension, cost dimension
and time dimension. Through the analysis of the structure of
the device layer, a series of economic evaluation strategies based
on LCC are proposed, and the transformation of devices with
different lifetime is studied Change the cycle (Liu et al., 2012).

At present, the practice of asset LCC management mainly
focuses on the following two forms:

The first is to seek a new breakthrough in asset management
mode based on the cost management of full life cycle of assets.
It mainly standardizes asset management through management
means such as internal rules and regulations or norms of
enterprises, and integrates cost management concepts into daily
management, such as optimizing design schemes, equipment
selection, cost schemes and other efforts to achieve the goal of
the lowest asset cost of equipment or system.

Second, relying on the information system to achieve asset
life cycle cost management. The labor of asset management is
huge, which makes it cumbersome, time-consuming and prone to
human errors. The establishment of a new information platform
can break the departmental barriers, connect the processes of
asset planning, design, construction, operation and maintenance,
return and scrap, so that realize the cooperation of each module.
The full life cycle management of assets is realized. Through the
strict management of the full life cycle cost of equipment, the
links of material procurement, equipment collection, financial
settlement and payment are strictly controlled. The original mode
of extensive management and information isolation is changed,
and the equipment asset management information system of
real-time dynamic and fine management is established. However,
due to equipment defect state maintenance, risk assessment
lacks support, which cannot provide decision-making basis
for equipment overhaul and technical reform. At the same
time, because of lack of effective assessment and assessment
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means, as well as lack of quantitative assessment indicators for
equipment and management, resulting in most of the current
power enterprises still cannot solve the contradiction between
low cost and high utilization of assets.

Asset management is no longer the management of a certain
link, but the management of full life cycle of the equipment,
which makes the asset management more scientific and makes
the equipment achieve the optimal cost in full life cycle (Li
et al., 2018; Orfanos et al., 2019). At present, the management
mechanism of power grid companies has been difficult to meet
the needs of the rapid development of power grid. It is urgent to
transform and improve the asset management model, promote
the information and digitization of asset management, and
accelerate the construction of world-class power grid. Therefore,
the research significance of asset life cycle management is as
follows:

Firstly, it should not only implement the national strategy
and enterprise strategy and continuously improve the sustainable
development ability of power grid, but also vigorously promote
the high-quality development of power grid and build a
world-class energy internet enterprise. The concept of asset
management is the source of exerting asset management
efficiency and improving asset management capabilities. It plays
an important role in improving the overall asset management
performance of the enterprise. Enterprises must introduce
advanced asset life cycle management concepts.

Secondly, enterprise asset life cycle management is not
only a process of concept innovation, but also a process
of technology application. By employing asset life cycle
management technology, the asset life cycle resource value
and asset utilization efficiency of power grid enterprises
can be improved.

Thirdly, asset life cycle management concept determines the
direction and content of asset management decision-making of
power Grid Company, which has macro guiding significance.

Fourthly, the large scale, wide distribution and variety of
assets of power grid companies increase the difficulty of life
cycle management of assets of power grid companies. Power
grid companies must innovate the concept of asset management,
apply the full life cycle theory to asset management, take the full
cost management of assets within the full life cycle as the basis for
management decisions, and pay attention to the long-term nature
and efficiency of asset management, which is an innovation of the
traditional asset management concept (Liu et al., 2012).

LCC COST ESTIMATION MODEL

Since the concept of LCC is applied soon, there is no correlation
between the historical data of relevant asset management systems
of all enterprises, and the data of full life cycle is missing. Besides,
the cost of equipment assets operation and maintenance can only
be counted according to the management units, and cannot be
collected into the equipment and the current situation of basic
data cannot meet the requirements of efficient asset management
(Xu and Wang, 2011). Therefore, it is necessary to estimate the
assets of power system, and then estimate LCC (Liu et al., 2012;

Lee et al., 2020). LCC estimation also estimates the possible
LCC in the future, which is related to the establishment of
budget (Savoretti et al., 2017), quotation generation (Govil,
1984) and development strategy (Govil, 1985), which is an
indispensable part of the cost efficiency (reliability) evolution
model in engineering (Yang et al., 2017).

The LCC estimation method is mainly established and
implemented around the cost structure of the research target
equipment. A reasonable estimate of the cost of the entire life
cycle of the equipment is made in the form of engineering
standards, and a targeted estimation method is used in
conjunction with the composition of the entire life cycle of the
equipment. Through the integration of various methods and
cost components, a unified and comprehensive LCC estimation
model is formed. In the process of establishing and revising the
estimation model, the cost calculation of a single device is realized
through accounting, statistics, and apportionment of various
costs based on the current data situation. Taking into account
the importance and value of the equipment, the LCC estimation
work uses the method of setting the correction coefficient matrix
to characterize the equipment difference, and the LCC estimation
model is constantly revised and improved in the long-term work
by mathematical checking and empirical judgment.

Structure Composition of LCC
Based on the full life cycle management requirements and
operational characteristics of the research equipment, the cost
structure of each part of the equipment LCC is decomposed.
In terms of selecting equipment to be studied, this article
takes important equipment such as transformers, generators,
and circuit breakers in the power supply equipment of the
power system as the main research objects. The above important
equipment occupies an important position in the operation of
the power grid and has a relatively comprehensive and highly
targeted Cost management process. According to the equipment
survey results, combined with the current status of equipment
cost management in the power grid and advanced LCC theory,
the cost structure based on the LCC management method mainly
includes investment costs, operating costs, maintenance costs,
failure costs, scrap costs, etc. Decompose the cost of each part of
LCC, and its cost structure is shown in Figure 3.

Particularly, relevant cost breakdown of LCC can be
computed by:

LCC = CI+CO+CM+CF+CD (1)

where CI represents cost of investment; CO means operating
cost; CM denotes maintenance cost; CF stands for fault cost; CD
is abandon cost.

These costs can also be further broken down into sub costs,
as mentioned above, LCC is related to future costs, and when
the time value of funds is considered (Bastian, 2011), the cost
incurred in the future shall be reduced and corrected multiply
by
(

1+r
1+Kcpi

)yeari
, where Kcpi represents CPI index, which reflects

inflation; r denotes discount rate, and yeari means service years.
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FIGURE 3 | Cost breakdown structure.

Some studies also put forward the environmental cost (Li et al.,
2018), but for power supply of peak-load and frequency, it is
relatively clean, so this item cannot be considered.

Estimation Method
The research object of LCC estimation is capital invested in the
future (Lee et al., 2020). Through estimation of capital to be
invested, it provides an important basis for economic judgment
and final decision-making of the scheme (de Jong and Declercq,
2012). LCC estimation is the key content of LCC technology
research and the basis of technology application.

Some studies believe that there are two main channels for
data collection: professional manufacturers and suppliers, and
historical data (Schneiderova-Heralova, 2018). The amount of
data and information obtained determines the cost estimation
method used. Besides, there are two kinds of estimation methods:
certainty and uncertainty. For the former, there are more
evaluation models (Cole and Sterner, 2000; Vahdat-Aboueshagh
et al., 2014); for the latter, there are Monte Carlo method (Ammar
et al., 2013; Goh and Sun, 2016), fuzzy set method (Shahata and
Zayed, 2013; Plebankiewicz et al., 2020) and neural network (NN)
(Ilg et al., 2017). For the existing asset estimation methods, the
accuracy of LCC model depends on the choice of calculation
method and the certainty of data. LCC of power system in

estimation scheme at present is very diverse. In view of the
different stages of development and enterprise data types can be
estimated according to the advantages and disadvantages of the
scheme selection. Defects of technological level is that the barriers
to a large amount of data is temporarily unable to break in the
process of cost separating, and partly by artificial decomposition
cost reimbursement need to upload the data to the cloud, the time
cost and the statistical labor costs rose, as a result, the unity of the
intelligent data analysis big data platform construction is the core
content of LCC technology, in combination with the discussion
of data and analysis the process needed a big enterprise data
platform construction. Therefore, the content of data application
construction is not discussed. This paper only discusses the
system framework and model application established by LCC
asset management. The estimation methods applied in the big
data analysis platform are introduced as follows:

Gray Fuzzy Estimation Method
Gray fuzzy estimation method (Chen and Ren, 2018) is that when
some evaluation indexes cannot be accurately quantified, interval
fuzzy method is usually used to evaluate the risk of contractor
selection and installation construction unit selection. Fuzzy
algorithm combines expert evaluation, fuzzy interval setting and
other methods to integrate and calculate the evaluation opinions
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given by multiple experts by the evaluation registration (Miah
et al., 2017), so as to obtain the comprehensive evaluation of the
risk of contractor or supplier selection, and formulate the cost
quantification strategy based on the risk level.

Parameter Estimation Method
Parameter estimation, which is based on a lot of historical
cost data of similar equipment, selection of sensitive to cost
several main physical parameters and performance features,
then employing the regression analysis, gray system and neural
network data processing method to set up the mathematical
relationship of cost between the parameters, so as to estimate
LCC or estimate the cost of a main unit. The first task of
establishing the cost parameter relationship is to determine which
characteristic quantity the cost is related to. In this method, the
most important link is the database (Wang et al., 2013). Database
must meet some specific requirements, such as establishing
related connections for similar power equipment, in which each
similar data unit should be composed of similar components
and be processed consistently in the same way, that is, to ensure
comparability. Otherwise, it will lead to obvious deviations in the
estimation relationship, or even unreliable.

With the continuous accumulation of data, the model can
be modified, and the more the model is used, the higher the
accuracy will be. Therefore, this method is most widely used
in LCC estimation, in which full LCC can be approximately
related to quality, yield, performance and other characteristic
variables. Compared with analogy estimation method, parameter
estimation method reflects the relationship between cost and
attribute. Therefore, as long as get the value of some of
attribute parameters of complex system, it only needs to
input the characteristic quantity to calculate the cost of the
equipment at this stage. Then according to equipment reliability,
maintainability and other parameters calculate the cost of
operation, maintenance and scrap recovery phase, so as to obtain
LCC. This method is the most commonly used cost estimation
method in the early stage of full LCC analysis, especially in the
absence of detailed planning and design specifications. Another
advantage of establishing this kind of cost parameter relation
is that it can quickly estimate the influence of the change of
power equipment performance or some characteristic parameters
on cost, so as to evaluate the influence of cost when the
scheme is chosen during the planning and design and when the
scheme is changed.

The calculation equation of parameter estimation method can
be expressed as follows:

C2 = C1

(
S2

S1

)n
CF (2)

where C1 represents actual engineering costs of similar projects;
C2 denotes costs required for the proposed project; S1 means
production scale of similar projects; S2 stands for production
scale of the proposed project; CF represents price conversion
index; and n denotes production scale index.

The value of n: the scale is enlarged, mainly with the
increase of equipment capacity, n is 0.8∼0.9; for high-pressure
equipment, n is 0.3∼0.5, and usually the average value of n

is about 0.6. Therefore, this estimation method is also called
0.6 index method. However, there are obvious drawbacks to
this approach. First of all, it needs a lot of historical data,
which is almost impossible to obtain detailed historical data
since the LCC management of power companies started late.
Secondly, the model established by this method only represents
the law of changes in the past costs. The period of power
system engineering is large, and the geographical gap between
regions is also large. These differences will lead to an increase
in the error of estimation model and affect decision-making.
Furthermore, comparing the various attribute parameters of a
complex system, parameter estimation model only relies on
limited and easily measurable parameters for cost estimation,
and does not consider various situations in detail. It is generally
used in the early development stage of complex system, when
there are only system specifications but no detailed planning and
design specifications, especially when the power equipment is
not standardized. The reasonable degree of the model established
by the parameter estimation method depends on the staff ’s
understanding of the system and their modeling experience and
skills. The prediction accuracy is highly subjective, and this
method is no longer applicable when the new system adopts
advanced development and production technology.

Engineering Estimation Method
Engineering estimation method is a traditional cost estimation
method, also known as detailed estimation method or bottom-
up method. It uses work breakdown structure to calculate each
cost unit item by item from bottom to top, and then add item by
item to get the total LCC (Ilg et al., 2017). Besides, engineering
estimation method divides the research object into different sub-
parts, and carries on the cost estimation, respectively, according
to different characteristics of the parameters of each part. Finally,
the estimated value of each part is summed up to obtain
the total LCC. This estimation method is generally used in
planning, development and production of research objects. With
the accumulation of analysis, more and more data support for
estimation, and the result of estimation becomes more and more
accurate. It starts from the lowest level work unit, calculates LCC
item by item from bottom to top by using work breakdown
structure, sums up the cost of each work unit in the system, and
then obtains the value of the upper-level cost unit item by item,
and finally obtains LCC.

When applying engineering estimation method to calculate
cost of each unit, it is necessary to collect detailed data
information about the relevant costs. It is not difficult to
observe that the advantages of this method are detailed and
specific, with high estimation accuracy, but the disadvantages
are cumbersome, time-consuming, heavy workload and complex
calculation process. Therefore, this method can only be adopted
after detailed design and mastering the relevant information of
the equipment and the cost of its use and maintenance, which can
be used to estimate the cost of some decision-making problems in
the later stage.

Its mathematical model can be expressed as:

C = C1 + C2 + · · · + Cn (3)
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where C represents LCC; and Ci denote cost of each unit at
different stages.

The cost of each unit can be further divided into sub-units
to form a complete cost breakdown structure diagram of the
equipment, so as to obtain the estimated value of the total cost.
This method is a detailed estimation method, its accuracy is
directly related to the amount of information obtained, and is
generally used in the later stage of the project.

Analogy Estimation Method
Analogy estimation method is a method to estimate LCC of
equipment by referring to the known cost information and other
data of similar equipment. Based on the existing data of similar
equipment, the equipment to be built is compared with it, and
the fixed coefficient value is taken according to the characteristics
of the latter to estimate its cost. Analogical estimation method
is generally used in the early stage of equipment life, and its
accuracy depends on expert experience.

When the data of similar power equipment is relatively reliable
and the database is complete, this method is a more suitable
estimation method. In most cases, it is used in the early planning
and design stage of LCC to preliminarily estimate full LCC of
power equipment.

It is a method to estimate the cost of the target equipment by
comparing known information of the same type of equipment.
Particularly, the implementation steps are as follows: firstly,
select the sampling equipment, and the key parameters of the
sampling equipment shall be the same as the existing equipment,
and then compare the existing equipment with the sampling
equipment. During the comparison, the characteristic parameters
of the existing equipment can be set according to the different
points between the equipment. Finally, LCC is obtained through
comparing the characteristic parameters with the historical values
of the sampling equipment. As the key part of the analogy
method, the characteristic parameters in the actual use, usually
call some experts, comprehensive research and judgment after the
value, so the analogy method is also known as the expert method.
This method is mainly employed in the planning and feasibility
study stage at the initial stage of engineering construction, which
applies to the situation that the data of similar projects are more
accurate and detailed.

Moreover, it is a method to estimate LCC by referring to the
cost data of completed projects similar to construction projects
(Angelis and Stamelos, 2000; Steinert, 2009). Employing the
analogy method to calculate the cost is mainly to use the cost data
of similar projects, and select the correlation coefficient to correct
according to the specific situation, so as to accurately estimate
the cost of the proposed project. The selection of correlation
coefficient is very important, which is generally determined by
consulting experts. Its mathematical model can be expressed as:

C = C0

n∑
i = 1

aiKi (4)

where C denotes cost of proposed project; C0 represents cost
of similar projects; ai stands for the proportion of labor cost,
material cost and procurement cost in the total cost of similar

projects; Ki means the correlation coefficient of labor cost,
material cost and purchase cost between the proposed project and
similar project.

The analogy method estimates the cost based on the cost of
similar products or technologies in the past. Besides, this method
updates the historical data to reflect the impact of rising costs and
technological progress, which is suitable for cost estimation with
historical data and actual data reference.

Neural Network Method
Artificial neural network (ANN) has been studied since the early
1940s, which is an intelligent computing system that simulates
a biological NN with a computer network system. Furthermore,
ANN can simulate some unique behaviors of the human brain,
such as learning, memory, and recall, through self-learning, self-
organization, self-adaptation, and nonlinear dynamic processing.
The main advantages of NN estimation method are as follows:
because ANN owns self-learning function, through the network
data training, it can quickly and accurately simulate the results,
so it does not need to establish a specific mathematical model
of the cost. There are many uncertain factors, such as different
electrical parameters, equipment operating conditions, climate,
policies, etc., in LCC estimation of power transformers, so it is
more accurate and objective to use neural network to calculate.

However, NN estimation method also has certain
shortcomings: a large amount of historical data of power
transformers is required during model training, and this data is
often lacking in practical applications; the choice of hidden layers
does not have a very scientific basis, which can be determined
after trial calculation; it is not easy to obtain the sensitivity of the
key factors of LCC of power transformers.

Activity-Based Costing Method
Activity-based costing (ABC) is employed to calculate the cost of
the equipment by summing up the activities related to the power
equipment (Özbayrak et al., 2004; Karim et al., 2012). Based
on historical information or estimated data, it first calculates
the unit cost of each activity, and then calculates the activity
consumed by new equipment, multiplying the two to get the total
cost of power equipment (Waghmode and Sahasrabudhe, 2012;
Bierer et al., 2015). It is mainly used in the later stage of LCC.
The practical operation steps are as follows: À select the main
activity; Á collect the cost of resources to the homogeneous cost
base; Â select the cost driver; Ã calculate the allocation rate of
each cost base; Ä allocate the collected cost in each cost base
to power equipment according to allocation rate of cost base; Å

summarize and calculate the total cost of power equipment. The
main problem of this method is that it is not easy to obtain unit
activity cost (Ben-Arieh and Qian, 2003).

Case-Based Reasoning Method
In short, case-based reasoning method (CBR) adopts past
problem-solving methods to deal with new problems (Ji et al.,
2012). Its main spirit lies in how to systematically preserve
and deal with the previous problem-solving knowledge and
experience, in order to solve the new or repeated problems
encountered, so as to reduce the mass of information, avoid
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repeated process load. At the same time, CBR can accumulate
experience. Each time a problem is solved, the new experience is
saved. Nearest neighbor technique is probably the most widely
used technique in CBR. For each case attribute, determine the
similarity between the problem (target) case and the cases in
the case base. This measure can be multiplied by a weighting
factor. The similarity sum of all attributes is then calculated to
provide a similarity measure between the case in the library and
the target case.

The estimation range of LCC in CBR is limited by sample
value and cannot be extrapolated, but its characteristic parameter
quantity is independent of sample size. That is, the number of
feature attributes can be increased a lot. Besides, it doesn’t need
to judge the number of feature coefficients by considering the
number of samples. Moreover, CBR method is simple and can
obtain superior estimation results.

Expert Estimation Method
Expert estimation method is the estimated value of full LCC of
equipment based on expert experience judgment, which is the
application of Delphi method in the prediction technology in cost
estimation (Steinert, 2009). When using the expert estimation
method, a certain number of experts independently estimate the
corresponding equipment, and then synthesize them to obtain
the estimated cost of equipment. Particularly, expert estimation
method is generally adopted in the absence of data or the
difficulty of collection, and the insufficient number of statistical
samples, as well as employed as an auxiliary estimation of other
estimation methods. Its mathematical model can be expressed as
follows:

C =
∑n

i = 1 Ci

n
(5)

where C denotes the estimated value of cost unit, here the
average value is taken; Ci is the estimated value of the ith
expert for cost unit; and n is the number of experts participating
in the estimation.

Blind Number Theory Estimation Method
Blind number theory estimation method is to comprehensively
consider the attributes and characteristics of various
uncertain information from the initial purchase to the later
decommissioning process, and make a reasonable evaluation of
the uncertain information, so as to determine the blind number
expression of full LCC (Liming and Bo, 2020).

Blind number expressions are expressed by the following
equation:

f (x) =
{
ak, x = xk (k = 1, 2, · · · , n)

0, otherwise
(6)

where ak indicates the reliability of a blind number; x = xk
represents a possible value or range of possible values
for a blind number.

Compared with traditional deterministic LCC calculation
method, LCC method based on blind number theory can’t only
calculate the expected value of LCC, but also obtain possible
distribution intervals of different costs and corresponding

credibility information, so as to improve the rationality of
estimation results.

Comparison of Various Estimation
Methods
The purpose and precision of LCC estimation vary greatly
in different stages due to variety and complexity of power
equipment. Therefore, LCC estimation methods and models
are not invariable, and different estimation algorithms are
needed according to characteristics of collected historical data.
Particularly, it concluded characteristics of different estimation
methods, as shown in Table 1.

The focus of this part is to analyze and evaluate the most
suitable and accurate LCC evaluation method according to
different equipment categories, different equipment life stages
and different data conditions.

In big data era, LCC estimated model at technical level can be
combined with the deep learning framework to forecast, should
not satisfy with the traditional estimation method, cyber-physical
system and knowledge graph is the future of artificial intelligence
in an important direction in big data analysis scenarios, the LCC
estimation in the new method of artificial intelligence can be used
on innovation breakthrough.

LCC Estimation Model of Power Assets
According to cost estimation model of different life cycle stages of
power assets, LCC of power assets is estimated. The following is
the detailed scheme of LCC cost structure separation to point out
the data path and separation ideas, and the LCC cost reduction
formula for a supplementary explanation. The cost mapping
relationship of each cycle in cost collection and estimation is
explained. As for the content of mutual diffraction in the cost
of each life cycle, it is a reasonable method to establish the
standard of cost calculation system within the stage to solve the
superposition effect of cost. The content of LCC cost estimation
standard is introduced as follows.

Investment Costs
The cost of investment and construction from start of planned
construction to formal operation (excluding subsequent technical
reform) mainly includes:

CI = Cpurchase + Cinstallation + Cconstruction + Cfield service (7)

where Cpurchase denotes purchase cost; Cinstallation represents
installation cost; Cconstruction means construction cost; and
Cfield service stands for field service cost.

Operating Costs
Operating costs can be expressed as follows:

CO = Cenergy + Cduty (8)

where Cenergy represents energy cost; and Cduty denotes on-
duty cost.
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TABLE 1 | Summary of characteristics of different estimation methods.

Methods Uncertainty Application phase Accuracy Historical data

Parametric estimation method Medium Early stage Medium Many

Engineering estimation method Low Mid-late stage High Many

Analogy estimation method High Early stage Low Average

Neural Network method medium early stage high many

Expert estimation method High Early stage Low Few

Blind number theory estimation method Medium Early stage Low Fewer

Maintenance Costs
Maintenance costs can be computed by:

CM = Clabor(CM) + Csupply(CM) + Cspare(CM) (9)

where Clabor represents labor costs; and Csupply denotes supply
cost; and Cspare means spare cost.

Fault Costs
Fault costs can be expressed by:

CF = Cblackout + Creplace + Cdeficiency + Cwithdrawal (10)

where Cblackout means power blackout cost; Creplace denotes
equipment replace cost; Cdeficiency represents deficiency cost; and
Cwithdrawal means withdrawal cost.

Discard Costs
Discard costs can be computed by:

CD = Cscrap + Cresidual value (11)

where Cscrap means scrap cost; and Cresidual value
denotes residual value.

Recoverable costs can be estimated by parameter estimation:
residual value is approximately equivalent to the product of the
weight of steel and its price, or the original value of the equipment
is added with a proportional coefficient.

Asset management system of project cost detail work, there
are detailed classification is too rough form, it fails to meet
the project cost to carry out the elaboration to the equipment
and component levels of business requirements, therefore the
present solutions for the project was obtained from the financial
management system of financial course code and cost detail, after
the model to further improve the account of the project cost,
for the enterprise of the management system of data interface,
after the export project cost detail, project data cleansing, obtain
the LCC cost collects the required at all levels in different
stages of the data.

Reliability Evaluation of LCC Estimation
Method
In the construction of the theoretical model, must be based
on historical data, using the total life cycle cost calculation
model, calculation and analysis on specific historical node
balance data, and combining with the investment cost is the
subsequent comprehensive analysis comparison, the calculation
model of correction methods, to ensure the effectiveness and

reliability of the final model in the actual production. That
is, with the application of the system, the model algorithm
can be modified in real time by comparing the difference
between the actual cost accounting and the data platform
estimation model.

The model constructed by historical data predicts the situation
of the plant or similar projects in the same area in the same
period, and compares the actual data to verify whether the error
between the calculation results of the model and the actual results
is within a certain allowable range. If so, the model is accurate. On
the contrary, it is necessary to consider revising or even changing
the model, and study two ways of revising the model based on
the revision method of years and the revision method based on
economic parameters.

The cost structure split based on the whole life cycle
management method basically includes the economic investment
generated in equipment management. The LCC management
method implemented around the cost structure needs to be
adjusted in conjunction with the data foundation and the
characteristics of the equipment object, and the cost structure
is increased or decreased and optimized when necessary
to ensure that the economic indicators of the equipment
are comprehensively and systematically considered in the
implementation of the LCC management.

CONCLUSION

Combined with LCC analysis of power assets, full LCC
management method is adopted for peak-load and frequency
regulation enterprises, which can’t only be adopted for project
cost budget, but also better guide a safe production and
reliable operation, such as procurement, maintenance and scrap
planning, as well as risk control.

In the application of full life cycle management, necessary data
and information should be obtained to decompose each stage
according to different costs, calculate appropriate estimation
model, and collect from upper-level step by step to estimate
final full LCC. Considering the time value of the capital,
future-oriented full LCC needs to be converted into current-
oriented value to facilitate the comparison and analysis of
different schemes.

Since the transparency of data and information in different
stages of full life cycle is different, various estimation algorithms
should be carefully selected according to the characteristics of
each period. At the same time, there are errors in estimation,
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so the value of such uncertainty needs to be recognized.
In the research, it is necessary to focus on the important
systems and equipment, take the 20–80 principle as the analysis
standard, and reasonably consider the research scope and
precision of the equipment cost. The equipment content of asset
management should be classified as primary and secondary in the
classification of the equipment tree, and the importance level of
the equipment should be divided. The equipment content with
higher importance should focus on the evolution process of cost
efficiency of LCC. The overall goal of power equipment cost
model estimation is to have the lowest LCC of power equipment
in the whole life cycle, and the goal of each stage is to have the
lowest cost of each stage under the condition of meeting the total
goal. Therefore, the target value of the consumption cost of each
stage can be established to provide reference for the management
mode of each stage of power equipment.

To sum up, the implementation of LCC needs to establish
a complete database, a scientific decomposition mechanism, an
appropriate estimation model and cooperation between various
departments, which aims to improve accuracy of full LCC
estimation and guide a satisfactory management of assets with a
high assets efficiency.

Therefore, future research will focus more on improving the
asset management level and the accuracy of the estimation model,
and on this basis, consider a better combination of cost and
efficiency. This is the next direction of work.
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