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Our lives are directly and indirectly supported by a variety of facilities.  We are 
able to perform day-to-day tasks through the functioning of various facilities 
from that supporting individual spaces such as homes, offices, shops, and 
factories to that supporting networks such those as for power, waterworks, 
transport, and communications.  It thus goes without saying that appropriate 
maintenance is needed for such facilities to continue to perform the functions 
demanded of them.  In calculating life cycle cost (LCC) of these facilities, 
operation and maintenance (O&M) cost greatly exceeds acquisition cost in 
many cases.  When considering that Japan will further transform into a stock-
type society that accumulates social overhead capital and cherishes quality 
and durability over consumption, how to effectively and efficiently conduct 
maintenance can be said to be a major issue for society. 

At the same time, the importance of maintenance is on the rise also from 
a standpoint of resource and environmental problems.  The manufacturing 
paradigm used up to now involving mass production, mass consumption, 
and mass disposal is a possible cause of problems such as global warming 
and resource depletion, so transforming to an environmentally sustainable 
manufacturing is an urgent issue.  For that reason, the manufacturing industry  
needs to transform its role from providing goods to providing functions, 
achieving a system for updating functions while circulating goods.  That 
paradigm in manufacturing is called circular manufacturing.  And the 
innermost circulation in that is maintenance.  So we have to think of ways to 
minimize the production of goods, meaning we need to aim to be production-
free instead of maintenance-free. 

When thinking of maintenance as a method of dealing with a stock-type 
society or resource and environmental problems, the concept of facility life 
cycle management becomes important.  In other words, maintenance must 
be positioned as a method of effectively exhibiting the functions of facilities 
though its life cycle, its efficiency increased, and its level advanced.  We have 
thus proposed the concept of life cycle maintenance from that viewpoint.  
The following sections will give an overview of that concept, and I hope that 
it will be of use to you in thinking about the role of maintenance. 

Life Cycle Maintenance of Equipment2
2.1 Development of the Concept of Maintenance
Looking back on its development, we see that the concept of maintenance 
came about in stages over time.  It developed through establishment of the 
concepts of preventive maintenance through the application of time-based 
maintenance that developed on a foundation of reliability engineering from 
the 1950s, of condition-based maintenance or predictive maintenance 
based on advancements in machine diagnosis techniques from the 1970s, 
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optimal maintenance plan, and establish management loops 
where improvements are made based on past results.

Setting assessment items is determining objective functions 
to optimize life cycle management.  From the viewpoint of 
the aforementioned O&M, it is important to include all losses 
resulting from facility failure and stoppage in addition to 
preventive and breakdown maintenance costs.  With production 
facilities, for example, we need to quantitatively assess the effects 
of production loss and delayed deliveries.  With station and building 
elevators/escalators, the effect on users must likewise be assessed.  
Furthermore, from a viewpoint of resource and environmental 
issues, assessments of environmental load by life cycle assessment 
(LCA) need to be incorporated.

Life cycle strategy is the determination of a basic policy  
for optimizing a maintenance plan for the next step.  It includes 
items such as how long to assume the life span will be and 
supposing what to do at the EoL stage.  In proposing an optimal 
maintenance plan, stress in operation and the deterioration and 
failure due to that are estimated for individual elements of the 
facility that are the basic units of maintenance.  The estimations 
are based on facility structure and operations along with factors such 
as the operating conditions and environment.  From those results, 
technically meaningful maintenance methods are selected from 
breakdown maintenance, time-based maintenance, condition-
based maintenance, opportunity-based maintenance, and the 
like.  Those are combined to propose the optimal maintenance 
plan.  Whether a method is technically meaningful can be seen, 
for example, by time-based maintenance being meaningless for 
random failures and condition-based maintenance for sudden 
failures.  RCM and RBM are regarded as methods for proposing a 
maintenance plan in this step.

The maintenance plan, however, is put together based on 
estimates for future possible deterioration and failures.  Incidents 
other than those estimated often occur, however, in actual 
facility operation.  The assumed conditions for facility operation 
changing due to changes in the purpose the equipment is used for 
is are also naturally conceivable.  A system for flexibly adapting to 
such conditions is necessary for life cycle maintenance.  This falls 
under the management loops for improvements.  Fig. 1 shows 
the framework for such management.  Three management loops 
centering on maintenance planning are shown in this figure.  

The innermost loop (arrows for 1 in the figure) is the loop for 
conducting maintenance work.  Plans for maintenance work such 
as inspection, monitoring, diagnosis, and action based on the 
maintenance method set in the maintenance plan are proposed 
and carried out here.  The results of maintenance work are 
compared with the conditions assumed in maintenance planning 
(rate of deterioration, occurred failures, etc.) and assessed.  If the 
results are within the assumed condition, the process proceeds to 
the next maintenance work plan where conducting and assessing 
work is repeated. 

The set maintenance method may be judged from the results 
of assessment to be inappropriate due to factors such as the 
actual condition of deterioration or failures occurring differing 
from those assumed or due to unforeseen deterioration or failures 

and of optimum maintenance as typified by reliability-centered 
maintenance (RCM) and risk-based maintenance (RBM) that 
came to be adopted by industry from the 1980s to 90s.  Taking 
into account that progress, recent discussions on maintenance 
show that the following three points to seem to have come to be 
important.

The first point is integration of operation and maintenance 
(O&M).  The purpose of maintenance is to maximize the value 
created by facility operations, so O&M should be optimized 
so as to achieve that purpose.  A relationship exists between 
operation and maintenance through facility status, as does one 
based on schedule.  The former is an inverse relationship where 
operation hastens deterioration of facilities, while maintenance 
restores from that degradation.  The later is a relationship of 
schedule-based restrictions, as operation and maintenance 
cannot generally be performed simultaneously.  Therefore, 
O&M integration planning and management taking those into 
account becomes necessary.  

The second point is assessment of the life cycle.  O&M can be 
said to have spread the viewpoint of maintenance management 
from the aspect of activities.  It also can broaden the range of 
assessment to a whole life cycle in achieving optimization.  The 
importance of the life cycle viewpoint has come to be recognized 
since the 1970s when discussion on LCC was initiated.  It has 
come to be focused on recently particularly because life cycle 
thinking is being demanded in terms of resources and the 
environment as well as cost.  In terms of business too, deploying 
business that encompasses maintenance through the entire life 
cycle instead of conventional product sales type business has 
become important.

The third point is utilization of ICT.  For this also, items 
such as application of knowledge engineering to machine 
diagnosis and remote maintenance using networks have been 
discussed for a long time.  They have not necessarily caught on 
widely, however.  But maintenance technologies that apply ICT 
developed up to now will likely be easier to be incorporated into 
smart communities, smart factories, smart stations, and the like, 
which will become achievable with constant network connectivity 
anyplace becoming guaranteed as we enter a ubiquitous or cloud 
computing age.

2.2 Framework of Life Cycle Maintenance 
Assessing the value created by facilities, including the positive 
and negative aspects, through all stages of their life cycles 
and achieving optimum maintenance will be important in 
maintenance in the future when considering the aforementioned 
social and technical backgrounds.  We call such maintenance life 
cycle maintenance.1)

The main point of life cycle maintenance lies in considering 
beginning of life (BoL), middle of life (MoL), and end of life 
(EoL) in a comprehensive manner.  But in terms of maintenance 
management, life cycle maintenance is not very different from 
usual management practices where the PDCA cycle is used for 
constant improvement.  The basic four steps are to determine 
assessment items, determine a life cycle strategy, propose an 
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occurring.  In that case, the process returns to the maintenance 
planning stage, where the maintenance plan is revised taking into 
account data gained in the operating stage.  Then, the process 
returns to the loop where maintenance work is conducted  
again.  This is the second loop of maintenance management 
(arrows for 2 in the figure).  

The third loop of maintenance management (arrows  
for 3 in the figure) is returning to the development stage on 
the left side and making improvements to facilities if corrective 
maintenance is judged to be appropriate in the maintenance plan.

2.3 Example of Applying Life Cycle Maintenance
For the aforementioned framework, a simple example using a 
valve actuator for hot and cold water flow rate control in building 
air conditioning facilities will be given as follows, even though 
this is still at the research level.2)  A valve actuator, as the name 
implies, is made up of a valve part that changes flow volume 
and an actuator that operates the valve part.  In current Japanese 
maintenance practices, they are inspected annually and replaced 
every 15 years.  Conceivable degradation and failure modes 
include accidental type such as seizure of the valve part due to 
invasion of foreign objects, but most are degradation progression 
type such as wear of motor bearings, potentiometers, gears, seat 
ring, and gland packing.  For evaluating such degradation, it 
is preferable to build a degradation progression model that 
estimates amount of wear from contact pressure and cumulative 
slip distance for example.  That data could not be gained in the 
valve actuators example, however.  We thus decided to gain failure 
distribution from field data as a statistical approach instead of 
such a failure physical approach.  Specifically, we hypothesized 
the Weibull distribution to estimate failure distribution for each 
failure mode using field data made up of installation date, failure 
date, and failure cause.  

Next, we specified assessment items for assessing effectiveness 
of maintenance as shown in Fig. 2.  Assessment items can 
generally be thought of as combinations of the items affected and 
the type of effect.  In this case, we added decline in brand power 
from failures occurring to cost for breakdown and preventive 
maintenance and expenses for operation. 

Using the degradation and failure models and assessment 
items found as noted above, we created a simulator using the 

Monte Carlo method.  The purpose of that is to assess how 
failures, maintenance work, and the like throughout the life 
cycle of facilities come about and how the effects of those 
accumulate.  Using that simulator, we compared what the life 
cycle cost would be over 50 years if breakdown maintenance,  
time-based maintenance, and condition-based maintenance 
methods were adopted.  From the results, we found that, if 
not taking into account the effect on brand power, breakdown 
maintenance is best for keeping LCC in check as lifespan  
(evaluated by B10 life) is long compared to the replacement 
interval for valve actuators.  However, the number of failures that 
occur clearly increases when using corrective maintenance.  How 
that results in a drop in brand power and how much monetary 
loss is incurred is not easy to assess.  Here, however, we simply 
assume that if two valve actuators fail in a building with 40 valve 
actuators installed (average for buildings in Japan), the building 
owner will switch to purchasing from a different manufacturer.  
Therefore, taking into account loss of sales due to failures, the 
current time-based maintenance where replacement is in 15-year 
intervals would be better than breakdown maintenance.  Note 
that with condition-based maintenance, except with certain 
failure modes, methods of diagnosing with certainty without 
disassembling are not currently available, so effects did not 
exceed those of time-based maintenance. 

From such assessment results, we found that improving 
life cycle cost by simply changing the maintenance method is 
difficult.  Therefore, we next made considerations including 
EoL treatments.  Specifically, assuming periodic valve actuators 
replacement in 15-year intervals, we studied reuse of the replaced 
valve actuators as shown in Fig. 3.  Valve actuators removed in 
periodic replacement can be reused by replacing consumables 

Fig. 1  Framework of Life Cycle Maintenance

Fig. 2  Setting of Assessment Items
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such as seat rings and potentiometers.  Estimating expenses 
from factors such as work time, we found that LCC can possibly 
be improved by approx. 40% without worsening failure rate 
compared to conventional methods. 

Moreover, the environmental benefits of reusing are large, so 
assessment was made using LCA.  Considering that this method 
be adopted for the entire Japanese valve actuator market, the 
results of using reused products in future periodic replacement 
was assessed based on the number of valve actuators installed 
in the past 15 years.  For a simple assessment of environmental 
load, calculations were made using CO2 emissions.  The results 
showed that CO2 generation could be reduced by 50% or more 
compared to with use of new products when incorporated reused 
products in time-based maintenance. 

Promoting Adoption of Life Cycle 
Maintenance Techniques3

An overview of life cycle maintenance and a simple example of its 
application were shown in the previous section.  A repeat of the 
main points of those is as follows. 
(1) Assessment by indices directly linked to management targets 
Assessing by a method directly linked to the purpose for which 
the facility is used is important in proposing and executing the 
maintenance plan.  A truly effective and efficient maintenance 
plan cannot be expected to be proposed and executed if 
comprehensive assessment is not done under assessment items 
including, for example, O&M for manufacturing facilities or 
effects on users for service facilities. 
(2) Assessment throughout the life cycle.
Even though we have been continuously reminded of its 
necessity since the proposal of LCC, assessment and optimization 
throughout the life cycle is often not implemented for simple 
reasons such as the departments in charge of purchasing and 
operation not being the same.  The fact that the majority of life 
cycle costs incur in the operation stage needs to be focused on 
again and the system for facility management reconsidered.  
(3) Consideration of maintenance as a life cycle option 
Maintenance is one of the methods available for life cycle 
management.  Measures to improve on cost and environmental 
load in facility life cycle are called life cycle options, typical 
examples for reducing environmental load being the 3Rs: 
reduce, reuse, and recycle.  Since maintenance is one of the 
life cycle options, the optimum life cycle management method 
must be selected through optimal combination with other life 
cycle options.  In the example of valve actuators, combining 

maintenance with other options such as reuse allows for 
improvement in LCC and LCA.

The importance of those three points has long been recognized.  
While they have not actually been implemented for a variety of 
reasons, the situation seems to be changing recently.  One change 
has been the increase in computer processing capacity, which 
enables the facility life cycle simulations.  Estimation of LCC 
and LCA in a reasonable amount of time has become possible 
even when incorporating somewhat complex models.  Moreover, 
optimization by using assessments from simulations also has 
become possible to a certain extent by using metaheuristics such 
as genetic algorithm. 

Another change has been a switch in business models from 
providing products to providing functions.  The concept of 
product-service systems (PSS) that integrates products and 
services has spread recently, and a typical example is life cycle 
oriented business where maintenance services for the products 
are also provided.  Jet engines and the like are a classic example 
of this business model in which improving LCC by making 
maintenance more efficient leads to increased profits.  Such 
business forms have spread mainly in Europe and the US, and 
they are expected to further expand especially in B2B business 
where efficiency is more demanded. 

Conclusion4
This article has explained the concept of life cycle maintenance 
upon overviewing recent maintenance techniques, providing 
simple examples.  Over the years, maintenance theory based on 
reliability engineering, equipment diagnosis techniques as well 
as a number of maintenance techniques such as RCM/RBM 
have been researched and developed.  Those are not, however, 
necessarily used effectively in the field.  But today as we face 
transformation into a stock-type society along with resource and 
environmental problems, using frameworks such as life cycle 
maintenance and clarifying the positioning of maintenance 
techniques accumulated and effectively using them are important 
in achieving rational management of the life cycle of equipment.  
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