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Chapter 8

Summary and conclusion

The advent of sensor technology combined with the recent advances made in the areas

of the Internet of Things and machine learning techniques provide opportunities to

remotely monitor the deterioration of equipment and to control its usage in real-time.

Many studies use these monitoring opportunities to propose advanced condition-

based maintenance policies that aim to schedule maintenance just-in-time, thereby

minimizing the number of failures while also avoiding wastage of remaining useful

life of equipment. In this thesis, we have investigated the potential value of using

condition information to make dynamic production decisions as well. An essential

ingredient for the considered settings is that the degradation of many machines is

directly affected by the production rate, implying that the production rate can be

used to control the deterioration of equipment.

One real-life example where dynamic production decisions introduce numerous

promising operational options is the offshore wind sector. Sensor technology enables

operators to closely monitor turbines that are located in remote offshore areas which

otherwise could only be observed with time-consuming and expensive physical in-

spections. Many firms and industry parties start to recognize and embrace these

opportunities, which is exemplified by the fact that modern turbines contain thousands

of sensors that continuously measure hundreds of variables including noise, vibration,

and the temperature of components. These sensors deliver abundant amounts of data

that can be translated into valuable estimates of the degradation levels of turbines.

These estimated degradation levels can then be used to optimize the power production,

which is practically possible due to so-called pitch control systems that can control the

rotational speed by adjusting the angle of the blades. This provides a natural way to

control the deterioration process of turbines as higher rotational speeds imply higher

deterioration rates.
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The chapters of this thesis are organized into two parts. The key topic of the first

part (Chapters 2, 3, and 4) is the introduction of a dynamic production planning in

systems with production-dependent deterioration and condition monitoring. Dynamic

adjustable production rates provide an opportunity to control the deterioration pro-

cess of equipment, which can be used to increase the efficiency and effectiveness of

maintenance and production strategies. The second part (Chapters 5, 6, and 7) is

devoted to settings that are either inspired by offshore wind maintenance or that are

related to dynamic production planning. Chapter 5 addresses resource sharing between

offshore wind farms, Chapter 6 presents another application of dynamic production

planning, and Chapter 7 considers a stylized routing problem that lies at the core of

many short-term scheduling and routing problems.

Part I: Condition-based production decisions

Studies on condition-based maintenance optimization typically assume that mainte-

nance can be scheduled instantaneously and that the deterioration process is stationary

or follows an exogenously given pattern, thereby indirectly implying that the pro-

duction rate is either constant or already decided upon. However, most maintenance

decisions have non-negligible planning times due to the need of scarce resources such

as skilled technicians, spare parts, and specialized tools, or they are even completely

inflexible due to planning restrictions (e.g., safety regulations may dictate that a

system has to be maintained on a yearly basis). In part I, we explicitly take a limited

maintenance flexibility into account and consider condition-based production planning

as an alternative or additional short-term operational option.

Chapter 2 investigates the value of a dynamic production plan for a single-unit

system for which the next maintenance intervention is already scheduled. The operator

determines the production rate based on the current deterioration level and the

remaining time until the next maintenance action. This setting can represent a

production facility for which maintenance is planned well in advance, such as refineries

and power plants, but it can also be used for production decisions during the planning

time of a condition-based maintenance policy. We derive exact analytical solutions for

deterministic deterioration processes and use Markov decision processes to numerically

show that the insights carry over to more realistic stochastic deterioration processes.

The exact solutions show that for all systems, it can be beneficial to reduce the

production rate in order to avoid failure. If an unavoidable failure is foreseen, then

production revenues can be increased by producing at a more efficient rate. In various

scenarios, it is even cost-efficient to maximize production and let the system fail, even

if the failure could have been prevented by switching off the facility. Furthermore,

there are win-win scenarios in which production rate adjustments both prevent failure

and increase the total production output.
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Numerical results show that balancing production revenues with maintenance

costs can realize substantial cost savings of up to 50%, which results from reduced

failure risk and increased production. An interesting side-effect is that adopting a

condition-based production policy also reduces the volatility of the production output

and of the total costs. Simpler policies such as on-off policies that switch between the

idle mode and an optimized fixed rate are often considerably less effective in reducing

total costs, result in lower total production, and actually increase the volatility in the

production output and the total costs. On the contrary, the performance of heuristic

policies based on the optimal deterministic policy is near-optimal for many parameter

values. Thus, being able to respond accurately with many different production rates

is more important than explicitly taking into account all future uncertainty of the

deterioration process.

Chapter 3 continues by studying whether the benefits of condition-based produc-

tion subsist for systems with more flexible maintenance policies. We compare the

performance of condition-based production to that of condition-based maintenance and

investigate the potential of integrating the two decisions into a fully condition-based

policy. We again consider single-unit systems and model the limited maintenance

flexibility by incorporating a maintenance planning time or by adopting a block-based

maintenance policy.

Integrating a dynamic production rate into a condition-based maintenance policy

results in three structural benefits. Firstly, an adjustable production rate allows to

respond to deterioration increments during the planning time, thereby substantially

reducing the failure risk. Secondly, due to the first benefit, the optimal maintenance

policy can be less conservative and schedules maintenance interventions at a higher

deterioration level, resulting in fewer maintenance actions. Thirdly, total production

is increased by producing at a more efficient rate in the extreme case that failure is

unavoidable. Moreover, condition-based maintenance and condition-based production

can enhance each others performance as making both decisions condition-based can

yield higher cost savings than the sum of their separate cost savings.

Noteworthy is that optimal condition-based production policies with fixed periodic

maintenance interventions do not immediately slow down production when the system

deteriorates faster than expected. As long as there is sufficient time to prevent failure

at a later stage, it is better to continue producing at the maximum rate as deterioration

in the remainder of the block may be lower than expected. If this does not happen,

then the production can still be slowed down, whereas lost production cannot be

made up for. On the other hand, if condition-based production is combined with

condition-based maintenance, then the production rate is sometimes already reduced

before maintenance is scheduled. Producing at a lower rate does not only reduce the

deterioration rate, but also implies a more predictable deterioration process. It thereby

allows to approach the failure level more closely without facing excessive failure risks.
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Numerical results based on a Markov decision process formulation show that the

effectiveness of the three policies strongly depends on the system characteristics such

as maintenance costs, the behavior of the deterioration process, and the planning time

for maintenance. A general observation is that condition-based production policies

are characterized by low failure risks whereas condition-based maintenance policies

typically have higher expected total production but also substantially more failures.

As a consequence, condition-based production is advocated for systems with severe

failures, while condition-based maintenance is essential for systems with relatively

high profit margins.

Chapter 4 makes the natural extension to address condition-based production

decisions for multi-unit systems whose units are jointly used to satisfy an overall

production target. We consider a system with an economic dependency implying

that there is an incentive to cluster maintenance interventions into a single campaign.

In the considered setting, the operator can control the deterioration of the units by

dynamically reallocating load among them based on condition information.

Our results show that condition-based load sharing improves the effectiveness of

condition-based maintenance policies as substantial cost savings are possible compared

to the optimal condition-based maintenance policy that shares load equally among

the functioning units. Cost savings up to 20% can be obtained for systems with

overcapacity but no redundancy, and these savings increase up to 40% for systems with

redundancy. The cost savings originate from fewer failures, reduced risks of production

shortages, improved clustering opportunities, and fewer maintenance interventions per

unit.

An insightful observation is that when the deterioration levels of the units are far

apart, the operator should not try to synchronize them before the next maintenance

intervention, but should even accelerate the production rate of the unit with the highest

deterioration level. Moreover, condition-based load sharing decisions are also effective

for systems without economic dependence and are thus not only used to improve

the clustering of maintenance interventions. Without an economic dependency, the

deterioration levels of units should be desynchronized such that their maintenance

interventions can be alternated. This allows to decelerate the most deteriorated unit

when it is highly deteriorated, which results in better utilization of the useful life of

the units.

Taking more of a bird’s eye view of the results in Part I, a key insight is that

practitioners should not always focus on high production rates, as producing at a

slightly lower rate may substantially reduce maintenance costs. In fact, adopting a

dynamic production plan in which the production rate depends on the condition of

equipment, not only improves the operational efficiency by better balancing production

outputs with maintenance costs, but may even result in higher total production output.

Making production decisions condition-based allows for lower maintenance costs, higher
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production outputs, more predictable and stable profits and production outputs, and

fewer failures. Chapter 3 and 4 show that these effects do not diminish, and can even

be enhanced, if a condition-based maintenance policy is adopted, and that the benefits

are not overshadowed by including realistic aspects such as parameter estimation

errors and multiple units.

Another interesting observation is that optimal condition-based production policies

are not always intuitive. For instance, for multi-unit systems there are scenarios in

which the most deteriorated unit takes over load from the least deteriorated unit.

Although optimal condition-based policies can have complex structures that may hinder

the practical implementation, understanding the complex structure and dynamics of

such policies supports the development of more simple and intuitive policies as shown

by the deterministic heuristic in Chapter 2.

As a final note, one may argue that the optimality of non-constant production

rates is trivial as aspects such as demand and selling prices may change over time.

However, our studies show that a dynamic production rate is also valuable for settings

in which all exogenous given parameters and processes such as the planning time for

maintenance, selling prices, and demand are constant. Even for a single-unit system

with a deterministic deterioration process, it can be optimal to adopt non-stationary

production policies as this can realize a lower average deterioration rate for concave

production-deterioration relations. Moreover, for multi-unit systems that focus on

reliable production outputs, the optimal policy may treat identical machines with

the same deterioration level differently to desynchronize their deterioration levels.

Combining these insights, it certainly follows that the non-stationary dynamics of the

optimal production policy stem from the trade-offs between deterioration, production,

and maintenance costs, and are not caused by exogenously given dynamics.

Part II: Further studies on offshore wind and dynamic production

Chapter 5 assesses the value of resource sharing between multiple service providers.

Various maintenance tasks such as the replacement of blades and large gearbox

components require jack-up vessels to lift heavy components to the top of the turbine.

These tasks only occur intermittently, and therefore it is not justifiable nor cost-efficient

to have a jack-up vessel dedicated to a single wind farm. However, leasing from the

spot-market comes with high variable costs and lengthy charter times, which often

result in significant production losses. This chapter considers two jack-up sharing

strategies and compares their performance to leasing a jack-up from the spot market.

The first strategy is to jointly purchase a jack-up with multiple wind farm operators,

and the second also includes harbor sharing to reduce the distance traveled by the

jack-up.
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A simulation approach is used that takes into account uncertain weather conditions,

uncertain failures, and cost parameters that reflect today’s offshore wind sector. In

the numerical analysis, we present several possible collaborations that include Dutch,

Belgian, and British wind farms with potential cost-savings up to 40%. We conclude

that collaboratively purchasing and sharing a jack-up vessel has the potential to

outperform individually leasing it. However, operators should not pursue high jack-up

utilization as this harms the responsiveness of the jack-up, thereby increasing the risk

of long downtimes and resulting substantial production losses. The additional benefits

of including harbor sharing are negligible and are not likely to be worth the additional

challenges that it poses.

The insight that jack-up sharing with the right number of partners is beneficial is

robust to changes in failure rates of components, replacement durations, vessel capacity,

travel speed, and the weather conditions that are regarded to be safe. However, the

optimal coalition size and all performance measures, such as the expected yearly costs,

are heavily affected by various parameters and in particular by the failure rate and

the replacement time of the gearbox. Especially large coalitions are sensitive to these

parameters as congestion may easily occur. Therefore, the chapter advocates to be

conservative and to start with a small coalition if the failure rate is unknown, even

more so because expanding a coalition is likely to be easier than reducing the number

of partners.

Chapter 6 shows the versatility of dynamic production policies by examining

their use in another application. Many production facilities, such as circuit board

manufacturers, produce on a make-to-order basis with machines that require heating to

be operational. We examine the potential cost-savings by better balancing electricity

usage required for production with waiting times for jobs. The system is modeled as

an M/G/1 queue with a temperature-controlled server that only processes jobs if a

minimum temperature is satisfied. Its electricity usage can be reduced by switching the

heater to a lower or idle mode. The required time and energy to reach the production

temperature again depend on the current temperature, and thus both the setup time

and setup cost are state-dependent.

We have derived optimal dynamic heating policies that are based on the queue

length and the temperature of the server for deterministic fluid queue processes.

The insights are validated for stochastic discrete arrival processes with exponential

processing times using Markov decision processes. The optimal policy uses three

heating modes: not heating at all, heating at the maximum rate, or keeping the system

at the production temperature. We note the contrast with the results of Chapter 2,

where the ability to react accurately to deterioration increments by setting various

production rates turned out to be more important than explicitly optimizing for

future uncertainty of the deterioration process. Our results show that, for systems

with heating, considerable energy savings can be realized by temporarily switching
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the heater off. Moreover, a valuable insight for practitioners is that more simple-to-

implement policies that are solely based on the queue length result in near-optimal

performance for many parameter values.

In Chapter 7, we consider a stylized asymmetric multi-depot vehicle routing problem

that lies at the core of many routing and scheduling problems. Examples of problems

that are naturally solved as a vehicle routing problem defined on directed graphs

with multiple depots are skill-based technician routing in offshore wind farms, vehicle

routing in inner cities, and various applications in home and health care. Our aim

is to provide fundamental insights on the asymmetric cost structure within routing

problems with multiple vehicles and multiple depots. We, therefore, do not include

additional problem-specific constraints (e.g., time windows) such that the results are

generally applicable for a wide range of asymmetric vehicle routing problems.

We have developed a branch-and-cut framework that relies on a series of newly

derived valid inequalities that explicitly exploit the asymmetric cost structure. We

derived three new classes of the so-called Dk inequalities that eliminate subtours,

enforce tours to be linked to a single depot, and model bounds on the number of

customers in a tour. Besides the branch-and-cut algorithm, we proposed a simple yet

effective heuristic procedure to obtain upper bounds by providing feasible solutions.

The main idea of the procedure is to reduce the graph by only including promising

arcs (e.g., the five shortest outgoing arcs for every node) and then solve the resulting

problem with off-the-shelf solvers such as CPLEX or Gurobi. This is repeated various

times while more and more arcs are included in the graph. For each iteration, the best

solution that is found thus far is used as initial solution.

Results show that the derived valid inequalities and the upper bound procedure

are very effective for the considered problems. The framework can solve asymmetric

multi-depot traveling salesman instances up to 400 customers and 50 depots, whereas

to date, only solutions for instances up to 300 customers with 60 depots were reported.

Moreover, for newly proposed benchmark instances, adding our valid inequalities

closed root node optimality gaps by up to 67.2% and on average by 10.2%. In general,

the results show that including the valid inequalities and the upper bound procedure

increases the number of solved instances, improves lower bounds for unsolved instances,

and reduces computation times and memory usage.

Limitations and further research

The main contribution of this thesis is the proposal and first exploration of production

policies that use condition information to exploit the relation between production

and deterioration. We studied stylized models to derive structural insights that

provide a fundamental understanding of the trade-off between production revenues and
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maintenance costs. Based on the promising results, we believe that the introduction of

condition-based production decisions opens a new research stream that deserves more

attention. In the following paragraphs, we discuss the primary assumptions that we

made and provide research suggestions to extend the systems studied in this thesis.

A key component of our studies on condition-based production is that the produc-

tion rate directly affects the deterioration rate of the system. We assumed that the

deterioration rate as a function of the production rate is known. However, in practice,

this relation needs to be estimated based on condition information and previously

applied production rates. Recognizing that the relation is estimated and thus comes

with parameter uncertainty directly results in two research suggestions. Firstly, policies

should take into account the parameter uncertainty while choosing the production

rates. We expect that the optimal production policy becomes more conservative

for high deterioration levels as the deterioration rate may be higher than estimated.

Secondly, one has to decide how to anticipate on future observations that will improve

the accuracy of the parameter estimates. One option is to implement a myopic policy

that selects the production rate based on the current parameter estimates, thereby

ignoring that the decision also affects the future information that becomes available.

However, in the long-run, it could be cost-efficient to first explore the relation between

production and deterioration by producing at different rates before exploiting the

adjustable production rate. Although this results in higher costs on the short-term, it

may improve the operational efficiency on the long-term.

Another essential element in our studies is the availability of condition monitoring,

which we assumed to be perfect. A natural future research direction is to include

imperfect condition information into the optimization. We expect that condition-based

production can better cope with such uncertainties than condition-based maintenance,

as the effect of a wrong production decision is less severe than a wrong maintenance

decision. After a production rate is set, this can be revised when more condition

information becomes available, whereas expensive maintenance actions and failures

cannot be made undone.

Many studies on maintenance, including most in this thesis, assume that mainte-

nance can be performed at any time. However, this is often not the case for real-life

systems. For instance, offshore wind farms are frequently inaccessible due to high wind

speeds or other harsh weather conditions, in particular during winter. Maintenance

policies that neglect such seasonal effects could be far from optimal as these may

schedule maintenance interventions at the start of the winter, which is likely to result

in unnecessary failures and long downtimes. Thus, it is reasonable to expect that

maintenance interventions should already be initiated at lower deterioration levels at

the end of the summer. Incorporating a condition-based production rate reduces the

volatility of the deterioration process during winter, thereby reducing the need for a

conservative maintenance policy at the end of the summer period. Another question
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that arises because of uncertain accessibility concerns the duration for which expensive

equipment such as jack-up vessels should be chartered for each campaign.

Models that do take into account inaccessibility are likely to schedule many

maintenance interventions at the end of the summer. This may induce another

practical issue since maintenance tasks far offshore wind farms require scarce resources

such as skilled technicians and specialized vessels. Large tasks like the replacement

of blades or components of a gearbox can easily take several days, implying that

tasks will queue up if scheduled simultaneously. It follows that some tasks should be

done in advance if many turbines are expected to require maintenance soon, thereby

performing maintenance too early for some machines, which in turn implies a waste

of remaining useful lifetime. A promising research direction is to study the value of

condition-based production decisions for systems with resource dependencies. In such

settings, dynamic production rates can be used to desynchronize the deterioration

levels of machines.

Another research avenue is to consider volatile and uncertain production revenues.

This is particularly relevant for systems that produce electricity because power prices

change frequently, both on the short-term (i.e., within hours) and the long-term (i.e.,

seasonally). Even negative prices may occur in extreme scenarios with overproduction.

Introducing a dynamic production plan for such systems may improve the operational

efficiency by linking the production rate to the power price, that is, produce at a high

rate if prices are high and otherwise switch off the system.

The chapters that address optimal production policies all assume that the operator

can set any rate between the idle rate and a given constant maximum rate. This is

realistic for many systems, such as the heat bath studied in Chapter 6. However, the

maximum possible production rate of wind turbines is determined by the current wind

speed. We expect that a stochastic maximum production rate affects the optimal

condition-based production policies as studied in this thesis. For instance, in Chapter 2,

we show that the optimal production policy aims to produce at a constant production

rate until the next scheduled maintenance intervention. However, with a stochastic

maximum production rate, it may be cost-efficient to produce at a higher rate if the

wind speed allows this because periods with lower wind speeds may follow. We expect

that this results in non-stationary optimal production decisions, even for systems with

a deterministic deterioration process.

Chapters 2 to 5 each take the perspective of a single operator that pays the main-

tenance expenses and incurs the production revenues. This results in optimal policies

that jointly optimize production and maintenance decisions. However, maintenance

responsibilities are often outsourced to a maintenance service provider, while another

party holds all investment-related risks such as volatile electricity prices. This results

in conflicting interests as the maintenance provider aims to minimize costs while

satisfying the maintenance contract and thus prefers low production rates regardless of
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the power price, whereas the owner prefers more advanced strategies as studied in this

thesis that balance production revenues with the corresponding maintenance costs.

Two research directions that deserve attention are the effect of various maintenance

contracts on the structure of the optimal maintenance policy from a cost-minimizing

perspective without revenues, and the analysis of the profit loss caused by separating

the maintenance and investment risk among two parties.

In this thesis, we aimed to shed light on the optimal policy structure by using exact

solution approaches. Although this provides a thorough understanding of the trade-offs

present in the considered systems, it does not allow to solve real-life systems with up to

hundreds of turbines, each consisting of multiple components. A natural follow-up on

this thesis that can provide both practical and theoretical value is to develop heuristics

that are capable of solving real-life instances with many turbines. One possibility is

to implement general meta-heuristics such as an adaptive large neighborhood search.

However, motivated by the latest advances in the literature, another promising direction

is to consider approximated dynamic programming techniques that use the structural

insights revealed in this thesis.

Opposite to the previous suggestion, it would also be valuable to analytically prove

the structure of the optimal policy for the more complex systems considered in this

thesis, such as the multi-unit system considered in Chapter 4. Besides its theoretical

value, this can also serve as a starting point to improve heuristic methods as knowledge

on the optimal policy structure limits the solution space that has to be considered.

In Chapter 5, we showed that substantial cost-savings are possible by co-owning a

jack-up with several wind farm maintenance providers. However, tasks are scheduled

on a first-come-first-serve basis and jobs can only be clustered if they fit within a

single campaign. From a cost perspective, it would make sense to avoid traveling

between harbors by first finishing all tasks for a single wind farm before transiting to

the next one. Another promising direction is to utilize the fact that wind farms are

geographically scattered and thus may face different weather conditions. Advanced

scheduling policies could postpone jobs in a wind farm with poor weather conditions

and first serve another wind farm. We remark that both suggestions do not affect

the leasing policy, and thus, the cost benefits of resource sharing can only become

more significant. Nevertheless, more advanced scheduling policies also induce new

challenges as these policies may allocate the jack-up unequally among wind farms,

which requires more trust and more sophisticated agreements among partners.

One could also continue on the exact solution approach provided for asymmetric

vehicle routing problems, studied in Chapter 7. Possibilities are to examine whether

the proposed valid inequalities are also valuable within a branch-and-price framework,

or to test the computational efficiency of the valid inequalities in more rich routing

problems with problem-specific constraints such as time windows.
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To conclude this thesis, the use of condition information to improve the operational

efficiency of organizations and production facilities is a relatively new and unexplored

research field. Due to the ongoing technological innovations, which are also quickly

embraced by emerging industries such as large-scale offshore wind farms, the number of

practical and viable applications is rapidly growing. Many of the resulting challenges

and opportunities are still unexplored, and both practitioners and researchers frequently

propose novel ways to use condition information. It is clearly an exciting time to

work on condition-based decision making and we contributed to this research stream

by proposing a different perspective than typically used, namely, making production

decisions condition-based to also support the maintenance schedule instead of only

optimizing condition-based maintenance decisions that support a given production

process. Based on both the encouraging results of this thesis and the numerous avenues

for future research, we believe that the concept of condition-based production decisions

opens a promising new research stream, and that more research is necessary to fully

understand the complex dynamics, opportunities, and trade-offs present in modern

production facilities with adjustable production rates and condition monitoring.
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