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Abstract 

Maintenance is a crucial activity in the process industry in order to maintain consistent production capacity. To achieve successful maintenance outcomes, asset owners and managers need to know the relationship between the outputs of the maintenance process by evaluating their contributions to the business goal. Benchmarking is defined as the systematic process of measuring one’s performance against recognized leaders for the purpose of determining which practices lead to superior performance. Although rigorous efforts have been made into benchmarking capital projects over the last decades, few have focused on benchmarking maintenance work performance especially for petrochemical facilities. Some researchers introduced performance indicators tailored for the process facility maintenance, they failed to develop a platform for collecting performance data and generating benchmarking outcomes. To bridge the gap in knowledge and practice, this research aims at developing a performance assessment framework building on the existing benchmarking programs along with knowledge in maintenance performance assessment. The framework has been developed through an interactive process that relies on input from both industry subject matter experts (SMEs) and researchers at Construction Industry Institute (CII). The framework adopted both leading and lagging indicators that can be used as predictors of levels of maintenance performance (i.e., leading indicators) and measures linked to the outcomes of maintenance activities (i.e., lagging indicators). It is expected that the proposed framework is effective for the evaluation of maintenance performance, thereby assisting asset owners and managers of petrochemical facilities in improving strategies for successful maintenance. 

Introduction

Maintenance is defined as “the combination of all technical, administrative and managerial actions carried out during the life of an item intended to retain it in, or restore it to, a state in which it can perform its required function.” (Moubray, 1997). Maintenance plays an important role to the production process that transforms raw material into final products, with the purpose of keeping the process running and maximizing the availability of production (Shan et al., 2020). Maintenance tasks in the petrochemical industry have one unique characteristic, which is they are more vulnerable to risks and are more likely to be on the critical path of the production schedule (Guiras et al., 2018). It is, thus, vital to reduce the durations of the maintenance tasks carried out in petrochemical facilities, minimizing the disruption, and making sure that production resumes as quickly as possible. It is generally accepted that maintenance is a key function in sustaining long-term profitability for organizations and it is viewed as a value-adding activity (Parida et al., 2015). 

Maintenance management supports the effective production process by eliminating and reducing the frequency and the severity of equipment failures. In order to increase the economic benefits of plants by improving availability, flexibility, and operability of equipment in a cost-effective way, sound maintenance management strategy and up-to-date maintenance technology, and reliable maintenance service systems are all important. Searching for the best-in-the-class practices is an important part for improving the maintenance management practice, and benchmarking can be a quick and efficient way to achieve this result. Therefore, it is necessary for asset owners and managers to assess and benchmark maintenance performance of their plants.

Benchmarking is a systematic, data-driven process of continuous improvements that involves gauging performance to identify, achieve, and sustain best practice (Choi et al., 2020). It requires assessing project data through performance metrics and comparing the measures with similar data compiled by other organizations. To this end, the results enable an organization to establish improvement targets by explicitly identifying the gaps with their peers and assist in promoting changes for better project outcomes (Choi et al., 2018). Nowadays, in a very competitive global environment, benchmarking is recognized as a common practice to manage capital projects, and various benefits contributing to the improvement of the Architecture, Engineering, and Construction (AEC) industry have been identified. Although rigorous efforts have been made into benchmarking capital projects over the last decades, few have focused on benchmarking maintenance performance for petrochemical facilities (Choi et al., 2016). Some researchers introduced performance indicators tailored for the process facility maintenance, they failed to develop a platform for collecting performance data and generating benchmarking outcomes.

Construction Industry Institute (CII) started its Benchmarking program in 1994. Since then, it has benchmarked more than 1,100 heavy industrial projects (a category that encompasses both refining and chemical manufacturing projects). More recently, CII developed the 10-10 framework as a way to enable project benchmarking to occur during project execution by using a combination of leading and lagging indicators. Such a program gives project team members actionable information that may allow them to correct deficiencies and improve project performance. In 2014, CII launched the program with the goal of evaluating projects using 10 leading indicators and 10 lagging indicators (Yun et al., 2016). The 10 project management inputs include planning, organizing, leading, controlling, design efficiency, human resources, quality, sustainability, supply chain, and safety that help project managers identify the project status and establish corrective action plans. Built upon industry experts' input and an extensive review of existing metrics, 10 lagging indicators consists of phase-wise and phase-specific metrics that were created under the categories of cost, schedule, efficiency, staffing, procurement, and safety performance (Kang et al., 2014).

The 10-10 program was designed to benchmark several phases of a project, with each phase feeding its results into subsequent phases. For leading indicators, the 10-10 Program relied on input from the project team to perform its assessment of several factors that affect project performance. However, the program was originally developed for new construction projects, so it requires modification before it could be applied to maintenance work. Since most of CII’s previous benchmarking work was on capital projects and new construction, the research team turned to academic research and industry subject matter experts (SMEs) in search of knowledge about how to benchmark maintenance and shutdown/turnaround projects. The goal of this research is to identify which indicators needed to be addressed in order to adapt the existing 10-10 indicators for use in the maintenance context. This paper describes the framework that the research team developed to benchmark maintenance work focusing on petrochemical projects.

Research Method

The objective of this research is to develop a benchmarking framework tailored to maintenance work for petrochemical projects. Figure 1 illustrates an overview of the research approach to achieve the research goal and each step is discussed in this section.
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Figure 1. Overview of research approach.

The first step used the existing approaches from CII’s benchmarking programs (i.e., 10-10 program) as its starting point for the maintenance benchmarking. Although the existing approaches for 10-10 provided
the starting point for the benchmarking for maintenance work, it was required some changes to account for the different nature of maintenance work. For instance, the leading indicator scores need to be based on how members of the maintenance team answer questions that address specific issues in maintenance work. 

The next step in this study required the research team to identify leading indicators for the maintenance and develop the questions that will be used to calculate these selected indicators. The team’s broad literature review helped it to identify common and critical indicators for maintenance benchmarking. This review was supplemented by input from subject matter experts (SMEs) engaged by CII. The team expanded the original set of 10 leading indicators by adding two: Maintenance Strategy and Information Systems. Next, the team removed two of the original 10-10 indicators: Design Efficiency and Sustainability. Finally, the team reviewed the questions used to generate the remaining indicators (i.e., Planning, Organizing, Supply Chain, Leading, Controlling, Safety/HSE, and Human Resources), and the team included or removed questions until the framework was prepared to properly address the issues related to maintenance work. The team also made major changes to the original lagging indicators it borrowed from the 10-10 program. The team added several maintenance efficiency indicators (described in greater detail in the next chapter) and tailored the final list of lagging indicators to addresses the efficiency of work planning and execution, training efforts, uptime, cost effectiveness, and safety.

Once the research team had finished selecting their indicators and questions, based on the literature review and the SMEs’ input, the team developed the questionnaires through an interactive process that relied on input from both SMEs engaged by CII and professionals in petrochemical projects. The research team used a first version of the performance assessment questionnaire to get feedback from participating companies and the participating companies. Then the team reviewed these submissions and contacted the individual survey coordinators (i.e., each company’s main point of contact who submitted the survey). A conference call with each survey coordinator discussed the goal of maintenance work benchmarking and explained its questionnaires. During the call, the survey coordinators offered feedback on their submitted data and the questionnaires. The research team used this feedback to improve the questionnaires that would next be used in the online system.

Benchmarking Framework for Maintenance Work

Figure 4 illustrates the benchmarking framework for maintenance work for petrochemical facilities and highlights how it took inputs from the project team and produced leading and lagging indicators. To calculate the leading indicators (listed in Table 1), multiple project management team members were asked to respond to a survey, and the aggregation of their data produced leading indicators. For the lagging indicators, one team member (called the survey coordinator) provided output project data, which were used to generate lagging indicators.
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Figure 2. Maintenance work benchmarking framework

In the questionnaire, data were entered into three sections: general information, leading indicators, and lagging indicators. The general section (i.e., general project information section) was always required, because its data were used to find similar projects based on the comparison criteria. However, each project could provide data for any combination of the two other sections (i.e., leading and lagging sections). For instance, one contractor could decide to provide only lagging data for a project, while another contractor might only provide data for leading indicators. The following sections explain the leading and lagging sections in detail.

Leading Indicators for Maintenance Work Benchmarking

The team expanded the original set of 10 leading indicators by adding two: Maintenance Strategy and Information Management. Finally, the team reviewed the questions used to generate the remaining indicators (i.e., Planning and Organizing), and the team included or removed questions until the questionnaire was prepared to properly address the issues related to maintenance work. Table 1 describes the definitions of selected leading indicators for maintenance work.

The leading indicator section of the questionnaire contains an individual survey that was provided to each member of the project management team. The questions were qualitative in nature (i.e., yes/no or Likert questions, where users agreed or disagreed with statements), and users could skip any questions that did not apply to their scope of work. On average, a user required 20 minutes to respond to this individual survey. Once individual responses had been received for all members of a team, the combined data from these surveys could be used to evaluate the 10 leading indicators for the project. This evaluation depended on the correspondence between the individual questions on the survey and the 10 leading indicators. (Only a small set of questions was associated with each indicator.) For instance, the score for the Planning indicator is calculated by averaging the team members’ individual responses to the questions associated with Planning. The final score of each leading indicator was a value between 0% and 100%, with higher scores being better, so a score of 100% would have indicated that the maximum score had been achieved for every question related to that indicator.

Table 1. Selected leading indicators.

	Leading Indicator
	Definition

	Planning
	The work a manager performs to predetermine a course of action. The function of planning includes the following activities: Forecasting, Objective Setting, Program Development, Scheduling, Budgeting, and Policies and Procedures Development.

	Leading
	The work a manager performs to cause people to take effective action. The activities involved in the function of leading include decision-making, communications, motivation, selection of people, and development of people.

	Organizing
	The work a manager performs to arrange and relate the work to be done so people can perform it most effectively. The function of organizing includes the following activities: development of organization structure, delegation of responsibility and authority, and establishment of relationships.

	Controlling
	The work a manager performs to assess and regulate work in progress and completed. Management controls are achieved through the following activities: establishment of performance standards, measurement of performance, evaluation of performance, and correction of performance.

	Human Resources
	An examination to determine whether the project is staffed correctly, with a minimum amount of staff turnover and appropriate training, and measures if people are capable of achieving project goals.

	Quality
	A measurement that shows whether the project team is strictly conforming to project requirements. Analyzes if programs are pursued to assure the delivery of material goods as intended.

	Safety/EHS
	A measurement that shows the performance of the practices the project team followed to eliminate any possibility of personal injury or property damage on the project.

	Supply Chain
	An examination of the strategies the project team used to promote enhanced working relationships among all project stakeholders including those in the project supply chain.

	Information Management
	The set of all activities concerned with the acquisition, processing, and distribution of information related to maintenance activities.

	Maintenance Strategy
	The maintenance strategies are optimized so that the productivity of the plant is
maintained using cost-effective maintenance techniques.




Lagging Indicators

In the maintenance context, performance benchmarking usually assesses maintenance work with the goal of maximizing uptime, often by gauging the efficiency level of maintenance work in a given plant. Numerous indicators have been developed for assessing maintenance performance. For instance, the Society for Maintenance and Reliability Professionals (SMRP) has defined a number of harmonized indicators for maintenance (Kumar et al. 2013). Based on that, the research team made major changes to the original lagging indicators it borrowed from the 10-10 program. The team added several maintenance efficiency indicators (described in greater detail in the next chapter) and tailored the final list of lagging indicators to addresses the efficiency of work planning and execution, training efforts, uptime, cost effectiveness, and safety. The final list of selected lagging indicators is described in Table 2. 

Table 2. Excerpt of selected lagging indicators.

	Indicators
	Formula Description
	Interpretation

	Materials
Service Level
(Owner only)
	(Count of Material and Equipment Received on Time ÷ Count of Material
and Equipment Requested) × 100
	Percent of the time material is available when requested. This metric is relevant for planned maintenance efficiency and craft work productivity. It should support the identification of an optimal inventory level.

	Overtime
Percentage
	(Total Overtime Maintenance Work
Hours ÷ Total Maintenance Work Hours) × 100
	This metric is the number of overtime maintenance labor hours used to maintain the plant or unit, divided by the total maintenance work hours to maintain the plant or unit, expressed as a percentage. This is a measure of planning effectiveness, assessing if the normal work force is appropriately staffed and/or
performing effectively.

	Planned and
Scheduled
Maintenance
Percentage
	(Total Planned and Scheduled Maintenance Work Hours ÷ Total Maintenance Work Hours) × 100
	The metric consists of the amount of planned and scheduled work hours worked in the plant/unit being reported in this survey over the total amount of work
hours worked in the plant/unit. The metric is a measure of maintenance efficiency.

	Percentage
of Preventive
Maintenance
Work
	(PM Work Hours ÷ Total Maintenance Work Hours) × 100
	This metric consists of the amount of Preventive Maintenance (PM) work divided by the total amount of
maintenance hours spent during the survey period. A low percentage of PM work is often indicative of pressure to give priority to “urgent and emergency” work.

	TRIR
	(Total Number of Recordable Incidents ×
200,000) ÷ Total Maintenance
Work Hours
	The total recordable incident rate (TRIR) is the number of recordable injuries occurring annually among 100 full-time workers (i.e., 2,000 hours per worker per
year).



The lagging indicators are designed to be based on the quantitative data the survey coordinator entered in the respective questionnaire sections. The sample questionnaire for lagging indicators section, as an instance, is presented in Figure 3. 
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Figure 3. Lagging indicators section of the questionnaire (example)

Data Collection

CII received submissions for the benchmarking questionnaire for two years. A total of 21 surveys were collected from 19 owners and 2 contractors. During the submission period, survey coordinators were encouraged to attend training and work closely with the research team, so that their data would be entered in accordance with data requirements. For each submission, the General Information section of the questionnaire collects a description of the project or work being reported. Most data fields in the general information section are optional but, as a rule, most surveys contain all General Information fields. The leading Indicators survey is also virtually always provided. The sections collecting lagging indicators data are commonly sparse, as the data required in these fields are harder to collect. 

Conclusion

This paper provides a snapshot of the work related to maintenance in petrochemical facilities. The results presented here aim to draw a baseline that will be useful to measure future maintenance work improvements. The path forward includes developing an online platform for collecting and storing the data required to establish a baseline for measuring and tracking improvements of maintenance work by using leading and lagging indicators presented in this paper. The future research also includes the expansion of the current benchmarking framework to record the implementation of specific maintenance practices including Activity Analysis (AA), Best Productivity Practice Implementation Index (BPPII), and
Work Face Planning (WFP). This way, contractors could report their results in a confidential way and compare themselves to other contractors regarding the implementation of specific practices. In summary, owners and contractors should commit to benchmark their work towards better maintenance outcomes, and the proposed framework serve as a stepping stone to support these efforts. 
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1. Total Number of Recordable Incidents for the 6-month Maintenance Survey Period
Enter the number of recordable incidents attributable to personnel working within the scope of this survey.
Recordable incidents

2. Count of Materials and Equipment Requested for the 6-month Maintenance Survey Period (Owner Only)
Enter the count of all materials and equipment charged against a maintenance account and required for work
executed within the scope of this survey.
Units
3. Count of Materials and Equipment Received on Time for the 6-month Maintenance Survey Period (Owner
only)

Enter the count of materials and equipment received on time and charged against a maintenance account and
required for work executed within the scope of this survey.

Units

3. Asset Replacement Value at the end of the 6-month Maintenance Survey Period (Owner Only)

Enter the Asset Replacement Value (ARV), defined as the cost of rebuilding or replacing an exiting capital asset
toits initial standard and/or operational capacity. The ARV should reflect only the unit/are3 being reported in
this survey. Report only the ARV at the end date of this survey's six-month period

Singapore Dollars

5. Total Maintenance Cost for the 6-month Maintenance Survey Period (Owner Only)

Enter only the total amount charged against maintenance accounts for work executed within the scope of this
survey. All owner's maintenance expenditures in the plant or unit included in this survey should be reported.

Singapore Dolars.




