


OPTIMIZATION OF ALUMINIUM SHEET PRODUCTION IN A DISTRESSED ECONOMY



Abstract: This research deals with the optimization of aluminum sheet production in a distressed economy. The aluminum roofing sheet industry plays a pivotal role in the construction sector due to the inherent advantages of aluminum roofing sheets including corrosion resistance, lightweight properties and recyclability. Operational inefficiency results in higher production costs and operational delays. The methods applied in this study includes data collection through questionaries and the company record books. Data analysis using Excel and Python were used to identify trends and pattern in machine failure and this helped in understanding the factors contributing to decline in productivity. Lean manufacturing tools were used to optimize production processes and improve operational performance. From the result obtained, the Analysis of production data from 2017 to 2021 shows operational inefficiencies and external disruptions, such as machine downtime and pandemic-related constraints, which collectively contributed to a 28.8% decline in total production and a 20% reduction in production targets over the period. The application of predictive maintenance through regression models demonstrated a substantial improvement in operational efficiency, notably reducing average machine downtime by 55.3% from 1,316.67 hours in 2021 to 588.34 hours in 2023. In addition, strategic maintenance initiatives, including lean manufacturing tools like Heijunka and Takt Time, facilitated a 56.2% increase in total production from 3,170 tons to 4,950 tons between 2017-2021 and 2022-2023 periods, respectively. This enhancement not only optimized production schedules but also aligned production rates more closely with market demand, resulting in a 30.4% improvement in net revenue generation after expenses. Cost management strategies further stabilized machine maintenance costs around the benchmark figure of ₦6,000,000 in 2022-2023, showcasing effective financial control amid economic uncertainties.
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1. Introduction
The aluminum industry plays a vital role in global manufacturing, with aluminum roofing sheets being a key product known for their durability, lightweight nature, and recyclability. In Nigeria, the aluminum roofing sheet industry faces significant challenges due to the distressed economy, worsened by factors such as the post-COVID-19 economic downturn, IPOB sit-at-home orders, fluctuating exchange rates, and the high cost of petroleum products. 

These economic challenges result in operational inefficiencies, production delays, and inconsistent product quality, which invariably affected the entire management of production and manufacturing industries [1]. Although government and nongovernmental organizations has done so much to improve the production industries but improving the critical factors of production which are labour, capital and machine remains the paramount strategy of every production system [2].

Some management tools have been established to assist in smooth production processes and factors such as value stream mapping helps visualize the flow of materials and information, identifying waste in processes [3]. The 5S Method focuses on workplace organization to enhance productivity through sorting, setting in order, shining, standardizing, and sustaining [4]. Kaizen promotes continuous improvement by encouraging small, incremental changes in processes [5]. Total quality management (TQM) ensures consistent product quality by embedding quality control into every stage of production [6]. Additionally, Just-In-Time (JIT) reduces inventory costs by aligning production with demand, improving efficiency and minimizing waste [7]. Together, these tools streamline operations, enhance quality, and boost productivity in industries [8].

In other word, lean manufacturing tool as a management tool, comprises of some other management tools [9]. utilized to optimize production processes by eliminating waste, improving efficiency, improve supply chain and enhancing product quality [10]. Techniques such as value stream mapping and the 5S method focus on identifying non-value-added activities and organizing the workplace [11]. The implementation of Heijunka, Kanban, and continuous improvement (Kaizen) also ensures that production is balanced, resources are better utilized, and operational delays are minimized, ultimately increasing productivity and reducing costs in the aluminum sheet industry [12]. 

All these management tools are very essential in manufacturing and service rendering industries, but the main issue is to utilize the one best suit a particular kind of industry [13]. Some exceptional research has been conducted using these management tool such as Bani & Nwosu, [14] evaluated the sustainability and reliability of an aluminum roofing sheet corrugating machine using a reliability-centered maintenance cost approach. Data were collected from breakdown and maintenance records of the machine's components. The analysis used exponential distribution to assess failure trends, reliability, and mean time between failures. Results showed the failure rate of roll bearings increased from 0.00050403 yr-1 in 2014 to 0.00996678 yr-1 in 2020. Reliability of components like the cutting device and electric motor was 0.367 and 0.3678, respectively. A 3.6% reduction in maintenance cost was achieved with the proposed technique.

Olodu & Erameh [15] utilized the Taguchi Method to optimize process parameters affecting the tensile strength of developed aluminum roofing sheets. Key factors such as production temperature, pressure, cooling time, and chromium percentage were analyzed using an orthogonal array, signal-to-noise ratios, and ANOVA. Results indicated that a production temperature of 1610°C, pressure of 79 GPa, cooling time of 85 seconds, and 2.0% chromium content yielded an optimal tensile strength of 592 MPa. Among the variables, production temperature had the most significant impact, while pressure had the least effect.

Ozor & Mbohwa [16] performed an economic-based sustainability assessment of aluminum roofing sheet (ARS) manufacturing in Nigeria, focusing on plant size and profitability. Five different plant sizes were evaluated using metrics such as total capital investment, return on investment, and payback period. Data from a Nigerian plant (X-plant) revealed that a 4.5 Kton capacity plant can yield over 3% returns, with a present value exceeding $4.97/Kg/year. The study underscores how plant size significantly affects profitability and sustainability, and suggests future research on the optimal number of plants in specific regions [17].

Although a good number of research have been conducted using various management tools in minimizing cost, risk in supply chain mechanism, minimize waste, human resource management and other factors that would reduce productivity of a manufacturing or service rendering industry [18]. This study focused on utilizing research materials to investigate the factors that is affecting the decline in productivity of an aluminum roofing sheet industry, located in southern part of Nigeria. Afterward, a regression model based on production and revenue optimization model (PRO), also, maintenance strategic techniques developed from lean manufacturing tools were found suitable to eliminate the negative impact from the observed factors affecting the company, were applied to see the effect of these management tool in eliminating and increasing the productivity of a manufacturing company. 

2. Materials and Method   
2.1 Materials
The materials used for the research is presented in Table 1.
[bookmark: _Hlk171224378]Table 1: Materials used in the study
	S/N
	Item
	Description

	1
	Questionnaire Forms
	Physical paper-based forms and electronic forms used to collect responses from participants.

	2
	Pens and Pencils
	Writing instruments used for completing paper-based questionnaires.

	3
	Electronic Devices
	Phones and other devices used for conducting electronic surveys.

	4
	Interview Guide or Protocol
	A physical document containing a structured list of questions or topics for guiding the interviews.

	5
	Recording Devices
	Audio recorders and video cameras used to capture interviews for later analysis.

	6
	Note-taking Materials
	Notebooks or electronic devices used by interviewers to take notes during the interviews.

	7
	Recruitment Documents
	Documents used to recruit participants for the study.

	8
	Informed Consent Forms
	Oral consent forms used to obtain participants' consent to partake in the study.

	9
	Data Analysis Software
	Tools such as Excel for data visualization and Mini PYTHON for quantitative analysis.

	10
	Company journals, magazines, and bulletins
	Internal publications and data storage systems used for reference and information gathering.  

	11
	Internet Research
	Online research conducted to gather information and data relevant to the study

	12
	Maintenance Log Sheets
	Documents detailing maintenance records used for data collection and analysis.


 
2.2 Method
Based on brief description of the case study company. JAMBAZ Aluminum Industry, located in Onitsha, Anambra State, Nigeria, is a prominent player in the aluminum manufacturing sector. Specializing in aluminum sheet production, the company has diversified its product range to include various aluminum products catering to diverse industrial needs. The company extended its production beyond roofing sheets to deliver a comprehensive range of aluminum products, including aluminum roofing sheets, extruded aluminum profiles, aluminum coils, aluminum foils, aluminum-based cladding solutions, and aluminum windows and doors. Table 2 presents the various classification of staff. 
[bookmark: _Hlk171224406]Table 2: Workforce Classification
	Department
	Number of Employees

	Production
	120

	Quality Control
	15

	Research & Development
	10

	Administration
	25

	Sales & Marketing
	30

	Maintenance
	20


Source: Company’s Human Resource Department.
JAMBAZ Aluminum Industry operates through various segments, each integral to the overall functioning of the company. The production process of aluminum sheet comprises of different segments which includes raw material, material treatment, bonding and painting, quenching, embossment and rolling, corrugating to finished product. Machines used in the manufacturing line of the aluminum sheet company is presented in Table 3.
[bookmark: _Hlk171224427]Table 3: Equipment Specifications and Applications in Aluminum Roofing Sheet Manufacturing.
	S/N
	Equipment Name
	Specifications
	Application

	1
	DE coiler Machine
	Capacity: 5-20 tons, Width: 500-1500 mm
	Unwinds aluminum coils and feeds them into the production line.

	2
	Roll Forming Machine
	Speed: 10-30 m/min, Width: 600-1250 mm, Power: 15-50 kW
	Shapes aluminum sheets into desired roofing profiles.

	3
	Cut-to-Length Machine
	Speed: 10-60 m/min, Width: 600-1600 mm, Thickness: 0.3-3 mm
	Cuts roll-formed sheets to specific lengths.

	4
	Hydraulic Press Machine
	Pressure: 50-500 tons, Stroke: 100-500 mm
	Creates bends or curves in aluminum sheets for specific designs.

	5
	Embossing Machine
	Speed: 5-30 m/min, Width: 500-1500 mm
	Imprints patterns or textures onto aluminum sheets.

	6
	Corrugation Machine
	Speed: 10-20 m/min, Wave Height: 15-75 mm
	Forms sheets into corrugated shapes for added strength.

	7
	Shearing Machine
	Capacity: 10-25 mm thickness, Width: 1000-3000 mm
	Cuts aluminum sheets to required sizes and shapes.

	8
	Edge Trimming Machine
	Speed: 10-50 m/min, Width: 600-1600 mm
	Trims edges of sheets for a clean, precise finish.

	9
	Coating Machine
	Speed: 5-30 m/min, Coating Thickness: 0.02-0.15 mm
	Applies protective coatings or paint to sheets.

	10
	Annealing Furnace
	Temperature: 400-650°C, Capacity: 5-50 tons
	Heats sheets to improve ductility and reduce hardness.

	11
	Cooling System
	Water/Air cooling, Capacity: Variable.
	Rapidly cools sheets after heating to set final properties.

	12
	Slitting Machine
	Speed: 10-150 m/min, Width: 600-1600 mm
	Cuts wide coils into narrower strips.

	13
	Packaging Machine
	Capacity: Variable, Automation: Semi/Full
	Packages finished sheets for shipment.

	14
	Quality Control Equipment
	Spectrophotometer (Model: ColorGuard-6000<br>Accuracy: ±0.1%), Tensile Testing (3000<br>Capacity: 50 kN), and Surface Roughness Tester (Measurement Range: 0.01 to 50 µm)
	Measures thickness, hardness, color, and other parameters for quality assurance.

	15
	Material Handling Equipment
	Includes forklifts, conveyors, and cranes.
	Moves raw materials, semi-finished, and finished products within the facility.



Source: Machine and Maintenance Department.
The machines presented in Table 3 are used in production line of the company, while the company produces three different types of roofing sheet classified by their size which includes 0.025 Inches (thin line), 0.063 inches (medium line), and 0.125 (thick line). This production specifications involves complex production and managerial processes which contributes to the human and machine partial productivity failures since the system is not purely automated, other factors may include external factors such as political factors, governmental policies, supply chain mechanism, environmental factor such as the IPOB every Monday sit at home declaration, COVID-19 pandemic etc.  
For effective investigation and solution rendering to the observed problems affecting the company, a structural design methodology was developed as presented in Figure 1.
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[bookmark: _Hlk171240105]Figure 1: The Schematic Flow Chart of the Method 
2.2.1 Data Collection
Conduct on-site observations using questionary, company record book, and other data collection mediums was done from 2017-2021, to identify operational inefficiencies and bottlenecks in the aluminum sheet production, because every year, month, week or day has a significant factor/s that might affect an existing system. Structured questionnaires were distributed to current and former employees, customers, and analysts to gather insights into their experiences regarding the aluminum sheet company's productivity decline. These questionnaires focused on observations related to factors contributing to the declined productivity [19]. In-depth interviews with key stakeholders, including management personnel, engineers, and maintenance staff, provided a qualitative understanding of the challenges, particularly those related to machine maintenance and digital skills in manufacturing. Company magazines, bulletins, and data storage systems were analyzed to extract historical information and official communications about productivity issues, machine failures, and maintenance strategies. Electronic devices were used for conducting electronic surveys and interviews, while note-taking materials documented interview responses.

2.2.2 Application of PRO Regression
This research utilizes regression analysis approach to create a predictive maintenance model [20]. The model focus on understanding the relationship between machine downtime and production rates, and how these factors affect overall productivity. The model was subject to the data collected from the company's maintenance records, production logs, and financial reports for the years 2017 to 2021.  

The key components of the model include downtime analysis which evaluates machine downtime and its impact on production efficiency [21]. Next is cost management which analyzes maintenance and operational costs to identify potential savings [22]. Another component of the model is production efficiency optimizes production rates based on historical data and target benchmarks [23]. Finally, revenue maximization which ensures revenue is maximized by aligning production output with market demands and minimizing unnecessary costs [24].

The following key variables were identified:
t = Time in years (2017, 2018, 2019, 2020, 2021)
Di(t) = Downtime for machine i at time t
P(t) = Total production at time t 
T(t) = Production target at time t
Ci(t) = Maintenance cost for machine i at time t
R(t) = Revenue at time t
The objective of the model application is to Minimize downtime and maintenance costs to maximize production and revenue.
Total downtime for thin line:

Total downtime for medium line:

Total downtime for thick line:

Production Function:
                                        (4)
Where α, β, and γ are parameters to be estimated based on historical data, and D(t) is the total downtime across all machines and lines.
Revenue Function:
                                                                            (5)
Where unit price is the selling price per ton of production. The cost function is given by:

The optimization problem function which tends to minimize the objective function (total cost) while maximizing productivity and revenue, this is achieved by application of minimize (Z) linear regression function:

Subjected to:

Where Z is the total profit, Ri​ is the revenue per unit of product i, Pi​ is the production quantity of product i, Ci​ is the cost associated with product i, aij​ is the coefficient representing resource j consumed by product i, bj​ is the availability of resource j. To validate the PRO model, a regression analysis can be performed using historical data [25]. The statistical model can be formulated as follows:
 
Where the dependent variable is R(t) revenue at time t, independent variables include D(t), P(t), T(t), and C(t), β0​ = intercept term, β1, β2, β3, and β4 = coefficients for the independent variables, and ϵerror term [26]. The goodness of fit (GOF) of the model which indicates how well the independent variables explain the variability of the dependent variable, which for the company the dependable variable is the revenue [27]. The GOF is determined using:
Where Ȓ is the predicted revenue from the regression model and Ṝ is the mean of observed revenues. P-values for coefficients was used to determine the statistical significance of each coefficient. If the p-value is less than 0.05, the corresponding variable is considered significant in predicting the revenue. Next to validate the GOF is the application of residual analysis, were the residuals (the differences between observed and predicted values) is applied to check for any patterns that suggest a poor model fit.
 
By applying the optimization model, the company aim to reduce machine downtime, lower maintenance costs, improve production efficiency, and ultimately enhance revenue generation. The model provides a systematic approach to identifying and addressing key factors affecting productivity and financial performance.
2.2.3 Application of Lean Techniques
In order to address the decline in productivity of the case study company, the recommended strategic maintenance used in this study is lean manufacturing. These methodologies are designed to identify and eliminate waste, streamline processes, and enhance overall efficiency [28]. The lean manufacturing tool used in this study includes eight deadly wastes approach, work leveling (Heijunka) and takt time [17, 29].
Eight Deadly Wastes Approach
The eight deadly wastes approach focuses on identifying and eliminating eight types of wastes in a production industry, which includes defects, overproduction, waiting, non-utilized talent, transportation, inventory, motion, and extra processing [30]. The study systematically examines each aspect of the production process to uncover these wastes and frequent issue(s) of the machines used the production, thereby suggesting some ways to remedy the issues as presented in Table 4 -.12.
[bookmark: _Hlk171224450]Table 4: Maintenance and Quality Control Protocols for Different Roofing Sheet Production Lines.
	Production Line 1 (0.025 Inches Roofing Sheet)

	Machine
	Persistent 
	Breakdown 
	Corrective Action
	Preventive Action

	Roller 
	Material Misalignment
	Once a month
	Adjust alignment, replace damaged parts
	Regular maintenance, training for operators

	Cutting 
	Blade Dullness
	Twice a week
	Sharpen blades, replace if necessary
	Scheduled blade maintenance, blade quality checks

	Coating 
	Uneven Coating Thickness
	Once every 2 weeks
	Calibrate equipment, monitor coating consistency
	Regular inspections, preventive calibration

	Production Line 2 (0.063 Inches Roofing Sheet)

	Roller 
	Material Jamming
	Once a week
	Clear jams, inspect conveyor belts
	Implement material flow control, belt maintenance

	Cutting 
	Inaccurate Cuts
	Twice a month
	Adjust cutting settings, maintain cutting blade
	Regular calibration, blade replacement schedule

	Coating 
	Coating Spillage
	Once every 3 weeks
	Clean spills, check nozzle alignment
	Nozzle maintenance, training for spill response

	Production Line 2 (0.125 Inches Roofing Sheet)

	Roller 
	Material Warping
	Once every 2 weeks
	Adjust rollers, inspect moisture content
	Monitor material quality and moisture control

	Cutting 
	Blade Chipping
	Once a month
	Replace damaged blade, check cutting alignment
	Regular blade inspection, sharpening schedule

	Coating 
	Irregular Staining
	Once every 3 weeks
	Adjust coating settings, clean nozzles
	Regular equipment calibration, nozzle maintenance


[bookmark: _Hlk171224469]
Table 5: The Company Affected Eight Deadly Waste Type (Defect) and Lean Technique Proposed Remedies.
	S/N
	Issues
	Remedy

	1
	Shortage of Material: i. because there seemed to be no accurate knowledge on the availability of parts. ii. chaos erupted on a sudden realization that some parts were in short supply.
	Emphasize accurate stockkeeping and incorporate Kanban in the working process, regularly updating to prevent information gaps.

	2
	Low maintenance culture: i. longer production time per unit manufactured. ii. Tendency for defect occurrence is very high with aging equipment.
	Foster a preventive maintenance culture to reduce costs associated with reprocessing; Consider equipment replacement.

	3
	Power Outage: i. Due to a power outage during production. ii. Materials not completely processed were taken to the next stage. iii. Inadequate technical know-how.
	Install solar power or a standby plant, along with an electrical generator supported by UPS/inverter for any scheduled production time; Provide more training on product development.


[bookmark: _Hlk171224675]
Table 6: The Company Affected Eight Deadly Waste Type (Inventory) and Lean Technique Proposed Remedies
	S/N
	Issues
	Remedy

	1
	Inconsistent Record Keeping: i. No interest in record keeping. ii. Material spill, defect, and re-do operations are not properly accounted for.
	Foster a culture of company auditing; Implement a computerized database to prevent errors associated with manual or paper recording.

	2
	Overloading/Overstocking: i. Anticipated request for a product causes overstocking. ii. Fear of being stocked out and trying to meet urgent demand. iii. Due to stocks held for quality inspection to avoid sending defective products to the customer.
	Produce based on order; Inform customers about waiting periods before delivery; Maintain smaller stock levels.

	3
	Inconsistent Record Keeping: i. No interest in record keeping. ii. Material spill, defect, and re-do operations are not properly accounted for.
	Instill a culture of company auditing; Implement a computerized database to prevent relapses associated with manual or paper recording.



Table 7: The Company Affected Eight Deadly Waste Type (Transportation) and Lean Technique Proposed Remedies
	S/N
	Issues
	Remedy

	1
	Unnecessary Transportation: i. Excessive movement of materials within the facility.
	Streamline material flow through a systematic layout.

	2
	Poor layout causing frequent material handling.
	Minimize internal transportation through better planning.

	3
	Lack of a systematic transportation plan.
	Optimize transportation routes and utilize lean principles to reduce unnecessary movement.



[bookmark: _Hlk171224692]Table 8: The Company Affected Eight Deadly Waste Type (Overproduction) and Lean Technique Proposed Remedies
	S/N
	Issues
	Remedy

	1
	Communication Gap: i. Assumptions based on previous orders. ii. Absence of Kanban system. iii. Production aimed at taking advantage of low exchange rates for increased profits when rates rise.
	To foster a customer-centric approach, products should be manufactured based on customer orders, emphasizing post-service follow-up for customer insights. Implementing Kanban is crucial to prevent over and underproduction.

	2
	No Kanban: i. Absence of enforced Kanban leads to incorrect output. ii. Unrequested product stocking consumes space and results in product deformation.
	Assign personnel for information gathering, addressing customer requests, and collecting feedback to ensure effective Kanban utilization.

	3
	Product Hoarding: i. Extended stay of goods in the warehouse. ii. A significant number of stocked products recycled due to defects.
	Prioritize customer satisfaction over profit-seeking by focusing on timely product delivery and quality control measures. More focus should be on customer satisfaction than profiteering.


Top of Form

[bookmark: _Hlk171224721]Table 9: The Company Affected Eight Deadly Waste Type (Waiting) and Lean Technique Proposed Remedies
	S/N
	Issues
	Remedy

	1
	Change Over Time: i. Lots of cleaning before the next shift. ii. non-standardized changeover time. iii. Supervisors' late coming and inability to discipline their team. iv. Lackadaisical attitude to work.
	Reduce debris produced during the production process; Implement regular cleaning schedules; Introduce improved manufacturing methods.

	2
	Power Outage: i. Lost time due to generator faults. ii. Scarcity of diesel and administrative faults in diesel purchase allocation.
	Strengthen arrangements for the production process; Establish a set allocation for diesel and ensure timely issuance of all prerequisites for a steady power supply per production period.

	3
	Unavailability of Personnel: i. Company understaffed to save costs. ii. Negligence and tardiness among the staff.
	Adequate staffing saves time and costs; Top management should install greater discipline.



[bookmark: _Hlk171224740]Table 10: The Company Affected Eight Deadly Waste Type (Excess Processing) and Lean Technique Proposed Remedies
	S/N
	Issues
	Remedy

	1
	Faulty Machinery: i. Machine malfunction causing wastages. ii. Cost-saving measures leading to inefficient aging equipment.
	Embrace a maintenance culture; Invest in new and efficient equipment.

	2
	Nonchalance to Duty: i. Individual overconfidence in the manufacturing process. ii. Monotony.
	Install more discipline; Rotate staff to prevent the growth of monotonous tendencies.

	3
	Faulty Machinery: i. Machine malfunction causing wastages. ii. Cost-saving measures leading to inefficient aging equipment.
	Prioritize maintenance culture; Consider investing in new equipment.



[bookmark: _Hlk171224759]Table 11: The Company Affected Eight Deadly Waste Type (Non-Utilized Talented and Skilled Workers) and Lean Technique Proposed Remedies
	S/N
	Issues
	Remedy

	1
	i. technical know-how in major production processes such as furnace heating and cold milling was poor. ii. Nepotism was evident. iii. No freedom to express views. iv. Little or no training sessions.
	Provide incentives for personnel with brilliant ideas; Ensure the right person for the job is chosen based on merit; Encourage an open and inclusive environment for expressing views; Implement comprehensive and regular training sessions.

	2
	i. Lack of Standardization in Production Processes. ii. Inadequate Quality Control Measures. iii. Insufficient Monitoring of Machine Settings.
	Standardize production processes; Strengthen quality control measures; Implement robust monitoring systems for machine settings.

	3
	i. Inadequate Cross-Training of Personnel. ii. Lack of Proper Inventory Management. iii. Insufficient Communication Between Production Stages.
	Crosstrain personnel for flexibility in roles; Improve inventory management practices; Enhance communication channels between production stages.



[bookmark: _Hlk171224782]Table 12: The Company Affected Eight Deadly Waste Type (Motion) and Lean Technique Proposed Remedies
	S/N
	Issues
	Remedy

	1
	Low Awareness of Kanban: i. No training. ii. No teamwork and no written job instruction.
	Provide lean training on the usage and importance of Kanban; Implement teamwork and create written job instructions.

	2
	Low Staff Strength: i. Trying to save costs due to salary payments. ii. Less hands for different attention-needing sectors of the manufacturing process.
	Employ the required number of staff for various crucial positions; Ensure an adequate workforce for each aspect of the manufacturing process.

	3
	i. Inadequate Utilization of Equipment. ii. Unorganized Workplace Layout. iii. Lack of Visual Management Systems.
	Optimize equipment usage; Organize and streamline the workplace layout; Implement effective visual management systems for better efficiency.



By implementing targeted measures to address and reduce these wastes, the study aims to optimize resource utilization, enhance operational efficiency, and improve overall productivity within the company.

Work Leveling (Heijunka)
Work Leveling or Heijunka, was be applied to balance production by distributing workloads evenly across all processes and employees. According to David et al., (2024) this method aims to minimize fluctuations in production volume and avoid bottlenecks by leveling the type and quantity of production over a given period. By smoothing out production schedules and aligning them with customer demand. Heijunka also helps to reduce inventory costs, improve delivery times, and increase the flexibility of the production system (Theissler et al., 2021). As presented in Figure 2 which illustrated the company’s production process without observing quality.
[image: ]
[bookmark: _Hlk171240669]Figure 2: Previous Production Style of the Aluminum Company.
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[bookmark: _Hlk171240707]Figure 3: The Current Production Style of the Aluminum Company.

This research utilized this lean technique to incorporate quality in production of aluminum sheet in production line. 

Takt Time
Takt Time is the rate at which products must be produced to meet customer demand [11]. In this research, we will calculate the Takt Time based on customer orders and available working hours. This metric will be used to align the production pace with market requirements, ensuring that production activities are synchronized with customer demand [31]. By setting and adhering to the Takt Time, we can optimize workflow, reduce cycle times, and enhance the overall efficiency of the production process [32]. Takt time can be expressed mathematically as follows:
                                                                                                                  (11)  Where: At ​ is the available time per shift (in seconds), C is the customer requirement per shift (in units). The available time per shift (At​) is calculated by subtracting the time allocated for breaks (B) from the total time per shift (Ts​):
                                                                                                                        (12)
Where: Ts​ is the total time per shift (in seconds), B is the time allocated for breaks (in seconds). The customer requirement per shift (C) is derived from the total customer demand (D), the number of working days (n), and the number of shifts (s):
                                                                                                                                  (13)
Where: D is the total customer demand (in units) per day, week, or month, n is the number of working days per week, or month and s is the number of shifts per day. Putting all the variables together, the complete and improved equation to calculate the takt-time modified by the applied model by is given as:

Incorporating these lean manufacturing tools into the analysis and optimization of the Aluminum roofing sheet production process will provide a comprehensive framework for identifying inefficiencies, reducing waste, and enhancing productivity. These methodologies are integral to developing a robust and sustainable production system that can thrive in a distressed economy. Table 13 and 14 presents the previous and current Takt-Time of the company production. 
[bookmark: _Hlk171224855]Table 13: Previous Takt time of the production process of the Company
	Item
	Symbol
	Units
	Value

	Time per shift
	𝑇𝑠
	𝑠𝑒𝑐𝑠
	6774.45

	Break
	𝐵
	𝑠𝑒𝑐𝑠
	564.3

	Time available
	𝐴𝑡
	𝑠𝑒𝑐𝑠/𝑠ℎ𝑖𝑓𝑡
	6213.33

	Total customer demand
	𝐷
	𝑢𝑛𝑖𝑡𝑠
	94.05

	Number of working days
	𝑛
	𝑑𝑎𝑦𝑠
	25

	Number of shifts
	𝑠
	-
	2

	Customer requirement per shift
	ℂ
	𝑢𝑛𝑖𝑡𝑠/𝑠ℎ𝑖𝑓𝑡
	1.968

	Additional value-adding activity
	𝑉𝑎𝑑
	𝑠𝑒𝑐𝑠
	0

	Takt time
	𝑇𝐾
	𝑠𝑒𝑐𝑠
	515.01

	Source: Authors computation from the company’s available data
[bookmark: _Hlk171224876]Table 14: Current Takt time of the production process of the Company

	Item
	Symbol
	Units
	Value

	Time per shift
	𝑇𝑠
	𝑠𝑒𝑐𝑠
	6774.57

	Break
	𝐵
	𝑠𝑒𝑐𝑠
	564.3

	Time available
	𝐴𝑡
	𝑠𝑒𝑐𝑠/𝑠ℎ𝑖𝑓𝑡
	4555.62

	Total customer demand
	𝐷
	𝑢𝑛𝑖𝑡𝑠
	94.05

	Number of working days
	𝑛
	𝑑𝑎𝑦𝑠
	25

	Number of shifts
	𝑠
	-
	2

	Customer requirement per shift
	ℂ
	𝑢𝑛𝑖𝑡𝑠/𝑠ℎ𝑖𝑓𝑡
	1.968

	Additional value-adding activity
	𝑉𝑎𝑑
	𝑠𝑒𝑐𝑠
	28.2

	Takt time
	𝑇𝐾
	𝑠𝑒𝑐𝑠
	370.86


Source: Authors computation from the company’s available data
2.2.4 Comparison 
This phase tends to disclose the percentage of positive result after successful application of the optimization model and the maintenance and management techniques. The process involved calculating the average of the collected data for the annual production rate, machine downtime, maintenance and supply chain costs, and annual expenses and revenue between 2017 to 2021 and 2022 to 2023. 

2.2.5 Data Analysis
Quantitative data from financial reports were subjected to statistical analysis using Excel's plotting tool to identify trends and patterns in machine failure and maintenance costs [33]. Qualitative data from structured questionnaires and in-depth interviews were analyzed thematically to extract key themes related to digital skill utilization and workforce perceptions [34]. The integration of both quantitative and qualitative analyses provided a comprehensive understanding of the factors contributing to the decline in productivity. Also, the applied PRO regression model was analyzed using PYTHON software. The applied software facilitated the quantitative analysis of the gathered data, ensuring detailed visualization and effective interpretation of the results.

3. Results and Discussion
The result from this research is of two segments, one for the investigation stage while the second result presents the changes when the causes of the decline in productivity is been worked on using management tools.
3.1 Investigated Data   
Figure 1 – 9 illustrates the results from the data collected from the company, sampling the current situation of the company

[bookmark: _Hlk171240146]Figure 4: Company’s Production Rates and Targets
Source: Inventory and Production Record Dept.  (2017-2021)
Figure 4.1 illustrates the production rates for thin, medium, and thick lines from 2017 to 2021, alongside the total production and production targets. Significantly, there is a noticeable decline in total production from 3,650 tons in 2017 to 2,600 tons in 2020, representing a 28.8% decrease. The production target also dropped from 5,000 tons in 2017 to 4,000 tons in 2021, indicating a 20% reduction. This decline highlights the need for critical evaluation of the root causes of the constant drop on the production challenges and the need for optimized strategies to enhance productivity and meet targets.

[bookmark: _Hlk171240170]Figure 5: Factors Affecting Productivity of Aluminium Roofing Sheet Company.
Source: Questionaries (2021)
Figure 5 presents the survey responses identifying various challenges impacting productivity. Machine downtime consistently remains a significant issue, peaking at 32% in 2018. The COVID-19 pandemic caused a substantial disruption, reflected in the 35% response rate in 2020. Management issues and raw material shortages also significantly impacted productivity across the years, with management issues peaking at 25% in 2019. The IPOB sit-at-home orders notably affected productivity in 2021, accounting for 30% of the responses. These findings underscore the diverse and evolving challenges faced by the company, necessitating strategic interventions to mitigate these impacts.


[bookmark: _Hlk171240222]Figure 6: Machine Downtime and Benchmark for Thin Line (0.025 Inches).
Source: Maintenance Dept. Record Book (2017-2021).


[bookmark: _Hlk171240256]Figure 7: Machine Downtime and Benchmark for Medium Line (0.063 Inches).
Source: Maintenance Dept. Record Book (2017-2021).
 

[bookmark: _Hlk171240292]Figure 8: Machine Downtime and Benchmark for Thick Line (0.125 Inches).
Source: Maintenance Dept. Record Book (2017-2021). 

Figure 6 – 8 illustrates the downtime in hours for various machines from 2017 to 2021 respectively in their various roofing thickness. Notably, the benchmark line remains consistently high at around 2500 hours, indicating a target or average downtime that most machines significantly underperform against. Over the years, there is a visible trend of decreasing downtime for most machines, but this reduction is not entirely positive. For instance, the downtime for the decoiler machine dropped from 200 hours in 2017 to 150 hours in 2021, representing a 25% reduction. However, this drop in 2020 can be attributed to the COVID-19 pandemic, which led to reduced operational hours and workforce availability. Similarly, the hydraulic press saw a substantial decrease from 180 hours in 2017 to 100 hours in 2021, marking a 44.44% drop, and the embossing machine showed a significant improvement, with downtime reducing from 170 hours in 2017 to 90 hours in 2021, a 47.06% decrease. The drop in 2021 is largely due to the IPOB sit-at-home order every Monday in Southeast Nigeria, which disrupted regular operations. These reductions in downtime, while seemingly positive, highlight the impact of external negative factors rather than improvements in operational efficiency.
To address these issues and optimize machine performance, it is crucial to implement robust optimization techniques. These could include predictive maintenance to anticipate and prevent machine failures, workforce training to ensure efficient machine handling, and strategic planning to mitigate the impact of external disruptions. By focusing on these optimization strategies, the organization can achieve genuine improvements in machine downtime, aligning more closely with the benchmark and enhancing overall productivity.

[bookmark: _Hlk171240348]Figure 9: Summary of annual cost of machine maintenance.
Source: Procurement and Maintenance Record Dept. (2017-2021)
Figure 9 reveals the distribution of maintenance costs across different machines from 2017 to 2021 which shows that the company consistently spend above their annual benchmark on maintaining the machines. The total annual maintenance cost for all machines shows a decreasing trend. For instance, the cost for the De-Coiler Machine dropped by approximately 25% over the period, and the Roll Forming Machine saw a reduction of about 20%. However, this reduction in maintenance costs does not reflect a positive trend. The significant decrease in costs in 2020 and 2021 is primarily due to the economic distress caused by the COVID-19 pandemic and the IPOB sit-at-home declaration every Monday, which severely affected the company's operations. The total maintenance costs decreased from ₦7,000,000 in 2017 to ₦5,000,000 in 2021, reflecting an overall reduction of approximately 28.6%. This highlights the need for instigation and introduction of optimization techniques to improve machine reliability and production efficiency despite external economic challenges.

[bookmark: _Hlk171240388]Figure 10: Summary of the Supply to the Major Dealers from 2017 - 2021
Source: Procurement Record Book
Figure 10 shows the distribution of various costs associated with supply, including labor, transportation, tax, benchmark cost, and recorded cost. The data reveals a fluctuating trend in these costs over the five-year period. Notably, there is a significant reduction in costs in 2020 and 2021. For instance, labor costs decreased from over ₦1,000,000 in 2019 to approximately ₦800,000 in 2020, and transportation costs saw a reduction from about ₦500,000 in 2019 to around ₦300,000 in 2020. This reduction in costs, while seemingly beneficial, is primarily due to the economic distress caused by the COVID-19 pandemic and the IPOB sit-at-home declaration every Monday, which severely impacted the company's supply chain and overall productivity. The benchmark and recorded costs, which are critical for evaluating supply efficiency, also reflect a downward trend during these years. This highlights the need for instigation and introduction of optimization techniques to improve supply chain resilience and efficiency despite external economic challenges. Addressing these issues proactively can help the company mitigate the negative impacts and ensure a more stable and efficient supply process.

[bookmark: _Hlk171240419]Figure 10: Annual Revenue and Expenses Summary (2017-2021)
Source: Authors computation from the company’s available data
Figure 10 highlights the gap between targeted revenue and actual revenue generated over the five-year period. It also depicts the reductions in revenue due to machine downtime and maintenance costs, supply chain cost reductions, and other expenses such as utility and salary. The consistently lower actual revenue compared to the targeted revenue indicates a significant underperformance. In 2017, the actual revenue generated was around 70%, whereas the targeted revenue was close to 95%. This trend continues through 2021, showing persistent shortfalls in meeting revenue targets. The reductions in revenue due to machine downtime, maintenance costs, and supply chain issues further exacerbate the problem, reflecting inefficiencies in the company's operations. Notably, the year 2020 and 2021 saw a marked decrease in revenue, correlating with the economic distress caused by the COVID-19 pandemic and the IPOB sit-at-home declaration.
These negative impacts necessitate the instigation and introduction of optimization techniques to enhance productivity and reduce costs. By addressing these inefficiencies, the company can work towards closing the gap between targeted and actual revenue, ultimately improving overall financial performance.


[bookmark: _Hlk171240446]Figure 11: Manufacturing Techniques Knowledge Response from the Staff
Source: Questionary (2023)
Figure 11 presents the staff's responses regarding their knowledge and implementation of various management and production techniques which includes lean manufacturing, six sigma, total quality management (TQM), theory of constrains (TOC), Kaban system, total productivity maintenance (TPM), continuous improvement (kaizen), and agile manufacturing. The results highlight a notable gap in familiarity and application of these tools by the staff. Specifically, lean manufacturing, TQM, and agile manufacturing exhibit a lower level of understanding, with most respondents indicating either rare or no knowledge. This indicates a need for targeted training and awareness programs to enhance staff proficiency in these tools. These findings underscore the importance of educational initiatives to foster a comprehensive understanding of production maintenance and management principles among the staff.

4.1.2 Model Result Presentation
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(a)                                                                            (b)
[bookmark: _Hlk171240493]Figure 12: Model Graphical Representation of Actual Revenue vs. Downtime (a) and Actual Revenue vs. Production (b).
Figure 12 (a) shows actual revenue vs. downtime of the collected data on the applied model which illustrate a negative correlation between downtime and revenue. As downtime increases from 600 to 800 hours, actual revenue drops significantly from 84% to 52%. This underscores the importance of minimizing machine downtime to prevent revenue losses. Figure 12 (b) shows the trend of actual revenue vs. production of the collected data on the applied model which demonstrates a positive correlation between production rates and revenue. When production increases from 2600 to 3650 tons, actual revenue rises from 52% to 84%. This highlights the necessity of optimizing production rates to enhance revenue generation. By focusing on reducing machine downtime and increasing production efficiency, the company can achieve higher revenue, aligning closely with the benchmarks and targets set for the years 2017 to 2021.
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(a)                                                                            (b)
[bookmark: _Hlk171240531]Figure 13: Model Graphical Representation of Actual Revenue vs. Production Target(a) Actual Revenue vs. Maintenance Cost (b).
Figure 13 (a) presents the actual revenue vs. production target trend which depicts a positive correlation between production targets and actual revenue. As the production target increases from 4000 to 5000 tons, the actual revenue also rises from 59% to 84%. This indicates that setting higher production targets can drive the company towards better revenue generation, provided the targets are realistic and achievable. Figure 13 (b) presents the actual revenue vs. maintenance cost which shows the relationship between maintenance costs and actual revenue. It reveals that up to a certain point, higher maintenance costs correlate with higher revenue, as seen with maintenance costs rising from 3.5 million to 7 million and revenue increasing from 29% to 84%. This suggests that investing in maintenance to ensure machine reliability and efficiency can positively impact revenue by reducing downtime and enhancing productivity.
Together, these figures highlight that optimizing production targets and investing in maintenance are crucial strategies for improving the company's productivity and revenue. Effective management of these factors can help mitigate the decline in productivity and support sustained financial performance.

[image: ]
(a)                                                                            (b)
[bookmark: _Hlk171240567]Figure 14: Model Graphical Representation of Observed vs. Predicted Revenue (a) Residuals vs. Fitted Values (b).

Figure 14 (a) presents the observed vs. predicted revenue of the applied model which shows the comparison between the observed actual revenue and the predicted revenue from the regression model. The close alignment of the observed and predicted values indicates that the model is accurately capturing the relationship between the variables affecting revenue. This validation suggests that the model can reliably be used to forecast revenue based on production and downtime data. Figure 14 (b) presents the residuals vs. fitted values of the applied model which illustrates the residuals (the differences between observed and predicted values) plotted against the fitted values. The residuals are close to zero, indicating that there is minimal error in the predictions. This suggests that the regression model provides a good fit for the data, with a high R-squared value demonstrating strong explanatory power. Together, these figures validate the effectiveness of the regression model in optimizing the company's productivity and revenue. The accurate predictions and minimal residuals indicate that the model can be used to make informed decisions to mitigate factors causing the decline in productivity, such as excessive downtime and inefficient maintenance practices.
[image: ]
(a)                                                                        (b)
[bookmark: _Hlk171240623]Figure 15: Model Graphical Representation of Normal Q-Q (a) and Scale-Location (b) Plot.
Figure 15 (a) presents the Normal Q-Q Plot of the applied model which illustrates the quantiles of the residuals against the theoretical quantiles from a normal distribution. The points closely follow the red line, indicating that the residuals are approximately normally distributed. This supports the validity of the regression model assumptions, confirming that the errors are normally distributed, which is essential for reliable inference and prediction. Figure 15 (b) illustrates the Scale-Location Plot (or Spread-Location Plot), this graph displays the square root of the standardized residuals against the fitted values. The residuals are evenly spread along the range of fitted values, indicating homoscedasticity (constant variance of residuals). This is another key assumption of regression analysis, showing that the model performs consistently across different levels of the predicted values.

These diagnostic plots confirm that the regression model is well-fitted and reliable for predicting the revenue of the aluminum roofing sheet company. The normality of residuals and homoscedasticity indicate that the model can be used to make accurate and consistent predictions. This supports the positive impact of optimizing downtime and maintenance costs, as validated by the regression model, in improving the company's productivity and revenue.

4.1.4 Comparison of the effect of the applied techniques

[bookmark: _Hlk171240755]Figure 16: Average production rate comparison before (2017 – 2021 series 1) and after (2022 series 2 & 2023 series 3).
Source: Authors computation from the company’s available data
Figure 16 shows a noticeable increase in production rates from the previous years (2017-2021) to the current years (2022-2023), with total production rising from 3,170 tons to 4,950 tons, indicating a 56.2% increase. This enhancement is attributed to the application of optimization models and lean management tools.

[bookmark: _Hlk171240817][bookmark: _Hlk171143786]Figure 17: Average machine downtime comparison before (2017 – 2021) and after (2022 -2023).
Source: Authors computation from the company’s available data.
Figure 17 reveals a reduction in average machine downtime from a high of 1,316.67 hours in 2021 to 588.34 hours in 2023, representing a 55.3% decrease, showcasing improved operational efficiency. 


[bookmark: _Hlk171143972]Figure 18: Machine cost maintenance comparison before (2017 – 2021) and after (2022 & 2023).
Source: Authors computation from the company’s available data.
Figure 18 illustrates a decline in machine maintenance costs, which, although peaking at 6,900,000 in 2018, have stabilized closer to the benchmark of 6,000,000 in 2022 and 2023, indicating better cost control.

[bookmark: _Hlk171144040]Figure 19: Revenue generation comparison before (2017 – 2021) and after (2022 & 2023).
Source: Authors computation from the company’s available data
Figure 19 highlights an increase in net revenue generated after expenses, with a rise from 39.8% in the previous years to 51.9% in 2023, reflecting a 30.4% improvement, underscoring the positive financial impact of the implemented strategies.

4. Conclusion 
The study comprehensively addressed the challenges facing by the case study Aluminum Roofing Sheet Company by integrating data analytics and lean manufacturing techniques. Analysis of production data from 2017 to 2021 revealed significant insights into operational inefficiencies and external disruptions, such as machine downtime and pandemic-related constraints, which collectively contributed to a 28.8% decline in total production and a 20% reduction in production targets over the period. The application of predictive maintenance through regression models demonstrated a substantial improvement in operational efficiency, notably reducing average machine downtime by 55.3% from 1,316.67 hours in 2021 to 588.34 hours in 2023.
Moreover, strategic maintenance initiatives, including lean manufacturing tools like Heijunka and Takt Time, facilitated a 56.2% increase in total production from 3,170 tons to 4,950 tons between 2017-2021 and 2022-2023 periods, respectively. This enhancement not only optimized production schedules but also aligned production rates more closely with market demand, resulting in a 30.4% improvement in net revenue generation after expenses. Cost management strategies further stabilized machine maintenance costs around the benchmark figure of ₦6,000,000 in 2022-2023, showcasing effective financial control amid economic uncertainties.
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2017	Decoiler 	Roll Forming 	Cut-to-Length 	Hydraulic Press 	Embossing 	Corrugation 	Shearing 	Edge Trimming 	Coating 	Annealing Furnace	40	60	50	60	45	65	55	40	35	70	2018	Decoiler 	Roll Forming 	Cut-to-Length 	Hydraulic Press 	Embossing 	Corrugation 	Shearing 	Edge Trimming 	Coating 	Annealing Furnace	45	65	55	65	50	70	60	45	40	75	2019	Decoiler 	Roll Forming 	Cut-to-Length 	Hydraulic Press 	Embossing 	Corrugation 	Shearing 	Edge Trimming 	Coating 	Annealing Furnace	43	63	53	63	47	68	58	43	38	73	2020	Decoiler 	Roll Forming 	Cut-to-Length 	Hydraulic Press 	Embossing 	Corrugation 	Shearing 	Edge Trimming 	Coating 	Annealing Furnace	100	120	110	120	100	130	120	100	90	140	2021	Decoiler 	Roll Forming 	Cut-to-Length 	Hydraulic Press 	Embossing 	Corrugation 	Shearing 	Edge Trimming 	Coating 	Annealing Furnace	110	130	120	130	110	140	130	110	100	150	Benchmark	Decoiler 	Roll Forming 	Cut-to-Length 	Hydraulic Press 	Embossing 	Corrugation 	Shearing 	Edge Trimming 	Coating 	Annealing Furnace	2088	2088	2088	2088	2088	2088	2088	2088	2088	2088	machine

Downtime (hr)



2017	Decoiler Machine	Roll Forming Machine	Cut-to-Length Machine	Hydraulic Press Machine	Embossing Machine	Corrugation Machine	Shearing Machine	Edge Trimming Machine	Coating Machine	Annealing Furnace	Total Cost (₦)	Yearly Benchmark (₦)	500000	800000	600000	700000	550000	750000	650000	500000	450000	850000	6350000	6000000	2018	Decoiler Machine	Roll Forming Machine	Cut-to-Length Machine	Hydraulic Press Machine	Embossing Machine	Corrugation Machine	Shearing Machine	Edge Trimming Machine	Coating Machine	Annealing Furnace	Total Cost (₦)	Yearly Benchmark (₦)	550000	850000	650000	750000	600000	800000	700000	550000	500000	900000	6900000	6500000	2019	Decoiler Machine	Roll Forming Machine	Cut-to-Length Machine	Hydraulic Press Machine	Embossing Machine	Corrugation Machine	Shearing Machine	Edge Trimming Machine	Coating Machine	Annealing Furnace	Total Cost (₦)	Yearly Benchmark (₦)	520000	830000	630000	720000	570000	780000	680000	530000	480000	880000	6620000	6300000	2020	Decoiler Machine	Roll Forming Machine	Cut-to-Length Machine	Hydraulic Press Machine	Embossing Machine	Corrugation Machine	Shearing Machine	Edge Trimming Machine	Coating Machine	Annealing Furnace	Total Cost (₦)	Yearly Benchmark (₦)	300000	400000	350000	400000	300000	400000	350000	300000	250000	450000	3500000	4000000	2021	Decoiler Machine	Roll Forming Machine	Cut-to-Length Machine	Hydraulic Press Machine	Embossing Machine	Corrugation Machine	Shearing Machine	Edge Trimming Machine	Coating Machine	Annealing Furnace	Total Cost (₦)	Yearly Benchmark (₦)	400000	500000	450000	500000	400000	500000	450000	400000	350000	500000	4450000	5000000	Machine


Annual Cost (#) 




Labour (#)	2017	2018	2019	2020	2021	970000	990400	1110450	650225	1165430	Transportation	(#)	2017	2018	2019	2020	2021	582000	594240	666270	408135	699258	Tax 	(#)	2017	2018	2019	2020	2021	388000	396160	444180	272090	466172	Benchmark Cost (#)	2017	2018	2019	2020	2021	1600700	1860300	2180550	1200300	2290600	Recorded Cost (#)	2017	2018	2019	2020	2021	1940000	1980800	2220900	1360450	2330860	Year

Cost (#)



Targeted revenue (%)	2017	2018	2019	2020	2021	100	100	100	100	100	Actual revenue generated (%)	2017	2018	2019	2020	2021	84	75	72	52	71	M/c downtime and maintenance cost revenue reduction (%)	2017	2018	2019	2020	2021	7	8	9	6	11	Supply chain cost revenue reduction (%)	2017	2018	2019	2020	2021	3	5	7	2	5	Utility, salary and other expenses reduction in revenue (%)	2017	2018	2019	2020	2021	15	18	20	15	24	Net revenue generated after expenses (%)	2017	2018	2019	2020	2021	59	44	36	29	31	
Revenue (%)



Always (%)	Lean Manufacturing	Six Sigma	Total Quality Management (TQM)	Theory of Constraints (TOC)	Kanban System	Total Productive Maintenance (TPM)	Continuous Improvement (Kaizen)	Agile Manufacturing	7	5	6	4	7	4	10	5	Sometimes (%)	Lean Manufacturing	Six Sigma	Total Quality Management (TQM)	Theory of Constraints (TOC)	Kanban System	Total Productive Maintenance (TPM)	Continuous Improvement (Kaizen)	Agile Manufacturing	8	13	9	14	10	5	11	5	Rarely (%)	Lean Manufacturing	Six Sigma	Total Quality Management (TQM)	Theory of Constraints (TOC)	Kanban System	Total Productive Maintenance (TPM)	Continuous Improvement (Kaizen)	Agile Manufacturing	21	24	20	12	15	17	10	20	Never (%)	Lean Manufacturing	Six Sigma	Total Quality Management (TQM)	Theory of Constraints (TOC)	Kanban System	Total Productive Maintenance (TPM)	Continuous Improvement (Kaizen)	Agile Manufacturing	64	60	65	70	68	74	69	70	Management techniques

Ressponse (%)



Thin Line Production (tonnes)	Medium Line Production (tonnes)	Thick Line Production (tonnes)	Total Production (tonnes)	Production Target (tonnes)	1040	990	1140	3170	4440	Thin Line Production (tonnes)	Medium Line Production (tonnes)	Thick Line Production (tonnes)	Total Production (tonnes)	Production Target (tonnes)	1500	1450	1580	4530	5000	Thin Line Production (tonnes)	Medium Line Production (tonnes)	Thick Line Production (tonnes)	Total Production (tonnes)	Production Target (tonnes)	1480	1800	1670	4950	5500	annual report items 

Production rate (Tonnes)



2017	2018	2019	2020	2021	2022	2023	2017	2018	2019	2020	2021	2022	2023	576.66999999999996	626.66999999999996	602	1216.6699999999998	1316.6699999999998	670.68000000000052	588.33999999999946	2017	2018	2019	2020	2021	2022	2023	year

Avg downtime (hr)


Total Cost	2017	2018	2019	2020	2021	2022	2023	6350000	6900000	6620000	3500000	4450000	5760080	5800000	Benchmark	2017	2018	2019	2020	2021	2022	2023	6000000	6500000	6300000	4000000	5000000	6000000	6000000	Year

Total Cost (#)



(2017 – 2021)	Avg. Targeted revenue (%)	Avg. Actual revenue generated (%)	Avg. M/c downtime and maintenance cost revenue reduction (%)	Avg. Supply chain cost revenue reduction (%)	Avg. Utility, salary and other expenses reduction in revenue (%)	Avg. Net revenue generated after expenses (%)	100	70.8	8.2000000000000011	4.4000000000000004	18.399999999999999	39.800000000000004	2022	Avg. Targeted revenue (%)	Avg. Actual revenue generated (%)	Avg. M/c downtime and maintenance cost revenue reduction (%)	Avg. Supply chain cost revenue reduction (%)	Avg. Utility, salary and other expenses reduction in revenue (%)	Avg. Net revenue generated after expenses (%)	100	79.599999999999994	6.7	4.0999999999999996	18.5	50	2023	Avg. Targeted revenue (%)	Avg. Actual revenue generated (%)	Avg. M/c downtime and maintenance cost revenue reduction (%)	Avg. Supply chain cost revenue reduction (%)	Avg. Utility, salary and other expenses reduction in revenue (%)	Avg. Net revenue generated after expenses (%)	100	79.900000000000006	5.2	4.2	18.600000000000001	51.9	Reveue

Value



Thin Line Production (tonnes)	2017	2018	2019	2020	2021	1200	1150	1100	900	850	Medium Line Production (tonnes)	2017	2018	2019	2020	2021	1150	1100	1050	850	800	Thick Line Production (tonnes)	2017	2018	2019	2020	2021	1300	1250	1200	1000	950	Total Production (tonnes)	2017	2018	2019	2020	2021	3650	3500	3350	2750	2600	Production Target (tonnes)	2017	2018	2019	2020	2021	5000	4500	4500	4200	4000	Year

Production Rate (Tonnes)
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Figure. 3.5 Long Established Production Style of the Aluminum Rolling Mill Company
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