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3. Abstract
Compressed air is one of the most expensive and energy-intensive utilities used in manufacturing. Despite advances in compressor technology, significant inefficiencies often remain due to leakage, excessive operating pressures, and unnecessary consumption during machine downtime. This project investigated the optimisation of the compressed air system at Renishaw plc’s Miskin facility through a structured, data-driven approach focused on reducing demand rather than modifying compressor hardware.
A baseline assessment was established using compressor performance data, site energy information, acoustic leak surveys, and machine-level flow monitoring. Root cause analysis identified the absence of a proactive leak management process and limited system visibility as key contributors to compressed air waste. A site-wide acoustic survey using a FLIR Si124 camera identified 77 initial leaks with an estimated annual cost of £43,200. During remediation activities, a further nine leaks were discovered, increasing the total estimated annual loss to £51,897.
Optimisation measures focused on leak remediation, pressure rationalisation of NC4 systems, and machine-level monitoring using Keyence sensors. By April 2026, 43 leaks had been repaired, delivering verified annual savings of £35,491 and reducing carbon emissions by 48,270 kg CO₂e. Pressure rationalisation on 30 NC4 units provided additional estimated savings of £769 per year and 633 kg CO₂e. Monitoring also showed that approximately 40.5% of compressed air consumption occurred during non-productive operating states, highlighting opportunities for further reductions through automatic air isolation.
Average compressor power demand decreased from 291.0 kW to 228.6 kW, a reduction of 21.4% despite the installation of five additional CNC machines during the monitoring period. If sustained, this equates to estimated annual savings of 458,000 kWh, £98,500, and 81,000 kg CO₂e. CUSUM analysis confirmed that the reduction represented a sustained improvement rather than short-term variation.
The findings demonstrate that substantial energy, cost, and carbon savings can be achieved through systematic demand-side optimisation without major capital investment, providing a practical framework for improving compressed air efficiency in manufacturing environments.
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Chapter 1 – Introduction
[bookmark: _tni2bzjnlvrg][bookmark: _Toc231142850]1.1 Background
Renishaw plc is a leader in precision engineering worldwide. Following a £50 million investment, the company's Miskin facility in South Wales, which opened in October 2012, has experienced substantial expansion, essentially doubling its floor area (Renishaw, 2022). The demand for industrial utilities, especially compressed air, has increased as a result of this growth.
The site widely uses compressed air for pneumatic controls, CNC machine tools, clamps, actuators, air knives, and general production equipment. Despite its importance, it is one of the most energy-intensive and expensive industrial utilities. The U.S. Department of Energy (2003) estimates that leaks alone may cause the loss of up to 30% of generated compressed air. Energy consumption typically accounts for approximately 75% of the lifetime cost of a compressed air system, with capital and maintenance costs contributing approximately 15% and 10%, respectively (Atlas Copco, 2026; BOGE, 2013; Tamturbo, 2025).
The Miskin site operates continuously, 24 hours per day throughout most of the year. Under these conditions, even relatively small inefficiencies, such as leaks, excessive regulator pressures, or idle air consumption, become persistent operational and financial losses. This project, therefore, investigates how compressed air demand at the site can be measured, reduced, and managed through a structured, data-driven optimisation approach.
[bookmark: _16ozdv3lmyr7][bookmark: _Toc231142851]1.2 Problem Statement
The compressed air system at Renishaw Miskin consists of ten oil-injected rotary screw compressors distributed across two production halls. All compressors utilise variable speed drive (VSD) technology.
Preliminary observations identified two primary sources of inefficiency:
· Compressed air leaks at pipe joints, couplings and FRL assemblies. Due to continuous site operation, traditional no-load leak testing was impractical.
· Inefficient end-use practices include regulators set above operational requirements and continued compressed air consumption during machine idle periods.
As discussed later in Section 2.3, VSD compressor control can mask system inefficiencies by continuously adjusting compressor output to match demand.
To understand the underlying causes of these inefficiencies, a root cause analysis using the ‘5 Whys’ method was conducted. Three separate causes were analysed:
1. Prevalence of compressed air leaks
2. High overall compressed air consumption
3. Continued air consumption during idle and off periods
The results are presented in Tables 1, 2 and 3, respectively.
[image: ]
[bookmark: _Toc231143653]Table 1: 5 Whys method for the prevalence of leaks. 
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[bookmark: _Toc231143654]Table 2: 5 Whys method for high overall compressed air consumption.
[image: ]
[bookmark: _Toc231143655]Table 3: 5 Whys method for air usage used during idle and off periods. 
Three primary root causes were identified:
· Root Cause 1: Absence of a formal, proactive leak detection and reporting process
· Root Cause 2: Lack of a structured monitoring and maintenance framework
· Root Cause 3: Absence of machine-level monitoring capable of quantifying idle-period waste
Taken together, the analyses highlighted a common issue: compressed air inefficiencies were largely invisible within normal operation. This project therefore adopts a structured optimisation strategy focused on measurement, detection, and control.
[bookmark: _3ph1g94ya11c][bookmark: _Toc231142852]1.3 The Dual Imperative: Economic and Environmental
[bookmark: _gytfma3ikbat][bookmark: _Toc231142853]Economic
Rising electricity costs and the Climate Change Levy increase the financial impact of compressed air inefficiency. Even relatively small reductions in demand can produce significant operational savings, with leak remediation and pressure optimisation often achieving rapid payback periods (Dindorf, 2012; Nehler et al., 2018). This project therefore aims to demonstrate a measurable return on investment capable of supporting future energy-efficiency initiatives at the site.
[bookmark: _fdd6thnrrn7n][bookmark: _Toc231142854]Environmental
Renishaw has committed to reducing its environmental impact (Renishaw, 2024). Because compressed air systems contribute directly to Scope 2 emissions, reducing electricity demand also lowers associated carbon emissions. Using the UK Government conversion factor of 0.177 kg CO₂e/kWh (UK Government, 2025), even moderate reductions in compressed air consumption can deliver meaningful environmental benefits. For example, a 10% reduction could produce carbon savings comparable to the estimated annual offset of over 300 mature trees (Clarke, 2026). This project, therefore, supports both Renishaw’s sustainability objectives and the UK government's 2050 net-zero target (Climate Change Committee, 2025).
[bookmark: _cokux4n50x82][bookmark: _Toc231142855]1.4 Objectives
To achieve the project aim, six objectives were established:
1. Establish a baseline performance benchmark: Quantify compressed air demand, leakage, and operating cost using compressor performance data, site energy, and targeted measurements.
2. Identify and catalogue significant loss points: Find and prioritise compressed air leaks and inefficient end-use devices with a site-wide survey.
3. Develop a prioritised implementation plan: Develop a leak repair, pressure rationalisation, regulator adjustment, and automatic isolation plan.
4. Implement and validate optimisation measures: Implement corrective actions with Renishaw maintenance and validate improvements with post-intervention assessments.
5. Quantify financial and environmental benefits: Determine reductions in energy consumption, operating cost, and CO₂ emissions resulting from the optimisation work.
6. Establish a sustainable maintenance protocol: Develop a repeatable leak detection and prevention process capable of supporting long-term efficiency improvement.
[bookmark: _rj74fmkw7dcd][bookmark: _Toc231142856]1.4.1 Project Charter
To provide a structured framework for the project, a formal project charter was developed at the outset (Table 4). The charter defines the project scope, objectives, stakeholders, constraints, and intended outcomes.
McKeever (2006) highlights the importance of structured project initiation in aligning technical objectives with operational and business requirements. In this study, the charter underpins the methodological approach adopted throughout Chapter 4, particularly with respect to leak reduction, pressure optimisation, and system monitoring.
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[bookmark: _Toc231143656]Table 4: Project charter for improving efficiency and optimising the compressed air system. 

[bookmark: _Toc231142857]1.4.2. Timeline of project (GANTT Chart) 
[image: ]
[bookmark: _Toc231145040]Figure 1: Gantt chart of the idealised timeline for the project. 
Figure 1 presents the initial project timeline developed to structure the planned stages of baseline assessment, remediation, monitoring, optimisation activities, and dissertation development. 
[bookmark: _2d0v5xsq9haw][bookmark: _Toc231142858]1.5 Scope and Delimitations
This project focuses on the compressed air system at the Renishaw Miskin facility, including:
· all ten compressors,
· the ring main distribution network,
· associated dryers and filters,
· and connected end-use equipment.
Particular focus is placed on CNC machining areas due to their high compressed air demand.
The following areas are excluded from the project scope:
· Major compressor hardware or control modifications (e.g., energy recovery systems or drive replacement)
· Detailed thermodynamic modelling of compressor cycles
· Non-compressed-air utilities such as electrical power, hydraulics, or cooling water systems
Recommendations relating to these areas are discussed as future work where appropriate.
[bookmark: _fdn5q7ro6fs8][bookmark: _Toc231142859]1.6 Thesis Structure
This dissertation is organised into eight chapters:
· Chapter 2 reviews the literature relating to compressed air thermodynamics, VSD systems, leak detection methodologies, and industrial energy optimisation.
· Chapter 3 presents the site context, compressor configuration, distribution network, and baseline energy assessment.
· Chapter 4 outlines the methodology adopted for leak detection, monitoring, and optimisation.
· Chapter 5 presents the results of the optimisation work, including measured reductions in compressed air demand, energy consumption, and operating cost.
· Chapter 6 discusses the significance, limitations, and wider implications of the findings.
· Chapter 7 provides recommendations for further work.
· Chapter 8 concludes the report. 
r

[bookmark: _afm2y5xse7ct]
[bookmark: _t776x8bsl7bd]
[bookmark: _e5o8r9gq5c9t]
[bookmark: _g4c3puejw4ik]
[bookmark: _5zyenbidwlnk]
[bookmark: _kyjred4u8kb][bookmark: _7oxsfnt0m6az][bookmark: _dniwywk53kqb][bookmark: _3vyofnvbsam][bookmark: _Toc231142860]Chapter 2: Literature Review
[bookmark: _7rabwet2zn5s][bookmark: _Toc231142861]2.1 Thermodynamics of Air Compression
[bookmark: _5gnz7px2a1vq][bookmark: _Toc231142862]2.1.1 Energy Requirements of Compression
Compressed air systems operate according to the first and second laws of thermodynamics. Increasing gas pressure requires mechanical work and typically causes a rise in temperature unless heat is removed. This relationship can be expressed as:

(Bacellar et al., 2022).
Compression energy, therefore, depends not only on pressure increase but also on heat transfer and internal losses during the process. At Renishaw Miskin, the oil-injected rotary screw compressors partially remove heat during compression, improving efficiency compared to purely adiabatic compression, although significant losses remain (Bacellar et al., 2022).
[bookmark: _grnmocyyugpb][bookmark: _Toc231142863]2.1.2 Ideal and Real Compression Behaviour
Ideal thermodynamic models are commonly used to benchmark compressor performance.
Isentropic compression represents a reversible adiabatic process and defines a theoretical efficiency limit. Compressor performance is therefore often expressed in terms of isentropic efficiency (Heselmann et al., 2026).
In practice, real compression follows a polytropic process where heat transfer and losses occur:

(Bacellar et al., 2022).
Although isothermal compression represents the theoretical minimum work input, real industrial systems operate between these idealised limits due to unavoidable thermal and mechanical losses (Shang et al., 2014).
[bookmark: _7njnjjpc0d4r][bookmark: _Toc231142864]2.1.3 Irreversibility and Energy Losses
Irreversibility is a major contributor to compressed air inefficiency.
Typical losses arise from:
· mechanical friction,
· turbulence and flow restriction,
· pressure drops across filters and pipework,
· and heat transfer across finite temperature differences.
These effects generate entropy and increase compressor work requirements (Millar, 2024).
Although oil injection reduces compression temperature, real systems cannot eliminate these losses entirely (Bacellar et al., 2022). Importantly, many inefficiencies occur within the wider compressed air system rather than the compressor itself.
[bookmark: _oanlgkaujn0n][bookmark: _Toc231142865]2.1.4 Implications for Industrial Systems
For industrial systems such as Renishaw Miskin, thermodynamic inefficiencies translate directly into increased electricity consumption and operating cost. Polytropic efficiency is often preferred over isentropic efficiency for screw compressors because it accounts for internal leakages and heat transfer during compression and remains relatively constant across pressure ratios, making it more suitable for variable-speed operation (Heselmann et al., 2026). 
The literature consistently suggests that reducing system-level losses rather than improving compressor hardware alone achieves the greatest efficiency improvements. Leakage, excessive pressure, and idle consumption all increase system demand and energy use.
Therefore, the project focused primarily on the following:
· leak reduction,
· pressure optimisation,
· elimination of idle consumption,
· and improved end-use control.
This approach prioritises reducing avoidable demand before considering improvements on the generation side.
[bookmark: _Toc231142866]2.2 The Cost of Compressed Air
Compressed air is widely recognised as one of the most expensive industrial utilities due to the low proportion of electrical input energy converted into useful pneumatic work (Cabello Eras et al., 2020).
[bookmark: _Toc231142867]2.2.1 Life Cycle Cost Structure
Energy consumption dominates the lifecycle cost of compressed air systems. Atlas Copco (2026) estimates that energy accounts for approximately 76% of total system cost, with capital and maintenance contributing around 14% and 10%, respectively. BOGE (2013) and Tamturbo (2025) report similar findings.
Therefore, the biggest chance for long-term cost reduction is to lower the demand for compressed air.
[bookmark: _Toc231142868]2.2.2 Key Performance Metrics
Compressed air performance is commonly assessed using Free Air Delivery (FAD) and Specific Energy Requirement (SER).
FAD standardises compressor output to inlet conditions, allowing for comparison between compressor capacities (ISO, 2009).
SER, typically expressed in Wh/m³, represents the energy required to generate compressed air and is widely used as a system efficiency indicator (ISO, 2009). Hernández-Herrera et al. (2020) report that efficient systems operating at approximately 7 bar typically achieve 85–130 Wh/m³.
SER varies with operating conditions and should therefore be interpreted as a system-level performance indicator rather than a fixed compressor efficiency value (Saidur, Rahim and Hasanuzzaman, 2010).
[bookmark: _Toc231142869]2.2.3 Evidence of Inefficiency in Industrial Systems
Studies consistently demonstrate that compressed air inefficiency is widespread in industrial environments.
Doyle and Cosgrove (2017) report leakage losses ranging from 37% to 89% of total compressed air energy use. Cabello Eras et al. (2020) found that 35% of compressed air production within a manufacturing facility was lost through leakage, while Hernández-Herrera et al. (2021) demonstrated that leak reduction alone can achieve energy savings of up to 28%.
These results underline the considerable optimisation potential within compressed air systems.
[bookmark: _Toc231142870]2.2.4 Implications for System Optimisation
Because energy represents the largest lifecycle cost component, reducing compressed air demand provides the greatest opportunity for operational savings.
The literature consistently identifies leak reduction, pressure optimisation, and the elimination of unnecessary consumption as the most effective system-level interventions. This directly supports the optimisation strategy adopted in this dissertation.
[bookmark: _Toc231142871]2.3 Variable Speed Drive (VSD) Technology
Variable Speed Drive (VSD) technology allows compressors to adjust motor speed in response to changing air demand rather than operating continuously at full output. This improves efficiency under variable load conditions by reducing unnecessary unloaded operation (Saidur, Rahim and Hasanuzzaman, 2010).
Modern VSD compressor systems, including those installed at Renishaw Miskin, already operate at relatively high generation efficiency (Atlas Copco, 2020). Further savings are, therefore, more effectively achieved through reduction of demand-side losses rather than modification of compressor hardware.
Compared to fixed-speed systems, VSD compressors avoid inefficient load/unload cycling and blow-off losses (Saidur, Rahim and Hasanuzzaman, 2010). However, this approach can also reduce visibility of inefficiencies, as leaks and unnecessary consumption simply cause the compressor to operate at a higher load without obvious operational symptoms (Doyle and Cosgrove, 2017).
For this reason, the project focused primarily on end-use and distribution optimisation rather than on compressor replacement or redesign, especially as the compressors were only three years old. 
[bookmark: _3rkt1fl868ns][bookmark: _Toc231142872]2.4 Leak Detection Methodologies
Compressed air leak detection has developed significantly from manual inspection methods to modern acoustic imaging and data-driven monitoring systems.
[bookmark: _Toc231142873]2.4.1 Traditional Detection Methods
Traditional leak detection methods include audible inspection, visual observation, and soap-solution testing (Murvay and Silea, 2012).
These solutions are simple and inexpensive, but they are highly dependent on operator awareness and optimal working conditions. In noisy manufacturing environments such as CNC machining facilities, smaller leaks can easily remain undetected. Continuous operation at Renishaw Miskin also limited the practicality of traditional no-load leak testing.
Consequently, these methods were considered unsuitable for large-scale live-system assessment.
[bookmark: _Toc231142874]2.4.2 Acoustic Detection Approaches
Compressed air leaks generate high-frequency acoustic emissions, forming the basis of acoustic leak detection (Murvay and Silea, 2012).
Earlier systems used microphones and pressure sensors to detect these signals within pipework. More advanced approaches introduced signal analysis techniques capable of distinguishing leak noise from background plant activity (Brodetsky and Savic, 1993, cited in Murvay and Silea, 2012).
However, large-scale fixed acoustic systems remain costly and complex to implement within industrial environments. These limitations contributed to the development of portable acoustic imaging systems.
[bookmark: _Toc231142875]2.4.3 Modern Acoustic Imaging: FLIR Si124
The FLIR Si124 acoustic camera uses an array of 124 microphones to detect ultrasonic emissions and overlay leak locations onto a digital image (FLIR Systems, 2020; see Appendix 1).
Because the system operates in the ultrasonic range, it remains effective within noisy industrial environments such as Renishaw Miskin. The camera also allows large areas to be surveyed without interrupting production while simultaneously estimating leak flow rate and associated energy cost.
Additional advantages include:
· rapid surveying of large areas,
· non-intrusive inspection,
· prioritisation of leaks by financial impact,
· and minimal operator training requirements.
Beamforming and frequency filtering further improve reliability by reducing false positives from background plant noise (Zheng et al., 2025).
These features made the FLIR Si124 suitable for the live industrial environment investigated within this project.
[bookmark: _Toc231142876]2.4.4 Data-Driven Monitoring and AI
Although acoustic imaging is effective for identifying existing leaks, long-term optimisation increasingly relies on continuous monitoring and automated analysis.
Desmet and Delore (2017) demonstrated how anomaly detection using pressure data can identify developing leaks, while Zheng et al. (2025) highlighted the growing use of machine learning techniques for automated leak identification.
For this project, the FLIR survey provided a practical baseline for future condition-monitoring development.
[bookmark: _Toc231142877]2.4.5 Summary for This Project
The primary objective of the leak survey was to establish a reliable leakage baseline and to prioritise remediation activities without disrupting production.
The literature demonstrates that effective leak management depends not only on identification but also on structured monitoring and ongoing management (Desmet and Delore, 2017; Zheng et al., 2025). This directly supports the root causes identified previously in Section 1.2.
[bookmark: _m9n9mu331srm][bookmark: _Toc231142878]2.5 Machine-Level Energy Monitoring
Compressor-room monitoring provides limited visibility of how compressed air is consumed at the point of use. Cabello Eras et al. (2020) observed that many organisations only recognise inefficiencies through increasing electricity consumption, rather than through direct monitoring of end-use demand.
Machine-level monitoring therefore provides a means of identifying where compressed air is consumed inefficiently within production systems.
[bookmark: _4j0zpr8eljal][bookmark: _Toc231142879]2.5.1 Instrumentation and Measurement
End-use efficiency assessment typically relies on machine-level flow and pressure measurement using thermal mass flowmeters and pressure transducers (Cabello Eras et al., 2020).
Cabello Eras et al. (2020) demonstrated that non-invasive flow monitoring could identify disproportionately high compressed air demand within specific manufacturing processes. Similarly, Cagman, Soylu and Unver (2022) showed that portable ultrasonic instrumentation allowed rapid leak identification without disrupting production.
These studies highlight the value of targeted, non-intrusive monitoring for understanding system behaviour.
[bookmark: _lxfu8r1waf27][bookmark: _Toc231142880]2.5.2 Idle-Mode Waste
Several studies identify continued compressed air consumption during machine standby and idle periods as a significant source of waste.
Setiawan et al. (2025) observed that CNC air systems continued operating during breaks and idle states because conventional isolation methods did not automatically shut off air supply. Integrating automatic isolation with machine control systems reduced compressor electricity consumption by 10.49% over six months.
This demonstrates the potential impact of relatively simple machine-level control strategies.
[bookmark: _h1cm3upkrg45][bookmark: _Toc231142881]2.5.3 From Data to Action
Monitoring alone is insufficient without structured analysis.
Cabello Eras et al. (2020) proposed the use of energy baselines and CUSUM analysis to identify sustained deviations in compressed air performance. Over a two-year period, this approach achieved a 23% reduction in electricity consumption.
Cagman, Soylu and Unver (2022) also introduced the concept of Specific Leakage Saving (SLS), linking energy savings directly to production output.
Together, these approaches demonstrate how monitoring data can support practical optimisation decisions.
[bookmark: _c5g9sbr6qyji][bookmark: _Toc231142882]2.5.4 Relevance to Renishaw
These findings directly informed the methodology adopted at Renishaw Miskin.
Keyence flow monitoring was used, reflecting the stratified approach to machine-level monitoring described by Cabello Eras et al. (2020). Observations of long idle consumption closely mirrored the findings of Setiawan et al. (2025).
The root cause analysis presented previously in Section 1.2 also reinforced the need for machine-level monitoring.
[bookmark: _grvdwq4ce0mp][bookmark: _Toc231142883]2.6 Applicable Health and Safety Legislation
All optimisation activities undertaken within this project were required to comply with the relevant UK health and safety legislation applicable to compressed air systems and industrial maintenance activities. 
[bookmark: _3fjpq8vxk8e2][bookmark: _Toc231142884]2.6.1 Pressure Systems Safety Regulations 2000 (PSSR)
The Pressure Systems Safety Regulations 2000 apply to compressed air systems exceeding defined pressure-volume thresholds (The Pressure Systems Safety Regulations, 2000). At Renishaw Miskin, machine accumulators fall within this scope. Compliance requires a Written Scheme of Examination (WSE), periodic inspection, and operation within defined safe limits (Health and Safety Executive, 2014). At Renishaw, external certified contractors manage these requirements to ensure compliance with statutory obligations.
[bookmark: _2olrzsrlirim][bookmark: _Toc231142885]2.6.2 ISO 8573-1 Compressed Air Quality Standard
ISO 8573-1 defines the acceptable limits for compressed air contamination by particulates, water, and oil (International Organization for Standardisation, 2010). At Renishaw Miskin, refrigerant dryers operate at an approximate +2°C pressure dew point, corresponding to ISO Class 4 humidity requirements.
[bookmark: _c7o9cmroii1d][bookmark: _Toc231142886]2.6.3 Health and Safety at Work etc. Act 1974 (HASAWA)
The Health and Safety at Work Act 1974 establishes the overarching legal framework for workplace safety and requires activities to be conducted under suitable risk assessment and safe systems of work (Health and Safety at Work etc. Act 1974). Throughout the project, the team conducted all compressed air investigations, leak remediation activities, and monitoring installations in accordance with site safety procedures and permit-to-work requirements.
[bookmark: _7ux27uotd8pb][bookmark: _Toc231142887]2.6.4 Provision and Use of Work Equipment Regulations 1998 (PUWER)
The Provision and Use of Work Equipment Regulations 1998 require work equipment to be suitable for its intended purpose, properly maintained, and operated safely (The Provision and Use of Work Equipment Regulations 1998, 1998). The compressed air system and connected CNC machines therefore fall within these regulations. Any optimisation measures or system modifications implemented during the project were required to maintain equipment safety, machine functionality, and control system integrity.
[bookmark: _sxizdkncb948][bookmark: _Toc231142888]2.6.5 Control of Substances Hazardous to Health Regulations 2002 (COSHH)
The Control of Substances Hazardous to Health Regulations 2002 apply to hazardous substances, including compressor lubricating oils, condensate residues, and cleaning chemicals used during maintenance activities (The Control of Substances Hazardous to Health Regulations 2002, 2002). Appropriate filtration, drainage, handling, and maintenance procedures were therefore required throughout the project to minimise exposure risks and ensure safe working practices.
[bookmark: _53hw949ujrir][bookmark: _Toc231142889]2.6.6 Control of Noise at Work Regulations 2005
The Control of Noise at Work Regulations 2005 were particularly relevant due to the high-noise production environment within the machine shop areas (The Control of Noise at Work Regulations 2005). These legislative requirements informed the permit-to-work procedures, hearing protection requirements, and risk assessments discussed later in Chapter 4.
[bookmark: _q0jh9ontsro3][bookmark: _Toc231142890]2.7 Behavioural Factors in Compressed Air Efficiency
Technical improvements alone are often insufficient to sustain long-term compressed air efficiency improvements. Operator behaviour, maintenance culture, and organisational priorities can significantly influence compressed air consumption through delayed leak repair, excessive pressure settings, and unnecessary air use (Nehler et al., 2018).
Trianni, Accordini and Cagno (2020) further identified ‘observability’ as an important factor influencing behavioural change, suggesting that visible monitoring systems and performance feedback improve engagement with energy-efficiency initiatives.
The root cause analysis in Section 1.2 identified similar organisational barriers such as lack of a formal leak reporting process and limited accountability for compressed air waste.
These findings further support the need for structured monitoring, leak management, and proactive maintenance strategies within compressed air systems.
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[bookmark: _f1s2dyhajh56][bookmark: _Toc231142891]Chapter 3: Site Context & Baseline Assessment
This study applies the principles outlined in Chapter 2, particularly system-level inefficiencies and demand-side optimisation, to the Renishaw Miskin compressed air system.
Figure 2 illustrates the physical flow of compressed air through the site, from generation and distribution through to treatment and end-use equipment. from generation, through the distribution network (ring main, drops, smaller pipes), to treatment  and finally to end-use equipment 
[image: ]
[bookmark: _Toc231145041]Figure 2 - A process flow diagram of the compressed air system.
[bookmark: _Toc231142892]3.1 System Architecture:
The compressed air system at Renishaw Miskin consists of ten oil-injected rotary screw compressors manufactured by Atlas Copco. All units utilise variable speed drive (VSD) technology and, in the case of full-feature (FF) variants, incorporate integrated refrigerant dryers (Atlas Copco, 2019). 
[image: ][image: ]
[bookmark: _Toc231145042]Figure 3: Images of the 4 x 37 kW compressors and the single 75 kW compressor in Hall 2.
         [image: ]
[bookmark: _Toc231145043]Figure 4: Images of the 5 x 37kW compressors in Hall 2.
The compressor arrangement is as follows:
· Hall 1: Five GA37VSD (37 kW) compressors
· Hall 2: One GA75VSD⁺ (75 kW) compressor and four GA37VSD (37 kW) compressors.
The compressors supply a ring main distribution network that serves CNC machining centres, assembly areas, and ancillary equipment across two production halls. Figures 5 and 6 present schematic layouts of the Hall 2 and Hall 1 ring main systems, respectively.

[image: ]

[bookmark: _wlgppw9vkciv][bookmark: _Toc231145044]Figure 5: Hall 2 compressed air ring main schematic
[bookmark: _ja2thpsuey6t][bookmark: _Toc231145045]Figure 6: Hall 1 compressed air ring main schematic[image: ]
Compressed air is distributed through a 75 mm ring main, with 32.5 mm vertical drop lines supplying machine areas via local isolation valves.
The network contains a large number of connection points, showing both system scale and redundancy. Hall 1 contains 71 active drops, 43 unused drops, and 5 intermittent drops, while Hall 2 contains 31 active drops, 2 unused drops, and 2 intermittent drops.
In selected areas, secondary distribution is provided through 22 mm pipe, through trunking systems positioned approximately 2.8–3.5 m above floor level. Typical arrangements include:
· AM10: approximately 60 m trunking with drops every 15 m
· AM11: approximately 48 m trunking with drops every 15 m
· Integrex: approximately 36.4 m trunking with drops every 4.8 m
[image: ]
[bookmark: _Toc231145046]Figure 7: Air drops and distribution of for the AM10 Machines
[image: ] 
[bookmark: _Toc231145047]Figure 8 Air drops and distribution for AL37
Other machines are supplied directly from drop lines through 15 mm pipework. At the point of use, each machine incorporates a filter-regulator-lubricator (FRL) assembly for local pressure control and isolation.
Within machines, compressed air is distributed via internal manifolds and smaller 4–10 mm pipework. Larger machines, including Bray, Chiron, and Fanuc units, also incorporate 300 L air receivers to maintain pressure stability during peak demand.
Overall, the scale and complexity of the distribution network create significant challenges in identifying and isolating inefficiencies within a continuously operating production environment.
[bookmark: _Toc231142893]3.2 Baseline Energy Consumption:
A pre-intervention baseline was established to quantify compressed air demand prior to optimisation work. The baseline was developed using two primary data sources:
· Site-wide electricity consumption data provided by Renishaw’s finance department (Willcox, 2025; See Appendix 2)
· Compressor operational data obtained from Atlas Copco compressor controllers (See Appendix 3)
Representative operating data were collected from three production days in October 2025 (6th, 8th, and 10th).
Due to cost constraints and lack of approval for additional metering during the initial project phase, installing dedicated equipment for monitoring compressor power was not feasible. In addition, the EQ2 monitoring system was not fully operational, limiting access to comprehensive system energy measurements.
Consequently, compressor flow rate (l/s) formed the primary measured variable during this stage of the project. Where direct measurements were unavailable, compressor power and energy consumption were estimated from observed relationships between flow and compressor load, consistent with operating characteristics discussed previously in Section 2.3.
Although approximate, the estimates were considered sufficiently consistent for comparative baseline analysis.
[bookmark: _jqav6sifgx0w][bookmark: _Toc231142894]3.2.1 Site-wide Electricity Consumption
Table 5 summarises the total annual electricity consumption for the Miskin site over the three years preceding the project. 
[image: ]
[bookmark: _Toc231143657]Table 5: Table of consumption and costs for electricity across the Miskin site
Electricity consumption increased by approximately 16% between 2023 and 2024 before stabilising during 2025.
[bookmark: _5luyzf4dfvr9][bookmark: _Toc231142895]3.2.2 Compressor Baseline (Pre-Intervention)
Operational data from the compressor network were collected over three representative production days during October 2025. Table 6 presents the averaged compressor performance during this period. 
[image: ]
[bookmark: _Toc231143658]Table 6: Average flow, average power and average outlet temp of all  the 37kW compressors.
The compressors actively supplying air consumed an average electrical power of approximately 291 kW under normal daytime production conditions. One compressor (MSK 22) was kept on standby and not computed during data collection. Due to the linked compressor network, other compressors would increase to meet requirements, so this was not expected to affect the system assessment. 
Using measured compressor power and corresponding system flow, an approximate specific power value was estimated as:

This represents the approximate electrical power required to generate each litre per second of compressed air demand during baseline operation.
For accumulated volume calculations, this value is equivalent to:

since 1 l/s is equivalent to 3.6 m³/h.
[bookmark: _dwgry49ihdr0][bookmark: _Toc231142896]3.2.3 Load Variation and Estimated Energy Demand
October trend data (Appendix 4) showed that compressed air demand remained significant outside peak production periods. Daytime flow rates were typically 500–520 l/s, while night-time minimum flow remained approximately 360–380 l/s.
Night-time demand, therefore, remained approximately as follows:
 
For VSD compressors, power consumption is approximately proportional to flow rate (Atlas Copco, 2020). Night-time compressor power was, therefore, estimated as the following: 
 
Assuming equal day and night operating durations, average daily compressor power was estimated as follows: 
   
Over the annual operating period of 7,344 hours, this value corresponds to an estimated annual energy consumption of the following: 
  
The estimated annual operating cost, based on an electricity cost of approximately £0.215/kWh (including CCL), was: 
    
This figure accounts for the site's 24/7 operation and reduced night‑time demand. 
[image: ]
[bookmark: _Toc231145048]Figure 9: Two CUSUM charts showing the isolated CUSUM and the flow rate, flow rate mean and CUSUM together. 
Figure 9 demonstrates the daily operating pattern observed within the compressed air system. Flow rates increased during full production periods and reduced overnight; however, night-time demand remained consistently high at approximately 73% of daytime peak demand. This suggested that leakage and non-productive consumption contributed significantly to base load demand. The full data set can be seen in Appendix 5.
CUSUM analysis was also applied to establish a statistical baseline for comparison with the post-intervention results presented in Chapter 5.
CUSUM analysis is particularly effective for identifying small but sustained process changes that may not be immediately visible from individual measurements (Montgomery, 2019),
The method is expressed as:
     (Koshti, 2011)
In this equation:
· Ci is the CUSUM value at time step i, representing the running total of all deviations up to that point.
· Xj is the measured value (system flow in l/s) at time step j.
·  is the target baseline mean – the expected flow during normal operation before any interventions.
Sustained operation above the baseline produces an upward CUSUM trend, while sustained reductions produce a downward trend.
This approach allows gradual performance changes to be identified more clearly over extended operating periods (Cabello Eras et al., 2020). This is particularly useful within VSD-controlled systems where gradual demand changes may not be instantly obvious.
Figure 9 therefore establishes the baseline operating condition against which post-intervention performance is evaluated in Chapter 5.
It should be noted that these values represent informed estimates based on observed operating behaviour rather than fully integrated annual measurements.
[bookmark: _uopcqpeqdyiy][bookmark: _Toc231142897]3.2.4 Role of the Baseline
The baseline defined in this chapter is the reference condition against which all subsequent optimisation measures are assessed.
In particular, it enables the comparison of:
· compressor power demand,
· system flow characteristics,
· energy consumption,
· and operating cost,
before and after intervention.
The optimisation measures described in Chapter 4 were specifically developed to reduce the demand observed during this baseline assessment. Their effectiveness is evaluated using post-intervention data presented in Chapter 5.
[bookmark: _c252ydkblk94][bookmark: _Toc231142898]3.3 System overview and optimisation
[bookmark: _Toc231142899]3.3.1: Pre‑Audit Root Cause Brainstorming
Prior to detailed surveying and measurement, an initial brainstorming session was conducted with the project team (Ryan Lewis, Dan Thomas, and Owen Davies) to identify where compressed air inefficiencies were most likely to occur.
An Ishikawa diagram was used to categorise potential causes across machine, methods, measurement, materials, environment, and people-related factors.

[image: ]
[bookmark: _Toc231145049]Figure 10: Ishikawa diagram of the causes and reasons for the prolonged air leaks. 
Initial hypotheses included:
· high background noise masking leaks,
· absence of a formal leak reporting process,
· limited machine-level monitoring,
· and continuous operation preventing conventional no-load testing.
The subsequent survey strategy and prioritisation procedure were influenced by these findings.
[bookmark: _uy777ei97hm2][bookmark: _Toc231142900]3.3.2 Identifying the scale of leakage      
Before optimisation could begin, the overall scale of compressed air leakage across the site needed to be quantified.
Although leaks were known to exist at pipe joints, couplings, FRL assemblies, and drains, the associated flow loss and energy cost had not previously been measured. 
Historical maintenance records from Renishaw’s Syteline system were therefore reviewed. A two-year export of “air leak” maintenance tasks (January 2024 to March 2026) identified more than 150 records associated with recurring failures such as split pipework, damaged spiral hoses, failed pneumatic actuators, and worn regulators (see Appendix 6).
Recurring failures were particularly common on Yamazaki FJV 250 machines and the Mecwash Midi 400 system.
These findings supported both the fishbone analysis (Figure 10) and the root cause analysis presented previously in Section 1.2, highlighting the absence of a structured leak management process.
The data is revisited in Sections 4.2.1 and 5.2 to support remediation prioritisation and recurring fault analysis.
Consequently, a methodology was required to:
· locate significant leaks,
· estimate associated flow and energy loss,
· and prioritise repairs based on their financial impact.
[bookmark: _g9tfc5xsg1hb][bookmark: _Toc231142901]3.3.3 Understanding machine‑level consumption
Following the findings discussed previously in Section 2.5, machine-level monitoring was required to quantify compressed air consumption directly at the point of use.
Preliminary observations suggested that several CNC machines continued consuming compressed air during prolonged non-productive states, including setup, idle, and emergency-stop conditions. In addition, several regulators appeared to operate above minimum required pressure.
Monitoring was therefore required to:
· measure compressed air consumption at individual machine inlets,
· distinguish productive and non-productive demand,
· and quantify the impact of regulator pressure reduction.
The specific methodology adopted for this monitoring is described in Chapter 4.















[bookmark: _2sz8ts8wez85]
[bookmark: _Toc231142902]Chapter 4: Methodology & Optimisation Strategy
[bookmark: _Toc231142903]4.1 Framework for Optimisation:
This project applied a reverse hierarchical optimisation approach:
End Use → Distribution → Treatment → Generation
This approach was adopted because reducing compressed air demand at the point of use directly lowers the load placed on the distribution network and compressors. As identified in Chapter 2, the most effective compressed air improvements are often achieved by eliminating avoidable demand before altering generation-side equipment.
The team developed the optimisation strategy to address the three root causes identified in Section 1.2. Each intervention was mapped to a specific causal chain to ensure that the underlying causes of inefficiency were targeted rather than only the visible symptoms.
[bookmark: _Toc231142904]4.2 Phase 1: End Usage Optimisation
4.2.1 Leak Rectification:
A decision was made to outsource the full-site compressed air leak survey to Hayley Dexis, a specialist contractor with an existing working relationship with Renishaw. The survey was conducted using a FLIR Si124 acoustic imaging camera, as discussed previously in Section 2.4.3.
Outsourcing was considered economically preferable to purchasing the equipment directly, as a FLIR Si124 costs approximately £9,000 compared with a survey cost of approximately £750 (RS Components, no date; Hayley Group Ltd,, 2025; see Appendix 7 and 8).
The survey was completed across Halls 1 and 2 over a single day. Ryan Lewis accompanied Andrew Taylor from Hayley Dexis throughout the inspection process. Information gathered during the pre-audit brainstorming session (Section 3.3.1), combined with existing site knowledge, was used to guide the survey toward known problem areas, including older distribution sections, FRL assemblies, RAMTIC arm pipework, and machines with prolonged idle operation.
In addition to identifying acoustic leaks, the survey also highlighted several wider end-use inefficiencies, including incorrect air guns, excessive regulator pressures, unsuitable hose types for the operating environment, and pneumatic devices with continuous airflow.
All remediation and monitoring activities involving the compressed air system were carried out under formal risk assessment and permit-to-work procedures due to the hazards associated with pressurised systems operating at approximately 6–7 bar. The risk assessment covered activities including leak rectification, regulator replacement, monitoring equipment installation, and pneumatic pipework modification. Key hazards included uncontrolled depressurisation, stored energy release, working at height, and noise exposure. The full risk assessment and permit-to-work documentation are provided in Appendix 9 and 10 respectively. The risk assessment process followed the procedure outlined in Appendix 11.
The survey, conducted on 10 October 2025, produced a 77-page report containing the estimated leak size, annual energy cost, and acoustic image for each identified leak. A partial selection of leak images is also included in Appendix 12. To support remediation planning and prioritisation, all survey data were transferred into a spreadsheet database (Appendix 13). [image: ]

[bookmark: _Toc231145050](Figure 11): Example of leak report)

A Pareto analysis was then completed by ranking leaks according to their estimated annual cost and plotting cumulative leakage cost against the gauge number. (see Figure 12).



[image: ]
[bookmark: _Toc231145051]Figure 12: A pareto cumulative cost curve representing all 77 air leaks
The analysis showed that the top 36 leaks, representing approximately 47% of the total number identified, accounted for 80% (£34,560) of the estimated annual leakage cost (£43,200). The average estimated leak cost across the survey was approximately £561 per year. Although this distribution did not follow the classical 80/20 Pareto relationship described by Ultsch (2002, p. 1), it still provided a practical basis for prioritising corrective action. In this case, a larger proportion of leaks contributed significantly to the overall cost, reflecting what Baudin (2011, p. 9) describes as the ‘long tail’ of the demand curve, where the most significant contributors are distributed across a wider group rather than a small vital few.
Consequently, the top 36 leaks were classified as Priority 1 repairs, with the remaining leaks ranked in descending order of estimated cost. This ensured that limited maintenance resources were directed toward the highest-value remediation activities first.
The acoustic survey results (Figure 12; see Appendix 13 for full results) were also cross-checked against historical Syteline breakdown records (Appendix 6, summarised in Table 7) covering the period January 2024 to March 2026. This formed part of the prioritisation process and served two purposes.
First, it confirmed that many of the highest cost leaks were associated with machine types and pneumatic components that had repeatedly failed historically, particularly the Yamazaki FJV 250 machines, Mecwash systems, RAMTIC arm pipework, and CKD/W100 regulators.
Second, it highlighted the importance of recurring failures in prioritising repairs. Although some individual leaks appeared relatively small within the Pareto analysis, repeated failures on the same machines significantly increased their long-term operational impact. For example, repeated RAMTIC arm failures were identified across multiple FJV machines, including AM10/31, AM10/24, and AM10/20. Therefore, the final repair priority list was developed using both datasets: the acoustic survey to quantify immediate financial impact and the Syteline records to identify recurring failure trends and repeated issues.
[image: ]
[bookmark: _Toc231143659]Table 7: Summary of Syteline air leak data 
The combined use of acoustic survey data and historical maintenance records established the pre-intervention remediation baseline used throughout the remainder of the project. The effectiveness of the repair programme is evaluated in Chapter 5. 
[bookmark: _9jutkbzazpf7][bookmark: _Toc231142905]4.2.2 Pressure Rationalisation
An in-house compressed air pressure audit was carried out across the machine shop. The audit focused first on larger Mazak machines before moving to smaller machines. Two key areas were inspected:
· the main machine inlet FRL,
· and the NC4 tool setting system regulator.
Reducing compressed air pressure reduces compressor work, with each 1 bar reduction estimated to deliver approximately 7% energy saving (Atlas Copco, 2026b). This intervention therefore supported the demand-reduction strategy established in Section 4.1.
Due to time and resource constraints, the audit focused on high-impact end-use areas rather than every individual pneumatic device on site.
What is an NC4 unit?
NC4 units are laser-based non-contact tool setters fitted to many CNC machines at Miskin. They measure tool length and diameter by passing a tool through a laser beam. To protect the optics from coolant mist and contamination, the units require a continuous supply of clean barrier air (Renishaw, 2017, p. 2-2). The barrier air must meet ISO 8573-1 Class 1.4.2 air quality requirements (Renishaw, 2017, p. 3-2; see Appendix 14).
Because NC4 barrier air operates continuously, excessive regulator pressure creates a persistent source of avoidable compressed air demand.
 [image: ]          [image: ]
[bookmark: _Toc231145052]Figure 13: The NC4, air filter, regulator.              Figure 14: Main machine FRL.

Mains air FRL Audit method
The main machine FRL controls the maximum air pressure supplied to each machine. During the audit, these were examined, and it was generally discovered that they functioned within the necessary 5–6 bar range. When the inlet pressures were more than 6 bar, only five adjustments were needed. The main machine inlet regulators were not further optimised, so they were excluded from further investigation in the report. 
NC4 Audit method
A manual audit of NC4 regulators was completed across Halls 1 and 2. For each machine, the regulator set pressure was recorded, along with whether the NC4 system required airblast. Units requiring airblast retained higher pressure settings due to their operating requirements. Non-airblast units were assessed against the proven lower operating pressure of 1.8 bar (see Appendix 14)
The full dataset is provided in Appendix 15. A summary is shown in Table 8.
[image: ]
[bookmark: _Toc231143660]Table 8: NC4 pressure audit summary
During the audit, the Hayley Dexis engineer advised through verbal communication that each NC4 unit operating continuously at excessive pressure could cost up to £1,000 per year in compressed air consumption (Taylor, 2025).  Written clarification was then sought from the Renishaw applications team regarding whether NC4 air could be isolated during machine inactivity (Renishaw Applications Team, 2025; see Appendix 16).
Feedback confirmed that airblast could be isolated using machine M-codes and solenoid control. However, barrier air is more nuanced due to the risk of coolant mist and contamination entering the optical housing. Therefore, full barrier-air isolation was not immediately implemented as a site-wide measure.
Instead, a future controlled trial is proposed using an automatic isolation valve with an approximate 15-minute dwell period before shut-off to allow coolant mist and droplets to dissipate. This would allow short idle periods to pass without isolation while still reducing prolonged non-productive air consumption. Any implementation would require operator awareness and procedural controls.
Implemented Adjustment
All non-airblast NC4 regulators above 1.8 bar were adjusted down to 1.8 bar. Units with airblast retained their existing settings, typically between 3–4 bar. Where a regulator was already at or below 1.8 bar, no adjustment was made.
This intervention required no capital expenditure and was completed during routine maintenance time.
[bookmark: _Toc231142906]
4.2.3 Machine‑Level Energy Profiling (Keyence Monitoring):
Two Keyence monitoring devices were installed on AM10/36, a representative Yamazaki FJV 250 UHS CNC machine, to address the lack of machine-level monitoring identified in Section 1.2.[image: ]
The purpose was to measure real-time compressed air consumption during machining and non-productive states and to assess the effect of regulator pressure reduction and leak rectification.
Two sensors were installed.
The Keyence MP-F Series Air Efficiency Module was fitted to the main air line immediately before the machine’s main FRL (Keyence Corporation, 2025a).
[bookmark: _Toc231145053]Figure 15: Keyence MP-F air efficiency monitor installed just after the main isolator for AM10/36


The MP-F module measures flow, pressure, and temperature. It also stores historical data internally and includes a programmable shut-off valve capable of isolating compressed air during prolonged idle periods (Keyence Corporation, 2025a, pp. 1, 14).[image: ]
The Keyence FD-EP Series Flow/Pressure Dual Sensor was installed inline with the NC4 tool setter’s dedicated regulator. The display unit was mounted on a DIN rail within the machine's electrical cabinet and connected to the 24 V supply (Keyence Corporation, 2025b, p. 10).
Relevant excerpts from both manuals are provided in Appendix 17 and 18.
[bookmark: _Toc231145054]Figure 16: Keyence FD-EP sensor and monitor fitted inline with the NC4 and mounted to the DIN rail, respectively. 

AM10/36 was selected because its NC4 regulator was set to 3.8 bar, which was significantly above the 1.8 bar minimum observed on other non-airblast machines. The machine operated a repeatable production cycle to support before-and-after comparison.
The monitoring protocol consisted of:
· two weeks of baseline logging with the NC4 regulator at 3.8 bar.
· followed by two weeks after pressure reduction and leak rectification.
The MP-F module’s internal memory stores up to two weeks of instantaneous data, allowing direct comparison without additional data logging equipment (Keyence Corporation, 2025a, p. 12).
The collected data were used to assess changes in machine-level flow, idle-phase consumption, and total daily compressed air demand. The results are presented in Chapter 5.
[bookmark: _Toc231142907]4.3 Phase 2: Distribution Network
As described in Section 3.1, the older secondary distribution networks serving areas such as AM10, AM11, and AL37 were identified as areas of concern during the site walk-round.
These sections contained numerous fittings, historic repairs, and indirect pipe routes. In several areas, drops did not align directly with machines, resulting in unnecessary bends and extended pipe runs.
An ideal arrangement would provide a direct drop from the ring main to each machine with a local isolation valve. However, restructuring these areas would require significant downtime, coordinated shutdown planning, and disruption to multiple machines at a time. For this reason, distribution redesign was recorded as a longer-term recommendation rather than an immediate intervention within this project.
[bookmark: _Toc231142908]4.4 Phase 3: Air Treatment

Air treatment was reviewed to determine whether additional energy savings could be achieved without compromising compressed air quality.
As discussed previously in Section 2.6.2, ISO 8573-1:2010 defines compressed air purity classes, including humidity limits. The site’s refrigerant dryers were found to operate at approximately +2°C pressure dew point, while ISO Class 4 humidity permits a pressure dew point of up to +3°C (International Organization for Standardization, 2010; Atlas Copco, 2019).
[image: ]
[bookmark: _Toc231143661]Table 9: Table showing the pressure dewpoint limits for each purity class in the ISO 8573-1 quality class. (Atlas Copco, 2019).
This suggested that a small increase in dryer set point from +2°C to +3°C may be achievable while remaining within Class 4 requirements.
Peer-reviewed literature specifically relating to refrigerant dryer set-point optimisation is limited. However, industry sources suggest that increasing dew point can reduce energy consumption where air quality requirements remain. IPROS GMS (2025) reported substantial energy reductions from larger dew point increases, while Hi-line Industries (2016) demonstrated that maintaining a +3°C dew point using energy-saving control strategies can reduce dryer energy consumption.
Within this project, we would limit any proposed adjustment to a minor increase from +2°C to +3°C. Consequently, any expected savings would likely be modest compared with the larger reductions reported in industry case studies. Further validation would also be required to ensure that compressed air quality and machine reliability remained unaffected.
[bookmark: _Toc231142909]4.5 Phase 4: Generation
Generation-side optimisation was considered only after end-use and distribution opportunities had been reviewed.
The most direct generation-side opportunity would be to reduce compressor outlet pressure. However, any pressure reduction would need to be implemented gradually and monitored carefully to ensure that machine performance, NC4 operation, and process reliability were not compromised.
For this reason, compressor pressure reduction was treated as a future optimisation opportunity rather than as an immediate project intervention.



[bookmark: _s6d8468kjcai]
[bookmark: _9cvj2yh6e4uq][bookmark: _Toc231142910]Chapter 5: Analysis
[bookmark: _yg1qc3m952mr][bookmark: _Toc231142911]Section 5.1 – Remediation Outcomes / The current situation
Remediation of the 77 leaks identified during the survey progressed more slowly than originally planned. Limited maintenance manpower, accidental disposal of stocked parts, long component lead times, restricted machine access, and competing factory breakdown priorities limited the rate of repair activity. As the project was primarily managed by a single engineer, only 50.6% of the original surveyed leak cost had been repaired by April 2026.[image: ]
During remediation, the team identified nine additional leaks that the acoustic survey had not detected. Several were located adjacent to existing leaks behind guarding, including a CKD regulator and oil-mist filter installed on the same pneumatic bank (Figure 17).
[bookmark: _Toc231145055]Figure 17: Image of the CKD regulator W1000 and CKD oil mist filter M1000 in close proximity at the rear of AL23/07. 

These additional leaks were estimated to cost approximately £8,208 per year using comparative decibel readings from similar surveyed leaks. The estimates were based on the positive correlation between acoustic emission level and leak size shown in Figure 18. However, the relationship is not strictly linear and includes several anomalies; therefore, the resulting cost estimates should be regarded as approximate. 



[image: ]
[bookmark: _Toc231145056]Figure 18: Plot of noise level in (db) against leak size (l/m)
Consequently, the estimated total annual leakage cost increased from £43,200 to approximately £51,897.
Table 10 summarises the remediation status as of April 2026.
[image: ]
[bookmark: _Toc231143662]Table 10: Summary of leak remediation as of April 2026.

Using the revised total leakage value, the completed remediation equated to:

The earlier 50.6% figure referred only to the original survey leaks and excluded the newly identified leaks, all of which were subsequently repaired.
Despite incomplete remediation, 43 leaks were fixed, corresponding to estimated savings of the following:
· £35,491 per year,
· and approximately 48,270 kg CO₂/year.
The remaining unrepaired leaks were estimated to cost approximately £16,406 annually.
As discussed previously in Section 4.2.1, the acoustic survey results were cross-checked against historical Syteline maintenance records. The Yamazaki FJV 250 machines accounted for more than 60% of these tasks, while the Mecwash Midi 400 appeared more frequently than any individual non-CNC asset. Common recurring failures included split RAMTIC arm pipework, leaking Norgren V72G regulators, and failed push-fit fittings exposed to vibration or coolant contamination.
Of the 43 repaired leaks, 29 were associated with FJV 250 machines, and 12 involved RAMTIC arm pipework, closely matching the historical maintenance trends. This indicated that the acoustic survey largely captured ongoing recurring failures rather than isolated one-off defects.
The impact of remediation on system demand was evaluated using the CUSUM analysis presented later in Section 5.5. The results showed a sustained reduction in compressed air demand during March 2026 despite the addition of five new Star CNC machines.
[bookmark: _Toc231142912]5.2 Pressure Reductions Achieved
A total of 30 non-airblast NC4 units were adjusted from their original operating pressures (2.0–3.8 bar) down to 1.8 bar. Table 11 summarises the pressure reduction data by machine group. The full pressure audit data are provided in Appendix 19.
[image: ]
[bookmark: _Toc231143663]Table 11: Summary of NC4 pressure audit with potential saving reductions. 
[bookmark: _e3sa7wfvumm5][bookmark: _Toc231142913]5.2.1 Theoretical Energy Saving
The Keyence FD-EP sensor installed on AM10/36 measured NC4 barrier-air flow at 19.4 l/min with the regulator set to 3.8 bar (Figure 19). Following reduction to 1.8 bar, flow reduced to 11.1 l/min (Figure 20). 

[image: ]     [image: ]
[bookmark: _Toc231145057]Figure 19 – Keyence FD-EP display showing 19.4 l/min at 3.8 bar
[bookmark: _Toc231145058]Figure 20 – Keyence display showing 11.1 l/min at 1.8 bar
For a fixed restriction, fluid mechanics theory suggests that flow rate is proportional to the square root of absolute pressure difference (Borutzky et al., 2002). Using the measured 3.8 bar value, the theoretical flow at 1.8 bar becomes: 

The theoretical result (14.8 l/min) was significantly higher than the measured value (11.1 l/min), suggesting that the NC4 system did not behave as a simple ideal restriction. Possible causes include internal geometry effects, partial blockage, or upstream leakage. Consequently, measured values were used for all subsequent calculations.
The measured reduction on AM10/36 was:

This gives a measured reduction rate of 4.15 l/min per bar of pressure reduction.
[bookmark: _je87uov6kh4r][bookmark: _Toc231142914]5.2.2 Estimated Savings for the Remaining 29 Units
As discussed previously in Section 4.2.3, monitoring equipment could not be installed on every NC4 unit due to machine availability and time constraints. Savings for the remaining machines were therefore estimated using the measured linear relationship observed on AM10/36.
For a regulator originally operating at pressure  , the estimated flow reduction was calculated as:
  
(If   ≤1.8 bar, saving is zero.)
Applying this relationship across all 30 adjusted units produced the savings summary shown in Table 12. Full calculations are provided in Appendix 19. 
[image: ]
[bookmark: _Toc231143664]Table 12: Summary table of the estimated savings of pressure reduction. 
The power saving was calculated using specific power of 0.40 kW/l/s (as derived in Section 3.2.2). 
The measured total flow reduction across all adjusted units was approximately 73.08 l/min. This was lower than simply multiplying the AM10/36 saving across all units because many machines operated at lower initial pressures.
Using the system-specific power established previously in Section 3.2.2 (0.40 kW/l/s) and the annual operating duration of 7,344 hours (Section 3.2.3), the estimated savings became:
· Annual energy saving: 3,578 kWh/year
· Annual cost saving: £769/year
· Annual CO₂ saving: 633 kg/year
These values represent estimated savings based on extrapolation from a single measured machine and should therefore be interpreted as indicative rather than fully validated.
[bookmark: _497oinmzghbq][bookmark: _Toc231142915]5.2.3 Summary of Intervention
The NC4 pressure rationalisation required no capital expenditure and was completed during routine maintenance activities.
The measured reduction on AM10/36 demonstrated that relatively small regulator adjustments could produce measurable reductions in compressed air demand. Extrapolated across all 30 adjusted units, the intervention produced estimated savings of approximately £769/year and 633 kg CO₂/year.
Because the NC4 adjustments were implemented after the March/April monitoring period discussed in Section 5.1, these savings are not reflected within the CUSUM analysis presented later in Section 5.5.
[bookmark: _o63u4hz78ih9][bookmark: _Toc231142916]Section 5.3 – Compressor Performance: Before and After
The remediation activities described in Sections 5.1 and 5.2 were expected to reduce compressor demand. To assess this, compressor controller data were collected from four representative periods: October 2025 (baseline), February 2026, March 2026, and April 2026. This can be seen as a summary in Table 13; full data tables are available in Appendix 3.
[image: ]
[bookmark: _Toc231143665]Table 13 – Compressor performance over time
Between October 2025 and April 2026, average compressor power demand reduced from 291 kW to 228.6 kW, representing a reduction of 62.4 kW (21.4%).
If representative of typical annual operating conditions, this reduction could correspond to the estimated savings shown in Table 14.
	Metric
	Saving

	Energy
	458,000 kWh/year

	Cost
	£98,500/year

	CO₂
	81,000 kg/year


[bookmark: _Toc231143666]Table 14: Estimated annual saving on compressor demand reduction. 
The observed reduction likely reflected the combined effects of leak remediation, operational variation, production changes, and wider optimisation. As the NC4 pressure reductions had not yet been implemented during most of the monitoring period, they likely contributed only a limited amount to these savings.
Consequently, these values should be interpreted as indicative annualised estimates rather than as fully validated annual savings. Nevertheless, the consistent reduction observed across multiple monitoring periods strongly suggests that the optimisation measures have contributed to a meaningful reduction in compressed air demand.
System-specific power also improved from approximately 0.40 kW/l/s to 0.376 kW/l/s, 

representing an efficiency improvement of approximately 6%. This suggested that the compressors were operating closer to an optimal loading condition following demand reduction.
[bookmark: _ln833kwo0597][bookmark: _Toc231142917]5.3.1 Monthly breakdown
· October → February (‑28 kW): Compressor demand reduced by approximately 28 kW alongside a flow reduction of 27 l/s. This coincided with completion of several high-priority leak repairs identified during the initial remediation phase. 
· February → March (‑31 kW): The largest reduction occurred between February and March, where compressor power decreased by approximately 31 kW and airflow reduced by 91 l/s. This aligned with completion of a substantial proportion of the remaining Priority 1 leak repairs. 
· March → April (‑4 kW): Between March and April, compressor power reduced by a further 4 kW while airflow reduced by approximately 2 l/s. By this stage, most major leaks had already been repaired, meaning further improvements were expected to become increasingly incremental.
Five additional Star CNC machines were also introduced between October 2025 and April 2026, each requiring a continuous compressed air supply. Despite this increased demand, both compressor airflow and electrical power consumption were significantly reduced over the same period, suggesting that the optimisation measures exceeded the additional load introduced by the new equipment.
[bookmark: _9yxt4scv337s][bookmark: _Toc231142918]5.4 Machine-Level Monitoring and Automatic Isolation Valve Assessment
Machine-level compressed air consumption on AM10/36 was monitored over a 29-day period using the Keyence MP-F system.
Between 9 April and 7 May 2026, the MP-F module recorded a total accumulated consumption of approximately 20,159,059 litres (20,159 m³), equivalent to an average daily consumption of approximately 695,140 litres/day. Detailed monitoring data are provided in Appendix 20.
To establish a pre-optimisation baseline, detailed analysis focused on the two-week period immediately prior to the NC4 pressure reduction trial (23 April–6 May 2026). The analysis combined:
· MP-F accumulated flow rate data, (see Appendix 21)
· Mazatrol running-control operational states, (see Appendix 22)
· and Syteline maintenance records. (see Appendix 23)
This monitoring period captured several prolonged non-productive events, including the “Ramtic door jammed” breakdown on 25 April and extended setup periods on 26 April and 5 May. These events resulted in extended compressed air consumption despite little or no productive machining taking place and therefore provided a representative assessment of baseline waste conditions prior to optimisation.
[bookmark: _u0giifr7feq5][bookmark: _Toc231142919]5.4.1 Baseline Air and Energy Consumption
For the focused 14-day baseline assessment period (23rd April – 6th May 2026), the estimated total compressed air consumption was:
 
equivalent to approximately 9,732 m³ of compressed air.
Using the system specific power established previously in Section 3.2.2, the recoverable electrical energy becomes: 
  
At the site electricity rate of £0.215/kWh, including the climate change levy, this represented an estimated operating cost of:
 
for a single CNC machine over only two weeks of operation.
The baseline established the scale of compressed air consumption associated with a single production asset and provided the foundation for assessing avoidable non-productive demand.
Figure 21 presents the Mazatrol running control charts covering the 2 weeks prior to the data up to 6 May 2026. A full set of images is available in Appendix 21. 
[image: ]
[bookmark: _Toc231145059]Figure 21: Images of the Mazatrol running control charts from AL10/36 from 23rd April -6th May
The charts categorised machine operation into four states:
· Blue: AUTO RUNNING
· Green: IDLING
· Yellow: SETUP
· Red: ALARM
Using the coloured bars visible on the running-control screens, the operational-state estimates shown in Table 15 were analysed. 
[bookmark: _Toc231143667][image: ]Table 15: Table of percentages from each metric taken from the running control screen. 
[image: ]
[bookmark: _Toc231145060]Figure 22: A pie chart showing a visual representation of Table 15.
[bookmark: _gtuaz8dvqop0][bookmark: _Toc231142920]5.4.2 Machine Operational State Analysis
Across the monitoring period, the machine averaged approximately:
· 59.5% AUTO RUNNING
· 21.5% SETUP
· 5.1% IDLING
· 13.9% ALARM
This corresponded to approximately 8,165 minutes of non-productive machine state during the 14-day monitoring period.
The results demonstrated that a substantial proportion of compressed air consumption occurred while the machine was not actively producing components, aligning closely with the findings of Setiawan et al. (2025) discussed previously in Section 2.5.2. 
[bookmark: _vci010py4uyf][bookmark: _Toc231142921]5.4.3 Non-Productive Consumption and Invisible Waste
A key finding was the frequency of long SETUP periods.
Importantly, SETUP mode does not necessarily indicate that operators are actively working on the machine. Machines were often left in setup state between jobs, during shift changes, or while awaiting tooling or inspection. During these periods, pneumatic systems remained fully pressurised despite no productive machining taking place. 
This was particularly evident on 5 May 2026, when the machine spent almost the entire day in SETUP mode with minimal AUTO RUNNING time recorded. [image: ]
The MP-F monitoring data reinforced this behaviour. Within the Keyence display, blue bars represented airflow while the orange line represented operating ratio (Figure 23). During prolonged SETUP, IDLE, and ALARM periods, airflow remained present despite low operating ratios. 

[bookmark: _Toc231145061]Figure 23: Image of the chart taken from the Keyence MP-F air efficiency monitor.             
Operational disruptions were cross-checked against Syteline breakdown records and Mazatrol running-control data. Table 16 shows the identified disruptions, and Appendix 23 provides the full set of data. 
[image: ]          
[bookmark: _Toc231143668]Table 16: Table of machine disruptions from 23rd April to 6th May 2026. 
Based on these findings, the implementation of automatic machine-level isolation valves was considered technically and economically justified.
[bookmark: _d56a845c3up8][bookmark: _Toc231142922]5.4.4 Proposed Control Philosophy
The proposed control strategy would utilise the integrated shut-off valve already incorporated in the Keyence MP-F module, as discussed in section 4.2.3. This will allow the monitoring system to function not only as a measurement device, but also as a potential automatic energy-saving control system.
Under the proposed arrangement, operators would place machines into energy-saver mode whenever production was not expected to resume immediately. If the machine remained in SETUP, IDLE, ALARM, or E-stop state for longer than 15 minutes, the MP-F valve would automatically isolate the compressed air supply. 
The 15-minute delay was proposed to allow coolant mist and airborne droplets to settle before purge-air removal, reducing the risk of contamination affecting the NC4 optical system. 
The operational-state analysis (Table 15) demonstrated prolonged periods where machines remained fully pressurised despite no productive machining occurring. Had automatic isolation been active during these periods, substantial compressed air demand could potentially have been avoided. 
[bookmark: _21yihmavp5cs][bookmark: _Toc231142923]5.4.5 Potential savings calculations
Allowing for the 15-minute dwell delay before valve closure reduced the realistically recoverable isolation time to approximately 7,955 minutes.
This equated to:
 
of potential automatic compressed air isolation during the 14-day period.
Using the established total baseline consumption of 9,732 m³ and the time spent in non-AUTO (40.5%), assuming compressed air consumption reduced proportionally during isolated non-productive periods, the theoretical avoidable compressed air volume becomes the following:
  
equivalent to approximately 3.94 million litres of compressed air over just two weeks.
Using the system-specific power established previously in Section 3.2.2:, the associated recoverable electrical energy becomes:
 
At the site electricity cost of £0.215/kWh, including the Climate Change Levy, the corresponding financial saving becomes:
  
over the 14-day monitoring period for a single machine.
To align with the operational assumptions, the savings were then calculated using the site's annual operating duration of 7,344 hours (see section 3.2.3) rather than a full calendar year. The 14-day monitoring window represented 336 operating hours; therefore, the scaling factor becomes: 
  
Applying this gives an estimated annual compressed air saving of:
   
with an associated annual energy reduction of:
 
and an estimated annual cost saving of:
 
for AM10/36 alone.
Using the UK Government conversion factor referenced previously in Section 1.3 (0.177 kgCO₂e/kWh), the associated annual carbon reduction becomes:
  
equivalent to approximately 1.7 tonnes CO₂ per year 
[bookmark: _43ezyq4yhu8c][bookmark: _Toc231142924]5.4.6 Limitations of the Estimate
These calculations represent an upper-limit estimate based on the assumption that compressed air consumption is broadly proportional to machine-state duration.
In practice, airflow during setup, idle, and alarm conditions may differ from airflow during productive AUTO operation. Nevertheless, the analysis demonstrated that a substantial quantity of compressed air was consumed during non-productive periods and that automatic isolation through the MP-F module could theoretically reduce compressed air demand, operating cost, and associated CO₂ emissions.
This aligned closely with the findings of Setiawan et al. (2025), discussed previously in Section 2.5.2.
[bookmark: _n8idcy2w1zq][bookmark: _Toc231142925]5.5 CUSUM Analysis of System Flow
Following the methodology introduced previously in Section 3.2.3, using the EQ2 Airnet trend graphs and data (see Appendix 24), CUSUM analysis was applied to determine whether the observed reduction in compressor demand represented sustained improvement rather than short-term operational variation. Full CUSUM data is available in Appendix 5. 
October 2025 was selected as the baseline period because it represented stable pre-intervention operation prior to remediation.
The baseline mean flow was:

CUSUM values were calculated using the cumulative deviation between measured flow and the baseline mean, as described previously in Section 3.2.3.
[image: ]
[bookmark: _Toc231145062]Figure 24: CUSUM chart of total flow (l/s) relative to October 2025  (
[bookmark: _9uzhip31w32r][bookmark: _Toc231142926]5.5.1 Results and Interpretation
The October baseline displayed relatively stable variation around the mean trend, representing normal system operation.
In contrast, March 2026 showed a sustained downward cumulative deviation, reaching approximately −321 by the end of the monitoring period. This indicated that system flow remained consistently below the October baseline following completion of a significant proportion of the remediation work discussed previously in Section 5.1.
Across the monitoring period, this value corresponded to an estimated average flow reduction of approximately 23 l/s relative to baseline conditions. This aligned closely with the compressor analysis presented previously in Section 5.3, where March also produced the largest reduction in compressor power demand.
During April 2026, the CUSUM trend stabilised at approximately −291 cumulative deviation units. This likely reflected a combination of continued remediation savings and increased production demand associated with the addition of five new Star CNC machines.
Importantly, despite the increased system demand, the April trend remained below the original October baseline, suggesting that the remediation programme continued to provide a measurable net reduction in compressed air demand.
The NC4 pressure reductions described in Section 5.2 were implemented after the April monitoring period and are therefore not reflected within the CUSUM results.
[bookmark: _wqrkmq6lmp42][bookmark: _Toc231142927]5.5.2 Limitations
Several limitations apply to this analysis.
Production output was not normalised during the monitoring period, meaning variations in manufacturing activity directly influenced system flow demand. In addition, only March and April 2026 were analysed post-intervention. A longer monitoring period would provide stronger evidence of long-term system performance.
Nevertheless, the sustained negative CUSUM drift observed during March provided strong evidence that the remediation programme reduced compressed air demand in the system.
[bookmark: _ka0eb2u4heec][bookmark: _Toc231142928]5.6 Consolidated Energy, Cost and CO₂ Savings
[bookmark: _u4en3vvyzcsw][bookmark: _Toc231142929]5.6.1 Directly Identified Savings
The validated savings directly linked to completed interventions are summarised in Table 17.
[image: ]
[bookmark: _Toc231143669]Table 17: Directly identified savings achieved by April 2026.
These values represent savings directly associated with completed corrective actions and do not include broader estimates of compressor demand reduction.
[bookmark: _y3mfi0e0ss7c][bookmark: _Toc231142930]5.6.2 Observed Compressor Demand Reduction
[image: ]Compressor controller data presented previously in Section 5.3 showed a reduction in average compressor power demand from 291 kW to 228.6 kW between October 2025 and April 2026.If representative of typical operating conditions throughout the year, this observed reduction could correspond to the estimated annual values shown in Table 18.. 


[bookmark: _Toc231143670]Table 18: Observed reduction in compressor demand between October 2025 and April 2026.
These values likely represent the combined effects of remediation activity, operational variation, production changes, and wider optimisation measures. Therefore, they are presented separately from the directly validated intervention savings shown previously in Table 17. 
[bookmark: _ytqaajkerrej][bookmark: _Toc231142931]5.6.3 Remaining and Future Savings Opportunities
Further savings remain available through completion of the remaining leak remediation work and potential implementation of automatic isolation valves.[image: ]
[bookmark: _Toc231143671]Table 19: Remaining theoretical compressed air optimisation potential.
The automatic isolation values are based on derivations from the AM10/36 monitoring trial presented in Section 5.4 and therefore represent an upper-bound theoretical estimate rather than a validated site-wide saving.
[bookmark: _5033ayz7esi2][bookmark: _Toc231142932]5.6.4 Environmental savings and opportunities
To provide environmental context, the estimated CO₂ reductions were converted into equivalent tree-planting values using an approximate absorption rate of 15 kg CO₂ per tree per year (Franklin Jr and Pindyck, 2024). This aligns with the statement discussed earlier in section 1.3.[image: ]






[bookmark: _Toc231143672]Table 20: Equivalent annual carbon reduction expressed as trees planted.

[bookmark: _Toc231142933]Chapter 6: Discussion
[bookmark: _cvq5j8kn1mjo][bookmark: _Toc231142934]6.1 Environmental Exposure, Maintenance Practice and Recurring Failure Mechanisms
A consistent finding throughout the project was that the operating environment itself contributed directly to pneumatic component degradation and recurring compressed air losses. Polyurethane hoses located beneath or in CNC machines were frequently exposed to coolant, grease, swarf contamination, vibration, and repeated mechanical movement. Over time, many hoses became brittle, hardened, or cracked, resulting in persistent leakage and repeated maintenance intervention. Similar degradation was observed around the Mecwash systems, where elevated temperatures had visibly degraded pneumatic pipework.
The literature in Sections 2.2.3 and 2.7 supports these findings. 
Many leaks found during remediation were caused by simple installation and maintenance issues. Incorrectly sized hose tails prevented O-compression clips from sealing correctly, while poorly routed pipework, excessive bending, vibration, and repeated contact with machine guarding accelerated hose wear and fitting failure. Repair work also repeatedly identified contaminated regulators, blocked FRL filters, cracked push-fit fittings, and damaged hoses.
The Syteline maintenance data (Appendix 6) demonstrated that many failures were recurring rather than isolated faults. Assets such as the FJV 250 RAMTIC arms and Mecwash systems repeatedly appeared within maintenance history because the underlying causes of failure had not been addressed following repair work. Often, repairs restored operation temporarily without correcting the mechanical stress, contamination exposure, or poor routing responsible for the original failure.
For example, spiral air pipes on RAMTIC arms frequently split close to fittings or in areas subject to repeated flexing against machine guarding. Standard repairs often involved cutting back and refitting the hose, which restored function but did not eliminate the underlying cause of failure. Similarly, repeated failures of Norgren V72G regulators suggested that poor upstream filtration and contamination may have accelerated seal wear, yet filter condition was not routinely assessed during regulator replacement.
These findings directly supported Root Cause 1 and Root Cause 2 identified previously in Section 1.2:
· the absence of a structured leak reporting and detection process,
· and the lack of proactive pneumatic maintenance.
The project demonstrated that long-term compressed air optimisation depends not only on repairing leaks but also on identifying and correcting the underlying causes of recurring failures.
From a practical engineering perspective, future remediation work should incorporate a simple closed-loop root-cause process. Rather than only replacing failed components, repairs should include investigation of why the failure occurred. For example:
· repeated RAMTIC failures may require improved routing or alternative hose materials,
· repeated regulator failures should trigger filtration and contamination checks.
· recurring fitting failures may indicate poor installation practice or excessive strain.
The project also demonstrated that many repairs required only low-cost corrective actions, such as:
· replacing short hose sections,
· tightening fittings,
· cleaning threaded connections,
· reapplying PTFE tape,
· and replacing damaged pneumatic fittings using existing maintenance consumables.
This aligned closely with Hernández-Herrera et al. (2021), who concluded that relatively small maintenance interventions can produce disproportionately large reductions in compressed air waste and operating cost.
The findings also suggested that future testing of nylon pneumatic tubing may improve reliability in selected areas exposed to coolant and swarf contamination, vibration, and elevated temperatures (Çakır and Sökmen, 2022; Abbey extrusions, 2026). However, because nylon tubing is significantly less flexible than polyurethane hose, any future implementation would need to remain selective rather than site-wide. Areas such as the RAMTIC arm assemblies may provide a suitable starting point for future trials due to the frequency of recurring failures identified within both the Syteline records and remediation activities (Appendix 25; Appendix 26).
The Syteline data also highlighted a limitation of the project itself. Only one full acoustic survey and partial remediation cycle were completed during the study period. Accurate long-term sustainability assessments require repeat acoustic surveys after structured leak management. However, the findings strongly suggest that without switching from reactive repair to proactive maintenance and root-cause modification, the site will likely continue to incur a £16,000–£20,000 annual baseline leakage cost.
[bookmark: _ie8ro5ws1d0c][bookmark: _Toc231142935]6.2 Machine-Level Monitoring and Idle Consumption
The machine-level monitoring trial completed on AM10/36 demonstrated that substantial compressed air consumption continued during prolonged non-productive periods, particularly during setup, idle, and alarm conditions. This directly supported Root Cause 3 identified previously in Section 1.2: the absence of machine-level monitoring and visibility of idle compressed air demand.
These findings support the importance of 'observability' and demand-side monitoring highlighted in Sections 2.5 and 2.7. 
The monitoring trial suggested that automatic isolation of compressed air during prolonged non-productive periods could provide further reductions in compressed air demand. However, the project also highlighted the importance of establishing monitoring systems before intervention work begins. By the time monitoring on AM10/36 had been fully implemented, several leaks had already been repaired, meaning that the baseline machine condition was no longer fully representative of the original state.
Practical limitations associated with automatic isolation of NC4 barrier air systems were also identified. Although complete isolation of the air blast appeared achievable through M-code control and solenoid actuation, feedback from the applications team advised caution regarding prolonged isolation of the barrier air due to the risk of coolant mist and swarf contamination entering the optics housing (see Appendix 14 and Appendix 16).
Consequently, any future implementation would require:
· controlled trial periods,
· appropriate dwell timers,
· and clear operator procedures before wider deployment.
The project also highlighted the importance of operator behaviour in reducing non-productive compressed air demand. Automatic isolation systems alone would not eliminate unnecessary consumption if machines continued to be powered and pressurised unnecessarily between jobs. Long-term improvements would, therefore, require greater operator awareness and more consistent use of machine energy-saving modes during periods of inactivity.
[bookmark: _c8pf3my3lpd0][bookmark: _Toc231142936]6.3 Project Management and Methodological Limitations
As shown previously in the initial project timeline (Figure 1), the project was originally structured around a phased optimisation approach. However, operational and resource constraints limited the implementation of several later-stage optimisation activities during the study period.
The project was conducted largely alongside normal maintenance responsibilities, introducing practical limitations relating to planning, sequencing, and data collection. Remediation activities were also constrained by permit-to-work requirements, machine availability, and restricted access during production hours.
One of the main project limitations was the absence of permanent compressor energy monitoring before remediation work began. Ideally, electrical energy meters would have been installed on all compressors prior to intervention work to establish a complete baseline and continuously monitor system energy consumption.
Although the EQ2 AirNet system provided useful flow data, access to additional compressor performance metrics remained unavailable despite repeated communication attempts with Atlas Copco technical support (Atlas Copco, 2026; Appendix 27). Consequently, compressor analysis relied primarily on representative operating snapshots rather than continuous long-term energy monitoring.
The project also highlighted the importance of sequencing monitoring activities before intervention work begins. In several cases, corrective work had already started before machine-level monitoring was fully established, reducing the ability to capture complete pre-intervention conditions.
If repeated, greater emphasis would therefore be placed on:
· installing permanent compressor energy monitoring from the outset,
· implementing machine-level monitoring before remediation,
· and establishing a more structured implementation sequence prior to intervention work.
Despite these limitations, the project still demonstrated that substantial reductions in compressed air waste could be achieved through relatively low-cost maintenance interventions, improved system visibility, and structured remediation activity.
[bookmark: _117zm46dm6h9][bookmark: _Toc231142937]6.4 Financial, Environmental and Social Impact
A cost–benefit analysis was completed to evaluate the financial effectiveness of the compressed air optimisation work undertaken during the project. Costs were primarily associated with monitoring equipment, replacement pneumatic components, labour, and minor installation materials. However, a significant proportion of the remediation work was completed using existing maintenance consumables and standard workshop stock already available on site.
Many leaks were resolved through relatively simple corrective actions such as:
· reapplying PTFE tape,
· tightening and cleaning threaded fittings,
· replacing short hose sections,
· and renewing pneumatic fittings, jubilee clips, and O-compression clips.
This demonstrated that substantial reductions in compressed air waste could often be achieved without major capital expenditure.
The Keyence monitoring equipment used for machine-level compressed air monitoring and analysis was supplied at a quoted cost of £2,110.80 including VAT (Appendix 28). Additional pneumatic replacement components used throughout the remediation and regulator replacement programme were purchased through Hayley Group at a quoted cost of £565.40 excluding VAT (Appendix 29). The order included:
· Norgren Excelon relief valves,
· CKD filter regulators,
· lubricators with brackets,
· and oil mist filters.
A second follow-on order was also placed for:
· 6 × KLS300-15 1/2 lubricators with brackets,
· and 2 × M1000-6G-W CKD 1/8 BSP oil mist filters,
with an estimated combined value of approximately £425 based on the original quotation pricing (Appendix 29).
In addition, eight Norgren 1/4 in G FR assemblies were purchased from RS Components to replace leaking valves on the intensifiers and Turbex systems at a total cost of £1,516.32 (Appendix 30).
Labour costs associated with the project were also considered. Approximately eight maintenance shifts were dedicated to the optimisation work, equating to approximately 62 labour hours. Based on an annual salary of approximately £46,000, this corresponded to an estimated labour cost of approximately £1,450.
Table 21 summarises the main implementation costs associated with the project.
[image: ]
[bookmark: _Toc231143673]Table 21: Estimated compressed air optimisation costs.
The directly validated annual savings achieved during the project were estimated at approximately:
· £35,491/year from repaired leaks,
· and £769/year from NC4 pressure rationalisation,
giving a combined validated saving of approximately £36,260/year.
The simple payback period was therefore calculated as:

equivalent to approximately two months.
Return on investment (ROI) was calculated using:

giving an estimated annual ROI of approximately 498%.
Table 22 summarises the overall cost–benefit performance of the project.[image: ]
[bookmark: _Toc231143674]Table 22: Cost–benefit summary.
These results are consistent with the literature reviewed in Section 2.2.3, confirming that demand-side optimisation yields significant financial returns.
In addition to the financial benefits, the reduction in compressed air demand also reduced associated Scope 2 emissions through lower electrical energy consumption. As discussed previously in Sections 1.3 and 5.6.4, comparisons such as tree-planting equivalence provide a useful sustainability reference for non-technical stakeholders, although the primary environmental benefit remains the measurable reduction in electrical energy demand and associated CO₂ emissions.
[bookmark: _m6cqsx79uh26]As well as financial and environmental benefits, the project aims to generate positive social outcomes. Reducing compressed air leaks lowers audible hissing, decreasing background noise in the machine shop – a recognised health benefit under the Control of Noise at Work Regulations 2005. However, the proposed leak reporting and monitoring procedures have not yet been rolled out site‑wide. Implementing them could face resistance to change (Kotter, 1996), as operators may perceive additional tasks, such as logging leaks or checking machine states, as an increased workload without immediate personal benefit. Overcoming this would require strong management commitment and operator involvement in designing the procedures.
[bookmark: _jxjs7j9tuklm][bookmark: _h9vzg5dzk7b2][bookmark: _khxzspxyn348][bookmark: _jrumfqx0eaw9][bookmark: _k3hseo8jvgen][bookmark: _ysct6cbek41v][bookmark: _e7ynxyis7k0p][bookmark: _1gmayemb57xr][bookmark: _oohexr2p6fqw][bookmark: _h1mocers3z9n][bookmark: _o59x0xd14piy][bookmark: _Toc231142939]Chapter 7: Recommendations
To sustain and build upon the improvements achieved during this project, the following recommendations are proposed.
[bookmark: _ii8i8etr3qfj][bookmark: _Toc231142940]7.1 Leak Management
· Complete remediation of the remaining leaks, representing an estimated annual cost of £16,406.
· Introduce a formal compressed air leak reporting and escalation procedure.
· Purchase a site-owned FLIR Si124 acoustic camera to enable routine internal leak surveys.
· Conduct periodic acoustic leak inspections as part of normal maintenance activities.
[bookmark: _7c6vjrnv0mk1][bookmark: _Toc231142941]7.2 Preventative Maintenance
Expand preventative maintenance schedules to include:
· pneumatic system inspections,
· FRL condition checks,
· scheduled filter replacement,
· inspection of hose routing and fittings,
· routine compressed air leak inspections.
[bookmark: _eawrvvlwtiuv][bookmark: _Toc231142942]7.3 System Optimisation
Further optimisation opportunities include:
· increasing refrigerant dryer dew point settings from +2°C to +3°C while remaining within ISO 8573-1 Class 4 requirements,
· incremental reduction of compressor outlet pressure where operationally acceptable,
· replacement of ageing sections of the secondary distribution network during future refurbishment activities.
[bookmark: _w5ddvps7zaya][bookmark: _Toc231142943]7.4 Monitoring and Control
Further investigation should be undertaken into:
· wider deployment of machine-level monitoring,
· automatic isolation during prolonged idle periods,
· permanent compressor energy metering,
· ongoing monitoring of system performance using flow, pressure, and energy data.
[bookmark: _2v6qza4lg6om][bookmark: _Toc231142944]7.5 Operator Engagement
To support long-term sustainability:
· provide awareness training for maintenance personnel and machine operators,
· encourage early reporting of compressed air leaks,
· promote the use of machine power-save modes during inactivity,
· increase visibility of compressed air waste and treat it as a production loss.
As discussed in Section 2.7, increasing awareness and ownership of compressed air waste can improve long-term engagement with energy-efficiency initiatives. Involving employees in future reporting processes may also reduce resistance to change and improve adoption (Kotter, 1996).





[bookmark: _Toc231142945]Chapter 8: Conclusion
This project demonstrated that substantial reductions in compressed air waste can be achieved through relatively low-cost demand-side optimisation measures focused on leak remediation, pressure rationalisation, and improved system visibility.
The findings confirmed that a significant proportion of compressed air consumption at the Renishaw Miskin site was associated with avoidable losses, including recurring leaks, excessive regulator pressures, and non-productive machine demand. The work also demonstrated that many of these inefficiencies had become largely invisible within the compressor system prior to monitoring and intervention.
The project directly addressed the three root causes identified previously in Section 1.2 by improving leak detection, increasing monitoring visibility, and introducing a more structured approach to pneumatic maintenance and optimisation.
By April 2026, the project had achieved validated annual savings of approximately:
· £35,491/year from leak remediation,
· and £769/year from NC4 pressure rationalisation,
alongside measurable reductions in compressed air demand and associated CO₂ emissions.
Overall, the project demonstrated that long-term compressed air optimisation depends not only on technical improvements but also on proactive maintenance, improved visibility, and behavioural engagement across the organisation.
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Appendix 1: FLIR Si124 User Manual, applicable sections only. 
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Appendix 2 - Site-wide electricity consumption data 
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Appendix 3: Compressor data tables from October, February, March and April. 
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Appendix 4: Trend graphs from the EQ2 system showing airflow l/min for October, 
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Appendix 5: Data used for the CUSUM charts
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Appendix 6: Representative example of airleak data from Renishaw’s syteline system tracking breakdowns. 
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Appendix 7: FLIR ultrasonic leak detector cost 
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Appendix 8: Hayley's air leak survey quote
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Appendix 9: Risk assessment for pressurised compressed air system 
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Appendix 10: Permit to work. 
[image: ]





Appendix 11: Renishaw internal procedure for conducting a Risk Assessment.
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Appendix 12: A partial selection of pages from the Hayley’s leak survey report. 
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Appendix 13: Categorised Leak report spreadsheet
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Appendix 14: NC4 relevant pages of information.
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Appendix 15: NC4 audit tables for each machine class.
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Appendix 16: Written communications between plant maintenance and Renishaw applications team regarding the NC4. 
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Appendix 17: Keyence MP-F air efficiency module manual: relevant pages.
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Appendix 18: Keyence FD-EP flow/ pressure dual sensormanual: relevant pages.
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Appendix 19: NC4 pressure reduction results table.
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Appendix 20: Representative example of the MP-F air consumption data. 
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Appendix 21: MP-F air efficiency module data recording charts showing flow rate (Blue) and machine operating ratio (Orange). A sample of charts used.
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Appendix 22: Maxak FJV 250 (AM10/36) Running control screen on the HMI showing Automatic, Setting, Idle and alarm time data. A sample.
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Appendix 23: Breakdown logs from Syteline associated with AM10/36. 
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Appendix 24: Selection of EQ2 Airnet trend graphs used for CUSUM chart analysis from weekly readings in October, March and April. 
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Appendix 25: Nylon recoil hose to potentially replace the Polyurethane hose.
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Appendix 26: Polyurethane recoil hose which currently is used for Ramtic arm. 

[image: ]

Appendix 27: Written communications with Atlas Copco regarding EQ2 power and energy monitoring limitations.
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Appendix 28: Quoted costs for Keyence components required for the data monitoring
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Appendix 29: Quoted costs from Hayley Group Ltd forcomponents required for the leak remediation 
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Appendix 30: Norgren 1/4 in G Filter Regulator Lubricator,which was ordered as part of the remediations. 
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+ Power mode s useforlocalzation and classicaton o igh-volage part-
adacharges.

T avaltie funcions,setings,anraa-me anlyss nformation'n he

usornerace deper on th seected applcaton mode

A exampl of the graphical user nerace o tha camerais shown balon.

8.1 Heatmap

T i viw ofthe use tetaca shas the camara image wih a hssimp
‘variayed on top.The heaimap shows 3 location of hestorgast sound
Source (snge-source mods) or multpleSound souces (mutl-soutce mods).
Ters ara o diferen type.ofclor modes for dsplayingtha neaimap.
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User inertace.
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T location coormarda shovs sach sound source withseveral cifrent o
ors. ranging rom b o rod. The cener ol he sound sources s shown wifh
ted coor, wie thecolor graduallychanges via yelow, groen, an cyan o
Bl outwards o he cener o he sound surce. Th locaton coor made
isacive n e Power applcation mode.

T g olo madk shows aach sound source wih  single colr accars
ingto e fensity o the soun sourca. The srength coor mad s acie in
he A sppication mode. (Exception: When the SLM itar s ensbled m A ap-
picaton mode, theocaton color modo s acive )

I addtion o thaheaimap, 1 ocatio of he stongest sound source s
Shoun wiha small crosshai. W (aking asnapshl, e sound arving
o the diractio of e crosahsir il be recorded. Appication specit e
tma nlyss il a0 s e sound aming fm the eection of he

82 Take snapshot

Press tho snapsiot buton 1o ako @ snapshl coraining the curent camora
image and hastmap s wel s & shor recorcing of the srongestsound.
Source. The dirction of he tonges sound sourca s shown wita rose
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T racord mo s by deaul 2 seconds and can be salecte by he user
Whenpressing the snapshat uton, the previous 2 seconds o the sound
o the sionget source il be savec. Tis mesne, htf you a cbsening
2 sporadic ven,you can prass the snapsihot buton mmedatay afr you
Have cbservad . This s means hat  ecommendad f keep the camera.
tabl for aow soconds befrs taking a snapshl n odar (> get aclearsgnal
o the surce o ntarest.

When aking  snapshot  keyboard wil b isplayed, whih you canuse o
antor ptionalcoments about thesnapshol. Ate enering commeris ress
he buton n e upper right orner o s e commens and the snapshat

o saue thesnapso,prss i garbage b ot

8.3 Snapshot browser

T number ofsnapshots curarty save onhe camera s shown o heright
o the snapshot rowser buton. I thore &t wo dots visble ot o the -
bersnapshols arecutent being uploaded 0 the FLIR Acoustc Camera
Viewer.

Press thobuton o browsetough thesnapshots. On the ottom of the
scroan rumbal of e snapshots are show, and you can srol rough
thas ozontally Wnen you prass a tumbal, e snapshot wl o shown
together wih addidonalnormaton.

Note Noto tat snapshots arenot avalaio i he snapshot rowse aftr
ey have been uploaded t he FLIR Acoustc Gamera Viewer Sarice oo
pored 0.8 USE mamry stk
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User inertace.

T cameras squipper witha 2x digtal zo0m, i can ba used forcose
up snapshets. Pross i 200 buifon o z00m o 200m ot

8.5 Single-source / multi-source mode

Press the single.source  mu-scurce uton 0 togie between e o
moces. Insine-soutce mods, i camera shows onl he sound saurce i
he i itensiy (it  cossha on o). her ars il sound oue-
s wih o same o amast i sama tensiy, ey il 2l e chou

I mut source mod, thecamera shows muliple sound sources i dferent
intrsiies The sound source wih tha ighast ntansty il b shown wih
roseha on op Not al sound soures vl oa shown. Fo axampi,f iers s
avery srong sound source shown, very weak sound sources i ot be vis-
bl athe same .

T sca wesker sound sources (i aither single sourcs o i sourcs mode),
postion and rlae he camera 5o tha songer sound sources ara ulsde he
Feldof view. You ca aso use the om buton o th i of i

86 Screen brightness

T brighiness of e isplay can b ausiad by pressing the brghtress ut
on This s usetul to mak the diplay readable e diferent ghing cond:
s (ndoorsoutdoors).

oo TG com
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User inertace.

8.7 Settings

Press th setings buton o show the avallabl sotings:

+ Network setings
+ Change mode

+ Advanced sotings.

871 Network sattings.

Press tho Uploa snapshots buton 0 anatiaidisablo automalic upload of
snapshots o the FLIR Acoustc Camera Viewr cloud sevice. For more rfor-
miton, sea secion .12 Clous upoad.

Press the Enatle i buton 1 show th svaiabla i setings.

Whenpressing he Select i buton the amera il scan fo by i et
worke Afer e scan, st of th foun netuorks wilba shown. I casa the
i etk ot sh o connec to st show up,y ming coser othe.
Wi access pont. Oce you ind and elec thadosied natwor, you willbe
25K 1 ater 1 i paEEwor. Flease nols hat sl i nebworks ars ot
Supperted, ony secure willpetworks ae supporied The camera 3ccopls i
nefworks tht require password npu (il networks tatreqire both user
name and password).

A o reproseniing the wi connaction stats and strangh s shown o he
tight o thesatings buton:

I
i
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User inertace.
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872 Change modes
Press the Cang mod butonto seactthe appiation mods; Airor Power

873 Advanced sattings

Press the Achanced stings buton t sccess parametr satings for reskime
analysis cacultons, such s leak sze an costestimaton.

8.8 Filter

Presa th fitar buton to switch betwasn dferent e, The avaiabl iers
depends on he selectad applicaon mode. T itrsypically change o
naguency ange tat e camera use for showing sond soces. Tha same
raguency anga s alo used when taing asnapsh and tha sound s
ecorded

Ty the difrent avallabe it sotings 0569 which flr serves your ppics
o best Remember tht the most approprias e might vary o case o
Case, and deperd ot ony o he sound source offerest, bt alsoon th
Backround ntee. For mor infomation an chiooeing H1ers, 568 sachon 9.2
Locatng sound soures and aking snapshos.
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User inertace.

8.9 Distance

o
[2.0n ]

In Al appicaton mode, you an use the+ and - butons (0 seect he distance.
that you rink s closest e rea disance o ha sound souce. Th distance
i< used 1 compansat orhe fac 1t the ety of sound & recuced over
dstance. s iformatin s uiized i the appcatospecf roabime analy-
S for s calcuaion of he sk 528 ssima.

8.10 Frequency

T camera utomatecllyrecogrizes th powarina requenciss 0 and 60
H. InPower application mode, 15 possive o manaly et cfer requen-
cio. Press th roquency buton > Swich betwoon aufomatcand manual sel-
g Usa o and - butons o select e frcuency.
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8.11 Real-time analysis

Raaktime ansyss resuts s shown athetopofthe raphica ser interfce.
T foelndocibelsofsound arhingfrom e stonget source (shown Wi
a crosehai i presarted. Th sl m anatyis a0 rovides sdonsl n-
formaton about prtiems elate o the spec agpicatn.

8.12 Cloud upload

When connectet 1 e Internet i i, the camara il sutomaticaly uplc
any srapshots on e davice 10 the FLI Acousic Camera Viowsr loud sorv-
ica. Next 01 anpatiot browser btion,th rumbr of snagehots curenty
anna detice i shonn. Two ot et e number dicae hat snspshots
arocumanly baing uploaded o tha coud.

8.13 USB export

Srapshols on e camera can b exported 0.2 USB memory séck. Open he
USE pot cover on o of the camera an insert 1 memory Sick i hs USB
por.Check hat e orintation o the memory sick and o port s corest b
foreinsering he sk

T camera il racognizs the inseted memory stk and sk fyou want
{ransto sapahots o the USE devi. Hyou pess Yes, he tansfr wl ogin
During e ranste, e progress i 1 ceplyec, ani e ransarcan be
abortad by ressing th Siop bution. Snapahols seacy tandfared o he
mamoryshck wil ramiain on th i and napenotsnot vansfaned il 1.
meinan he camere, Do ot remove the memory sick from the USB port
whils thetransfer is i progress. as 5 may corrpt e s systam on he
memory sk Once th franeer has been successiuly completad (or borisd
i Stop bution was prossed), the mainvew o ho raphical user nrace
isshown, and e ey tckcan be emoved fom he USE por. Remarn-
ber o ut the USB portcover back i lace

T snapshots ransferd f the mamory sick can s browsee on a com-
puter. O i USB sick, e snapaots arecrgaized n sublolders which
e be browssa,

Srapshols ranstare o amemery sick il ot be auomatcally ploadd o
the FLIR Acoustc Gamera Viewer.The snapshls can however, 56 uploaded
ata later pont in6me from i memory ik orohe sorage locaton using
the Oftin s upload featrs ofth FLIR AcoustiCamera Viewer
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FLIR Acoustic Camera
Viewer

Tl FLIR Acoustc Camara Viewerclaud servics xpands your sound imaging
exparience by offeing various analysis methods or o sound image and e
sl o serves a8 storagefr anapehots faken, and can ba e for
generating apors.

Tosccass the FLIR Acoustc Camera Viewsr ervicss, use 8 moderm wet.
browser and nter e folowing acrese:

Log inusing e userame and password povided with e camera. you
Rave ot your logi formaion,

10.1 Browse through snapshots

v

Orca logger 10 the FLIR Acousit Camera Viewsr, he mainview Iss the
Snapsnots aken wih thecurenty Sleced camera o cameras. The snap-
Snotsar ordord by date fram newest o ides. Each pag shous alimted
number o snapshots an you can navigato ack and oth Frough e pages
Using he number an artow ks a th batiom of e page. When moving e
‘Cursoron o of a napso,you il 30 e commanis ha were etered
when thesnapehot v taken, I no commants e entred when e ansp-
snotwas taken, thodevic-gnerated label wil boshown nscad. Symbels
that might ba tsplaye o op o th snapshs ae ralated o applcation-spe-
it analysi. On e e 8 o ths aach naehot 3 colortar £ nown. The
heigh of e colobar raprasens he sound ovel
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FLIR Acoustic Camera Viewer

10.2 Snapshot view

Wihen cicking on snapshl n e main view of the FLA Acousic Camera
Viewer,a viw ol inat snapsht wi b apened. O the pper It ou can see
the camra image and i acoustic eatmap cverayed o 1op o . Abova the
image, tha comments entared when aking i snapshl ra shown. 70
‘ommenis were ntare, the dovicegeneratd abel s shown ntaad. On the
It sidof he mage coloroar s shown. Th height of e colobar repre.
Sents he sound evel I s f Snon 1 he gt of e mage (Measured
a2).

Undorneath he mage, her s a range e rat can b used o adus the
dhnamc range o the coust heatmap. nrease th range o he It view
ha extontoflage sound sources, o (0526 weaker sound soutces when
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From: Shannon Willcox <Shannon Willcox@Renishaw.com>
Sent: Thursday, December 11, 2025 11:08:11 AM

To: Martin Bird <Martin Bird@Renishaw.com>

Ce: Andrew Stott <andrew.stott@renishaw.com>; Ryan Lewis <Ryan.Lewis@Renishaw.com>

Subject: Re: Compressed air / Energy costs

Hi Ryan

« The cost of the day and night tariff rate of electricity from 2023, 2024 and 2025.
2023 - Day 23.53P Night 17.89P
2024 - Day 23.63P Night 17.89P
2025 - Day 23.63 Night 17.89

« The total electrical energy usage per year 2023, 2024 and 2025.
2023 - 12,884,746.20 KwH
2024 - 14,964,950.30 KwH
2025 - 14,803,926.10 KwH
« The climate change levy rate of 2023, 2024 and 2025.
2023 -0.775P
2024 -0.775P
2025-0.775P
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Hall 1: Baseline data from Oct 6 (Monday). October 8 (Wednesday) and October 10 (Friday) 2025

Calculated flow |VSD speed Accumulated VSD Running % Power Cost  |Running (OUTLET TEMP
Compressor _|Running hours | (s) (pm) Motor starts | Module (hours) |volume (m"3) [0-20% 2040% [4060% 60-80% 80-100% input (kW) | pressure (Bar) |(DEG C)
MSK 16 (Mon) 7,110 85 4,380 39 160 2,000,000 29 4 12 15 40 31 701 68
MSK 16 (Wed) 7,120 89 4,520 39 165 2,100,000 27| 3] 1 14 45| 325 7.02 69
MSK 16 (Fri) 7,140 81 4,250 41 155 2,140,000 30| 5 13 16 36 301 7 67
MSK 17 (Mon) 9,510 92 4,800 35 10,400 2,100,000 41 3] 13 28] 15 348 7 68
MSK 17 (Wed) 9,520 97 5,000 37| 10,430 2,150,000 39 3] 12 27| 19 36.5 7.02 69
MSK 17 (Fri) 9,550 88 4,600 37| 10,370 2,200,000 42] 4 14 29| 1 335 6.99 67
MSK 18 (Mon) 6,810 94| 4,880 18 6,870| 2,100,000 0 2 13 28] 1 352 6.98 14l
MSK 18 (Wed) 6,820 100 5,100 18 6,900| 2,150,000 0 1 1 26| 62| 371 6.99 73
MSK 18 (Fri) 6,850 90 4,700 18 6,840 2,200,000 0 2 14 30 54| 342 6.97 70
MSK 19 (Mon) 7,660 114] 5,920 19 7,780 2,850,000 3 2 12 31 52| 44] 701 79
MSK 19 (Wed) 7,680 120 6,150 19 7,820 2,900,000 2 1 10 29| 58] 46 7.02 80
MSK 19 (Fri) 7,710 109 5,750 19 7,750| 2,950,000 4 3] 13 32| 48| 425 7 78
MSK 20 (Mon) 9,050 76 4,000 31 10,300 2,630,000 22| 4 14 26| 34] 285 6.95 65
MSK 20 (Wed) 9,030 81 4,220 32] 10,340 2,680,000 20 3] 13 24| 40 302 6.96 66
MSK 20 (Fri) 9,080 72| 3,850 33 10,260 2,730,000 23] 5 15 27| 30 274 6.94 64]
Average 8,043 9 4,808 29 7103 2,392,000 1838 3 1256 255 37 349 67 703
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Hall 2: Baseline data from Oct 6 (Monday). October 8 (Wednesday) and October 10 (Friday). 2025

Calculated flow |VSD speed Accumulated VSD Running % Power Cost  |Running (OUTLET TEMP
Compressor _|Running hours | (s) (pm) Motor starts | Module (hours) |volume (m3) [0-20% 2040% [4060% 60-80% 80-100% input (kW) | pressure (Bar) |(DEG C)
MSK 21 (Mon) 1,420 80 4,150 10 3,050 505,000 9 23] 21 40 352 6.58 68
MSK 21 (Wed) 1,428 83 4,250 10 3,070 510,000 8 22| 20 44| 387 6.6 70
MSK 21 (Fri) 1,435 78 4,080 10 3,060 525,000 10 24| 22| 37| 36.5 6.59 69
MSK 22 (Mon) 1,320 10 3,050 430,000 10 12 23] 18 37| 14
MSK 22 (Wed) 1,328 10 3,070 432,000 10 12 23] 18 37| 14
MSK 22 (Fri) 1,345 10 3,060 435,000 10 12 23] 18 37| 14
MSK 23 (Mon) 1,425 112] 5,850 16 3,080 355,000 32] 8 22| 20 18 475 6.57 83
MSK 23 (Wed) 1,430 117] 6,050 16 3,100 365,000 30| 7 21 19 23] 492 6.58 85
MSK 23 (Fri) 1,442 108 5,700 16 3,090 375,000 33 9 23] 21 14 4538 6.56 82]
MSK 24 (Mon) 1,330 74] 3,850 1,190 3,370 375,000 20 7 26| 31 16 315 6.58 65
MSK 24 (Wed) 1,338 78 4,000 1,192 3,390 370,000 18 6 25| 30 21 3338 6.59 67
MSK 24 (Fri) 1,345 7 3,750 1,195 3,380 390,000 21 8 27| 32| 12 299 6.57 64]
Average 1,382 89 4,631 307] 3,148 422,250 18 8 24| 23] 28 39 7] 58
75KW (Mon) 61,500 1,310 1,480 64,000] 35,500,000 3 10 28] 33| 26| 65
75KW_(Wed) 61,800 1,330 1,490 64,300] 35,800,000 3 1 29| 34] 23] 66
75KW _(Fri) 61,600 1,300 1,475 64,100] 35,600,000 3| 1 29| 34| 23] 65
Average 61633 1313] 1.482] 64133 35633333 3 107 287 337 24 653
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Hall 2 - 5th Feb.

Calculated flow |VSD speed Accumulated VSD Running % Power Costinput  |OUTLET TEMP
Compressor Running hours | (Is) (rpm) Motor starts__|Module (hours) |volume (m*3) [0-20% 20-40% 40-60% 60-80% 80-100% (kW) (DEG €)
MSK 21 1,601 7 403¢] 1 3257 497,000 10 7 2 21 36 281 65
MsK 22 1492 0 0 1 3257 421,000 10 12] 23 18] 31 14]
MsK 23 1603 109| 5727 18] 3.260 347,000 34 23 20 14417 @ 6.558AR 81
MSK 24 1.507] 7 3729) 1202 3594 363000 2 27 31 12[266 @ 6.57BAR 63
75KW COMPRESSOR 61265) 1292 1494 64438] 35703000 4 12] 30 35 19) 65
Hall 1 - th Feb

Calculated flow [VSD speed Accumulated S DHinnyEs! Power Costinput | OUTLET TEMP
Compressor Running hours | (Is) (rpm) Motor starts__|Module (hours) |volume (m*3) [0-20% 20-40% 40-60% 60-80% 80-100% ) (DEG C)
MSKC 16 7383 &) 4278 40 182| 2038000 31 4 12] 15| 38[299 @ 7BAR 67,
MSKC 17 9740 89 4686| 36 10573 2090000 4 3 13] 28 16[33.6@ 6.99BAR 67
MSKC 18 6996 % 4698| 19) 7000 2024000 2 13] 29 56/33.7 @ 6.97 BAR )
MSKC 19 7874 110 5769) 20 7931 2836000 4 2 12] 32 50/423 @ 7BAR 7
MSKC 20 9245| 7 3861 32 10547 2597000 2] 4 14] 25 33]27.2 @ 6.94 BAR 64
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Hall 2 - 10th March

Calculated flow |VSD speed Accumulated VSD Running % Power Costinput  |OUTLET TEMP
Compressor Running hours | (Is) (rpm) Motor starts__|Module (hours) |volume (m*3) [0-20% 20-40% 40-60% 60-80% 80-100% (kW) (DEG €)
MSK 21 2,520 115 6015) 14] 4632] 689,000 18] B 23 2 23432 @ 6.57 Bar 81
MSK 22
MSK 23 2741 7 397 2 4034 705,000 20 2 2 21276 @ 6.55 Bar &3
MSK 24 2771 1206 4967 742000 12] 30 33 16]
75KW COMPRESSOR 61835) 1284 1499 65788 35913000 4 12] 30 35 19) 65
Hall 1 - 10th March

Calculated flow [VSD speed Accumulated S DHinnyEs! Power Costinput | OUTLET TEMP
Compressor Running hours | (Is) (rpm) Motor starts__|Module (hours) |volume (m*3) [0-20% 20-40% 40-60% 60-80% 80-100% ) (DEG C)
MSKC 16 8627 1 5811 43 1486 2493000 27 3 13] 19) 38]42 @ 6.76 Bar &3
MSKC 17 10756 89 4680 4 11876) 2441000 39) 3 13] 28 17[342@7Bar 7
MSKC 18 8234 16] 999 2 8304 3070000 1 13] 31 54[8.2 @ 6.96 Bar 51
MSKC 19 8984] 91 4785) 26 9232| 3258000 3 1 12] 32 52[343 @ 6.98 Bar 7
MSKC 20 10212 12 5862 38 11851 2907000 2) 4 16] 27 31/428-@ 6.91 Bar 84

off

stopped
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Hall 2 - 27th April

Calculated flow [VSD speed Accumulated S DHinnyEs! Power Costinput | OUTLET TEMP
Compressor Running hours | (Is) (rpm) Motor starts | Module (hours) |volume (m'3) _[0-20% 20-40% 40-60% 60-80% 80-100% ) (DEG C)
MSK 21 3.469 0 4212] 15| 5775 1024000 13| 6 2) 2 33]293 @ 6.69 79
MSK 22
MSK 23 3505 121 5305 2| 5777 552,000 78] 10 2 2 T8[443 @654 &3
MSK 24 3.49 1207 6110 918000 12| 12| 2 32 6]
75KW COMPRESSOR 62978] 1258 1499 66931 36294000 5 13| 30 34 18] 66 65
Hall 1 - 27th April

Calculated flow [VSD speed Accumulated ¥SDIRmmingid Power Costinput |OUTLET TEMP
Compressor Running hours | (Is) (rpm) Motor starts__|Module (hours) |volume (m*3) [0-20% 20-40% 40-60% 60-80% 80-100% (kW) (DEG €)
MSKC 16 9539) 9% 4524 4 2625| 2777000 2 3 13| 2 36/35.1 @ 6.97 75
MSKC 17 11896] 114 5000 4 13015 2879000 3 3 12| 2) 22[14.@69 7
MSKC 18 9373 112 5832] 2 943] 3429000 3 1 1 31 54[429 @ 6.92 79
MSKC 19 4260 2 10371 3403000 3 1 12| 3 50
MSKC 20 11352] 2 61 3 12950 3304000 20 3 15| 2) 3333691 70

off

stopped

stopped
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FLIR Ultrasonic Leak Detector, 5 in Display

RS Stock No.: 267-6386 | Mfr. Part No.: FLIR Si124-LD Plus | Brand: FLIR

$FLIR

Subtotal (1 unit)*

£7,399.00 £8,878.80

(exc. VAT) (inc. VAT)

Units

Select or type quantity

1 +

Check delivery dates

7 Add to basket

(D FREE delivery for orders over £60.00

@ Last RS stock

* Final 2 unit(s), ready to ship from
another location
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INVOICE ADDRESS

RENISHAW PLC
NEW MILLS

WOTTON -UNDER-EDGE
GLOUCESTERSHIRE

HAYLEY GROUP LIMITED
Hayley Wales

Unit 9

Queensway Meadows Industrial Estate
Newport

Gwent

NP19 4SP, Wales

Tel: 01633 280088

Fax: 01633 280055

Email: wales@hayley-group.co.uk
Web: www.hayley-group.co.uk

HAYIEY

DELIVERY ADDRESS

RENISHAW PLC
MISKIN BUSINESS PARK
PONTYCLUN

INTERNAL LABOUR CHARGE
- PER DAY

GL12 8JR CF72 8XY ‘ QUOTATION ‘
ACCOUNT NO. QUOTEDATE _ QUOTE NO. TAKEN BY YOUR REFERENGE DEL DATE DEL METHOD PAGE NO,

113798 12/12/25 10736680-00 |WAJW SURVEY 12/12/25 Tof 1

M DESCRIPTION PROMISE DATE _ QUANTITY UNIT PRICE PER OIS EAcH LINE TOTAL
1 AIR LEAK SURVEY 12/12/25 1.00 750.0000 |each 0.00 750.00 750.00

VAT REGISTRATION NUMBER: GB 292 0546 04.

TOTAL (Excl. VAT) 750.00 | Gep

LINE PRICES EXCLUSIVE OF VAT

Subject to Hayley Group's terms and conditions
All quoted lead times are from the date of order





image70.png
[Document / Issue 1 [Date [09/04/2026
|Assessment No.  |RA-COMPRESSEDAIR-01

[ Working on pressurised compressed air lines (repair.
|Assessment Title | modification, or maintenance)

Miskin site — production halls 1 & 2, compressor house.
[Location /Area|ring main distribution
|Assessor Ryan Lewis Supervisor [Dan psm/

Thomas  SsM

[Process Expert (if
lused)

Dan Thomas - Plant Maintenance Manager

1. Description of Activity

Repair, replacement, or modification of compressed air pipework. fittings, hoses, regulators, valves, FRL assemblies, or end-use
‘connections on systems operating above 0 bar (typically 67 bar).

Activiies include]

ceoe

Tightening fittings, replacing hose sections, resealing threads
Replacing leaking regulators, valves, push-fit connectors.
Installing or removing monitoring equipment.

Re-routing drop lines or modifying distribution networks.

A Permit to Work (PTW) is required before any work on pressurised lines.
‘The permit will be issued by the responsible Supervisor or DSM after confirming isolation, depressurisation, and safe system of

work.

Renishaw PLC

RA-COMPRESSEDAIR-01
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2. Hazard Identification

[Fazard [Harm that could occur [Existing controls / notes
|Air ines normally at 6-7 bar.
Even small leaks can eject
|Stored energy — |Sudden release of compressed air causing whipping hoses, flying | particles or cause fitings to
Ipressurised air |debris, struck-by injuries, eye damage, eardrum rupture detach

Machine may still have stored

Uncontrolled |Sudden movement of machine components (e.g.. pneumatic cylinders, air in receivers or local
[depressurisation |ctamps) f air is released without blocking accumulators.

Hearing damage from sudden air biast or prolonged hissing from a
Noise large leak Peak noise > 120 dB possible

[Working at height

Falls from ladders or MEWPs when accessing overhead fing main or
ldrop lines

[Many air lines run at ceiling
height (4-6 m).

[Manual handiing

[Strains, sprains, crush injuries when handiing heavy pneumatic
|components or tools

Reguiators, pipe sections,
tools.

Entanglement / pinch
Ipoints

Fingers caught i fitings, couplings, or during assembly

Small bore connections
require force to seat

Hot surfaces

[Buns from compressors or dryer discharge pipes

I working near compressor
house after operation

|Siips, trips, falls

|Spilled oil, coolant, or tools on workshop floor

|Common in CNC machine
areas.

Additional company measures (already in place):

Renishaw PLC

RA-COMPRESSEDAIR-01
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3. Risk evaluation (Without additional controls)

Permit to Work (PTW) — mandatory before any work on pressurised lines. Issued by Supervisor/DSM.
Lockout/Tagout (LOTO) — a personal padlock and tag on an isolation valve. The key stays with the operator.
PUWER - all hand tools and power tools must be suitable, maintained, and inspected before use.

PPE (minimum) - safety glasses (impact-rated), safety boots, gloves. Hearing defenders if required.
(COSHH - if using thread sealant or degreaser, refer to EHS209 and wear nitrile gloves.

[Likelihood (L) Severity (s)
[Hazard 15 (1=rare, 5=very likely) |1-5 (1=minor, 5=death/major injury) |Risk score (L x S) |Risk level
Pressurised air release 4 4| 16 High|
Uncontrolled
[depressurisation 3 5| 15 High|
Noise 3 3| o[ Medium|
[work at height 4 4 16 High|
[Manual handiing 4 2 8] Medium|
Entanglement / pinch points 3 2 6] Medium|
Hot surfaces 2) 2 4 Low|
[Siips, trips, falls 4 2 8] Medium|
Risk matrix (as per company standard):
1-5=Low, 6-12=Medium, 13-25=High
Al High risks require immediate additional controls before work proceeds.

RA-COMPRESSEDAIR-01 3
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4. Control Measures

rarchy - Section 6 of EHS267)

[Fazard Control Measure [Hierarchy level
Isolate and depressurise the section of line before breaking any

Pressurised air connection. Use local isolation valves or a lockable compressor

release isolator. Depressurise via a controlied bleed valve. Elimination

Uncontrolled Double block and bleed where possible. Ensure machine accumulators

|depressurisation are drained and cylinders are in safe position before opening the line. | Engineering
Use hearing protection (ear defenders) if a sudden release is possible.

Noise Ensure others in the area are wamed PPE (but only afer elimination)
Use a suitable mobile elevated work platform (MEWP) or fixed ladder

[Work at height with a guardrail. Never lean from a fadder while holding tools Engineering
Use two persons or a liting aid for heavy regulators/pipe sections.

[Manual handiing Keep your back straight; avoid twisting |Administrative
Keep hands clear during fiting assembly. Use appropriate tools (9.

Entanglement O-ciip pliers). not fingers. |Administrative
[Allow compressors / dryers to cool before working. Wear heat-resistant

Hot surfaces gloves if necessary. PPE / admin

[Stips. trips. Keep the work area clean. Contain any oil or coolant spills immediately. | Administrative

Renishaw PLC

RA-COMPRESSEDAIR-01
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5. Permit to Work (PTW) Requirements

Per company policy and EHS267 Section 4 (Scope and Limitations) — high-risk work requires formal permit

» PTW must be obtained from the Supervisor or DSM before starting any work on pressurised i fines.
» The permit will include:

Exact location and line identiication
Method of isolation (valve number, lockout tagout).

Confirmation that line s depressurised (pressure gauge reading zero / bleed valve open).
Names of authorised personnel.

“Time limits and handback procedure.

» Nowork is permitted on pressurised lines without a valid PTW.
» After work is complete, the permit must be closed out and the line re-pressurised only after a visual check that all fittings are
secure.

Renishaw PLC RA-COMPRESSEDAIR-01 5
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6. Re:

ual Risk (After Controls)

[New Risk
[Hazard New Likelihood | New Severity | Score Residual Level

Pressurised air release 2| 4 B Medium|
Uncontrolled depressurisation 2| 5| 10 Medium|
Noise 2| 3| B Medium|
[work at height 2| 4 B Medium|
[Manual handiing 3| 2| B Medium|
Entanglement 2| 2| 4 Low|
Hot surfaces 1 2| 2| Low|
[Stips. trips. 2| 2| 4 Low|

Al residual risks are Medium or Low and are considered as low as reasonably practicable (ALARP) given the controls.

‘The permit system ensures that isolation and depressurisation are verified each time.

Renishaw PLC RA-COMPRESSEDAIR-01
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7. Actions Required

[ction [Actioner Target date| status

[Create a standard Permit to Work form for pressurised air lines. | H&S Coordinator| 01/01/2025] Complete (Existing document)
Provide training to maintenance staff on isolation &

ldepressurisation procedures. Ryan Lewis| 22/05/2026| Open|
Ensure alllocal isolation valves are clearly fabelled (iine 1D & Maintenance|

lpressure rating) Manager| 3110512026 Open|
ssue a PTW before any repair work on the ring main (ongoing

[control) Supervisor / DSM| Every time| Ongoing|
8. Review

This risk assessment must be reviewed

* Atleast every 2 years (per EHS267 Section 3).

» After any incident or near-miss involving compressed air

» After any significant change to the compressed air system or work method.
Next review date: 19/05/2028

9. Signatures

IRole. Name Signature Date

Risk Assessor Ryan Lewis 09/04/2026|
|Supervisor

DSM / SSM

Renishaw PLC RA-COMPRESSEDAIR-01 7
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EHS267.04 RENISHAW

Procedure for Risk Assessment

[—rT—— e o1 | owe v

Document Tile
Procedure for Risk Assessment

Summary I Scope:

‘This document detais the company's policy and procedures for the undertaking of Risk
Assessments.

Reason for Issue  Nature of Change
Issue 01— First Issue; Obsoletes HS313.06 Risk Assessment Procedure

Issue 02 _ June 2021 — Full Review — UK References femoved for Giobal Compliance; UK CA
marking included n Section 7

Issue 03— May 2023 - Full Review - PUWER criteria updated.

Issue 04— 12/052025 - Tile amended fo Procedure forrisk assessmen and Prefix changed fo
EHS. Group Health and Safety Team references changed o Group Environmenl, Heallh and
Safely Team. Updates: Procedure references in section 2, DS/ SSM responsibles in section
5, documents, references and futher informaion in section 10, and process flow diagram in
section 11

Distrbution
‘Avalable electronically ithout restricton via Renishaw Company Intranet

“Author Reviewer

X X

Reviewer Reviewer

X X

Page 10f7

EHS26704
Procedure for Risk Assessment

Contents

1. Introduction to Risk Assessment,
2 Pupose

3. Risk Assessment Policy

4. Scope and Limitations.

5. Defintions and Notes.

6. Hierarchy of Control

7. Specific Information on PUWER.

5. Roles and Responsiviltes.

. Health & Safety Management System Process
10, Further Information.

11, Process Flow Diagram

RENISHAW

Page2of 7

EHS267-04 RENISHAW.

Procedure for Risk Assessment

1.

Introduction to Risk Assessment

As part of managing health and satety, Renishaw must control the isks that empioyees.
and non-employees are exposed to as parlof e company's actvties

To do this we must think about what might causs harm (injury and/or il health to people.
and decide whether here are reasonabl steps n place o prevent that harm. This s known
a5 a risk assessment, and it s something that v are required by aw fo carry out.

A tisk assessment is not about creating large amounts of papervork but about identying
the risks within the workplace and appying sensible control measures fo eiminate or
reduce the risk.

Purpose.

Renishaw has a duty to ensure that, o far as is reasonable and practicable, work is safe
and wihout rsk. This also covers persons not at iork but who may be afiected by the
‘employers undertaking.

Renishaw is required to undertake a suitable and sufcient assessment ofrisk of all work
“This s somefimes referred to as a generalrisk assessment and looks at al aspects of work
that could pose a sk to health The purpose oftis policy is o adress the assessment of
tisk under locaised legisiation where applicable

Other legisiation, notably the COSHH Regulations (UK), Chemicals Act (ChemG)
(Germany). Occupational Safety and Health Act 1870 (the Ac) (USA) and the Display
Screen Equipment Regulations (UK) also require risk assessments of specifc areas of
work_These duties are similar 1o the generic isk assessment but are detailed under other
policies and procedures. examples of these are EHS243 Display Screen Equipment
EHS277 Procedure for New and Expectant Mothers, HS252 Personal Emergency
Evacuation Procedure (EHS252)

Risk Assessment Policy

All Divisions and Subsidiaries willundertake sttable and suffient health and safety risk
assessments approprate to the risks 1o health, o which employees or other people may
be exposed 10 or affected by Renishaw’ Company actiies.

Insirumentalin developing safe systems of work s the knowledge of isks present These
fisks and the conrol measures or safe systems of work are identfied through the risk
assessment process.

“The Company wil therefore ensure that suitable and suffcent isk assessments are made.
and that measures are identiied {o reduce these risks 1o the lowest level which is

reasonable and practicable.

Primary responsibity for ensuring these specilrsk assessments are undertaken s with
the Divsional General Managers / Subsidiary Difectors. Specifc isk assessmens wil be.
included in the rik assessment program and progress of the programme will be revievied
inthe Divisional  Subsidiary Health and Safety Reviews. Indvidual sk assessments must

Page3of 7
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be revievied uhere there has been significant change of reason 1o believe there has been
change or atleast on a biennial basis

Each Division/ Subsidiary will appoint suffcient competent isk assessors and ensure they
are given reasonable resources, training, and fime o complete risk assessments in ine
with the risk assessment programme.

Alisk assessment findings must be communicated to affected employees

Risks wil remain the responsiilty oflocal management to actively manage and address
and escalate as necessary {0 either the Group Emvironmental, Health & Safety Team or
appropriate Site / Board level.

4. Scope and Limitations

A isk assessment is not an exercise {0 identiy and lst obviously presenting hazards or
control falures (9. 2 broken electrcal sockel, 3 small o spil,  irafing cable o). These.
hazards should be eliminated in a imely fashion (deally immediately) hrough appropriate
local area management and training. Hazards and remedial actions may be recorded
using the Risk Assessment Form (EHS428) as a prompt, all hazards and femedial actons,
must be loaded onto the online Health and Safety Management System.

5. Definitions and Notes

Hazard “Anyihing which has the potental o cause harm.
Fora hazard to cause harm, a hazardous event must happen.

“The faw requires us o identiy and consider only hose.

hazardous events that are reasonably foreseeable

o ‘A combination of the ikelinood that a hazardous event vl ocour
and the consequences if it does. If the ikefhood of a hazardous

event increases andJor ts consequences become more severe,

the isks associated with the process of area ncrease.

Control Measures | PPYSIcal andlor procedural steps fhat are implemented fo
reduce risk by reducing ikelinood, consequence, or both

Control measures should be selected in order of priory of their

refiabity and efleciveness, according {o th hierarchy of control

(See Secion &)

“The level offisk Thal emains afte confrol measures have been

implemented.

Residual Risk

“The law requires that residual sk be as low as reasonably
practicable, which means balancing the rsk being considered
againstthe cost, time, effot, and inconverience involved in
imolementing the various passible conirolcofions

P
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6. Hierarchy of Control

‘When considering actons for controling risks, control measures should be selected and
implemenzd inthe flloving where possibi:

7| Eimination | Redesign the job so that he hazard s remaved. For example,
window cleaners use long handled t0ols rather than working at
height.
2 | Substiution | Replace the substance wilh a less hazardous one_Care should be
taken to ensure that the alternatve s safer than the original
3 [ Engineering | Instalor use additional machinery such as local exhaust
Gonlrols | ventiation o conirol rsks from dust orfume. Enclose of guard
dangerous fems of machinery / equipment to separate operators
from the hazard. Give pririy o those which profect colletivly
rather than indvidual measures, .. fied edge protection on 2

oof.
4| Administaiive | Identiy and implement 3 procedure which is needed fo work
Controls | safely. Limit the amount of ime viorkers are reduced o a hazard

through job rotaton. Prohibitthe use of mobile phones in
hazardous areas.

5 [ Personal | Only afte al the previous measures above have been fried and
Protective | found i effective at controling risks 10 a reasonably practicable
Ecuoment | lovel. must nersonal orotectve ecuioment (PPE be used.

7. Specific Information on PUWER — Provision and Use of Work Equipment

For assessment of equipment, Provision and Use of Work Equipment Regulations 1995
(PUWER) legislation applies. One of the coniros that should be In place for work equipment
is a completed Work Equipment Assessment (Ses EHS317 PUWER Work Equipment
Assessment Procedure_and EHS429 PUWER Assessment Form). Alhough all work
‘cquipment is covered vithin the legisiaion i is only equipment thal poses a signifcant risk
that could lead to major injury requires 2 PUWER assessment. CE or UKCA Marking does not
negate the requirement for a PUWER assessment

8. Roles and Responsibilities

The follouing roles are named on the Risk Assessment form witin the oniine EHES
Management system. Only the sk assessor needs fo be present during he assessmentisel,
attendance by the Supenvisor is optional, Process Experts or employees undertaking the tasks.
Should be present where required to provide insight.

Risk Assessor (fequired) - Person who has received formal, up to date and documened risk
assessmen frainng. The Risk Assessor has an advisory fole regarding proper undertaking of
the process and will rovide guidance on hazard identfication, required conirls, actons fo be
recorded and admirisiraon of the assessment. The Risk Asséssor s responsibie for ensuring
that data rom the EHS428 Risk Assessment form i transferred o the onine Health and Safety
Management system (and may conduct this administraion themseves).

Supervisor - The Supervisor i responsiblefor ensuring al acions for agiven Risk Assessment
are completed adequately and in a imely fashion

P
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Process Expert (Optional) - Person with defined and recorded expertise i the equipment and
processes being assessed

“The following roles shallalso be defined and recorded, athough they do not necessariy need
o be present during the assessment sl

Actiones - Person who shall complete and actions identified where required {0 adequately
Conirol a hazard. A single Risk Assessment may have several Acioners.

Divisional Safety Manager (DSM) / Subsidiary Safety Manager (SSM) - The DSM / SSM
responsibie for the area or process being assessed. The DSM / SSM is responsivle for
approving the actions and taking management responsibiy for their completion. The DSM /
SSM reviews the relevant Risk Assessment on the Health & Safety Management System and
confitms acions can be resourced appropriately and completed by the documented target
date. Ifthis s not the case for any control measure, the DSM / SSM must ensure an aftemative
appropriate action is recorded and target date is sel The DSM / SSM reviews Risk
‘Assessments submited for closure and eiher acivates thei closure orreturms them for furher
or atemative acton.

Where subsidiaries use competent extemal healih and safety providers (consultants) as
requited by local laus {0 conduct isk assessments, he risk assessment and actions must be
uploaded into the online Management System. Actions must be managed 1o their compietion

5. EHS Management System Process

To effecively manage Risk Assessments across the company and ensure appropriate fecords
are cenlrally and safely stored, an electronic system s in place. This uses an online
Environmental, Health & Safety Management System and can be found here.

A basic flow diagram Section 11 detais the procedural steps. Please refer o the guidance
document and “how to" videos (available on SharePoint EHS How To Video Gudes) for
detailed step-by-step quidance on using the EHS management sysiem 1o document risk
assessments.

10. Associated Documents, References and Further Informs

EHS425 Risk Assessment Form
EHS317 PUWER Work Equipment Assessment Procedure
EHS429 PUWER Work Equipment Assessment Form

EHS281 Workplace Ergonomics and Manual Handing Procedure:
EHS494 Ergonomics Assessment Form

EHS209 COSHH Procedure

EHS243 Procedure for the use of display screen equipment

Risk Assessment Fundamentals - HS Toolbox Talks  Workday Learning E-Course
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Air supply information

“The barer ar supply o the NC:4 unit mus conform to BS 1SO 8573-1 air qualy of Class 1.4.2 and be
maisture-fae. ! the ar qually cannot be guaranieed, an ai preparalion pack s avalabi from Renishav;
500 the NC4 non-contact toolsefting accossories data sheot (Ronishaw part no. H:2000-2223).

The NCA4 uni requires a continuous regulated air supply of Up to 0.5 MPa (87.02 ps) maximu,

Fallure of the ai supply causes a PassiveSeal™ inside each NC4 unit o aclvate, protacting the unit rom
the ngress of contaminants. Ths cases the unitto ener a tigger state. The lasar beam will not ba seen
exiting he transmiter hoad.

“The cause ofthe air faiure shouid be determined and rectifed.

Best practices

+ Whero possible, tap nto the ai supply that exis the machine air supply fiteregulator unit. Do not
‘connect the NCA untto an oled air supply.

* When cutiing ai pie, ensure it is cut traight, s a tapered cut couid compromise sealing

+ Use blanking caps, supplld with tho airpreparaton pack, when foeding alr ppe through the conduit
machine.

+ Bofore connecting the ar pipes to the iletof he NC4 uni,briefly switch on the air supply to lear out
any debiis from the pipe. When no more debris is emitied, switch off the air supply and connect o the
NCa unit.

+ When instaing the air pipes 1 the NCA4 unit,kaop runs as short as possibe 1o minimiso prossure
arop.

+ I tho tomperatur o the airsuppy s greater than § °C (41 °F) above ambient and i humid, an air
dryor wilbe roquired. NC4 instalation packs aro suppliod with an air preparation pack Incuding dryer
(Ronishaw part no. A-6435-4000).

32 NG non-contact 0ol setting system: Systom instalation
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Cleaning the optics

Cloaning the optics should nly be carried out by personnel who have focoived training n he use and
operation of asor products. Special tols, such as the cleaning 100l and pin spanner, should only be usod
by senvice personnel

Cleaning the NC4 unit

Ithe airto the NCA unit becomes contaminaied, the ransmitter and receiver heads may require cleaning,

(Contamination wil cause the system to stay in a triggered stat. f contamination s suspected, idenily the
ause and rectfy the problam (for more information, see “Fault-inding’ on page 5-1), before cleaning the
NC4 unt. f necessary,change the air pipe.

Clean the units on at a ime to reduce the risk of mixing Up the access panels.

Equipment required

Pinspanner oraccoss panel ool
Gloaning tol.

Precision cleaning savent, lens leanar r isapropyl alcohol.
Dust remover cean ai spray.

Cloaning swabs (x 2)

Acossspara

—hl &

oanng ot

[—
apprnimatay 701 80 dgrocs)

nsat casrng
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To clean the optics
Acwnan ~ LASER SAFETY

The access panel o an NC4 transmiter head is ramoved o allow access to the optis. Before removing
the panel, switch off clctrical power 10 ho NG4 unit 10 avoid exposuro 10 the laser beam.

Precision desing st ety
oo ooty e

\
Cloanng sua (part . 4099170

1. Switch off electial power to he NCI-6 nterace unit. Isolate power by discannecting rom the
NCL6 interface unit.

2. Remove the air supply from the NC4 unit by seting the pressure ragulatorto 0 MPa (0 ps).
3. Itanair pipo Is damaged, roplace the pipe.

4. Using the pin spanner, amove the access panel (unscrew counterclockwise)from the front of the
NG unit.

5. Visuallyinspect fr debris around the surfaces where the access panalfs into the NC4 urit and
remove i applcable. Take care notto accidentally ntoduce debiis into the housing.

6. Insort the cieaning to0l nto the housing and rotat through 70 to 80 dogreos untl the PassiveSeal is
cloar of the optic glass.

7. Purgo the air supply for approximately 1 minute.

8. Access 1o the lens s thraugh the centre of th clearing tool. Spray the solvent cleaner throuigh the
nozzle ube, onto the ens.

9. Wipe the lens with the swab, using quarter-turn movements.

‘CAUTION: Take care not to apply oxcossive force o the lons or PassiveSeal as this may damage the
optial suraces.

10. Spray the claan air spray Ito the housing t remove all races of sovent.

1. Using solvent cleaner and a clean, dry comprossod ai supply, blow all dobrs out of the MicroHole in
the access panel,

46 NG non-contact 0ol setting system: Maintenance
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12. Romove the cleaning 100l Reft the access panelusing the pin spannar.Tighten to 2.0 Nm (1.48 L),

13. Repeat the claaring procedure for he other NG head (ensue both Tx and Rx heads are clean).

After cleaning the NC4 unit

1. Roconnect and switch on electrical power 1o the NCI-6 interfaco unt (for more information, seo
*Supplying eloctical power to the NCF-6 nferace uni”on page 3-8).

2. Rostore the air supply 1o the N4 urit and adjust the pressure (or more nformation, seo “Sating the
NCA bariorai prossure” o page 3:9).

3. realignment s not necessary, set sitch SW1-2 (NC set-up) o the NCI6 nterface unit to-Orr. After
approdmately 5 seconds, s the swich 1o O

4. Chock thatthe systom triggers. To o tis, pass an objecttrough the laser beam and chack that the
NC4 unis status LED changes from graen to red and back 1o green.

'NOTE: A moble app (NC4 app) is availble for step by siep nstructons on the cieaning process (or more
Information, sce page 3-10, “Machine ol apps’)

wnrenishawcomincd 47
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Pressure (Bar) [Airblast (Y / N) [Notes. Mains air
AM10/18 2 No B
AM10/19 2 No B
AM10720 16 No B
AM10721 25 No B
AM10722 2 No B
AM10723 35 No B
AM10724 18 No B
AM10725 18 No B
AM10726 No Machine down B
AM10727 18 No B
AM10728 No Machine down B
AM10729 21 No B
AM10730 18 No B
AM10/31 2 No B
AM10/32 No New gauge needed |6
AM10733 3 No New bracket needed |6
AM10734 No New gauge needed |6
AM10735 26 No B
AM10736 38 No B
AM10/37 24 No B
AM10738 31 No B
AM10739 3 No B
AM10/40 24 No B
AM10/41 2 No B
AM10/42 23 No New bracket B
AM10/43 18 No B
AM10/44 25 No New bracket needed |6
AM10/45 22 No B
AM10/46 18 No B
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NC4 Air regulators (FJV Steel)
[Machine Pressure (Bar) [Airblast (Y / N)[Notes Mains air
AM11/09 18 No B
AM11110 2 No B
AM11/11 22 No B
AM11/13 22 No New gauge needed |6
AM11/14 No New gauge needed |6
AM11/15 18 No Airleak at rear B
AM11/16 24 No B
AM1117 No Machine down B
AM11/18 18 No B
AM11/19 2 No B
AM11720 23 No B
AM11721 26 yes B
AM11722 24 No B

-
NC4 Air regulators (Integrex 1200)

[Machine Pressure (Bar) [Airblast (Y / N)[Notes Mains air
AL3TIOT 25 yes B
A137/02 2 No Leak behind lube tank 6
AL37I03 25 yes B
AL3TI04 275 yes B
AL37105 2 No B
AL37106 2 No B
AL3TI07 25 No B
AL37/08 22 No 6
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NC4 Air regulators (Integrex 1200-H)

[Machine [Pressure (Bar) | Airblast (Y / N) [Notes Mains air
ALa3/01 4 yes B

AL43/02 B yes B

AL43/03 B yes B

AL43/04 B yes B

AL43/05 35 yes B

AL43/06 4 yes B
-
INC4 Air regulators (Integrex 1300)

[Machine [Pressure (Bar) | Airblast (Y / N) [Notes Mains air
AL30/01 3 yes B

AL30/02 25 yes B

AL30/03 22 yes B

AL30/04 238 yes 6
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From: Adam Davies <Adam.Davies3@Renishaw.com>

Sent: 08 October 2025 09:18

To: Owen Davies <Owen.Davies@Renishaw.com>; Kate Hunter <Kate.Hunter@Renishaw.com>
Ce: Ryan Lewis <Ryan.Lewis@Renishaw.com>

Subject: Re: NC4 air supply

Hi Owen,

As far as I'm aware it's not quite as simple as turning the air off to the heads when the unit is not in use (the air blast can be turned off though with a solenoid). If the NC4 is mounted in
the machining area it requires extra sealing to prevent coolant ingress when the head supply air is off. There was a project in MTP to look at this but it is now inactive. @Kate Hunter do

you have any thoughts on this request?
Cheers,

Adam
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From: Owen Davies <Owen.Davies@Renishaw.com>

Sent: Wednesday, October 08, 2025 19:38

To: Adam Davies <Adam.Davies3@Renishaw.com>; Kate Hunter <Kate.Hunter@Renishaw.com>

Cc: Ryan Lewis <Ryan.lewis@Renishaw.com>

Subject: Re: NC4 air supply

Hi Adam,

Thank you for your reply. That is understandable, but is there a shutter inside the heads if the air pressure is too low or not present?

If this option is not feasible is there a way we can optimise the air usage? What is the correct air pressure setting need for these to operate?

We can look into putting the air blast onto a solenoid. We would need a signal to actuate the solenoid, do you know where we could take this from?

Thank you for all your help on this &)

Kind regards,
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From: Adam Davies <Adam.Davies3@Renishaw.com>

Sent: 09 October 2025 08:03

To: Owen Davies <Owen.Davies@Renishaw.com>; Kate Hunter <Kate.Hunter@Renishaw.com>; Chris Hopkins <Chris.Hopkins@renishaw.com>

Ce: Ryan Lewis <Ryan.Lewis@Renishaw.com>
Subject: Re: NC4 air supply

Hi Owen,

There is a shutter in the heads as you say, which offers some protection when the air is off, but it is not designed to be used without a constant air supply within the machining

environment.

(@Chris Hopkins, are UK apps able to assist with the questions on minimising head pressure and driving the solenoid please?

Cheers,

Adam
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From: Chris Hopkins <Chris.Hopkins@renishaw.com>
Sent: 09 October 2025 08:18

To: Adam Davies <Adam.Davies3@Renishaw.com>; Owen Davies <Owen.Davies@Renishaw.com>; Kate Hunter <Kate.Hunter@Renishaw.com>; Stephen Hobbs
<Stephen.Hobbs@Renishaw.com>; Dave Leivers <Dave.Leivers@Renishaw.com>
Ce: Ryan Lewis <Ryan.Lewis@Renishaw.com>

Subject: RE: NC4 air supply

Morning Owen,

The solenoid will require spare M-Codes to be wired in and the Measure cycle to be edited to include and make the M-Code active.
‘You will need to see if you have available M-Codes. We rarely install the solenoid as M-Codes come at a large expense for customers.
| think the Air to the NC4 system needs to be commented on by the NC4 team, as this has been years of design to get to this stage.
Dave / Steve,

Are you guys able to give aa technical reason for the air supply to the passive seals should not stay off until the NC4 is required please.
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To: Chris Hopkins <Chris.Hopkins@renishaw.com>; Adam Davies <Adam.Davies3@Renishaw.com>; Kate Hunter <Kate.Hunter@Renishaw.com>; Stephen Hobbs
<Stephen.Hobbs@Renishaw.com>; Dave Leivers <Dave.Leivers@Renishaw.com>
Ce: Ryan Lewis <Ryan.Lewis@Renishaw.com>

Subject: Re: NC4 air supply

Good morning Chris,

I will find out what M codes we have available and see how we can programme these. We want to trail this on a single machine and set up some air monitoring equipment

to see what difference this has to the usage.

In regards to the air used for sealing the head that is understandable. We are just wondering if anything can be done due to how much air is lost over year incurring
additional energy costs, currently it is estimated that it costs approx £1000 per machine per year. So even if we can reduce the air pressure that would be something to
work with.

Dave/Steve, please let me know your thoughts on this and if there is any advice on what we can or can't do &)

I look forward to hearing back from youl

Kind regards,

Owen Davies
Senior Plant Maintenance Engineer
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From: Kate Hunter <Kate.Hunter@Renishaw.com>
Sent: 10 October 2025 07:27

To: Owen Davies <Owen.Davies@Renishaw.com>
Ce: Ryan Lewis <Ryan.Lewis@Renishaw.com; Chris Hopkins <Chris. Hopkins@renishaw.com>; Adam Davies <Adam.Davies3@Renishaw.com>; Stephen Hobbs
<Stephen.Hobbs@Renishaw.com>; Dave Leivers <Dave.Leivers@Renishaw.com>

Subject: Re: NC4 air supply

Hi Owen,

I hope this helps clarify a few things.

If the air blast is running continuously, it will consume a significant amount of air. You can reduce usage by using an M-code to control it as Chris mentions. For reference, it

uses 60 |/min at 3 bar or 95 |/min at 6 bar. Switching it on and off as needed may resolve most of the issue.

The barrier air is more nuanced. With the current NC4 design, we don’t recommend turning it off, as it protects the optics from contamination. You're right that the shuttle

retracts when air is applied. We advise using the minimum pressure required to retract the shuttle, as higher pressure can negatively affect repeatability.

Here’s a helpful video showing a simple visual method for setting the barrier air pressure:

Media centre | User guide: Setting the NCA air pressure correctly. [English]
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From: Owen Davies <Owen.Davies@Renishaw.com>
Sent: Tuesday, October 7, 2025 4:44:07 PM

To: cp_apps <cp_apps@Renishaw.com>

Ce: Ryan Lewis <Ryan.Lewis@Renishaw.com>

Subject: NC4 air supply

Good afternoon,
Hope all is well &

We are looking into a project to optimise the compressed air usages across the machine shop. We have highlighted that the NC4 uses a lot of compressed air especially

when it is not in use.

We would like to possibly change the process to make it so that the air through the heads and the air blast comes on when the NC4 is called up to measure and not when
the NC4 is idol.

We would need to add some items to the circuit to control air flow and get a signal from the machine to say the NC4 is active.
Do you think this is doable and have a contact who could help use make changes to the process to implement these changes on a machine to test?
Kind regards,

Owen Davies
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Overview of the MP-F Series

The MP-F Series can be separated ino three main types.

(1) Main unit (this unit
This unit measures flow rate, pressure, temperature, and hurmicity data
Itwill lso automatically save the measured data, maintaining  hstory that
can be reviewed.

The buitin shut.off valve can prevent aif leakage wihen the monitored
equipment siops.
This unit can be separated into two main types.

A) Standard model

This model has an infegrated sensor part, shut.off valve, and fiterfreguiator
B) Single model

This model has an integrated sensor part and shutof valve.
The models o ths unit are as follows.

[ e R —
F i W WEF0
WSy wesoam ws20
v sy - wPs0m0

The thread specifications vary depending on the letter n the part
number that replaces the [1. R: Re thread, G: G thread, N: NPT thread

This unitis compatible with 10-Link communication. For detals, see the
MP-F Series I0-Link Instruction Manual.

You can also monitor the status of this unit and the aif consumtion with PC.
Software <<MP-F Monitor>>. For defails on PC software <<MP-F
Monitors-, see the "MP-F Series Users Manual

(2) MP-FEA1 Energy Monitor
Up to 10 Energy Monitors can be connected to one instance of this uni
This unit can be used to check the sleciric power and electic energy that
have been measured with an Energy Monitor. For deais, see the “Energy
Monitor MP-FEAT Instruction Manual

(3) MP-FEN1 Ethemet Module

The Ethernet module can be used to connect this unit fo the folawing
networks o to a PC.

« EtherNey/IP® « PROFINET  + Modbus/ TGP » MC protocol/SLMP.
For details, see the “Ethernat Madule MP-FENT Insiruction Manual” and
the "Ethernet Module MP-FEN1 Users Manual.

® System overview

<When not using Ethernet communication or when using I0-Link

MP-FEAT
Energy Monitor

<When using Ethernet communication>
This unit®

MP-FENT
Ethernet Module. MP-FEAT

Energy Monitor

Ethernet

i

nﬂuﬂ
1
&) &

The configuraton is aso the same fo the standard model

GB MP-F IM
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6.Detailed Setting Descriptions
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Original
e Original |Flow at 1.8 [Reduction |Reduction |Power Energy Saving|Cost Saving| CO: Saving
Machine | (bar) Flow (Umin) |bar (imin) |(min) _|(is) Saving (kW) | (kWhiyr) (Elyr) (kgiyr)
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TOTALS 71.6] 406.08] 333] 7308] __ 1.2178] 048715 3578.4) 769.39) 633.45)
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Device name device01
Model MP-Fx20(R)
Serial number for com.  UOHPUZK2EEILCB

Date and time Air Consumption[L]  Operating Timels] S
09/05/2026 01:45 8653 o
09/05/2026 02:00 8653 o
09/05/2026 02:15 8653 o
09/05/2026 02:30 8653 o
09/05/2026 02:45 766 730
09/05/2026 03:00 4369 o
09/05/2026 03:15 4362 o
09/05/2026 03:30 4357 o
09/05/2026 03:45 4352 o
09/05/2026 04:00 4344 o
09/05/2026 04:15 4348 o
09/05/2026 04:30 4340 o
09/05/2026 04:45 4342 o
09/05/2026 05:00 4340 o
09/05/2026 05:15 4342 o
09/05/2026 05:30 4341 o
09/05/2026 05:45 4342 o
09/05/2026 06:00 4445 75
09/05/2026 06:15 8223 467
09/05/2026 06:30 8631 107

09/05/2026 06:45 8759 823
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TaskType Status Gauge Task Description Priority  Date Raised ‘Sub Status Date Accepted Date Assigned Date Closed Defect Action  Labour Ho Material ( Date Rejec CMMS Tas Task Type 1.10 KH 2(PICA xref Originatoi Material  Orig

Breakdown Closed AM10/36 Dropping wings indoor  Medium  05/01/2026 14:30 05/01/202614:37  05/01/2026 17:32 Chain Adjusted 7 WE00105949 Plant EPDASSYXP2

Breakdown Closed AM10/36 Wings being released earl) Medium  28/04/2026 11:35:03 128/04/2026 11:39:28 28/04/2026 11:43:49 28/04/2026 12:45:18 Gripper Collision Adjusted 1 WE00105546 plant EPDASSYXP2 ™
Breakdown Closed AM10/36 Ramtic door jammed  Medium  25/04/2026 22:53:30 25/04/2026 22:53:38 25/04/2026 23:51:30 Door. Obstruction Clean 1 WE00105240 plant 1p150696 Luke Powe M
Breakdown Closed AM10/36 THERMALTRIP Medium _ 15/04/2026 18:0501 Complete 15/04/2026 20:01:48 15/04/2026 20:45:42 Conveyor Contamination  Clean 1 WE00104113 Plant EPDASSYXP2 ™
Breakdown Closed AM10/36 oil pressure down Medium  13/04/2026 13:45:01 13/04/2026 21:57:03 14/04/2026 06:35:21 14/04/2026 08:17:24 Pipework Lose secure. 25 3 WE00103831 plant EPDASSYXP2 ™
Breakdown Closed AM10/36 Conveyor thermal trip  Medium  04/09/2026 12:00 04/09/202612:02  04/09/2026 12:27  04/09/2026 13:31 Electrical Connector Overloaded Adjusted 1 WE00103471 plant EPDASSYXP2 ™
Breakdown Closed AM10/36 CTT Medium  04/08/2026 20:40 Complete  04/08/2026 2107 04/09/2026 02:41 _ 04/09/2026 03:00 Conveyor Overloaded Reset o0s WE00103371 plant EPDASSYXP2 ™
Breakdown Closed AM10/36 CTT Medium  04/08/202619:15 Complete  04/08/2026 1918 04/08/202619:18 _ 04/08/2026 19:43 Conveyor ‘Swarf Accumulation Clean 1 WE00103368 Plant EPDASSYXP2 ™
Breakdown Closed AM10/36 SLIDEWAY OIL MALF Medium  04/08/2026 10:55 04/08/2026 11:07  04/08/2026 11:07  04/08/2026 11:47 Lubrication Lose Replaced 1 WED0103329 Plant EPDASSYXP2 M
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Nylon Recoil Hose

Product Specification
Low moisture absorption excellent resistance to a wide range of chemicals.
Safety Factor of 3 to 1.

Applications: Fuel lines. Oil lines. Petrol tank breather lines. Pneumatic Line. Bleed

lines. Brake controls.

1/4" BSP Tapered Male x 8mm Outside Diameter x 6mm Inside Diameter, Nylon

Tubing, Unequal Tail, Metric
Working Temperature -40°C to +80°C

Working Pressure 20 Bar

Technical Data Sheet

Part Number Product Description Stock Price

ECO008/2B 2.5m Blue Nylon Recoil Hose (1/4" Male 6mm I/D x 8mm 6instock  £21.00 1
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RS PRO 4 m Blue, Polyurethane Recoil Hose, 65
°C, -20 °C

RS Stock No.: 917-2334 | Brand: RS PRO

N

e

Subtotal (1 unit)*

£25.10 £30.12
(exc. VAT) (inc. VAT)
Units
Select or type quantity
1 r

Check delivery dates

7 Add to basket

Bulk pricing options v

(D FREE delivery for orders over £60.00

@ Instock

* 120 unit(s) ready to ship

* Plus 36 unit(s) ready to ship from
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From: Ryan Lewis <Ryan.Lewis@Renishaw.com>
Sent: Tuesday, March 31, 2026 6:03:39 AM

To: David.reeves@atlascopco.com <David.reeves @atlascopco.com>

Subject: Compressors at Renishaw
Hi David

| am working on a project at Renishaw, Miskin and have been given your details by Dan Thomas.
I am currently undertaking a project to try and improve and optimise the compressed air system on site. | would like to ask a few questions if possible. Would you be able
to schedule a meeting with me or just answer a few questions if i send them over to you?

This would be a great help to me as it is to do with my university dissertation.

Kind regards

Ryan Lewis (Plant maintenance engineer)
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Day tariff
(£/kWh)
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~3,330,000
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From: David Reeves <David.reeves@atlascopco.com>
Sent: Tuesday, March 31, 2026 6:03:47 AM

To: Ryan Lewis <Ryan.Lewis@Renishaw.com>

Subject: Automatic reply: Compressors at Renishaw

Thank you for your message.

| am currently out of the office until 13/04/2026 and will respond upon my return.
If you require any optimisation assistance during my absence, please contact one of the colleagues below:

Matthew Schadler
Phone: +44 7890415136
Email: matthew.schadler@atlascopco.com

Lee Wilson
Phone: +44 7967875278
Email: lee.wilson@atlascopco.com

Neil Frater
Phone: +44 7971650385
Email: neil frater@atlascopco.com
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From: Ryan Lewis <Ryan.Lewis@Renishaw.com>
Sent: Tuesday, March 31, 2026 6:06:29 AM
To: matthew.schadler@atlascopco.com <matthew.schadler@atlascopco.com>

Subject: Compressors at Renishaw

Hi Matthew

I'am currently undertaking a project to try and improve and optimise the compressed air system at Renishaw, Miskin. | would like to ask a few questions if possible. Would
you be able to schedule a meeting with me or just answer a few questions if i send them over to you?

This would be a great help to me as it is to do with my university dissertation.

Kind regards

Ryan Lewis (Plant maintenance engineer)
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From: Matthew Schadler <matthew.schadler@atlascopco.com>
Sent: 31 March 2026 09:17

To: Ryan Lewis <Ryan.Lewis@Renishaw.com>; Lee Wilson <lee.wilson@atlascopco.com>

Subject: RE: Compressors at Renishaw

You don't often get email from matthew.schadler@atlascopco.com. Learn why this is important

Hi Ryan

We'd appy to have a discussion with you. I believe your site is in South Wales which is @Lee Wilson area. Lee, Ryan would like to discuss optimization of their compressed air system at
Renishaw, Miskin. Thanks

Best regards,

Matthew Schidler

Energy Consultant




image128.png
From: Ryan Lewis <Ryan.Lewis@Renishaw.com>
Sent: Tuesday, March 31, 2026 9:24:41 AM

To: lee.wilson@atlascopco.com <lee.wilson@atlascopco.com>

Subject: Re: Compressors at Renishaw

HiLee

Would it be possible to arrange a meeting or for me to send over a list of questions for you to answer for me if you can please?
Most of these will be related to the compressors themselves and calculating the overall consumptions.

Kind regards

Ryan Lewis
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From: Lee Wilson <lee.wilson@atlascopco.com>
Sent: Tuesday, March 31, 2026 9:39:47 AM

To: Ryan Lewis <Ryan.Lewis@Renishaw.com>

Compressors at Renishaw

If you can send over the full details, that would be really helpful. My engineer, Dave Reeves, has carried out a significant amount of work onsite and is very familiar with the
setup, but he is unfortunately on holiday at the moment.

In the meantime, please feel free to forward any questions or points you need clarified. I'll review everything as soon as it comes through and will do my best to get you
the answers while Dave is away.

Kind regards,

Lee Wilson

Energy Consultant - Optimization Team




image130.png
From: Ryan Lewis <Ryan.Lewis@Renishaw.com>
Sent: Wednesday, April 1, 2026 5:05:19 PM

To: Lee Wilson <lee.wilson@atlascopco.com>

Subject: Re: Compressors at Renishaw

Hi Lee,

I have attached the list of questions for you to look over. This will be a great help to me if you are able to answer all of them.

The site has 2 halls hall 1 is powered by 5 x GA37VSD FF compressors running with a EQ2I controller which are properly linked to the shared HMI.

Hall 2 has 4 x GA37VSD FF and 1 x GA75vSD+ compressors running on a EQ2I controller which aren't properly linked to the shared HMI so | am unable to
access any overall data for hall 2.

I hope this helps. If you need any more information, please let me know.

I look forward to hearing from you.
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1. How do | access the EQ2I controller to switch between data sets? | can only
see trend graphs for the total calculated flow rate, as | would like to view
different data, such as power output and energy consumplion, o see the
Gosts over time. Do | need o log i to access i? It doesn't seem o lot mo
change anylhing, and no one on site knows too much about then

2. The compressors have a timer function; is it only for setting the on/off status,
or can it also track data for a specific time period?

3. Have we got Boost flow mode activated on our system?

4. For our specific compressor configuration, what is the most efficlent system
pressure band (the range between the "load" and "unload” or target
pressures) that we should b targeting? It is set to 7 bar; do you think we
Gould drop that to 6.5 or even 6 bar, or would that be too much of a pressure
drop throughout the system due o its size?

5. Inoticed when looking at the EQ2! screen that the pressure dew point was at
201,15 this set by Renishaw? If not, would changing itto +3(1 affect the
factory, and what would the effect on energy usage costs be?

6. Can you provido tho porformance curves (flow vs. powor) for tho GA75VSD+
and GA37VSD FF models, which we have on site?

7. 1 had an air leak survey conducted on site, which brought up various leaks
that | am currently repairing. The report includes a specific power requirement
(energy efficiency) for the compressors, which is 11.7 kWi(mimin). This value
is a defaul setting for the equipment they used to calculate the costs
associated with the leaks. Would you know what the actual value would be for
the compressors we use?

8. What would be the specific power requirement if we reduced the pressure by
0.5and 1 bar?

9. The total leakage flow rate found by the survey was 3,532.70 Uim. What would
be the equivalent power draw (kW) for our specific VSD compressors?

10.Whatis the theoretical maximun recoverable thermal energy (in kW) from our
compressors?

11.D0 you have any case studies or schematics of a typical energy recovery.
system for this compressor model

12.Whatis the usable output o the system? For example, "A system on
GA37VSD FF can produce approximately X litres of water heated to 60-70°C
per hour.”
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From: Ryan Lewis <Ryan.Lewis@Renishaw.com>
Sent: Monday, April 20, 2026 1:47:36 PM
To: Lee Wilson <lee.wilson@atlascopco.com>

Subject: Re: Compressors at Renishaw

Hi Lee

Did you have a chance to have a look at the questions i sent you?

It would be great if a few of them could be answered for me if you get the chance.

Kind regards
Ryan
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KEYENCE

Quotation
To : MrDan Thomas
RENISHAW PLC Quotation 10238522
Quote Date 14-Nov-2023
E-mai dan.thomas@renishaw.com Your Reference
Sales Contact Archie Jones

‘Thank you for the opportunity to provide you a quotation for the following product(s).

Reference
Item Description Unit | Unit Price | Qty Ext Price

10 RSB WobIAE

MPFG20 SNGLE MODEL G 12 pos N
2% © ERBLE Wi GORECTOR e

OP-88758 pes 1
3t ©PORER GNTRIG i

MP-FEA1 o pos N
4 opsaren ERRLE Wi GORECTOR e B
5t ©PORER G ORIG i

MP-FECE00 CURRENT SENSOR oLAY s0oh pos 3
6! £ LR EABLE B LERG

OP-51580 NTERCONNECTION CABLE pos N
7% RIS WoDIAE

MP.FCBS20 REAR MOUNTAG ADKPTER FOR SV 12 pos N

£ 1,500.00

8! £ S H WA PRESSURE S S

FD-EPHE SENSOR HEAD 760 TUBE MODEL pes 13000 1: £ 13000
9! £ SN PRESSURE S SehsR

FO-EPA1 AMPLIFIER, 1AM 20 CABLE RPN pes 120000 1: ¢ 12000
10} © EARRNGE G e

FREIGHT CHARGE pes 900i i€ 200

aormoon Page 112
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KEYENCE

Quotation
To Mr Dan Thomas
RENISHAW PLC Quotation 10238522
Quote Date 14-Nov-2023
E-mai dan.thomas@renishaw.com Your Reference
Sales Contact  : Archie Jones

Thank you for the opportunity to provide you a quotation for the following product(s).

Reference
Sales Amount 1,759.00
Misc. Charges
Shipping & Handling
Nt Amount 1,759.00
VAT. Amount
Total 2,110.80
1. ALLAMOUNT SHOWN IN GBP
2. Paymenttorms 30 days from End of Morih
3. Dolivery n 5.8 working days
4. Quoto expires 11-D0c-2023
icos, avalabilly and torms are subject o change.
Keyence (UK) Ld Terms & Conditons appy.

For your purchase order  E-Mal: purchase@keyence.co.uk Fax: +44 (0)1908 696 777 Phone: +44 (0)1908 696 900

o place an order as per this quotation, please retur your purchase ordor ncluding detall or biling and delvery address roquired.

aormoon Page 212
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Avg. power |Avg. outlet

Compressor  |Avg. flow (I/s) (kW) temp (°C)

MSK 21 80 36.8) 69
MSK 23 112 47.5] 83|
MSK 24 74 31.7| 65
MSKC 16 85 31.2 68|
MSKC 17 92 34.9 68|
MSKC 18 95 35.5 7
MSKC 19 114 44.2] 79
MSKC 20 76 28.7 65
Total / average 728 291 71
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HAYLEY GROUP LIMITED

”Ayl&y Eglvx‘egv Wales

Queensway Meadows Industrial Estate
Newport

Gwent

NP19 4SP, Wales

Tel: 01633 280088
Fax: 01633 280055

Email: wales@hayley-group.co.uk
Web: www.hayley-group.co.uk

INVOICE ADDRESS DELIVERY ADDRESS

RENISHAW PLC

NEW MILLS

WOTTON -UNDER-EDGE
GLOUCESTERSHIRE

RENISHAW PLC
MISKIN BUSINESS PARK
PONTYCLUN

GL12 8JR CF72 8XY ( QUOTATION j
ACCOUNT NO.  QUOTEDATE QUOTE NO. TAKEN BY YOUR REFERENCE DEL DATE DEL METHOD PAGE NO.
113798 05/02/26 [10865129-00 |WAJW DAN - REGS 20/02/26 1of 1
Tem DESCRIPTION PROMISE DATE _ QUANTITY UNIT PRICE PER  DISC EACH UINE TOTAL
1 [V726-2-GK-NMN NORGREN 20/02/26 4.00 46.6300 [each 0.00 46.63 186.52
EXCELON RRELIEF VALVE
2 |KLS300-15 1/2 20/02/26 2.00 60.0100 [each 0.00 60.01 120.02
LUBRICATOR WITH BRACKET
3 |W1000-6G-W CKD 1/8BSP 20/02/26 6.00 38.8400 [each 10.00 34.96 209.74
FILTER REGULATOR
4 [M1000-6G-W CKD 1/8BSP 20/02/26 1.00 32.9100 [each 10.00 29.62 29.62
OIL MIST FILTER
5 |CARRIAGE FROM SUPPLIER 20/02/26 1.00 19.5000 |each 0.00 19.50 19.50

“* DELIVERY = 10 - 15 WORKING DAYS

TOTAL (Excl. VA’

Sulisct & Henley Grouns torme axd sordifions
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Norgren 1/4 in G Filter Regulator Lubricator, Om
Automatic Drain, 40 pm Filtration Size Integrated -
Pressure Gauge

RS Stock No.: 212-9113 | Mfr. Part No.: BL82-201G | Brand: Norgren

@ Bulk discount applied (4%)
View bulk pricing options

Subtotal (8 units)*

£1,516.32 £1,819.60

(exc. VAT) (inc. VAT)

Units
Select or type quantity

= 8 44

Check delivery dates

7 Add to basket

Bulk pricing options v

(D FREE delivery for orders over £60.00

@ Instock
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Leaking fittings, valves and Limited awareness of air
joints. costs.

Worn seals in components )
Lack of training

Poorly maintained FRL units

Inefficient usage preventative.

Reactive repairs instead of

Causes of and reasons for prolonged air leaks.

Aging pipework and fittings

Lack of machine level
Incorrect materials and monitoring
components used.

No clear baseline for air
Inconsistant specifications usage

No PTFE used. VSD compressors masking
waste

High noise masks leaks

Large complex distribution
network

24/7 operation making
shutdown testing difficult

No leak detection routine or
procedure

No isolation of air when the
machine is idle

No strategy for leaks
prevention

Incorrect settings
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Pareto Chart Showing Cost (£/ year) over Cumulative Percentage
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Machine Type| Number of Leak Tasks

‘Yamazaki FJV 250 UHS 36

Mecwash Midi 400 System 16|

‘Yamazaki FJV 250 12

Most common machine Citizen M32-I1l Lathe 9
Aquablast (AB1215) 8

Vacuum Hardening Machine 7|

KASTO TECAM4 Saw| 6|

Mazak Laser Cutter]| 5

Defect Type| Number of Occurrences

Pipework| 50

Leak| 35

mmﬁ%md Pneumatic Actuator 12
Pump 4

Valve 3

Guide Bush 3

Cause | Number of Occurrences

Split Pipework 63

‘Worn Components 26

Most common Cause Pressure Loss 17
Corrosion 5

Operator Error 5|

Setting Error| 3|
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Number Typical Potential saving (bar
Machine group audited Airblast required? pressure (bar) |reduction)
FJV Aluminium
(AM10) 25 No 1.6-3.8 13.0 bar total
FJV Steel (AM11) |12 No (except AM11/21)  |1.8-2.6 2.9 bar total
Integrex 1200
(AL37) 8 No (except three units) [2.0 - 2.75 1.0 bar total
Integrex 1200-H &
1300 10 Yes 22-40 0 bar
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FD-EP dual flow sensol

Monitor for the FD-EP|
sensor
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Correlation of noise Level (dB) vs Leak size (I/m)
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Number of |Annual cost
Category leaks (£) Flow (I/min) |CO: (kg/year)
Original survey ;
leaks 77 43,200 3,532.80 64,163,
New leaks
found during
repair 9| 8,208 670.8 7,697
Total leaks
now tracked 86, 51,897 4,203.60| 71,860
Leaks repaired 1
(original) 34 27,283.00 2,230.90| 41,006.00
Leaks repaired
(new) 9| 8,208 670.8 7,264
Total repaired 43| 35,491 2,900.90 48,270
Completion
rate (by cost) - 68.40% - -
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Number Typical Potential saving (bar
Machine group audited Airblast required? pressure (bar) |reduction)
FJV Aluminium
(AM10) 25 No 1.6-3.8 13.0 bar total
FJV Steel (AM11) |12 No (except AM11/21)  |1.8-2.6 2.9 bar total
Integrex 1200
(AL37) 8 No (except three units) [2.0 - 2.75 1.0 bar total
Integrex 1200-H &
1300 10 Yes 22-40 0 bar

Total reductions: 16.9 bar
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Total flow Power Energy Cost
Machine Units reduction saving saving saving CO: saving
group adjusted  |(/min) (kW) (kWhiyr) |(Elyr) (kglyr)
FJV Aluminium
(AM10) 18 53.98 0.36 2,644 568 468
FJV Steel
(AM11) 8| 12.04 0.08| 590 127 104
Integrex 1200
(AL3T7) 4 7.06 0.047] 346 74 61
Total 30 73.08 0.487] 3,578 769 633
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Total flow| Total power| Specific power,|

Date (I/s) (kw)] (kW/I/s)|

Oct 2025 (baseline) 728 291 0.4
5 Feb 2026 701 263.1 0.375

10 Mar 2026 610 232.3] 0.381

27 Apr 2026 608 228.6] 0.376
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Non-AUTO

Date AUTO %| SETUP % IDLE % ALARM %| Non-AUTO % minutes|
23 Apr| 95 0 5 0 5 72
24 Apr| 100 0 0 0 0 0
25 Apr| 35 5 0 60 65 936
26 Apr]| 0 100 0 0 100 1440
27 Apr| 55 15 25 5 45 648
28 Apr]| 80 0 5 15 20 288
29 Apr]| 95 0 5 0 5 72
30 Apr]| 65 20 15 0 35 504
1 May 65 15 5 15 35 504
2 May| 30 0 5 65 70 1008
3 May| 35 45 0 20 65 936
4 May| 0 90 5 5 100 1440
5 May| 98 1 1 0 2 29
6 May| 80 10 1 9 20 288

Total 59.5 215 5.1 13.9 40.5) 8165





image39.png
Non-AUTO %

AUTO % (Blue)

ALARM % (Red)

IDLE % (Green)
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Date’ Event| Observed effect;

25 Apr Ramtic door jammed|  Extended ALARM duration

28 Apr| Wings releasing early | Short setup/alarm interruption

2May| Significant ALARM state| Reduced AUTO RUNNING

5 May | Extended SETUP condition Minimal production output
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CUSUM Chart of Flow rate (I/s) over Time
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Energy| Cost CO,|
Area of saving| (kWh/year) (E/year) (kg/year)|
Leak remediation
(43 repaired leaks) 165,075 35,491 29,219
NC4 pressure
reduction 3,578 769 633
Total directly|
identified savings 168,653 36,260 29,852
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Estimated
Metric|  reduction

Compressor power|
reduction 62.4 kw|

458,000
Energy saving kWh/year|

Cost saving| £98,500/year

81,000
CO, reduction kg/year
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Energy| Cost| CO,|
Area of saving| (kWh/year) (£/year)| (kg/year)|
Remaining unrepaired leaks| 76,307 16,406 13,507
Automatic isolation valves|
- 45 machines 430,785 92,619 76,249
Total future theoretical
potential 507,002| 109,025 89,756
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CO, reduction| Equivalent|
Scenario| (kg/year)| trees

Directly identified achieved
savings| 29,852 1,990

Observed compressor|
demand reduction 81,000 5,400
Future theoretical oppertunity 90,071 6,005
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Item Cost (£))

Keyence MP-F monitoring|
equipment| 2,110.80

Hayley Group pneumatic|
components| 565.4]

Additional lubricators and oil
mist filters| 425

8 x Norgren FRL assemblies
(RS Components)| 1,516.32

Labour for survey and remedial
work| 1,450.00

Miscellaneous fittings and
consumables| Existing stock|
Total estimated cost| 6,067.52|
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Metric Value|

Total implementation cost| £6,067.52
Directly validated annual saving £36,260/year
Simple payback period 2 months
Estimated annual ROI 498%
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Why? (1) Why? (2) Why? (3) Why? (4) Why? (5)
Why are the leaks not
Whys have they not |being identified and
Why are there so |Why are they been repaired or getting booked to Why is there no leak
Question| many leaks? leaking? replaced? maintenance? detection process?

Answer

Because fittings,
joints, seals or other
components are

passing air.

Because of damage
or wear over time.

Because the high noise
level can mask the
smaller leaks and
people are not
consciously identifying
them or booking the
leaks to maintenance.

Because there is no
leak detection process
for persons on the
shop floor and most
people undervalue the
importance of the
compressed air
system.

Because most
compressed air leaks,
unless they affect
production directly, are
not reported. They are
not monitored and

treated as a priority.





