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Introduction
With the global pressure of renewable fuels replacing fossil fuels in the early 2010’s Magnet Schultz set about developing a hydrogen control solenoid valve that could control the flow of hydrogen up to 1200 Bar.  While this development was successful the cost and lead time of this unit was beyond the reach of most commercial projects leaving the technology under-utilised.  
As a result of this, Magnet Schultz started to review existing manufacturing methods and internal technologies.  This began in the late 2010’s with the view to support Magnet Schultz largest market sector, automotive. 
Learning from existing high pressure and fluid power market sectors, such as industrial hydraulic and pneumatic control, Magnet Schultz was able to change the unit’s design to standard independent tube / coil construction. This design innovation utilising existing production coil’s (such as ATEx/IECEx, EC79, various IP ratings and low cost basic coils) and established production processes used in high volume applications. 

Innovation Drivers 
In the early 2010’s European countries started imposing tightened emissions targets on fossil fuel based cars with some countries banning the sale of cars most harmful to the environment.  Examples of this can be seen in France.  At this time the French government had ownership of 15% of the automotive companies operating within the country, using this leverage the government banned the sale of new diesel cars from 2025  (Sharman, 2015).  This was further emphasised after it came to light that the Volkswagen group had been using deceptive tactics to fool environmental tests, via means of a defeat device, instead of conforming to the environmental targets set. This was dubbed by the media “Diesel gate”.  This galvanised public opinion and started a string of legal battles originating from the European Commission (Brunsden, 2016). 
At this point, Magnet Schultz had already developed a high pressure hydrogen control solenoid, however it had widely gone unused due to the crippling cost of manufacture and the long manufacturing lead time that most projects couldn’t support. 
At this time, it was identified by Magnet Schultz management that 50% of the €350 million turnover was in the automotive market, with 90%+ of this being in auto/semi-auto gear box controls.  This change in public opinion represented a potential turnover risk of €158 million+ per year.
The hydrogen control valve was identified as an opportunity to replace this risk with a new product in an emerging market.  Hydrogen had been confirmed by the academic community as a viable alternative to personal transport, due to its high energy density, the low/zero environmental impact when used with a hydrogen fuel cell, the opportunity to have no environmental impact when produced using renewable energy in hydrogens production and the availability of raw material needed for hydrogen production (Veziroglu, 2011).
In short, the key drivers for the product innovation were social environmental pressures, commercial risk management and new market opportunity. 



Innovation Risks
The primary focus of the project was reducing the manufacturing cost of the unit however, the then current version of the hydrogen valve had cost €10’s millions in development.  There was considerable focus on ensuring the development cost of the next generation of part, would be considerably less than its predecessor.  
This financial risk then presented a new risk previously not anticipated.  The reduction of financial support meant that resources available for the new hydrogen valve development would not be the same as that previously available in the first generation of hydrogen valve development.  Because of this, assumptions were drawn from the development of the original valve (material performance in high pressure hydrogen environment, fluid hydrodynamics, thermodynamic behaviour while passing through the valve etc.…).  The assumptions exposed the project to potential failure due to non-compliance of the products specification however, effort was made to minimise this risk by using data gathered during the original valves development. 
There was also considerable risk with the scalability of the final solution, a point also missed in the original valves development.  The original hydrogen valve solution required multiple small components with tolerances outside of standard production equipment available.  This is the primary contributor towards the high cost and lead time, which the next generation hydrogen valve is seeking to rectify.  
Because of the nature of the automotive market, a key strategy of the innovation was to be the first to market.  This was primarily so that the hydrogen valve would be assimilated into the original equipment manufacturer’s design, securing the future sales when production started.  However, this would also mean that the next generation of hydrogen valve would be one of the first, budget hydrogen control valves of its kind, exposing it to reverse engineering by our competitors, or design improvements rendering the new valve obsolete before returning a profit from investment. 
As the primary target of this innovation was to reduce unit price to the customer, focus was on using readily available processes, machines and materials.  However, in using stock-standard parts /processes, the risk of performance erosion was also present.  It could transpire that one small change may be within the overall tolerance of the unit’s specification and present an enticing cost down opportunity.  However, the cumulative effect of this on the products performance, can result in the development of a part that is within the target price but falls outside the product specification. 

Innovation Determinants 
While reviewing the overall goals of the project, the customer was consulted with regards to the project determinants.  This ensured the innovation efforts were aligned with the customer’s needs and practical working environment. 
Amongst these, was the hydrogen valves physical shape and size.  From the customer’s perspective, the unit had to be mounted in an area where physical size was a premium.  Other products and clashes had to be considered in what is the busiest area of a hydrogen/electric vehicle.  The hydrogen valves also had to fit into freight packing that would be suitable for both air and sea transport. The current valve solution could fit 206 units to a pallet and the customer’s expectation was to have 200+ units to a pallet of the new design. 
Another consideration was the hydrogen valves control principle.  The current solution had been engineered so that the response time, flow rate, operational force and leak rate was within the customer’s range.  While the only control needed from the customer was voltage on or voltage off.  The customer’s control system had been designed around this simple control principle and it would take great expense, as well of risking not being adopted, if the new design didn’t also function in this way. 
The first generation hydrogen solenoid had repeated issues achieving the life cycles requested, typically failing at circa 1 million operations.  The original equipment manufacturer had advised that they would look to design to 20 years serviceable life, or in terms of the solenoid application, 10 million operations. 
In order to ensure that the project spend was controlled, the final solution would have to be manufactured on production equipment already available and in service with Magnet Schultz. Given the expense that the 1st generation hydrogen valve had incurred, the new valve could not support any substantial capital expenditure and hold the customer’s target price. 
Project development timing was also key.  With mounting pressure on the supporting original equipment manufacturer, product launches were aimed to be 24-36 months from project start.  For Magnet Schultz to be considered within this launch, a proof of concept along with physical size limitations and interfaces would have to be provided within 18 months of the project start date. 

Key Innovation Committed Determinant 
The key determinants that contributed to the commitment to the innovation, was the risk of losing a significant % of the companies turnover.  This was due to the retirement of internal combustion engines as well as the opportunity to introduce an equivalent product in the emerging market sector of renewable personal transport. 
The UK government has issued policies to ban the sale of new petrol and diesel cars by 2030-2040, with many of the European countries adopting similar ambitious targets (Majeed, 2021).  The government mandated change has effectively guaranteed that within Europe, Magnet Schultz solenoid sales in support of internal combustion engines will end.   If Magnet Schultz are not proactive and respond to this threat, not only would 45% of the companies turnover be at risk, but a large portion of the 2,600 people employed by Magnet Schultz, and whose jobs are supported by the automotive sector, would also be at risk (gmbh, 2019).  
This policy imposed ban on internal combustion fuelled automotive, already has seen a significant change in the market with sales of electric vehicles out performing that of diesel in the EU for the first time in the 12 months between April 2020 – April 2021 (JATO, 2021), this can be seen in Fig 1
[image: https://www.jato.com/wp-content/uploads/2021/09/European-regs-by-fuel-type.jpg]
Fig 1 (JATO, 2021)
By contrast, the adoption of hydrogen as a primary fuel has not matched the growth of battery alternatives.  The primary drivers of this, is the availability of supporting infrastructure and technology for small personal transport vehicle’s (Shafieia, 2015).  In contrast to this, when we review HGV and public transport, pure electrification (battery primary) have almost no applications, whereas bio fuels and hydrogen supported electric have both been prominent.  This is due to the energy density and the prompt refuelling timing needed to keep these larger vehicles in service (Shafieia, 2015).  
With an investment of €300 million (€200 million urban, €100 million highways (correct as of 2010)), refuelling infrastructure could be implemented across Europe to support personal transport use of hydrogen (Kohler, 2010).  This would in turn allow original equipment manufacturers to release a greater volume of hydrogen powered vehicles.  

Processes and Technologies 
[image: https://www.magnetschultz.co.uk/wp-content/uploads/HY1-261x249.jpg]For the engineering of the innovation, Magnet Schultz reviewed its own expertise and historic product offering for a high volume solution that had some commonality with the first hydrogen valve.  It was found that whilst the units were vastly different in the operational principles, the operational conditions and specification between industrial hydraulic and hydrogen valves were remarkably similar.  I.E hydraulic valves as standard, operated with a fluid media at pressures up to 800 bar, using simple voltage on/off control, made in high volume production equipment already in service and with a proven life of 50 million operations.  
It’s at this point the parallels become apparent from the innovation requirements previously listed. 
Fig 2, (Schultz, 2018)

However, this solenoid only satisfied part of the specification as there was no valve part, just the movement designed to bolt onto a larger valve block. 
[image: https://www.magnetschultz.co.uk/wp-content/uploads/Small-Pneumatic-Valve-Type-VPRM-016-261x249.jpg]The solution of the valve arrangement came from reviewing internal products, this time via pneumatic solenoid valves.  While the pressures and behaviours of the valves had very little in common with the original hydrogen design, the valve interface and size was perfect for the application needs.  

Fig 3, (Schultz, 2018)
This amalgamation of technology allowed for a high pressure solenoid that integrated the valve to the hydraulic style high pressure tube (internal valve unit that interfaces with the hydrogen media). While looking to maintain commonality with the hydraulic solenoid, the tube would remain a common size.  With this commonality, current production coils such as ATEx/IECEx, EC79 and IP ratings or low cost coils, could be fitted with no tube or hydrogen system modification, so long as the magnetic circuit output was equal to, or greater than the standard designed coil.  
While the coils could now be common, the tube required a complete internal redesign to operate with the new sizing limitations and limited magnetic circuit.  Commonality was found with the high pressure hydraulic tubes and whilst there was still a need for high tolerance parts, this was reduced to just one part per assembly. Some key design changes focused around material properties that allowed the transition from hydrocarbon oil to hydrogen media. 
As before, this high tolerance part could not be manufactured using the equipment on site consistently however, with some investigation it was found we could measure the parts for compliance in our standard production equipment. 
With this in mind, a study production run was commissioned for 1000 parts to be made and measured, with parts that failed automatically being scrapped.  It was found that from 1000 parts, 712 parts passed while 288 parts were rejected.  100% manual inspection confirmed that all parts passed in the test were within tolerance.  Even considering the scrap rate, the parts manufactured using current production equipment had a manufacturing cost of 1/5 when compared with the current production methods used.   
A max scrap rate of 40% was approved by senior management and production of the pressure balancing components was commissioned and is currently still in practice. 
[bookmark: _GoBack] It must be noted that the proposal for manufacturing parts on site and scrapping the non-conforming components, came from an apprentice who was in attendance as part of their training.   The comment was made in jest however, after being reviewed by the manufacturing and engineering team in attendance, the test proposal of 1000 parts was presented to management for approval.  Upon review this process can be considered a key point of the innovation, by a member of the team that was perceived to have little value to the innovation process. 



External Resources
Most of the product knowledge and development was a result of in-house knowledge however, the partnership with an external company allowed the free flow of information and ideas.  Considered one of the most valuable contributions to the project was customer requirements, this was primarily due to the partner company being a Magnet Schultz customer. 
This exchange of data was highly monitored, with each release being overseen by a member of the management team.  Magnet Schultz is protective of its intellectual property.  The monetarization hindered information exchange and partner company relations, this was often perceived as Magnet Schultz being untrusting. 

Project Management and Drivers 
The hydrogen valve innovation was integral to the company’s strategy in mitigating the potential risk of a primary income product becoming obsolete.  The risk was identified by senior management and the innovation project was launched as a direct result of risk mitigation exercise. 
The innovation project was developed in partnership with an external company to mitigate the financial risk associated with product development.  Whilst this partnership shared the financial burden of the project, it also resulted in external project reporting and pressures to hit milestones to achieve the timing targets set by the supporting company.  
Due to the sharing of information with a partner company project timing, financial reporting, prototype development and internal resources had to be logged and reviewed regularly by the management team.  Whilst this kept management informed to the innovation progress, this primarily was done to ensure the details shared with the partner company would not inadvertently publicise any of the company’s confidential information.  
With regards to the project success, this depends upon the approach taken with the projects performance. 

With a quantitative perspective, the key project targets are: 
· Customer target price – Fail
· Development time – Fail 
· Development budget – Fail 
· Complying with the original specification – Fail 
· Operational principles – Success 
· Production using current Magnet Schultz equipment – Success
· Lifetime operations – Fail 
· First to market – Success 
Whilst some of the project targets were successfully achieved, arguably the project can be classed as a failure due to the overwhelming volume of targets missed.  However, on reviewing the qualitative project data a very different perspective emerges. 
Customer target price – While the final price per unit was circa 24% higher than that outlined by the customer, the reduced pricing from the original design resulted in the revised hydrogen valve being adopted not only by the development partner but by the mobile hydrogen industry as a standard. 
Development time – The customer launch target was exceeded by 6 months from the original plan.  This was primarily due to multiple design iterations to have the valve performing as needed.  The impact on the development partner was minimal as the automotive development was also delayed, negating the late innovation completion.
Development budget – The development cost for the project overrun by €300,000.  The additional cost was funded by the development partner with no net impact on Magnet Schultz.  The development partner was advised of the project changes whilst in development and while the additional costs were unexpected, the partner company felt that the end product was a superior solution
Complying with the original specification – While using the modular design of the hydraulic solenoids allowed for the primary reduction in cost, this also limited the pressures that could be achieved.  As a result, the max service pressure was reduced from 1200 bar to 1050 bar.  The development customer was operating on a max system pressure of 650 bar.  Because of this, the net impact of this change to the partner company was negligible. 
Lifetime operations – The customer was seeking 10 million operations over the unit’s life.  The innovation solution was found to perform 7 million operations.  The original number of operations considered the worst case scenario every day with an additional factor of safety.  When reviewed under normal conditions, the valve would meet the service life requested. 
When reviewed with the development partner’s feedback, we can see that while the final solution failed to meet many of the project targets, it still fulfilled the primary functions needed.  Because of this, the project can be classed as a success. 
[image: Hydraulic On-Off Solenoid - Type GHPE / Hydraulic Proportional Solenoid - Type GRCE]Furthermore, because of the modular design approach taken the hydrogen valve had been adapted to suit ATEx/IECEx environment needed in hydrogen refuelling and manufacture, IP69 rated units needed for boat and rail hydrogen control systems.  This has been achieved by removing the EC79 developed coil and using the project specified coil from our standard product offering.  

Fig 4, (Schultz, 2018) 


Innovation Best Practices
One of the most valuable aids during the innovation was the introduction of a development partner.  The symbiotic sharing of information innovation process that had been exercised, technology and equipment was key in the development of the hydrogen valve (Ferreira, 2015).  This can be summed up in Fig 5. 
[image: ]
Fig 5, (Ferreira, 2015)

[image: Here's Why Your Innovation Strategy Will Fail | by Greg Satell | Medium]When reviewing the innovation conducted, we can follow similarities between tis innovations and the innovations found in the likes of iPhone incremental model releases.   Each iPhone release rarely have ground breaking changes, but often minor incremental improvements.  Whilst these changes have small differences from iPhone to iPhone, the cumulative effect of this is substantial.  I use this example of innovation as it has clear parallels with the hydrogen valve developed in Magnet Schultz innovation.  If we were to use Greg Satell’s Innovation matrix this could be defined as sustaining innovation.  (Satell, 2017)


Fig 5, (Satell, 2017)


During the innovation, Magnet Schultz was able to project focus by regularly reviewing and reminding the team of the overall project objectives.  The opportunity of innovation was clearly identified and communicated to the whole team and a clear plan of action with realistic goals were provided.  Agreed actions were discussed and best course of action reviewed.  Finally, the results were implemented resulting in the final innovation solution (Joe Tidd, 2013).  While the innovation funnel was not consulted during the course of the project, good working practices within Magnet Schultz resulted in the process being followed.  
[image: 7 Simplifi ed model of the innovation process | Download Scientific Diagram]




Fig 6, (Joe Tidd, 2013)



Critique 
As previously highlighted, the innovation failed to achieve many of the key milestones outlined at the beginning of the project.  Ultimately, this was necessary to progress innovation to completion while still achieving the overall goal of the project. 
Good innovation practices and the inclusion of ideas from any source, are key to this innovation success.  This has had further reaching affects, resulting in policy changes within the company. 
Ultimately the product developed has been adopted by the wider hydrogen community.  Whilst the original partner company continue to use the product, the production volume has been dwarfed by the volume consumed by companies who have modified the original design using standard coil with the advantage of modular options.
While the first generation of hydrogen valve development failed due to lack of market research and product refinement, these errors have been captured and rectified contributing to the innovations success. 
While the innovation can be viewed as a success, the project was placed at risk due the fears of intellectual property falling outside of Magnet Schultz’ control.  The partnership established with the development company and supported with NDA’s (nondisclosure agreement) was not sufficient for the free flow of information that would have aided in the final solution. 
Any failings of the innovation is not a result of the developed product, but with the inflexibility of Magnet Schultz catering to their customers.  Customers have repeatedly asked for supporting accessories to aid installation such as manifolds, wiring harness, control electronics however, Magnet Schultz refuses to manufacture products that don’t conform to Magnet Schultz core business of solenoid production.  
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