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Abstract

Healthcare and medical technology have a large environmental impact in both carbon emissions and
waste generated. The circular economy offers several theoretical design strategies and business models
to reduce the impact of a business, and these can and should be applied to the medical industry. This
paper explores circular strategies and reviews the opportunities and challenges for the circular economy
in the medical sector, then analyzes Philips Healthcare as a case study. The analysis of Philips offers
generalizations for the wider industry and further recommendations for Philips’s circularity efforts.

Introduction: Climate Impact of Healthcare

Healthcare, though not typically included in the sustainability conversation, has a large environmental
impact: 4.4% of global carbon emissions come from the healthcare sector, many of which are from the
supply chain (Health Care Without Harm and ARUP, 2021). For example, 62% of the emissions of the UK
National Health Service (NHS) come from the supply chain, such as pharmaceuticals and medical
equipment (Figure 1). Medical equipment alone is 10% (NHS England, 2022). Besides carbon emissions,
healthcare generates large amounts of waste, some of which is biohazardous and must be incinerated or
sterilized before disposal; estimates range between 8 and 13 kg per bed per day in the United States
(Minoglou et al., 2017; Practice Greenhealth, 2022). Thus, healthcare, and medical equipment
specifically, are an important part in the overall environmental sustainability of society.
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Figure 1: Proportion of carbon footprint of the NHS (Scopes 1-3) from ‘Delivering a Net Zero NHS’ (NHS England, 2022). A
significant portion comes from medical equipment.
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Theory of the circular economy

The circular economy (CE) offers theories and strategies to reduce environmental impact. CE is a nature-
inspired concept where no resource is wasted, and multiple actors cooperate to fully utilize materials
(Lovins et al., 1999). As opposed to the current linear economy where resources are taken from the
earth, made into products, used, and then wasted, a circular economy ‘closes the loop’ by reusing or
recycling goods to eliminate waste and reduce the raw materials extracted from the environment (Ellen
MacArthur Foundation, n.d.-a). As a leader in the CE concept, the Ellen MacArthur Foundation (n.d.-a)
defines it as a system that does the following:

1. Eliminates waste and pollution
2. Circulates products and materials at their highest value
3. Regenerates nature

The ‘butterfly diagram’ (Figure 2) shows the ways that materials are recirculated. The preference is
keeping materials in the inner loops of the diagram where the embodied production energy is highest
for as long as possible (for example, shredding up and recycling a usable product and then
manufacturing a new product with it is less efficient than reusing the product or repairing it). This is
called the “inertia principle,” a term coined by Walter Stahel (2010: 195):

“Do not repair what is not broken, do not remanufacture something that can be
repaired, do not recycle a product that can be remanufactured. Replace or treat only
the smallest possible part in order to maintain the existing economic value of the
technical system.”

Additionally, keeping materials pure and uncontaminated may allow for “pure circles” of infinite
recycling. Finally, cascading use of a material throughout the economy maximizes use and efficiency if
the material quality degrades over time (for example, using shredded textiles as insulation when they
are unusable) (Ellen MacArthur Foundation, 2013).
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Figure 2: The ‘'butterfly diagram' illustrating material pathways in the circular economy (Ellen MacArthur Foundation, n.d.-a)

CE is something that must be designed in from the beginning of a process; wedging it in as an
afterthought is rarely successful (Bocken et al., 2016). There are numerous techniques that designers
can use to make their system CE-ready, and the main categories are either design for material recovery
(recycling) or design for maximal product lifetime (den Hollander et al., 2017). Designing for recycling,
besides choosing recyclable materials, includes design requirements such as ease of disassembly,
minimizing the number of materials, avoiding composite materials, and labeling products and materials
to ensure safe and non-toxic recycling (Leal et al., 2020). Designing for lifetime includes design priorities
to resist obsolescence: making products maintainable, repairable, upgradeable, reusable, and
remanufacturable to increase their longevity (den Hollander et al., 2017). Using whole system thinking
to design the product sustainably from the start is critical.

Even if a product is circularly design, a specifically circular business model is needed to commercialize it
because the majority of companies are optimized to profit in the current linear economy. Sustainable
business models can capture the value that is often missed (e.g., waste materials), destroyed (e.g.,
negative environmental effects), or absent (e.g., undiscovered value via new partnerships or models) in
a linear system (Evans, Fernando, et al., 2017). Bocken et al. (2016) lists business models for extending
use and closing loops:

1. Product-service system, where a business retains ownership of the product and sells the
function or access to the product
2. Extending product value by recovering parts or entire products after they are initially used
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3. Extending product life model where a product is designed for longevity, and maintenance
or repair can be obtained from the manufacturer
Extending resource value by recovering materials from the product after they are used

5. Industrial symbiosis where wastes from processes are sold to other businesses

A business model of particular interest is the product-service system (PSS) in which the business sells
access or use of the product rather than the product itself. This system reverses the ownership of a
product back to the business and makes it responsible for service and upkeep (Evans, Vladimirova, et al.,
2017), and in doing so changes the incentives of both the business and the consumer for the better. It
incentivizes the business to create a product that lasts longer so it can sell more use or access time per
product, allows the business to optimally maintain that product for longevity, and further lets the
business extract value once the product is obsolete by harvesting it for parts or recycling it. It also
incentivizes the customer to only use the amount they need, which may save them money in the long
term (Bocken et al., 2016). Circular business models and design strategies are summarized in Figure 3.

Visionary statements and goals

E.g. realise circular designs; challenge planned obsolescence or
challenge unsustainability

Circular product design strategies | Circular business model strategies
Slowing | Slowing

* Designing long-life products * Access and performance model

* Designing for product-life extension \ * Extending product value

* Classic long life
* Encourage sufficiency

Closing / Closing

* Design for a technological cycle [ * Extending resource value
* Design for a biological cycle / \ * Industrial Symbiosis

* Design for dis- and reassembly

Figure 3: Design strategies and business models for the circular economy (Bocken et al., 2016)

All stakeholders can benefit from the CE. Businesses will gain a reduced material bill, better reputation,
and customer loyalty, and consumers gain more efficiency, reduced waste, and reduced cost. The planet
benefits from less material waste and reduced consumption of finite resources. The Ellen MacArthur
foundation estimates that an implementation of the circular economy could save 520 to 630 billion USD
per year globally (Ellen MacArthur Foundations, 2013).

However, CE does have challenges. Additional logistics and relationships are needed. For example, if a
product is designed for remanufacturing, it must be returned to the original manufacturer at the end of
each cycle, which requires reverse logistics systems and some incentive or requirement for the user to
return it (den Hollander et al., 2017). Further, tight business-to-business relationships are needed for
symbiosis, especially if certain circular functions, such as recycling or repair, are not among the
business’s competencies. These partnerships can have high transaction costs in time and effort (Lahti et
al., 2018). If the circular economy was easy, everyone would already be doing it.
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Nevertheless, medical technology could benefit from the adoption of CE principles. In 2020,
reprocessing single-use devices in hospitals saved 400 million USD and diverted 11.9 million pounds of
waste (Association of Medical Device Reprocessors, 2020); this can and should be expanded with
intentional circular design. The leader in circular healthcare in large corporations is Philips Healthcare,
and their practices will be analyzed as a case study after reviewing the literature on circular medical
technology and its challenges.

Literature Review: Circular medical technology

Challenges to circularity in medical devices

There are major barriers to the circular economy within medical devices. First, patient safety is
paramount, and all equipment used must be sterile. Some devices have higher hygiene criticality® than
others, leading to more intensive requirements for cleanliness and the perception of more difficulty to
reuse (Centers for Disease Control and Prevention, 2016). A study of industry opinions found that
reprocessing difficulty was the major barrier to reuse (Kandasamy et al., 2022). There were two deaths
in the US in 2015 due to reprocessed and incorrectly sterilized duodenoscopes (Drues, 2015). Incidents
like this can reduce trust in reprocessed devices, and generally single-use devices are perceived as safer
(Macneill et al., 2020). Though “there is no compelling evidence that [single-use devices] reduce
healthcare acquired infections,” that has not stopped the vast shift away from mostly reusable devices
prior to plastic and towards single-use devices purely due to the perception of safety (Macneill et al.,
2020: 2091).

Additionally, handling contaminated equipment which is classified as a biohazard is difficult as it must be
decontaminated (US Environmental Protection Agency, 2022). Up to 90% of waste from the operating
room is typically treated as a biohazard, even if it is not actually contaminated, and biohazard waste is
usually incinerated (Lee and Mears, 2012). This is a type of unnecessary obsolescence of products due to
concern for safety (Kane et al., 2018). Concern for safety, liability, and profits also leads to designed
obsolescence after a single use of a device by some companies (Kane et al., 2018; Macneill et al., 2020).

Finally, the regulatory landscape is generally unfavorable to CE initiatives. For example, NHS Scotland
usually does not purchase reused equipment due to liability concerts (Dawson et al., 2022). Regulatory
bodies like the US Food and Drug Administration have made it more difficult for reprocessors by ending
premarket approvals for them but not for original equipment manufacturers. Devices labeled as multi-
use must provide evidence verifying the safe reusability, whereas there is no regulatory burden for
single-use devices; thus single-use becomes the default (Macneill et al., 2020). Even seemingly simple
switches like including recycled content have a higher regulatory expectation. Medical devices cannot
use post-consumer recycled plastic because of the need for complete traceability for the required
Device History Record; though non-virgin plastic is not specifically disallowed, it would be extremely
difficult to meet requirements without it (Healthcare Plastics Recycling Council, 2021). Sterility, the

1 Hygiene criticality is the importance of disinfection for that medical device before it is used (e.g., a syringe must
be more sterile than a stethoscope) (Centers for Disease Control and Prevention, 2016)
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perception of sterility, biohazard waste, and regulatory hurdles are all barriers to the circularity of
medical equipment.

Circular design and business models for healthcare

Medical equipment is only beginning to be considered for circular design due to the challenges explored
above. Given the challenges and potential benefits, Kane et al. (2018) developed a matrix to recommend
the best circular design practices depending on the financial value and hygiene criticality of the medical
device. For devices that are valuable and do not demand high sterility, such as imaging machines,
patient monitors, and medical furniture, remanufacturing is a realistic and profitable strategy for
sustainability. For devices that are inexpensive and low criticality like compression sleeves, designing for
recycling is recommended as it may be more economically and financially expensive to recover the
product in another way. In the inexpensive but highly critical category, devices like syringes and
bandages which will be contaminated during use should be designed out of the care pathway if possible
by inventing alternative methods to achieve the same result; alternatively, they may be designed to be
sterilized and recycled since the energy and money to sterilize them and reprocess may be prohibitively
high. Finally, expensive and highly critical devices like hearing aids and surgical staplers should be
designed for reprocessing in a healthcare-friendly way by considering the sterilization needs. The
devices could be designed more modularly, with durable parts to be reused and patient-contacting parts
to be single-use. Built-in indicators of device performance and quality should be added to increase trust
and ensure safety after multiple use-sterilization cycles. Additionally, the devices could be certified not
for an infinite number of cycles but for a fixed number of uses to facilitate regulatory validation (Kane et
al., 2018). This matrix provides a useful generalization of design approaches depending on the device
and its use.

Guzzo et al. (2020) places nine existing medical circular business models (CBMs) on the criticality-value
axes in Figure 4. They are connected to the relevant CE principles in Table 1. Though only existing CBMs
are shown, it is useful to see successful approaches specific to the device category.
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Figure 4 (left): Suggested circularity approach depending on hygiene criticality and device cost (Kane et al., 2018);
Figure 5 (right): Circular business models on the criticality - product value axis (Guzzo et al., 2020)

Model description from Guzzo et al. (2020) Connection to CE principles
CBM1 Full care equipment as a service; continuously providing PSS — product service system.
access to equipment, support, maintenance Prolonging product life,
optimization, dematerialization
CBM?2 In-hospital lifecycle care services; service for predictive Prolonging product life,
maintenance, providing spare parts or consumables potentially extending product
value by using parts harvested
CBM3 Support for hospital-based reprocessing; consumables Prolonging product life, cycling
and equipment for sterilization and processing to take again
place at the hospital
CBM4 Mobile solutions; travelling and setting up mobile medical | Dematerialization,
equipment in various hospitals for short periods of time optimization, sharing
CBM5 Platform for device circulation; buy/sell or share/rent Sharing, optimization
programs for facilitating transfer
CBM6 | Selling refurbished systems; hospitals can by secondhand | Prolonging product life, cycling
equipment again
CcBM7 Full reprocessing of single-use devices — service provider | Prolonging product life, cycling
takes on risk of doing all the reprocessing and provides again
them to the hospital
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CBM8 | End of life equipment collection for parts harvesting and Extended product value,
recycling extended resource value

CBM9 | Collection of disposables and recycling any high-quality Extended resource value
materials

Table 1: Existing circular business models in medical technology

Present state of circularity in medical technology

The present state of circularity in medical technology is limited. Currently, only equipment in the top left
quadrant of Kane et al.’s (2018) matrix such as large and expensive imagine machines are regularly
refurbished and resold. Some manufacturers are trying out PSS with low-criticality, low-tech, high-
volume devices (bottom left quadrant) such as pulse oximeters by selling access to devices and filling
orders with refurbished devices first (Scalia and Benedettini, 2022). Additionally, hospitals often, against
the labelling of the devices, reuse some single-use devices such as surgical tools for the cost savings.
They often turn to third party reprocessors to handle sterilization (Klein, 2005). Because it is not the
original manufacturers doing the reprocessing, third party reprocessors have to reverse-engineer the
device (Scalia and Benedettini, 2022). This demonstrates the market need for more circular (and
cheaper) medical devices.

Case Study: Philips Healthcare

Overview and environmental goals

Philips Healthcare (PH), a multinational corporation based in the Netherlands, is a pioneer in circular
medical technology. In 2021, its total sales were worth 17.2 billion EUR, and it put 73,500 tonnes of
product on the market (Philips, 2022a). Its healthcare products cover several areas such as patient
monitoring (cardiograms, Holter monitors, neonatal and maternal monitoring), large imaging (CT, MR,
mammography, fluoroscopy, x-ray, and C arms), treatment (ventilators, respiratory drug delivery, breast
pumps), and small consumables (cannulas, masks, maternal accessories) (Philips, 2022b).

PH has established their general environmental attitude through emissions goals? in line with science-
based targets®. Though they are carbon neutral in their operations as of 2020 in part due to offsets, they
plan to get 75% of their electricity from renewables by 2025. They are also working with their suppliers
to decrease their emissions (Philips, 2022c). More relevant to this discussion are their circularity goals.
By 2025, they aim to generate 25% of their revenue from circular products and service, and in 2021 they
achieved 16%. They also aim to “close the loop” on all professional medical equipment by 2025 by either
refurbishing and reselling or recycling. In 2021, about 3,000 systems were returned, and 8% of products
globally (6,000 tonnes) were collected, reused, or recycled (Philips, 2022a). Finally, they are adopting

2 “Global health technology company Royal Philips commits to reduce absolute scope 1 and scope 2 [greenhouse
gas] emissions 75% by 2025 and 90% by 2040 from a 2015 base year. Royal Philips also commits to reduce absolute
scope 3 [greenhouse gas] emissions from purchased goods and services, business travel, downstream
transportation & distribution and use of sold products 42% by 2030 from a 2020 base year” (Science Based
Targets, 2022).

3 Science-based targets are emissions targets that are certified to align with the global goal of less than 2°C
warming for the company’s industrial sector based on the Intergovernmental Panel on Climate Change (The
Carbon Trust, 2019)
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circular practices at their offices, manufacturing sites, warehouses, and R&D facilities, and as of 2021
sent zero (<0.1%) waste to landfill* (Philips, 2022a).

EcoDesign
PH has embraced the idea of eco-design (or EcoDesign as they term it) to design out environmental
impacts of their products, and circularity is part of their design requirements. By using lifecycle
assessment (LCA), they can quantify the impacts of the entire lifecycle of the product and identify high-
impact stages to address. Specific efforts include improving the energy efficiency of products during the
use phase because, as seen in the LCA results in Figure 6, their products are environmentally intensive to
use (Philips, n.d.-a). PH includes recycled materials in their products; however, an exact figure is not
readily available, indicating it is probably not a high proportion. They are applying design for recycling
principles, including creating “recycling passports” so that materials are properly identified and
disassembled safely (Philips, n.d.-b). Additionally, they use labeling that indicates when a product has
been EcoDesigned with significant reductions in impact (Philips, n.d.-a). Dematerialization is in progress,
as increasing use of software allows for completely virtual and remote product upgrades and predictive
maintenance; they also are moving to be more compatible with existing technologies to reduce
redundancies, such as the ability to plug in a patient monitor to a handheld device rather than requiring
its own specific screen (Philips, n.d.-a). Overall, Philips is incorporating several aspects of circular design
into their process.

Philips

Environmental impact 2021 EUR 2.16 billion

Materials & Packaging Philips Customer use phase Product
component . sites disposal
supply chain ® ®
1M
4 M 3M
90% Business
electronics travel
& metals .
10% EUR
289 M plastics 20M

Logistics

EUR
82 M

Figure 6: Lifecycle assessment results for all Philips’s operations and products (Philips, n.d.-a)

#Incineration and waste-to-energy are included as waste destinations (Philips, 2022a)
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Circular business models

EcoDesign alone does not make a circular product without the business models to support it. PH has
deployed three circular business models for some of their products: refurbishment, product-service

systems, and partial leasing, all with the goal of extended product use. They have emulated the Ellen
MacArthur butterfly diagram as seen in Figure 7 with their own.

Extracting
raw materials

Least value
Parts supply Recycle/Incl.
recycled plastic
Parts
recovery
Distribution Refurbish
Service/
Upgrades
Optimize '
usage/De- CI05|ng the EOOp
materialize
Most value

Loop not yet closed
Customers not willing to trade-in/Lost deals/Small equipment/Non-Philips equipment

Figure 7: Philips's circular models (Philips, 2022a)

First, PH utilizes CBM6 regularly by taking back, refurbishing, and reselling large and expensive imagine
systems at a lower cost. As an example, the refurbished interventional x-ray is typically sold for 60-85%
of the new cost. As 80% of the market does not need the newest x-rays to properly care for patients,
this helps PH to keep market share and maintain customer relations while also reducing waste: the
lifespan of the x-ray is typically increased by 5-10 years with refurbishment (Jensen et al., 2019). This
corresponds to the CE principles of extending product life and value and aligns with the recommended
approach for large and low criticality equipment according to Kane et al.’s matrix.

Second, PH deploys a partial leasing business model for the Lumea hair remover, allowing them to retain
some ownership and control of the product. Customers can “try then buy” the device, paying a monthly
fee until the device is paid off (12 months) or until they wish to return it. This lets Philips a) potentially
re-lease the shaver after any required maintenance and b) prevent the shaver from ending up in the
landfill at the end of its life by harvesting parts and recycling (Philips, 2022d). This is an example of
partial CBM®6 by re-leasing used devices, and partial CBM1 by selling access to the device for the first 12
months until full ownership. Prolonging product life and value are the CE principles at play.
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Third, PSS, or CBM1, is deployed for the portable ultrasound as a subscription service. A monthly
subscription gives healthcare providers use of the ultrasound while Philips maintains ownership and
responsibility for maintenance. Providers pay a flat fee for basic use and can pay-per-use for more
specialized features, allowing them to try new tools without committing to the expense of a new model
(Philips, n.d.-c). For budget-tight hospitals, this improves specialized patient care and provides a flexible
and predictable expense due to the price cap. Monitoring the usage of the equipment encourages
efficiency as hospitals are incentivized to use only what they need, and they have flexibility to modify
usage and equipment as needed (British Journal of Cardiology, 2015); this corresponds to the inner
loops of the butterfly diagram to share or redistribute products. PSS simplifies the maintenance and
takeback process for Philips as well because of the retention of ownership, working towards their goal of
closing the loop. This is an excellent example of a sustainability solution being a win-win for customers,
the company, and the environment.

No capital expenditure budget
Links costs to revenue
Monthly fee ‘cap’ ensures peace of mind

Scalable solution — ability to Access to our best for an
offer service on a small fleet affordable monthly fee
or link multiple systems in
multiple departments and
even different site locations

~—

Ultrasound
Provides insight into your on Demand Future proofs your
ultrasound services helping you ultrasound
have the right configurations in
the right places

Figure 8: Philips's Ultrasound on Demand selling points (Philips, n.d.-c)

Discussion

Generalizations for the industry from Philips

PH is attempting circularity in a way that few other medical technology companies are based on my
experience in the industry, and their prolonged engagement and support for external initiatives like the
Ellen MacArthur foundation suggests it is a good faith effort rather than a publicity stunt. Other
companies in the medical technology industry need to commit to a circular transformation as well. A
simple place to start is requiring LCAs as part of design processes and reviews as there is no way to
design for sustainability without knowing the product impact. PH has undertaken a mindset shift
towards circularity throughout the company and employee base with training, dedicated support hubs,
and leadership from CEO Frans van Houten who first included CE in the business strategy in 2012 (Ellen
MacArthur Foundation, n.d.-b). Other companies, from small businesses to transnational corporations,
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need a similar culture shift. As more companies work towards CE, collaborations will become easier, and
change may accelerate.

Recommendations for Phillips

Though PH is a leader in the industry, their CE program is far from finished. Although they have goals to
close the loop on all professional medical equipment, there is no equivalent goal for smaller, consumer-
facing devices. Admittedly, this would be a more difficult task as those devices may be dispersed in
consumers’ homes rather than centralized at the hospital, increasing the effort needed to take them
back without shifts in ownership or incentives. Transitioning to further PSS use could solve unlock more
circularity for smaller devices. PH also could engage further with designing from recycling (Leal et al.,
2020) and using more post-consumer recycled materials as allowed by regulations. Finally, following the
common idea that the most sustainable product is the one not bought or manufactured, the most
sustainable healthcare is prevention. PH should engage in the preventative health space and find
innovative solutions that are both profitable and preemptive.

Wider changes needed

Industry alone cannot solve the many challenges of sustainability in healthcare and medical technology.
If the barriers discussed above are to be overcome, leadership is needed from regulatory bodies to
create more pathways for circular devices. Perceptions of single use equating to safety also need to be
confronted with more research and open discussion between healthcare providers, patients, and
regulators. Finally, in 2020 the UK NHS was the first health system to commit to net zero (NHS England,
2022), which in my personal experience has had ripple effects throughout the international industry as
manufacturers create sustainability plans to comply with a major customer’s demands. More health
systems should use their purchasing power to demand faster sustainable and circular change from the
medical technology industry. According to a Kearney analysis, 70% of medical technology companies
have not yet set a science-based target to align with 1.5°C® or even an emissions reduction goal (Blazic et
al., 2022). Though emissions reductions are not the same as circularity goals, they are much more well-
known and becoming mainstream, so it can be extrapolated that the number of healthcare technology
companies with circularity goals is even lower.

Conclusion

Circularity is much needed in the healthcare industry, especially medical equipment, in the global effort
to decarbonize and stay within the finite limits of the Earth’s resources. There are many circular design
strategies and business models that can be applied to extend product use and material recovery, and
the healthcare-specific requirement of patient safety plays a large role in determining which strategies
are environmentally and economically feasible. Philips Healthcare is leading the CE effort in the global
medical corporation arena with goals to close the loop on all professional medical equipment and
generate 25% of revenue from circular products by 2025. These are ambitious by industry standards,
and these efforts will expand the recognition and potentially the adoption of CE principles by other

51.5 Cof increase in global temperatures, widely regarded as a ‘safe’ amount of warming and codified in the Paris
Agreement
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companies. Even though the goals are ambitious compared to its peers, PH still has a long way to go to —
fully 75% even after 2025 — achieve full circularity. Continued efforts from both PH and the wider
regulatory, healthcare provider, and patient community are necessary to create an economy and
healthcare system that are truly healthy for people and the planet.
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