
 

 

 

 

 

 

 

 

  
 

   

      

   

 

CalRecycle AB1201 

Beyond Plastic LLC 

Authored by: Fred D Pinzcuk, CTO 

Nov. 7, 2023 

1 



 

 

 

 

 

 

     

       

 

         

     

      

 

   

   

 

    

   

     

  

 

   

  

   

    

       

 

     

 

 

 

 

 

 

 

Feasibility of collecting and processing plastics products within the 
current composting stream. 

First and foremost, we would like to thank the members of CalRecycle for making the 

effort to better understand the challenges and issues facing our composting partners. 

As we wrote to Deputy Director Clara Morgan on the 4th of November — we get it. We 

understand the frustration, challenges, and the years of accrued aggravation the 

industry has and is dealing with on the issue of handling “compostable” plastics. 

There is no excuse that the plastic packaging industry can possibly provide that justifies 

its inaction at addressing these issues. 

Bifurcation feasibility is, by definition, the capability to divide streams of incoming 

plastics. It’s already challenging for the recycling industry to differentiate from 

“recyclable” to non-recyclable or “whishcycled” materials. So, we can’t imagine the 

process ever working properly for composters. 

This is in addition to dealing with “compostable “standards that we believe do not 

represent the industry needs. Moreover, there’s also been vast amounts of 

greenwashing facilitated by creative marketers who have mislead consumers, making it 

nearly impossible for them to make the right decision as to where or how products 

need to be disposed of —is it the grey, green or blue bin. 

We hear you loud and clear. 
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SOLUTION: 
We believe a multi-faced set of solutions can reduce if not eliminate the fundamental 

issues plaguing the industry. All the while supporting consumer insatiable need for 

consumer packaging and their attributes for food and consumer protection. 

1) Plastic bifurcation: 

There are no better experts within the field of plastic bifurcation than our state plastic 

recyclers. I would use our local provider RPlanetEarth (Los Angeles) as an example of a 

functional, effective and state-of-the art facility when it comes to the proper handling 

of plastic packaging waste. 

RPlanetEarth’s business model is relying on the circular economy based on PET plastics. 

They can recycle up to 62% of plastic bails into a very marketable product in great part 

thanks to the passing of SB54. RPET is a material of great value, and we can all forecast 

its use and application to increase annually as the mandate requires it. 

We believe facilities such as RPlanetEarth are best suited to provide a clean stream of 

biopolymers that are compatible with composting facilities, eliminating the risk of 

introducing microplastics within the food chain. 

Furthermore, we have successfully demonstrated the ability for the application of AI-

driven InfraRed 3D Spectrometry to identify and catalog an ever-expanding range of 

materials with a 99.8% rate of bifurcation. (Copy of the test and validation are 

included.) 

We would like to add that Italy has now become the EU poster child for the use, re-use, 

collection and composting of biomaterials. We are pursuing additional contacts to 

better understand their success and failures in implementing their circular economic 

development on the matter. 
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2) Application of biodegradable materials: 

Not all biopolymers are created equally. And unfortunately, some material providers 

have gone through great lengths to either ignore their material fundamental 

properties or bluntly have misrepresented their attributes. The main culprit here is PLA 

or Polyethnic Acid biopolymer. PLA is a plastic derived from the fermentation process 

of lactic acid. However, it needs an external polymerization process, which requires a 

heavy metal catalyst to be turned into a useful plastic. 

External polymerization is the main issue when it comes to PLA materials being 

marketed as “compostable.” And the standard used for determining this very generic 
term “compostable” requires very specific conditions that aren’t suited or available by 

most, if not all, composting facilities. 

This external polymerization is also the root cause as to why PLA is simply not 

biodegradable. And if discarded within our environment, it is expected to generate 

microplastics as it weathers and degrades over time. This will ensure the material will 

build up within our environment and perpetuate the fundamental issues of petrol-base 

plastics. PLA may have a shorter lifespan of 50 to 75 years vs. 300, but it’s far from 
what the consumer would expect from a product labelled as “compostable” or miss-

labelled at times as biodegradable. 

At the November 2nd public hearing, we heard of the negative impact of relying on an 

ASTM 6400 standard and US certification body (BPI Biodegradable Products Institute) 

that is issuing these certifications all the while knowing full well PLA is not and never 

will be biodegradable. 

The irony of using the word “biodegradable” by the certification body isn’t lost on 
everyone. Maybe something the state should look into? 

We propose that only materials made of 100% PHA (Polyhydroxyalkanoates) be 

allowed to use the word or label “compostable.”  These plastics are not only biobased 
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but can also be made from the capture of biogas such as CO2 and Methane. Two of the 

contributing gases are directly involved with global warming. 

PHA is made by selecting bacteria found in Mother Nature with the unique ability to 

convert and transform biomass and/or biogas into a plastic that can be used as a direct 

replacement for traditional Carbon-Carbon base petrol polymers such as PP, PE, LDPE 

and PS. There is no secondary or external polymerization needed to make these 

plastics because the bacteria already did the heavy lifting for us. And because they are 

made from bacteria, they are in fact re-absorb by Mother Nature in a very similar, if 

not, identical fashion as cellulose (paper). 

The current industry standard adopted to measure this natural biodegradation is ASTM 

6691. The standard was designed to mimic ocean sensitive conditions of salinity and 

microorganism activities. The targeted rate of degradation of cellulose with that 

sensitive environment is 180 days, which equals 30% mass losses. PHA in is pure form, 

beats those numbers. 

I would like to clearly state that it is not a perfect standard. One blaring issue is the 

testing is to be done at 80F, and we acknowledge that our oceans aren’t measured at 

this temperature. So, we have included additional testing with temperatures as low as 

40F. However, cellulose degradation also slows down at those temperatures. 

Regardless, if there is microbial activity, PHA plastic will in fact naturally biodegrade 

without generating microplastic. 

This is not stated as a call to discard PHA materials in our environments. Far from it. It’s 

the added safety net this unique material can bring along with its ability to be fully 

recycled, but also naturally compostable in all conditions. 

REAL LIFE EXERCISE: 

As a demonstrator of this technology, we are assembling, as we speak, in our labs a 

production cell for manufacturing drinking bottle caps out of PHA. Current materials 

used for this application are notably in the millions per day. And they are measured as 
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the second most collected plastic trash within our shores.1 These traditional PP or LDPE 

made caps are notoriously difficult to recycle properly, easily discarded, and have little 

to no value to support a circular economy. 

Our demo cell will include a recycling bifurcation system that will collect and grind PHA 

caps into flakes. Only to be mixed with the current wide range of petrol Polymers 

found in our packaging, including the valuable PET and HDPE. As part of this demo, 

we’ll use commercially available AI IR Technology to separate the materials and have 

pure PHA flakes re-used on site to make another bottle cap. 

When it comes to standards, compostability and biodegradability certifications are 

handled by OWS labs and issued by TUV strict EU standards of claims. 

It’s worth noting that TUV will not issue Marine Biodegradable Certs simply because 

they do not want to promote the abuse of the claim, add to the growing confusion, or 

instigate the accidental discarding of plastics within our environment. 

The testing is only for ensuring the worst-case scenario is covered and explainable. 

Something no other plastic can claim or do. Including PLA. 

We are also pursuing the work and effort of CMA  (Composters Manufacturing 

Association) on establishing composting standards that meet the vast majority of the 

facilities within our states and across the nation in dealing with biodegradable 

biopolymers. 

https://static1.squarespace.com/static/5522e85be4b0b65a7c78ac96/t/5acbd346562fa79982b268fc/1523307375028/5 
Gyres_BANlist2.pdf 
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CONCLUSION: 

We feel that our industry is now being found guilty by association, and we aren’t 

entirely innocent in the matter. There are players within the field of PHAs that have 

unsuccessfully attempted to re-brand our materials as non-plastic. 

However, when it comes down to the facts — PHA looks like plastic, behaves like a 

plastic, performs like many other plastics, and is in fact a plastic. And therefore, should 

be treated as plastic. 

But it’s a plastic that has the unique ability to protect our legacy for future generations. 
It can meet our everyday needs while not contributing to the ever-increasing plastic 

pollution if discarded carelessly or unconsciously into our environment.  

Lastly, I would like to point out that California is measured to be the 4th largest 

economy in the world. It has been found to be the most restrictive to our business 

development. As an example, the label claim ban of the word “biodegradable” is 

blocking sales of products and distribution within our great state. And while we 

understand the root cause of the ban, we simply do not agree with being broadly 

targeted as others have greenwashed their way into the market for the past 20 years. 

We therefore would like the opportunity to present our materials backed by 

international science. 

Currently China is leading the work on the application of these materials and doubling 

capacity annually. With EU taking second place, and the US trailing far behind in last 

place. The biggest US players within this field are all located outside of California. 

We ask for the time and opportunity to complete our research on the successful Italian 

Biomaterial composting scheme. It is currently under review by the EU government in 

Brussels and looks to be adopted across all members. We’d like to present our findings 

to the CalRecycle members (Est. Q3 2024). 
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In addition, we would love the opportunity to further educate all members as we have 

with Senator Ben Allen and State Treasurer Fiona Ma on the subject of PHA bio-

plastics. In support of using the existing plastic recycling systems to support a clean 

stream of materials and circular economy around biopolymers. 

Last, we therefore ask for the AB1201 decision to be delayed long enough for the 

board to review the facts and for our industry a chance to provide the evidence 

needed to support our claims. 

And we would like you to imagine plastic packaging that can not only be recycled but is 

in fact compostable in all conditions and methods. And leaves no trace if leaked in our 

environment. With this material, we could in fact reduce the amount of microplastics 

that is currently continuing to accrue within our oceans and land. 

Our industry already lost the label of “biodegradable” due to the negligence of others. 

And now the loss of the “compostable” claims would set us back 10+ years on our 

research and development. And once again ensure other nations take the leads on its 

application. 

Sincerely 

Fred Pinczuk, 

CTO 

Beyond Plastic LLC 

Commerce, CA. 
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Rachel Machi Wagoner 

CalRecycle 

1001 I Street, P.O. Box 4025 

Sacramento, CA 95814 

 

Dear Ms. Wagoner, 

 

Thank you for the opportunity to comment on the AB 1201 Organic Waste Bifurcation 

Feasibility Determination (“Determination”).  We support the findings of the 

Determination, which were that composters do not have the ability to process organics 

that are allowable feedstocks under the National Organic Program (NOP) separately from 

those that are not allowable. We have the following additional comments: 

• Although the statute indicates that the Department will examine the feasibility of 

collection rather than processing, we support the decision to focus on processing for 

multiple reasons. Our conversations with composters echo the Department’s findings 

that, even if separate collection is possible, there are significant barriers to separate 

processing, including additional costs, space, time, and labor, undermining the goals of 

bifurcation. As staff indicated during the workshop, even if barriers to separate processing 

could be overcome, composting both streams requires the addition of wood or green 

material, both allowed feedstocks under NOP.  Adding these materials back into a stream 

composed of non-NOP feedstocks would be counterproductive to the goal of bifurcation. 

• StopWaste’s member agencies have also expressed concern about the financial and 

logistical barriers to bifurcating the collection streams.  Separating collections would likely 

have the unintended consequences of increasing greenhouse gas emissions due to 

increased truck trips and increased contamination due to generator confusion. 

• The implementation of the public process required by statute was insufficient. We urge 

CalRecycle to better communicate and engage with local jurisdictions, who are 

implementing state laws.  As part of a more transparent and effective process, we 

recommend clearer coordination with the SB 54 rulemaking process.  

Again, we support the goals of AB 1201 as well as the findings of the Determination.  

Please feel free to reach out to us for further dialog on this issue.  

 

Sincerely, 

 

 

 

Timothy Burroughs 

Executive Director 



 
 

 
 

 
 
 

November 8, 2023 
 
 
 
Rachel Machi Wagoner 
Director, Department of Resources Recycling and Recovery 
1001 I Street 
Sacramento, CA 95814 
 
RE: AB 1201 Organic Waste Bifurcation Feasibility Comments 
 
Dear Director Wagoner:  
 
 On behalf of the Rural County Representatives of California (RCRC), Solid Waste 
Association of North America (SWANA) California Chapters Legislative Task Force, the 
League of California Cities (Cal Cities), and the California Special Districts Association (CSDA) 
we are pleased to provide comments on the feasibility of bifurcating organic waste collection 
and processing pursuant to AB 1201 (Ting) of 2021.  
 
 RCRC is an association of forty rural California counties and the RCRC Board of 
Directors is comprised of elected supervisors from each of those member counties.    SWANA 
is the world’s largest association of solid waste professionals (with over 10,000 members) and 
the three California chapters represent nearly 1,100 of those members. The Legislative Task 
Force is responsible for representing the California Chapters, advocating for environmentally‐ 
and economically‐sound management of municipal solid waste.  Cal Cities is a statewide 
association representing over 476 cities and enhancing the quality of life for all Californians.  
CSDA represents all types of special districts, which provide millions of Californians with 
essential local services such as fire protection, resource conservation, water, recreation and 
parks, and more.  Collectively, our members are the backbone of the state’s solid waste 
management and recycling efforts and have been working hard to implement the state’s new 
requirements to reduce landfill disposal of organic waste by 75 percent and increase edible 
food waste recovery by 20 percent.     
 
Overview 
 We believe that it is infeasible to bifurcate the organic waste collection and processing 
streams and are concerned that the Discussion Paper for the Assembly Bill 1201 Public 
Workshop (Discussion Paper) only considers the feasibility of bifurcating organic waste 
processing without considering the related feasibility of bifurcating collection.  The Discussion 
Paper appears to assume that AB 1201 provides CalRecycle regulatory authority to require 
bifurcation of the organic waste collection and processing system.  The legislative history is 
quite clear that AB 1201 only intended to allow CalRecycle to order bifurcation of product 
labeling if it determines that bifurcation of the organic waste collection and processing system 
is feasible. 
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AB 1201 Was Intended to Lead to Bifurcation of Product Labeling  
 Due to concerns about the potential reach of late amendments to AB 1201, and the 
inability to further amend the bill because of legislative deadlines, the bill’s author wrote and 
the Assembly adopted a Letter to the Assembly Journal clarifying the bill’s intent, stating: 

“This bill and this provision are designed to expand content and labeling requirements for 
compostable products, not adopt new regulations requiring a bifurcated organic waste collection 
processing system…It is not the intent of the Legislature that AB 1201, specifically the additions to 
Public Resources Code Section 42357(g)(1)(B) require CalRecycle to modify their newly-adopted 
organic waste recycling regulations and impose a completely new dual stream collection system for 
organic waste.  The only intent of this provision was for CalRecycle’s feasibility determination to 
trigger a requirement to adopt regulations to establish a bifurcated approach to product labeling.” 

 
 That intent was integrated into the resources trailer bill (AB 203 (Budget, Chapter 60, 
Statutes of 2022)), which amended PRC 42357(g)(1)(B) as follows: 

“... By January 1, 2024, the department, through a public stakeholder process, shall determine 
whether, for purposes of this section, it would be feasible to separate the collection of products in 
order to recover organic waste that is suitable for use in organic agricultural applications from the 
collection of products not suitable for use in organic agricultural applications. If the department 
determines that such bifurcation is feasible and would enable efficient processing by solid waste 
processing facilities, the department shall adopt regulations on or before January 1, 2026, to 
establish a bifurcated approach to product labeling [emphasis added], and products that are not 
collected for the purpose of recovering organic waste that is suitable for use in organic agricultural 
applications shall comply with the department’s regulations and are not subject to the requirements 
of this subparagraph…” 

 
 These changes went into immediate effect on June 30, 2022, but were inadvertently 
chaptered out when another bill was signed without first being modified to reflect the changes 
made a few months earlier by AB 203.  The Discussion Paper’s failure to mention these 
important aspects of AB 1201’s legislative history has led to uncertainty as to where 
CalRecycle believes this feasibility determination will ultimately lead.  Fortunately, CalRecycle 
should not need to reach that step because bifurcation of the organic waste collection and 
processing system is not feasible. 
 
Bifurcation of Organic Waste Processing Is Not Feasible 
 The Discussion Paper notes that CalRecycle surveyed 34 mixed materials composting 
facilities as to the feasibility of bifurcating organic waste processing.  In response, 58% 
responded that bifurcation of organic waste processing would not be feasible.  Nearly 80% of 
respondents noted that adding capacity to process a separate stream would increase 
operational costs by more than 20%.  We agree with those observations and the comments 
that bifurcation will increase labor costs and require significantly increasing processing 
capacity (and dedicated facility space) to handle two different organic streams to avoid 
contamination.  Permitting composting facilities is already difficult enough without having to 
acquire more space to accommodate a small volume of non-National Organic Program (NOP) 
organics.   
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 Local governments and the solid waste industry have invested substantial sums in 
building collection and processing capacity to implement the new SB 1383 organic waste 
recycling requirements.  Some entities are building or expanding composting operations at 
considerable cost.  Requiring those facilities to bifurcate organic waste processing to 
accommodate a small amount of non-NOP inputs would force them to go back to the drawing 
board to redesign the facilities and operations.  These changes would further increase 
compliance costs beyond the $40 billion potential price tag associated with the SB 1383 
organic waste recycling regulations. Furthermore, some facilities are likely space-constrained, 
which would make bifurcation impossible at a given facility without substantially decreasing 
capacity to produce NOP-compliant compost.  
 
 The feasibility analysis should consider that after bifurcation, non-NOP feedstock 
organics would still have to be blended with other inputs to produce compost.  Those other 
inputs would likely have to be diverted from the production of more marketable NOP compliant 
compost production to produce an inferior product that is less marketable.  All these costs and 
consequences would be the result of a “snowball effect” resulting from having to accept and 
process a very small amount of non-NOP feedstocks. 
 
 Similarly, bifurcation is not feasible because of time constraints and identification 
challenges.  In addition to the fact that many “compostable” products do not break down in the 
timeframes that many California facilities are built around, it is also very difficult to differentiate 
“compostable” materials from conventional plastics.  Most compost facilities screen out these 
materials for that very reason.  So, bifurcation of the processing system would still founder 
without both requiring compostable materials to be clearly differentiated from conventional 
plastics AND compelling facilities to change their operating procedures to accommodate 
materials that take longer to break down. 
 
 Finally, the feasibility analysis should consider whether there will be adequate demand 
for non-NOP compliant compost.  Many facilities have focused on production of organic 
compost because it commands a higher price and is in greater demand than non-organic 
compost.  It is not clear that there would be sufficient demand for non-NOP compost in the 
marketplace.  We note that CalRecycle has already tried to spur demand by ordering local 
governments to aggressively procure compost and other organic-derived products; however, 
compulsory public consumption cannot be the answer to enable a small universe of 
“compostable product” manufacturers to profit from introducing into the stream of commerce 
materials that are widely viewed as contaminants in the composting community and which are 
very difficult to differentiate from non-compostable plastics. 
 
Even If CalRecycle Determines Bifurcation of Processing Is Feasible, Bifurcating 
Collection Remains Infeasible 
 While CalRecycle’s survey and Discussion Paper focus on the feasibility of bifurcating 
the organic waste processing system, it does not appear to consider the feasibility of bifurcating 
organic waste collection.  Even if CalRecycle determines it is feasible to bifurcate organic 
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waste processing, it will be infeasible to bifurcate organic waste collection into NOP and non-
NOP organics streams. 
 
 Local governments and the solid waste industry have been ramping up efforts to 
increase organic waste collection to comply with CalRecycle’s SB 1383 organic waste 
regulations.   Bifurcation of the organic waste collection system would result in very significant 
costs for local governments, solid waste enterprises, and (ultimately) the residents who are 
served.  The significant cost increases associated with adding and servicing an additional 
container would be exceedingly high relative to the very small amount of non-NOP inputs that 
are just as likely be discarded by consumers in either the trash or normal green waste can.  
Organic waste collection remains infeasible for some rural and low-population counties for a 
number of reasons ranging from roads to topography to population density.  Those same 
challenges would be exacerbated and rendered even more infeasible if bifurcation of organic 
waste collection is required. 
 
 In short, bifurcation of the collection system would make local implementation of the SB 
1383 regulations even more complex and challenging, thereby frustrating efforts to increase 
diversion and recycling of organic waste.   
 
Conclusion 
 For these reasons, we strongly believe that bifurcation of organic waste processing and 
collection are not feasible.  Given the legislative history of AB 1201, even if CalRecycle finds 
bifurcation of organic waste collection and processing is feasible, we believe CalRecycle’s next 
steps are limited to requiring bifurcation of product labeling.  Requiring bifurcation of the 
organic waste collection or processing systems would have severe and costly consequences 
for our members and their efforts to implement SB 1383. 
 

We appreciate your consideration of these comments.  If you should have any 
questions, please do not hesitate to contact John Kennedy (RCRC) at jkennedy@rcrcnet.org; 
Melissa Sparks-Kranz (Cal Cities) at msparkskranz@calcities.org; Christina Hanson 
(SWANA) at chanson@placer.ca.gov; or Anthony Tannehill (CSDA) at  anthonyt@csda.net. 
  
 Sincerely, 
 
 
 
JOHN KENNEDY  MELISSA SPARKS-KRANZ CHRISTINA HANSON 
RCRC    Cal Cities    SWANA California LTF 
Senior Policy Advocate  Legislative Representative  Chair 

 
ANTHONY J. TANNEHILL 
CSDA 
Legislative Representative 

mailto:jkennedy@rcrcnet.org
mailto:msparkskranz@calcities.org
mailto:chanson@placer.ca.gov
mailto:anthonyt@csda.net


     

 

Government Affairs Department 
1415 L Street, Suite 1200 

Sacramento CA 95841 
 

 

November 8, 2023  

Via E-Mail        

Ms. Rachel Machi Wagoner, 
Director, CalRecycle 
1010 I Street, 
Sacramento, CA 95814 
 
Organics@CalRecycle.ca.gov 
 
RE:  AB 1201 Public Workshop: Organic Waste Bifurcation Feasibility Determination 

 
Dear Ms. Wagoner, 

WM (Waste Management) is the nation’s largest recycler and operates seven organic recovery 

compost facilities in California that collectively receive and process over 1.25 million tons of organic 

waste annually.   WM plans to develop additional compost infrastructure in the near future to have 

capacity available to meet demand as more California jurisdictions fully implement organic material 

diversion in compliance with SB1383. 

WM supports the three conclusions from the composter survey that were presented at CalRecycle’s 

November 1, 2023, AB 1201 Organic Waste Bifurcation Feasibility Determination workshop and will 

elaborate on each one further in this letter. 

1. While markets clearly exist for compost that incorporates uncoated paper and paperboard 

products, it is not clear that there is a market for compost that intentionally incorporates 

plastic or plastic-containing products. 

2. Composting facilities have made significant investments in operational capacity and labor to 

implement SB1383.  Adding another organic stream to process will significantly increase the 

investment needed. 

3. Bifurcated collection of products would not enable the current solid waste processing 

infrastructure to efficiently process and recover products that are not allowable compost 

inputs under the National Organic Program (NOP). 

 

Compost Markets: 

WM’s commercial compost customers demand quality material to help manage crop nutrients and 

support soil health.  We meet this demand by ensuring our compost products meet or exceed 

stringent state and federal standards for use in agricultural applications.  Importantly, many 

commercial customers prefer our OMRI listed, or other California Department of Food and 



Agriculture registered organic input compost as this material helps the customer to maintain their 

“organic product” certification. 

Compost must also be free from contamination.  Considerable equipment and labor are utilized at 

our compost facilities to remove contaminants in the organic waste stream.  Removing 

contaminants on the front end is a current necessity due to the organic stream containing plastics, 

plastic bags, and other contaminants.  Removal of contamination is costly and further complicated 

by lookalike materials. Plastic bags and compostable plastic containers that are properly labeled as 

“compostable” are not easily recognizable and there is no reliable technology that can distinguish 

between plastic bags and compostable plastic bags in an industrial compost setting.  Additionally, 

and importantly, screening of finished compost to remove gross contamination or oversized 

materials is necessary.  The result of this screening is called “overs”.  Overs are ultimately landfilled 

since this material is contaminated with material not suitable for reprocessing as compost.  A major 

reason for the inability to reprocess overs is plastic contamination. 

As CalRecycle knows from the SB1383 quarterly measurements submitted in RDRS from compost 

operations, over 90% of the material sent to a landfill from a compost facility is organic.   Eliminating 

compostable plastics and lookalike materials from the incoming waste stream would be a positive 

step toward reprocessing the overs into compost and thus reducing organic material disposed in 

landfills from compost operations. 

Facility Investments: 

As discussed in the workshop, the volume of compostable plastic is a small percentage of the overall 

organic waste stream.  Building and permitting new facilities to manage a bifurcated compostable 

plastic waste stream to produce an unwanted compost product is not good public policy and will not 

provide distinguishable environmental benefit.   

Due to the relatively small volume of compostable plastic products in the stream of commerce a 

commercially viable market is highly improbable and an attempt at building a bifurcated system 

would be a significant societal cost burden without a corresponding substantial environmental 

benefit.   

Bifurcated collection and the NOP: 

Current National Organic Program (NOP) regulations prohibit synthetic materials from being 

acceptable as compost feedstocks except for newspapers or other recycled paper without glossy or 

colored ink. If the NOP standards are relaxed and allow for other synthetic materials such as 

compostable and bioplastics, concerns would be heightened. These concerns would be added to 

those identified in CalRecycle’s compost facility questionnaire that compostable plastics: 

• are impossible to distinguish from non-compostable products, and 

• do not degrade during industrial composting cycle timeframes, and 

• contain contaminants that would negatively affect product quality and marketability. 

 
 



Bifurcated collection system: 

First and foremost, we must face the fact that adding another collection container or collection 

process for compostable plastic will only serve to confuse the public and lead to further 

contamination of the organic waste streams.  Additionally, the costs of the system would be 

significant while California residents would not be able to perceive any discernible environmental 

benefit.     

Creating a separate collection system for compostable plastics would most likely require additional 

vehicles.  These vehicles would mean more vehicle emissions or more use of electrical energy.  This 

seems counterproductive as California strives to achieve reductions in energy use and cleaner air for 

all citizens. 

WM appreciates CalRecycle’s public stakeholder process on this matter and we are pleased to 

provide the above comments.   

Sincerely, 

 

Alex Oseguera 
Director of Government Affairs 
California, Hawaii 
 



e 
betterearth 

BETTER PACKAGING . BETTER EARTH . 

November 7, 2023 
Ms. Rachel Machi Wagoner, Director 
California Department of Resources Recycling and Recovery 
1001 I Street 
Sacramento, CA 95814 

RE: Public Meeting Notice: AB 1201 Discussion Paper 

Dear Director Machi Wagoner, 

As a stakeholder that would be directly impacted by the passage of AB 1201 (Ting), Better Earth – a 
compostable foodservice packaging provider servicing California customers - would like to provide public 
comment in response to the recent examination of the feasibility of bifurcated systems and the process 
surrounding the examination. We have concerns about how compostable foodservice packaging and 
bifurcated systems were presented within the survey and felt critical information relating to both was 
withheld from the survey process, thereby influencing results. 

Certified compostables are a tool for circularity in food service 
Better Earth’s mission is to make sustainability accessible and regenerative circularity achievable within 
the foodservice industry. It is evident from recent hallmark legislation that California legislators share this 
vision. Certified compostables are a powerful tool to address the mounting environmental crises we face 
by reducing our collective dependency on petroleum for single-use items, thereby reducing microplastic 
pollution, enable us to take action on climate change, and help divert more food waste and packaging 
from landfills and into compost piles. 

To this end, we take question with respondents that claim “certified compostable plastics do not 
biodegrade in the timeframe required” and request further evidence to substantiate this theory. Certified 
compostable packaging, including certified compostable plastics, is PFAS-free and and is specifically 
engineered and evaluated to break down and decompose in a composting setting within a prescribed 
duration, without leaving behind toxic residues or microplastics in the soil. Our certified compostable 
plastics have been tested in a variety of composting environments – whether that be in less than 40 days 
in an in-vessel system, as certified by the Compost Manufacturing Alliance, or within 90-180 days in a 
windrow system. 

715 Park North Boulevard, #100 Clarkston, GA 30021 (844) 243-6333 
7447 S. Central Avenue, Suite A Chicago, IL 60638 (844) 243-6333 
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Composting certified compostables is feasible in California 
While it is evident from the survey results that composters feel bifurcated systems require special logistics 
and financing, the survey failed to mention that SB 54 designated funds specifically to create or bolster 
end markets for composters and support the processing of certified compostable products. Nonetheless, 
without this information designated within the survey, over a third of respondents (25 plus 12 percent) 
stated that processing separate streams would be feasible, representing a substantial sample size of 
composters within the state and echoes similar bifurcated systems operating across the country. If the 
Biodegradable Product Institute’s petition to the NOP is successful, it will further reduce instances where 
bifurcation is necessary. 

What is the strategy to address contamination? 
As outlined above, compostables are not the contaminants of concern. As an industry, we are continuing 
to make strides to educate consumers about our packaging’s designated end-of-life through standardized 
labeling requirements designed collaboratively by the Biodegradable Products Institute and the US 
Composting Council. 

What will continue to cause issues? If single-use plastics are allowed to flow through the system, such as 
through non-compostable traditional plastic collection bags, microplastics will persist in California’s 
composting piles. What is CalRecycle’s plan to improve education with all stakeholders and reduce the 
risk of traditional single-use plastics contaminating the system? 

Sincerely, 

Savannah Seydel 
Vice President of Sustainability, Better Earth 

715 Park North Boulevard, #100 Clarkston, GA 30021 (844) 243-6333 
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Dan Karleskint, City of Lincoln 
Ken Grehm. Executive Director 

3013 Fiddyment Road, Roseville CA 95747 I (916) 543-3960 I wpwma.ca.gov 

November 8, 2023 

Rachel Machi Wagoner, Director 
California Department of Resources Recycling and Recovery 
1001 I Street 
Sacramento, CA 95814 
Sent via email to: Organics@CalRecycle.ca.gov 

RE: AB 1201 DISCUSSION PAPER: ORGANIC WASTE BIFURCATION 
FEASIBILITY 

Dear Director Machi Wagoner: 
The Western Placer Waste Management Authority (WPWMA) appreciates the 
opportunity to provide comments on AB 1201 (Ting) Solid Waste: Products: Labeling: 
Compostability and Biodegradability. 
The WPWMA is a joint powers authority established in 1978 by the County of Placer 
and the cities of Lincoln, Rocklin and Roseville (Member Agencies) that provides 
recycling and waste disposal services to those communities as well as the cities of 
Auburn and Colfax and Town of Loomis (collectively referred to as the Participating 
Agencies). 
The WPWMA’s facilities include the Western Regional Sanitary Landfill (WRSL) (the 
only active landfill in Placer County), a mixed waste materials recovery facility (MRF) 
organics composting facility, recycling drop-off and buy-back center and permanent 
household hazardous waste collection facility. The WPWMA’s facilities provide for 
environmentally protective and sanitary disposal of solid wastes and ensure that 
municipalities, businesses and individuals utilizing the facility continue to comply with 
state and federal laws related to the diversion of materials from landfilling and the safe 
and proper handling of household hazardous wastes. The WPWMA operates a mixed 
waste MRF which allows for recyclables, including select compostable materials, to be 
co-collected with other wastes. In its nearly 30 years of operation, the WPWMA’s mixed 
waste MRF approach has cost effectively met and exceeded material diversion 
requirements. 
It is the WPWMA’s concern that AB 1201’s intended goal of expanding content and 
labeling requirements for compostable products will quickly evolve into bifurcating waste 
for collection and processing. 
The WPWMA recently began construction on a $120 million project to upgrade its MRF 
and composting facilities to comply with SB 1383 and is designed to recover readily 
compostable organics including yard waste and food waste. An additional requirement 
for processing facilities to recover and process “compostable” plastics could require 
further investment, as most “compostable” products do not break down in the 

mailto:Organics@CalRecycle.ca.gov


DIRECTOR MACHI WAGONER 
AB 1201 DISCUSSION PAPER 
WPWMA COMMENTS 
NOVEMBER 8, 2023 

timeframes in which the WPWMA’s and most other commercial-scale composting 
facilities operate. 
The WPWMA agrees with the July 7, 2021 Senate Committee on Environmental Quality 
analysis of the bill stating that “composting facilities are variable across the state, and 
many facilities do not have the capacity to break down plastic products. Composting is 
generally designed to manage organic waste, like yard clippings and food waste, and 
currently is not the ideal management option for plastic waste, even if it is technically 
compostable.” 
Composting facilities like the WPWMA’s regularly prohibit “compostable” plastics and 
other non-compostable materials to improve end product quality and marketability and 
maintain organic certifications, which are key to marketing compost. The addition of 
food waste into the WPWMA’s composting system in response to SB 1383 has 
introduced additional types and quantities of contamination, and the WPWMA has 
undertaken significant cost and effort to ensure that its compost products maintain 
organic certification. Maintaining organic certification and viable markets will prove even 
more difficult for material that includes “compostable” plastics. 
The WPWMA strongly believes that, considering the legislative history of AB 1201, 
should CalRecycle determine bifurcation of organic waste collection and processing to 
be feasible, CalRecycle’s regulatory authority must remain limited to requiring 
bifurcation of product labeling per the bill’s intent. In fact, Assembly Member Ting 
drafted a letter to the Assembly Journal clarifying the bill’s intent to “expand content and 
labeling requirements for compostable products, not adopt new regulations requiring a 
bifurcated organic waste collection and processing and system…The only intent of this 
provision was for CalRecycle’s feasibility determination to trigger a requirement to adopt 
regulations to establish a bifurcated approach to product labeling.” 
Requiring bifurcation of organic waste collection and/or processing systems would have 
severe and costly consequences for the WPWMA and other jurisdictions and 
processing facilities, compounding the existing burden of SB 1383 implementation. 
Please contact me at (916) 543-3984 or eoddo@placer.ca.gov should you wish to 
discuss these comments. 

Sincerely, 

Eric Oddo, PE 
Program Manager 

mailto:eoddo@placer.ca.gov
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Vicki W. O'Rourke 
Vickiorourke@wincup.com 

November 8, 2023 

Via email Organics@CalRecycie.ca.gov 
Rachel Machi Wagoner, Director 
California Department of Resources Recycling and Recovery 
1001 I Street 
Sacramento, CA 95814 

Re: AB 1201 Discussion Paper 

Dear Director Machi Wagoner: 

WinCup, Inc. is a proud innovator and manufacturer of phade® certified compostable products. Our 
products are certified by BPI, TUV (home and industrial compostable) and CMA (in vessel and 
windrow). 

We are writing to express our concerns regarding the Department's analysis of the feasibility of 
bifurcation of the compost stream for purposes of, and in accordance with, AB 1201. In particular, we are 
concerned about the June 2023 survey of mixed material composting facilities in California, the nature of 
the questions included in the survey, and the Department's interpretation of the survey results as it relates 
to the explicit mandate ofAB 1201. 

Bifurcation is Feasible 

We were pleased to learn that 38% of respondents in the survey indicated that bifurcated streams are 
feasible. It is understandable that some of the respondents voiced their concern that bifurcation will be 
expensive or will increase their operating costs. Fortunately, SB 54 was intended to and will provide 
funding to build out better infrastructure for composting in the State, particularly, if implemented in an 
equitable manner, for those composters who accept all certified compostable products in order to help the 
State achieve its diversion and circularity goals. Naturally, contamination of the compost stream will 
remain a concern for all composters, which will be the case in any system, whether single stream or 
bifurcated. The root cause of contamination is lack of consumer awareness, which is best addressed with 
better education and consumer friendly programs (both of which can and should be addressed using 
funding generated by SB 54 ). 

Certified Compostable Products Biodegrade Quickly without creating Microplastics 

It is concerning to us that composters were questioned about microplastics and PF AS. We have 
competent and reliable scientific evidence using well accepted ASTM standards, as well as actual field 
testing, to definitively establish that our certified products biodegrade in an acceptably short time frame 
without creating microplastics. While it is true that there is variability in the practices of each individual 
composter, one of the key functions of SB 54 (and its related revenue generation) should be to build out 
better compost infrastructure and establish more standard practices across the state. 

mailto:Organics@CalRecycie.ca.gov
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Certified Compostablc Products Must Comply with Strict PFAS Limits 

1t is impori-ant to highlight that all of the third party cet1ificalion bodies do not allow intentionally added 
PFAS in ce1tified compostable products, and they only allow very de minimis residual PfAS. In most 
cases. a certified biopolymer product undergoes far more rigorous testing than most of its paper and fiber 
based counterparts (when, in fact, intentionally added PFAS has historically been used far more 
prevalently in paper/fiber based applications). 

A Forward Looking Analysis 

Respectfully, we ask that CalRecycle engage in this bifurcation determination with a forward looking 
view that takes into account more than just a static analysis of the compost infrastructure and the desires 
of composters as they exist today. This is a critical opportunity for Cal Recycle to move both compostable 
products manufacturers and composters towards a mutually beneficial goal of implementing and building 
a better composting system that will more effectively serve the State's organic waste diversion and 
circularity goals. 

Vicki W. O'Rourke 
Corporate Counsel, WinCup, Inc. 

cc: Michael Winters, President and CRO 
Michael Adams, Vice President, Innovation, Sustainability, and Marketing 
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November 8, 2023 
 
Department of Resources Recycling and Recovery (CalRecycle) 
1001 I Street  
Sacramento, CA 95814 
 
Sent via email to Organics@CalRecycle.ca.gov 
 
 
RE: Comments on AB1201 Discussion Paper and Public Workshop 
 
 
To Whom it May Concern: 
 
We thank you for the opportunity to comment on the feasibility of collecting certified compostable 
products that are not yet considered acceptable compost feedstocks under the National Organic 
Program, specifically with respect to the recently published discussion document and resulting 
public workshop. 
 
At BASF, we create chemistry for a sustainable future.  BASF is a diverse global company that 
manufactures products and conducts research and development in industries ranging from 
automotive, electronics, paints and coatings, pharmaceuticals, personal care hygiene, and 
agricultural products, among a wide range of others. We employ 16,000 employees in North 
America, including approximately 300 employees in California located at 9 research and 
development and manufacturing sites across the state.  BASF prides itself on developing 
innovative solutions to promote a circular and sustainable economy.  
 
The biopolymers business at BASF makes certified compostable and certified soil biodegradable 
resins, which are raw materials for products sold across the world that help facilitate large-scale 
organic waste diversion.  Collection and composting of organic waste at scale is essential for 
California to meet its GHG reduction goals and to offset impacts of climate change via the use of 
compost, which has been shown to increase water-holding capacity of soils, prevent erosion, and 
directly sequester carbon. 
 
BASF appreciates the opportunity to provide feedback on key elements related to bifurcation 
based on the survey conducted by CalRecycle and the resulting discussion at the public 
workshop.   
 

We were pleased to see the survey showed that bifurcation is possible. 
It is well-understood that bifurcation is possible and necessary for some composters 
according to their business models.  Composters should be free to run their processes, 
decide on their feedstocks, and make any products they wish to manufacture.   
 

mailto:Organics@CalRecycle.ca.gov


 

• Nearly 40% of the composters surveyed stated that it would be feasible to accept 
bifurcated streams.  It was noted, appropriately, that there is some cost associated 
with this approach, depending on the individual capabilities of the composter.  At 
the public workshop, it was revealed that CalRecycle did not inform the survey 
participants that the additional cost associated with accepting certified 
compostable products will be covered under SB54, which means composters are 
clear on the technical ability to make a quality product even in the absence of 
funding.   
 

• Any composters that wish to make compost which is not certified organic should 
be allowed to do so, whether it is the sole product they manufacture, or it is one of 
several products they wish to manufacture via bifurcation.  In the absence of a 
decision from the NOP, if CalRecycle decides bifurcation is not possible, then it 
would not only prevent composters who wish to run two separate processes from 
doing so, it would prevent composters who wish to make non-certified compost 
and accept certified compostable products from doing so.  

 
• We wish to note that there are no composters that are forced to accept certified 

compostable products nor run a bifurcated process.  Likewise, no composters 
should be prevented from accepting certified compostable products nor running a 
bifurcated process if they wish to do so.  While it was stated at the public webinar 
that many composters do not currently do so today, that is a function of the current 
limitations of the organics recycling system, in particular, capacity constraints and 
lack of funding, which is compounded by the onset of SB1383 implementation. 
Limitations associated with capacity and funding must change to properly divert 
organics in California, especially as we consider post-consumer food scraps.  With 
the passage of SB54, there is now a clear path forward on how to remedy both of 
these concerns for composters accepting certified compostable products.  The 
magnitude of the challenge of organics management in California is such that all 
tools should be available, in particular, for composters. 

 
Survey scope extended beyond “feasibility” 

• BASF must highlight that questions in the survey with regard to microplastics and 
PFAS are outside the scope of the survey content.  Certified compostable products 
are proven to be fully biodegradable and are prevented from including intentionally 
added PFAS by virtue of not only the certification, but also by California legislative 
language which has been passed and can be found in statute.  Furthermore, 
California has had globally recognized success in enforcing penalties against 
companies making false compostability claims in the market. It should be noted 
there is a range of systemic solutions that are well-known and can be employed to 
reduce contamination, which includes education and outreach for all stakeholders, 
which has so far not taken place, but will also be funded under SB54. 

 

• Also outside the scope of the survey, was the suggestion that certified 
compostable products do not break down in well-managed composting facilities.  
While it is understood that composters in California are arbitrarily cutting cycle 
times due to capacity constraints, so far, no data has been presented to suggest 
that certified compostable products are not breaking down.  Certainly, it is possible 
to run some composting processes in such a manner that certified compostable 



 

products are not a fit.  However, on the contrary, when studies are conducted, even 
in modern high-throughput processes, it is shown that certified compostable 
products readily disintegrate.1   

 

• Additionally, there was much discussion regarding the value of certified 
compostable products, which is also out of scope for a survey related to feasibility 
of bifurcation, but the value of these products in the collection of post-consumer 
food waste has also been made clear.  Certified compostable products cause no 
harm to the composting process, even when present at unrealistically high 
concentrations; additionally, they are a source of carbon and can act as a bulking 
agent in the pile.2  Furthermore, the purpose of certified compostable products is 
to act as a tool to divert organics; it has been shown that use of certified 
compostable products can increase participation in organic waste diversion 
programs, to support increased diversion of post-consumer food waste.3  

 

Organics diversion and subsequent use of compost is necessary for California to realize its 
climate goals and to ensure the health of its soil to support its more than $50 billion agricultural 
market.  To achieve this, a range of tools, programs, and products, including certified compostable 
products, are necessary to support organics diversion at scale, especially since no composters 
are mandated to accept any specific feedstock, including certified compostable products.  Studies 
such as those conducted by the Marin Carbon Project indicate the importance of not only reducing 
GHG by diverting valuable organic waste but also the carbon sequestration benefit of applying 
compost to soil.4  

 
Because of the urgency and importance for the development of robust organics diversion 
programs across California, we ask that CalRecycle take advantage of this opportunity to not look 
backward at existing limitations for composting and certified compostables.  We ask that, instead, 
we look forward together, helping to create programs that will ensure a robust, sustainable future 
for Californians.  This means setting up programs based on long-proven facts and well-defined 
science; it also requires learning from the errors of the past and building upon them for a truly 
sustainable future.   
 
We thank you for the opportunity to comment, and we would welcome an opportunity to discuss 
any of these items related to bifurcation feasibility. 
 
Sincerely, 
 
s/Nicole Daigle McCracken 
Senior Manager, State Government Affairs 
BASF Corporation 

 
1 https://storage.googleapis.com/bpiworld-org/documents/Portland-Overs-Sorting-Study-Final-Oct-12.pdf   
  https://www.biocycle.net/disintegration-rate-compostable-products-industrial-facility/ 
  https://www.biocycle.net/quantifying-microplastics-vs-bioplastics-in-composted-msw-organics/ 
2 https://www.biocycle.net/value-compostable-packaging-feedstock/ 
3 https://www.biocycle.net/compostable-products-postconsumer-food-scraps/  
https://download.basf.com/p1/8a8082587fd4b608017fd6348afb20b2/en/Analysis_of_the_Use_of_Compo
stable_ecovio%3Csup%3E%C2%AE%3Csup%3E_Organic_Waste_Bags_Articles_in_Technical_Journal
s_English.pdf?view 
4 https://marincarbonproject.org/science/ 

https://storage.googleapis.com/bpiworld-org/documents/Portland-Overs-Sorting-Study-Final-Oct-12.pdf
https://www.biocycle.net/disintegration-rate-compostable-products-industrial-facility/
https://www.biocycle.net/quantifying-microplastics-vs-bioplastics-in-composted-msw-organics/
https://www.biocycle.net/value-compostable-packaging-feedstock/
https://www.biocycle.net/compostable-products-postconsumer-food-scraps/
https://download.basf.com/p1/8a8082587fd4b608017fd6348afb20b2/en/Analysis_of_the_Use_of_Compostable_ecovio%3Csup%3E%C2%AE%3Csup%3E_Organic_Waste_Bags_Articles_in_Technical_Journals_English.pdf?view
https://download.basf.com/p1/8a8082587fd4b608017fd6348afb20b2/en/Analysis_of_the_Use_of_Compostable_ecovio%3Csup%3E%C2%AE%3Csup%3E_Organic_Waste_Bags_Articles_in_Technical_Journals_English.pdf?view
https://download.basf.com/p1/8a8082587fd4b608017fd6348afb20b2/en/Analysis_of_the_Use_of_Compostable_ecovio%3Csup%3E%C2%AE%3Csup%3E_Organic_Waste_Bags_Articles_in_Technical_Journals_English.pdf?view
https://marincarbonproject.org/science/
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From: Caprio, Michael 
To: Organics 
Subject: FW: Draft AB1201 Workshop - Organic Waste Bifurcation Feasibility Determination 
Date: Wednesday, November 8, 2023 7:55:33 AM 

[[ EXTERNAL ]] 

CalRecycle Team, 

Thank you for conducting the above referenced Workshop on November 1st.  The Discussion Paper 
and information gathered from surveys of organics processing facilities was helpful and supportive 
of the topic being reviewed.  Republic Services wanted to relay our position on the ultimate decision 
point which is whether or not regulations should be proposed relative to separate collection of 
plastic containing materials.  In summary, we do not believe it is appropriate to pursue separate 
regulations to address this issue for many of the same reasons noted during the Workshop.  These 
include: 

The large majority of plastic containing materials do not biodegrade at all or within the 
residence times allowed by the majority of organics processing facilities within the state.  As 
such, these products become contaminants and impact not only the ability to market the final 
compost product, but could also affect critically important certifications held by many of the 
facilities (ie. OMRI, CDFA, etc.).  Most organics processing facilities have instituted procedures 
for pre-sorting of these contaminants or have incorporated additional processing equipment 
to address their removal (ie. wind sifters for plastic removal).  The material has historically 
been included within residential and commercial organics streams due to claims of it being 
biodegradable but in reality, these materials are not.  The recommendation in the Discussion 
Paper of a cessation of sale of these materials into CA after January 1, 2026 unless they meet 
established criteria under the National Organics Program and adhere to the statutory 
requirements of PRC 42357 is supported by Republic. 

Processing capacity for organics in the state of CA is limited.  While the permitting of 
additional capacity is ongoing, separate processing of these materials would consume 
capacity otherwise needed for management of materials that are truly biodegradable (ie. 
green and food waste).  Removal of green and food waste from landfills where it can 
potentially cause methane emissions was the key driver behind the development of the 
SB1383 statute and regulations.  As these organic material streams continue to be removed 
from the disposal pathway, current and future organics processing capacity should be 
reserved for management of material that can potentially cause methane emissions and not 
for ancillary products and materials that are much less of a concern in this regard. 

Should plastic containing materials be collected separately there does not appear to be a 
market for their re-purposing.  This reality thereby leads to the question of why take on the 
challenge and associated impacts (traffic & vehicle impacts, energy consumption, public 

mailto:MCaprio@republicservices.com
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education hurdles, etc.) associated with a bifurcated collection system if there is a high 
probability of the materials not being recycled due to the lack of an end market. 

The CalRecycle team has approached and addressed the statutory requirements related to this issue 
in a thorough and thoughtful manner.  Based on the items noted herein, Republic Services does not 
believe that bifurcated collection of plastic containing materials is a viable use of resources or 
current and future organics processing capacity. 

Please contact me with any additional questions related to this matter. 

Regards, 

Mike 

Michael Caprio 
Director Government Affairs - CA 

980 9th Street - 16th Floor 
Sacramento, CA 95814 
e mcaprio@republicservices.com 
o 209-482-7966 
w RepublicServices.com 

mailto:mcaprio@republicservices.com
https://gcc02.safelinks.protection.outlook.com/?url=http%3A%2F%2Frepublicservices.com%2F&data=05%7C01%7COrganics%40CalRecycle.ca.gov%7C56d987cc49a548193de408dbe0732119%7Ca4c5f142282344b9a970816a20aaabee%7C0%7C0%7C638350557332483931%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=K7Rz8x9%2B8KTDxSA0NfjnnhT3cVZEhuw7aXn8%2BuaKkfI%3D&reserved=0
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INSTITUTE 

November 7, 2023 

Ms. Rachel Machi Wagoner, Director 
California Department of Resources Recycling and Recovery 
1001 I Street 
Sacramento, CA 95814 

Re: Public Meeting Notice: AB 1201 Discussion Paper 

Dear Director Machi Wagoner: 

As a stakeholder directly engaged at of introduction of AB 1201 (Ting) and its ultimate passage 
(Chapter 504, of the Statutes of 2021), the Biodegradable Products Institute (BPI) has been looking 
forward to this examination of the feasibility of bifurcated systems. However, having reviewed the 
discussion paper, we have concerns about the scope (which appears to extend far beyond the 
feasibility of bifurcation) and some of the leading suggestions made in the document. 

They include: 

An incorrect version of our NOP Petition 

The phrase “petition submitted” hyperlinks to a draft version of BPI’s petition that was not made 
public. We ask that you please link to a correct version of the petition. 

Bifurcation is clearly possible 

Over a third of respondents (25 plus 12 percent) stated that processing separate streams would be 
feasible, which clearly suggests that bifurcated systems can be a workable solution in California. This 
should not surprise anyone as bifurcated programs are commonly operated in North America. While 
they might demand special logistics and financing, as recognized by the survey, funds generated by 
SB 54 were designed specifically to create or bolster end markets, and to support systems to manage 
certified compostable products including bifurcated ones if necessary. 

Leading questions; “concerns related to accepting and processing plastics and plastic-
containing products into finished compost.” 

We question why composters would be asked about their concerns regarding microplastics and 
PFAS contamination when certified compostable plastics are designed and tested to 
disintegrate and biodegrade (leaving no microplastics) and tested to confirm no intentionally 
PFAS chemicals are added or used. It should be noted that BPI stopped certifying products with 
intentionally added PFAS well in advance of any state enacted restrictions. The question appears to 
highlight a bias against bio-resins while at the same time failing to recognize the accepted science 

888 8th Ave, New York, NY, 10019 
Ph: 888-274-5646   Email: info@bpiworld.org 

Website: www.BPIworld.org Database: http://products.bpiworld.org 

mailto:info@bpiworld.org
http://www.bpiworld.org/
http://products.bpiworld.org/
https://www2.calrecycle.ca.gov/PublicNotices/Details/5236
https://www.ams.usda.gov/sites/default/files/media/NOSBMemoCompostWorkAgenda23.pdf
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related to ASTM certifying standards. It is important to note that ASTM standards and specifications 
are generally based on consensus by ASTM members. 

Unsubstantiated claims regarding the biodegradability of certified items 

Listed as a concern by a quarter of respondents, claims that “certified compostable plastics do not 
biodegrade in the timeframe required” are presented here with zero supporting evidence. How were 
certified compostable items identified separately from non-compostable lookalikes, or items that 
were not third party certified? Were tests conducted on the “overs” (materials identified as failing to 
disintegrate) to determine the actual characteristics of materials, and identify the producers of those 
contaminants? If there is data to support those claims, the BPI would appreciate that information 
being shared as part of the record in the regulatory development, otherwise these “findings” only 
serve as unsubstantiated misperceptions. 

Lack of identification of physical contaminants 

Given the gravity of concern (54% concern, 33% top concern), how will CalRecycle be taking steps 
to improve education and communication with all stakeholders to reduce contamination by 
conventional plastics in post-consumer feedstocks? Will non-compostable traditional plastic 
collection bags, currently allowed by SB 1383 despite their being an obvious source of contamination 
and the most likely source of microplastic contamination in compost facility end products, be 
eliminated? Contamination remains a systemic problem that municipalities across the U.S. have 
started to address by designing consumer-friendly programs that simplify what can be accepted in 
composting, such as Minneapolis’s program that allows only certified compostable items and 
consistently has contamination rates at or below 1%. 

Moving away from compostable products, especially for items that are proven to increase the 
diversion of organic waste (produce stickers, produce bags, collection bags, coffee pods, tea bags, 
and food service ware) will continue to leave conventional plastic contaminants that—coupled with 
de-packaging machinery—are likely to create more microplastic pollution in finished compost. The 
BPI believe all parties that are invested in organics diversion should be careful to not implement rules 
that end up with regrettable substitutions or unintended outcomes that are environmentally 
unfortunate. 

Designing for the future 

Across the country, food waste composting programs have managed to harness the power of 
certified compostable products to maximize organic waste diversion while minimizing contamination 
from non-compostables. Nothing prevents California from replicating the success of these programs, 
and while bifurcation isn’t needed in all cases, it is already a beneficial tool in some situations. And if 
the outcome of BPI’s petition to the NOP is successful, it will further reduce the instances where this 
bifurcation is needed, which was the goal of AB 1201 pushing for federal action. 
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In our view, California is as well positioned as any state, given its statewide mandate for organics 
collection, existing product laws, and funding opportunities via SB 54 and elsewhere to overcome 
many of the challenges faced by all of those interested in seeing organics diversion succeed. 
However, clearer support for the use of certified compostable products is needed, with reasonable 
criteria not just for the producers of these materials but the receivers (composters) as well, so that 
municipalities and the consumers they serve aren’t left holding the bag (literally) with mixed 
messaging about what to do with products and packaging associated with food scraps. 

Sincerely, 

Rhodes Yepsen, 
Executive Director, BPI 

Cc: Zoe Heller, Deputy Director, Division of Circular Economy, CalRecycle 
Alexander Truelove, Legislation & Advocacy Manager, Biodegradable Products Institute (BPI) 
Bruce A. Magnani, Vice President, Houston Magnani and Associates 
Organics@CalRecycle.ca.gov 

mailto:Organics@CalRecycle.ca.gov


 

  
   

      
 

 
  

 
   

    
 

 
 

    
 

 
 

     
  

  
 

    
 

 
 

  
 

    
   

 
 

 
      

    
 

    
  

 
 

 
 

       
 

   
              

  
    

® BIODEGRADABLE 
PRODUCTS 
INSTITUTE 

November 7, 2023 

Ms. Rachel Machi Wagoner, Director 
California Department of Resources Recycling and Recovery 
1001 I Street 
Sacramento, CA 95814 

Re: Public Meeting Notice: AB 1201 Discussion Paper 

Dear Director Machi Wagoner: 

As a stakeholder directly engaged at of introduction of AB 1201 (Ting) and its ultimate passage 
(Chapter 504, of the Statutes of 2021), the Biodegradable Products Institute (BPI) has been looking 
forward to this examination of the feasibility of bifurcated systems. However, having reviewed the 
discussion paper, we have concerns about the scope (which appears to extend far beyond the 
feasibility of bifurcation) and some of the leading suggestions made in the document. 

They include: 

An incorrect version of our NOP Petition 

The phrase “petition submitted” hyperlinks to a draft version of BPI’s petition that was not made 
public. We ask that you please link to a correct version of the petition. 

Bifurcation is clearly possible 

Over a third of respondents (25 plus 12 percent) stated that processing separate streams would be 
feasible, which clearly suggests that bifurcated systems can be a workable solution in California. This 
should not surprise anyone as bifurcated programs are commonly operated in North America. While 
they might demand special logistics and financing, as recognized by the survey, funds generated by 
SB 54 were designed specifically to create or bolster end markets, and to support systems to manage 
certified compostable products including bifurcated ones if necessary. 

Leading questions; “concerns related to accepting and processing plastics and plastic-
containing products into finished compost.” 

We question why composters would be asked about their concerns regarding microplastics and 
PFAS contamination when certified compostable plastics are designed and tested to 
disintegrate and biodegrade (leaving no microplastics) and tested to confirm no intentionally 
PFAS chemicals are added or used. It should be noted that BPI stopped certifying products with 
intentionally added PFAS well in advance of any state enacted restrictions. The question appears to 
highlight a bias against bio-resins while at the same time failing to recognize the accepted science 

888 8th Ave, New York, NY, 10019 
Ph: 888-274-5646   Email: info@bpiworld.org 

Website: www.BPIworld.org Database: http://products.bpiworld.org 

mailto:info@bpiworld.org
http://www.bpiworld.org/
http://products.bpiworld.org/
https://www2.calrecycle.ca.gov/PublicNotices/Details/5236
https://www.ams.usda.gov/sites/default/files/media/NOSBMemoCompostWorkAgenda23.pdf
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related to ASTM certifying standards. It is important to note that ASTM standards and specifications 
are generally based on consensus by ASTM members. 

Unsubstantiated claims regarding the biodegradability of certified items 

Listed as a concern by a quarter of respondents, claims that “certified compostable plastics do not 
biodegrade in the timeframe required” are presented here with zero supporting evidence. How were 
certified compostable items identified separately from non-compostable lookalikes, or items that 
were not third party certified? Were tests conducted on the “overs” (materials identified as failing to 
disintegrate) to determine the actual characteristics of materials, and identify the producers of those 
contaminants? If there is data to support those claims, the BPI would appreciate that information 
being shared as part of the record in the regulatory development, otherwise these “findings” only 
serve as unsubstantiated misperceptions. 

Lack of identification of physical contaminants 

Given the gravity of concern (54% concern, 33% top concern), how will CalRecycle be taking steps 
to improve education and communication with all stakeholders to reduce contamination by 
conventional plastics in post-consumer feedstocks? Will non-compostable traditional plastic 
collection bags, currently allowed by SB 1383 despite their being an obvious source of contamination 
and the most likely source of microplastic contamination in compost facility end products, be 
eliminated? Contamination remains a systemic problem that municipalities across the U.S. have 
started to address by designing consumer-friendly programs that simplify what can be accepted in 
composting, such as Minneapolis’s program that allows only certified compostable items and 
consistently has contamination rates at or below 1%. 

Moving away from compostable products, especially for items that are proven to increase the 
diversion of organic waste (produce stickers, produce bags, collection bags, coffee pods, tea bags, 
and food service ware) will continue to leave conventional plastic contaminants that—coupled with 
de-packaging machinery—are likely to create more microplastic pollution in finished compost. The 
BPI believe all parties that are invested in organics diversion should be careful to not implement rules 
that end up with regrettable substitutions or unintended outcomes that are environmentally 
unfortunate. 

Designing for the future 

Across the country, food waste composting programs have managed to harness the power of 
certified compostable products to maximize organic waste diversion while minimizing contamination 
from non-compostables. Nothing prevents California from replicating the success of these programs, 
and while bifurcation isn’t needed in all cases, it is already a beneficial tool in some situations. And if 
the outcome of BPI’s petition to the NOP is successful, it will further reduce the instances where this 
bifurcation is needed, which was the goal of AB 1201 pushing for federal action. 
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In our view, California is as well positioned as any state, given its statewide mandate for organics 
collection, existing product laws, and funding opportunities via SB 54 and elsewhere to overcome 
many of the challenges faced by all of those interested in seeing organics diversion succeed. 
However, clearer support for the use of certified compostable products is needed, with reasonable 
criteria not just for the producers of these materials but the receivers (composters) as well, so that 
municipalities and the consumers they serve aren’t left holding the bag (literally) with mixed 
messaging about what to do with products and packaging associated with food scraps. 

Sincerely, 

Rhodes Yepsen, 
Executive Director, BPI 

Cc: Zoe Heller, Deputy Director, Division of Circular Economy, CalRecycle 
Alexander Truelove, Legislation & Advocacy Manager, Biodegradable Products Institute (BPI) 
Bruce A. Magnani, Vice President, Houston Magnani and Associates 
Organics@CalRecycle.ca.gov 

mailto:Organics@CalRecycle.ca.gov
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Field Testing 
Disintegration of
Compostables in 
Common 
Processing 
Technologies 
Contact: Susan Thoman, 
Managing Director 
susan@composterapproved.com 

Janet Thoman, Compliance 
Director 
Janet@composterapproved.com 

mailto:Janet@composterapproved.com
mailto:susan@composterapproved.com
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 CRRA August 2023 

Since 2017 

 123 tests 
Process Test Code # of Tests # of Samples 

Covered In- CMA-I 35 1135 
Vessel 

Windrow 

 Four processes 
CMA-W 37 1303 

Aerated Static CMA-A 15 593 

 3031 samples Pile 

Tunnel CMA-TUN 1 10

tested TOTAL 123 3031 
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 CRRA August 2023 

CMA-I Disintegration 
Performance 

Gore Cover ® Membrane Laminate 
Technology 

Number of tests: 35 

Number of samples: 1135 

Samples that PASS: 542 (48%) 
Samples that FAIL: 593 (52%) 

52% 
FAILED 

48% 
PASSED 

Copyright 2023- PROPERTY OF CMA. NOT FOR DISTRIBUTION! 



   

 

 
 

 

 

 CRRA August 2023 

CMA-A (ASP) 
Disintegration 
Performance 

Number of tests: 15 

Number of samples: 593 
24% 

Samples that PASS: 142 (24%) PASSED 
76% Samples that FAIL: 451 (76 %) FAILED 

Copyright 2023- PROPERTY OF CMA. NOT FOR DISTRIBUTION! 

ECS Aerated Static Pile System 



   

 

 
 

 

PASSED

CRRA August 2023 

CMA-W Disintegration 
Performance 

Number of tests: 36 

Number of samples: 1297 

Samples that PASS: 705 (54%) 
Samples that FAIL: 592 (46%) 

Windrow System with Frontier Turner 

54% 
PASSED 

46% 
FAILED 

Copyright 2023- PROPERTY OF CMA. NOT FOR DISTRIBUTION! 



   

 

 
 
 

 
 

 

FAIL
52% 
PASSE
D 

PASSED

PASSEDFAILED

CRRA August 2023 

Disintegration 
Performance, All Tests 

Number of tests: 123 

Number of samples: 3031 

Number of processes: 4 

Samples that PASS: 1390 (46%) 
54% 46% 

Samples that FAIL: 1641 (54%) FAILED PASSED 

Copyright 2023- PROPERTY OF CMA. NOT FOR DISTRIBUTION! 
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MythBusters: 
Waste Expo 2022 

What we have 
learned 
 Some assumptions are 

valid 

 Many are not 

 Composting science is 
dynamic! 



   

  
  

 

 

CMA.

Myth 1: If it passes
ASTM tests, it works 
in the piles 

 Genesis of CMA – Cedar Grove 
experience 

 Field vs laboratory parameters 
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LAB AND FIELD 
CONDITIONS DIFFER 

LAB DISINTEGRATION 
CONDITIONS 

 “Ideal” temperature, moisture 
 180 days biodegradation/ 84 

days disintegration 
 Checks germination in resulting 

compost 
 90% pass criteria 

REAL WORLD FIELD 
CONDITIONS 

 Highly variable temperature 
(range) and moisture (30-
60%) 

 Varying duration, as short as 
4 weeks 

 Varying ‘pass’ criteria 



   

  

Myth 1: If it passes ASTM tests, it works in the 
piles 

CONFIDENTIAL FOR FPI MEMBERS ONLY! 
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Myth 2: If an item passes in one type of 
composting system, it will pass in any of them 

Paper Study Standard 
Field Testing 

Control 
Performance 



   

 
 

  

 

 
 

l&'i! 
3.Fibn!based 
takeaway 
container2 

@¥131:tiifihiiE&¥6!¥: f 
Fibe<and PLA 0.631 mm avg smooth bottom 
(sugarcaneb&gaue, (24.6mll) 
bamboo and Pl.A 0.730 mm avg raised bonom 
lil>n{I) (28.7mil) 

4.a. Holdrink PaperandPLA(paper 
wp1 coated with resin) 37.0milsideseal 

4.b. Holdrink Pl.A 
a.,plid 

19.0milllidewall 

47.Smilbtml\apklld 

74.Smilbtml\apklldseal 

14.0milcenter 

13.Smil!lidewall 

12.0milupperrim 

5. Chip&nack PLAIPHAmlJ!ilaye< 1.7mllfilmwaU 
bag blend(pending 

ceMication) 

l 

CMA.

12 Samples Failed 

8 papers 
2 molded fiber 
2 biopolymers 

*Report available upon request
from funder.

*Field Disintegration Results for Mixed Substrate
Project 2020-2021

25 samples with passing ASTM testing
Pass:

80% disintegration for fiber-based products
90% disintegration for biopolymers

13 Samples Passed 
All biopolymers 

Copyright 2023- PROPERTY OF NOT FOR DISTRIBUTION!



   

  

 

 

 

 

 

CMA.

 Composting experts 
 ASTM Experts 
 13 Product Manufacturers 
 91 Samples 
 3 Composting Processes 

2020 – 2022 Paper Study 

Cross Functional Working Group 

 Paper making experts 

Covered In Vessel 
Windrow 
Modified Static Aerobic Pile 

Copyright 2023- PROPERTY OF NOT FOR DISTRIBUTION! 



   

 

Windrow 

Covered In-Vessel 

PASS/FAIL Disintegration of All Samples Across Various Processes 

CMA-1 
Covered In-Vessel (GORE) 

90% 

D CG Pass ■ CG Fail 

CMA-W 
Wind row Process 

12%----... 

~ 88% 

D SLC Pass ■ SLC Fail 

CMA-MSAP 
Modified Static Aerated Pile 

100% 

DAlO Pass AlO Fail 

The large and diverse sample size tested in the 
study provided a new and unique source of 
data specific to field disintegration 
performance of PFAS-compliant papers in 
modern composting facilities. The results 
were reviewed, analyzed and discussed with 
all parties. As shown in the graphic 
summaries, results varied significantly 
between the three sites, where operational 
protocols were also reviewed and addressed 
(see following section). 

Operational Findings 

The duration of testing time and temperature 
in the piles were assumed to be the key factors 
in whether a product disintegrated prior to 
conducting the three field tests. In this study, 
those assumptions appeared to be less of a 
factor than other areas identified after the 
results and operational parameters were 
reviewed. The main areas observed to have 
the most potential impact on field 
disintegration of all papers appeared to be C:N 
ratio and moisture level of the feedstock at the 
inception of the test. With regard to the initial 
assumption that composting cycle duration 
held the most impact, paper 

CMA.Copyright 2023- PROPERTY OF NOT FOR DISTRIBUTION! 

Paper Study – Results by Process 



   

 

 

 

CMA.

Paper Control Performance 

25 

Windrow 

MSAP 

Covered In 
Vessel 

20 

% Disintegration 
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Distribution of Paper Control Disintegration 

10-20% 20-30% 30-40% 40-50% 50-60% 60-70% 70-80% 80-90% 90-100% 
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CMA.

Factors that may account for ield variations in f
disintegration results 

 Duration of active composting cycle 

 C:N Ratio 

 Moisture levels 

 Temperature ranges 

 Variance in microbial communities present at different temperature thresholds. Mesophilic vs 
thermophilic. 

Copyright 2023- PROPERTY OF NOT FOR DISTRIBUTION! 



   

   

  

 

 
  

 

 

 
 

 
 

Where are we going 
from here? 
 Conduct collaborative studies between 

product designers and composting 
scientists to understand the gaps 

 After two years of preparation,
submitted ASTM D34 solid waste systems 
Work Item # 85822 based on our data 
and experience. We encourage
compost manufacturers, materials 
specialists and solid waste professionals 
to join us! 

 CMA is convening a National Strategic 
Plan for Compostables (FutureSearch) 
led by acclaimed organizational and 
systems experts with project anchored in 
30+ major compost manufacturers’
participation. 

Copyright 2023- PROPERTY OF CMA. NOT FOR DISTRIBUTION! 



   

   
 

Myth 2: If an item passes in one type of 
composting system, it will pass in any of 
them 
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Myth 3:  PLA doesn’t break down 

Hundreds of tests 

 Ingeo PLA is CMA’s positive control 

Coming soon: Ingeo PLA will be substrate accepted 

Copyright 2023- PROPERTY OF CMA. NOT FOR DISTRIBUTION! 



   

 

  

CMA.

Ingeo PLA as CMA Positive Control 

 53  Ingeo PLA  Controls 

 Nine different  tests 

 Across 3 processes 
 Covered In  Vessel  (1 facilities) 
 Aerated Static Pile (2 facilities) 
 Windrow (2 facilities) 

 ALL showed disintegration of >95%. 

 No failures. 

Copyright 2023- PROPERTY OF NOT FOR DISTRIBUTION! 
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Myth 3: PLA doesn’t break down 



WHAT 
IS CMA? 

Third-Party Compostable 
Products Certification 

Supply Chain 
Connecting the 

Compost Piles 
to the 

 

  



  
 

  

  
  

 
  

AFFILIATES 
Are you a composter interested 
in becoming a CMA partner? 

CMA Commercially Accepted 
Items List & Partner Facilities 

Use the map to find your closest CMA partner 
facility. To find what products are certified 

compostable by CMA and which technologies 
they are compostable in, view our website. 

www.compostmanufacturingalliance.com 

www.compostmanufacturingalliance.com


 
   

 

 

Compost manufacturers 
must be involved in 
understanding the products
designed for their facilities. 

Contaminants in 
compost are costly! 



 

 

 

CMA 
PROCESS 
TECHNOLOGIES 
Windrow (CMA-W) 

Covered In-Vessel (CMA-I) 

Aerated Static Pile (CMA-A) 



 

 

 
 

  

 

 
 

  

  

LAB AND FIELD 
CONDITIONS DIFFER 

LAB DISINTEGRATION 
CONDITIONS 

 “Ideal” temperature, moisture 
 180 days biodegradation/ 84 

days disintegration 
 Checks germination in resulting 

compost 
 90% pass criteria 

REAL WORLD FIELD 
CONDITIONS 

 Highly variable temperature 
(range) and moisture (30-
60%) 

 Varying duration, as short as 
4 weeks 

 Varying ‘pass’ criteria 



 

 

 

 

 

 

PREREQUISITES 
FOR CERTIFICATION 

BIOPOLYMERS AND BLENDS 
(CUTLERY, PLA STRAWS, 
COMPOSTABLE CLEAR CUPS) 

EN13432 (TUV) or ASTM D6400 
passing results (must include metals, 
biodegradation, phytotoxicity, 
disintegration, spectral analysis) 
PFAS/total fluorine < 100 ppm 

COATED FIBERS, 
PAPERS, PAPERBOARDS, 
MULTI-LAYER SUBSTRATES 

ASTM D6868 passing results 
(coatings must pass 
biodegradation) 
PFAS/total fluorine < 100 ppm 

SINGLE LAYER 
PAPERS/WOOD 
PRODUCTS 

Substrates will be 
reviewed and advised 
upon on case-by-case 
basis (napkins, wood 
stir sticks, etc.) 
PFAS/total fluorine < 
100 ppm 



  
    

   
  

   
 

PFAS 
FLUORINATED 
CHEMICALS 
POLICY 

Foodservice 
Packaging 
Effective January 1, 2021, Any items in 
these categories that are on the 
acceptance list will be taken off. 
• Items confirmed to contain > 100 ppm 

total fluorine 
• Any items that have not been responded 

to with the requested documentation 



  
 

  
  

 

TESTING PROCESS 
Visual data is 
recorded and 
logged 

Samples are 
placed in 
nylon bags 

80% Feedstock 

20% Products 



 

 

FRAGMENTS 
ARE PULLED 
AND BAGGED 



 
  

   

Web-based Acceptance Lists 
(by process) for FW/YW Programs: 
Products that passed field testing 
and have met ASTM pre-requisites 
for each process. 

WWW.COMPOSTERAPPROVED.COM 

WWW.COMPOSTERAPPROVED.COM


   

   

  

 

PLASTIC Sources in Compost Streams 
and Drivers 

Sorting confusion 

Food TV shows 

Culture of convenience 

Food Preservation Improvements 



 
 

  

Not Compostable 

“Look A-likes” 

CMA and BPI Certified Compostable 
Polyethylene
Produce Bags Oxo-Biodegradables 



   
  

 

  

 

GOAL 
CMA works to ensure 
collective investments 
are connected 

Citizens/Sustainability Groups 
Community Members 

Capacity/Infrastructure 
Composters 

Cities, Haulers 
Outreach, Collection 

R&D, Product Development 
Product Manufacturer 



 

 

Susan Thoman 
Compost Manufacturing Alliance 

Managing Director 
susan@composterapproved.com 

206.755-8309 

CONTACT US 



 
 

 

 
 
 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

  
 

 
 
 

 
 

 
 

 
 

 
 

 

From: Geoff Woolley 
To: Organics 
Cc: Samantha Davies; Gary Bilbro 
Subject: Public Meeting Notice: AB 1201 (Ting, Chapter 504, Statutes of 2021) Public Workshop Comments 
Date: Monday, November 6, 2023 2:14:25 PM 
Attachments: image001.png 

[[ EXTERNAL ]] 

Dear CalRecycle Team, 

We extend our gratitude for hosting the workshop on November 1, 2023, and for affording 
us the opportunity to express our thoughts on AB1201. At EcoSafe Zero Waste, we are 
dedicated to fostering successful composting practices, ensuring the disposal of 
uncontaminated food waste, and promoting environmentally responsible solutions. We are 
particularly appreciative of the efforts made by CalRecycle to address this crucial matter. 

As a certified compostable film manufacturer, we take immense pride in providing high-
quality compostable film products to our customers. We currently sell thousands of 
compostable bags across California and throughout the United States. Our commitment to 
environmental sustainability is reflected in the stringent certification standards we adhere to 
(certified by the Biodegradable Products Institute and the Compost Manufacturing Alliance), 
making our products easily identifiable and truly compostable. 

We recognize the challenges posed by look-alike products in the market, which can lead to 
confusion and compromise the effectiveness of composting efforts. To address this 
concern, we propose that SB54 be prioritized ahead of AB1201. By mandating that only 
third-party certified products are allowed to be sold, we can ensure that composters have 
access to reliable, properly labeled compostable items. This approach will not only support 
composters but also contribute significantly to the overall success of composting initiatives 
in California. 

CalRecycle, as the governing body, should make it so that we, including composters, don't 
have to worry about identification by enforcing SB54 ahead of AB1201. If 80% of 
composters won't accept our compostable bags because composters can't identify them, it 
is a huge problem for us when our bags end up in landfill as we spend a lot of time, money, 
and energy certifying our products. 

Food waste collection is a massive cultural change, and we are one of the private 
companies assisting distribution companies and cities with the expertise on how to do it 
well. We suggest prioritizing accepting compostable products like compostable bags that 
ensure food waste is recovered and not disposed of. In our 20 years of experience, we 
know it is true that waste generators are more participatory when compostable bags 
(labeled, green, and transparent) are used in food scrap collection programs. We are more 
than happy to provide our expertise to help assist in this transition. 

Through our extensive product range and educational training programs implemented 
across the distribution supply chain, we have actively assisted Californians in maintaining 
clean green bins. By using our compostable bags, individuals and businesses alike have 
reduced the frequency of bin cleaning, leading to significant water conservation. 

mailto:geoff@ecosafezerowaste.com
mailto:Organics@CalRecycle.ca.gov
mailto:Samantha@ecosafezerowaste.com
mailto:gary@ecosafezerowaste.com
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Additionally, our products eliminate the need for harsh cleaning chemicals, thereby keeping 
harmful toxins out of the waste stream and further promoting environmental safety. 

We agree that bifurcation is not the answer as it is already difficult to enforce 3 bin 
collection streams. In that sense, we need a better solution, and that is to use products that 
help food waste collection (like our bags). 

Once again, we appreciate CalRecycle's dedication to addressing the challenges 
associated with composting and waste management. We remain committed to working 
collaboratively to create a cleaner, greener future for California. 

Thank you for your time and consideration. 

Warm regards, 

Geoff Woolley 
President 
EcoSafe Zero Waste Inc. / EcoSafe Zero Waste USA Inc. 

t: +1(604)-230-7029 | toll free: +1(855)-495-4959 
Website | LinkedIn | Twitter | Facebook | Instagram 
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From: Morgan, Cara@CalRecycle 
To: Organics 
Subject: FW: Introduction Follow up: Beyond Plastic LLC 
Date: Saturday, November 4, 2023 9:40:20 AM 
Attachments: Outlook-usqvmaxk.png 

PHA is natural Published Manuscripts.pdf 

Sent to me after the 1201 workshop. 

From: Fred Pinczuk <fred@beyondplastic.com> 
Sent: Friday, November 3, 2023 1:18 PM 
To: Morgan, Cara@CalRecycle <Cara.Morgan@CalRecycle.ca.gov> 
Cc: Paula Treat <mslobby@earthlink.net>; Alex Delnik <alex_delnik@yahoo.com> 
Subject: Introduction Follow up: Beyond Plastic LLC 

[[ EXTERNAL ]] 

Dear Mrs. Morgan, 

I hope this message finds you well. It was a pleasure meeting you in person during the AB1201 Panel 
held this past Wednesday. I wanted to take a moment to follow up on our brief conversation. 

First and foremost, drawing from my extensive experience of over 25 years within the plastic 
packaging industry, it is clear that our sector has, unfortunately, overused and misused the term 
"Compostable" to the point of exhaustion. This parallels the regrettable outcome of the California 
ban on the labeling of "Biodegradable" products. 

The term "compostable," originally intended to describe the compatibility of materials with 
composting facilities, no longer aligns with the actual requirements and assurances that these 
materials need to meet. They must seamlessly integrate into the composting processes, adhere to 
specific timelines, and, crucially, avoid the generation of microplastics that can directly impact our 
food chain. It is evident that relying solely on a lab-designed ASTM standard falls short of ensuring 
these crucial criteria are met. 

Moreover, the industry's widespread misuse of the term "biopolymer" further exacerbates the 
situation, as companies often prioritize marketing their products without due consideration for their 
environmental impacts. For instance, the case of the Coke Plant Bottle exemplifies this issue. 

Ironically, the European Union faced similar challenges, prompting them to suspend the use of 
"compostable" plastic packaging in 2019. This decision was driven by the recognition that the 
industry needed to address these concerns and rectify the way these terms are applied and 
understood. 

mailto:Cara.Morgan@CalRecycle.ca.gov
mailto:Organics@CalRecycle.ca.gov
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Polyhydroxyalkanoates – Linking Properties, Applications,  
and End-of-life Options
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When it comes to “bioplastics”, we currently notice an immense complexity of this 
topic, and, most of all, a lack of legislative regulation, which confuses or even misleads 
insufficiently informed consumers. The present article therefore showcases microbial 
polyhydroxyalkanoate (PHA) biopolyesters as the prime class of “bioplastics” sensu 
stricto. In particular, biodegradability of PHA as its central benefit in elevating the cur-
rent plastic waste scenario is elaborated on the biochemical basis: this covers aspects of 
the enzymatic machinery involved both in intra- and extracellular PHA degradation, and 
environmental factors impacting biodegradability. Importantly, PHA degradability is con-
textualized with potential fields of application of these materials. It is further shown how 
the particularities of PHA in terms of feedstocks, mode of synthesis, degradability, and 
compostability differ from other polymeric materials sold as “bioplastics”, highlighting 
the unique selling points of PHA as “green” plastic products in the circular economy. 
Moreover, current standards, norms, and certificates applicable to PHA are presented as 
basis for a straight-forward, scientifically grounded classification of “bioplastics”.


Keywords: 
biodegradability, biopolymers, certifications, composting, depolymerases, polyhydroxy-
alkanoates


Introduction: The plastics pollution – 
origin and effects


Being useful, practical, and inexpensive poly-
meric materials, plastics are indeed ubiquitous in 
our daily lives. During the decades between 1940 
and now, synthetic plastics that are not biodegrad-
able in nature and of petrochemical origin have 
dominated growth. However, their uncritical dis-
posal and accumulation in the ecosphere have re-
sulted in an environmental catastrophe. In this con-
text, Geyer et al. published a seminal paper in 2017, 
outlining the use and fate of all plastics. They con-
cluded that up until 2015, 8.3 · 109 metric tons of 
plastics were produced globally, with only 9 % of it 
being recycled, 12 % incinerated, but 79 % (corre-
sponding to 6.3 · 109 metric tons) discarded in land-
fills or simply dumped in the environment. Further-
more, they estimated that by 2050, 12 · 109 metric 
tons of plastic waste will be accumulated in land-


fills and the environment – double the amount that 
existed in 2015.1 In 2016, the Ellen MacArthur 
Foundation published a report on plastics produc-
tion with input from numerous industry experts and 
organizations. Authors came up with the conclusion 
that, in 2015, almost 95 million tons of packaging 
plastics were consumed, constituting the primary 
source of plastics pollution. They also estimated 
that plastics production uses 6 % of the total fossil 
crude oil extracted, and contribute 1 % of the total 
carbon emission when assuming its post-use incin-
eration as common fate of all plastic. Without major 
mitigation efforts, by 2050, plastics would consume 
20 % of the world fossil feedstock production and 
represent 15 % of the carbon emissions.2


At some point in Earth´s history, massive 
amounts of carbon-containing plant and animal bio-
mass were buried, which then, under pressure, 
turned into what we describe today as fossil fuels, 
such as coal, petroleum, and natural gas. After the 
discovery of these fossil fuels, which was accompa-
nied by the onset of the industrial revolution, man-
kind started to release the carbon that was seques-
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tered over a period of hundreds of millions of years. 
This has caused the increase in greenhouse gases 
(GHG), particularly CO2, CH4 and NOx, contribut-
ing to the climate change we are experiencing to-
day. Plastics, a natural offshoot of petroleum and 
natural gas, have played their part, although their 
contribution to global warming has been relatively 
small compared to GHG emissions due to energy 
generation, transportation, or even agriculture. 
However, plastics have had another more serious 
and deleterious effect on the planet, including its 
oceans and life therein, through the accumulation of 
these fossil-based materials that do not degrade into 
CO2, CH4 or water anytime soon. Solutions to plas-
tics accumulation or pollution is a necessary and 
urgent issue that needs large-scale innovative solu-
tions. While numerous methods have been devel-
oped over decades and are being employed today, 
such as collection and then recycling or incinera-
tion, as Geyer et al. notes, these methods do not 
address the entire breadth of the problem of plastics 
pollution described above. While these methods and 
processes can be broadened to cover additional 
plastics waste streams, they will not cover numer-
ous sources of plastics pollution given their ubiqui-
tous nature.1


Recycling is necessary and needs to be im-
proved, but it also comes at substantial costs, in-
cluding huge energy consumption and in turn more 
GHG emissions, and it would not address the entire 
plastics waste crisis, including microplastics, gener-
ated from disintegrating larger plastic articles, and 
from fibers and fabrics, paints and coatings, adhe-
sives, shoes, and car tires.1 As a consequence of the 
plastics pollution, 127 countries have banned sin-
gle-use or other plastics.3–6 However, banning plas-
tics use or relying solely on recycling and incinera-
tion are insufficient strategies to eliminate the 
negative environmental impacts of plastic waste 
and GHG emissions, now or in the future. The scale 
of the problem requires additional innovative solu-
tions, especially such solutions resorting to biode-
gradable materials.


Biodegradation of polymers


Biodegradability can be considered an end-of-
life option for consumer plastics produced for sin-
gle-use. Known natural polymeric materials typical-
ly biodegrade in the environment under various 
conditions; they turn into CO2, water, and biomass 
in the presence of O2, and into CO2, CH4, water and 
biomass during anaerobic digestion. Importantly, 
the process of biodegradation of natural materials is 
circular: photochemotrophs like plants use CO2, 
water, and nutrients to grow, and, at the end of life, 
they biodegrade into the very products they con-
sumed to grow.


In the meanwhile, mankind has transformed 
biodegradation into an industrial process by increas-
ing the temperature and/or by adding specific mi-
croorganisms; we call it “industrial composting”. In 
industrial composting facilities, compost tempera-
tures exceed 50 °C due to the metabolic heat gener-
ated by the microbes thriving in it. This high tem-
perature is also a legal requirement because it 
ensures sufficient pasteurization of the final product 
(compost). The same process of biodegrading natu-
ral materials can be carried out at lower tempera-
tures; this process is known as “home composting”. 
Here, temperatures as high as in industrial com-
posters are typically not reached or only in the core, 
because the compost is agitated/turned less often, 
and has a surface-to-volume ratio beneficial for 
cooling by the ambient. Also, due to a lower aera-
tion, microbial growth is less intensive and less heat 
is spent up. The timeline is also important in bio-
degradation and/or composting performance, be-
cause higher temperatures in industrial composting 
facilities speed up biodegradation, while the process 
of home composting takes longer; however, in both 
processes, biodegradation occurs.


Circularity of natural materials has been at play 
since the origin of life, and the Earth has kept a bal-
ance with respect to GHG. Therefore, mimicking 
nature is the best solution when it comes to materi-
als production and plastics pollution prevention, in 
order to ensure early in advance that accumulation 
of these materials, which have a devastating effect 
on life on Earth, cannot occur beforehand. This in-
cludes producing materials using renewable sourc-
es, such as CO2 and/or CH4 and water, and, at the 
end of life span, returning the material to nature, 
i.e., allowing nature to convert these materials again 
into CO2, CH4, water, and biomass. There are nu-
merous materials that can and are being made using 
renewable CO2 or CH4 as the carbon source; how-
ever, there are only few materials that act like plas-
tics and also turn into CO2, CH4, water, and bio-
mass. Polyhydroxyalkanoates (PHA), a family of 
naturally occurring microbial polyesters, are one 
such class of materials, which also have many of 
the beneficial properties of the top seven best-sell-
ing types of petro-plastics (PET, HDPE, PVC, 
LDPE, PP, PS, PA), thereby making them the most 
suitable material to replace many different plastics 
used today, especially but not exclusively those 
used in single use applications and packaging that 
are difficult to collect or recycle.7–9 The wide range 
of chemical, physical, and mechanical properties of 
PHA is due to the fact that these biopolymers can 
differ very much based on their monomer composi-
tion and on molecular weight and molecular weight 
distribution. Different types of PHA may also show 
differences in biodegradability (vide infra). Some 
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properties, e.g., chemical functionalization by in-
serting monomers with specific function groups in 
growing PHA chain during status nascendi, are only 
obtained by providing chemically related precursors 
in the production medium. However, these sub-
stances are often not biobased (e.g., halogenated 
precursors, monomers of polythioesters [PTEs; vide 
infra]); in some cases, this makes the resulting PHA 
harder to degrade, or even non-degradable.10


General aspects, properties, and end-of-life 
options of polyhydroxyalkanoates (PHA)


PHA are a naturally occurring family of poly-
mers, which are synthesized by about 40 % of the 
world’s microorganisms. Their chemical structure 
resembles a linear polyoxoester.10 Microorganisms 
produce PHA when they experience certain nutri-
tional deficiencies. The type and structure of the 
PHA they produce depend on their raw material 
source.9,11 By 1995, 95 different types of PHA poly-
mers and their corresponding unique building 
blocks (hydroxyalkanoic acids) were discovered,12 
and to date about 150 different types of PHA poly-
mers and their corresponding building blocks have 
been described.13 Microorganisms biosynthesize 
PHA when they experience deficiencies in certain 
nutrients, which they associate to be a precursor to 
an upcoming substrate/food shortage. When these 
microbes are exposed to such shortage, they then 
consume the accumulated PHA as an energy and 
carbon source to survive during starvation. More re-
cently, additional unexpected functions of PHA 
have been discovered, all of them showing that 
PHA biosynthesis is a result of microbes´ “SOS-re-
sponse” to stress provoked by, e.g., osmotic imbal-
ance, heavy metal contamination, or UV-irradi-
tion.14,15 When recovered from microbial biomass 
and appropriately processed, PHA have the proper-
ties of established plastics. Here, it should be em-
phasized that the PHA recovery process still is a 
challenging task considering the entire ecological 
footprint of these biopolyesters; as recently re-
viewed, there are numerous R&D efforts ongoing to 
optimize PHA recovery in terms of reducing sol-
vent, chemicals, and energy input, avoiding tradi-
tional halogenated PHA-extraction solvents, and 
reaching higher recovery yields in shorter time and 
optimized product quality.16


Depending on the type of building block or 
monomer, different types of PHA mimic different 
plastics, ranging from thermoplastics to elastomers. 
To date, only around 15 different building blocks 
and their corresponding PHA polymers have been 
thoroughly studied, and these PHA polymers 
demonstrate the beneficial properties of the top sev-
en best-selling petro-plastics (vide supra). A lot of 
work has gone into research of their properties and 


applicability in various industrial and consumer ap-
plications where plastics are used. These include 
films, fibers, thermoformed and molded parts for 
use in packaging, food service, agriculture, medical 
devices, electronics, leisure industry, fabrics, paints 
and coatings, adhesives, etc.7,8


Mechanical PHA properties such as elasticity 
modulus, tensile strain and tensile strength of PHA 
like poly(3-hydroxybutyrate) (PHB) and its com-
posite materials are in a similar range like measured 
for bones; thus, these biomaterials hold promise for 
application as implant materials, e.g., for femoral 
fractures.17 In comparison to surgically used poly-
mers like PLA, poly(glycolate) (PGA), or poly(lac-
tid-co-glycolid) (PLGA), implants based on PHA 
have the added advantage of not reducing the local 
pH-value during in vivo degradation; this lacking of 
acidogenesis makes PHA well accepted by cells and 
the immune system. As drawbacks, the low in vivo 
degradation rate of PHA-based implants and the 
high crystallinity, especially of PHB, complicate the 
enzymatic degradation of the implants, as shown 
before by the remarkable recalcitrance of tiny bar-
shaped PHB-based femoral implants against in vivo 
degradation in living rats.17 In this context, modern 
implantation surgery often faces the problem of bio-
material-associated microbial infections, which re-
quires the improvement of implant surfaces to pre-
vent bacterial adhesion as the start of biofilm 
formation. To overcome this issue, a recent study 
developed drug delivery systems consisting of anti-
biotic-embedding PHB and PHBHV for coating ti-
tanium implants. A simple multi-layer dip-coating 
technique was used for optimal coating of the im-
plants. Drug delivery, antibacterial effect, toxicity, 
and cell adhesion were studied for individual coated 
implants. Both antibiotic-loaded PHA coatings re-
sulted in protection against microbial adhesion, 
PHBHV coatings displayed a better drug release 
profile by faster degradation compared to coatings 
with the homopolyester PHB. When coatings with 
different antibiotic concentration per layer where 
used, a better controlled and more homogeneous re-
lease was noticed. Because the PHA-coatings de-
grade with time under physiological conditions, 
these new drug delivery systems performed in an 
outstanding and expedient fashion, not only by pre-
venting the initial bacterial adhesion, but also by 
inhibiting the subsequent bacterial reproduction and 
biofilm formation, which serves for a prolonged 
drug release.18,19 Because of the high versatility of 
their mechanical properties, combined with excel-
lent biocompatibility and in vivo degradability, PHA 
biopolyesters are among the most auspicious bio-
materials for tissue engineering, and are being used 
to replace and heal different types of hard or soft 
tissue; PHA-based tissue engineering is described 
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for restoring cartilage, skin, cardiovascular tissue, 
bone marrow, and nerve conduits (recent reviews 
by20–26).


PHA being produced naturally are biobased 
(building blocks originating from renewable re-
sources, such as sugars, organic acids, alcohols, lip-
ids, CO2, or CH4) and, at the same time, biosynthe-
sized (building blocks converted to polymers by the 
enzymatic machinery of living organisms). Since 
they are naturally consumed by microorganisms, 
PHA are biodegradable and compostable as well as 
biocompatible and bioresorbable, hence, they exert 
no negative effect on the biosphere surrounding 
them (e.g., on living organisms, cell lines, living tis-
sue, ecosystems). In fact, they act as energy/nutri-
tion providers to microorganisms and, in that sense, 
have a positive effect on the environment. Other 
natural polymers, which can be used to manufacture 
materials with plastic-like properties include starch 
(also known as thermoplastic starch – TPS), pro-
teins (gelatin, etc.), chitin, or cellulose. These mate-
rials are also renewable, biodegradable, and bio-
compatible. These polymers belong to the group 
termed biopolymers sensu stricto, and the PHA 
family belongs to this group of materials.27


As mentioned previously, aerobic (oxidative) 
degradation of PHA by microbes like bacteria or 
fungi generates CO2 and water, while anaerobic 
PHA consumption by living organisms, e.g., in bio-
gas plants, results in generation of CH4 in addition 
to water and CO2.


27 While biodegradability of PHA 
per se has been long established, decisive factors 
influencing biodegradability of PHA, such as shape 
and thickness of polymer specimens, crystallinity, 
composition on the level of monomers, environ-
mental factors (humidity, pH-value, temperature, 
UV-radiation), and surrounding microflora, though 
comprehensively studied and reviewed, require fur-
ther elucidation.28 For example, most studies have 
suggested that crystallinity can negatively impact 
the rate of biodegradation of PHA,29 while others 
have suggested that crystallinity has no impact on 
biodegradation.30 In addition, there are reports stat-
ing that certain, yet scarcely studied, types of PHA, 
such as poly(3-hydroxyoctanoate) (PHO) were not 
biodegradable at all.31 While more studies are need-
ed to further refine biodegradation timelines for 
various types of PHA, the fundamental fact that 
those types of PHA produced to date at reasonable 
quantities are biodegradable has already been estab-
lished.32 This variability in biodegradation of PHA 
follows all other natural materials including starch, 
cellulose, proteins, or chitin.


In addition to their biodegradability, PHA are 
manufactured from renewable resources, hence, 
they do not deplete limited fossil reserves. This fact, 
coupled with their biodegradability as discussed 


earlier, make PHA truly circular; therefore, these 
biomaterials are an integral part of the closed car-
bon cycle of our planet; this means that their bio-
degradation does not further increase the atmo-
spheric concentration of CO2 in analogy to other 
natural materials that we know and understand well, 
such as carbohydrates (e.g., starch), alcohols (e.g., 
glycerol), fatty acids, or lipids, which are typically 
utilized for production of PHA today. These “re-
newables” in turn are products of the natural metab-
olism of plants and microorganisms; their carbon 
content was not entrapped in our planet´s interior 
for millions of years. This is yet another fundamen-
tal difference from conventional plastics that are 
produced from fossil fuels like petroleum or natural 
gas. At end of life, PHA undergoes biodegradation 
– aerobic or anaerobic – depending on the disposal 
method generating biomass, water, CO2 and CH4, 
all of which are fixed by plants and phototrophic 
microbes, or by methanotrophs, respectively, thus 
continuing along the natural carbon cycle. This cir-
cularity of PHA is the essential and critical differ-
ence between plastics from petroleum whose degra-
dation by incineration deprives the world of its 
natural carbon cycle, thus releasing sequestered car-
bon that was fixed millions of years ago by sudden-
ly releasing them into the atmosphere.27


The fundamental differences between fos-
sil-based conventional plastics and renewable and 
biodegradable PHA, as outlined previously, make 
the fate of fossil plastics linear, while PHA are cir-
cular and excellently match the topical vision of 
“The Circular Economy” espoused by numerous 
communities and organizations worldwide, espe-
cially when considering the option of recycling 
PHA after use, which might be the conditio sine 
qua non to avoid the limitation of PHA to low value 
applications. However, PHA offer much more than 
just their renewability and biodegradability as im-
portant attributes in their quest to replace fossil 
plastics. They can also be collected after use just 
like fossil fuel-based plastics, and upon a substan-
tial stream of PHAs available, they could be recy-
cled just like fossil-based plastics. Mechanical recy-
cling of PHA is predominantly accomplished via 
extrusion and injection molding (demonstrated by 
Zaverl et al. for the copolyester poly(3-hydroxybu-
tyrate-co-3-hydroxyvalerate) PHBHV), which can 
undergo five subsequent recycling cycles),33 or 
PHBHV/PLA blends, which were recycled six times 
by Zembouai et al. without significant loss in qual-
ity.34 In addition, combination of extrusion and 
compression molding was demonstrated for PHB 
homopolyester, which, however, displayed signifi-
cant quality loss already after two recycling cycles, 
as shown by Rivas et al.35 We should consider that 
mechanical recycling of PHA-based materials is 
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still in its infancy, and various studies will be need-
ed to assess the parameters determining recyclabili-
ty of these materials, such as composition on the 
monomeric level, molecular mass, etc. As recently 
reviewed by Vu et al., there are still considerable 
gaps of knowledge about the relationships between 
PHA composition on the monomer level, and acces-
sibility of differently composed PHA items to recy-
cling strategies under investigation.36 Understand-
ing this relationship, however, is crucial since it will 
decide if separation of the bioplastic materials al-
ready at the source is needed or not. As an alterna-
tive to mechanical recycling, chemical upgrading of 
spent PHA is feasible via pyrolysis, which can gen-
erate, dependent on the PHA composition, chemi-
cally relevant compounds like crotonic acid and 
oligomers of 3HB when starting from PHB, 2-pen-
tenoic acid when using PHBHV,37 or 2-decenoic 
acid when pyrolyzing the mcl-PHA poly(3-hy-
droxydecanoate).38 Another intriguing recycling 
strategy is based on microwave-assisted conversion 
with green solvents like alkaline methanol; as 
shown by Yang et al., PHB homopolyester can be 
converted this way to 3HB, 3-methoxybutyrate, and 
crotonic acid.39 When recycling of PHA is not feasi-
ble, which is the case with over 80 % of collected 
fossil-based plastic waste today, PHA can be incin-
erated with other fossil plastics to generate energy 
or left in industrial composters to generate biomass 
for agricultural use, something that fossil plastics 
cannot claim as an attribute. In addition, PHA-based 
products, when left accidently in the environment 
(which, of course should be avoided!), will biode-
grade into CO2, CH4 and water just like other natu-
ral polymeric materials, which is an attribute that 
would go a long way in fulfilling society’s desire of 
getting back to the natural cycle of circularity and 
renewability. Moreover, spent PHA can also under-
go hydrolysis to generate optically pure building 
blocks, which in turn can be used as chiral synthons 
for synthesis of marketable compounds, such as 
pharmaceuticals, synthons for organic synthesis, or 
fragrances.40


Mechanisms of PHA degradation


In accepting PHA as biodegradable, it is im-
portant to understand the biodegradation mecha-
nisms at play in all details. Biodegradation of poly-
mers in nature is driven by a specific group of 
(mainly hydrolytic) enzymes called depolymerases. 
These enzymes break down the complex molecules 
into constituent natural building blocks (mono-
mers), which the microbes then consume to gener-
ate energy. Numerous microorganisms possess the 
ability to secrete such enzymes. Some microorgan-
isms secrete them extracellularly, while others pos-


sess intracellular enzymes for polymer degrada-
tion.40


In this context, the group of PHA depolymeras-
es (PhaZs), encoded by phaZ genes, biodegrade 
PHA polyoxoesters. There are two types of PHA 
depolymerases, those that are nonspecific and are 
excreted extracellularly (e-PhaZs), and intracellular 
depolymerases (i-PhaZs). The former are of lower 
specificity and degrade PHA into microbially con-
vertible substrates, namely, small oligomers and 
monomeric repeat units. PHA is typically degraded 
ex vivo by microbial depolymerases produced by 
bacteria, streptomycetes, and fungi, and by other 
hydrolytic effects during the span of up to one 
year.17,21 Moreover, e-PhaZs are typically of low 
molecular mass and have their pH-optimum in the 
alkaline range.40 Biodegradability of PHA has been 
studied over the last 40 years and has been com-
pared to numerous (semi)synthetic polymers. A va-
riety of review papers, some of which are refer-
enced here, have been published, clearly establishing 
PHA biodegradability in soil, fresh water and ma-
rine environments.41,42 In the context of biodegrad-
ability of PHB, the best studied PHA, even under 
non-biocatalytic conditions in pure water or phos-
phate buffer saline at 37 °C, a progressive decrease 
in molar mass was described; after 650 days of im-
mersion, molar mass had reduced by almost 50 %.43


Biodegradability of PHA depends on various 
factors, such as the composition of the biopolyes-
ters on the monomeric building block level (PHA 
homopolyesters like PHB typically degrade slower 
than copolyesters), the stereo-regularity, crystallini-
ty (higher degradability at lower crystallinity), mo-
lar mass (biopolymers of lower molar mass are typ-
ically biodegraded faster than their counterparts of 
higher molar mass), and environmental conditions 
(temperature, pH-value, humidity, and availability 
of nutrients for the microorganisms carrying out the 
degradation).28,32 Moreover, one has to differentiate 
between depolymerases degrading short-chain-
length PHA (scl-PHA; building blocks with three to 
five carbon atoms), and those enzymes degrading 
medium-chain-length PHA (mcl-PHA; building 
blocks with six to 14 carbon atoms). While many 
scl-PHA depolymerases (EC 3.1.1.75) have already 
been isolated and characterized, there is only a lim-
ited number of mcl-PHA depolymerases (EC 
3.1.1.76) described in detail. Indeed, mcl-PHA-de-
grading microorganisms have been scarcely found 
in the environment, including predominantly some 
Gram-negative Pseudomonas sp. and thermophiles, 
and several Gram-positive Streptomyces sp., as re-
cently comprehensively reviewed by Urbanek et 
al.43 In the context of mcl-PHA, one should add that 
these materials feature intriguing material proper-
ties resembling those of elastomers and sticky res-
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ins, such as low crystallinity and glass transition, 
and melting temperature. Such mcl-PHAs are not 
yet produced on a larger industrial scale, but are ex-
pected to enter the market as smart materials, e.g., 
thermosensitive adhesives and glues, “bio-latexes”, 
or carrier materials for bioactive compounds.44 For 
mcl-PHA harboring unsaturated groups, rubber-like 
materials displaying constant product properties, but 
still expedient biodegradability, can be produced by 
post-synthetic modification, i.e., via cross-linking.45


Intracellularly, PHA can be depolymerized by 
the catalytic action of i-PhaZs produced by the host 
strain; cells use the carbon and energy content 
bound in their PHA reserves by mobilizing it in pe-
riods where no convertible exogenous carbonaceous 
nutrients are available. This in vivo PHA degrada-
tion starts by the reaction catalyzed by i-PhaZs (EC 
3.1.1.7x), which generate monomeric (R)-3-hy-
droxyalkanoates and their oligomers; (R)-3-hy-
droxybutyrate dehydrogenase (EC 1.1.1.30), an ox-
idoreductase, reversibly oxidizes them to 
acetoacetate, which is then converted to acetoace-
tyl-CoA by the catalysis of the transferase acetoace-
tyl-CoA synthetase (EC 2.3.1.194). Finally, aceto-
acetyl-CoA is hydrolyzed to the central metabolic 
compound acetyl-CoA by the reversible enzyme 
3-ketothiolase (acetyl-CoA−acetyltransferase, for-
merly known as β-ketothiolase; EC 2.3.1.9).46,47


In addition to i-PhaZs, which keep the intracel-
lular cycle of PHA biosynthesis and degradation 
running, also extracellular PHA depolymerases 
(e-PhaZs) are reported. These enzymes are required 
for PHA biodegradation by other organisms; they 
catalyze biodegradation and composting of items 
consisting of PHA.48 In a nutshell, i-PhaZs display 
higher substrate specificity, while their extracellular 
counterparts are rather unspecific hydrolytic en-
zymes (e.g., esterases), which also occur in eukary-
otic organisms. Notably, i-PhaZs do not hydrolyze 
isolated, extracellular PHA, while extracellular de-
polymerases, when expressed in vivo, are not able 
to hydrolyze intracellular granules, since there exist 
considerable differences in the physical structures 
of intact, native intracellular granules and denatured 
extracellular PHA, especially regarding the differ-
ent crystallinities.49 In addition, depolymerization of 
intracellular PHA takes place to a certain extent si-
multaneously to PHA biosynthesis, even under con-
ditions which are beneficial for PHA formation (ex-
cess carbon source in parallel to nutrient 
deprivation). This results in a steady biosynthesis 
and degradation of PHA in living cells, hence, a 
permanent modification and re-organization of the 
polyester chains, the frequently cited “cyclic nature 
of the PHA metabolism”, takes place.50 Yet, under 
conditions favoring PHA biosynthesis, intracellular 
PHA depolymerases have considerably lower activ-


ity than measured at the same time for PHA syn-
thases. If i-PhaZs are not active at all, which hap-
pens, e.g., in the case of recombinant Escherichia 
coli containing PHA synthesis genes (phaCAB), but 
no PHA depolymerases-encoding genes (phaZ), ul-
tra-high molar mass PHA can be produced by the 
cells.51 This effect was also demonstrated when in-
activating (knocking out) PHA depolymerase in the 
Azotobacter vinelandii genome, which resulted in 
generation of PHA of highly uniform molar mass.52


Choi et al. demonstrated the high impact of 
PHA crystallinity on its extracellular degradability. 
These authors produced the scl-PHA copolyester 
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) 
(PHBHV) with different 3HV fractions by cultiva-
tion of the strain Alcaligenes sp. MT-16 on glucose 
plus the 3-hydroxyvalerate (3HV) precursor levulin-
ic acid (4-oxopentanoic acid). It was shown that in-
creasing 3HV fractions in PHBHV samples drasti-
cally decreased the polyesters´ crystallinity, which 
resulted in faster extracellular degradation when 
incubating the polyesters in solutions of e-PhaZ iso-
lated from the fungus Emericellopsis minima W2. 
This demonstrated the impact of crystallinity, which 
in turn is dependent on PHA´s monomeric compo-
sition, on PHA degradability. Enzyme-free degrada-
tion experiments carried out for 20 weeks with the 
same types of PHA in alkaline medium showed no 
degradation at all.53


In addition, it was shown that all PHA depoly-
merases discovered so far, both i- and e-PhaZs, are 
specifically hydrolyzing the oxoester bonds of PHA, 
while thioester bonds in polythioesters (PTEs), a 
group of sulfur-containing PHA analogues, are not 
cleaved by these enzymes.54 PTE copolyesters of 
3-hydroxyalkanotes and 3-mercaptoalknaotes, such 
as poly(3HB-co-3MP) or poly(3HB-co-3MB), are 
biosynthesized when supplying PHA producers like 
C. necator precursor substrates accessible only 
chemically, such as 3-mercaptobutyrate (3MB) or 
3-mercaptovalerate (3MV), in addition to gluconate 
as main carbon source.55 These copolyesters were 
shown to be degraded by only a limited number of 
bacteria like Schlegellella thermodepolymerans,56 
while for poly(3-mercaptopropionate) (P3MP) and 
other PTE homopolyesters, which are accessible by 
cultivating recombinant E. coli on appropriate pre-
cursor substrates, no degradation was observed at 
all, even when exposing the polyester to soil, com-
post, or activated sludge for half a year.57


Combining PHA degradability with applications


Among the most prominent fields of applica-
tion, PHA-based biodegradable packaging materials 
come in first. This is of high significance, especially 
in the field of food packaging, where it is often de-
sired to have compostable, transparent packaging 
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with high barrier for O2, CO2, and moisture.58 Con-
sidering PHA’s complete pro-benign nature, expedi-
ent compostability and plastic-like processability, it 
is indeed reasonable to pack perishable food in PHA 
materials; after unpacking, the PHA packaging ma-
terial, which is contaminated with food remains, 
can be easily disposed of as organic waste. This 
drastically reduces plastic waste. In addition, when 
degrading spent PHA packaging in biogas plants, 
the generated CH4 can act not only as a carbon-neu-
tral energy carrier, but even as feedstock for biosyn-
thesis of new PHA by using methanotrophic PHA 
production strains.59–61 Particularly, PHA´s advanta-
geously high O2-permeation barrier attracts huge 
interest in using these materials for development of 
packaging materials preventing oxidative spoilage 
of wrapped goods.62 In direct comparison to the 
long-established petrochemical packaging plastic 
high density poly(ethylene) (HDPE), it was demon-
strated that quality preservation of food packed in 
PHA-based packaging materials is at least as good.63 
Already in 1996, the PHA copolyester PHBHV, 
which can be processed to plastic films, trays and 
containers for food packaging, was EU-approved 
for food contact application.64 Also, other consumer 
applications for PHA exist, where biodegradability 
could be a relevant feature, such as diapers, various 
hygiene articles, drinking straws, beakers, etc.10


The biodegradability of PHA under diverse en-
vironmental conditions makes this biopolymer fam-
ily expedient candidates for drug carriers.65,66 As 
described above, extracellular enzymes like PHA 
depolymerases and other biocatalysts, which are not 
that specific, are excreted by various microbes, and 
degrade PHA into small oligomers and monomers, 
which are microbially convertible substrates. The 
drug-retarding properties of PHA-based delivery 
systems can be controlled primarily by PHA´s com-
position on the monomeric level and its molar mass. 
Additionally, PHA has demonstrated a substantial 
impact on the bioavailability of bioactive com-
pounds, enhanced drug encapsulation, and reduced 
toxicity in comparison to other biodegradable poly-
mers, as recently reviewed.20 As another example 
for use of PHA in drug delivery, Rhodamine-B-
loaded nanoparticles of randomly distributed 
poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) 
(PHBHHx) copolyesters of a mean size of about 
150 nm were prepared by Wu et al. These nanopar-
ticles were coated with sub-cytotoxic concentra-
tions of poly(ethylene imine) to assist attachment to 
and uptake by different cell types. Cell response to 
this nanoparticle system was studied in vitro and ex 
vivo. It was shown that the nanoparticles were trans-
ported along endolysosomal cell compartments, the 
endoplasmic reticulum and the Golgi complex, 
without negatively affecting cell morphology or res-
piration.67


Standards assessing PHA´s degradability, 
compostability and biocompatibility


Most consumers are not aware of the differenc-
es in the types of plastics available on the market, 
and rightfully it´s no trivial task to distinguish dif-
ferent plastic products. The expression “bioplastic”, 
“green plastic”, “biopolymer” and other similar 
words may sound sustainable and are effective in 
advertising and labelling a product due to the asso-
ciation of “bio” with plastics or polymers. Howev-
er, the truth surrounding renewability, compostabil-
ity or biodegradability, and in turn, sustainability is 
far from reality. Not all materials termed bioplastics 
or biopolymers are environmentally beneficial! 
Table 1 provides an overview on concepts for dis-
tinguishing between different types of “bioplastics”.


In order to provide a systematic overview, Fig. 
1 illustrates the categorization of PHA biopolyes-
ters, among other heavily used plastic-like poly-
mers, based on the categories “biobased”, “biode-
gradable/compostable”, and “biosynthesized”.


In this context, logos and labels linked to a har-
monized certification system are to an increasing 
extent applied to unambiguously inform the con-
sumer whether a commercialized “bioplastic” is 
bio-based and/or compostable, and, even more im-
portantly, how the consumer should dispose of it 
after its use (“(home) composting it or not??”).74 
Indeed, several standards exist to define whether a 
material is biodegradable and/or compostable under 
different conditions (aerobic/anaerobic, industrial/
home, etc.). Those international standards (most im-
portant examples: EN 13432:2000, ISO 17088:2012, 
ASTM D6400-12; details vide infra) prescribe the 
test schemes that need to be applied in order to 
evaluate and determine the compostability and bio-
degradability of “bioplastics” such as PHA or cellu-
lose- or starch-based plastic-like materials. In gen-
eral, those standards comprise the requirements to 
test parameters regarding the characterization of the 
material (e.g., chemical composition like the assess-
ment of heavy metal levels), its disintegration abili-
ty, its aerobic biodegradation into CO2, biomass and 
water within a defined period (typically six months), 
anaerobic digestion for CH4 and CO2 formation, and 
ecotoxicity tests.75 Bioplastics certified according to 
EN 13432 can be recognized by conformity marks, 
such as “Seedling”, “OK compost”, or “DIN ge-
prüft”.


In this context, biodegradability and composta-
bility of PHA biopolyesters have been scrutinized 
under diverse environments and test conditions, i.e., 
soil, water, marine, as well as industrial and home 
composting. PHA-producing companies have tested 
their PHA products according to corresponding 
standards by certain certification organizations in 
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Ta b l e  1 	–	Definitions applicable to “bioplastics”


Biobased Material is fully or at least partly derived from renewable biomass (e.g., plants, CO2, CH4). Bio-based carbon 
content is the decisive variable describing the amount of bio-based carbon (in relation to fossil-based carbon) 
present in a material or product. This biobased carbon content can routinely be determined via the 14C method 
(according to ASTM D6866: Standard test methods for determining the biobased content of solid, liquid, and 
gaseous samples using radiocarbon analysis).68


Applies for: PHA, PLA, starch, cellulose, proteins, chitin, “bio-PE”.
Nota bene: Partly, this group of plastics also encompasses the PlantBottleTM commercialized by The Coca Cola® 
company, which consists of so-called “bio-based” PET; however, this material has a bio-based carbon content 
stemming from renewable resources (the ethylene part chemically produced starting from ethanol via oxirane and 
glycol) of only 23 % based on the carbon footprint!


Biodegradation Chemical process during which microorganisms or parts thereof (enzymes) available in the environment convert 
materials into natural substances such as water, CO2, and compost (no artificial catalytic additives needed to 
accelerate degradation). This process depends on the surrounding environmental conditions (e.g., location, pH-
value, humidity, or temperature), on the chemical properties of the material itself and on the material shape.
Applies for PHA, starch, cellulose, proteins, chitin, PLA (requires higher than ambient temperatures!), PBS, PBAT, 
PBSe, or PBSA.


Biodegradable 
plastic


Bio-based or fossil-based plastics that meet standards for biodegradability and compostability. If a material or 
product is labeled as “biodegradable”, customers should get further information about the timeframe, the degree of 
biodegradation, and the required environmental conditions. Moreover, a timeframe for biodegradation must be set 
in order to make claims quantifiable and comparable. This is regulated in the applicable standards (vide infra).
Applies for PHA, PLA, EcoflexTM, starch, cellulose, or proteins


Compostable 
plastic


Bioplastic that has proven its compostability according to international standards (see text) and can be treated in 
industrial (!) composting plants (does not imply home compostability). Importantly, thickness of specimens may 
have a significant role in compostability. Generally, plastics are compostable by successfully meeting the 
harmonized European standards (ISO 17088, EN 13432 / 14995 or ASTM 6400 or 6868), by having a relevant 
certification, and an according label (seedling label via Vinçotte or DIN CERTCO, OK compost label via Vinçotte, 
or TÜV in Austria).
Applies for PHA, PLA, ECOFLEXTM, starch, cellulose, proteins


Degradable or 
oxodegradable 
plastic


Plastics to which (typically catalytically active) additives have been added to improve the degradability; importantly, 
such materials do not meet biodegradability and compostability standards. E.g., “Oxobiodegradable plastics” used 
for PE-based plastic bags do not fulfil the requirements of EN 13432 on industrial compostability, and are therefore 
not allowed to carry the seedling label.
Applies to many petrochemistry-derived plastics, e.g., PE or PP, containing respective additives.


Bio-based,  
nonbio- 
degradable 
polymers


Polymers such as bio-based polyamides (PA) like “renewable nylon”,69 polyesters like PTT or PBT, polyurethanes 
(PU) and polyepoxides used in technical applications like textile fibers (seat covers, carpets, threads) or automotive 
applications (foams for seating, casings, cables, hoses), etc. Their operating life lasts several years or even decades 
and, therefore, biodegradability is not desired.
Other examples: BRASKEM´s bio-based poly(ethylene) (“bio-PE”), which resorts to chemical conversion of 
ethanol to ethylene. Here, polymerization of ethylene to PE occurs chemically via coordination polymerization or 
radical polymerization. The only “green” step in this process chain is the fermentative conversion of the renewable 
1st-generation feedstock sucrose to ethanol by yeasts. Such “bio-PE” is currently strongly emerging regarding its 
market volume, which is expected to amount to estimated 300.000 t per year by 2022.70 In 2018, even the company 
LEGOTM switched to “bio-PE” to manufacture their globally famous toy bricks; however, “bio-PE” is not 
biodegradable, and its production exploits food resources.
Nota bene: For the “bio-based” PET PlantBottleTM commercialized by The Coca Cola® company, copolymerization 
of terephtalic acid and glycol to PET occurs chemically, and the product is highly recalcitrant towards biodegradation. 
The benefit of expedient recyclability, as claimed by the manufacturers, is again partly compensated by the 
increased microplastic formation in “Re-PET” beverage bottles.71


Bio-based,  
biodegradable 
plastics


Include starch blends made of thermo-plastically modified starch and other biodegradable polymers as well as 
polyesters such as PLA or PHA. Unlike cellulose, materials such as regenerate-cellulose or cellulose-acetate have 
been available on an industrial scale only for the past few years and are primarily used for short-lived products.
Nota bene: Polymerization of lactic acid to the cyclic lactide dimer and the subsequent ring opening polymerization 
(ROP) as the most widely applied method to generate poly(lactic acid) (PLA), the material still considered as the 
typical “bioplastic” by the public, requires metal catalysts like tin octoate, hence, PLA is not biosynthesized. Here, 
one has also to consider high recalcitrance of highly crystalline PLA towards biodegradation, and restrictions 
regarding its in vivo biocompatibility due to local acidification of tissue during degradation by generated lactic 
acid. For a comprehensive review, see reference.72


Fossil-based, 
biodegradable 
plastics


Other plastics are neither biobased nor biosynthesized, but still biodegradable/compostable; however, they have a 
petrochemical origin. Prime examples are poly(ε-caprolactone) (PCL) used for many biomedical applications, or 
the random copolyester poly(butylene adipate terephthalate) (PBAT), which is used for materials commercialized 
by, e.g., the company BASF SE under the trade name Ecoflex®. This material is used for wrapping food, degradable 
plastic bags, water resistant coatings, or agricultural purposes.73 These materials enter the natural cycle of carbon 
after being biodegraded, hence, they do not need to be incinerated or landfilled, but their production still exploits 
fossil resources (cyclohexanone generated by chemical conversion of cyclohexane originating from petrochemistry 
in the case of PCL, or adipic acid, 1,4-butandiol, and terephtalic acid in the case of PBAT, respectively).
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order to verify the claims of biodegradability and 
compostability of each product, and to obtain the 
respective logos and labels.75–78 Standards and spec-
ifications have been developed by several authori-
ties, such as the European Committee for Standard-
ization (EN), the American Society for Testing and 
Material (ASTM), the International Organization 
for Standardization (ISO), the British Standard In-
stitution (BSI), etc. Table 2 shows the certifications 
and labels obtained for selected currently commer-
cialized PHA resins.


In the context of integration of PHA into na-
ture´s closed carbon cycle, it should be reminded 
that “biodegradability” is not equal to “composta-
bility”. Both characteristics are defined via norms 
and are strictly determined by certificates. Here, the 
norm EN 13432, which provides a holistic charac-
terization of a “bioplastic”, addresses biodegrada-
tion and composting of polymeric packaging mate-


rials; it claims that a material is “biodegradable”, if 
90 % of its carbon is metabolized within 180 days. 
In contrast, the same norm postulates that a material 
is “compostable” when leftovers in a sieve of 2 mm 
pore size after 180 days of composting do not ex-
ceed 10 % of the original material.10 In the case of 
PHA, both characteristics are applicable. For Eu-
rope, these certifications are regulated at the nation-
al level in cooperation with the European Bioplas-
tics industry association.


Importantly, EN 134323 refers specifically to 
compostability in industrial composting facilities. 
The standard, however, does not claim home com-
postability. Industrially compostable materials are 
suitable for separate organic waste collection with 
subsequent treatment in anaerobic digestion (bio-
gas) plants or industrial composting facilities, but 
not suitable for throwing them on the compost heap 
in the garden.79


Biobased (Renewable Resources as Raw Materials)
PHA PLA Bi PE PCL St h PE PPPU PVC PVA PSCABi PP PTFE PDOC ll lPHA PLA Bio-PE PCL Starch PE, PPPU PVC PVA PSCABio-PP PTFE


Silicon rubbers PTT PBAT Chitin Proteins PET PBSPerlonNylon Natural rubber PGLA


PDOCellulose


Note: Commercialization of entirely bio-based PET announced for years, but not yet realized; PGLA: lactic acid biobased, glycolic acid
typically synthesized chemically


Biosynthesized (Monomers converted in vivo to polymers by organisms´s enzymatic machinery)
PHA PLA Bio-PE PCL Starch PE, PPPU PVC PVA PSCABio-PP PTFE PDOCellulose


Silicon rubbers PTT PBAT Chitin Proteins PET PBSPerlonNylon Natural rubber PGLA


,


Biodegradable/ Industrially Compostable *
PHA PLA Bio-PE PCL Starch PE PPPU PVC PVA PSCABio-PP PTFE PDOCellulose


Silicon rubbers PTT PBAT Chitin Proteins PET PBSPerlonNylon Natural rubber PGLA


PHA PLA Bio-PE PCL Starch PE, PPPU PVC PVA PSCABio-PP PTFE PDOCellulose


Note: Silicone rubbers degrade only slowly; low-rate biological (enzymatic) degradation of PET and PU was demonstrated on lab-scale; 
modest biodegradability of CA


Biodegradable/ Home Compostable **


PHA PLA Bio-PE PCL Starch PE, PPPU PVC PVA PSCABio-PP PTFE PDOCellulose


Silicon rubbers PTT PBAT Chitin Proteins PET PBSPerlonNylon Natural rubber PGLA


Note: PLA is considered de facto non-degradable in marine environments, and needs industrial conditions (high temperature) for complete 
compostability. Hence, PHA is, apart from chitin, the only biobased home compostable material with intrinsic plastic-like character.


F i g .  1 	–	 Classification of diverse polymers. Polymers marked in green meet the criteria “biobased”, “biosynthesized”, or “biode-
gradable/compostable”. PHA: Polyhydroxyalkanoates; PLA: poly(lactic acid); Bio-PE: bio-based poly(ethylene); Bio-PP: bio-based 
poly(propylene); PCL: poly(ε-caprolactone); PU: poly(urethane); PVC: poly(vinyl chloride); PVA: poly(vinyl alcohol); PS: poly(sty-
rene); CA: cellulose acetate; PTFE: poly(tetrafluoroethylene) (Teflon®); PDO: poly(dioxanone); PTT: poly(trimethylene terephta-
late); PBAT: poly(butylene adipate terephthalate) (Ecoflex®); PET: poly(ethylene terephtalate); PBS: poly(butylene succinate); 
PGLA: poly(glycolic-co-lactic acid). Nota bene: PHA is the only group marked in green in all categories which displays plastic-like 
properties without the need for special processing techniques and/or additives.
* Industrially compostable: “Industrially compostable packaging” refers to the ability of packaging to biodegrade and decompose 
only in a commercial composting facility. Industrial composting facilities treat the packaging at high temperatures (above 55°C, much 
higher than can be achieved in home composting) to accelerate degradation of the material. In accordance to the norm EN 13432.
* Home compostable: Packaging labeled as “home compostable” means that the customer can simply place the packaging in the 
home compost bin. No EU-wide norm available yet!
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It has to be emphasized that no EU-wide stan-
dard for “home composting” existed at all until 
2020, when the norm prEN 17427 was introduced, 
which, however, is applicable only for plastic bags 
(“Packaging – Requirements and test scheme for 
carrier bags suitable for treatment in well managed 
household composting plants”).80 However, there 
were several national standards for home composta-
bility of bioplastics and corresponding certification 
schemes, which are mainly based on EN 13432. 
E.g., the certifier Vinçotte offers such a home com-
postability certification scheme. Based on Vinçotte, 
TÜV Austria offers the label “OK biodegradable” 
specifically also for home compostable packaging 
(“Ok compost HOME”). Importantly, TÜV Aus-
tria´s “Ok compost HOME” certification program 
does not explicitly refer to a specific standard, but 
lists all the technical requirements that a product 
needs to meet in order to obtain this certification; 
hence, it should not be considered being based on 
one standard, but constituting the basis of several 
standards introduced in other countries. In this con-
text, DIN CERTCO offers a certification for home 
compostability according to the Australian standard 
AS 5810 (“Biodegradable plastics – Biodegradable 
plastics that are suitable for home composting”; 
year 2010; also based on TÜV Austria), while Italy 
has a national standard for composting at ambient 
temperature, UNI 11183:2006. In 2015, the French 
Standard “NF T 51-800 Plastics – Specifications for 
plastics suitable for home composting” was present-
ed (year 2015), which is also covered in the DIN 
CERTCO scheme.81


Details on key standards for “Bioplastics”


Due to its fundamental importance for all na-
tional standards regarding “bioplastics”, details of 
EN 13432 as the standard norm to characterize PHA 
as a real “bioplastic” are summarized as follows:


a) Chemical analysis: presentation of all ingre-
dients and review of limit values for heavy metals.


b) Biodegradability in aqueous media: 90 % of 
the organic material must be converted to CO2 with-
in a period of 6 months.


c) Compostability: After 12 weeks of compost-
ing, no more than 10 % residues based on the orig-
inal mass may remain in a 2 mm sieve. (Practical 
examination of the technical compostability: There 
must be no negative effects on the composting pro-
cess.)


Nota bene: This standard refers specifically to 
compostability in industrial composting facilities. 
The standard, however, does not cover home com-
postability! Those materials are suitable only for the 
separate organic waste collection with subsequent 
treatment in biogas plants or industrial composting 
facilities.


d) Ecotoxicity: Investigation of the effects of 
compost on plants (growth and ecotoxicity).


Details of EN 14995


This frequently used European Standard speci-
fies requirements and methods for determining the 
compostability or anaerobic treatability of plastic 
materials with the following four properties: 1) bio-
degradability; 2) disintegration during biological 
treatment; 3) impact on the biological treatment 
process; 4) impact on the quality of the compost 
produced. Nota bene: For PHA used as packaging 
materials, EN 13432 applies.


Details of ISO 17088: this norm was prepared 
by the Technical Committee ISO/TC 61, Plastics, 
Subcommittee SC 5, Physical-chemical properties. 
This specification is intended to establish the re-
quirements for the labelling of plastic products and 
materials, including packaging made from plastics, 
as “compostable” or “compostable in municipal and 
industrial composting facilities” or “biodegradable 
during composting” (for the purposes of this Inter-
national Standard, these three expressions are con-
sidered to be equivalent). The labelling will, in ad-
dition, have to conform to all international, regional, 
national or local regulations (e.g., European Direc-
tive 94/62/EC). All these criteria apply for PHA as 
well as for other biomaterials like cellulose, starch, 
etc.


Other certificates applicable for PHA, cellulose, or 
starch (selection)


Biobased:
–  ASTM D6866: Standard test methods for de-


termining the biobased content of solid, liquid, and 
gaseous samples using radiocarbon analysis.


–  Since 2013, the Japan Bioplastics Associa-
tion (JBPA) offers the “BiomassPla” seal certifica-
tion system as an identification system for plastics 
and other products of renewable origin (“Bio-
mass-based plastic ratio requirement minimum 25 
wt% of products measured by C14 measurement 
based on ASTM D6866-05”) (see Table 2).84


–  The “OK Biobased” label, offered by TÜV 
Austria and created by Vinçotte, uses a star system 
to quantify the biobased carbon content of a certi-
fied product; one star on the label refers to 20–40 
%, two stars indicate 40–60 %, three stars 60–80 %, 
and four stars more than 80 % biobased carbon.85


Biocompatibility:
–  According to the standardized ISO 10993 


norm, a material is “biocompatible” if it exerts no 
negative effect on the biosphere surrounding them 
(e.g., living organisms, cell lines, tissue, or ecosys-
tems)
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Ta b l e  2 	–	Certifications and labels for commercialized PHA Nodax™ PHA (Danimer Scientific),77 KANEKA BIODEGRADABLE 
POLYMER PHBH™ (Kaneka Belgium NM),82 Solon™ PHA (RWDC Industries),76 and MirelTM (Telles).78 Table adapted from83.


Product: Nodax™ PHA
P(3HB-co-3HHx) 
produced from  
canola oil


KANEKA BIODEGRADABLE 
POLYMER PHBH™
(AONILEX®)
P(3HB-co-3HHx) produced from 
plant oils by microbial fermentation


Solon™ PHA
“Solon is a PHA 
polymer”  
(no more info  
provided by  
the company)


MirelTM


“Bioplastics by Telles”
PHA copolyesters (“Mirel 
resins are biodegradable 
plastics made from sugar”; 
raw material: corn).
P3HB and copolyesters were 
produced


Biodegradability
Anaerobic 
conditions


ASTM D5511 YES (manufacturer information)82 YES (manufacturer 
information). “Solon  
will biodegrade in any 
natural environment.” 76


ASTM D5511
ASTM D7081


In soil ASTM D5988
 
 
 


YES (manufacturer information)82  
 
 


ASTM D5988-96
 
 
 


In freshwater ASTM D5271
EN 29408
 
 
 


Information not provided by 
manufacturer


ASTM D5271
ISO 14851
(injection molded and 
extruded sheets)
 
 
 


In marine 
environment 
(sea water)


ASTM D6691 Vinçotte certificates X151A,  
X131A, X331N; compliant  
with ASTM 7081


YES (manufacturer 
information)78


Compostability
Industrial 
composting


ASTM D6400
EN 13432:2000
 
 
 


ASTM D6400 and 6868 (certificates 
by BPI), EN 13432:2000; Vinçotte 
certificates X151A, X131A, X331N. 
Certified as “compostable” also in 
Japan by JBPA
 
 


   
 
 
 


EN 13432
ASTM D6400
 
 
 


Home 
composting


EN 13432:2000
(Note: under lower 
temperature conditions)
 
 
 


EN 13432:2000; Vinçotte  
certificates X151A, X131A, X331N
(Note: under lower temperature 
conditions)
 
 
 


Injection molding grades 
P1003 and P1004
 
 
 


Biobased (Renewables)
ASTM D6866
 
 
 


ASTM D6866; Vinçotte certificates 
X151A, X131A, X331N. Certified as 
“biobased” also in Japan by JBPA
 
 
 


  


 
 


ASTM D6866
 
 
 


Approval for food contact
Approved by FDA and 
EFSA.84–86


Information not provided by 
manufacturer


Information not  
provided by 
manufacturer


Approved by FDA and 
EFSA (“F”-series of MirelTM 
PHA: “Food contact”). 84–86
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Aerobic biodegradability under controlled in-
dustrial composting conditions:


–  ASTM D5338: Standard test method for de-
termining aerobic biodegradation of plastic materi-
als under controlled composting conditions, includ-
ing thermophilic temperatures


–  ASTM D6400: Standard Specification for 
Compostable Plastics (industrial composting of 
PHA and other materials)


–  ISO 20200: Plastics – Determination of the 
degree of disintegration of plastic materials under 
simulated composting conditions in a laboratory-
scale test


–  ISO 14855-1: Determination of the ultimate 
aerobic biodegradability of plastic materials under 
controlled composting conditions – Method by 
analysis of evolved carbon dioxide – Part 1: Gener-
al method


–  ISO 14855-2: Determination of the ultimate 
aerobic biodegradability of plastic materials under 
controlled composting conditions – Method by 
analysis of evolved carbon dioxide – Part 2: Grav-
imetric measurement of carbon dioxide evolved in a 
laboratory-scale test


–  ISO 16929: Plastics – Determination of the 
degree of disintegration of plastic materials under 
defined composting conditions in a pilot-scale test


Aerobic biodegradation in marine and other 
aquatic environments:


–  ASTM D6691: Standard test method for de-
termining aerobic biodegradation of plastic materi-
als in the marine environment by a defined microbi-
al consortium or natural sea water inoculum


–  EN 29408: Determination of the complete 
aerobic biodegradability of organic substances in an 
aqueous medium by determining the oxygen de-
mand in a closed respirometer (ISO 9408: 1991)


Aerobic biodegradation in soil:
–  ASTM D5511: Standard test method for de-


termining anaerobic biodegradation of plastic mate-
rials under high-solids anaerobic-digestion conditions


–  ASTM D5988: Standard test method for de-
termining aerobic biodegradation of plastic materi-
als in soil


Aerobic biodegradation in waste water treat-
ment systems:


–  ASTM D5271: Standard test method for de-
termining the aerobic biodegradation of plastic ma-
terials in an activated-sludge-wastewater-treatment 
system (Note: withdrawn in 2011!)


FDA and EFSA Approval


In the context of using PHA for food packag-
ing, etc., PHA have been certified by the U.S. Food 


and Drug Administration (FDA) for use that comes 
into contact with food.86 The frequently used ex-
pression “FDA approval” means that specific PHA 
forms can be used in food packaging, caps, utensils, 
tubs, trays, and hot cup lids, as well as houseware, 
cosmetic, and medical products. This also means 
that these PHA grades can be used to store frozen 
food, and can be used in microwaves and boiling 
water up to 212 °F.86 According to European regula-
tions, materials and articles must be inert, in order 
to prevent the transport of their constituents into 
foods at levels that endanger human health, and also 
to avoid altering of food physicochemical composi-
tion.87,88 As mentioned previously, PHBHV copoly-
esters already achieved EU-wide EFSA food con-
tact application approval in 1996.64


In the past, Mirel™ PHA F1005 and F1006 
(“F”: for food contact) were the two food-contact 
injection molding grades commercialized by Telles 
(joint venture between Metabolix and Archer Dan-
iels Midland), which obtained FDA approval in 
2010 (“Mirel F1005 is FDA cleared for use in 
non-alcoholic food contact applications, from fro-
zen food storage and microwave reheating to boil-
ing water up to 212°F®). In 2014, PHA copolyesters 
with up to 25 % 3-hydroxyvalerate (3HV), 3-hy-
droxyhexanoate (3HHx), 3-hydroxyoctanoate 
(3HO), and/or 3-hydroxydecanoate (3HD) were 
also approved for use in the manufacture of food 
contact materials, except for use in contact with in-
fant formula and human milk.68


In the context of biocompatibility, Tepha, Inc., 
USA, sells a range of PHA-based medical monofil-
ament sutures, monofilament and composite mesh-
es, and surgical films.89 Among them TephaFLEX® 
sutures made of the highly flexible homopolyester 
poly(4-hydroxybutyrate) (P4HB), which is absorbed 
in vivo substantially faster than P3HB, were already 
approved by the US Food and Drug Administration 
(FDA) for in vivo use.90


Conclusions


Plastics pollution ranks right up together with 
climate change, since it affects the entire globe and 
all living beings, but none more so than our food 
chain, which is negatively impacted due to (micro)
plastics being consumed by marine organisms thus 
endangering humanity’s wellbeing. Reducing or 
eliminating plastics pollution requires numerous 
novel approaches, such as innovations in recycling, 
including chemical recycling, but none ranks higher 
than introducing and using natural materials that are 
just as convenient as plastics and yet completely 
harmless to the environment at end of life due to 
their biodegradability.
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PHA fall in this class of materials like cellu-
lose, proteins and starch. PHA are circular due to 
their biodegradability characteristics, and due to the 
use of renewable sources to manufacture them. 
PHA have been thoroughly studied for biodegrad-
ability and have already demonstrated their expedi-
ent commercial potential. Today, several manufac-
turers are already producing these polymers and 
their use is growing rapidly.
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Electric switch made from 
PHA. This application is 
not yet commercial.


PHA: 
As green as it gets  


But still not green enough, says Anindya Mukherjee, a founding member of Go!PHA, 
the non-profi t initiative created to accelerate the development of the PHA-platform 
industry. Bio-based and biodegradable even in the marine environment - PHA seems 
tailored to supply the demand for sustainable materials created by the ramifi cations of 
the upcoming Single Use Plastic Directive. The EU, however, sees a problem.


In May, 2018, the Europe-
an Commission proposed 
a number of new EU-wide 
rules targeting the 10 sin-


gle-use plastic products most 
often found on Europe’s beach-
es and seas, as well as as well 
as lost and abandoned – ‘ghost’ 
-  fishing gear. Together these 
items, which include, among 
others, plastic cotton buds, cut-
lery, plates and straws, account 
for some 70% of all marine lit-
ter. The proposal was adopted 
in 2019, which means that the 
deadline for implementation by 
the EU Member States is this 
year in July.


The Directive is aimed at 
tackling the problem of marine 
pollution head on, and it con-
tains various measures to do so. 
It calls for circular approaches 
that give priority to sustainable 
and non-toxic re-usable prod-
ucts and re-use systems rath-
er than to single-use products, 
aiming first and foremost to re-
duce the quantity of waste gen-
erated. Next to outright bans, 
the directive provides for the 
introduction of extended pro-
ducer responsibility schemes 
to cover the necessary costs of 
waste management and litter 


clean-up,  as well as the costs 
of awareness-raising measures 
to prevent litter in the first place.


Natural versus nature
Included in the directive is a 
paragraph explicitly defining 
the polymer materials covered 
by this directive, and those that 
are not. And it is here, accord-
ing to Anindya Mukherjee, that 
the confusion starts.


Plastics are defined as poly-
meric materials to which addi-
tives or other substances may 
have been added, and which 
can function as a main struc-
tural component of final prod-
ucts. The directive explicitly 
states, however, that excepted 


from this are natural polymers 
that have not been chemically 
modified. 


On the other hand, the di-
rective emphatically does cov-
er plastics based on modified 
natural polymers, or plastics 
manufactured from bio-based, 
fossil or synthetic starting sub-
stances that are not naturally 
occurring. Examples are poly-
mer-based rubber items and 
bio-based and biodegradable 
plastics, regardless of whether 
they are derived from biomass 
or are intended to biodegrade 
over time.


In other words, natural prod-
ucts cannot be equated with 
products occurring in nature. 
Any natural polymer or poly-
mers occurring in nature that 
either are replicated in an in-
dustrial process such as fer-
mentation or have thus been 
modified, are therefore covered 
by this directive. 


The question of which natu-
ral polymers are covered by the 
term ‘plastic’, and which may be 
exempt, is therefore crucial and 
can be answered only by deter-
mining what a ‘natural polymer 
is’ and what exactly is meant by 
‘chemically modified’.


The questions are import-
ant ones, particularly in re-
lation to polymers such as 
cellulose derivatives and the 
PHA family, said Mukherjee. 
Or, for that matter, wood pulp, 
starches, cotton and proteins, 
to name but a few. “The dis-
cussion about cellulose and 
cellulosics like paper, lyocell 
and viscose was elucidat-
ed in the latest guideline,” 
he said. “A way was found 
to ‘grandfather’ in some of 
these materials like paper and 
Lyocell even though it is clear 
that paper, for example, is 
a chemically modified cellu-
lose. However, these materi-
als are now exempt from the 
directive.” 


The solution was reached 
by accepting that a natural 
polymer does not mean it has 
to exist in nature in its native 
form. “It just has to be a part of 
nature,” Mukherjee explained.


But the group of polyhy-
droxyalkanoates, he added, is 
less fortunate: these biopoly-
mers are currently covered by 
the directive, despite being a 
natural product and despite 
their outstandingly sustain-
able credentials.


Anindya Mukherjee
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So, what is PHA again?
Bacteria produce PHA as a 
source of energy and as a car-
bon store through the fermen-
tation of renewable feedstocks 
such as sugars or fatty acids, 
or any other carbon-containing 
substrate. This natural process 
can be mimicked in an indus-
trial setting using feedstocks 
that can range from wastewater 
streams to plastic waste, renew-
able methane and carbon diox-
ide. They are a class of natural 
materials that have existed in na-
ture for millions of years. These 
materials are both bio-based 
and biodegradable, similar to 
other naturals materials such as 
cellulose, proteins and starch. 


According to GO!PHA, PHA 
products range from amorphous 
to highly crystalline, and run 
from high-strength, hard and 
brittle materials to low-strength, 
soft and elastic. The versatility of 
the PHA family accommodates 
a wide range of market applica-
tions, due to their biocompatibil-
ity, biodegradability and green 
credentials. Depending on type 
and grade, PHAs can be used 
for injection moulding, extrusion, 
thermoforming, foam, non-wo-
vens, fibers, 3D-printing, paper 
and fertiliser coating, glues, 
adhesives, as additive for rein-
forcement or plasticisation or 
as building block for thermosets 
in paints and foams. The main 
markets where PHAs have al-
ready achieved some degree of 
penetration are packaging, food 
service, agriculture and medical 
products.


PHA is equally versatile 


when it comes to the end of 
life. It can be reused. It can be 
recycled back to the polymer 
for new applications. It can be 
recycled back to raw materials 
to be used as renewable feed-
stock. It can be recycled to the 
environment through industrial 
or home composting. It can be 
recycled through incineration 
creating renewable energy. 
And lastly, it can be recycled to 
nutrients for living organisms 
through full biodegradation. 


Drawing the line
PHA may well be a natural poly-
mer, but in the eyes of the EU 
it is classified as an artificial or 
a modified polymer and hence 
not allowed to be used as a sin-
gle use plastic replacement. 


The reason?
“The basic problem is the fact 


that PHA is considered to be a 
fermentation-based product,” 
said Mukherjee.  


ECHA considers fermenta-
tion - in their REACH Guidelines 
– to be an industrial process, 
even though, in the EU Legisla-
tion on Flavorings, for example, 
products produced through fer-
mentation processes are con-
sidered to be natural. And what 
about cheeses, wine and beer, 
or sauerkraut - should these 
therefore also be reclassified as 
artificial?  They, too, are all the 
result of fermentation using liv-
ing organisms.


“Of course: PHA is the result 
of a fermentation process. The 
point here is that fermentation 
is a natural process  - one that 
occurs everywhere in nature. 


PHA is a natural polymer that 
is produced by natural routes 
in nature, and industrial fer-
mentation processes simply 
make them economically via-
ble,” Mukherjee explained.


For commercial purposes, 
the process is scaled in order to 
be able to produce commercial 
volumes, but it remains a bac-
terial process that produces a 
bacterial polyester, he said.


“We have talked to the Com-
mission about this, but with 
disappointing results.” 


The stance adopted by the 
European Commission is even 
more puzzling in view of the fact 
that Europe has spent over €110 
million sponsoring research into 
the valorization of waste to pro-
duce PHA. One such project – 
EUROPHA -  developed a PHA 
production process using mixed 
microbial cultures, enabling the 
use of low-cost agro-food waste 
with no market value, no food 
competition, and no price volatil-
ity e" ects. Further research was 
aimed at developing high quality 
food-grade biodegradable PHA 
for packaging that could be dis-
posed of as organic waste.


Moreover, a recently con-
cluded study by the EU expert 
committee entitled “Science 
Advice for Policy by European 
Academies” on the ‘Biodegrad-
ability of plastics in the open 
environments, SAPEA, De-
cember 18, 2020’ clearly states 
that the field of biodegradable 
polymers is one that is rapid-
ly evolving and high-tech and 
that ‘policy should avoid plac-
ing barriers to future develop-
ments and innovations.’ 


Europe versus the world
Outside Europe, PHA is start-
ing to gain real momentum, 


with various producers  - Kane-
ka, Newlight Technologies, 
Danimer Scientific, for example 
- having successfully scaled up 
production to industrial or even 
commercial levels. Around the 
world, it is being used to replace 
fossil-based plastics in a host of 
single-use plastic applications 
such as straws, serviceware, 
even co" ee pods.


The rest of the world, ex-
plained Mukherjee, has desig-
nated biodegradability  - see, 
for example, the SUP legisla-
tion passed in China in January 
2020 - as the criterion to ban or 
exempt use of plastics. 


“There are standards for bio-
degradability – also for marine 
biodegradability – that are used 
to certify this. The EU is the 
only one using this natural poly-
mer criterion to exclude PHA 
– but to include cellulose,” said 
Mukherjee.


Yet PHA’s biodegradability 
profile is very similar to cellu-
lose, he pointed out. “Cellulose 
and PHA have the same order 
of magnitude biodegradation 
pattern.  All other plastics re-
placements and biopolymers 
are several orders of magnitude 
longer in biodegradation.”


It seems odd: other parts 
of the world are happy to em-
brace PHA as a full-fledged 
biodegradable, sustainable 
biopolymer and to support 
and promote its further devel-
opment and use in single use 
applications. There, the science 
is straightforward. Europe, how-
ever, continues to tenaciously 
adhere to its own criteria and 
interpretation of the concept of 
‘natural’ – despite what scien-
tists, including EU’s own expert 
panel SAPEA, say. 


How this will a" ect future 
research and business devel-
opments in PHA materials in 
Europe remains to be seen, but 
there seems little doubt that not 
recognising these materials’ 
potential and eminent suitabili-
ty for a least some of the prod-
ucts included in the ban, could 
at least result in Europe’s falling 
out of step with measures tak-
en elsewhere. This is surely not 
the intention of the directive. 
Achieving a clean, non-pollut-
ed environment  - in the oceans 
and on land - demands collabo-
rative, coordinated action. 


It is time to get on with it.


PHA fermentation inside living microorganisms


Disposable serviceware 
from PHA
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Abstract Abstract 
Background:Background: Industrial Biotechnology (“White Biotechnology”) is the large-scale production of materials and chemicals using 
renewable raw materials along with biocatalysts like enzymes derived from microorganisms or by using microorganisms them-
selves ("whole cell biocatalysis"). While the production of ethanol has existed for several millennia and can be considered a pro-
duct of Industrial Biotechnology, the application of complex and engineered biocatalysts to produce industrial scale products 
with acceptable economics is only a few decades old. Bioethanol as fuel, lactic acid as food and PolyHydroxyAlkanoates (PHA) 
as a processible material are some examples of products derived from Industrial Biotechnology.
Purpose and Scope:Purpose and Scope: Industrial Biotechnology is the sector of biotechnology that holds the most promise in reducing our 
dependence on fossil fuels and mitigating environmental degradation caused by pollution, since all products that are made 
today from fossil carbon feedstocks could be manufactured using Industrial Biotechnology – renewable carbon feedstocks 
and biocatalysts. To match the economics of fossil-based bulk products, Industrial Biotechnology-based processes must be 
sufficiently robust. This aspect continues to evolve with increased technological capabilities to engineer biocatalysts (including 
microorganisms) and the decreasing relative price difference between renewable and fossil carbon feedstocks. While there have 
been major successes in manufacturing products from Industrial Biotechnology, challenges exist, although its promise is real. 
Here, PHA biopolymers are a class of product that is fulfilling this promise.
Summary and Conclusion:Summary and Conclusion: The authors illustrate the benefits and challenges of Industrial Biotechnology, the circularity and 
sustainability of such processes, its role in reducing supply chain issues, and alleviating societal problems like poverty and hun-
ger. With increasing awareness among the general public and policy makers of the dangers posed by climate change, pollution 
and persistent societal issues, Industrial Biotechnology holds the promise of solving these major problems and is poised for a 
transformative upswing in the manufacture of bulk chemicals and materials from renewable feedstocks and biocatalysts.


Keywords:Keywords: Bioproducts; Industrial Biotechnology; Polyhydroxyalkanoates; Renewable Resources; White Biotechnology


IntroductionIntroduction    
The global public dialogue during the last 5 years is being shaped by four dominant 
threats: 1) Climate change, 2) Infectious diseases like SARS-CoV19, 3) Plastics pollution, 
and 4) Increasing geopolitical instability. All these threats are directly or indirectly tied to 
the ever-increasing consumption of and demand for fossil fuels. Since the late 1940’s fos-
sil fuels and access to them have caused the world economy to go through severe shocks 
that have negatively affected people and the planet, bringing us to our current state where 
these four major threats affect everyone, including those that are financially or politically 
profiting from it, although many do not realize that yet. The current shortage of fossil 
fuels – perceived or real – caused due to one or more of the above-mentioned threats 
have again disrupted our lives like it did in the 1970’s and the early 2000’s. The kneejerk 
reaction to each and every fossil fuel supply shock has been for governments to look for 
additional supplies of fossil fuels in the short-term, sacrificing many of their fundamen-
tal principles as a country or society, and instead of implementing long-term structural 
changes to their economies to reduce our dependence on fossil fuels. Our dependence on 
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fossil fuels is all pervasive and affects every facet of our lives 
and our livelihood, and now with climate change and plastics 
pollution it is beginning to threaten our very existence.


In keeping with the topic of this submission, the authors 
have focused on the threat caused by plastics pollution and to 
some extent climate change and how Industrial Biotechnology 
and products thereof reduces dependence on fossil fuels and 
in turn benefits humanity and our planet. Among the various 
bulk materials consumed today, those coming from fossil fuels 
such as fossil plastics stand out. Fossil plastics play a dominant 
role as demonstrated by their ever-increasing production and 
consumption (1). In the last 70 years we have increased our 
fossil plastics use from 1.5 million tons (Mt) in 1950 to 367 
Mt in 2020, with half of all fossil plastics produced just in the 
last 15 years. Fossil plastics are ubiquitous, they are present in 
our food packaging to clothes and in our toys to automobiles. 
They are functional and easily discarded. Technology allows 
their production at low costs that the society has learned to ac-
cept and live with. However, society has yet to comprehensively 
deal with the end-of-life issues of fossil plastics, and the scale 
and costs of accumulation and persistence of these materials 
in nature paints a dire picture that has just begun to emerge. 
Comprehensive studies on all plastics ever produced and their 
fate show that until 2015 only 9% have been recycled and 12% 
incinerated for energy production out of a total of 8.3 billion 
tons produced, while 6.3 billion tons persist in our landfills 
and in the environment. This study also estimated that at the 
current rate humans would accumulate 12.3 billion tons of 
fossil plastics on earth by 2050 (2). Another comprehensive 
study on plastics consumption estimates that in 2050 we would 
produce over 1 billion tons (Gt) of plastics annually, use 15% 
of the fossil carbon used today solely for plastic production, 
and would have more plastics in our oceans than fish (3). In 
addition, incinerating one ton of fossil plastics, having a heat-
ing value of 23–42 MJ/kg, generates about 2.6 tons of CO2, a 
greenhouse gas that fuels Climate Change and Global Warming 
(4). If production and use of fossil plastics increase as currently 
estimated, CO2 emissions could reach 1.34 Gt per year by 2030, 
which corresponds to the emissions released by about 300 new 
500-megawatt coal-fired power plants. By 2050, greenhouse 
gas emissions from fossil plastics could even exceed 56 Gt: 
10–13 percent of the entire remaining carbon budget (5)! Dis-
posal strategies like land filling cause littering of terrestrial and 
aquatic environments through macroplastic waste, while recy-
cling contributes to microplastic formation with its generally 
acknowledged and scientifically well substantiated effects on 
biological systems and human health (6, 7).


This nexus of fossil plastics accumulation and persistence, 
emissions thereof and supply chain issues demonstrate the 
need for structural changes towards dramatic reduction in 
fossil fuel use and a transition to sustainable and circular pro-
duction methods of materials both in the short and the long 
term. Indeed, the next decade will witness a fundamental trans-
formation in the carbon resource base for industry, character-
ized by a rapid shift away from fossil fuels and a move towards 


renewable carbon resources (8). This transformation is where 
“Industrial Biotechnology” concepts are relevant and will play 
a major role (9).


Such new processes for large-scale production of biofuels, 
solvents, biopolymers, amino acids, enzymes, etc., that are 
based on inexpensive, abundantly and locally available raw 
materials need to be integrated into the “Biorefinery” concept, 
where the material cycle is a closed-loop process, and the foot-
print for carbon and greenhouse gas emissions are kept as small 
as possible. This means that the bio-industrial production pro-
cesses need to be integrated into existing industrial production 
lines, where the substrates to produce these products come 
from today’s waste carbon streams. Such concepts of upgrading 
waste to valuable bioproducts perfectly match contemporary 
ideas of the “Circular Bioeconomy” as a game changer towards 
a sustainable economy that is locally driven in contrast to the 
currently established fossil feedstock based and globally driven 
“linear economy” by a few fossil resource-rich countries (10). 
And governments, especially local and state, can play a major 
role in this transition away from the fossil fuel based global 
linear economy to a locally driven and sustainable bioecono-
my that is based on agricultural and other feedstocks currently 
considered waste, through appropriate incentives to corpora-
tions and start-ups that possess the technology but lack finan-
cial and human capital.


Sustainability of “Industrial Biotechnology” concepts need to 
be further quantified, although they have already demonstrated 
their value despite being in their early stages of development, 
by the use of modern tools like the “Sustainable Process Index” 
(SPI). SPI is a measure to assess the viability of processes under 
sustainable economic conditions on a scientific basis. Accord-
ing to Krotschek and Narodoslawsky, the SPI concept assumes 
that the basis of any sustainable economy is the sustainable flow 
of solar energy. The conversion of the solar exergy to products, 
however, requires land area. Therefore, land area becomes the 
limiting factor for a sustainable economy. In this context, the 
SPI calculates the areas needed to provide the raw materials and 
energy demands and to manage and upgrade by-product flows 
from industrial processes in a sustainable way. Importantly, it 
also considers the areas needed for ultimate disposal of goods, 
such as plastics, since this concept embeds generated waste as 
raw materials into material cycles. This is exactly where Indus-
trial Biotechnology, based on renewable resources, reveals its 
sustainability benefits: although fossil feedstocks are ultimately 
also based on solar energy and biomass, the have an extremely 
low rate of regeneration. For the stream of carbon present in 
products like plastics from the global carbon cycle to go back 
into its long-storage form (fossil feedstock) takes millions of 
years. This contrasts significantly to the raw materials and the 
life cycle for products of Industrial Biotechnology, where gen-
eration of renewable raw materials, converting them into re-
newable materials, their use, and then their conversion back to 
renewable raw materials such as complex biomass, methane or 
carbon dioxide has a life span of 6 years or less.  And, then the 
cycle starts de novo, demonstrating the circularity of products 
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of “Industrial Biotechnology”. In the above cycle for products 
of Industrial Biotechnology, the use of these products takes up 
most of the 6 years while their regeneration takes up only a 
fraction of the time.  Linear industry, based on fossil resources, 
differs drastically from this concept: fossil feedstocks are con-
verted much faster for production of goods than the restoration 
of carbon back to fossil carbon storage or reserve can occur, but 
at much slower rate. Human intervention is then needed, and 
in most cases these spent products from fossil carbon either 
accumulate in landfills or in the environment or are incinerated 
to produce CO2, thus resulting in significant alteration of the 
global carbon cycle. Coming back to the required land area as 
calculated by the SPI, one can estimate that the formation of 1 
kg fossil compounds (calculated as “organic sediment” in the 
beds of oceans) requires about 500 m², while formation of 1 kg 
of renewables, such as carbohydrate-rich wheat, requires about 
0.5 m², which gives renewables an SPI-factor of 1000 (11).


The Origin of Industrial BiotechnologyThe Origin of Industrial Biotechnology
Originally called “White Biotechnology” and later renamed 
“Industrial Biotechnology”, this field is not a new approach for 
manufacturing chemicals and plastics. The first large-scale bio-
technological production of lactic acid dates back to 1881. In 
1895, Boehringer Ingelheim discovered lactic acid production 
in large quantities by tailored application of selected bacterial 
production strains (12). At about the same time, in 1887, Buch-
ner discovered the enzymes responsible in the yeast Saccha-
romyces cerevisiae for ethanol fermentation; this opened the 
door to understanding and optimizing industrial scale ethanol 
production based on scientific criteria rather than relying on 
ancient fermentation protocols that were based on trial and 
error. Moreover, in 1888 the Dutch scientist Martinus Willem 
Beijerinck discovered polyhydroxyalkanoates (PHA), which 
were subsequently identified by Maurice Lemoigne in 1920’s. 
Biotechnological processes for a broad range of industrial 
products, such as solvents and energy carriers like acetone, iso-
propanol (2-propanol), 2,3-butanediol (2,3-BD), or 1-butanol 
were also discovered in the beginning of the 20th century. That 
time, it was already understood that facultatively anaerobic 
yeasts and bacteria (for production of ethanol or 2,3-BD) or 
strictly anaerobic Clostridia (production of 1-butanol, acetone, 
or isopropanol) can be applied as cell factories for “Industrial 
Biotechnology”. Indeed, already at the beginning of the 20th 
century, biotechnological production of 2,3-BD, a precursor 
for 1,3-butadiene, the central compound in rubber produc-
tion, was well researched, and Fulmer proposed a 2,3-BD pro-
duction process based on “Industrial Biotechnology” in 1933 
(13). In 1915, Chaim Weizmann, Israel´s first president from 
1949-1952, patented a process for biotechnological production 
of acetone and alcohols (1-butanol and ethanol) from starch-
based materials by a mixed microbial culture which mainly 
contained the species later known as Clostridium acetobutyli-
cum. At that time (WWI), it was acetone, not 1-butanol, which 
was the product of major interest due to its military importance 
as essential compound to produce the explosive cordite, while 


1-butanol was considered merely as an undesired by-product 
reducing the substrate-to-acetone yield in the process (14). Af-
ter WWI, the need for explosives and thus for acetone sudden-
ly decreased. Yet, this Clostridium-based Weizmann process 
experienced a revival when automotive production emerged 
in the USA, and amyl acetate was needed as component of 
car lacquers. Here, one  needs to remember that amyl acetate 
production was highly dependent on the availability of alco-
hol amyl alcohol (pentanol), a by-product of bioethanol and 
spirit production (“fusel alcohol”). During the “Prohibition in 
the United States” (1920-1933), however, official ethanol fer-
mentation processes became scarce, creating a shortage of amyl 
alcohol. As an alternative, butyryl acetate soon turned out as 
viable substitute in car lacquers, where the Clostridium prod-
uct 1-butanol replaces amyl alcohol. Industry remembered that 
this alcohol can produced biotechnologically by the Weizmann 
fermentation process, and dug up the old fermentation pro-
tocols; indeed, in the early 1920’s, biotechnological 1-butanol 
production became the second most important industrial fer-
mentation process worldwide right after bioethanol produc-
tion, while that time acetone became the product of minor 
interest of this fermentation process (15). During WWII, all 
these compounds became strategically important, but by then 
the production techniques changed from bioprocesses to the 
then emerging petrochemical approaches (16).


Finally, in the decades following WWII, petrochemical 
production processes for these compounds, high in their sub-
strate-to-product yields and volumetric productivities, became 
well established, and fossil feedstocks were available at a low 
and stable price, which contrasted with the rather high costs 
for renewable feedstocks competing with nutritional purposes. 
Back then, biotechnological processes for producing 2,3-BD, 
1-butanol, acetone, isopropanol and others were relegated to 
being scientific curiosities that only microbiologists persue in 
their laboratories (16).


The situation changed again with the Jom-Kippur-War in 
1973, which was followed by the OPEC oil export embargo of 
1973–1974 causing the first oil crisis and leading to a sudden 
increase of the crude oil price by about 70%. This first oil crisis 
demonstrated the extreme dependence of industrialized na-
tions on fossil fuels. After the Iranian Islamic Revolution 1978-
1979 and following the First Gulf War, the second oil crisis 
started, pushing crude oil price from 13 to 39 US-$ per barrel 
in 1979/80, thus ultimately showing the vulnerability of indus-
trialized nations to the sudden shortage and price fluctuation 
of crude oil. This allowed the biotechnological processes for 
production of bioproducts like fuels, solvents, polymers, and 
other compounds to regain their importance, attracting the 
attention of large industrial companies; and now, the under-
lying bioprocesses for these products were no longer consid-
ered scientific curiosities. The late 1970’s also exhibited the first 
examples of successful industrial-scale applications of biotech-
nology through the production and use of enzymes in laundry 
detergents, which replaced phosphates to better remove stains 
from textiles and helped eliminate the negative consequences 
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of phosphate-caused eutrophication causing algal blooms (17). 
Industrial enzyme production and their use in laundry deter-
gents and later in animal feed highlight some of the best exam-
ples of “Industrial Biotechnology” and their impact on society 
and the environment. In 2021, the global industrial enzyme 
market was estimated at more than $ 6 billion, an increase by 
26% from 2016 (18). Numerous industrial enzymes each cov-
ering dozens of applications, from detergents, textile manufac-
turing, personal care applications, wood bleaching during pulp 
and paper production, leather treatment, baking, fruit juice 
clarification, brewery, to animal husbandry are industrially 
produced by the large-scale cultivation of microbes - bacteria, 
archaea, yeasts, or other eukaryotes (19).


The period spanning the first and second oil crisis also wit-
nessed significant research and scale-up activities in polyhy-
droxyalkanoate (PHA) biopolyesters., although they had been 
first described by Maurice Lemoigne already in the 1920’s and 
then relegated to being mostly a scientific curiosity until the 
1970’s. The factors motivating researchers to work on these 
strange microbial inclusion materials were indeed the fact that 
they were polymers and interesting from a material standpoint. 
Primary research focus, however, was dedicated to their meta-
bolic functions in living cells and conditions stirring their bio-
synthesis and intracellular mobilization despite the prevailing 
notion at the time that “plastics are made from fossil sources 
such as petroleum, and not from bacteria”. Shortly after this re-
newed interest in PHA, groundbreaking patents on first indus-
try-fit PHA production processes were filed, e.g., the pioneering 
works of Holmes et al., covering the fermentative production 
processes in bioreactors, downstream processing for product 
recovery, and, most of all, processing, blending and application 
of PHA biopolyesters as replacement for petrochemical poly-
mers (20). Consequently, Imperial Chemical Industries (ICI), 
UK, started poly(3-hydroxybutrate-co-3-hydroxyvalerate) 
(poly(3HB-co-3HV)) copolyester production in 1976 using the 
soil bacterium Cupriavidus necator with an annual production 
capacity of 5,000 t; this PHA was commercialized under the 
trademark BIOPOLTM, and used for manufacturing shampoo 
bottles, disposable razors, etc. Later, this technology was sold 
via Zeneca and Monsanto to Metabolix, who, in 2006 launched 
a joint venture (Telles) with Archer Daniels Midland (ADM) to 
commercialize PHA just as crude oil prices were again experi-
encing new peaks. Telles announced the commercialization of 
PHA biopolymers for injection molding, thermoforming, com-
pression molding, and paper coating under the trademark Mi-
relTM touting at an annual capacity of 50,000 t. However, when 
the crude oil prices dropped again due to the economic crises 
in 2008/2009, PHA production again appeared sufficiently un-
profitable since prices of renewable raw materials, such as sugar 
or starch, reached their relative peaks. The Telles joint venture 
was eventually terminated in 2012 and Metabolix resorted to 
contract manufacturing their products for sale. The price dif-
ferential between PHA biopolymers from Metabolix and their 
fossil plastics counterparts remained sufficiently high between 
2012 and 2016, ultimately leading to Metabolix terminating its 


PHA biopolymer activities. CJ CheilJedang, a Korean indus-
trial Biotechnology/Food/Feed company was the beneficiary 
of Metabolix’s demise when their PHA assets were sold to CJ 
CheilJedang. Noteworthy, also in the course of the second oil 
crisis in 1982, the company Chemie Linz, Austria, started large 
scale PHA production, producing about 1 t of this material per 
week in a 15 m³ bioreactor with the bacterium Alcaligenes latus 
DSM 1124 (today: Azahydromonas lata) in a pioneering “In-
dustrial Biotechnology” based process. The produced PHA was 
processed to manufacture prototypes of cups, bottles, syringes, 
bullets, pens, etc. Chemie Linz’s original technology (fermen-
tation conditions, composition of nutrient media, establish-
ment of fermentation protocols, downstream processing) to 
manufacture PHA was originally developed at Graz Universi-
ty of Technology, Austria, and is today owned by the German 
company Biomer, which still manufactures the homopolyester 
poly(3-hydroxybutyrate) (P(3HB)) on industrial scale based on 
this process (21, 22).


Apart from the PHA sector, based on current crude oil pric-
es far above 100 US-$ per barrel, we witness again a fundamen-
tal switch in manufacturing, evidenced, e.g., by the revival of 
the biosynthetic 2,3-BD production, which started in the USA, 
and, since the 2010’s, is strongly emerging especially in PR 
China (23). Already in 2013, Savakis and colleagues estimated 
annual growth rates for biotechnological 2,3-BD production at 
3-4% of total production (24). Currently, a small, but steadily 
growing number of companies such as LanzaTech and GS Cal-
tex Corporation are producing bio-based 2,3-BD on an indus-
trial scale (25).


A similar trend can be observed for 1-butanol; this import-
ant solvent and raw material in paints and coatings and in the 
textile industry is also being considered for scale-up. 1-butanol 
is a drop-in for gasoline and diesel fuel with high energy con-
tent (30% more than ethanol) and octane number similar to 
gasoline, and and is used as fuel additive. In 2007, the annual 
production of biomass-based 1-butanol ("biobutanol") was esti-
mated at about 2.8 Mt (production capacity of 3.6 million tons), 
accounting for a market value of about 5 billion US-$ (26, 27). 
Currently, biobutanol production plants of are predominantly 
concentrated in Europe and North America exporting to mar-
kets in the Asia-Pacific region; the global biobutanol market 
was valued at 3.0 billion US-$ in 2013 and reaching US-$ 4.3 
billion by the end of 2018 (27). Trends in biobutanol produc-
tion are focused on moving from 1st generation feedstocks such 
as corn/starch to less expensive 2nd generation cellulosic feed-
stocks, which claims a reduction of raw material costs by about 
50% (29). The next generation of biofuel might be produced 
from syngas or biogas, a material accessible from by conven-
tional gasification or hydrothermal gasification of abundantly 
available lignocellulose waste materials (30).


PHA biopolyesters are also on a new wave of industrializa-
tion; as recently reported, there is currently a steadily growing 
number of established companies producing PHA at large scale 
for production of bulk products (Biomer, Kaneka, Danimer 
Scientific, PHB/ISA, Tepha Inc., COFCO; TianAn Biopolymer, 
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Ecomann, etc.) and emerging young companies with special 
focus on the use of inexpensive raw materials such as biogas 
(PHAXTEC, Mango Materials), Nafigate (waste cooking oil), 
Newlight Technologies (effluent gas – CH4), RWDC Industries 
(waste cooking oil), or BluePha, (“alternative carbon source, 
incl. crops and kitchen waste”). Additional recent activities in 
PHA centers on the “Next Generation Industrial Biotechnol-
ogy” (NGIB) concepts by engineered extremophilic microbes 
(BluePha, PhaBuilder, Medpha). Realistic estimates for the 
current annual quantities of PHA produced worldwide report 
about 10,000 tons, while combined announcements made by 
the companies listed in this paragraph report capacity expan-
sion for the next decade of up to 1.5 Mt (22). Replacing this 
quantity of fossil plastics by PHA would save an annual amount 
of fossil feedstocks of approximately 3 Mt (based on the ma-
terial balance for poly(ethylene) (PE): one PE plastic bag of 
20 g requires an amount of crude oil of about 40 g or 50 mL, 
respectively), and roughly 3-5 Mt less CO2 emissions into the 
atmosphere (31).


Definitions of Industrial Biotechnology, and Interrelation Definitions of Industrial Biotechnology, and Interrelation 
to other Branches of Biotechnologyto other Branches of Biotechnology
“Industrial Biotechnology”, also known as “White Biotechnol-
ogy”, describes industrial-scale implementation of biotechnol-
ogy, namely the use of eukaryotic (fungi, algae) or prokaryotic 
(bacteria, archaea) cells where the industrial manufacturing 
processes are driven by “whole cell biocatalysis” or their com-
ponents such as individual or a collection of enzymes that are 
used as biocatalyst(s) for manufacturing products in large scale 
using renewable carbon resources (32). Typically, industrial 
biotechnology describes production of bulk products required 
in large quantities. Important examples for highly demanded 
products produced by “Industrial Biotechnology” are enzymes 
for industrial applications such as amylases, lipases, proteas-
es, and pectinases, often used as components of detergents or 
in the food processing industry, biopesticides such as Bacillus 
thuringensis toxin (Bt-toxin), and alternative energy carriers 
such as bioethanol, biobutanol, biogas, or biohydrogen. Finally, 
biopolymers to substitute fossil plastics such as PHA are a core 
field of “White Biotechnology”.


There is some overlap of “White Biotechnology” and other 
biotechnological sections. For example, production of biopesti-
cides like Bt-toxin serves to protect agricultural plants, hence, 
the products of “Industrial Biotechnology” are used in plant 
biotechnology, also called “Green Biotechnology”. Fermenta-
tion with lactic acid bacteria (LABs) produces lactic acid, a bulk 
compound of “Industrial Biotechnology” of broad applicability, 
such as in cleaning supplies and detergents, as decalcification 
agent, and as biobased monomer to be used for production of  
poly(lactic acid) (PLA), a renewable polymer that can be in-
dustrially composted and is a substitute for fossil plastics. How-
ever, lactic acid is also of relevance in the food sector which 
is sometimes referred to as “Yellow Biotechnology”, therefore 
lactic acid production at large scale traverses both “White Bio-
technology” and “Yellow Biotechnology”. Additional products 


belonging to more than one field of biotechnology are vitamins, 
used as food supplements (e.g., vitamin B12 (cyanocobalamin) 
produced at large scale by Propionibacterium ssp., or vitamin 
A (β-carotene) obtained from the halophilic microalga Dunal-
liella salina, a biocatalyst of Marine Biotechnology, also called 
“Blue Biotechnology”), antioxidants (various pigments acces-
sible from diverse microorganisms), or essential amino acids 
and fatty acids of microalgal origin, also processes of “Blue 
Biotechnology”. Technical enzymes produced via large scale 
fermentation, therefore also called “Industrial Enzymes”, and 
used in food production are referred to as products of Food 
Biotechnology or “Yellow Biotechnology”. One such notable 
enzyme that is used as part of animal feed is phytase (33). It 
helps pigs absorb and retain more of the phosphates contained 
in animal feed, thereby improving their growth and generating 
less phosphorous-based waste from pig farming. Enzymes for 
food and feed applications account for more than half of the 
global enzymes consumption, with an estimated 6%–8% annu-
al growth rate (34).


Similarly, “White Biotechnology” also overlaps with “Red 
Biotechnology” (medicinal biotechnology), e.g., when it comes 
to bulk production of fungal antibiotics like penicillin. More-
over, PHA as a product of “White Biotechnology” can also be 
used in “Brown Biotechnology” (environmental biotechnolo-
gy), which refers mostly to bioremediation processes, which in 
turn covers the remediation of ecological damage by the action 
of living organisms. On occasion plants are used for bioreme-
diation, also called “phytoremediation” and in this case “Brown 
Biotechnology” overlaps with Plant Biotechnology or “Green 
Biotechnology”. Bio-On, an Italian PHA producing company 
claimed that oil slicks on the ocean´s surface could be biode-
graded by microorganisms if they were also given PHA powder 
as a co-nutrient (“Minerv Biorecovery technology“), thereby 
demonstrating that PHA, a product of “White Biotechnology”, 
gets implemented in a “Brown Biotechnology” process (35). 
PHA can also be applied in water bodies polluted by nitrate, 
where PHA act as electron donors via the metabolic activity of 
denitrifying bacteria (36). This process is being practiced in PR 
China at waste water treatment plants and TianAn, a Chinese 
PHA producer, has successfully demonstrated this process (37). 
This illustrates how broad the range of products accessible from 
“Industrial Biotechnology” are; almost all products accompa-
nying our daily lives, which are currently produced from fossil 
carbon chemistry can be produced by biotechnological means, 
or can be replaced by bio-inspired alternatives. For illustration, 
the PE plastic cup we used today for our coffee when com-
muting to work can conveniently be replaced by a cup made 
of PHA and its bio-composites, or through a PHA coating on 
paper cups instead of a fossil plastic coating; the fuel powering 
internal combustion engines are being produced by anaerobic 
Clostridia (biobutanol), and surgical wires and fibers typically 
consisting of fossil carbon derived poly(ε-caprolactone) su-
tures can be replaced by Tepha Inc.´s elastic and stretchable 
PHA biopolyester products, biosynthesized in bioreactors by 
engineered Escherichia coli cells.
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A highly complex and heavily used product such as the an-
tibiotic tetracycline is exclusively produced via biotechnologi-
cal means. This polyketide requires 72 chemical reaction steps 
when synthetically produced and has poor conversion yields, 
making it uneconomical to produce via chemical means. On 
the other hand, biosynthesis of this antibiotic inside living 
Streptomyces strains occurs via optimized and interconnect-
ed cascadic enzyme reactions yielding optimum conversion of 
the renewable carbon substrate into the desired product (38). 
Generally, enantiopure products are typically biocatalyzed en-
zymatically or through whole cell biocatalysis, in other words 
inside living microorganisms, since enzymes inside living cells 
or outside are highly stereoselective, while chemical processes 
often result in low enantiomeric excess. This is of importance 
for the production of pharmaceutical active compounds, where 
often only one stereoisomer displays the required biological ac-
tivity (39). For example, the (S)-enantiomer of the β-blocker 
propranolol has a 100-fold higher antagonistic activity at the 
β-receptor than the (R)-enantiomer (40), while for the an-
ti-malaria drug Resochin (Bayer AG), the racemate of chloro-
quine is applied (41); hence, stereoselectivity, as provided by 
biocatalysis, is of utmost importance for activity of pharma-
ceutically relevant products. Enantiopurity is also important 
for lactic acid production, where only the L-(+)-enantiomer is 
readily digested by humans, and enantiopure lactic acid is also 
needed for polymerization to PLA. Selecting appropriate LABs 
is, therefore, important to produce the appropriate lactic acid 
of high enantiopurity in anaerobic fermentation (42).


More recently, there is an increasing overlap of “Industrial 
Biotechnology” and “Blue Biotechnology”, where biotechno-


logical production processes have been tapping the wealth of 
marine microorganisms to use them as biocatalysts to produce 
various products. Microorganisms isolated from the oceans of-
fer plenty of products of significance for industry, such as en-
zymes active at very high or very low temperature (“extremo-
zymes”; used, e.g., for designing novel tensides), or ingredients 
of marine microalga and cyanobacteria that are the source of 
valuable nutrients or food additives such as pigments for col-
oring food, antioxidants for preserving food, and polyunsat-
urated fatty acids taken as supplements by humans as well as 
animals (43, 44).


Production of PHA which is an “Industrial Biotechnology” 
process, we witness a current trend towards using robust PHA 
producing strains that are adapted to high salinity and isolated 
from the ocean or salt lakes. Examples of such strains are the 
haloarchaeon Haloferax mediterranei, a strain growing at an 
optimum salinity as high as 200 g/L NaCl, or Halomonas TD01, 
a Chinese salt lake isolate. While Hfx. mediterranei cultivations 
are currently performed in laboratory and pilot scale (300 L 
working volume) (45), Halomonas TD01 and their genetically 
modified versions e.g., Halomonas bluephagenesis, are already 
being applied industrially in innovative biotech companies in 
PR China, such as PhaBuilder, where PHA is currently slated to 
be produced at an annual capacity of around 10,000 tons. Blue-
Pha and COFCO each have an annual capacity of about 1,000 
tons (22). BluePha even emphasizes on their website that they 
industrially produce PHA via “Blue Biotechnology” (46). The 
high salinity requirements of these organisms necessitate culti-
vating them in hypertonic media, which in turn prevents other 
microbial species to contaminate the mono-septic culture, thus 
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Figure 1.Figure 1. Examples of products of “White/Industrial Biotechnology”, and its overlap with other sectors of biotechnology.
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allowing fermentation and production of PHA with minor or 
no sterility precautions reducing production cost. In the case 
of Halomonas cultivations, fresh water is substituted by ocean 
water, which already contains the optimum salt concentration 
for cultivation. The combination of optimized and engineered 
marine production strains obtained by “synthetic biology”, low 
or no sterility precautions, and inexpensive cultivation media 
is being called the “Next Generation Industrial Biotechnology” 
(NGIB), and holds the potential of being a viable route to pro-
ducing PHA economically (47). Other auspicious halophilic 
PHA production strains that fit this NGIB concept are already 
waiting in the wings, such as the eubacterium Halomonas halo-
phila, a strain with expedient PHA productivity from abun-
dantly available inexpensive raw materials (48, 49).


A well-known definition of “Industrial Biotechnology” is 
provided by EuropaBio - The European Association for Bioin-
dustries, self-defined as “Europe's largest and most influential 
biotech industry group” dedicated to “promoting an innova-
tive, coherent, and dynamic biotechnology-based industry in 
Europe” with most large and many midsized and small industry 
players among their members, such as BASF SE, Pfizer, DSM, 
etc. (50). They define “Industrial Biotechnology” as industry 
that “uses enzymes and micro-organisms to make biobased 
products from renewable raw materials in sectors such as 
chemicals, food and feed, detergents, paper and pulp, textiles, 
and bioenergy.” Moreover, in a rather all-encompassing man-
ner, they talk about "biotechnological production of special 
chemicals and fine chemicals, food and food additives, agricul-
tural and pharmaceutical precursors and numerous auxiliary 
materials" for the processing industry as focus area of “White 
Biotechnology”, hence, products of “Yellow”, “Green”, Brown” 
and “Red Biotechnology” are integrated in this definition (51).


The Germany-based Fraunhofer-Gesellschaft, arguably the 
world’s leading applied research organization, defines “White 
Biotechnogy" as "the industrial production of organic basic and 
fine chemicals as well as active ingredients using optimized en-
zymes, cells or microorganisms" (52). This definition is note-
worthy since “optimized” biocatalysts, that include tools such 
as genetic modification or engineering of production strains, 
synthetic biology, and enzyme design, are considered in this 
definition to be integral parts of industrial biotechnological 
processes of the future.


Finally, the definition used by Organization for Economic 
Cooperation and Development (OECD) distinctly mentions 
two hot spots of “Industrial Biotechnology”: First, “Industrial 
Biotechnology” is dedicated to the replacement of finite (limit-
ed) fossil fuels with renewable raw materials, i.e., biomass. Sec-
ond, “Industrial Biotechnology” enables replacing convention-
al industrial processes with biological processes that reduce 
energy requirements as well as “reduce the number of process 
stages and thus reduce costs while creating ecological advan-
tages at the same time” (53). 


The next section illustrates how PHA biopolyester produc-
tion fits into these abovementioned hot spots in an expedient 
manner.


How does PHA Fit within Industrial Biotechnology?How does PHA Fit within Industrial Biotechnology?
Polyhydroxyalkanoates (PHA) are microbial storage com-
pounds found in many prokaryotic species. In living cells, they 
serve as intracellular reserve materials helping cells to with-
stand periods of starvation, and contribute to protect the cells 
against various stress factors, such as heat, freezing, osmotic 
imbalance, UV-radiation or oxidation. Observing such cells 
under the microscope, PHA inclusions appear as light refract-
ing granules of spherical to ellipsoidal shape. Chemically, PHA 
are polyoxoesters of hydroxyalkanoic acids (54, 55).


Being products of the microbes´ secondary metabolism, 
they are typically accumulated by cells during conditions of 
nutritional imbalance, characterized by surplus of exogenous 
carbon sources together with depletion of other nutrients piv-
otal for cell propagation, such as nitrogen or phosphate source. 
Under optimized cultivation conditions, mass fractions of 
PHA in producing cells can exceed 0.9 g/g. When nutritional 
conditions change again (such as the lack of exogenous car-
bon source), cells convert these reserve materials (the PHA) to 
supply their metabolism with carbon and energy. Importantly, 
carbon sources used as feedstocks for PHA biosynthesis are of 
renewable nature. Here, heterotrophic materials (sugars, lipids, 
alcohols) or their aerobic or anaerobic degradation products 
(CO2 or CH4, respectively) can be converted by various mi-
crobes to accumulate PHA. Hence, these materials are biobased 
(produced from renewable materials) and, at the same time, 
biosynthesized by living cells, which matches above-described 
definitions of Industrial Biotechnology when it comes to their 
industrial-scale manufacturing as bulk products (56). Indeed, 
there is a steadily growing number of companies producing 
and commercializing PHA on a small scale. Many of these 
companies target market segments where large quantities of 
fossil plastics are currently used and are coming under intense 
scrutiny due to their persistence in the environment. This cov-
ers especially plastics produced for single use applications, such 
as drinking straws, cutlery, plates, food packaging, hygiene ar-
ticles, carrier bags, and diverse packaging materials (21). The 
need to substitute fossil plastics in these segments has already 
been regulated in Europe through the European Directive on 
Single-Use Plastics and elsewhere (57). This regulation imple-
ments the EU’s plastic strategy (58), and took effect in the EU in 
summer 2021; it prohibits certain single-use plastics for which 
alternatives are already available. Such “single-use plastic prod-
ucts” are defined as products made solely or partly from mate-
rials or plastics that are the result of a chemical modification 
and which are not conceived, designed, or placed on the market 
to be used multiple times for the same purpose. For other sin-
gle-use plastic items, EU member states must limit their use 
through national consumption reduction measures, a separate 
recycling target for plastic bottles, design requirements for 
plastic bottles, and compulsory labels for plastic products to in-
form consumers (57). This is exactly where PHA can play a key 
role in future as products made by “Industrial Biotechnology”. 
However, The European Commission made a grave mistake of 
restricting the use of PHA in such segments by defining PHA 
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Figure 2.Figure 2. Upper part: Circularity of PHA biopolyesters produced from renewable feedstocks, produced as “bioplastics” by “In-
dustrial Biotechnology”. Lower part: Established, linear plastic production by industrial petrochemistry. Based on (60).
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as a "chemically synthesized product", thereby classifying it in 
the same category as fossil-plastics. The Commission ruled that 
fermentation is an industrial process and products of industrial 
processes are chemically modified products, thus implying that 
beer, wine, and cheese to be chemical products and non-natu-
ral. To add insult to injury, The Commission ruled that paper 
could be used for such applications although paper is cellulose 
that has been chemically modified.


In addition to being biosynthesized and biobased, PHA are 
also biodegradable and compostable, both via home and indus-
trial composting as reviewed before (59). This biodegradability 
and compostability in turn underlines the circularity of PHA: 
Once disposed, items produced from spent PHA undergo aer-
obic or anaerobic degradation to CO2 or CH4, respectively and 
water, the very products used for their de novo biosynthesis 
by cyanobacteria (utilize CO2 for PHA biosynthesis) and type 
II methanotrophs (utilize CH4), or “Knallgas bacteria” (utilize 
CO2 and H2), for biosynthesis of heterotrophic feedstocks for 
PHA production by photosynthetic fixation of CO2 by green 
plants (59). Figure 2 illustrates the circularity of PHA biopoly-
esters in comparison to established fossil plastics.


OECD´s definition of “White Biotechnology” referring to 
the “reduction of the number of process stages” in a produc-
tion process (53) matches well with the biotechnological pro-
duction scheme of PHA. For fossil plastics, feedstocks need 
to be fractionated and pure monomers need to be produced 
through numerous chemical steps. These monomers are then 
chemically polymerized by means of radical or condensation 
polymerization requiring complex and expensive catalysts 


as radical starters. In the case of PHA, renewable raw mate-
rials are directly converted by living organisms in vivo into 
PHA-precursors, namely hydroxyalkanoate monomers. The 
same microorganisms then polymerize the hydroxyalkanoate 
monomers into PHA polymer (20). This offers considerable ad-
vantage in the manufacture of PHA compared to PLA, another 
renewable polymers, where only the monomer (lactic acid) is 
produced biotechnologically, while dimerization of the mono-
mer to dilactide and the subsequent challenging ring opening 
polymerization (ROP) of dilactide to PLA constitute separate, 
cumbersome and chemical production stages that need to be 
carried out consecutively in individual reaction vessels (61).


Figure 3 illustrates the principle of “White Biotechnology” 
when used for production of biopolymers like PHA or extra-
cellular polysaccharides of that are of industrial and human 
relevance.


Future Trends and OutlookFuture Trends and Outlook
Despite the embryonic nature of Industrial Biotechnology, the 
increasing awareness of the impact of climate change, environ-
mental pollution, and the damaging effects of fossil fuels in-
cluding global geopolitical instability caused by its use, indus-
try, policy makers and the consumer are beginning to accept 
and even embrace their products. The European Commission 
has started the process to determine the benefits of biobased 
and biodegradable products and is on course to issue a new 
directive in 2022 to encourage and perhaps even mandate their 
use. California is revisiting its stance on the ban on using the 
term “biodegradable” on products, primarily due to the push 


Figure 3. Figure 3. Schematic of “Industrial/White Biotechnology” for biopolymer (PHA and EPS) production.
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from PHA producing and PHA based product manufacturing 
companies. Asian countries like Thailand, PR China and India 
are taking note, primarily due to the devastating consequences 
of environmental pollution and are mandating the use of bio-
degradable and biobased products, thus benefiting those that 
are already commercializing Industrial Biotechnology based 
products.


Therefore, this branch of biotechnology is poised to evolve 
rapidly in the next decade and take its place as the transforma-
tive driver in our move away from fossil fuels-based products 
into products that are closer to nature in their origin, function-
ality and in their end-of-life options. PHA is one such product 
that has the potential to replace more than 50% of fossil plastics 
used in packaging and personal care, and in textiles and dura-
ble products. 


Industrial Biotechnology also holds the promise to of-
fer novel products that could not have been thought of a few 
years ago. Industrial Biotechnology has the power to shorten 
and localize entire supply chains and benefiting all regions of 
the world. Industrial Biotechnology has the ability to allow the 
holistic development of a novel and innovative industrial eco-
nomic system that would be multifaceted, starting from novel, 
non-pathogenic and powerful biocatalysts (production micro-
organisms), local and therefore far secure supply chains, the 
use of inexpensive raw materials including waste carbon sourc-
es that are not reused today. In order for Industrial Biotechnol-
ogy to become more prevalent the acceptance by and the trust 
of the general public (consumers) and decision makers are cru-
cial. The issues around genetic modifications of food produc-
ing plants and pesticides and the public’s opposition to them in 
the past decades is still alive and there are disturbing trends of 
such opposition in the use of genetically modified organisms to 
manufacture materials and products that are not intended to 
be consumed. Here, Industry and Academia have a critical role 
to play by highlighting the benefits of products from Industrial 
Biotechnology, but also by promoting their safety during pro-
duction, in use and at their end-of-life options. Surprisingly, 
issues surrounding the genetically modified organisms (GMO) 
and their use in medicinal biotechnology or “Red Biotechnol-
ogy” are non-existent, since the consumer does not complain 
when genetically modified microorganisms are used to pro-
duce lifesaving medicines. For PHA in particular, acceptance 
will dependent on some essential questions, such as:


- Is the feedstock supply for producing the required amounts 
of biopolymers or bio-based polymers secure and not interfer-
ing with food supply?


- Do materials based on PHA match the product perfor-
mance of fossil plastics, and importantly, do we need the per-
formance offered by fossil plastics, and can we accept less?


- How would the waste management industry act or react 
to using home and industrially compostable products at their 
end-of-life, do we need major structural changes to accommo-
date these up-and-coming biopolymers? 


- How would we educate the consumer about PHA, and win 
them over in order for PHA to thrive as an alternate to fossil 


plastics, and who should undertake such an endeavor?
- How would the co-existence of fossil plastics and the use 


of PHA biopolymer in large scale play out from their origin, 
during use and at end-of-life so that we can derive the benefits 
of both types of polymers?


- Are PHA sustainable in a holistic sense, such as, raw mate-
rial use, energy requirement, downstream processing for prod-
uct recovery, end-of-life options, and ethical aspects?


The trust and acceptance of the general public appears to be 
favorable within groups that are appropriately informed, and 
the same is true with policy makers. However, this informa-
tion is not consistent and misinformation and disinformation 
is omnipresent. The issue of oxo-degradable polymers touted 
as materials that are biodegradable when they are not, is a case 
in point.


However, the overall benefits to the environment and to 
society from Industrial Biotechnology has been proven, and 
individual products that come from Industrial Biotechnology 
would likely require additional scrutiny as is the case with the 
European Commission’s study on the benefits of biobased and 
biodegradable materials. Finally, the two most significant ben-
efits of Industrial Biotechnology in the form of reduced fossil 
carbon use and local supply chains would benefit both the en-
vironment as well as society and those two together would help 
mitigate both climate change and environmental deterioration, 
thus elevating Industrial Biotechnology to the single most 
transformative change in the next decade and in this century. 
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To achieve circularity of carbon in materials requires fundamental changes in the 
polymers we use today and the way they are produced. Functional polymeric materials 
from renewable feedstocks that do not conflict with food and animal feed, and their re-
newal through biodegradation under diverse environmental conditions as the desired end-
of-life option indeed constitute a paradigm shift for today’s plastics industry. Considering 
the ever-increasing environmental problems associated with the disposal or incineration 
of fossil plastics, the increasing microplastic formation, food contamination, and rising 
atmospheric CO2 concentrations, have made it clear that the time is ripe for alternative, 
innovative, and sustainable polymers with plastic-like properties. In this nexus, the pres-
ent review shines new light on the benefits of biobased and, at the same time, biodegrad-
able microbial polyhydroxyalkanoate (PHA) biopolyesters. Special emphasis is dedicat-
ed to carbon recyclability through biodegradability and compostability of these fascinating 
natural materials, which are slowly but surely being commercialized as replacement for 
fossil plastics that are produced and disposed of in multi-million-ton scale annually, re-
sulting in a growing environmental threat. This review highlights that end-of-life options 
of PHA are analogous or even superior to another well-known polymer from nature, 
cellulose, while PHA offer the additional attributes of plastics in use with tailor-made 
properties. Finally, the review demonstrates how PHA biopolyesters can contribute to 
reaching many of the heavily discussed and desired UN Sustainable Development Goals.
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biopolymers, biodegradable polymers, circular bioeconomy, circular materials, microbial 
biopolyesters, microplastics, polyhydroxyalkanoate, UN Sustainable Development goals


Introduction


Almost all full carbon backbone (“carbon–car-
bon backbone”) plastics of fossil origin are highly 
resistant to bio-mediated degradation. The current 
practice of plastic production and disposal is gener-
ating enduring impairment to the marine and terres-
trial environment1. Estimates of global emissions of 
plastic waste to rivers, lakes, and the ocean range 
from 7 to 9 million metric tons per year, with a sim-
ilar amount emitted as carbon dioxide (CO2) and 
methane (CH4) into the atmosphere as of 2016. 
These quantities are forecasted to double by 2025. 
Noteworthy, almost 80 % of all conventional plastic 
ever made is still present on our planet, amounting 
to roughly 6.3 Gt as of 20162. Pollution by plastic 


waste accumulating in the environment is a “hardly 
reversible” development, as natural mineralization 
processes for such materials are extremely slow. 
While reports on biological degradation of the poly-
ester poly (ethene terephthalate) (PET) exist3,4, such 
processes are far from industrial realization, and do 
not apply to highly durable polyolefins like poly 
(ethene) (PE), poly (propene) (PP), poly (vinyl 
chloride) (PVC), or poly (styrene) (PS); these poly-
mers fragment under diverse environmental condi-
tions (solar irradiation, abrasion, etc.) to nano- and 
microparticles, but do not undergo biodegradation5. 
Despite having brought numerous benefits to soci-
ety, fossil plastics have a dark side: “Plastics are 
Forever”6!


In addition, engineered remediation solutions 
(chemical and mechanical recycling), though need-
ed, are still embryonic, inadequate or insufficient to 
handle the steadily growing volumes of plastic 
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waste7. Hence, negative consequences of plastic 
pollution are almost irreversible. Potential impacts 
from hardly reversible fossil plastic contamination 
encompass, inter alia, changes to the global carbon 
cycle, deterioration of soil quality, disturbed aquatic 
ecosystems, and negative consequences to human 
health. These impacts coincide with threats to biodi-
versity, which ultimately is connected to severe so-
cietal impacts8,9.


On the raw material side, we currently witness 
unstable geopolitics, resulting in disrupted global 
supply chains causing increasing supply impairment 
of fossil resources required for production of estab-
lished fossil plastics.


The combination of negative environmental 
impact of fossil plastics and the disruption to their 
primary feedstocks provides society the ideal op-
portunity for step change to move towards alterna-
tives10. These alternatives utilize local, renewable, 
and waste carbon sources to produce materials of 
value: Materials that at their end of life are recycled 
(the material and the carbon) without causing the 
societal and environmental impacts of fossil plas-
tics. The two principles – use of renewable/waste/
local carbon feedstocks to produce materials of val-
ue and the ability to recycle them (material as well 
as carbon) – without disrupting nature need to be at 
the core of any step change model11.


This review, for the first time, combines the 
key features of polyhydroxyalkanoate (PHA) bio-
polyesters, namely, their bio-based origin, their bio-
synthesis, and their appealing end-of-life options in 
a holistic way, putting special emphasis on circular-
ity aspects of these materials. In addition, it shines 
new light on the potential of PHA to solve the cur-
rent microplastic predicament, and attempts to re-
move widespread contradictions and incorrect as-
sumptions on the topical subject of “bioplastic”. As 
a unique feature, the article comprehensively com-
pares circularity of PHA with the prototype natural 
circular material, namely cellulose, thus demon-
strating that PHA is indeed embedded into nature´s 
closed cycle from every criterion imaginable. The 
authors further endeavor to demonstrate that switch-
ing from fossil plastics to PHA biopolyesters can 
contribute to achieving the UN Sustainable Devel-
opment Goals (SDGs) as long as PHA is produced 
from renewable carbon sources as it is prevalent in 
nature.


Fossil plastics accumulation and persistence 
– implications for the future


Global fossil plastics production is estimated at 
400 million tons of virgin plastic per year and is 
expected to reach 1 Gt per year in 20502. Typically, 
most of this fossil plastic is disposed as macroplas-


tic waste in landfills and in the environment, which, 
through erosion, abrasion, and other weather-related 
acts would turn into micro- and nanoplastic parti-
cles12. Such nano- and microplastic particles are 
also generated during the use of the fossil plastics 
by abrasion during diverse industrial processes, 
from vehicle tires, and even from shoe soles. Two 
types of plastic particles were thought to be created; 
they are defined as “macroplastics” for particles of 
a size of more than 5 mm, “microplastics” or plastic 
particles of less than 5000 µm (5 mm) in size. More 
recently, it was discovered that a third category, de-
fined as “nanoplastics” are also formed, having par-
ticles as small as 1–100 nm13. Nanoplastic and mi-
croplastic particles have the appropriate size to 
enter the food chain starting with planktons which 
ingest them. Plankton serves to nourish higher ani-
mals like fish, and the nanoplastic and microplastic 
particles finally end up on our table14,15. According 
to a study by Wilcox et al., plastic particles are 
present in the intestines of about 90 % of investigat-
ed seabirds from 186 different species16. It is im-
portant to note that not all micro- and nanoplastic 
particles taken up via nutrition and respiration leave 
our bodies: A recent study estimates that until the 
age of 70 we accumulate about 50,000 plastic parti-
cles 1–10 µm in size, corresponding to about 40 ng, 
in our tissue17.


Mechanical plastic recycling, a process extolled 
by plastics manufactures, especially in the field of 
beverage bottling, is an excellent source of micro-
plastic formation: A study conducted by Schymans-
ki et al., demonstrated that mineral water sold in 
plastic bottles contains microplastic particles con-
sisting of PET, the same material as the bottle itself; 
the more recycling cycles the material undergoes 
the higher the quantity of microplastic particles 
found in the beverage packaged in the plastic bot-
tle18. This was illustrated by Cox et al., who calcu-
lated that the recommended daily intake of 1.5 – 2 
L water, if bottled in plastic, causes the consump-
tion of 90,000 microplastic particles per year per 
person19. In addition to mineral water, beer connois-
seurs should also be warned by a study by Liebezeit 
and Liebezeit, where authors described that all in-
vestigated samples of German beer display micro-
plastic pollution; between 16 and 254 particles per 
liter on average that include fibers, granules, and 
other fragments, where found per liter of beer20.


Surprisingly, microplastic particles are found in 
many other food products, where we would not ex-
pect their occurrence a priori. A study by Peixoto et 
al. reported the detection of microplastic particles 
of different types and geometry in samples of table 
salt, both of marine (which is rather obvious consid-
ering the discussed marine plastic pollution) as well 
as of alpine origin, which was rather unexpected21. 
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Detailed studies demonstrated microplastic fallout 
in most remote areas in the Pyrenean mountains, far 
away from any civilization or industrial activity, 
which in turn proves the ease by which such light-
weight particles are transported not only by fresh 
and marine water22, but also by wind and clouds23. 
More recently, a study reported the detection of mi-
croplastics in the polar regions (both Arctic and 
Antarctic)24, which shows that microplastics are al-
ready omnipresent in the ecosphere and the bio-
sphere.


Only in the last few years, we have started to 
understand the effects caused by microplastic parti-
cles in animals and humans. The intestinal toxicity 
of microplastic fibers of different geometry and 
length is already well described for the zebrafish 
Danio rerio, a model organism to study toxicity of 
microplastics25. For this species, it was recently 
shown that exposure to microplastic prevents suffi-
cient nutrients uptake26. In 2019, it was shown that 
plastic particles are found ubiquitously in the hu-
man digestive tract27. Now, in 2022, we even have 
proof that microplastic circulates in our bloodstream 
(1.6 µg of microplastic particles ≥700 nm, mainly 
PE, PET, and PS, was found per mL of blood taken 
from test persons), and evidence that this in vivo 
presence of microplastic causes devastating effects 
like inflammation and cancer28.


Besides the negative effects of microplastic 
formation due to plastics use, recycling of recalci-
trant plastics is only a partial remedy to get rid of 
plastic waste: Recycling decreases the quality of the 
plastics, and the spent plastic after one or two recy-
cling steps turns into real waste. Hence, mechanical 
recycling of plastics serves to only postpone the 
waste problem but does not constitute a remedy. 
Chemical recycling has been promoted as a solution 
to this issue, whereby the monomers or even the 
carbon could be reclaimed to upgrade into polymers 
and plastics for reuse. These processes have been 
known since the early days of polymer synthesis 
and production. While considerable research and 
scale-up efforts are underway here, most are still in 
their infancy. Moreover, chemical recycling is se-
verely challenged by the mixed plastics waste 
streams that are available today, making the job of 
separating various monomers difficult and uneco-
nomical1,2,7. In addition, chemical recycling involves 
energy-intensive processes, and while one can use 
renewable energy, this, in itself is emerging, and we 
are far from an ideal renewable energy use state.


To get rid of spent plastic waste completely, it 
needs to undergo thermochemical conversion into 
energy (incineration), which in turn increases atmo-
spheric CO2 concentrations, thus fueling global 
warming. This global warming has a momentum of 
its own: The warmer the oceans get, the less CO2 


they can fix in a dissolved form. Importantly, the 
oceans serve as a CO2 sink for roughly 4 · 1013 tons 
of carbon, about 60 times the carbon amount of the 
pre-industrial atmosphere! Oceans fix about 25–30 
% of the CO2 generated by anthropogenic activity, 
summing up to an excess of about 1,300 Gt CO2 per 
year. Thus, they are less effective in counteracting 
the increase in atmospheric CO2 level, which ulti-
mately leads to a vicious spiral, in which the rise in 
ocean temperature and CO2 emissions from the 
oceans fuel each other29. Despite the lower solubili-
ty of CO2 in oceans at higher temperature, the entire 
quantity of CO2 dissolved there has elevated due to 
the higher overall amounts of CO2, which are ex-
changed between the atmosphere and the oceans; 
this, in turn, leads to an acidification of the oceans 
by a pH-value drop of about 0.1 since the onset of 
industrialization, a rate that is 10 times faster than 
during the last 300 million years. The impact of this 
ongoing acidification on the ecosystem and its so-
cioeconomic consequences cannot be even roughly 
estimated at the moment30,31.


Hence, the only rational response to all the 
global threat posed by heavily aggravating and 
poorly reversible plastic pollution is to rapidly re-
duce plastic emissions through reduction in con-
sumption of virgin plastic materials, replace them 
where necessary by using biobased and biodegrad-
able alternatives, along with internationally coordi-
nated strategies for waste management8.


Alternatives and their benefits: so-called 
“bioplastics”


Estimates published by European Bioplastics 
for 2021 report a global “bioplastics” production of 
about 2.42 million tons per year, which is by far 
less than 1 % of the entire global plastic produc-
tion32.


It is important to note that this quantity also in-
cludes (partly) biobased, but not biodegradable/
compostable materials like biobased PE (“bio-PE”), 
a material originating from fermentatively generat-
ed ethanol; “bio-PE” does not biodegrade in the en-
vironment, and is produced from food carbon sourc-
es such as cane sugar. The global production of 
“bio-PE” already amounts to about 230 kt per year, 
and its consumption is expected to more than dou-
ble by 2026. Another example of “bioplastics” is 
“bio-PET”, a material used by famous beverage 
producers to manufacture “plant bottles” or “green 
bottles” despite only 30 % of the carbon present in 
them being of biological origin (ethylene glycol 
stemming from ethanol via oxirane), while tereph-
thalic acid, the aromatic co-monomer in “bio-PET”, 
is produced from fossil resources. “Plant bottles” or 
“green bottles” made of “bio-PET” are advertised to 
be readily recyclable, while this process leads to in-
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creased recalcitrant PET-microplastic formation, as 
observed for its fossil version. Currently, about  
35.8 % of all materials termed “bioplastics” account 
for such biobased, but not biodegradable materials 
like “bio-PE” and “bio-PET”; clearly demonstrating 
that using the term “bioplastics” in their context is 
nothing more than greenwashing, misleading the 
consumer, and continuing along the same environ-
mentally destructive path. For the sake of differen-
tiation, the authors of present review would like to 
term those “bioplastics” that are identical molecules 
to fossil plastics but use partly or entirely renewable 
carbon sources, but are neither biodegradable nor 
compostable as “Type II Bioplastics”


About 64.2 % of today´s “bioplastics” account 
for materials like PHA, poly (lactic acid) (PLA), 
poly (butylene adipate terephthalate) (PBAT), poly 
(butylene succinate) (PBS), poly (ε-caprolactone) 
(PCL), thermoplastic starch (TPS), polysaccharides, 
and various cellulose-based materials and their 
blends. This group of “bioplastics” have their ori-
gins and attributes so diverse that it likely prompted 
the use of the word “bioplastics”. The authors would 
like to define these materials as “Type I Bioplas-
tics”. PBAT, PLA, and TPS are the current market 
leaders, amounting to 19.2 %, 18.9 %, and 16 %, 
respectively, of the entire “bioplastic” market in 
2021. For microbial PHA biopolyesters, a current 
share of less than 2 % of the bioplastic market is 
reported, accounting for a global production for 
2021 of not more than an estimated 40,000 to 
50,000 tons32. Among the second group of “bioplas-
tics” some are of entirely biological origin – PHA, 
PLA, TPS, polysaccharides, and cellulosics. PBAT 
is industrially compostable, but does not degrade 
during anaerobic digestion. It undergoes biodegra-
dation in soil, albeit at rather low rates. In addition, 
PBAT is not marine biodegradable, and its required 
raw materials (terephtalic acid, adipic acid, 1,4-bu-
tane diol) are currently produced from fossil raw 
materials. The aliphatic copolyester PBS is biode-
gradable in both fresh and sea water, while its raw 
materials are only partly accessible from biological 
processes: Succinic acid is produced by anaerobic 
fermentation using biological carbon, while 
1,4-butandiol is a fossil-carbon product. PCL is a 
fossil carbon-based product although it is biode-
gradable and compostable. Cellulosics, TPS, and 
polysaccharides are biological in origin, and al-
though they are all chemically modified, they bio-
degrade in nature. However, this group has limited 
commercial use due to their property profiles; none-
theless, they are commercially produced. Lactic 
acid, the monomer for producing PLA, is of biolog-
ical origin, although the subsequent polymerization 
of lactic acid into PLA is a chemical synthesis pro-
cess33.


The diversity of products, product origin, and 
end-of-life profiles of this second group of “bio-
plastics” is perhaps the reason for the term “bio-
plastics”, an offshoot of the term “biopolymer”. 
“Biopolymer” is defined as a polymer that is bio-
synthesized from biological carbon and is biode-
gradable in the environment including in the marine 
environment. The term “bioplastics” cannot claim 
to have the same meaning, since it encompasses 
products with such diversity. Therefore, it is dan-
gerous and misleading, especially to the layperson 
and to the consumer to use a term like “bioplastics”, 
as it gives the impression that materials termed as 
such are biosynthesized and biodegradable when 
they are not. Some are of biological origin – PHA, 
PLA, TPS, polysaccharides, and cellulosics. PBAT 
is produced from fossil origin monomers, PBS has 
one monomer that is biobased, although its co-
monomer is also being produced from biological 
carbon in limited quantities. Therefore, the so-called 
“bioplastics” like PBAT, PBS, or PCL are not circu-
lar materials.


However, the situation is expected to change 
fundamentally very soon. Until 2026, European 
Bioplastics expects the entire “bioplastic” produc-
tion to more than triple in volume between 2020 
(about 2.1 million tons) and 2026 (about 7.6 million 
tons). The “bioplastics” trend is here to stay and it 
will even increase! PBAT is anticipated to take 30 
% of the volume produced until 2026, second being 
PBS (16 %), and significantly overtaking PLA (10.4 
%). PHA, a truly biological and circular material, 
most likely will rank among the top 5 “bioplastics” 
in 2026, with an estimated market share of 6.4% of 
all “bioplastics” (approximately 0.5 million tons), a 
tenfold increase in just five years! Importantly, for 
2026, it is also estimated that PHA will be produced 
at higher quantities than the recalcitrant biobased 
polyolefin “bio-PE”32.


Eliminating microplastics: Follow nature’s cycle 
of life – biodegradation


Industrially and commercially relevant bio-
polymers to replace established thermoplastics and 
elastomers are of growing interest for the scientific 
community as well as the Industry34–36. For the ob-
vious reason, their production and entire life cycle 
are embedded into nature´s closed material cycles. 
Being based on renewable resources, which ulti-
mately stem from the photosynthetic fixation of 
CO2 by green plants or algae, their production re-
quires no depletion of fossil resources fixed in 
Earth´s interior. In the case of microbial PHA bio-
polyesters, the most essential and diverse class of 
biopolymers with plastic-like properties, conversion 
of these renewable resources (carbohydrates, lipids, 
alcohols, CO2, or CH4) occurs in vivo – inside the 
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microbial cells as intracellular products of the cell´s 
secondary metabolism; hence, such cells serve as 
“cellular bioplastic factories”37,38. From microbial 
biomass, these intracellular products are isolated us-
ing multiple available strategies, refined, and pro-
cessed into vendible materials using the same tech-
niques and machineries as are currently used for the 
processing of fossil plastics39. The PHA biopoly-
mers, when spent, can undergo end-of-life scenarios 
fundamentally different from the fate of spent fossil 
plastics: Under aerobic conditions, they are miner-
alized by the enzymatic toolbox of diverse organ-
isms (bacteria, fungi) towards CO2 and water as the 
sole products of their oxidative breakdown and bio-
mass that is being used as organic fertilizer. CO2 
and water, in turn, are the starting materials for re-
generation of the raw materials needed for PHA 
production (carbohydrates, lipids) by phototrophic 
organisms, closing the carbon cycle, thus balancing 
carbon! In case of anaerobic treatment of spent 
PHA, as it is the case in biogas plants, CH4 is also 
generated. This renewable CH4, sometimes also 
called renewable natural gas (RNG) in turn, not 
only serves as potential green energy carrier, but is 
accepted by a number of microbes (predominantly 
type II methanotrophs) as substrate for biomass 
growth and PHA accumulation, again closing the 
carbon cycle38 (see Fig. 1). This is in contrast with 
linear fossil plastics, which, after use, remain on 
Earth as macro-, micro-, and nanoplastic waste, or 
are thermally converted to surplus CO2.


The circularity of PHA biopolyesters is already 
being commercially exploited in many uses, includ-
ing for replacing intentionally added fossil micro-
plastics in cosmetics to offer UV protection (sun 
screen), and in skin peeling and scrubbing40. This 
light scattering effect of such products emulates liv-
ing cells harboring PHA granules: Here, microbes 
are protected by the PHA inclusion bodies against 
excessive UV exposure, known to cause fatal cell 
damage by formation of reactive oxidative species 
(ROS)41. When intentionally added, PHA micropar-
ticles in shower gels and in cosmetic peeling and 
scrubbing agents are released into the environment, 
such as in sewage and wastewater treatment plants, 
lakes, rivers and in the marine environment, they 
undergo biodegradation, unlike fossil microparticles 
which remain recalcitrant and persistent microplas-
tics causing excessive microplastic loads in sewage 
sludge generated in wastewater treatment plants. 
Wastewater treatment plants filter up to 99 % of the 
microplastic from domestic wastewater, but with 
PHA microparticles this would not be needed. Sew-
age sludge is an excellent organic fertilizer42; how-
ever, currently they contain significant microplas-
tics, which end up in agricultural fields when used 
as fertilizer. Replacing fossil microparticles with 


PHA microparticles would allow the PHA micro-
particles in sewage sludge to readily biodegrade in 
fields by the microflora present there. The presence 
of PHA microparticles has an added benefit, espe-
cially in sewage and wastewater treatment plants. 
PHA, while undergoing biodegradation, converts 
the high nitrogen content present in sewage sludge 
into nitrogen gas, a process also called “denitrifica-
tion”, thus aiding in improved sewage treatment43.


Products containing PHA microparticles as an 
additive are already on the market, e.g., “Naturetic-
sTM” products by Nafigate Cooperation, which were 
launched in Czech Republic in 2021, and are based 
on the Hydal technology to produce PHA from 
waste cooking oil44. Considering current and ex-
pected legislative regulations, such as the amend-
ment to the REACH Regulation on Intentionally 
added Microplastics, The European Green Deal or 
the new Circular Economy Action Plan by the Eu-
ropean Commission, which aim at drastically reduc-
ing microplastic release into the environment45, it is 
expected that biodegradable PHA granules would 
soon replace primary fossil microplastics in many 
more technological applications.


Other “Type I Bioplastics” such as PLA, PBS, 
and PBAT, form bioplastics that are recalcitrant and 
persistent; however, their lifetime as microplastics 
is generally accepted to be shorter than the non-bio-
degradable fossil plastics. Large pieces of items 
produced from these “bioplastics” would disinte-
grate into smaller particles forming microplastics 
and microparticles from these “bioplastics” (“bio-
microplastics”) and would persist in nature. Their 
persistence as “biomicroplastics” is being studied, 
and the academic and the industrial communities 
need to overcome present rudimentary and incom-
plete data situation on the formation rate of micro-
plastics, their degradation rate, sorption behavior, 
and eventual detrimental effects. This will remain a 
central field of research in the near future, especial-
ly by the manufacturers of these materials, primari-
ly due to the aforementioned European legislation46. 
Present knowledge in this field, although undevel-
oped and mostly publicized by the manufacturers, 
indicates that microplastics created by materials 
such as PLA, PBS, PBAT would biodegrade sooner 
than fossil plastics and their microplastics.


Definition and examples of biodegradable 
materials from nature


Prior to continuing this discussion on “biode-
gradable materials”, it is worthwhile to mention its 
definition and some related points. Per definitio-
nem, “biodegradable materials” are a class of mate-
rial, which can be degraded by the action of living 
systems like bacteria, fungi, animals, etc., or by iso-
lated enzymes stemming from these organisms. Hy-
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drolytic enzymes, be they in living cells or in isolat-
ed form (free or immobilized enzymes) are key for 
biodegradation of biopolymers, and biodegradable 
materials are the only ones that are defined as bio-
polymers. Important examples for such hydrolytic 
enzymes are hydrolases, recognizable by a four-dig-
it enzyme commission (E.C.) number beginning 
with 3. Key representatives for hydrolases running 
biodegradation of polymers are presented and dis-
cussed in Table 1.


In the biodegradation of PHA, esterases play a 
key role. Among esterases breaking down PHA 
(“PHA depolymerases”), we need to differentiate 
between intracellular and extracellular PHA depoly-
merases. Intracellular depolymerases (i-PhaZ, E.C. 
3.1.1.7x), on the one hand, serve the organisms ac-
cumulating PHA as storage material to re-utilize the 
stored PHA as a carbon and energy source during 
periods of starvation. On the other hand, extracellu-
lar PHA depolymerases (e-PhaZ) are those enzymes 
excreted my microflora (both prokaryotes and eu-
karyotes) to convert PHA that is released by 
PHA-accumulating microbes after cell lysis and 
spent PHA items into accessible substrates (Fig. 1). 
Hence, e-PhaZ are the enzymes accomplishing bio-
degradation of PHA materials in diverse environ-
ments! Typically, such e-PHAZ are less specific 
than i-PHAZ, and are able to hydrolyze the ester 
bonds in different polymers, such as in PLA54. Nota 
bene: There are no enzymes like intracellular PLA 
depolymerases; PLA is not produced as intracellular 
product by natural organism, hence, there was no 
need for Nature to develop such enzymes. This also 


makes it clear why PLA is not a “biopolyester” sen-
su stricto: Only the monomer, lactic acid, is pro-
duced biologically, while its polymerization to PLA 
occurs chemically in the presence of expensive and 
often toxic catalysts. In addition, highly crystalline 
PLA shows slow biodegradation, which is catalyzed 
by unspecific esterases55. Indeed, PLA should really 
be regarded as xenobiotic rather than a biopolymer; 
it simply does not exist as a natural material. This 
contrasts with PHA, which is a biopolymer and a 
biopolyester, whose entire life cycle is biological: 
based on renewable raw materials, intracellular bio-
synthesis of both the monomers (hydroxy acids) 
and the polymers (PHA), and is biodegradable and 
compostable. Moreover, PHA is known as biocom-
patible, which means that it exerts no harmful ef-
fects on the environment and living organisms, 
while PLA, e.g., when applied in vivo as implant 
material, is reported to cause inflammatory reac-
tions by the generation of highly acidic degradation 
products (lactic acid)56. In addition to polyester de-
polymerases, lipases (E.C. 3.1.1.x) are also an im-
portant class of esterases, pivotal for digestion of 
fats and oils. Different from other esterases, lipases 
are focused on lipophilic substrates like triacyl-
glycerides57. Among the class of esterases, there are 
also enzymes able to hydrolyze PET, such as PETase 
(E.C. 3.1.1.101) isolated in 2016 from Ideonella 
sakaiensis, a bacterium that has adapted over the 
past half century to thrive on PET as the sole carbon 
source. However, large-scale application of such en-
zymes for PET biodegradation requires additional de-
velopment due to their very low catalytic activity58.


Ta b l e  1 	–	Hydrolases responsible for biodegradation of diverse polymers


Glycosidases
(polysaccharases; 
E.C. 3.2.x.x)


Glycosidases are cofactor-independent enzymes, which catalyze the hydrolytic conversion of polysaccharides to 
mono-, di-, and oligomeric sugars.
Important examples from nature are cellulases (E.C. 3.2.1.4, E.C. 3.2.1.21, and E.C. 3.2.1.91), which hydrolyze 
the β-1,4-glycosidic bonds in cellulose, the most frequently occurring polymer on Earth, which is essential as cell 
wall material of plants.
Amylases, especially E.C. 3.2.1.1 (α-amylase) and E.C. 3.2.1.2 (β-amylase), are well known as enzymes that 
hydrolyze starch47; we become aware of the result of the action of amylases when chewing old bakery products: 
They will become sweet in our mouth due to sugar formation!
As another hydrolase, chitinase (E.C. 3.2.1.14) breaks down the glycosidic bonds in chitin, an important component 
of the cell walls of fungi and exoskeletal elements of many animals like mollusks or arthropods48. Chitin, the 
second most abundant natural polysaccharide, in turn is also an important raw material to manufacture 
biodegradable biopolymer films, and, together with its deacetylation product chitosan, is used to size and strengthen 
paper49.
Finally, pectinase (E.C. 3.2.1.15) should be mentioned as the enzyme hydrolyzing the 1,4-α-d-galactosiduronic 
bonds in pectin, an important structural polymer in the non-woody parts of plants; its hydrolysis by pectinase 
makes fruits to become mushy during ripening. Technologically, pectin is widely used, mainly in the food sector 
as a gelling and thickening agent, particularly in jams and jellies, and as dietary fiber50.


Proteases
(polyamidases;  
E.C. 3.4.x.x)


This group of hydrolases (“proteolytic enzymes”) hydrolyses peptide bonds, such as those linking amino acids in 
proteins. In the contexts of “bioplastics”, they hydrolyze polymeric films made of gelatine51 or processed whey 
retentate proteins52.


Esterases
(E.C. 3.2.x.x)


Esterases are an essential group of hydrolases when it comes to biodegradation of biopolyesters like PHA or poly 
(lactic acid) (PLA); these enzymes catalyze the conversion of biopolyesters into hydroxycarboxylic acids53.
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The degradation products generated by the bio-
catalytic action of listed hydrolases in turn undergo 
conversion by diverse organisms using well-known 
catabolic pathways, such as the glycolysis pathway 
(Emden-Meyerhoff-Parnas pathway, fructose-1,6-bi-
sphosphate pathway), or the 2-keto-3-desoxy-6-phos-
phogluconate (KDPG) pathway (Ender-Doudoroff 
pathway) to generate pyruvate, which finally under-
goes decarboxylation to yield acetyl-CoA. Ace-
tyl-CoA, in turn, is the central compound in the me-
tabolism of organisms. PHA hydrolysis produces 
oligomers of hydroxyalkanoates, which are further 
depolymerized by oligomer hydrolases generating 
hydroxyalkanoic acid monomers. These are then 
converted to acetyl-CoA by the microorganisms59.


In aerobic processes, acetyl-CoA undergoes 
conversion in the tricarboxylic acid cycle, where it 
is oxidized to CO2, and reduction equivalents and 
energy are generated, beside electrons (bound to co-
enzymes), which react with molecular oxygen as 
the terminal electron acceptor in the respiratory 
chain. Biodegradation through this metabolic se-
quence is exactly what happens in PHA-producing 
microbes during cultivation in a nutritionally bal-
anced medium. The degradation products of PHA 
biopolymers (sugars, amino acids, or hydroxy acids 
in the case of spent PHA as substrate) are converted 
by the cells as substrate for biomass and energy for-
mation60.


The situation fundamentally changes when 
such PHA-producing organisms are exerted to envi-
ronmental stress conditions, such as a deprivation 
of nitrogen or phosphate source, or low oxygen ten-
sion. Under such conditions, the tricarboxylic acid 
is blocked for acetyl-CoA, but PHA-accumulating 
organisms have an exit strategy to convert this in-
termediate compound: By the anabolic PHA en-
zyme toolbox, acetyl-CoA undergoes a condensa-
tion reaction to acetoacetyl-CoA (catalyzed by 
3-ketothiolase, previously known as β-ketothiolase; 
E.C. 2.3.1.9)61, which is reduced to 3-(R)-hydroxy-
butyryl-CoA (catalyzed by the NADH-preferring 
acetoacetyl-CoA reductase; E.C. 1.1.1.36)62, serving 
as substrate for the enzyme PHA synthase (E.C. 
2.3.1.304), which catalyzes the formation of the 
PHA homopolyester poly(3-(R)-hydroxybutyrate) 
(P(3HB))63. The metabolic rationale behind this 
PHA biosynthesis is the fact that redox equivalents 
(NAD+) need to be regenerated (hence, NADH 
needs to be oxidized) even under conditions of the 
TCC being inactive. NAD+ regeneration in turn is 
needed to warrant further oxidative substrate break-
down, which is dependent on availability of redox 
equivalents in oxidized form (NAD+). The “pseudo-
fermentation” reaction from acetoacetyl-CoA to 
3-(R)-hydroxybutyryl-CoA, which converts NADH, 
provides a tool for NAD+ regeneration59. Now, PHA 


is accumulated as intracellular inclusion bodies 
(“PHA granules”, also called “carbonosomes”)64, 
which act as carbon- and electron sinks, serving the 
cells as storage for energy and carbon, and as pro-
tectant against various stressors (UV-exposure, 
hypo- and hypertonic stress, desiccation, heat, oxi-
dation, heavy metal exposure, etc.), in addition to 
other metabolic and biological roles65. These “bio-
polymeric organelles” consist of a hydrophobic 
PHA core, surrounded by a hydrophilic layer made 
of enzymes involved in generation (PHA synthas-
es), degradation (PHA depolymerases) and intracel-
lular organization (phasins) of PHA64.


Intracellularly, storage PHA is degraded (“mo-
bilized”) by previously discussed i-PhaZ depoly-
merases under conditions favoring intracellular 
PHA degradation (low energy charge of cells, typi-
cally under conditions of exogenous carbon limita-
tion); hence, microbial cells harboring PHA have a 
survival advantage under conditions of starvation 
compared to PHA-negative cells. When present as 
extracellular PHA, such as in form of a spent PHA 
bioplastic item, e-PhaZ depolymerases degrade the 
material to accessible carbon sources (hydroxy ac-
ids), also for PHA accumulating strains, and the cy-
cle of PHA biosynthesis and breakdown starts de 
novo54.


Fig. 1 provides a visualization of the previous-
ly discussed circularity of PHA in nature.


Biodegradation in the modern world – compost 
to recover carbon present in PHA biopolyester 
– biogas and organic fertilizer


“Biodegradable” is frequently connected to en-
vironmentally friendly products, capable of decom-
posing back into those natural elements from which 
they were once produced. Therefore, by reasonably 
modifying and controlling (bio)degradation, biode-
gradable materials can play a key role in reducing 
ecological pollution66,67. Sustainable production of 
materials, like PHA that has such end-of-life op-
tions, easily comply with current policies and ac-
tions set by the European circular economy strategy 
and the 17 United Nation’s Sustainable Develop-
ment Goals (SDGs), which are elucidated later in 
this discussion.


However, it is important to emphasize that the 
property “biodegradability” is not identical to “com-
postability”, although these two expressions are fre-
quently used interchangeably. Both properties are 
defined in norms that form the basis for a commer-
cialized polymeric material to reach established cer-
tifications. In Europe, such certification processes 
are regulated at the national level in cooperation 
with the European Bioplastics Industry Association. 
As a prime example, the European norm EN 13432, 
the standard norm to assess a “bioplastic” on a ho-
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listic basis, addresses both biodegradability and 
compostability of packaging materials made of 
polymers. According to norm EN 13432, a “biode-
gradable” material has 90 % of its carbon metabo-
lized under standardized conditions of humidity, 
temperature, and pH-value within 180 days. A 
“compostable” material, in turn, disintegrates with-
in 180 days of composting into leftovers passing 
through a sieve of 2 mm pore size by at least 90 %. 
At that point, it should be stressed that all commer-
cialized PHA biopolyesters meet the requirements 
for both “biodegradability” and “compostability” 
according to norm EN 1343267.


Composting, also known as “rotting”, describes 
a process of the natural nutrient cycle where organ-
ic materials (often containing high-molecular bio-
polymers) are aerobically disintegrated by hetero-
trophic soil organisms (bacteria, archaea, protozoa, 
fungi, etc.). In addition to CO2, water-soluble min-
erals are also released from composting of organic 
materials, such as nitrates, ammonium salts, phos-
phates, potassium, and magnesium compounds, 
which act as precious biological fertilizers. More-
over, finished compost can be used in multiple oth-
er ways, such as for mulch, amending soil, and 


compost tea. Some of the intermediate products 
generated during this degradation process are con-
verted into humus, which, in the scientific field of 
pedology, refers to all of the finely decomposed or-
ganic matter present in a soil sample67.


When discussing “compostability”, one needs 
to distinguish between “industrial composting” and 
“home composting”. In this context, norm EN 
13432 refers explicitly and exclusively to the com-
posting process in industrial composting facilities 
(“industrial” or “technical composting”). Here, con-
version of biogenic materials to compost occurs by 
the controlled, aerobic, exothermic (with a thermo-
philic phase >55 °C) biological degradation and 
conversion. Such industrially compostable materials 
can undergo separate organic waste collection; sub-
sequently, they can be converted in industrial com-
posting facilities, or, alternatively in anaerobic di-
gestion plants into the green energy carrier biogas 
and organic fertilizer or humus or compost. Howev-
er, many materials disposed of in industrial com-
posters and anaerobic digestors are not “home com-
postable”, hence, they should not be disposed in the 
private compost heap in the garden, where the pro-
cess is not controlled, and is determined by the giv-


F i g .  1 	–	 Circularity of PHA biopolyesters. (a): Photosynthetic fixation of CO2 by green plants; (b): Formation of carbonaceous 
feedstocks (e.g., carbohydrates) by green plants based on photosynthetic fixation of CO2; (c): Feedstock (substrates) are metabolized 
by PHA-producing microbes; (d): Intracellular accumulation of PHA granules by microbes based on consumed substrates; (e): Re-
lease of PHA granules into the environment after cell death; (f): Technological downstream processing for recovery of PHA from cell 
biomass, followed by processing of recovered PHA to vendible bioplastic items, and disposal of PHA-based items after use; (g): End-
of-life fate of disposed PHA-based items by aerobic biodegradation via composting (generates CO2) or anaerobic fermentation to CO2 
plus CH4 in biogas plants; (h): CO2 generated during these processes is again photosynthetically fixed by green plants: The cycle is 
closed! (i): Some type II methanotrophic microbes can directly metabolize CH4 stemming from anaerobic PHA digestion to PHA; (j): 
Several autotrophic microbes like various cyanobacteria directly convert CO2 stemming from PHA digestion to PHA.
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en environmental and weather conditions. Such 
“home composting” can be understood as upgrad-
ing household waste to produce compost at home. 
This process can be practiced at home with various 
environmental advantages, such as increasing soil 
fertility, reducing landfills, minimizing CH4 contri-
bution to the environment, and limiting food waste. 
Incidentally, PHA biopolymers are also home com-
postable, and as such, home composting of spent 
PHA items like packaging materials also reduces 
the amount of packaging in domestic waste67.


Standards for the measurement of 
biodegradability and compostability of 
materials


Until 2020, no EU-wide standard for “home 
composting” was available, until the norm prEN 
17427 (“Packaging – Requirements and test scheme 
for carrier bags suitable for treatment in well man-
aged household composting plants”) was estab-
lished. It refers to the end-of-life fate of plastic 
bags. Prior to the establishment of the EU-wide 
norm, several standards and corresponding certifi-
cates regulated home compostability of bioplastics 
on national levels, mainly based on EN 13432. For 
example, a home compostability certification 
scheme is offered by the certifier Vinçotte. Based 
on Vinçotte´s certification protocol, TÜV Austria 
offers the label “Ok compost HOME” for home 
compostable packaging, in addition to the label 
“OK biodegradable”; hence, two different certifica-
tions make a bioplastic material both “biodegrad-
able” and “home compostable”. It is important to 
note that TÜV Austria´s “Ok compost HOME” cer-
tification must not be considered as a specific stan-
dard; it rather constitutes a list of all the technical 
demands made to a packaging material required to 
obtain this certification; it constitutes the basis of 
subsequent “home compostability” standards estab-
lished in other countries. As an example, the Aus-
tralian standard AS 5810 (“Biodegradable plastics 
– Biodegradable plastics that are suitable for home 
composting”) from 2010 is also based on TÜV Aus-
tria´s “Ok compost HOME”, while DIN CERTCO, 
in turn, provides a “home compostability” certifica-
tion based on AS 5810. Italy has the standard UNI 
11183:2006, which is another national standard for 
“composting at ambient temperature”, In 2015, the 
French Standard “NF T 51-800 Plastics – Specifica-
tions for plastics suitable for home composting” 
was introduced, which is also part of the DIN 
CERTCO certification scheme67.


Hence, several standards exist to inform wheth-
er a material is biodegradable and/or compostable 
under different conditions (aerobic/anaerobic, in-
dustrial/home, etc.). Those international standards 
prescribe the test schemes that need to be applied in 


order to evaluate and determine the compostability 
and biodegradability of PHA, cellulose- or starch-
based plastic-like materials. In general, those stan-
dards comprise the requirements to test parameters 
regarding the characterization of the material (e.g., 
chemical composition like the assessment of heavy 
metal levels), its disintegration ability, its aerobic 
biodegradation into CO2, biomass and water within 
a defined period (typically six months), anaerobic 
digestion for CH4 and CO2 formation, and ecotoxic-
ity tests. Bioplastics certified according to EN 
13432 can be recognized by conformity marks such 
as the “Seedling”, “OK compost”, or “DIN ge-
prüft”. Standards and specifications have been de-
veloped by several authorities, such as the Europe-
an Committee for Standardization (EN), the 
American Society for Testing and Material (ASTM), 
the International Organization for Standardization 
(ISO), or the British Standard Institution (BSI)67.


In this context, biodegradability and composta-
bility of PHA biopolyesters have been scrutinized 
under diverse environments and test conditions, i.e., 
soil, water, marine, as well as industrial and home 
composting. PHA-producing companies have tested 
their PHA products according to corresponding 
standards by certain certification organizations in 
order to verify the claims of biodegradability and 
compostability of each product, and to obtain the 
respective logos and labels.36


Comparing biodegradability and compostability 
of PHA and cellulose


Cellulose makes up nearly 50 % of the biomass 
synthesized on Earth by photosynthetic CO2 fixa-
tion. Wood fibers and cotton are the most common 
cellulose sources. It makes up for about 90 % of 
cotton fibers and about 45 % of typical wood fi-
bers68. Most cellulolytic, hence, cellulose-biode-
grading, microbes belong to bacteria and fungi; in 
addition, some slime molds and anaerobic protozoa 
also have been reported to decompose cellulose. In 
cellulosic waste, such cellulolytic organisms often 
establish synergism with non-cellulolytic species; 
interaction between such different organisms finally 
results in complete degradation of cellulose, releas-
ing CO2 and water under aerobic conditions, and 
CO2, CH4 and water under anaerobic conditions69. 
Therefore, it is important to compare the biodegrad-
ability and compostability of PHA with cellulose.


Composting of cellulosic leftovers is consid-
ered an effective strategy to manage such waste 
streams, in order to make them harmless and to tap 
their carbon content. Microbes capable of cellulose 
degradation have a well-equipped toolbox of differ-
ent synergistically functioning enzymes of different 
specificities. Cellulases (E.C. 3.2.1.4 and E.C. 
3.2.91) hydrolyze the β-1,4-glycosidic bonds of cel-
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lulose. Endoglucanases (endo-1,4-β-glucanases, 
EGs, E.C. 3.2.1.4) catalyze endohydrolysis of 
bonds, predominantly in amorphous regions of cel-
lulose, and form new terminal ends, where cellobio-
hydrolases (exo-1,4-β-glucanases, CBHs; E.C. 
3.2.91) take action, which hydrolyze only from the 
non-reducing chain ends. Both types of enzymes 
can act on amorphous cellulose, while crystalline 
cellulose is efficiently degraded only by CBH en-
zymes. For both types of enzymes, cellobiose mol-
ecules, hence, 1,4-β-glycosidically linked glucose 
dimers, are released. Cellobiose, in turn, is hydro-
lyzed by β-glucosidases (E.C. 3.2.1.21) into two 
glucose monomers. Such products of cellulose 
breakdown act as carbon and energy sources for 
both cellulolytic and non-cellulolytic organisms in 
environments where cellulose degradation occurs70. 
This generation of sugars from cellulose catabolism 
can be considered the basis of microbial interac-
tions taking place in such environments71. For cor-
rect functioning, EG enzymes, CBH enzymes, and 
β-glycosidases need to be in a stable form in the 
exocellular environment; often, these enzymes form 
a ternary complex with cellulose. Best-studied cel-
lulase systems are those of the mesophilic fungi 
Trichoderma reesei and Phanerochaete chrysospo-
rium (reviewed by72), while species from the genera 
Cellulomonas, Pseudomonas, and Streptomyces are 
the best-studied aerobic cellulolytic bacteria73.


Noteworthy, around 5–10 % of natural cellu-
lose is degraded under anaerobic conditions. The 
enzymatic system of anaerobic cellulose degraders 
evidently differs from the system described for aer-
obic fungi and bacteria. Clostridium thermocellum, 
an obligate anaerobic Gram-positive, spore-forming 
bacterium constitutes the best-characterized species 
among these organisms72.


For anaerobic cellulose breakdown, involved 
enzymes are organized into large functional entities, 
so-called “cellulosomes”, which are attached to the 
cell surface. This organization in “cellulosome” ori-
ents enzymes, especially their biocatalytic regions, 
in a way promoting maximum synergism among 
catalytic units. Due to the attachment of “cellulo-
somes” at the interface between the cell and the 
substrate (cellulose), which is water-insoluble, their 
hydrolysis products (such as cellobiose) enter the 
interior of bacteria via extended proteinaceous fi-
bers, which exist between the cell and cellulose. It 
is noteworthy that these microbes need elevated 
temperatures for growth and cellulose biodegrada-
tion, which explains why the anaerobic cellulolytic 
processes play a minor role in natural cellulose bio-
degradation.


Several cellulolytic anaerobic organisms have 
been isolated from typical anaerobic habitats, such 
as compost, sewage sludge, soil, sediments, and an-


aerobic digestors. Other well-described anaerobic 
cellulolytic microbes encompass rumen bacteria, 
fungi, and protozoa72.


Park et al. investigated biodegradability of di-
verse cellulose products (linen, cotton, rayon, and 
cellulose acetate) by different methods, such as ac-
tivated sewage sludge test (according to ASTM D 
5209-92; CO2 evolvement measured during 24 
days), soil burial test (according to AATCC Soil 
Burial Method 30-1993; 28 days in natural soil), 
and enzymatic (cellulase) hydrolysis. Appearance 
of samples was studied microscopically with the 
progress of degradation time. In addition, the chang-
es of internal structure were analyzed from X-ray 
diffraction patterns. It turned out that the rate of 
biodegradability in activated sewage sludge-, soil 
burial-, and enzyme hydrolysis tests was highest in 
rayon, which was followed by cotton and cellulose 
acetate, while linen showed varying behavior: It 
showed best biodegradability in the soil burial test, 
while it exhibited lower biodegradability than rayon 
and cotton in other tests. In sewage sludge tests, 
about 27 % of rayon was degraded after 24 days, 
which was more than for cotton (about 21 %), linen 
(18 %), and cellulose acetate (10 %). Remarkably, 
cotton, despite its high hydrophilicity, showed low-
er biodegradability than rayon because of linen´s 
higher crystallinity.


From the correlation analysis between the 
properties of cellulose fibers and the biodegradabil-
ity, moisture regains, and biodegradability were 
represented to be most closely correlated74.


To conclude, it can be stated that, although 
mechanistically diverse and catalyzed by different 
enzymatic machineries, biodegradation of cellulose 
and PHA, respectively, results in the same final 
products, and occurs within reasonable periods in 
both cases. Fig. 2 compares the degradation path-
ways for PHA and cellulose, both under anaerobic 
and anaerobic conditions.


PHA’s place in the world of biodegradability 
and compostability


PHA, according to the discussed norms and 
certificates, comply with the norms for biodegrad-
ability in soil, fresh and sea water, industrial com-
postability, home compostability, and anaerobic di-
gestion. This is confirmed by the strict certification 
processes to which many commercially available 
types of PHA were subjected38. However, not all 
types of PHA are prone to biodegradation to the 
same extent; there are several factors impacting bio-
degradability of PHA, such as:


–  Environmental conditions (temperature, hu-
midity, pH-value, and availability of diverse macro- 
and micro-nutrients, inter alia oxygen, for the de-
grading microflora)75–80,
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–  The composition of the biopolyester on the 
monomeric level (PHA homopolyesters with highly 
structured crystal lattice like P(3HB) typically de-
grade slower than copolyesters)76,81–85,


–  PHA´s degree of crystallinity (Xc; the higher 
the crystallinity, the slower the degradation rate; 
P(3HB) homopolyester, a rather crystalline materi-
al, reveals slower biodegradation than other mem-
bers of the PHA biopolyester family with more 
amorphous regions)81–86,


–  Molar mass (PHA polymers with lower mo-
lar mass typically are more prone towards biodegra-
dation than those with higher molar mass)87,


–  Stereo-regularity of the PHA biopolyester88,
–  PHA surface area89.
Even the highly crystalline P(3HB) homopoly-


ester is biodegradable and compostable. According 
to the German company Biomer, a globally leading 
P(3HB) producer, P(3HB) is “fully biodegradable” 
and compostable89. In terms of biodegradability, in-
dustrial P(3HB) homopolyester from Imperial 
Chemical Industries (ICI), UK, even outperformed 
Novamont´s TPS-based composite material Ma-
ter-Bi®, and SK Chemical´s (Republic of Korea) 
chemosynthetic biodegradable polymer SkyGreen®, 
a material consisting of succinic acid, adipic acid, 
butanediol, and ethane-1,2-diol, most of these com-
pounds being of fossil origin. At different tempera-


tures (28, 37, and 60 °C), biodegradability of these 
materials was studied by burying thin sheets made 
of these materials in forest soil, sandy soil, activat-
ed sludge soil, and in farm soil. P(3HB) showed al-
most 100 % degradation (average mass loss of five 
parallel samples: 98.9 %) in activated sludge soil at 
37 °C after only 25 days, while degradation in farm 
soil (68.8 % mass loss after 25 days), sandy soil  
(10 % mass loss), and forest soil (7 % mass loss) 
was considerably slower, again showing the high 
impact of the environment and microflora on PHA 
biodegradability. Importantly, no complete degrada-
tion was achieved for TPS (72.1 % degradation in 
activated sludge after 25 days at 60 °C as highest 
degradability), and SkyGreen® TPS (max. 69.1 % 
degradation in activated sludge after 25 days at  
60 °C) at any condition75!


Choi et al. demonstrated the high impact of the 
degree of crystallinity and composition on biodeg-
radation of extracellular PHA, namely, the bacterial 
copolyester poly(3-hydroxybutyrate-co-3-hydroxy-
valerate) (P(3HB-co-3HV)) with different 3HV 
fractions; the renewable resources glucose (main 
carbon source) and the 3HV-precursor levulinic 
acid were used as feedstocks. The higher the 3HV 
fractions in P(3HB-co-3HV) copolyesters, the low-
er the biopolyesters´ crystallinity, which in turn re-
sulted in faster extracellular degradation in tests 
with fungal e-PhaZ enzyme solution. Importantly, 


F i g .  2 	–	 Comparison of biodegradation of PHA and cellulose under aerobic (industrial and home composting) and anaerobic (bio-
gas plant) conditions
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when carrying out these biodegradability tests with-
out enzyme addition, the biopolyester samples were 
not degraded at all, which demonstrated the need 
for the appropriate microflora with the right enzy-
matic machinery for PHA degradation81. This 
matches findings by Kumagai et al., who also 
demonstrated that P(3HB) homopolyester degrad-
ability is highly dependent on the degree of crystal-
linity. Incubation studies with extracellular bacterial 
depolymerase revealed faster degradation for PHA 
samples of lower crystallinity; importantly, during 
degradation, molar masses remained mostly stable, 
indicating that the attack by depolymerases first hit 
those P(3HB) chains in a polymer sample present in 
an amorphous state on the surface of the polymer 
specimen. Only after that, P(3HB) chains in the 
crystalline regions were depolymerized86. Hence, 
PHA depolymerization occurs in two main steps: 
first, adsorption of the PHA depolymerase´s binding 
domain onto the PHA surface takes place, while in 
the second step, hydrolysis of biopolyester chains 
by the catalytic domain of the enzyme occurs. Poly-
mer chain scission is initiated by endo-scissions, 
which occur randomly throughout the polyester 
chain, followed by exo-scissions from the ends of 
the polyester chain91.


In 1989, Kunioka et al. noticed that P(3HB-co-
4HB) film samples with 0 to 37 mol-% 4HB dis-
played faster biodegradation in soil and activated 
sludge at lower crystallinity, caused by higher 
shares of 4HB units82. Later, P(3HB-co-4HB) films 
(0, 6, 10, 28, 85, and 94 % 4HB) were subjected 
towards degradation by extracellular PHA depoly-
merase at 37 °C and pH-value 7.5. Also here, the 
rate of biodegradation strongly increased with in-
creasing 4HB fraction, which correlated well with 
decreasing crystallinity. However, samples with 
very high 4HB content (85 % and 94 %) degraded 
considerably slower than P(3HB) due to the hard 
susceptibility of the depolymerase enzyme to the 
4HB moieties83. Only very recently, Vodicka et al. 
demonstrated that P(3HB-co-4HB) copolyesters 
with different 4HB fractions, obtained from cultiva-
tion of the thermophilic bacterium Aneurinibacillus 
sp. H1, had degraded faster in simulated body fluids 
(artificial gastric juice, simulated colonic fluid) than 
P(3HB) homopolyester. Importantly, degradation 
mechanisms differed between studied biopolyesters. 
While incubated in artificial gastric juice, samples 
were disintegrated due to fast hydrolysis caused by 
the low pH-value; here, degradation was caused by 
abiotic factors. Incubation in simulated colonic flu-
id, in contrast, resulted in biodegradation by enzy-
matic hydrolysis. These outcomes are pivotal for 
selection of PHA of defined composition for special 
in vivo applications76.


In 1992, Luzier showed that standardized injec-
tion-molten specimens of ICI´s BIOPOL® P(3HB-
co-3HV) products were completely degraded in 
seawater after 350 weeks; in anaerobic sewage, 
only 6 weeks were needed for complete degradation 
of such P(3HB-co-3HV) specimens. Complete deg-
radation of these materials in estuarine sediments, 
aerobic sewage, and soil occurred within periods 
between 6 and 350 weeks. Again, without the pres-
ence of microflora, such as in humid or dry air, no 
degradation was observed, which is analogous to 
aforementioned findings for P(3HB) homopolyes-
ter. PHA biodegradation needs the appropriate sur-
rounding!77 In 2004, Rosa et al. studied biodegrada-
tion of P(3HB) (Xc: 72 %), and P(3HB-co-3HV) 
(Xc: 50 % crystallinity), obtained from the Brazilian 
company PHB Industrial Brasil SA (PHB/ISA), 
during about 10 months by mass loss of PHA sam-
ples. In soil composting medium at 46 °C and at 24 
°C, as well as in a soil simulator containing inter 
alia manure, both types of PHA showed similar bio-
degradation rates78. In marine environment, Doi et 
al. studied degradability of P(3HB), P(3HB-co-
3HV), and P(3HB-co-4HB) films during one year. 
Also here, it was shown that all polymers were de-
graded via surface erosion. Moreover, the tempera-
ture of seawater was more important for the rate of 
surface erosion than PHA´s composition79. In this 
context, GreenBio´s P(3HB-co-4HB) grade “So-
green-00X” is “completely degraded into CO2 and 
water at the environment of soil, rivers, sewage, 
and marine water in 3~6 months” according to 
manufacturer information80.


A detailed comparison of the biodegradability 
of thin solvent-casted films of P(3HB), P(3HB-co-3 
%-3HV), P(3HB-co-20 %-3HV), P(3HB-co-40 
%-3HV), and P(3HB-co-4HB), all of them manu-
factured by Ningbo TianAn Biomaterials Co. Ltd., 
PR China, was accomplished according to ISO 
14855-1 under controlled composting conditions at 
58 °C. This test method is based on the measure-
ment of evolved CO2 during biodegradation, with 
cellulose acting as biodegradable reference materi-
al. Already after five days, all tested PHA samples 
and the cellulose standard started to decompose. 
The order of biodegradability was P(3HB-co-4HB) 
≈ P(3HB-co-40 %-3HV) > P(3HB-co-20 %-3HV) > 
P(3HB-co-3 %-3HV) > P(3HB), which correlated 
well with the lower degree of crystallinity of copo-
lyesters with higher comonomer fraction. After 110 
days of testing, the final degrees of biodegradation 
amounted to 90.5 %, 89.3 %, 80.2 %, 90.3 %, and 
79.7 %, and 83.1 % for P(3HB-co-40 %-3HV), 
P(3HB-co-20 %-3HV), P(3HB-co-3 %-3HV), 
P(3HB-co-4HB), P(3HB), and cellulose. In the 
broad context of PHA biodegradability and com-
postability, this is an important outcome; it shows 
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that biodegradability of most tested PHA copolyes-
ters even outperformed cellulose, a well-known bi-
ological, biodegradable material, and biodegrada-
tion of the more crystalline P(3HB-co-3 %-3HV) 
and P(3HB) was almost as complete as for cellulose 
under the same conditions84.


Moreover, PHBH®, a poly (3-hydroxybutyr-
ate-co-3-hydroxyhexanoate) (P(3HB-co-3HHx)) 
copolyester, developed and commercialized by the 
company Kaneka, is “certified to biodegrade in sea-
water” and received the label “OK Biodegradable 
MARINE”, “OK Compost Industrial”, “OK Com-
post Home”, “OK Biodegradable Soil”, and “OK 
Biobased” by TÜV Austria, and the “Compostable” 
certification from the Biodegradable products Insti-
tute of the U.S. Composting Council92. According to 
information provided on Kaneka´s internet page, 
“PHBH® was faster degraded under marine condi-
tions than PCL, PBSA (note: poly (butylene succi-
nate-co-butylene adipate)), PBAT, PBS, and PLA 
(not degraded in seawater at all after 28 days)”. 
About 23 % of the material was completely van-
ished in marine environment after only 28 days. Im-
portantly, PHBH® shows even better aerobic bio-
degradability in compost than cellulose, a 
well-known biodegradable material, according to 
ISO 14855 tests, and almost identical anaerobic 
biodegradation in aqueous phase according to ISO 
14853 than cellulose92. Similar properties are re-
ported for Solon® P(3HB-co-3HHx), manufactured 
by the U.S.-based company RWDC Industries from 
waste cooking oil. This product is certified for “OK 
biodegradable SOIL”, “OK biodegradable MA-
RINE”, “OK biodegradable WATER”, “OK com-
post HOME”, “OK compost”, and “OK biobased”93. 
The same goes for the P(3HB-co-3HHx) biopolyes-
ters made by Danimer Scientific, and commercial-
ized under the trade mark NodaxTM. They are certi-
fied with “OK biobased”, “OK biodegradable 
SOIL”, marine biodegradable according to ASTM 
D6691, “OK compost HOME”, “OK compost”, and 
U.S. Food and Drug Administration (FDA) ap-
proved for food contact94. Wang et al. directly com-
pared biodegradability of P(3HB) homopolyester 
and P(3HB-co-12 %-3HHx) copolyester. While 40 
% of the copolyester was degraded within only 18 
days, no more than 20 % of the higher crystalline 
homopolyester degraded in parallel setups under the 
same conditions85.


Since 2008, the P(3HB-co-3HV) product EN-
MAT Y1000P, produced by TianAn Biologic Mate-
rials, PR China, is certified as “compostable” by the 
US-Biodegradable Products Institute (BPI); more-
over, it is listed as Food Contact Material (“FCM”) 
substance No. 744 in Table 1 of Annex I of the Plas-
tics Regulation of the EU, and, since 2008, it com-
plies with EU REACH (Registration, Evaluation, 


Authorisation and Restriction of Chemicals). In 
2022, TianAn ENMAT biopolyesters received “OK 
compost HOME” and “OK biodegradable MARINE” 
certification according to TÜV Austria95. Shenzhen 
Ecomann´s Ambio® P(3HB-co-4HB) products are 
TÜV Austria-certified for “industrial and home 
composting”, and also FDA-approved96. In addition, 
P(3HB-co-3HV)´s excellent biocompatibility was 
only recently verified by Mohandas et al., who as-
sessed attachment behavior, viability, and prolifera-
tion of fibroblast cells on microbial P(3HB-co-
3HV) films; high compatibility of cells with 
P(3HB-co-3HV) films was shown, in addition to 
excellent blood compatibility as revealed by hemo-
lysis-, in vitro platelet adhesion-, and coagulation 
assays97.


The same biodegradability was ascertained for 
Danimer Scientific´s Nodax® P(3HB-co-3HHx), 
which is certificated, besides its “biobased” nature 
(ASTM D6866) regarding its anaerobic and aerobic 
degradability in soil (TÜV Austria, ASTM D5988), 
freshwater (TÜV Austria, ASTM D5271, EN 
29408), and marine water (TÜV Austria, ASTM 
D6691), and its suitability for industrial (TÜV 
Austria, ASTM D6400, EN 13432), and home com-
posting (TÜV Austria, ASTM D6400, EN 13432)98.


In 2014, Meredian Inc. (joint later Danimer 
Scientific) received a Food and Substance Contact 
Notification approval from FDA, certifying that 
their P(3HB-co-3HHx) biopolyesters are “safe to 
use for food contact” and can be classified as 
“non-hazardous waste” after disposal99.


In contrast to microbial PHA, PLA biodegrades 
in industrial composting facilities at elevated tem-
perature, while it does not biodegrade under 
home-composting conditions. This high recalci-
trance of PLA was demonstrated a long time ago100, 
and was substantiated more recently by direct com-
parison of PLA and other biopolymers like Kaneka´s 
copolyester PHBH®; in contrast to PHBH®, PLA 
was not degraded at all under these ISO 14853 (an-
aerobic biodegradation in aqueous phase) and ISO 
14855 (aerobic biodegradation in compost) test 
conditions during a 28-days test span101. However, 
in the public perception, PLA is probably still the 
prototype “bioplastic”. PHA biopolyesters should 
take this role at earliest convenience!102


Table 2 provides an overview of described 
norms and standards applicable for PHA biopolyes-
ters.


Reaching UN´s Sustainable Development Goals 
(SDG) through the use of PHA


The 17 UN Sustainable Development Goals 
(SDGs) encompass a universal approach towards 
reaching a concerted global sustainable develop-
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Ta b l e  2 	–	Definitions, standards, norms and certifications applicable for PHA biopolyesters


Criterion Definition Standard/Norm Label


“Biobased” Defines the biobased carbon content in a product; 1 
star: between 20 and 40 %; 2 stars: between 40 and 60 
%; 3 stars: between 60 and 80 %; 4 stars: more than 
80 %.


“OK biobased Certification Scheme TS OK20“: based 
on radiocarbon method.


EN 16640, ASTM 
D6866, CEN/TS 1613


“OK Biobased” (TÜV 
Austria)
 
 
 
 


“Biodegradable” A “biodegradable” material has 90 % of its carbon 
metabolized under standardized conditions of 
humidity, temperature, and pH-value within 180 days.


EN 13432 “OK Biodegradable” (TÜV 
Austria)


Biodegradable  
in water


Degradation in aqueous medium is determined by 
measuring the amount of CO2 produced during 
exposure.


DIN EN ISO 14853


ASTM D5271


EN 29408


“OK Biodegradable WATER”
 
 


Biodegradable  
in sea water


Marine degradation is determined by measuring the 
amount of CO2 produced during exposure.


ASTM D6691 (“Aerobic 
Biodegradation of Plastic 
Materials in Marine 
Environment”)


“OK Biodegradable 
MARINE” (TÜV Austria)
    


Biodegradable  
in soil


Aerobic biodegradability of a plastic material in the 
environment determines the extent to which and the 
time in which plastic materials are mineralized by soil 
microorganisms.


ASTM D5988  
(“Standard Test Method  
for Determining Aerobic 
Biodegradation of Plastic 
Materials in Soil”)


AATCC Soil Burial 
Method 30-1993


“OK Biodegradable Soil” 
(TÜV Austria)
 
 


“Compostable” A “compostable” material disintegrates within 180 
days of composting into leftovers passing through a 
sieve of 2 mm pore size by at least 90 %.


EN 13432


ASTM D6400


ISO 14855


“OK Compost” (TÜV Austra)


“Industrial 
compostable”


Conversion of an “industrial compostable” biogenic 
material to compost occurs by the controlled, aerobic, 
exothermic (with a thermophilic phase > 55 °C) 
biological degradation and conversion.


EN 13432


ASTM D6400


“OK Compost Industrial” 
(TÜV Austra)


 
 


“Home 
compostable”


Upgrading of “home compostable” household waste 
to produce compost at home.


prEN 17427 
(“Packaging – 
Requirements and test 
scheme for carrier bags 
suitable for treatment in 
well managed household 
composting plants”)


AS 5810 (Australia) 
(“Biodegradable plastics 
– Biodegradable plastics 
that are suitable for 
home composting”) 
(basis for DIN 
CERTCO, Germany)


UNI 11183:2006 (Italy)


NF T 51-800 (France) 
“Plastics – 
Specifications for 
plastics suitable for 
home composting”


ASTM D6400


“Ok Compost HOME” (TÜV 
Austria)
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ment agenda. They constitute the core of “The 2030 
Agenda for Sustainable Development”, adopted in 
2015 by all UN member nations103. In essence, these 
17 goals were dedicated to help spur economic and 
social progress, prevent war and starvation, while 
reducing and eliminating the environmental threats 
posed by climate change and pollution. Historically, 
the 2030 Agenda has its roots in the Earth Summit 
in Rio de Janeiro, Brazil, where in 1992, more than 
178 countries agreed to “Agenda 21”, an all-inclu-
sive strategy for sustainable development to im-
prove human lives and protect the environment104. 
Principle 3 of the Rio Declaration postulates: “The 
right to development must be fulfilled so as to equi-
tably meet developmental and environmental needs 
of present and future generations.” This principle 
can be regarded a catchy definition of the heavily 
used terminus “Sustainability”, and “Industrial Bio-
technology” through its production of PHA is one 
example of this principle. The production and use 
of PHA aims to: reduce and eventually eliminate 
fossil resource exploitation at low cost for short-
term economic benefit, reduce and eliminate nega-
tive environmental legacy (global warming, pollut-
ed environments, microplastic formation, etc.) to 
subsequent generations, and switching to truly cir-
cular, carbon-neutral material and processes. “Take 
from nature only what gets returned to nature by 
means of nature!” is another saying that fits here. 
Principle 4 of the Rio Declaration states that “In or-
der to achieve sustainable development, environ-
mental protection shall constitute an integral part 
of the development process and cannot be consid-
ered in isolation from it.”104 Here again, PHA’s re-
newable and favorable end-of-life attributes fit with 
the stated principle.


Of the 17 UN Sustainable Development Goals, 
at least eight have a direct link to industrial-scale 
PHA production:


Goal 1: “No Poverty”: “Industrial Biotechnology”, 
such as PHA production, can offer generation of 
differently qualified employment options, distribut-
ed all over the process chain from the raw material 
to the marketable product. Most importantly, these 
jobs can be generated in underprivileged global re-
gions, and locally, where material streams, agro-in-
dustrial and other processes currently treated as 
waste, can be upgraded to raw materials for “Indus-
trial Biotechnology”, such as for PHA biopolyester 
production.


Goal 2: “Zero Hunger”: Production of bioprod-
ucts from edible resources like purified sugars is 
more or less optimized for many different products 
such as PHA; however, PHA production on an in-
dustrial scale can resort to raw materials not com-
peting with food resources. Using such “second 


generation feedstocks” for manufacturing bioplastic 
would not deplete materials of relevance for human 
nutrition. Thus, food reserves can be protected in-
stead of being, e.g., burned into biofuels, as seen in 
2005–2007, when a dramatic biofuel boom resulted 
in shortage of affordable cereals, especially corn. In 
this context, we should remember, e.g., the 2006 
“Tortilla riots” in Mexico caused by a 25 % increase 
in food prices105; as a consequence, bioethanol pro-
duction from the first-generation feedstock, corn, in 
Mexico is now prohibited by law106.


Goal 7: “Affordable and Clean Energy”: Spent 
PHA can be incinerated to generate thermal energy 
in a carbon-neutral process, or can be digested in 
biogas plants, generating the renewable energy car-
rier CH4.


Goal 9: “Industry, Innovation, and Infrastruc-
ture”: Biobased industry indispensably resorts to 
fundamental changes in the way products are man-
ufactured, starting from raw materials, equipment 
(bioreactors to be operated in discontinuous and 
continuous mode, adapted downstream processing 
facilities, etc.), new ideas how the wealth of natural 
products can be tapped to transform them to desired 
marketable end products (e.g., lignin-first approach-
es for holistic utilization of lignocellulose waste107), 
and provision of secure raw material supply chains; 
the latter involves the establishment of decentral-
ized production facilities. In a best-case scenario, 
PHA production facilities should be integrated into 
existing production lines for other products, where 
current industrial waste streams accrue at large 
quantities, and can be directly used in-house for 
PHA production processes. Such concepts, also 
called “Biorefinery”, already exist in many parts of 
the world and are becoming increasingly popular to 
exploit renewable feedstocks as a whole. For PHA, 
(semi)industrial examples already exist, as shown 
for the PHA production process at the company 
PHA/ISA in Brazil, where PHA production is inte-
grated in the existing infrastructure for sugar and 
ethanol production, and runs economically based on 
in-house available raw materials (molasses from 
sugar production as main carbon source), energy 
sources (combustion of bagasse from sugar cane 
residues), solvents for downstream processing (PHA 
extraction from biomass by fusel alcohols, a 
by-product of ethanol distillery), and bagasse fibers 
to be used as filler materials to generate low-price 
– high-performance biocomposites with PHA. This 
way, the entire sugar cane plant is converted within 
a biorefinery concept108.


Goal 12: “Responsible Production and Con-
sumption”: the first part (“responsible production”) 
covers already discussed aspects like mindful choic-
es of raw materials (2nd instead of 1st generation 
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feedstocks) and energy sources for PHA production, 
while the second part (“responsible consumption”) 
addresses the responsibility of the end consumer, 
hence, the client buying products in supermarkets; 
here, it should come to mindful choices when pur-
chasing polymeric articles: Is there willingness of 
customers to pay some “green bonus” for renewable 
and circular products, which cannot be produced 
that inexpensively, initially, as from established fos-
sil carbon sources? Are consumers practicing “home 
composting” of packaging materials for appropriate 
disposal of spent home compostable packaging ma-
terials? Are (fossil) microplastics in cosmetic prod-
ucts replaced by biodegradable microparticles, e.g., 
made of PHA? Utilizing biopolymers like PHA as 
packaging materials aligns with Goal Number 12 to 
ensure sustainable consumption and production pat-
terns109.


Goal 13: “Climate Action”: Rising greenhouse gas 
emissions call for the switch to carbon-neutral pro-
duction processes in order to ultimately meet the 
1.5 °C scenario of global warming in 2050; in this 
context, PHA production, if appropriately designed 
as a whole, is considered a carbon-neutral process, 
thus contributing to reaching this goal. PHA pro-
duction does not result in formation of additional 
greenhouse gases; therefore, its production does not 
contribute to global warming and climate crises, if 


renewable energy can be used in their production. 
An important point to note here: Every ton of fossil 
plastic replaced by PHA saves about 2–3 tons of 
CO2 emissions!110


Goal 14: “Life below Water”: Fossil plastics waste 
severely threatens all forms of marine life and in 
turn humanity’s well-being. This goes for mac-
roplastic waste, which is steadily consumed by ma-
rine mammals like dolphins or highly endangered 
whales, destroying their digestion system or pre-
venting the digestion of convertible organic food, 
and sea birds, which also confuse smaller plastic 
particles with food. Moreover, microplastic parti-
cles are consumed by zooplankton and other marine 
invertebrates, which confuse it with phytoplankton, 
the origin of the food chain. This zooplankton, in 
turn, is consumed by higher organisms like fish, 
birds, mammals, and that way climbs up the trophic 
chain, finally reaching our dinner plates and the hu-
man digestion system. Shells were shown to filter 
microplastic particles; consuming these plastic-en-
riched mollusks also enriches our menu with micro-
plastic particles111. Moreover, seaweeds are compro-
mised in their photosynthetic activity when covered 
by layers made of microplastic particles112. PHA 
produced in running industrial processes, in con-
trast, is marine biodegradable within not more than 
180 days according to valid norms and certifica-


F i g .  3  – The 17 UN Goals for Sustainable Development and their relation to PHA biopolyesters
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tions (e.g., those that authorize the granting of the 
“OK biodegradable MARINE” label), as reported 
by leading companies in this sector, such as Danimer 
Scientific, BluePha, Bio-On, or Nafigate (vide su-
pra). PHA therefore does not contribute to endan-
gering marine life forms.


Goal 15: “Life on Land”: PHA biopolyesters are 
biodegradable in soil and compostable; they leave 
no toxic remnants in terrestrial environments, agri-
culture, or silviculture, and form no recalcitrant 
macro- and microplastic particles remaining in for-
ests, meadows, fields, mountains, etc., where terres-
trial life forms could come in contact with them.


Fig. 3 presents the 17 UN SDGs, and highlights 
those goals to which industrial PHA production and 
use can contribute


Conclusions and outlook


PHA biopolyesters are the pre-destined materi-
als of choice for the future, and are poised to play a 
leading role in our use of sustainable plastic-like 
materials in the future. Their functional attributes as 
a material for packaging, fibers and fabrics, and for 
durable long-term use has already been demonstrat-
ed. Spent PHA biopolyesters fulfill our desire to 
have all end-of-life options available – recyclability 
and biodegradability in all environments, which al-
lows them to be industrially and home composted. 
PHA’s use of renewable carbon as a starting raw 
material makes them carbon-neutral, establishing 
their credential as truly circular and functional.


PHA biopolymers are also the most versatile 
class of polymer materials available to humanity. To 
date, more than 150 different monomers have been 
discovered113, making infinite numbers and types of 
PHA biopolymers possible, with functional attri-
butes mimicking the top 7 best-selling fossil plas-
tics in the world. Over 28 different current and po-
tential manufacturers and start-ups are engaged in 
the development and commercialization of PHA 
biopolymers worldwide114, a testament to their po-
tential for proliferation and use, and to the potential 
for renewed economic development and growth that 
are sustainable and circular. PHA, like no other sin-
gle material, can stand out in terms of being able to 
fulfill our desire to combine circularity and sustain-
ability with continued economic development, 
growth, and collective prosperity.


Despite the promise of PHA, significant chal-
lenges still exist. The proliferation of a new product 
requires their availability in substantial quantities to 
spur innovation in downstream application develop-
ment, and the availability of new materials in large 
quantities is firmly tied to reasonable material and 
production costs. In turn, reasonable material cost is 
tied to investments in the development of produc-


tion technologies for PHA, and the availability of 
large volumes of renewable carbon raw materials 
that do not compete with food and animal feed. Ad-
vances in synthetic biology and process engineering 
have allowed PHA production to evolve; however, 
they are still significantly more expensive than the 
fossil plastics they would eventually replace. Only 
through investments in the science and innovation 
of PHA production and their use can we achieve the 
breakthroughs we so desire and need to bring to the 
masses a material that fits neatly into natures “Cir-
cle of life”.
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Abstract: The ever-increasing use of plastics, their fossil origin, and especially their persistence in
nature have started a wave of new innovations in materials that are renewable, offer the function-
alities of plastics, and are biodegradable. One such class of biopolymers, polyhydroxyalkanoates
(PHAs), are biosynthesized by numerous microorganisms through the conversion of carbon-rich
renewable resources. PHA homo- and heteropolyesters are intracellular products of secondary micro-
bial metabolism. When isolated from microbial biomass, PHA biopolymers mimic the functionalities
of many of the top-selling plastics of petrochemical origin, but biodegrade in soil, freshwater, and
marine environments, and are both industrial- and home-compostable. Only a handful of PHA
biopolymers have been studied in-depth, and five of these reliably match the desired material prop-
erties of established fossil plastics. Realizing the positive attributes of PHA biopolymers, several
established chemical companies and numerous start-ups, brand owners, and converters have begun to
produce and use PHA in a variety of industrial and consumer applications, in what can be described
as the emergence of the “PHA industry”. While this positive industrial and commercial relevance
of PHA can hardly be described as the first wave in its commercial development, it is nonethe-
less a very serious one with over 25 companies and start-ups and 30+ brand owners announcing
partnerships in PHA production and use. The combined product portfolio of the producing compa-
nies is restricted to five types of PHA, namely poly(3-hydroxybutyrate), poly(4-hydroxybutyrate),
poly(3-hydroxybutyrate-co-3-hydroxyvalerate), poly(3-hydroxybutyrate-co-4-hydroxybutyrate), and
poly(3-hydroxybutyrate-co-3-hydroxyhexanoate), even though PHAs as a class of polymers offer the
potential to generate almost limitless combinations of polymers beneficial to humankind. To date,
by varying the co-monomer type and content in these PHA biopolymers, their properties emulate
those of the seven top-selling fossil plastics, representing 230 million t of annual plastics production.
Capacity expansions of 1.5 million t over the next 5 years have been announced. Policymakers
worldwide have taken notice and are encouraging industry to adopt biodegradable and compostable
material solutions. This wave of commercialization of PHAs in single-use and in durable applications
holds the potential to make the decisive quantum leap in reducing plastic pollution, the depletion of
fossil resources, and the emission of greenhouse gases and thus fighting climate change. This review
presents setbacks and success stories of the past 40 years and the current commercialization wave of
PHA biopolymers, their properties, and their fields of application.


Keywords: biopolymers; commercialization; copolyester; homopolyester; polyhydroxyalkanoate


1. Introduction


Plastics based on fossil resources have proven their valuable role in increasing our
quality of life in various sectors, as shown by their wide-spread application as packaging
materials for food and other perishable goods; in the medical and pharmaceutical field;
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and in the transportation sector, e.g., in automobiles or aircraft, where plastics have en-
abled novel technological and safety-related improvements. Thus, it is undisputed that
plastics, which ubiquitously accompany us in our daily lives, have made our society more
convenient. However, the persistence of fossil plastics at their end of life, the insuffi-
ciency of collection and recycling systems, and their leakage into terrestrial and aquatic
environments, ultimately leading to microplastic pollution of the eco- and biosphere, are
omnipresent threats to all life on earth [1]. A UN study in 2005 concluded that plastic
waste in oceans would result in the formation of microplastics and that these microplastics
constituted the next environmental threat so great that it had the potential to be the next
epic threat [2]. These and the topic of greenhouse gas emissions connected to the production
and incineration of fossil plastics have raised significant awareness among consumers and
finally among policymakers. While regulations are being put in place to reduce the use of
plastics, not all of these measures are necessarily beneficial to the environment and practical
from a convenience standpoint. For a real cure to the plastic pollution predicament, real,
sustainable solutions are needed [1]. It is important that such solutions forgo the negative
environmental and logistical impacts of plastics while retaining their benefits. Alternatives
that fulfill all of these criteria have been provided by nature, and such materials already
exist. Polyhydroxyalkanoate (PHA) biopolyesters, produced by and playing multifaceted
metabolic roles in numerous bacteria and archaea, are expedient examples of materials
that bridge the desired benefits of plastics without endangering the environment. For
illustration, a recent study by Dilkes-Hoffman et al. reports the complete degradation of
PHA bottles in marine environments within 1.5 to 3.5 years, in contrast to the decades or
even centuries that disintegration of petro-plastic bottles would take [3].


Similar to other biopolymers such as carbohydrates, nucleic acids, and proteins, PHA
biopolymers have been established as macromolecules embedded into the closed cycles
of producing and degrading materials in nature: PHAs are produced by living organisms
(“biosynthesized” materials) and they biodegrade. Moreover, PHAs are produced from
renewable raw materials, thus originating from natural substrates instead of fossil resources.
Importantly, PHAs are biocompatible to humans and other life forms and are readily
metabolized to non-toxic compounds when ingested by living organisms [4].


The ecological concerns of fossil plastics, together with ongoing limitations of fossil
resources, have now opened the door for PHA biopolymers to play a front-running role
for industry and society while maintaining nature’s cycle of circularity and sustainability.
The skyrocketing crude oil prices in the 1970s prompted the first commercialization efforts
in PHAs. However, much of that effort slowed down after the recovery of crude oil
prices, although the scientific research continued. Price and availability were identified
as the primary obstacles to the continued development and commercialization of PHAs.
They were identified as not being price competitive to well-established fossil plastics,
and certain challenges in their processability also had to be overcome. The material
properties of PHAs do not exactly match those of the fossil-based competitors; in other
words, they were not drop-ins for fossil plastics, although they cover a substantial spectrum
of their property profile [5]. Now, many decades later, after having accumulated significant
knowledge on production, processability, and end-of-life outcomes of PHA, we finally are
on the threshold of serious and sustained commercialization efforts of these biopolymers.
It is now better understood how the production price can be lowered by resorting to
inexpensive or even near zero-cost carbon sources [6,7], which natural microbes are best
suited to produce the various types of PHA from a given substrate [8], how microorganisms
can be tailored using systems biology and metabolic engineering approaches [9,10], how
bioprocesses can be rendered to consume less energy by running PHA production under
low-sterility or nonsterile conditions with extremophilic microorganisms [11], and how
to optimize downstream processing for recovery of intracellular PHA [12]. In addition, a
large body of knowledge has been generated on fine-tuning the (co)polymer composition
and thus tailoring the product properties during the bioprocess [13] and on facilitating
PHA processing by blending appropriate chemical additives and other polymers [14].
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Indeed, a growing number of companies spread over different global regions have started
commercial-scale PHA biopolymer production for processing towards vendible items by
melt extrusion, injection molding, 3D printing, electrospinning, etc. [15,16]. This new wave
of PHA commercialization is increasingly becoming an integral part of current concepts
of the bioeconomy and circular economy, which, as postulated by the European “Green
Deal” [17], are characterized by the replacement of “end-of-pipe products” such as fossil
plastics, especially for single-use applications, by biodegradable alternatives based on
renewable carbon to drastically reduce plastic pollution and greenhouse gas emissions and
to curb global warming [1]. In fact, calculations based on a plethora of life cycle studies
estimate that replacement of 1 kg fossil plastic by PHA could salvage on average CO2
emissions by 2 kg and around 30 MJ of fossil resources on an energy basis [18].


Material properties of PHA biopolymers are dependent on the type and distribution of
various monomeric building blocks; PHAs are a versatile group of biomaterials, with char-
acteristics that range from elastomeric to semicrystalline thermoplastic-like polymers [19].
Despite the discovery of more than 150 different hydroxyalkanoate (HA) building blocks
that constitute the PHA biopolyester family, only a limited number of PHA copolymer
types have reached industrial maturity. As shown in the subsequent sections, we currently
witness considerable activities in different regions globally towards commercialization of
a few PHA biopolymers, namely the homopolyester poly(3-hydroxybutyrate) (P(3HB));
the copolyesters poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (P(3HB-co-3HV)), poly(3-
hydroxybutyrate-co-4-hydroxybutyrate) (P(3HB-co-4HB)), and poly(3-hydroxybutyrate-co-
3-hydroxyhexanoate) (P(3HB-co-3HHx)); and, to a minor extent, the homopolyester poly(4-
hydroxybutyrate) (P(4HB)) and some medium-chain-length PHA (mcl-PHA) copolyesters.
The chemical structures of these biopolyesters are illustrated in Figure 1.
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While it is challenging to estimate the current volume of PHA produced industrially, it
has, to the best of our knowledge, not yet exceeded 10,000 t annually at the time of submis-
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sion of the present article (January 2022); however, capacity expansions of over 1.5 million
t have already been announced for the next 5–10 years, and an additional 1 million t are in
the planning stages. Compared with the estimated global plastic production of roughly
400 Mt per year, the share of PHA is negligible [20]. Therefore, this review is dedicated
to drawing a clear current and developing picture of a very old biopolymer platform that
is transforming into the new “PHA industry”. The intent here is to take the reader on a
journey through the history of PHA commercialization attempts, highlighting the obstacles
and stumbling blocks that often made this path difficult and the targeted applications
where PHA is intended to be commercialized.


2. Industrializing Poly(3-hydroxybutyrate) (P(3HB) or PHB)
2.1. Challenges of Processing and Commercializing P(3HB)


P(3HB) constitutes the by far best-studied representative of the PHA family. It is
also the type of PHA biopolyester that is produced by the largest number of microbes in
nature from simple feedstocks such as carbohydrates, alcohols such as glycerol, or fatty
acids with an even number of carbon atoms. In addition, many more bacteria convert
gaseous C1-substrates like methane (by type-II methanotrophs), CO2 (by cyanobacteria and
aerobic chemolithoautotrophic hydrogen-oxidizing “knallgas bacteria” such as Alcaligenes
eutrophus—today Cupriavidus necator), and syngas (generated from organic waste materials,
e.g., by Rhodospirilli) into P(3HB) homopolyester (reviewed by Koller et al., 2017) [21].


PHB, however, has a very narrow melt processing window since its melting tempera-
ture is close to its degradation temperature. It is also highly crystalline; therefore, it has a
low elongation at break (ε) and is brittle. P(3HB) suffers from slow crystallization rates and
lower biodegradability rates compared to other types of PHA, which have been success-
fully industrially manufactured since the 1980s. However, despite the apparent property
deficiencies, P(3HB) also has some beneficial features, especially for the production of hard,
creep-resistant items, which do not change their properties over a broad temperature range
even when stored for several years. Another beneficial aspect of P(3HB) is the adaptability
of its melt viscosity for different processing techniques (reviewed by [5]). According to Urs
Hänggi [22], P(3HB) outperforms many competing petrochemical plastics in UV resistance
and mechanical stability.


Commercial P(3HB) is also used to blend with other biobased polymers, such as
poly(lactic acid) (PLA) and thermoplastic starch (TPS), and synthetic but still biodegradable
polyesters such as poly(butylene adipate terephthalate) (PBAT); resulting polymer blends
achieved certifications in biodegradability (90% of carbon metabolized within 180 days
under standardized conditions according to European norm EN 13432) and compostability
(not more than 10% of the polymer remains in a sieve of 2 mm pore size after 180-day
composting tests under standardized conditions according to EN 13432) [23]. Incorporation
of additives (diverse nucleating agents to increase crystallization rates; stabilizing agents
(antioxidants), and plasticizing agents such as tributyl citrate, glycerol, and sorbitol) is often
used to overcome the above-discussed shortcomings of the material properties of P(3HB).
Moreover, P(3HB) can be processed with filler materials such as lignocelluloses to fine-tune
the properties of P(3HB), such as lowering crystallinity and density, increasing biodegrad-
ability further, and reducing the production price of the final biobased and biodegradable
polymer products. Gregorova et al. [24] have demonstrated many of these improved at-
tributes by incorporating untreated and modified (alkali, stearic acid, or hydrothermal
treatment to improve the interface adhesion) beechwood flour in P(3HB). They produced
films of P(3HB) blended with lignocellulose by hot compression molding which displayed
significant reduction in the degree of crystallinity (66% to about 50% for the composites),
while showing improved Young´s moduli, thus demonstrating the reinforcement effect of
these fillers [24].







Bioengineering 2022, 9, 74 5 of 29


2.2. Biomer


Biomer, based in Schwalbach, Germany, was one of the first industrial producers
of P(3HB) using the strain Azohydromonas australica (formerly known as Alcaligenes latus)
from sucrose as the carbon feedstock. The Biomer process is based on the experimental
work carried out and patented (1983 German Patent No. 379,613 and 1988 Canadian
Patent No. 1,236,415) by Lafferty and Braunegg in the 1980s in Graz, Austria. These
researchers discovered that A. australica is an outstandingly fast-growing bacterium, which
accumulates PHA also during balanced growth, in parallel to the formation of catalytically
active biomass [5]. The technology based on these experiments was developed by Chemie
Linz/PCD Polymere GmbH in Austria in the late 1980s and was later scaled up to an annual
production of 2 t P(3HB) in 1991. However, the low crude oil price at the time made PHA
less competitive with fossil plastics, discouraging growth in the industrial proliferation of
these biopolyesters (reviewed by da Cruz Pradella [20]).


Biomer acquired the base technology and commercialized P(3HB) in 1993. The technol-
ogy includes several grades of these resins blended with low-molecular-weight softeners
and nucleating agents (tributyl citrate). The products are sold to plastics processing compa-
nies. Biomer also markets pure P(3HB) in powder form for blending into other biobased
polymers such as PLA. Commercial grades include Biomer P209/P209E, P226/P226E,
P263/P263E, and P309. “E” refers to the presence of “polymeric nucleating agent” to over-
come low crystallization rate, while the others contain boron nitride as a nucleating agent.
Their degree of crystallinity (Xc) values range between 60 and 70%, melting temperatures
(Tm) range between 170 and 175 ◦C, glass transition temperature (Tg) ranges between −5
and 5 ◦C, and weight average molecular weight (Mw) is 500–600 kDa. Tensile strength
(σ) ranges between 8 and 27 MPa and elongation at break (ε) between 3.7 and 16%. The
property variations are due to the additives such as nucleating agents and plasticizers
added. The data show that these P(3HB) homopolyesters are rigid materials suitable for
injection or compression molding or melt extrusion and are not sufficiently flexible for
film blowing [25]. According to Biomer, their production capacity is 900 t per annum; these
products were used for many studies developing new materials for different applications
(personal communication U. Hänggi [26]). In this context, Arrieta et al. developed com-
posites of PLA and Biomer P226, with the natural terpene limonene acting as a plasticizer,
improving the processing, interaction of the polymers, and disintegration of the blend
during composting. Transparent films were generated, in which P(3HB) acted as a rein-
forcement of the PLA matrix, resulting in a higher oxygen barrier and improved surface
water resistance, which makes these materials interesting candidates for food packaging
purposes. Composting studies showed that P(3HB) rather slowed down the disintegration
rate of PLA, while limonene favored the composting process [27]. Recently, Biomer P304
was blended with abundantly available agave fibers and organic peroxide (to improve
compatibility between P(3HB) and fibers) and processed via reactive extrusion; the flexural
and impact strengths increased compared to the neat P(3HB) by 46% and 45%, respectively.
Authors suggest also this material for food packaging applications [28].


2.3. PHB Industrial S.A.


Another important example of companies commercializing P(3HB) homopolyester is
PHB Industrial S.A. in Brazil (PHB/ISA). Their product BIOCYCLETM is produced on an
annual scale of approximately 50–100 t. In this process, C. necator is cultivated in fed-batch
mode on hydrolyzed sucrose (equimolar mixture of glucose and fructose); this process
is integrated into an energetically autarkic bioethanol and cane sugar factory [29]. This
approach is based on technologies originally developed by the Copersucar Technology
Center (CTC) at the Institute of Technological Research of São Paulo State (IPT), São Paulo
State University, based on a research grant from 1991 for “Production of Biodegradable
Plastics from Sugar via Biotechnological Route” and sold in 1995 to PHB/ISA. The PHA
production process is integrated into the sugar and bioethanol factory Usina da Pedra,
Serrana. Remarkably, the PHB/ISA process is energetically autarkic: lignocellulosic sugar
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cane bagasse “waste” remaining after sugar extraction is used to fuel the entire industrial
plant energetically—not only the bioreactor and medium sterilization and the cultivation
process itself for PHA production, but also the bioethanol distillation and water evaporation
for sugar crystallization. Moreover, fusel alcohols (amyl alcohol, etc.) are used for extraction
of the BIOCYCLETM PHA (trademark established in 2000) from biomass [20]. P(3HB)
homopolyester is sold as “BIOCYCLE 1000” [30]. According to the company, the process
proved to be economically feasible in 2004 at a volumetric productivity of about 1.7 g/(L·h)
and attaining PHA concentrations of 70 g/L in a 13 m3 production bioreactor [31].


2.4. Tianan Biologic Materials Co.


In Ningbo, Zhejiang province, People’s Republic of China (PR China), Tianan Biologic
Materials Co., a company normally focusing on P(3HB-co-3HV) copolyester production [32],
also produces and markets P(3HB) homopolyester designated ENMAT Y3000TM (powder
form) and ENMAT Y3000PTM (pellet form) for injection molding, thermoforming, and
extrusion applications. Tianan produces this “100% biobased and 100% biodegradable”
(manufacturer information) product using cassava starch as the raw material, which is sold
in the form of slightly brown polymer pellets, containing an undisclosed nucleating agent
to induce crystallinity. This product is certified as compostable by the US Biodegradable
Products Institute (BPI), is listed as Food Contact Material (FCM) substance No. 744 in
Table 1 of Annex I of the Plastics Regulation of the European Union, and has been EU
REACH compliant since 2008 [33].


2.5. Nafigate Corporation–Hydal


An intriguing approach for P(3HB) manufacturing was developed in Brno, Czech
Republic, by the Hydal consortium [34]. Using this technology, Nafigate produces P(3HB)
homopolyesters from waste frying oil and resorts to a polymer recovery process using oils,
which, as the company claims, makes the entire process about 50% less energy-intensive
compared to poly(ethylene) (PE) production. This process achieved a technological readi-
ness level (TRL) of 9 in 2019 and is claimed by Nafigate as “the first in the World to use
100% waste on an industrial scale . . . for the production of natural PHA biopolymer”. Undis-
closed additives for stabilization are added to the biopolymer, which is sold as granules in
the Czech Republic. Some recommended applications of their polymers are mulch films
and 3D printing filaments. In addition, the company uses its own P(3HB) as primary
(micro)plastic beads for peeling in shower milk products as a replacement for fossil plastic
beads which are banned as primary microplastics in Europe as part of the Intentionally
Added Microplastics Legislation. In addition, Nafigate is producing formulations using
P(3HB) and substitutes polluting chemicals such as oxybenzone chemical UV filters in
sunscreen creams; these products are already available on the market (“NatureticsTM”
products; market launch in Czech Republic in 2021) [35]. Moreover, the application of the
product in biomedicine, sustainable packaging, and smart fertilizers is envisioned. As a
timeline, the company expects to start P(3HB) production for biomedical applications in
2022 and to start large-scale P(3HB) production for packaging purposes in 2026. Unfortu-
nately, the company does not disclose production volumes or the downstream processing
technique applied; according to the internet site, they do not resort to solvent extraction
(“process involves the breakdown of microbial cells from which PHA granules are released”). The
bioprocess is carried out using wild-type C. necator as production strain [34].
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Table 1. Most commercialized types of PHA (P(3HB), P(3HB-co-3HV), P(3HB-co-4HB), P(3HB-co-3HHx), P(4HB)), production strains, substrates, manufacturers,
manufacturing scale/capacity, and certifications.


Type of PHA Production
Strains (Origin) Substrates Manufacturer Logo


PHA
Brand Name
(Trade Mark)


Capacity
(t/year) Certifications/Approvals


Poly(3-hydroxybutyrate)
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Table 1. Cont.


Type of PHA Production
Strains (Origin) Substrates Manufacturer Logo


PHA
Brand Name
(Trade Mark)


Capacity
(t/year) Certifications/Approvals


Not disclosed
Methanotroph
(“robust strain”;
origin n.r.)
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(CH4, CO2, H2S)


Mango Materials,
Redwood City, USA
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Cupriavidus necator
(soil bacterium)


Glucose plus
3HV precursor


ICI, London, UK
(technology transferred
to Zeneca, Monsanto,
and finally Metabolix)
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Table 1. Cont.


Type of PHA Production
Strains (Origin) Substrates Manufacturer Logo


PHA
Brand Name
(Trade Mark)


Capacity
(t/year) Certifications/Approvals


Hydrolyzed cane
sucrose plus
propionate


PHB Industrial S.A.
(PHB/ISA),
Serrana, Brazil
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company: “MINERV-PHA™ dissolves in 


normal river or sea water leaving no 


residue in just a few days.” 


Halomonas sp. 
(Halomonas 
bluephagenesis 
ssp.) 


Presumably 


glucose plus 


3HV precursor 


PhaBuilder, 


Beijing, PR China 
 


- n.r. n.r. 


BIOCYCLE ~100
(entire PHA
production
capacity)


n.r.


Beet sucrose and
by-products of
sugar beet industry
(molasses) plus
additional surplus
products from
agriculture plus
3HV precursors


Bio-On, Bologna, Italy
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and finally 


Metabolix) 
Glucose plus 


3HV precursor 


Telles (joint 


venture of 


Metabolix and 


ADM from 2009 to 


2012) 


 


Mirel 50,000 


(capacity in 


2009; 


stopped in 


2012) 


n.r. 


Glucose plus 


3HV precursor 


(glucose 


deriving from 


cassava starch) 


Tianan Biologic 


Materials Co., 


Ningbo, PR China 


 
ENMAT 2,000 “Compostable” according to US 


Biodegradable Products Institute (BPI) 


Food Contact Material (“FCM”) 


substance No. 744 in Table 1 of Annex I 


of the Plastics Regulation of the EU 


(REACH) 


Hydrolyzed cane 


sucrose plus 


propionate 


PHB Industrial 
S.A. (PHB/ISA), 
Serrana, Brazil 


 


BIOCYCLE ~100 (entire 


PHA 


production 


capacity) 


n.r. 


Beet sucrose and 
by-products of 
sugar beet 
industry 
(molasses) plus 
additional 
surplus products 
from agriculture 
plus 3HV 
precursors 


Bio-On, Bologna, 
Italy 


 


Minerv-PHA 2,000 


(current 


situation 


unclear!) 


“Biodegradable”: according to USDA 


(“certified biobased product”) and TÜV 


Austria “OK biodegradable”; according to 


company: “MINERV-PHA™ dissolves in 


normal river or sea water leaving no 


residue in just a few days.” 


Halomonas sp. 
(Halomonas 
bluephagenesis 
ssp.) 


Presumably 


glucose plus 


3HV precursor 


PhaBuilder, 


Beijing, PR China 
 


- n.r. n.r. 


Minerv-PHA 2000 (current
situation
unclear!)


“Biodegradable”:
according to USDA
(“certified biobased
product”) and TÜV Austria
“OK biodegradable”;
according to company:
“MINERV-PHA™
dissolves in normal river or
sea water leaving no
residue in just a few days.”


Halomonas sp.
(Halomonas
bluephagenesis ssp.)
(salt lake isolate;
genetically
engineered)


Presumably glucose
plus 3HV precursor


PhaBuilder, Beijing,
PR China
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and finally 


Metabolix) 
Glucose plus 


3HV precursor 


Telles (joint 


venture of 


Metabolix and 


ADM from 2009 to 


2012) 


 


Mirel 50,000 


(capacity in 


2009; 


stopped in 


2012) 


n.r. 


Glucose plus 


3HV precursor 


(glucose 


deriving from 


cassava starch) 


Tianan Biologic 


Materials Co., 


Ningbo, PR China 


 
ENMAT 2,000 “Compostable” according to US 


Biodegradable Products Institute (BPI) 


Food Contact Material (“FCM”) 


substance No. 744 in Table 1 of Annex I 


of the Plastics Regulation of the EU 


(REACH) 


Hydrolyzed cane 


sucrose plus 


propionate 


PHB Industrial 
S.A. (PHB/ISA), 
Serrana, Brazil 


 


BIOCYCLE ~100 (entire 


PHA 


production 


capacity) 


n.r. 


Beet sucrose and 
by-products of 
sugar beet 
industry 
(molasses) plus 
additional 
surplus products 
from agriculture 
plus 3HV 
precursors 


Bio-On, Bologna, 
Italy 


 


Minerv-PHA 2,000 


(current 


situation 


unclear!) 


“Biodegradable”: according to USDA 


(“certified biobased product”) and TÜV 


Austria “OK biodegradable”; according to 


company: “MINERV-PHA™ dissolves in 


normal river or sea water leaving no 


residue in just a few days.” 


Halomonas sp. 
(Halomonas 
bluephagenesis 
ssp.) 


Presumably 


glucose plus 


3HV precursor 


PhaBuilder, 


Beijing, PR China 
 


- n.r. n.r. 
- n.r. n.r.


Haloferax
mediterranei
(marine salt brine at
Spanish coast)


Sugars, starch,
glycerol
(no 3HV-related
precursors needed)


Not commercially
produced yet,
but high industrial
potential supposed


- - - -


Poly(3-hydroxybutyrate-co-
4-hydroxybutyrate)
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(salt lake isolate; 


genetically 


engineered) 
Haloferax 
mediterranei 


(marine salt brine 


at Spanish coast) 


Sugars, starch, 


glycerol (no 


3HV-related 


precursors 


needed) 


Not commercially 


produced yet, but 


high industrial 


potential supposed 


- - - - 


Poly(3-hydroxybutyrate-


co-4-hydroxybutyrate) 


 


Rec. Escherichia 
coli 


(Enterobacterium) 


Glucose plus 1,4-


butanediole 


(4HB precursor) 


Tianjin GreenBio 


Materials Co. Ltd., 


Tianjin, PR China  


SoGreen 10,000 n.r. 


CJ, Seoul, Republic 


of Korea 


(technology from 


Metabolix)  


Yield10 n.r. n.r. 


Not disclosed Tepha Medical 


Devices Inc., 


Lexington, USA  


TephaELAST n.r. FDA approved for biomedical use as 


implant material; the entire production 


process is ISO 13485 compliant 
Not disclosed Sugar plus 4HB-


related precursor 
Shenzhen 


Ecomann 


Biotechnology Co. 


Ltd., Guangdong, 


PR China 


 


AmBio 10,000 


(planned: 


75,000 


capacity) 


“OK compost” 


“OK compost HOME” 


FDA approved 


Halomonas sp. 
TD40 


(salt lake isolate) 


Glucose, corn 


steep liquor, and 


GBL 


PhaBuilder, 
Beijing, PR China 


 


mP34HB 10 1,000-10,000 


(entire PHA 


production 


capacity) 


Biodegradable according to ASTM 6400 


and EN13432 


Rec. Escherichia coli
(Enterobacterium)


Glucose plus
1,4-butanediole
(4HB precursor)


Tianjin GreenBio
Materials Co. Ltd.,
Tianjin, PR China
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(salt lake isolate; 


genetically 


engineered) 
Haloferax 
mediterranei 


(marine salt brine 


at Spanish coast) 


Sugars, starch, 


glycerol (no 


3HV-related 


precursors 


needed) 


Not commercially 


produced yet, but 


high industrial 


potential supposed 


- - - - 


Poly(3-hydroxybutyrate-


co-4-hydroxybutyrate) 


 


Rec. Escherichia 
coli 


(Enterobacterium) 


Glucose plus 1,4-


butanediole 


(4HB precursor) 


Tianjin GreenBio 


Materials Co. Ltd., 


Tianjin, PR China  


SoGreen 10,000 n.r. 


CJ, Seoul, Republic 


of Korea 


(technology from 


Metabolix)  


Yield10 n.r. n.r. 


Not disclosed Tepha Medical 


Devices Inc., 


Lexington, USA  


TephaELAST n.r. FDA approved for biomedical use as 


implant material; the entire production 


process is ISO 13485 compliant 
Not disclosed Sugar plus 4HB-


related precursor 
Shenzhen 


Ecomann 


Biotechnology Co. 


Ltd., Guangdong, 


PR China 


 


AmBio 10,000 


(planned: 


75,000 


capacity) 


“OK compost” 


“OK compost HOME” 


FDA approved 


Halomonas sp. 
TD40 


(salt lake isolate) 


Glucose, corn 


steep liquor, and 


GBL 


PhaBuilder, 
Beijing, PR China 


 


mP34HB 10 1,000-10,000 


(entire PHA 


production 


capacity) 


Biodegradable according to ASTM 6400 


and EN13432 


SoGreen 10,000 n.r.


CJ, Seoul, Republic of
Korea (technology
from Metabolix)
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(salt lake isolate; 


genetically 


engineered) 
Haloferax 
mediterranei 


(marine salt brine 


at Spanish coast) 


Sugars, starch, 


glycerol (no 


3HV-related 


precursors 


needed) 


Not commercially 


produced yet, but 


high industrial 


potential supposed 


- - - - 


Poly(3-hydroxybutyrate-


co-4-hydroxybutyrate) 


 


Rec. Escherichia 
coli 


(Enterobacterium) 


Glucose plus 1,4-


butanediole 


(4HB precursor) 


Tianjin GreenBio 


Materials Co. Ltd., 


Tianjin, PR China  


SoGreen 10,000 n.r. 


CJ, Seoul, Republic 


of Korea 


(technology from 


Metabolix)  


Yield10 n.r. n.r. 


Not disclosed Tepha Medical 


Devices Inc., 


Lexington, USA  


TephaELAST n.r. FDA approved for biomedical use as 


implant material; the entire production 


process is ISO 13485 compliant 
Not disclosed Sugar plus 4HB-


related precursor 
Shenzhen 


Ecomann 


Biotechnology Co. 


Ltd., Guangdong, 


PR China 


 


AmBio 10,000 


(planned: 


75,000 


capacity) 


“OK compost” 


“OK compost HOME” 


FDA approved 


Halomonas sp. 
TD40 


(salt lake isolate) 


Glucose, corn 


steep liquor, and 


GBL 


PhaBuilder, 
Beijing, PR China 


 


mP34HB 10 1,000-10,000 


(entire PHA 


production 


capacity) 


Biodegradable according to ASTM 6400 


and EN13432 


Yield10 n.r. n.r.







Bioengineering 2022, 9, 74 10 of 29


Table 1. Cont.


Type of PHA Production
Strains (Origin) Substrates Manufacturer Logo


PHA
Brand Name
(Trade Mark)


Capacity
(t/year) Certifications/Approvals


Not disclosed Tepha Medical Devices
Inc., Lexington, USA


Bioengineering 2022, 9, x FOR PEER REVIEW 10 of 30 
 


(salt lake isolate; 


genetically 


engineered) 
Haloferax 
mediterranei 


(marine salt brine 


at Spanish coast) 


Sugars, starch, 


glycerol (no 


3HV-related 


precursors 


needed) 


Not commercially 


produced yet, but 


high industrial 


potential supposed 


- - - - 


Poly(3-hydroxybutyrate-


co-4-hydroxybutyrate) 


 


Rec. Escherichia 
coli 


(Enterobacterium) 


Glucose plus 1,4-


butanediole 


(4HB precursor) 


Tianjin GreenBio 


Materials Co. Ltd., 


Tianjin, PR China  


SoGreen 10,000 n.r. 


CJ, Seoul, Republic 


of Korea 


(technology from 


Metabolix)  


Yield10 n.r. n.r. 


Not disclosed Tepha Medical 


Devices Inc., 


Lexington, USA  


TephaELAST n.r. FDA approved for biomedical use as 


implant material; the entire production 


process is ISO 13485 compliant 
Not disclosed Sugar plus 4HB-


related precursor 
Shenzhen 


Ecomann 


Biotechnology Co. 


Ltd., Guangdong, 


PR China 


 


AmBio 10,000 


(planned: 


75,000 


capacity) 


“OK compost” 


“OK compost HOME” 


FDA approved 


Halomonas sp. 
TD40 


(salt lake isolate) 


Glucose, corn 


steep liquor, and 


GBL 


PhaBuilder, 
Beijing, PR China 


 


mP34HB 10 1,000-10,000 


(entire PHA 


production 


capacity) 


Biodegradable according to ASTM 6400 


and EN13432 


TephaELAST n.r. FDA approved for
biomedical use as implant
material; the entire
production process is ISO
13485 compliant


Not disclosed Sugar plus
4HB-related
precursor


Shenzhen Ecomann
Biotechnology Co. Ltd.,
Guangdong, PR China
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(salt lake isolate; 


genetically 


engineered) 
Haloferax 
mediterranei 


(marine salt brine 


at Spanish coast) 


Sugars, starch, 


glycerol (no 


3HV-related 


precursors 


needed) 


Not commercially 


produced yet, but 


high industrial 


potential supposed 


- - - - 


Poly(3-hydroxybutyrate-


co-4-hydroxybutyrate) 


 


Rec. Escherichia 
coli 


(Enterobacterium) 


Glucose plus 1,4-


butanediole 


(4HB precursor) 


Tianjin GreenBio 


Materials Co. Ltd., 


Tianjin, PR China  


SoGreen 10,000 n.r. 


CJ, Seoul, Republic 


of Korea 


(technology from 


Metabolix)  


Yield10 n.r. n.r. 


Not disclosed Tepha Medical 


Devices Inc., 


Lexington, USA  


TephaELAST n.r. FDA approved for biomedical use as 


implant material; the entire production 


process is ISO 13485 compliant 
Not disclosed Sugar plus 4HB-


related precursor 
Shenzhen 


Ecomann 


Biotechnology Co. 


Ltd., Guangdong, 


PR China 


 


AmBio 10,000 


(planned: 


75,000 


capacity) 


“OK compost” 


“OK compost HOME” 


FDA approved 


Halomonas sp. 
TD40 


(salt lake isolate) 


Glucose, corn 


steep liquor, and 


GBL 


PhaBuilder, 
Beijing, PR China 


 


mP34HB 10 1,000-10,000 


(entire PHA 


production 


capacity) 


Biodegradable according to ASTM 6400 


and EN13432 


AmBio 10,000
(planned:
75,000 capacity)


“OK compost”
“OK compost HOME”
FDA approved


Halomonas sp. TD40
(salt lake isolate)


Glucose, corn steep
liquor, and GBL


PhaBuilder, Beijing,
PR China
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(salt lake isolate; 


genetically 


engineered) 
Haloferax 
mediterranei 


(marine salt brine 


at Spanish coast) 


Sugars, starch, 


glycerol (no 


3HV-related 


precursors 


needed) 


Not commercially 


produced yet, but 


high industrial 


potential supposed 


- - - - 


Poly(3-hydroxybutyrate-


co-4-hydroxybutyrate) 


 


Rec. Escherichia 
coli 


(Enterobacterium) 


Glucose plus 1,4-


butanediole 


(4HB precursor) 


Tianjin GreenBio 


Materials Co. Ltd., 


Tianjin, PR China  


SoGreen 10,000 n.r. 


CJ, Seoul, Republic 


of Korea 


(technology from 


Metabolix)  


Yield10 n.r. n.r. 


Not disclosed Tepha Medical 


Devices Inc., 


Lexington, USA  


TephaELAST n.r. FDA approved for biomedical use as 


implant material; the entire production 


process is ISO 13485 compliant 
Not disclosed Sugar plus 4HB-


related precursor 
Shenzhen 


Ecomann 


Biotechnology Co. 


Ltd., Guangdong, 


PR China 


 


AmBio 10,000 


(planned: 


75,000 


capacity) 


“OK compost” 


“OK compost HOME” 


FDA approved 


Halomonas sp. 
TD40 


(salt lake isolate) 


Glucose, corn 


steep liquor, and 


GBL 


PhaBuilder, 
Beijing, PR China 


 


mP34HB 10 1,000-10,000 


(entire PHA 


production 


capacity) 


Biodegradable according to ASTM 6400 


and EN13432 


mP34HB 10 1000–10,000
(entire PHA
production
capacity)


Biodegradable according to
ASTM 6400 and EN13432


Halomonas sp.
(Halomonas
bluephagenesis ssp.;
presumably strain
TD40)


Glucose, corn steep
liquor, and GBL


Medpha, Beijing,
PR China


n.r. Medpha PHA 100 n.r.


Poly(3-hydroxybutyrate-co-
3-hydroxyhexanoate)
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Halomonas sp. 
(Halomonas 
bluephagenesis 
ssp.; presumably 
strain TD40) 


Glucose, corn 


steep liquor, and 


GBL 


Medpha, Beijing, 
PR China 


n.r. Medpha PHA 100 n.r. 


Poly(3-hydroxybutyrate-


co-3-hydroxyhexanoate) 


 


 


Presumably 
Aeromonas caviae 
or Aeromonas 
hydrophila; other 
sources (Tan et 
al., 2021) assume 
rec. C. necator 


(soil bacteria) 


“Inexpensive oils 


derived from the 


seeds of plants 


such as canola 


and soy” 


Danimer Scientific, 


Bainbridge, USA 


(formerly 


Meredian 


Holdings Group 


Inc. and MHG; 


technology 


originally from 


Proctor & Gamble, 


Cincinatti, USA) 


 


Nodax 10,000 Biobased (ASTM D6866; “OK biobased”); 


anaerobic and aerobic digestion in soil 


freshwater (“OK biodegradable SOIL”), 


freshwater (“OK biodegradable 


WATER”), marine environment (ASTM 


D6691), industrial and home composting 


(according to TÜV Austria and EN and 


ASTM norms). 


FDA approved for food contact 


Rec. C. necator Vegetable oils Kanegafuchi 


Chemical Industry 


Co. Ltd. (Kaneka), 


Tokyo, Japan 
 


  “OK compost INDUSTRIAL”, “OK 


compost HOME”, “OK biodegradable 


SOIL” (certification in progress), and 


“OK biobased” according to TÜV 


Austria; the “Biobased” certification for 


Japan; and the “Industrial Compostable” 


certification for Japan and USA 


 
Waste cooking 


oil 


RWDC Industries 


Ltd., Athens, USA 
 


Solon® 


 


4,000 


(expected to 


be 


expanded) 


n.r. 


Presumably
Aeromonas caviae or
Aeromonas
hydrophila; other
sources (Tan et al.,
2021) assume rec.
C. necator
(soil bacteria)


“Inexpensive oils
derived from the
seeds of plants such
as canola and soy”


Danimer Scientific,
Bainbridge, USA
(formerly Meredian
Holdings Group Inc.
and MHG; technology
originally from Proctor
& Gamble,
Cincinatti, USA)
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Halomonas sp. 
(Halomonas 
bluephagenesis 
ssp.; presumably 
strain TD40) 


Glucose, corn 


steep liquor, and 


GBL 


Medpha, Beijing, 
PR China 


n.r. Medpha PHA 100 n.r. 


Poly(3-hydroxybutyrate-


co-3-hydroxyhexanoate) 


 


 


Presumably 
Aeromonas caviae 
or Aeromonas 
hydrophila; other 
sources (Tan et 
al., 2021) assume 
rec. C. necator 


(soil bacteria) 


“Inexpensive oils 


derived from the 


seeds of plants 


such as canola 


and soy” 


Danimer Scientific, 


Bainbridge, USA 


(formerly 


Meredian 


Holdings Group 


Inc. and MHG; 


technology 


originally from 


Proctor & Gamble, 


Cincinatti, USA) 


 


Nodax 10,000 Biobased (ASTM D6866; “OK biobased”); 


anaerobic and aerobic digestion in soil 


freshwater (“OK biodegradable SOIL”), 


freshwater (“OK biodegradable 


WATER”), marine environment (ASTM 


D6691), industrial and home composting 


(according to TÜV Austria and EN and 


ASTM norms). 


FDA approved for food contact 


Rec. C. necator Vegetable oils Kanegafuchi 


Chemical Industry 


Co. Ltd. (Kaneka), 


Tokyo, Japan 
 


  “OK compost INDUSTRIAL”, “OK 


compost HOME”, “OK biodegradable 


SOIL” (certification in progress), and 


“OK biobased” according to TÜV 


Austria; the “Biobased” certification for 


Japan; and the “Industrial Compostable” 


certification for Japan and USA 


 
Waste cooking 


oil 


RWDC Industries 


Ltd., Athens, USA 
 


Solon® 


 


4,000 


(expected to 


be 


expanded) 


n.r. 


Nodax 10,000 Biobased (ASTM D6866;
“OK biobased”); anaerobic
and aerobic digestion in
soil freshwater (“OK
biodegradable SOIL”),
freshwater (“OK
biodegradable WATER”),
marine environment
(ASTM D6691), industrial
and home composting
(according to TÜV Austria
and EN and ASTM norms).
FDA approved for
food contact
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Table 1. Cont.


Type of PHA Production
Strains (Origin) Substrates Manufacturer Logo


PHA
Brand Name
(Trade Mark)


Capacity
(t/year) Certifications/Approvals


Rec. C. necator Vegetable oils Kanegafuchi Chemical
Industry Co. Ltd.
(Kaneka), Tokyo, Japan


Bioengineering 2022, 9, x FOR PEER REVIEW 11 of 30 
 


Halomonas sp. 
(Halomonas 
bluephagenesis 
ssp.; presumably 
strain TD40) 


Glucose, corn 


steep liquor, and 


GBL 


Medpha, Beijing, 
PR China 


n.r. Medpha PHA 100 n.r. 


Poly(3-hydroxybutyrate-


co-3-hydroxyhexanoate) 


 


 


Presumably 
Aeromonas caviae 
or Aeromonas 
hydrophila; other 
sources (Tan et 
al., 2021) assume 
rec. C. necator 


(soil bacteria) 


“Inexpensive oils 


derived from the 


seeds of plants 


such as canola 


and soy” 


Danimer Scientific, 


Bainbridge, USA 


(formerly 


Meredian 


Holdings Group 


Inc. and MHG; 


technology 


originally from 


Proctor & Gamble, 


Cincinatti, USA) 


 


Nodax 10,000 Biobased (ASTM D6866; “OK biobased”); 


anaerobic and aerobic digestion in soil 


freshwater (“OK biodegradable SOIL”), 


freshwater (“OK biodegradable 


WATER”), marine environment (ASTM 


D6691), industrial and home composting 


(according to TÜV Austria and EN and 


ASTM norms). 


FDA approved for food contact 


Rec. C. necator Vegetable oils Kanegafuchi 


Chemical Industry 


Co. Ltd. (Kaneka), 


Tokyo, Japan 
 


  “OK compost INDUSTRIAL”, “OK 


compost HOME”, “OK biodegradable 


SOIL” (certification in progress), and 


“OK biobased” according to TÜV 


Austria; the “Biobased” certification for 


Japan; and the “Industrial Compostable” 


certification for Japan and USA 


 
Waste cooking 


oil 


RWDC Industries 


Ltd., Athens, USA 
 


Solon® 


 


4,000 


(expected to 


be 


expanded) 


n.r. 


“OK compost
INDUSTRIAL”, “OK


compost HOME”, “OK
biodegradable SOIL”


(certification in progress),
and “OK biobased”


according to TÜV Austria;
the “Biobased” certification


for Japan; and the
“Industrial Compostable”


certification for
Japan and USA


Waste cooking oil RWDC Industries Ltd.,
Athens, USA
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Halomonas sp. 
(Halomonas 
bluephagenesis 
ssp.; presumably 
strain TD40) 


Glucose, corn 


steep liquor, and 


GBL 


Medpha, Beijing, 
PR China 


n.r. Medpha PHA 100 n.r. 


Poly(3-hydroxybutyrate-


co-3-hydroxyhexanoate) 


 


 


Presumably 
Aeromonas caviae 
or Aeromonas 
hydrophila; other 
sources (Tan et 
al., 2021) assume 
rec. C. necator 


(soil bacteria) 


“Inexpensive oils 


derived from the 


seeds of plants 


such as canola 


and soy” 


Danimer Scientific, 


Bainbridge, USA 


(formerly 


Meredian 


Holdings Group 


Inc. and MHG; 


technology 


originally from 


Proctor & Gamble, 


Cincinatti, USA) 


 


Nodax 10,000 Biobased (ASTM D6866; “OK biobased”); 


anaerobic and aerobic digestion in soil 


freshwater (“OK biodegradable SOIL”), 


freshwater (“OK biodegradable 


WATER”), marine environment (ASTM 


D6691), industrial and home composting 


(according to TÜV Austria and EN and 


ASTM norms). 


FDA approved for food contact 


Rec. C. necator Vegetable oils Kanegafuchi 


Chemical Industry 


Co. Ltd. (Kaneka), 


Tokyo, Japan 
 


  “OK compost INDUSTRIAL”, “OK 


compost HOME”, “OK biodegradable 


SOIL” (certification in progress), and 


“OK biobased” according to TÜV 


Austria; the “Biobased” certification for 


Japan; and the “Industrial Compostable” 


certification for Japan and USA 


 
Waste cooking 


oil 


RWDC Industries 


Ltd., Athens, USA 
 


Solon® 


 


4,000 


(expected to 


be 


expanded) 


n.r. 
Solon® 4000


(expected to
be expanded)


n.r.


Rec. C. necator
(“reprogrammed
microorganism”)
(salt lake isolate)


“Alternative carbon
source, including
crops and kitchen
waste”, seawater


Bluepha Co. Ltd.,
Beijing, PR China
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Rec. C. necator 
(“reprogrammed 
microorganism”) 


(salt lake isolate) 


“Alternative 


carbon source, 


including crops 


and kitchen 


waste”, seawater 


Bluepha Co. Ltd., 


Beijing, PR China 
 


Bluepha PHA 1,000 Readily degraded both in seawater and 


soil within 3–6 months 


Poly(4-hydroxybutyrate) 


 


 


Rec. Escherichia 
coli 
(Enterobacterium) 


4HB-related 
precursor 


Tepha Medical 


Devices Inc., USA 


  


TephaFLEX n.r. FDA approved for biomedical use as 
implant material; the entire production 
process is ISO 13485 compliant 


n.r.: not reported.


Bluepha PHA 1000 Readily degraded both in
seawater and soil within
3–6 months


Poly(4-hydroxybutyrate)
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Rec. C. necator 
(“reprogrammed 
microorganism”) 


(salt lake isolate) 


“Alternative 


carbon source, 


including crops 


and kitchen 


waste”, seawater 


Bluepha Co. Ltd., 


Beijing, PR China 
 


Bluepha PHA 1,000 Readily degraded both in seawater and 


soil within 3–6 months 


Poly(4-hydroxybutyrate) 


 


 


Rec. Escherichia 
coli 
(Enterobacterium) 


4HB-related 
precursor 


Tepha Medical 


Devices Inc., USA 


  


TephaFLEX n.r. FDA approved for biomedical use as 
implant material; the entire production 
process is ISO 13485 compliant 


n.r.: not reported.


Rec. Escherichia coli
(Enterobacterium)


4HB-related
precursor Tepha Medical Devices


Inc., USA
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Rec. C. necator 
(“reprogrammed 
microorganism”) 


(salt lake isolate) 


“Alternative 


carbon source, 


including crops 


and kitchen 


waste”, seawater 


Bluepha Co. Ltd., 


Beijing, PR China 
 


Bluepha PHA 1,000 Readily degraded both in seawater and 


soil within 3–6 months 


Poly(4-hydroxybutyrate) 


 


 


Rec. Escherichia 
coli 
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2.6. Newlight Technologies LLC


In the USA, the Californian company Newlight Technologies LLC, located in Hunt-
ington Beach, produces P(3HB) homopolyester by using “naturally occurring microorgan-
isms found in the ocean”. Unfortunately, not much is disclosed by the company about its
biotechnological process. Bioreactor design, biocatalyst design, purification, and material
performance were optimized over a period of ten years from 2007 to 2017. Since 2019,
the commercial production plant “Eagle 3” is in operation. Renewable energy is used
for this process. According to the company, marine microbes (“Newlight´s 9X biocata-
lyst”) consume air and CO2 from greenhouse gas to accumulate P(3HB) homopolyester,
marketed under the trade name AirCarbonTM. The products are FDA approved for food
contact according to the norm FCN 1754 and “carbon-negative” certified according to the
International Organization for Standardization (ISO 14046-3) and the specification for the
assessment of the life cycle greenhouse gas emissions of goods and services (PAS 2050:
2008/2011). They are “ocean degradable” according to the American Society for Test-
ing and Material (ASTM D6691 and D7081) and “industrially compostable” according to
ASTM D6400 [36]. AirCarbonTM-based P(3HB) is used as the base resin for the company´s
RestoreTM (foodware) and CovalentTM (fashion products) branded products. Newlight
sells biodegradable food-contact items such as straws and cutlery that are blue-stained,
probably to look like the ocean. The company also claims these products to be durable
and dishwasher safe [37]. Products branded Covalent use AirCarbonTM P(3HB) for the
production of fashionable eyewear, and even as a leather replacement in smartphone
covers and other accessories. These products have been being marketed since the end
of 2020. Interestingly, CovalentTM puts a “carbon date”—a unique timestamp placed on
every CovalentTM product to disclose the time when the AirCarbonTM P(3HB) used to
manufacture the product was biosynthesized. When entering this “carbon date” into the
company´s website, the consumer can access IBM blockchain history for an individual item,
making every single step from cradle to gate traceable, and calculate the carbon footprint
associated with the overall production process [38].


2.7. COFCO Cooperation Ltd.


The company China Oil & Foodstuffs Corporation Cooperation Ltd. (COFCO), lo-
cated in Beijing, PR China, is reported as the largest food and beverage producer in the
People’s Republic of China. In addition, the company is a significant producer of biobased
PLA polymers produced by their PLAneoTM technology. The plant was engineered and
constructed by ThyssenKrupp Industrial Solutions and started operating in 2018 [39]. Since
then, COFCO has also commercialized P(3HB) homopolyester using extremophilic produc-
tion strains, many of which are genetically modified. This production concept, named the
Next Generation Biotechnology (NGIB), uses robust, extremophilic production strains such
as recombinant Halomonas bluephagenesis (originally termed Halomonas sp. TD01), which
allows production under nonsterile conditions with continuous cultivation conditions from
inexpensive feedstocks, thus saving fresh water and energy [40,41]. The current production
capacity is estimated at 1000 t per annum. COFCO’s downstream processing for PHA
recovery is further simplified since Halomonas spp. cells are easily disrupted by sodium
dodecyl sulfate (SDS) washing and release PHA granules into the aqueous phase [42]. The
technology used by COFCO was initially used by two other Chinese start-ups: PhaBuilder
and Medpha. The P(3HB) produced is being used for the production of textile fibers
(personal communication by George Chen) [43]. The company has also filed a patent
application in cooperation with Tsinghua University for reusing wastewater from the PHA
production process using Halomonas sp. [44] (Chinese patent 202010358327.1, publication
date 30 June 2020).


2.8. Mango Materials


Mango Materials, a start-up led by three female entrepreneurs and located in Califor-
nia, produces P(3HB) under the trade name YOOP from crude biogas, a mixture of CH4,
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CO2, and H2S. The company is co-located at a biogas-producing wastewater treatment
plant in the San Francisco Bay Area. Current weekly quantities of about 100 kg P(3HB)
are being produced as disclosed by the company. The products are recommended for
use in injection molding, fiber extrusion, and additive manufacturing (3D printing) [45],
the last being one of the currently most emerging applications for PHA [46]. The P(3HB)
production process constitutes a closed-loop system where spent PHA materials made of
YOOPTM PHA can undergo conversion to biogas, generating the raw material for the next
PHA-production cycle. At the moment, the company is looking for launching partnerships
with various biogas producers such as landfills, wastewater treatment plants, and agri-
cultural waste composting facilities. Production strains appear to be randomly cultured
wild-type methanotrophs, although this is not revealed by the company. According to
Mango Materials, no sterilization is required due to the robust nature of the strain and the
process [45]. P(3HB) homopolyester is produced as the sole product, which the company
claims to biodegrade in about 6 weeks in a marine environment [45].


2.9. Bio-On


Bio-On, a company located near Bologna, Italy, produced P(3HB) and P(3HB-co-3HV)
for different applications under the brand name MinervTM. They used beet sucrose, by-
products of beet sugar production (molasses), and other agro-industrial surplus materials
and claimed an annual production of approximately 2000 t of PHA starting in 2018. Bio-
On mentions using C. necator as their production strain on their homepage. They claim
to use a downstream process for PHA recovery from the non-PHA cell mass without
using organic solvents for PHA extraction. On its internet site, the company claims to
possess “the world´s largest PHA production plant” [47]. However, Bio-On came under
severe financial trouble in 2019, declared bankruptcy in order to avoid liquidation, and
continued operations under a temporary court order [48]. Their current status and future
remain unclear.


Bio-On claims to have developed and filed a patent application for its Minerv products
in PHA nanoparticles to diagnose and treat cancer (Minerv BIOMEDSTM). These nanoparti-
cles simultaneously contained two different contrast media, namely magnetic nanoparticles
and gold nanocylinders, which can rapidly mark tumor mass by NMR. Moreover, such
nanoparticles could additionally contain chemotherapeutics to combat tumors [49]. In the
bioremediation field, Bio-On announced in 2017 that tests were successfully carried out for
biological degradation of oil slicks on sea surface; here, PHA powder was put on the oil film
and was used as feedstocks for different microorganisms which are capable of hydrocarbon
degradation [50]. In cosmetics and personal care, Bio-On MinervTM PHA was used as
microbeads in emulsions for body and face peelings, cleaning agents, and toothpaste. The
company claims that these products entered the market as “Minerv Bio-CosmeticsTM” re-
placing primary microplastic particles made of PE. The lipophilic and hydrophobic nature
of P(3HB) gives cosmetic products a creamy texture at 5 to 20 µm particle sizes, which
makes such PHA microparticles particularly interesting for skin care applications, where
they do not remove water from the skin, but give oily skin a natural matt appearance [51].
In addition, PHA microparticles scatter light and can also be used as sunscreens, which
Bio-On claims to have marketed together with Unilever (brand name “MyKAITM”) [52].
In 2018, the company started marketing their so-called “Minerv SupertoysTM”, a form of
biodegradable LEGOTM-like toy bricks made of colored Minerv PHA [53]. In 2019, Bio-On
filed for a patent application for a cigarette filter containing a liquid-like P(3HB) product of
PHA to replace triacetin. The patent application claims that this new filter system can retain
up to 60% of dangerous reactive oxidative species from tobacco smoke [54]. Moreover,
Bio-On also claims to have produced prototypes of various furniture pieces consisting of
Bio-On PHA for the designer Kartell [55].
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3. Industrializing P(3HB-co-3HV) Copolyesters
3.1. PHA Heteropolyesters and Their Advantages in Processing and Commercialization


P(3HB) homopolyester was considered to be the only PHA produced in nature since its
discovery in the 1920s by Maurice Lemoigne [56] until Wallen and Davis isolated P(3HB-co-
3HV) from dried activated sludge in the 1970s. They used chloroform to dissolve the PHA
and precipitated it using ether and cooling the mixture. They then treated the resulting PHA
samples with hot ethanol. The ethanol-insoluble fraction had a Fourier transform infrared
spectroscopy (FTIR) spectrum and melting temperature (170 ◦C) of P(3HB) homopolyester,
while the ethanol-soluble fraction precipitated when cooling down and had a melting point
of 100–105 ◦C and a structure different from P(3HB) homopolyester [57]. Further research
followed, and in 1984 Wallen and Rohwedder reported on the isolation of new microbial
strains accumulating PHA from effluent water. Again, the properties of the PHA produced
by these microbes were considerably different from the properties known from P(3HB)
homopolyester; a Tm below 100 ◦C or solubility even in cold ethanol were findings surpris-
ing at that time. Based on GC-MS analyses, it was confirmed that the polymer contained,
besides 3-hydroxybutyrate (3HB), also 3-hydroxyvalerate (3HV) units and, to a minor
extent, 3-hydroxyhexanoate (3HHx). This was the first unambiguous identification of PHA
building blocks different from 3HB [58]. Using techniques such as gas chromatography–
mass spectroscopy (GC-MS), Findlay and White discovered 11 additional and different
3-hydroxyalkanoates (3HAs) from marine sediments and 6 more in Bacillus megaterium
PHA in 1983 [59]. In 1981, Morikawa and Marchessault discovered that pyrolysis of 3HB-
and 3HV-containing microbial PHA generates unsaturated compounds (crotonic acid and
pentenoic acid, respectively), which were recognized as valuable chemical synthons [60].


The fact that P(3HB-co-3HV) copolyesters can be produced by feeding appropriate
3HV precursors was subsequently discovered and patented by Holmes, Wright, and Collins
for Imperial Chemical Industry Biological (ICI) in the early 1980s (EP0052459A1), where
they claimed that “The copolymers are made microbiologically: for part of the cultivation the
micro-organism is under conditions of limitation of a nutrient, e.g., nitrogen source, required for
growth but not polyester accumulation. For at least part of this period of growth limitation the
substrate is an acid or a salt thereof that gives the comonomer units. Propionic acid, which gives
polymers where n = 1, R<2> = R<3> = R<4> = H and R<1> = C2H5, is the preferred acid.” [61].


In 1992, a seminal paper by Luzier summarized for the first time the advantages
of P(3HB-co-3HV) copolyesters in comparison to P(3HB) homopolyester by comparing
thermal and mechanical properties for different grades of PHA commercially produced
that time by ICI (see next section); P(3HB) homopolyester and P(3HB-co-3HV) with 10 or
20 mol-% 3HV were studied. With increasing 3HV content, melting point Tm decreased
(170 ◦C for P(3HB) and 140 and 130 ◦C for the two P(3HB-co-3HV) grades, degree of
crystallinity (80, 60, and 35%), tensile strength (40, 25, and 20 MPa), flexural modulus (3.5,
1.2, and 0.8 GPa), elongation at break (8, 20, and 50%), and impact strength (60, 110, and
350 J/m)). The lower Tm of the P(3HB-co-3HV) copolyesters broadened their processing
windows, making them suitable especially for extrusion, injection, and blow molding,
which enabled the application of the materials for injection-molded parts, bottles, extruded
sheets, films, fibers, and P(3HB-co-3HV)-coated paper [62].


3.2. ICI–Zeneca–Metabolix–Telles


Imperial Chemical Industry Biological (ICI), London, UK, started P(3HB-co-3HV)
production as a reaction to the sudden oil shock of the 1970s. In this process, C. necator (in
the original patent: Alcaligenes eutrophus NC 1B) was used as production strain. Cultivations
were performed on the main substrate glucose (formation of biomass, 3HB, and energy)
and propionic acid (precursor for 3HV) up to cell concentrations exceeding 100 g/L, with
P(3HB-co-3HV) fractions in cell dry mass reaching up to 80 wt.-%. Phosphate-limitation
acted as the factor to provoke the switch from the phase of balanced biomass growth to the
phase of PHA biosynthesis in the ICI process. Importantly, for economic and environmental
reasons, the company soon switched from solvent extraction for P(3HB-co-3HV) recovery
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to the use of surfactants and enzyme cocktails to disintegrate non-PHA biomass for release
of the intracellular product. A limited number of copolymers having a different percentage
of 3HV fraction were synthesized and obtained as a white powder. Based on customer
needs, ICI then blended the various copolymer grades along with other additives to obtain
the appropriate PHA compound granulates for sale to their customers. ICI started its
commercial production plant that had the capacity to produce 5000 t annually and sold the
products under the trade name BIOPOLTM (in the USA under the trade name PHBVTM) at
USD 7–8 per kilogram. Shampoo bottles (by the company Wella) and disposable razors
were some of the products made with these P(3HB-co-3HV) compounds and marketed. Da
Cruz Pradella estimated that in 1990 the demand for these compounds was between 5000
and 10,000 t per year [20,63].


In 1993, ICI spun off its agricultural and pharma division, including BIOPOLTM, as
Zeneca Ltd. Zeneca, in turn, sold all its PHA-related patents and technology to Monsanto in
1996; it was estimated that, at that time, Zeneca had a production capacity of 600–800 t per
year [5,20,63]. Monsanto, however, was more interested in producing PHA in transgenic
plants, a process that has not been realized on a commercial scale as of this writing.
Monsanto eventually ceased BIOPOLTM production in 1999 and subsequently sold the
entire ICI/Zeneca BIOPOL technology to Metabolix (based in Cambridge, Massachusetts)
in 2001. Metabolix finally entered into the joint venture called Telles with Archer Daniels
Midland (ADM) in 2006; Telles pursued the ambitious goal of commercializing P(3HB-co-
3HV) under the trade name MirelTM. Telles launched a production plant with an annual
capacity of 50,000 t in 2009. Two types of P(3HB-co-3HV) were produced: a grade suitable
for thermoforming and injection molding (MirelTM 3000 series) and a paper coating grade
(MirelTM 4000 series) [64]. Compression molding grade MirelTM P1003 was produced
through “blends of poly(R-3-hydroxybutyric acid), poly(3-hydroxybutyrate-co-4-hydroxybutyrate),
proprietary mineral fillers, and proprietary biodegradable additives” [65]. Envisaged applications
included shopping bags, compost bags, packaging, agriculture/horticulture films, aquatic
applications, and production of various durable consumer goods. The process was based on
sugars such as dextrose from hydrolyzed corn growing adjacent to the Telles fermentation
plant in Clinton, Iowa [64]. ADM finally abandoned the joint venture in January 2012,
which at that time was a real setback for the budding PHA industry and the numerous
ambitious PHA research groups [66]. However, Metabolix carried on its activities in the
biosynthesis of P(3HB) in recombinant oil plants and switchgrass, eventually developing
PHA copolymers of P(3HB) and P(4HB), or P(3HB-co-4HB), including those that were
elastomeric and had a high 4-hydroxybutyrate (4HB) co-monomer fraction (~50%) as
reported later [42,67].


3.3. PHB Industrial S.A., Brazil


PHB Industrial S.A. (PHB/ISA), in Serrana, Brazil, also produces P(3HB-co-3HV)
copolyesters from hydrolyzed sucrose from sugarcane, in addition to P(3HB) production
already described above. Different 3HV-related precursors (propionic acid, valeric acid)
were used to produce the copolymers [68]. PHB/ISA’s P(3HB-co-3HV), sold under the labels
BIOCYCLE PHBV7 and BIOCYCLE PHBV19 contains 7 and 19 mol-% 3HV, respectively [31].
The BIOCYCLETM materials are certified as compostable according to DIN CERTO and
Vinçotte [38]. Efficient copolyester production using this process may require a switch
to alternative production strains different from C. necator, such as Burkholderia sacchari
(wild-type isolate: IPT 101) and its mutants (strain IPT 189), allowing beneficial features
such as direct utilization of sucrose, high specific growth rates above 0.4 h−1, and high
volumetric productivity [69]. B. sacchari can also be used to produce block P(3HB-co-3HV)
copolyesters using xylose and levulinic acid, both inexpensive starting materials originating
from bagasse, a by-product of cane sugar production [70]. As shown in 2015 by Kovalcik
et al., thermoforming of BIOCYCLE P(3HB-co-3HV) produced by the company PHB/ISA
with Kraft lignin resulted in highly compatible composites. In this study, lignin exerted
a reinforcing effect on the copolyester and improved its rather modest thermo-oxidative
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stability during melt processing, a typical problem when processing P(3HB) homopolyester
and P(3HB-co-3HV) copolyesters with 3HV contents up to 15 mol-%. The new composite
materials were shown to drastically increase the biopolyester´s barrier performance against
O2 and CO2, which makes such biocomposites intriguing materials for packaging films for
perishable food [71].


3.4. Tianan Biologic Materials Co.


Currently, Tianan Biologic Materials Co. in Ningbo, PR China, is known as “the
world´s largest producer” of P(3HB-co-3HV) copolyesters with a reported production
capacity of 2000 annual t [33]. These copolyesters with typically rather low fractions
of 3HV (1–3 mol-%) are sold under the trade names ENMAT Y1000TM (powder form),
ENMAT Y1000PTM (pellet form), and ENMAT Y1010TM (processed with “nucleating
and stabilizing agent”). Some researchers have also reported higher 3HV content of
5 mol-% [72,73] and 8 mol-% [74] in ENMATTM P(3HB-co-3HV), although the authors of
the present review have no evidence of such grades being sold at present. These Tianan
materials are used for producing a broad range of different marketable items via injec-
tion molding, thermoforming, and melt extrusion, with the melting temperature being
slightly lower than that of the P(3HB) homopolyester ENMAT Y3000PTM. The company
recommends detailed conditions for processing their materials on established fossil plastic
processing machines. ENMATTM P(3HB-co-3HV) copolyesters have compostability certi-
fication (US Biodegradable Products Institute) and are listed as FCM substance No. 744
in Table 1 of Annex I of the Plastics Regulation of the European Union. They have also
been EU REACH compliant since 2008 [32]. ENMATTM P(3HB-co-3HV) copolyesters can
be used for film blowing due to their higher flexibility [75]. Overall improvement in pro-
cessability and improvements in flexural strength, elastic modulus, and thermal stability of
ENMATTM P(3HB-co-3HV) can be achieved by compounding them with various fractions
of PLA [72] or with modified lignin [74]. Tianan also promotes PHA grades for denitrifi-
cation of soil and in wastewater treatment plants and for spinning fiber and producing
nonwovens [23,76]. Recently, biocomposites of ENMAT Y1000PTM and Miscanthus fibers
and distillers’ dried grains with solubles (DDGS) were prepared by Meereboer et al. [77] to
further improve the marine degradability of the biopolyester. P(3HB-co-3HV) processed
with Miscanthus showed 15 and 25% better biodegradability, respectively, compared to
pure P(3HB-co-3HV). Compared to neat P(3HB-co-3HV), 85/15 and 75/25 composites
of P(3HB-co-3HV) and DDGS showed 17 and 40% better biodegradability, respectively.
The 75/25 P(3HB-co-3HV)/Miscanthus and 75/25 P(3HB-co-3HV)/DDGS biocomposites
completely biodegraded in marine environments within 412 and 295 days, respectively [77].


3.5. Genecis Bioindustries Inc.


Genecis is one of the newest start-ups in PHA, producing their P(3HB-co-3HV) in
Ontario, Canada. Genecis uses “discarded organic food waste” as raw material for its
acidogenic bacterial colony to produce fatty acids. These fatty acids, in turn, are converted
by PHA-producing microbes to P(3HB-co-3HV). All microbes used are reported as isolates
from Canadian environmental samples. The process currently is carried out in a “large
pilot bioreactor” at the University of Toronto, at the end of which they use “a chemical
process to open the bacterial cells and extract the plastic particles”; the production strain(s)
and capacity remain largely unrevealed. According to the company´s information, it is
expected that 3 t of organic waste will be converted into P(3HB-co-3HV) per week at a
new demonstration plant starting in 2021. Food packaging items such as cutlery, coffee
pods, and 3D printing filaments are listed as possible fields of application for their PHA
materials [78].


3.6. Bioextrax


In Sweden, Bioextrax AB, founded in 2014 as a spin-off from the biotechnology de-
partment of Lund University, produces PHA as granules at “a per kg price which is
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approximately 50% of other methods”. According to the company, PHA produced by the
Bioextrax process is recovered via “a universal, environmentally friendly and very cost-efficient
recovery of PHAs from PHA producing bacteria”; “Bioextrax’s patented technology produces
native-shaped bioplastics granules with intact molecular weight” and can be applied to pure
and mixed microbial cultures. This natural extraction process does without chemicals and
solvents and leaves the nutrient-rich solubilized non-PHA biomass as a coproduct [79].
According to the underlying patent (WO2016085396A1), non-PHA biomass of the PHA
producer is hydrolyzed by a Bacillus pumilus culture. At the moment, the company holds
some patent-pending processes for the production of P(3HB-co-3HV) copolyesters and
poly(3-hydroxyoctanoate) (P(3HO)) homopolyester, with production strains being kept
confidential by the company. The company´s business model is to license the entire tech-
nology (PHA production and downstream processing) to big industrial PHA producers
(personal communication by Edvard Hall, CEO Bioextrax [80]).


4. Industrializing P(3HB-co-4HB) Copolyesters
4.1. 4-Hydroxybutyrate: An Achiral Building Block as Game Changer for PHA Properties


4-Hydroxybutyrate (4HB) is the only well-studied achiral monomer found in natural
PHA. 4HB was first described as a PHA monomer by the team of Yoshiharu Doi in Japan,
who discovered this novel monomer in PHA samples produced by two strains of C. necator
when supplied with butyric acid along with the 4HB precursors 4-hydroxybutyric acid or
4-chlorobutyric acid, while feeding butyric acid alone resulted in accumulation of P(3HB)
homopolyester. Depending on the feed composition and the strain selected, up to 49 mol-%
4HB was incorporated into the P(3HB-co-4HB) copolyesters. The presence of 4HB in
PHA was confirmed by nuclear magnetic resonance (NMR) (both solid-state 13C NMR
and solution NMR were applied), and a significant decrease in crystallinity at increasing
4HB fraction in P(3HB-co-4HB) was reported, with the 49 mol-% 4HB copolyester being
almost completely amorphous without any detectable crystalline regions [81]. As has been
comprehensively reviewed by Utsunomia et al., these copolyesters can range from being
thermoplastic to completely elastomeric depending on the 4HB fraction [82].


Doi´s group carried out an in-depth investigation on the properties of this novel class
of PHA using X-ray diffraction and differential scanning calorimetry (DSC), revealing that
the integration of 4HB building blocks into the highly crystalline P(3HB) matrix causes a
considerably stronger drop in lattice crystallinity than exhibited by 3HV fractions in P(3HB-
co-3HV) copolyesters [83]. Later, the impact of different 4HB fractions in P(3HB-co-4HB)
copolyesters on Tm, Tg, and storage modulus (E′) was studied on compression-molded
sheets, showing that all of these parameters decreased with increasing 4HB fraction. Yield
stress and stress at break decreased only slightly with increasing 4HB content, while
the elongation at break increased substantially, making such copolyesters highly flexible
materials. Moreover, improved thermal stability was observed for melt-processed P(3HB-
co-4HB) copolyester sheets with increased 4HB fractions [84].


4.2. Tianjin GreenBio Materials Co. Ltd.


Tianjin GreenBio Materials Co. Ltd. (GreenBio) in PR China was one of two compa-
nies that produced P(3HB-co-4HB). In 2009, GreenBio received a $20 million investment
from the strain collection Deutsche Stammsammlung für Mikroorganismen und Zellkulturen
(DSM) to scale their PHA production from pilot- to industrial-scale bioreactors of 150 m3


volume [85]. Recombinant Escherichia coli was used as the production strain, and glu-
cose was used as the primary carbon source along with 1,4-butanediol to produce the
copolyesters. GreenBio used an organic solvent-based downstream process to recover
the PHA copolymers followed by washing with water to remove the organic solvents.
This complex downstream process was one of the primary causes for the high price of
the PHA, sold under the trade name SoGreenTM. Different grades of SoGreenTM were
labeled as SoGreen-00XTM, with “X” ranging from A to D (depending on 4HB fraction),
all of them having a similar thermal decomposition temperature of about 286 to 290 ◦C.
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According to the company´s information disclosed online and in literature reports, the
following SoGreenTM grades were commercially available: SoGreen-00A-1TM (3% 4HB),
SoGreen-00B (12% 4HB), SoGreen-00CTM (16% 4HB), and SoGreen-00DTM (64% 4HB).
SoGreen-00A-1TM had a Tm of 166 ◦C (manufacturer information [86]), and 150 ◦C accord-
ing to reference [86]. SoGreen-00DTM had an outstandingly low Tm of 50 ◦C (manufacturer
information) [85]. The standard material SoGreen-00BTM (12% 4HB) had a Tm of 125 ◦C
(manufacturer information) [85], or 126 ◦C [87], while, surprisingly, SoGreen-00DTM was
reported to have a comparatively high Tm of 152 ◦C [85]. Glass transition Tg decreased
with increasing 4HB fraction (SoGreen-00A-1TM: +4 ◦C [86], SoGreen-00CTM: −8 ◦C [85]).
Predictably, elongation at break drastically increased from 10% (SoGreen-00ATM) to 775%
(SoGreen-00DTM) with increasing 4HB content (manufacturer information) [85]. GreenBio
reportedly had a PHA production capacity of 10,000 t per year, and the company claimed
it as the world´s largest PHA production facility in 2021 [85]. Besides selling the pure
P(3HB-co-4HB) resins, Tianjin Green Bioscience also modified their SoGreenTM products
with undisclosed additives for several different applications; pellets for film blowing were
sold as SoGreen 2013TM with an elongation at break of 174–180% and a tensile strength of
41–45 MPa for applications such as “fresh film, mulching film, laminating film, wrapping
film, heat-shrinkable film, food packaging, shopping bags, garbage bags, gift bags, produce
bags” (manufacturer information). Pellets for foam applications were sold as SoGreen
1023TM for expandable food-service ware, producing mesh foam bags for fruits, cushion
pads, cushion fillers, etc. They had a tensile strength of 35 MPa, elongation at break of 300%,
a flexural modulus of 1200 MPa, and a flexural strength of 48 MPa. Pellets for production
of sheets, boards, and injection-molding products were commercialized as SoGreen 3001TM.
Mechanical properties of these products significantly differ from the more flexible products
SoGreen 2013TM and 1023TM: SoGreen 3001TM had a low tensile strength of 21 MPa and an
elongation at break of only 42%, and it had lower flexural modulus and flexural strength of
25 MPa and 960 MPa, respectively [85].


However, GreenBio came under severe economic pressure [42]. GreenBio products
did not perform as expected due to the insufficient market demand due to high product
prices, which in turn was the result of high production costs, and it stopped its production
about two years ago (personal communication by George Chen [43]).


4.3. Shenzhen Ecomann Biotechnology Co. Ltd.


Another Chinese P(3HB-co-4HB) manufacturer was Shenzhen Ecomann Biotechnology
Co. Ltd., established in 2008 and located in Shenzhen, Guangdong. They processed their
AmBioTM P(3HB-co-4HB) into customer-ready products like “aquarium biopellet filter
media” (about 5000 t annual capacity, selling price ca. USD 14) and resins for film blowing
(annual capacity of 5000 T; selling price 3.8–4.0 USD/kg). They also commercialized
500 t of PHA per year for biodegradable dog bags at a price below USD 0.01 per piece,
and 500 t per year of PHA for the “Compostable and Biodegradable Green Bag” for
shopping (USD 0.03 per piece), biodegradable bags for household and kitchen waste (“bin
liners”; USD 0.02 per piece), mulch films made of PHA, biodegradable iPhone cases, and
PHA 3D printing inks and filaments. All these bags were labeled “OK compost” (TÜV,
Austria), indicating their home compostability [88]. The Ecomann grades of P(3HB-co-4HB)
were labeled based on 4HB fraction in them such as EM 40000TM (3HB:4HB = 13:1), EM
20010TM (3HB:4HB = 18:1), and EM 10070TM (3HB:4HB = 10:1). Some blends were also
sold containing PLA and fillers. Products such as EM 30000TM and EM 50000TM were also
marketed, but their 4HB content was not reported. Tm values for these materials were
between 140 and 160 ◦C (110–130 ◦C for EM 50000TM). Tensile strength was reported to be
41–49 MPa (EM 40000TM) and 38–40 MPa (E 20010TM), and degrees of crystallinity were
around 15–16%. All materials were “OK compost HOME” certified and FDA approved.
Raw Ecomann PHA was also sold as raw material to buyers such as BASF in China [88].


In a study by Coltelli et al. [89], Ecomann EM 5400 FTM was used to prepare skin-
compatible beauty masks by blending with starch and embedding bioactive compounds to
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be released to the skin under wet conditions. Calcium carbonate microparticles were added
to control stickiness during molding, and their films were manufactured via compression
molding. The prepared films were tested and turned out to be highly biocompatible in
in vitro experiments. The authors blended Ecomann PHA with other biopolyesters such as
PBAT, poly(butylene succinate-co-butylene adipate) (PBSA), and starch and prepared novel
beauty masks. The ternary blends showed better processability during melt extrusion at
140 ◦C [89]. Their primary goal in going after their applications was to target the beauty
care market, which they determined to be more than USD 5 × 1011 in 2017, with estimates
of up to USD 8 × 1011 in 2025, a potentially large and important market opportunity
for biocompatible and biodegradable PHA. The Ecomann P(3HB-co-4HB) grades were
also tested in the biomedical field by Wu et al. [90], who prepared compression-molded
membranes of this material after mixing it with chitosan in a Brabender. These materials
showed high biocompatibility in a cytocompatibility test, in addition to antimicrobial
activity which varied with the chitosan content, making them viable for wound dressing
applications [90].


4.4. Metabolix and Cheiljedang Corporation


After the dissolution of the joint venture Telles, set up between ADM and Metabolix,
Metabolix focused its attention on producing P(3HB-co-4HB) copolymers using recom-
binant E. coli. They already had experience in producing P(4HB) homopolymers which
Tepha, a spin-out from Metabolix, uses in its products. Metabolix developed and produced
a wide variety of P(3HB-co-4HB) copolymers starting from semicrystalline P(3HB-co-4HB)
(5–15% 4HB; Tg −10 ◦C, Tm 119 ◦C, tensile strength 36 MPa) to amorphous P(3HB-co-4HB)
(up to 50% 4HB; Tg −30 ◦C, tensile strength 1.5 MPa). The company claimed biodegra-
dation of their products by 90% in marine environments after 120 days, depending on
the 4HB fraction in the copolyesters and the thickness of the parts. Applications ranged
from compostable shopping bags, rigid food containers, drinking straws, coffee capsules,
mulching films, and fishing nets to formulations for controlled release of pesticides, for
paper coating, and as 3D printing inks [91]. Most of the polymers were produced via
contract manufacturing and no volume figures were released.


In 2016, Metabolix reorganized itself as Yield10 Biosciences, an agricultural bioscience
company, led by Oliver Peoples, CEO, and Kristi Snell, CSO, both pioneers in PHA. Yield10
continues to develop PHA in camelina plants which they believe would allow them to
reach price points similar to commodity plastics. In January 2021, Yield10 disclosed
their successful field tests of prototype lines of the recombinant oil plant Camelina sativa
engineered to accumulate PHA biopolymers (presumably P(3HB) homopolyester) directly
in seeds, with PHA fractions in seeds reaching about 6%. For 2021, large field tests were
envisaged, provided that regulatory approval by the authorities will be given [92,93].


The assets of Metabolix’s microbial production of PHA along with the intellectual
property were sold to CJ Cheiljedang, and CJ renamed the commercial entity CJ White
Bio. CJ White Bio has recently reaffirmed their commitment to PHA and to the grades
that Metabolix had come up with in many of the same markets. They have announced the
establishment of a 5000 ton per year plant in Indonesia to produce P(3HB-co-4HB) [42,92].


4.5. PhaBuilder and Medpha


Several start-up companies were founded during the last several years in PR China
to manufacture P(3HB-co-4HB) using the NGIB concept, similar to the COFCO process
for P(3HB) homopolyester production, which has been mentioned above [39]. Among
these companies, PhaBuilder produces P(3HB-co-4HB) by recombinant Halomonas ssp., a
recombinant of the halophilic Chinese salt lake isolate Halomonas sp. TD01 (later: Halomonas
bluephagenesis [94]), on an annual production scale of several tons [42]. They used a
recombinant version of the strain H. bluephagenesis TD40, which was cultivated on a 5 m3


scale on glucose, corn steep liquor, and γ-butyrolactone (GBL) already in 2018. They
reported to have obtained 100 g/L dry biomass containing 60.4% P(3HB-co-13.5 mol-%-
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4HB) at a productivity of about 1.7 g/(L·h) [95]; the industrial process still uses the same
feedstocks as described in this article (personal communication with George Chen) [43].
PhaBuilder´s standard P(3HB-co-4HB), labeled “mP34HB 10”, is a fully biodegradable
and semicrystalline material. After granulation (prepared by blending with plasticizers,
heat stabilizers, and processing additives), it can be used for film blowing, extrusion,
injection molding, and 3D printing. mP34HB 10 is reported to biodegrade in different
natural environments tested, such as seawater, freshwater, sewage, sludge, and soil, and
undergoes composting. mP34HB 10 meets the requirements of biodegradation standards
ASTM 6400 and EN13432. The material is also widely used in polymer modification
with other compatible biobased materials such as PLA, other aliphatic polyesters (such as
poly(butylene succinate) (PBS), PBSA, or PBAT), and thermoplastic starch (TPS), in addition
to some non-biodegradable materials (such as TPU, PVAc, POM, PMMA, and ABS) [96].


PhaBuilder also plans to produce other types of PHA such as P(3HB), P(3HB-co-
3HHx), and P(3HB-co-3HV). In addition, the company carries out extensive research for
new applications of the 3HB monomer [42].


Medpha also produces P(3HB-co-4HB) biopolyesters on an industrial scale using
the recombinant Halomonas ssp. originally derived from Halomonas TD01; as the name
indicates, this company concentrates on producing PHA explicitly for medical applications
(personal communication with George Chen) [43].


4.6. Tepha Medical Devices Inc.


The linear, pliable homopolyester P(4HB) has remarkable material characteristics,
which are completely different from those observed for the above-described short-chain-
length (scl)-PHAs, such as P(3HB) and P(3HB-co-3HV). Most of all, P(4HB) has an excep-
tionally high elongation at break of up to 1000%, which makes it enormously stretchable
and flexible. This compares favorably with other polymers such as PLA, poly(glycolic
acid) (PGA), or P(3HB), which has an elongation at break of only about 3–7% [97,98], and
poly(ε-caprolactone) (PCL), which has an elongation at break of about 60% [99]. Oriented
P(4HB) fibers have tensile strength values of about 545 MPa, which is higher than for
poly(propylene) (PP) sutures (410–460 MPa), making them very interesting and viable as
biological fiber applications such as sutures, although P(4HB) sutures have a significantly
lower Young’s modulus than other marketed monofilament sutures [100].


In 2001, Metabolix Inc., Cambridge, USA, filed a patent for the production of P(4HB)
and 4HB-rich copolyesters by using stable recombinant strains such as E. coli from inex-
pensive feedstocks. In 2007, the company Tepha Inc., USA, started, based on this patent,
producing a range of PHA-based biomedical products in Lexington, MA, USA, e.g., P(4HB)-
made TephaFLEXTM sutures, which are US Food and Drug Administration (FDA) approved
in 2007 (notably, it is still the only PHA approved for biomedical application to date!) [82].
In addition, the entire production process is ISO 13485 compliant, referring to the quality
management for manufacturing of medical devices; this also includes a patented down-
stream processing for yielding an “extremely high purity material” by a solvent–antisolvent
process (US9480780B2). Tepha holds a high number of patents on production, processing,
and application of their material P(4HB) homopolyester, which is produced using an en-
gineered and recombinant E. coli K12 production strain. Generally, multifilament fibers,
multifilament meshes, polymer tubing, and thin films can be produced from TephaFLEXTM


products. A range of surgical materials based on P(4HB) or P(3HB-co-4HB) (trademark
TephaELASTTM), e.g., absorbable meshes (for hernia repair, wound support, tissue rein-
forcement), threads, or films for a variety of surgical procedures, are produced by Tepha
Inc., Lexington, USA, [101], as are textile fibers for weaving, knitting, and braiding in
cooperation with big textile manufacturers [102].
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5. Industrializing P(3HB-co-3HHx) Copolyesters
5.1. Hybrid-Type PHA Copolyesters Consisting of Scl- and Mcl-PHA Building Blocks


Hybrid scl-mcl-PHA copolyesters consisting of 3HB and small amounts of medium-
chain-length (mcl)-PHA building blocks (3HHx, 3-hydroxyoctanoate (3HO), 3-hydroxydecanoate
(3HD)) were originally developed and patented by Isao Noda and coworkers. This
NodaxTM type of PHA helps to overcome problems associated with well-established
P(3HB-co-3HV) copolyesters, namely the “isodimorphism”, where 3HV units can be easily
incorporated into the crystal 3HB-lattice and vice versa, thus preventing disruption of the
highly crystalline matrix. Mcl-building blocks, in contrast, disturb the 3HB matrix even
more efficiently than the achiral building block 4HB does. In particular, P(3HB-co-3HHx)
with a 3HHx content of 10–17 mol-% features excellent flexibility, demonstrated through
exceptionally high elongation at break of up to 850%, which outperforms commercially
available P(3HB-co-3HV) with 20 mol-% 3HV [103]. Indeed, this group of PHAs currently
holds great promise for a permanent industrial-scale production by different companies.


The first report on the production of such hybrid-type P(3HB-co-3HHx) copolyesters
was provided by Kobayashi et al. [104], who showed production of poly(3-hydroxybutyrate-
co-3-hydroxyhexanoate) (P(3HB-co-3HHx)) by Aeromonas spp. on fats and oils. This was
a real scientific surprise at the time; before that, it became widely accepted that microbes
produce either scl-PHA or mcl-PHA, simply depending on the type of PHA synthase active
in a given production strain. These novel findings resulted in the first patent on such
type of PHA by Shiotani and Kobayashi for Kanegafuchi (Kaneka) Chemical Industry Co.
Ltd. (U.S. Patent 5,292,860, 1994), which already claimed the use of Aeromonas caviae as
production strain. Later, patents for production of this type of PHA were filed by Procter
& Gamble for the inventions in this field by Isao Noda (U.S. Patent 5,498,692, 1996; U.S.
Patent 5,990,271, 1999), in addition to a patent on halogen-free processes for recovery for
such scl-mcl-PHA copolyesters (U.S. Patent 5,942,597).


On a larger scale, such materials were for the first time produced by wild-type strain
Aeromonas hydrophila cultivated on glucose during the balanced growth phase, followed by
feeding lauric acid under phosphate limitation during the PHA accumulation phase. This
strain was isolated from raw sewage samples by Sang Yup Lee´s group and turned out
to produce P(3HB-co-3HHx) from lauric acid and oleic acid [105]. The large-scale process
was described by Chen et al., who achieved a volumetric productivity for P(3HB-co-3HHx)
containing 11 mol-% 3HHx of 0.54 g/(L·h) in a two-stage batch process on a 20 m3 scale,
corresponding to a production of 100 g/L biomass containing 50% P(3HB-co-3HHx) within
46 h of cultivation [103]. Importantly, the authors underlined in this study that a typically
low-productive batch cultivation mode was applied due to complications observed when
running this process with A. hydrophila 4AK4 in fed-batch mode.


Besides wild-type A. caviae, genetically modified Ralstonia eutropha (today: C. necator)
expressing the Pseudomonas fluorescens GK-13 synthase gene is also reported to accumulate
scl-mcl-PHA hybrid copolyesters; dependent on the substrate provided (salts of different
fatty acids), the generated copolyesters contained, besides 3HB, building blocks such as
3HHx, 3HO, 3HD, or 3HDD [106].


5.2. Danimer Scientific


Danimer Scientific was founded in 2004 to manufacture biobased polymers and their
compounds with, for example, PLA and PHA. In 2007, Danimer Scientific purchased the
assets of the NodaxTM PHA biopolymers from Proctor & Gamble (P&G), Cincinnati, OH,
USA. P&G had by then developed and industrially produced P(3HB-co-3HHx) biopolymers
under the NodaxTM tradename based on their patents in the field. In 2013, Isao Noda
joined DaniMer/Meredian Inc. after spending three decades with P&G; today, he is a
member of the Board of Directors in addition to his many other responsibilities within
Danimer Scientific. In 2014, Danimer and Meredian Inc. merged to form Meredian Holdings
Group (MHG), which was then renamed to Danimer Scientific in 2016 and now produces
NodaxTM P(3HB-co-3HHx) commercially in Bainbridge, Georgia, and Winchester, Kentucky.
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The standard materials contain 5% 3HHx (Tm about 150 ◦C); sheets with 7.1% 3HHx (Tm
112–129 ◦C) and flakes/pellets with 6.5% 3HHx (Tm 121–146 ◦C) are also manufactured.
Production is performed based on proprietary processes; not all details, e.g., bioreactor
types, production strains, and downstream processing, are disclosed. Their production
capacity is estimated at 10,000 t per year [20,107].


Recently, Danimer Scientific announced breaking ground in both Georgia and Ken-
tucky for the construction of additional capacity in PHA production. A few months
back, Danimer acquired the technology and assets of Novomer Inc., a start-up out of
upstate New York. Novomer is reputed to have invented a pathway to produce poly(3-
hydroxypropionate) (P(3HP)) polymers using a chemocatalytic pathway. P(3HP) is de-
scribed to have excellent barrier properties. The beverage company Bacardi© announced
that they have partnered with Danimer Scientific to convert their poly(ethylene terephtha-
late) (PET) bottles into PHA-based bottles, thus reducing about 3000 annual t (correspond-
ing to 80 million bottles) of PET currently used to bottle their alcoholic drinks [107].


Production of P(3HB-co-3HHx), a hybrid scl-mcl-PHA, by Danimer Scientific starts
from bioconversion of natural oils such as from palm, canola, or soy. There is some
discrepancy about the production strain used for this process: while some sources re-
port “presumably A. caviae” as production strain [20], others refer to “recombinant R.
eutropha” [42]. According to Bacardi©, these “100% biodegradable spirit bottles” will biode-
grade within 18 months in industrial composting facilities, soil, freshwater, and marine
environments [108]. In addition, according to Danimer´s homepage, a “private-label manu-
facturer will use Danimer Scientific’s NodaxTM PHA for marine degradable straws with plans to
expand into adjacent product categories”. This company appears to be Wincup©, which has
now publicly announced the production and marketing of its PHA-based straws. Accord-
ing to a press release from December 2020, Kemira, a pulp and paper chemicals company,
is currently evaluating “Danimer Scientific’s Nodax™ PHA as commercial, fully biobased
alternative for polyethylene coatings to manufacture recyclable paper and board products
from renewable sources” [109].


5.3. Kanegafuchi Chemical Industry Co. Ltd. (Kaneka)


Kaneka, headquartered in Minato-ku, Tokyo, is an early developer and producer of
PHA biopolymers. Their PHA biopolymer PHBHTM is also P(3HB-co-3HHx), similar to
Danimer Scientific, with differences in the 3HHx content in the final polymer. The above-
mentioned patent (U.S. Patent 5,292,860, 1994) by Shiotani and Kobayashi for Kaneka, which
claims the use of Aeromonas sp. for scl-mcl-PHA biosynthesis, forms the basis for Kaneka’s
PHA biopolymer industrialization. It was later shared with Procter & Gamble, although
the two companies P&G (and later Danimer Scientific) and Kaneka use different feedstocks,
with Kaneka’s feedstock being palm oil and Danimer´s being Canola oil. Kaneka reportedly
increased their production capacity to about 5000 t per year in 2020, an increase of about
5-fold from their previous capacity [110].


In Japan, approximately 10,000 Seven-Eleven Japan stores have started using PHBHTM


drinking straws for Seven CaféTM ice coffees since 2019 [111]. Moreover, in 2019, Kaneka
launched the development of cosmetic containers with the company Shiseido Cp. Ltd.;
the product “AquaGel Lip PaletteTM”, a biodegradable container for makeup, has been
commercially available since the end of 2020 [112]. In addition, many global brand holders
are studying a wide range of applications for PHBHTM such as straws, plastic bags, cutlery,
and food containers and packaging materials [110]. In addition, there is a project ongoing
by Kaneka on teaching a polymer processing company in Kenya to produce PHBHTM


waste bin liners as a contribution to reducing the plastic waste problem in developing
countries [113].


Currently, Kaneka is also commercializing other grades of PHBHTM biopolymers
such as rigid-grade X131A and X331N (6% 3HHx, 30% crystallinity) and semirigid grade
X151A (11% 3HHx, about 5% crystallinity) [110]. Indeed, leading scientists from the PHA
field such as Alexander Steinbüchel (University of Münster, Münster, Germany) currently
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consider the industrialization endeavors for PHA by Kaneka the probably most promising
activities for a large-scale market entry of these products (“I see only one technically reliable
PHA product, the copolyester of 3HB and 3HHx produced by Kaneka in Japan, which is currently
on the market.”) [114].


5.4. Bluepha


In the context of NGIB, the Chinese company Bluepha explicitly mentions on their
internet site that “plastics should be from nature and go back to nature” [115]. This company
uses a recombinant strain of the soil bacterium C. necator obtained by means of synthetic
biology for production of P(3HB-co-3HHx) copolyesters (“Bluepha is programmer of cells”);
a schematic of the process, presented by the company itself, is provided in Figure 2.
The production scale of this plant is reported to be 1000 t annually [42]. According to
the company, “alternative carbon sources” such as crops and kitchen waste are used as
substrates for the cultivation, which is carried out in seawater. The Bluepha P(3HB-co-
3HHx) is reported to be readily degraded both in seawater and soil within 3–6 months. The
product is sold as pellets for injection molding, (aquarium) water restoration, textiles, and
polymer films and as 3D-printing inks [115].


5.5. RWDC Industries Ltd.


The Singapore- and US-based company RWDC Industries Ltd. produces SolonTM PHA
by upcycling waste cooking oil [116]. As a primary market, the company plans to replace an
impressive quantity of “1.4 trillion (sic!) drinking straws by 2025” (press release; quantity
and the true need for so many straws must be questioned) [117]. Based on a previously
established technology, P(3HB-co-3HHx) is produced by a recombinant C. necator strain; on
their internet site, the company discloses a PHA fraction of in cell biomass of 80%. Their
new 25–50 kt plant in Athens, Georgia, is announced to be fully operational by the second
half of 2021. This US-based facility is planned to initially produce about 4000 t of SolonTM


per year, but the output is planned to increase to 350 kt by 2025, which would multiply the
current global PHA productivity by more than 10 times. The company also plans to build
more plants in Asia to meet the growing demand for biodegradable plastics in this region,
which would consist of modular 25 kt production plants to be quickly installed at locations
that are defined to be strategic to best serve customer demands. According to experts from
the polymer industry, SolonTM PHA needs to be sold at less than USD 4 per kg in order for
RWDC to succeed in the market. Besides drinking straws, the company plans to enter the
market for coffee cups and lids, cutlery, light-weight shopping bags, foods containers, and
textile fibers. According to the company´s CCO, Blake Lindsey, “The applications are endless
and the impact is profound.” [118].
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6. Industrializing Mcl-PHA Copolyesters


Regarding the types of PHA biopolymers produced on an industrial scale, there is, to
the best of the authors´ knowledge, only one company commercializing mcl-PHA, a group
of PHA with building blocks having at least six carbon atoms, such as 3HHx and longer
monomers, at any scale: PolyFerm Canada, located in Ontario, produces VersaMerTM PHA
as “irregular pieces, pellets, and latex”, encompassing, inter alia, P(3HO-co-3HHx), poly(3-
hydroxyheptanoate-co-3-hydroxynonanoate) (P(3HHp-co-3HN)), and mcl-PHA containing
also unsaturated building blocks. These materials have outstandingly low Tg (−45 to
−35 ◦C), low Tm (45 to 65 ◦C), low molecular mass as is typical for mcl-PHA (100–150 kDa),
and extraordinary high elongation at break of 1200–1400% [119]. In 2016, PolyFerm Canada
licensed its technology to TerraVerdae Bioproducts, an industrial biotechnology company
developing advanced bioplastics and biomaterials from C1-feedstocks. They are said to be
scaling up mcl-PHA production based on personal communication with Bruce Ramsay, the
cofounder of PolyFerm [120,121]. However, the majority of companies commercializing
PHA are focusing on the “top-selling” scl-PHA products P(3HB), P(3HB-co-3HV), P(3HB-
co-4HB), and P(3HB-co-3HHx), in addition to Tepha´s surgically important homopolyester
P(4HB), as described in the previous sections.


7. Conclusions


As mentioned in the introduction, we are currently witnessing a significant wave
of activities in PHA development and commercialization. While most of the commercial
activities are focused on scl-PHA as bulk polymers such as P(3HB), P(3HB-co-3HV), P(3HB-
co-4HB), and P(3HB-co-3HHx) and to a minor extent on P(4HB) and highly amorphous
mcl-PHA copolyesters, most of these biopolymers are processed exclusively into single-use
products. The next several years will draw a clearer picture about which concepts in the
marketing of PHAs are indeed future-fit, be it in terms of market requirements, customer
acceptance, sustainability, or economic feasibility. However, it is quite clear that the long-
term success of commercial PHA needs to be grounded on some defined solid fundaments:
robust and powerful microbial production strains, optimized and simple cultivation facili-
ties, amply available renewable feedstocks, and sustainable and inexpensive downstream
processing technologies, pointing to its ease of production and acceptable price points that
would allow its proliferation to serve various markets
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In any case, considering the currently already well-established status of biotechnologi-
cal PHA manufacturing and the far-developed understanding of the metabolic background
of PHA biosynthesis, we can expect that the current wave of commercialization of PHAs
has indeed started. This is in contrast to the first commercialization efforts for PHAs made
several decades ago: That time, we witnessed some short-term efforts and successes in
biopolymer production during periods of crude oil shortage and exploding prices of fossil
resources, but rapidly declining interest in renewable-sourced polymers, chemicals, and
solvents as soon as the price for fossil resources dropped again. Now, the time is ripe for
a continued market presence of these biopolymers. During the next few years, it will be
of utmost interest to follow which types of PHA biopolymers, industrialization concepts,
production strains, raw material sources, cultivation modes, and applications (single-use
or durable) will prevail in the long term.
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Abstract: Global pollution from fossil plastics is one of the top environmental threats of our time.


At their end-of-life phase, fossil plastics, through recycling, incineration, and disposal result in mi-


croplastic formation, elevated atmospheric CO2 levels, and the pollution of terrestrial and aquatic


environments. Current regional, national, and global regulations are centered around banning plastic


production and use and/or increasing recycling while ignoring efforts to rapidly replace fossil plastics


through the use of alternatives, including those that occur in nature. In particular, this review demon-


strates how microbial polyhydroxyalkanoates (PHAs), a class of intrinsically natural polymers, can


successfully remedy the fossil and persistent plastic dilemma. PHAs are bio-based, biosynthesized,


biocompatible, and biodegradable, and thus, domestically and industrially compostable. Therefore,


they are an ideal replacement for the fossil plastics pollution dilemma, providing us with the benefits


of fossil plastics and meeting all the requirements of a truly circular economy. PHA biopolyesters are


natural and green materials in all stages of their life cycle. This review elaborates how the production,


consumption, and end-of-life profile of PHAs are embedded in the current and topical, 12 Principles


of Green Chemistry, which constitute the basis for sustainable product manufacturing. The time is


right for a paradigm shift in plastic manufacturing, use, and disposal. Humankind needs alternatives


to fossil plastics, which, as recalcitrant xenobiotics, contribute to the increasing deterioration of our


planet. Natural PHA biopolyesters represent that paradigm shift.


Keywords: biopolymers; green chemistry principles; natural polymers; polyhydroxyalkanoates


1. Introduction


The increasing production and use of synthetic and recalcitrant polymeric materials of
petrochemical origin for packaging, personal care, and other uses are currently responsible
for several global threats: the accumulation of plastic waste in aqueous and terrestrial envi-
ronments, the formation of highly recalcitrant, xenobiotic microplastic particles causing the
death of marine animals, deteriorating ecosystems and negatively affecting human health,
as recently demonstrated by studies confirming the presence of microplastic particles, even
in human blood [1], placenta [2], and the digestive system [3]. Not all consumed microplas-
tic is easily excreted by the body; it is estimated that microplastic intake by humans results
to an irreversible accumulation of about 41 ng microplastic particles 1–10 µm in size per
person until the age of 70 [4]. It is suspected that microplastics in our body may drive
carcinogenic signaling [5]. Interestingly, in many environments, a so called “eco-corona”
forms on the surface of microplastic particles, consisting of viruses, microbes, or organic
toxins. This “eco-corona” facilitates the uptake of microplastic by human cells, where
organisms and toxins unleash their toxic effects, and may even allow them to cross the
blood–brain barrier [6].


In response to these threats, policies worldwide are striving to replace unsustainable
linear economy approaches (“take-use-dispose”), like the production and use of fossil
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and persistent plastics, with circular alternatives (“take-use-recycle”). Legislations such as
California Assembly Bill (AB) 1201 on “Solid waste: products: labelling: compostability
and biodegradability” [7], Senate Bill (SB) 54 on “Solid waste: reporting, packaging, and
plastic food service ware” [8], the European Commission’s Single Use Plastics Directive or
SUPD (EU 904/2019) [9], the Plastics and Packaging Waster Directive (PPWR) [10], and
the REACH Amendment on Intentionally Added Microplastics [11] go in this direction.
The overarching goal of the current legislative efforts are to reduce virgin plastics use,
their leakage into the environment, and the resulting pollution. In encouraging plastic
recycling, policy makers seem to believe that the effects of persistent fossil plastics can be
reduced or even eliminated. Recycling needs to be encouraged and improved; the sheer
volume of fossil plastics used today (annual global production is estimated to be about
400 Mt and forecast to double by 2040) has no immediate replacement [12]. However,
recycling only postpones the negative effects of fossil plastics by postponing the end of life
of the materials. Chemical recycling is in its infancy, and mechanical recycling increases
microplastics formation that are inherent in all plastics handling, processing, and use. These
policies and legislations, while restricting fossil plastics, are also restricting the introduction
of innovative alternatives. Policies and legislations are redefining words like “plastics”
and “natural polymers” that are restricting the introduction of innovative, circular, and
inherently sustainable alternatives. Instead, these policies need to focus on the circularity
and sustainability of materials, through (a) renewable carbon use and from the (b) end-of
life perspective of the material and not just the product, such as packaging or personal
care items. Some examples of restrictive legislations have been mentioned above. Many
of these legislations such as California SB 54 [8] and the European Union’s Single Use
Plastics Directive (SUPD) [9] are focused on defining materials by redefining terminologies
like “plastics” and “natural polymers” to restrict the use of these persistent fossil plastics
with the aim of reducing harmful plastic pollution. Instead, we believe that legislation
needs to focus on the circularity and end-of-life profiles and options, rather than focusing
on redefining established terminologies. For example, renewability, biodegradability
and compostability should be emphasized, along with standards and certifications that
allow for such materials to be used. A second area that these legislations should focus
on are encouraging and mandating increased separation and collection, and composting
infrastructure to facilitate increased organic recycling. Examples of such legislations, which
allow for biodegradable and compostable materials are California Assembly Bill 1080—
“Solid waste: packaging and products” [13], or California SB 270, which imposes a statewide
ban on single-use plastic bags at large retail stores [14]. Here, it should be noted that no
nation-wide regulations exist for the US. Since 20 December 2022, the manufacture and
import for sale in Canada of checkout bags, cutlery, foodservice ware, stir sticks, and straws
(i.e., straight straws), as defined in respective regulations, are prohibited [15]. In the People’s
Republic of China, a policy document jointly issued by the National Development and
Reform Commission (NDRC) and the Ministry of Ecology and Environment on 16 January
2020, developed the plastic ban that prohibits restaurants throughout the country from
providing single-use plastic straws and stores in the major cities from providing plastic
shopping bags; this ban took effect on 1 January 2021 [16]. In April 2022, the Act on
the Promotion of Resource Circulation for Plastics was enacted in Japan to improve the
circularity of plastics [17]. In summer 2022, India imposed a ban on single-use plastic to
tackle pollution, including straws, cutlery, ear buds, packaging films, and cigarette packets,
etc. [18].


These legislations have also restricted materials that are renewable, biodegradable, and
domestically and industrially compostable—attributes that would reduce and eventually
eliminate the accumulation of persistent and fossil polymers and the dangers that they
cause. Indeed, many of these legislations consider plastic recycling an appropriate strategy
to overcome today’s plastic pollution predicament [19]; however, plastic recycling rather
postpones the problem, and does not provide a solution. Instead, real “Natural Polymers”
should be forcefully promoted by legislation. Widespread adaptation of natural alternatives
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is currently impeded by higher production costs, insecure supply chains for raw materials,
or cumbersome downstream processing; however, natural polymers as solutions exist
or are in development that use inexpensive raw materials, ecologically friendly polymer
production and extraction methods, in addition to being circular and sustainable from an
end-of-life perspective [20].


In this review, we clarify: (i) what “Natural Polymers” are, and (ii) how they comply
with the term, plastic, in the truest sense of the word. In addition, we highlight attributes in
materials that enable circularity and sustainability without the additional burden of fossil
carbon use and plastics produced thereof.


2. Definition of “Natural Polymers”—Clarifying Existing Ambiguities


When it comes to sustainable and circular materials, nature is the best teacher. What
nature makes, nature unwinds and remakes. Therefore, the prefix “bio” is frequently used
to connect an object or a product to nature. Several such words exist:


- Bio-based—Denoting a chemical compound or material produced from renewable
carbon sources. “Bio-based” does not specify whether the product or material is
synthesized chemically or biologically in plants, organisms, and animals.


- Biosynthesis—The synthesis of a chemical or material through the actions in living
organisms (plants, microorganisms, or animals) or parts thereof (enzymes). A biosyn-
thesized polymer implies having been produced in plants, microorganisms, or animals
through the action of enzymes in vivo. The word “polymerization” implies a synthetic
or an anthropogenic process for generation of polymers from building blocks that are
either bio-based, synthesized, or chemically synthesized.


- Biodegradation—This implies the breakdown of a chemical or material through the
actions of naturally occurring enzymes in vivo or by extracellular enzymes that are
secreted by plants, microorganisms, or animals. Generally, breaking down chemi-
cals or materials involves the eventual transformation to carbon dioxide (CO2) and
water and complex biomass called humus, also known as organic fertilizer. Hence,
“biodegradation” can be understood as nature’s way of material recycling.


- Biocompatibility—Implies chemicals or materials that do not exert harmful effects
on the environment or on living systems, including humans.


Materials that fulfil these criteria are well known, such as cellulose, starch, chitin,
alginates, proteins, and nucleic acids (DNA, RNA). All these are also macromolecules and
are excellent examples of “Natural Polymers”, also called a “Biopolymers”. Therefore,
“Natural Polymers” are defined as those that are simultaneously:


a. Derived from renewable carbon such as sugar from sugar cane, fatty acids like canola
oil or carbon dioxide, or methane from biogas or the atmosphere.


b. Biosynthesized in plants, microorganisms, and animals.
c. Biodegradable or turn into CO2, water, and humus.
d. Are biocompatible.


3. PolyHydroxyAlkanoates Are Natural Polymers


PolyHydroxyAlkanoates (PHAs) fulfil every criterion set out in the definition of a
natural polymer or a biopolymer. PHA biopolymers, a group of biopolyesters, are found
in nature, and they are biosynthesized using renewable carbon in microbes. PHAs are
biodegradable, because nature has the tools to convert them into CO2 and water and about
10% organic fertilizer or humus, the same as in the biodegradation of cellulose or cotton.
PHAs are biocompatible, they are harmless to all living beings, and can be used in vivo as
medical devices such as scaffolds, stents or as meshes. They will eventually be absorbed by
the body with no traces of the PHAs remaining [21].
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Evidence: PHAs Are a Natural Polymer


We spoke of nature knowing best when it comes to the circularity of chemicals and
materials that are found in nature. For what nature creates, nature also develops ways
to degrade and recycle. This is especially true for cellulose as well as PHAs. After their
end of life, PHAs become mineralized or biodegraded by natural hydrolytic depolymerase
enzymes to exactly those chemical building blocks from which they were once made in
nature. These include CO2 and water, which then, through photosynthesis, are converted
into sugar (sugarcane or corn) or lipids (canola oil or palm oil), used today to produce PHAs.
This demonstrates that the formation and degradation of PHAs is inherently circular.


Figure 1 illustrates the fact that PHA biopolyesters are entirely embedded in nature’s
closed material cycles, which is vividly exemplified by the old quote attributed to Lavoisier,
a pioneer in the field of chemistry, when he explained that in nature “Nothing gets lost,
nothing gets created, everything gets transformed.” [22].


tt


ff


Figure 1. Circularity of natural PHA biopolyesters.


Table 1 summarizes the aspects, which are integral to defining polymeric materials
as “natural”, and how PHAs meet these requirements. In addition, Table 2 examines
PHA manufacturing in the context of the 12 Principles of Green Chemistry, mentioned in
individual sections of the text.


Table 1. Comparison of different natural/non-natural polymers.


Material: PHA


Carbohydrates
(Starch,


Cellulose,
Alginates,


Chitin, etc.)


Proteins PLA PCL Bio-PE
Fossil Plastics
(PE, PP, PVC,


PET, etc.)


Criterion:


Production depletes fossil resources NO NO NO NO YES NO YES


Biobased (produced from renewable natural resources or
via photosynthesis)


YES YES YES YES NO YES NO


Biosynthesized (polymerization taking place in nature by
nature´s enzymatic toolbox)


YES YES YES NO NO NO NO


Biodegradable (degradation in nature by enzymes present
in living organisms)


YES YES YES YES YES NO NO


Biocompatible (not harmful to the biosphere) YES YES YES NO YES NO NO
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Table 1. Cont.


Material: PHA


Carbohydrates
(Starch,


Cellulose,
Alginates,


Chitin, etc.)


Proteins PLA PCL Bio-PE
Fossil Plastics
(PE, PP, PVC,


PET, etc.)


(Natural) chemical structure after (bio)synthesis can be
maintained during processing


YES YES YES YES YES YES YES


Formation of persistent microparticles NO NO NO NO NO YES YES


Incineration generates surplus atmospheric CO2, thus
fueling global warming


NO NO NO NO YES NO YES


Summary:
Natural polymer or not??


YES YES YES NO NO NO NO


PCL: poly(ε-caprolactone); PE: poly(ethene); PP: poly(propene); PVC: poly(vinyl chloride); PET: poly(ethylene
terephthalate).


Table 2. PHAs in relation to the 12 Principles of Green Chemistry [23,24].


Principle Description Relevant to PHAs? Explanation of the Relevance


Principle 1:
Prevention


“It is better to prevent waste than to treat or
clean up waste after it has been created.”


YES


Neither PHA biosynthesis nor PHA
biodegradation generates any waste which


needs to be treated, in contrast to production
and disintegration of fossil plastics. This is


especially true for the formation of microplastic
particles, which, in the case of fossil plastics, are


recalcitrant and endanger the eco- and
biosphere, while micro-sized PHA particles


undergo biodegradation.


Principle 2:
Atom Economy


“Synthetic methods should be designed to
maximize incorporation of all materials used in


the process into the final product.”
-


Not applicable in the context of PHA. As
natural, aerobic process, PHA biosynthesis


creates CO2 as side product; however,
generated CO2 is embedded into the natural


carbon cycle, in contrast to CO2 stemming from
petrochemical products.


Principle 3:
Less Hazardous Chemical Syntheses


“Wherever practicable, synthetic methods
should be designed to use and generate


substances that possess little or no toxicity to
human health and the environment.”


YES
PHA biopolyesters are highly biocompatible;


they do not exert any risk to the environment or
human health.


Principle 4:
Designing Safer Chemicals


“Chemical products should be designed to
preserve efficacy of function while


reducing toxicity.”
YES


PHA biopolyesters can function as a
replacement for plastics, but, in contrast to


fossil plastics, do not generate any toxic
compounds when disposed or recycled.


Principle 5:
Safer Solvents and Auxiliaries


“The use of auxiliary substances (e.g., solvents,
separation agents, etc.) should be made


unnecessary wherever possible and, innocuous
when used.”


YES


PHA biosynthesis occurs in the aqueous phase;
hence, water, being the most sustainable and


innocuous solvent, is used. For PHA recovery
from biomass, ecologically benign “green
solvents” of natural origin can be used.


Principle 6:
Design for Energy Efficiency


“Energy requirements should be recognized for
their environmental and economic impacts and


should be minimized. Synthetic methods
should be conducted at ambient temperature


and pressure.”


YES


PHA biosynthesis typically occurs at room
temperature and under ambient pressure


conditions, which makes it a process of low
energy requirements. Required energy supply


is mainly due to upstream processing (e.g.,
sterilization of the bioreactor and media
compounds), aerating, and stirring of the


bioreactor, and downstream processing. In the
case of using extremophilic organisms, energy


for sterilization can even be avoided.


Principle 7:
Use of Renewable Feedstocks


“A raw material or feedstock should be
renewable rather than depleting whenever
technically and economically practicable.”


YES PHAs originate from renewable feedstocks.


Principle 8:
Reduce Derivatives


“Unnecessary derivatization (use of blocking
groups, protection/deprotection, temporary
modification of physical/chemical processes)
should be minimized or avoided if possible,


because such steps require additional reagents
and can generate waste.”


YES


Derivatization is not needed during PHA
biosynthesis due to the efficiently coordinated


enzymatic sequence in the intracellular
biocatalytic cascade.
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Table 2. Cont.


Principle Description Relevant to PHAs? Explanation of the Relevance


Principle 9:
Catalysis


“Catalytic reagents (as selective as possible) are
superior to stoichiometric reagents.”


YES


A highly efficient enzymatic cascade, starting
from the biocatalysts responsible for substrate


catabolism towards acetyl-CoA, propionyl-CoA,
etc. (glycolysis, KDPG pathway, β-oxidation,
oxidative pyruvate decarboxylation, etc.), via
enzymes generating the PHA building blocks


(3-ketothiolase and reductase) until PHA
synthases catalyze PHA biosynthesis. Activities


of enzymes involved in the entire pathway
from substrate to bioproduct (PHA) are highly


specific, and efficiently coordinated.


Principle 10:
Design for Degradation


“Chemical products should be designed so that
at the end of their function they break down
into innocuous degradation products and do


not persist in the environment.”


YES


Products made of PHAs degrade naturally after
use, without harming the environment, into


exactly those innocuous compounds they
derive from: water and CO2 under aerobic


conditions (composting), plus methane under
anaerobic conditions (biogas plants).


Principle 11:
Real-time analysis for Pollution
Prevention


“Analytical methodologies need to be further
developed to allow for real-time, in-process


monitoring and control prior to the formation
of hazardous substances.”


YES


Modern bioreactor equipment used for PHA
production encompasses online analytical tools


to monitor temperature, pH-value, dissolved
oxygen concentration, redox potential, foam


formation (via conductivity sensors), substrate
consumption (e.g., glucose sensors), biomass


formation (via turbidity sensors), and the CO2


level and remaining oxygen in exhaust gas.
These parameters are processed via high-level
digitalization, which control the process in real


time by adjusting substrate supply, oxygen
input, temperature, pH-value, etc.


Principle 12:
Inherently Safer Chemistry for
Accident Prevention


“Substances and the form of a substance used
in a chemical process should be chosen to


minimize the potential for chemical accidents,
including releases, explosions, and fires.”


YES


PHA production is based on safe, renewable
feedstocks. No risk of fire or explosion exists
during PHA production, and no toxins are


released during the process.


4. PHAs Are Produced by Natural Microorganisms


The production of PHAs occurs in naturally occurring prokaryotic microorganisms,
which can be isolated from natural sources as diverse as the ocean, estuaries, soil, salt
rocks in the mountains, plant surfaces, the rhizosphere, or the guts of insects. Hundreds
of microbial species from both prokaryotic domains, Bacteria and Archaea, are reported
to produce PHA. These microbial “biopolymer cell factories” thrive under diverse eco-
logical conditions regarding their optima of temperature, pH-value, salinity, substrates,
or concentrations of organic or inorganic toxins; hence, as well as mesophilic organisms,
extremophiles are reported as PHA accumulators. The most comprehensively described
PHA production strain, Cupriavidus necator [25], or Bacillus sp., in which PHAs were de-
tected for the very first time by Maurice Lemoigne [26], were originally isolated from soil
samples. Other strains, which are currently heavily studied due to their robust nature
and convenient cultivability under low-sterility conditions, such as Halomonas sp., are
marine isolates [27]. From polluted habitats like oilfields, versatile PHA-producing species
like Aneurinibacillus thermoaerophilus have been isolated [28]. PHA biosynthesis has been
observed in both heterotrophic (conversion of organic carbon sources for biomass, product
and energy generation) and (photo)autotrophic (CO2 as inorganic carbon source) species
isolated from diverse natural samples [29].


5. Biosynthesis of PHA in Natural Strains Occurs via Natural Biocatalysts


PHA biopolyesters are accumulated in natural organisms as intracellular granules;
they serve the harboring cells as reserves for energy and carbon, electron sinks, and stress
protectants, and provide PHA-containing cells with survival advantages under conditions
of starvation, due to lacking an exogenous carbon source. They are predominantly pro-
duced by the cells under conditions of high intracellular energy charge, ample availability
of exogenous natural carbon sources, combined with deprivation of additional growth
factors such as nitrogen or phosphate sources. Such conditions inhibit the formation of
catalytically active biomass but boost PHA productivity. Hence, PHAs are synthesized as
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typical intracellular products of a cell´s secondary metabolism [30]. As a precondition for
PHA biosynthesis, a given strain needs to possess the key biocatalysts (enzymes) for PHA
biosynthesis. The first is 3-ketothiolase (E.C. 2.3.1.9), which condenses two molecules of
acetyl-CoA, the central catabolite of the breakdown of natural resources, to acetoacetyl-CoA
that in turn gets reduced by the action of a reductase enzyme (E.C. 1.1.1.36), generating
R-3-hydroxybutyryl-CoA, the substrate for PHA synthase (polymerase) enzymes (E.C.
2.3.1.304), which link the individual R-3-hydroxybutyryl-CoA building blocks to form
polymeric PHA chains in vivo [31]. Therefore, the catalysts needed for PHA biosynthesis
(the enzymes) match Principle 9 of Green Chemistry, which says: new catalysts shall be
non-toxic, selective, and efficient [23].


This is vastly different from poly(lactic acid) (PLA), where polymerization of bio-
logically produced lactic acid occurs via chemical processes (dimerization, ring opening
polymerization), which requires synthetic, expensive, and often hazardous catalysts [32].
Importantly, PHA biosynthesis occurs under mild conditions, reflecting the optima of the
strains’ enzymes for pH-value, temperature, salinity, or pressure. Production of petroplas-
tics, on the contrary, needs harsh, energy-demanding reaction conditions, and typically
expensive and hazardous catalysts. As an illustration, the production of poly(ethylene
terephthalate) (PET, a polyester) requires temperatures above 200 ◦C, and typically requires
antimony oxide as a catalyst [33]. Thus, PHA biosynthesis follows Principle 3 of Green
Chemistry, which demands safe chemical reactions for the production of safe products,
from safe educts [22].


6. PHA Biosynthesis Is Based on Natural Feedstocks


Principle 7 of Green Chemistry postulates the replacement of fossil feedstocks by
renewables [23]. This is perfectly valid for PHAs; carbohydrates stemming from the photo-
synthetic fixation of CO2 are the predominant natural feedstocks used for PHA biosynthesis
(Figure 1). This goes especially for monosaccharides such as the hexoses glucose or fruc-
tose and, for a lower number of microorganisms, the pentose xylose. These monomeric
sugars can conveniently be generated from polysaccharides like starch, cellulose, or even
abundantly available lignocellulose via well-established hydrolysis techniques (enzymatic
or chemical). Notably, these polysaccharides frequently stem from agro-industrial waste;
upcycling of such waste to feedstocks integrates PHA biosynthesis into biorefinery con-
cepts, which perfectly matches current circular bioeconomy paradigms. In many cases,
hydrolysis of said polysaccharides is not even needed; a cohort of strains is reported
to directly convert di-, oligo-, and polysaccharides to biomass and PHAs, provided the
strains have the adequate hydrolase enzymes available. Examples include the expedient
direct starch converter Haloferax mediterranei, which has high amylolytic activity [34]; the
invertase-excreting strain Paraburkholderia sacchari [35], which readily converts the disaccha-
ride sucrose; or Hydrogenophaga pseudopflava, a well-described consumer of the disaccharide
lactose [36]. Other strains are excellent PHA accumulators from lipids produced by natural
organisms (microbes, plants, or animals), such as Pseudomonas putida [37]. Emerging PHA
production processes are based on gaseous substrates; here, a range of hydrogen oxidizers
like C. necator [38] and many phototrophic cyanobacteria [39] can grow and accumulate
PHAs by using CO2 as the sole carbon source; CO2, in turn, is the final product of the
bio-mediated aerobic breakdown of biomass and also of disposed items made of PHAs.
Moreover, several Type II methanotrophic bacteria can be cultivated on CH4, a product
of the composting and anaerobic degradation of natural products like organic waste and
PHAs. It is also the main component of natural gas [40]. This again nicely illustrates
the circularity of PHAs: After their life span, bioplastic products made of PHAs undergo
natural degradation to exactly those starting materials, which, in a future cycle, fuel PHA
biosynthesis (Figure 1). Finally, the microorganism class of Rhodospirilli are known to
produce PHAs even from CO-rich syngas, a substrate accessible from pyrolysis of most
biological resources, particularly waste biomass [41].







Bioengineering 2023, 10, 855 8 of 16


7. PHAs Are Biodegraded in Nature—Marine, Fresh Water, and Soil in Every
Environment around the World


Principle 10 of Green Chemistry is about “biodegradability”: Products should be able
to degrade naturally (or “biodegrade”) after use without harming the environment [23].
As has been mentioned above, aerobic (oxidative) degradation of PHAs by microbes like
bacteria or fungi generates CO2 and water, while anaerobic PHA consumption by living
organisms, e.g., in biogas plants, results in the generation of CH4 in addition to water
and CO2. While the biodegradability of PHAs has been long established, decisive factors
influencing biodegradability of PHA, such as shape and thickness of polymer specimens,
crystallinity, composition on the level of monomers, environmental factors (humidity, pH-
value, temperature, UV-radiation), and surrounding microflora, though comprehensively
studied and reviewed, are currently under scrutiny. While more studies are needed to
further refine biodegradation timelines for various types of PHAs, the fundamental fact
that those types of PHAs produced to date at reasonable quantities are biodegradable has
already been established [42]. This variability in the biodegradation of PHAs follows all
other natural materials including starch, cellulose, proteins, or chitin.


Biodegradability and compostability of PHA biopolyesters have been scrutinized
under diverse environments and test conditions, i.e., soil, water, marine, simulated body
fluids, activated sludge, as well as industrial and domestic composting. PHA-producing
companies have tested their PHA products according to the corresponding standards
of certain certification organizations in order to verify claims of biodegradability and
compostability of each product [43–46]. Standards and specifications have been developed
by several authorities such as the European Committee for Standardization (EN), the
American Society for Testing and Material (ASTM), the International Organization for
Standardization (ISO), the British Standard Institution (BSI), etc.


Even the highly crystalline poly(3-hydroxybutyrate) (P(3HB)) homopolymers, the
most studied type of PHA, are biodegradable and compostable in nature. The P(3HB) pro-
ducer, Biomer, has confirmed that P(3HB) is “fully biodegradable” and compostable [47].
Previously, commercially available P(3HB) homopolyester from Imperial Chemical Indus-
tries (ICI), UK, even exceeded the biodegradability of Novamont´s thermoplastic-starch
(TPS)-based composite material, Mater-Bi. At different temperatures (28, 37, and 60 ◦C),
the biodegradability of these materials has been studied by burying thin sheets made of
them in forest soil, sandy soil, activated sludge soil, and in farm soil. P(3HB) showed
almost 100% degradation (average mass loss of five parallel samples: 98.9%) in activated
sludge soil at 37 ◦C after only 25 days, while degradation in farm soil (68.8% mass loss
after 25 days) sandy soil (10% mass loss), and forest soil (7% mass loss) was consider-
ably slower, again showing the high impact of the environment and microflora on PHA
biodegradability. Remarkably, no complete degradation was achieved for TPS (72.1%
degradation in activated sludge after 25 days at 60 ◦C as the highest degradability) at any
condition studied [43]. Regarding PHA biodegradability in seawater, the degradability
of P(3HB), poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (P(3HB-co-3HV)), and poly(3-
hydroxybutyrate-co-4-hydroxybutyrate) (P(3HB-co-4HB)), films were studied in a marine
environment over one year. It was shown in this study that degradation rates strongly
depend on the temperature of seawater; moreover, mechanistically, all PHA samples were
degraded via surface erosion, where depolymerase enzymes first attack the amorphous
P(3HB) regions on the surface of a polymer sample; after that, crystalline P(3HB) regions
are depolymerized [48].


Finally, PHA biopolymers of different structures and compositions (homo- and copolyesters)
can be mixed with other natural, compatible materials, such as PLA, wood dust, lignin,
etc. [49]. This generates biocomposites and blends with tailor-made properties, such as
optimized gas barrier properties, which makes these products more functional, e.g., for
food packaging purposes while maintaining their compostability characteristics at their
end-of-life [50]. Often, inexpensive, bio-based agro-industrial residues, such as bagasse
straw, are incorporated into PHA matrices, which reduces the overall production cost and
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the density of the biopolymer items, while maintaining PHAs’ desired performance in
given applications, and, at the same time, does not impede biodegradability. Finally, the
composition of such biocomposites is being fine-tuned so that they can be processed using
existing equipment and techniques, such as injection molding or film blowing, which can
be challenging when using pristine PHAs [51].


8. PHAs Do Not Create Recalcitrant Microplastics


Typically, fossil plastics that are disposed as macro-plastic waste in landfills and in the
environment, turn into micro- and nanoplastic particles (“secondary microplastic”) sized
between 1 nm and 5000 µm through erosion and abrasion. Such nano- and microplastic
particles are also generated during the use of the fossil plastics by abrasion during diverse
industrial processes, from vehicle tires, and even from shoe soles. [52,53]. Nanoplastic
and microplastic particles have the appropriate size to enter the food chain starting with
plankton which ingest them. Plankton serve to nourish higher animals like fish, and the
nanoplastic and microplastic particles finally end up on our table [54]. Plastic recycling, a
strategy often promoted by legislative regulations, is a key source of microplastic formation.
This was clearly shown by a study on mineral water sold in PET-bottles: Recycled bottles
released tremendously more microplastic particles into the water than bottles made of
virgin PET did [55].


At this point, it needs to be emphasized that small-sized PHA particles are not resistant
in nature; they undergo biodegradation and do not leave any remnants. Hence, “secondary
microplastics” consisting of PHA biopolymers simply do not exist. This matches the first
principle of Green Chemistry, which postulates that the generation of precarious waste
shall be avoided; it is “better to prevent than to cure” toxic waste like fossil microplastic,
which can be achieved by switching to PHAs [23]. The circularity of PHA biopolyesters is
already being commercially exploited for many uses, including for replacing intentionally
added fossil microplastics (“primary microplastic”) in cosmetics to offer UV protection
(sun screen), and in skin peeling and scrubbing products [56]. Intentionally added, PHA
microparticles that are added in shower gels, cosmetic peeling and scrubbing agents are
released into the environment such as in sewage and waste water treatment plants, lakes,
rivers and in the marine environment undergo biodegradation, unlike fossil microparticles,
which remain recalcitrant. These persistent microplastics cause excessive microplastic loads
in sewage sludge generated in wastewater treatment plants. Wastewater treatment plants
filter up to 99% of the microplastic from domestic wastewater, but with PHA microparticles
this would not be needed. The presence of PHA microparticles in sewage and wastewater
treatment plants have an added benefit. PHAs, while undergoing biodegradation convert
the high-nitrogen-content chemicals such as nitrates and nitrites present in sewage sludge
into nitrogen gas, a process also called “denitrification”, thus aiding in improved sewage
treatment [57]. Sewage sludge is an excellent organic fertilizer; however, currently, they
contain significant microplastics which end up in agricultural fields when used as fertil-
izer [58]. Replacing fossil microparticles with natural PHA microparticles would allow the
PHA microparticles in sewage sludge to readily biodegrade in the sewage system or in the
fields by the microflora present there.


Products containing natural PHA microparticles have already been commercialized—
such as NatureticsTM products by the Nafigate Cooperation, which was launched in the
Czech Republic in 2021—and are based on Hydal technology, to produce PHAs from
waste cooking oil [59]. In the most recent Microplastics Amendment (to Annex XVII)
within the REACH Regulation, the European Union has again introduced language that
restricts the use of biodegradable materials by tying the amendment to a definition of
“Natural Materials” that the European Union (ECHA) created within the SUP Directive
(EU 2019/904) [9]. Even though under the new amendment, any new intentionally added
microplastic must meet specific biodegradability standards, one of those positive controls
(standards) is P(3HB), a type of PHA biopolymer. This type of action by the European
Union is being picked up by other nations, creating a patchwork of legislations that are
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negatively affecting investments, commercialization, and the adoption of these molecules
that nature created and that humans have refined to make and break down in a circular way.


9. Industrial PHA Production Is Analogous to PHAs Produced in Nature


PHAs are produced by microorganisms in vivo, as an energy source that the organism
itself utilizes to survive in nature when it cannot obtain an external carbon source [60].
Hence, PHA production can be compared to plants producing cellulose when they grow,
although cellulose is a structural part of the plant, not a reserve compound like PHAs. On
an industrial scale, manufacturers use the same natural microorganisms to produce PHAs,
the industrial process being referred to as “fermentation”. Many of our food products
are manufactured using microorganisms such as grapes are fermented to produce wine,
milk is fermented to produce cheese and yogurt, and cabbage transforms into sauerkraut
through fermentation. PHA manufacturers also utilize the same natural process of renew-
able carbon substrate uptake by their microorganism of choice to produce PHAs, i.e., the
microorganisms carry out their natural processes in adequate vessels or containers, called
“bioreactors” or “fermenters”. On an industrial scale, manufacturers produce PHAs using
microorganisms of their choice under controlled cultivation just like in the case of produc-
ing fermented food products. They do so in “bioreactors” or “fermenters” of different sizes
and configurations, where cultivation conditions (temperature, pH-value, dissolved oxygen
tension, actual substrate concentration, etc.) have been optimized through research and
development to produce PHA biopolymers economically [61]. Prime examples of similar
processes are the aerobic propagation of baker’s yeast biomass for making bread [62],
high-throughput vinegar manufacturing in well-aerated bioreactors (“acetators”) [63], the
production of penicillin antibiotics by Penicillium sp. [64], or citric acid production by
Aspergillus niger [65]. Specifically, penicillin and citric acid production processes are based
on submerged microorganism cultivations in bioreactors similar to PHA production; in all
three cases, two cultivation phases are observed: first, high densities of active biomass are
produced under nutrient-rich conditions, which, provoked by the limitation of a growth-
essential nutrient, generates the desired bioproducts in a second cultivation phase as typical
secondary metabolites. The two processes run sequentially, typically in the same bioreactor.
The only major difference is that penicillin and citric acid are excreted by the production
strains as extracellular products [64,65], while PHAs are stored in cells intracellularly and
need to be released from the cells. The recovery of PHAs from cells is increasing based
on the application of natural techniques, such as enzymatic disintegration of non-PHA
biomass, or the application of biogenic “green” extraction solvents [66]. Coming back
to the 12 Principles of Green Chemistry, industrial PHA production adheres to Principle
8 (reduction of intermediate production stages and by-product formation, efficient and
intensified processes [23]), Principle 11 (real-time process monitoring using modern biore-
actor equipment, in-line analytics, and digitalization [23]), and Principle 12 (general risk
mitigation through the selection of safe raw materials, safe process management, and the
avoidance of explosions, fires, and the release of toxins [23]). Moreover, Principle 6 talks
about energy efficiency in manufacturing processes: Processes shall be carried out under
mild process conditions, such as at room temperature and atmospheric pressure [23]. This
is exactly the case for biotechnological processes like PHA production, which take place at
the biologically optimum, mild conditions for a given production strain. Finally, Principle
5 refers to the use of safe and non-toxic solvents in chemical processes [23]: The solvent
used in bioreactors for PHA production is the safest solvent imaginable: water.


10. Products Made of PHAs Are Natural and Biocompatible


PHAs can be processed with existing machinery to vendible biopolymeric products
of high utility, e.g., via injection molding, blow molding, extrusion molding, compression
molding, additive manufacturing (3D-printing), electrospinning, etc. [67]. During melt
processing, PHAs retain their basic chemical structure and are not modified, such as with
crosslinked or thermoset materials [68]. Hence, PHAs undergo no chemical modification
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from the time they are biosynthesized to its melt forming, except that heat treatment of all
polymers generally lowers their molecular weight. However, the end-of-life scenarios of
products made of biopolymers like PHAs differ from their fossil competitors: according to
Peng et al., biodegradable polymers such as PHAs are materials that can work for a limited
time before degrading into “readily discarded products” (end products of mineralization)
through a “regulated procedure” (enzymatic biodegradation) [69]. Hence, the circularity of
products made of PHAs is completed through their end-of-life options: they are biodegrad-
able both under aerobic conditions (composting in both domestic and industrial conditions)
and without oxygen (biogas and anerobic digestion plants). Therefore, no persistent macro-
and microplastic waste remains from leftovers of PHA-based materials, in contrast with
fossil plastics, which are persistent. Again, this meets the definition of “Natural Polymers”.


This pronounced propensity to biodegradability is illustrated by numerous biodegra-
dation studies carried out worldwide in academic and industrial laboratories, and at the
laboratories of certification bodies. The most diverse types of PHAs produced in small
quantities at research laboratories, as well as on a large scale by various companies, have
already been studied to assess their biodegradability. These industrially produced types
of PHAs include the homopolyester P(3HB) and the copolyesters of R-3-hydroxybutyrate
(3HB) and the co-monomers, R-3-hydroxyvalerate—3HV, 4-hydroxybutyrate—4HB, or R-3-
hydroxyhexanoate—3HHx). All these materials, although being of different crystallinity
and processability, have been shown to be readily biodegradable under diverse test condi-
tions, such as at various temperatures and in soil, fresh water, or marine environments [70].
Importantly, for several types of PHA, biodegradation, hence, the conversion of the carbon
in the PHAs into CO2 outperformed the biodegradation performance of cellulose, the
prototype natural reference material. Remarkably, the compostability of PHAs, namely, its
disintegration into tiny fragments, which is essentially the recycling of carbon, not only
occurs under industrial compositing conditions characterized by elevated temperature,
but also with “bioplastics” like PLA; beyond that, PHAs can even be composted at home,
which allows for the simple and efficient management of polymeric household waste, when
considering the disposal of PHA-based packaging materials [70].


Uses of PHAs: PHAs are suitable for replacing fossil plastics in packaging, personal
care, and agriculture. There is a significant effort underway to use PHAs in single-use
packaging, where recycling packaging materials is difficult due to their complex multi-
material construction and light weight. In foodservice packaging, contamination of the
packaging with food makes recycling even more difficult. Short-shelf-life (days, weeks, or
months) foodservice packaging applications are ideal for a biodegradable and compostable
material like PHAs. Their excellent barrier properties to gases, moisture, and fats and oils
add to the advantages they offer in these applications.


However, PHAs can also be applied in long shelf-life uses such as in personal care
packaging for soap and shampoo bottles that requires longer product shelf life. It must
be emphasized that in long-shelf-life packaging and other durable products, PHAs do
not biodegrade, and keep their integrity and functionality just like fossil plastic bottles.
Biodegradation starts when PHAs come in contact for long periods of time with adequate
microflora, e.g., in composting facilities, in soil, or in water. Ultimately, the biocompatibility
of PHAs constitutes the final “brick in the wall” built by the rest of the attributes, demon-
strating that PHAs are natural. This is shown by the huge number of eco- and bio-toxicity
tests carried out with PHAs, and their successful application as drug carriers, scaffold
materials, nerve-repair conduits, artificial blood vessels, surgical pins and wires, and stents.
In vivo applications of PHA-based implants do not exert inflammation reactions, because
PHAs are metabolized in tissue to metabolites constitutively present in the human body,
such as 3HB. This again is in contrast to PLA-based implants, which can cause inflammation
due to lactic acid formation [21]. Most of all, it should be noted that resorbable surgical
meshes made of poly(4HB) and P(3HB-co-4HB) are FDA approved, and have already been
successfully commercialized by the company Tepha, Inc., owned by BD (Becton, Dickinson
and Company) since 2021. These materials constitute macro-porous, monofilament, fully
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absorbable scaffolds with long-term strength retention and a defined absorption time [71].
The biocompatibility of PHAs adheres to Principle 4 of Green Chemistry, which is about
the development of safe products, which, while exhibiting beneficial performance, are of
no or minimal toxicity [23].


PHAs are demonstrably biodegradable and compostable when subjected to sustained
enzymatic or microbial treatment; however, as materials in use, they are extremely durable
in numerous applications. Just as cellulosic papyrus and old scrolls have survived many
millennia when appropriately preserved, PHA articles would be long-lasting, until they
undergo sustained enzymatic or microbial action in nature, at wastewater/sewage treat-
ment plants, or during industrial composting. This durable attribute of PHAs makes them
attractive as a replacement for many fossil plastics.


11. Definition of Plastics and How PHAs Are Plastics


Defining “plastics”: The term “plastic” derives from the Greek word, πλαστικóς (plas-
tikos), which means “can be shaped or molded”, while πλαστóς (plastos) means “molded”.
Additionally, “plasticity” explicitly refers to the deformability of materials, which in this
case, refers to the polymers used in plastic manufacturing. A plasticity of materials enables
molding, extrusion, or compression into specimens of various shapes: films, fibers, meshes,
plates, bottles, tubes, containers, etc. Plasticity also has a technical definition in materials
science, referring to the non-reversible change in form of solid substances, such as in the
case of thermoplastics that are materials that can be shaped through the application of
heat and pressure but retain their shape at ambient or lower temperatures below their
melting point.


This definition of thermoplastics has been transported to popular culture and vocabu-
lary from the scientific vocabulary over the last 50 years to refer to polymers made from
fossil carbon. The reference has a rationale: Almost all polymers that can be shaped like
thermoplastics have originated from fossil plastics since the 1950s. Therefore, “plastics”
today generally refer to fossil-derived plastics; however, if we refer to the original definition
of plastics, meaning a material that can be shaped and reshaped using heat and pressure,
PHAs would fall in that definition.


What makes PHAs “plastics”: PHA polymers are also thermoplastics as described
above; they can be processed on conventional processing equipment in which fossil plastics
are melt processed to manufacture marketable products.


This thermoplastic characteristic of PHAs is an important distinction relative to other
biopolymers such as cellulose. It is this characteristic of PHAs that allows them to be
processed like fossil plastics. PHAs are a class of biopolymers with around 150 different
building blocks, allowing for numerous combinations of polymers with properties that
cover a significant range of properties that mimic the properties of the top seven best-selling
fossil plastics, including polyolefins such as polyethylene, polypropylene, polystyrene, or
poly(vinyl chloride), and polyesters such as PET [30]. They differ in their properties which
are dependent on their chemical composition (homo-or copolyesters, the type of hydroxy
alkanoic acids making up the biopolyester); PHAs made up of building blocks with three to
five carbon atoms (short-chain-length PHA) are typically thermoplastics with amorphous
and crystalline moieties (up to 70% crystallinity), possessing melting temperatures ranging
from 100 ◦C up to 180 ◦C [20]. The most described PHA, the thermoplastic homopolyester
P(3HB), is similar in its material properties to PP, has good resistance to moisture, and
excellent gas and aroma barrier properties; it can be used in applications where high hard-
ness or creep-resistance are needed. P(3HB) does not change their properties over a broad
temperature range even when stored for several years. The UV-resistance and mechanical
stability of P(3HB) even outperforms many competing petrochemical thermoplastics [72].
Processability, impact strength and flexibility of PHA grades improve with the introduction
of co-monomers such as 3-hydroxyvalerate, 4-hydroxybutyrate, or 3-hydroxyhexanoate.
Such PHA co-polymers or “copolyesters” are already being commercially produced [73].
In contrast to short-chain-length PHAs, those PHAs, consisting of building blocks with
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at least six carbon atoms (medium-chain-length PHAs), are more amorphous, have a low
melting temperature, and display elastomeric properties similar to latex [20]. Industrial
PHA biopolymers are already being used in packaging applications where food contact
and contamination renders recycling difficult and such products are easily composted [73].
Once PHA volumes increase, they could also be recycled like fossil plastics, due to their
thermoplastic nature, thus making PHAs recyclable, as well domestically and industrially
compostable [70].


12. Conclusions


This technical review has presented the criteria which need to be considered in classi-
fying polymeric materials as natural materials or natural polymers. Nature uses renewable
carbon as a raw material and nature’s workhorses (enzymes in living organisms) utilize
biosynthesis to produce natural materials or natural polymers. In addition, nature has
the tools to unzip or biodegrade them. PHAs are one of those natural materials or natu-
ral polymers. They are products of natural living organisms produced from renewable
carbon raw materials. Their chemical structure remains unchanged during or after melt
processing them into diverse biocompatible consumables that do no harm to living systems,
and they do not disintegrate into persistent microparticles. Their beneficial end-of-life
options, namely recyclability and biodegradation via composting or anaerobic digestion to
biogas, are analogous to all other known biopolymers, such as carbohydrates, proteins, or
nucleic acids.


Accelerating the transition to biological alternatives like PHAs on a substantial scale
requires a paradigm shift in many areas. This shift would involve the availability of a
variety of non-food renewable carbon sources and ecologically benign biopolymer recovery
methods; designing materials that match existing fossil plastics in their properties and
functionality, enabling their processing on existing infrastructure with little to no changes;
designing waste management systems that improve collection and sorting; and accepting
and improving industrial composting and making it equally as important as mechanical
recycling. In addition, appropriate legislation to promote their use needs to focus on circu-
larity and sustainability—renewability, recyclability, compostability, and biodegradability.
It must not focus on redefining plastics, natural polymers, and other clearly established
words and phrases. FMCGs (fast-moving consumer goods) and CPGs (consumer packaged
goods), especially in food service, personal care, and health and beauty are ideally suited
for such a transition to biological alternatives like PHAs [73].


In addition, the overall cost of using fossil plastics that includes their negative envi-
ronmental consequences needs to be holistically estimated beyond the cost of their raw
materials. This would allow for a true understanding and comparison of costs of fossil
plastics with their biological and circular alternatives.


Finally, governments need to provide incentives in the form of direct support for
more basic and applied research and development including the scaling newer technolo-
gies to enable the transition. This area represents the “New Economy”, also called the
“Bio-Economy”, allowing local supply chains for materials, and new and innovative manu-
facturing processes that create significant new employment opportunities.
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52. Zhang, K.; Hamidian, A.H.; Tubić, A.; Zhang, Y.; Fang, J.K.; Wu, C.; Lam, P.K. Understanding plastic degradation and microplastic


formation in the environment: A review. Environ. Pollut. 2021, 274, 116554. [CrossRef]
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Biobased, biodegradable 
and compostable plastics 
The EU is addressing the sourcing, 
labelling and use of bio-based plastics, 
and the use of biodegradable and 
compostable plastics. 

environment.ec.europa.eu 

PHA plastics, or Polyhydroxyalkanoates, are often referred to as "Nature's Plastic." Are remarkable 
materials produced in nature by countless bacteria found in nearly all ecosystems with a unique 
ability to consume a wide range of biomass and biogas. From food waste, to used vegetable oils, to 
sugars. And most excitingly, biogas such as CO2 and Methane can be a food source for bacteria to 
produce PHA. . Both of these gasses are labelled as direct contributors to global warming. 

PHA serves as a natural energy storage method for these bacteria, and the conversion into a 
polymer requires no secondary external processes. Unlike PLA, PHA doesn't rely on heavy metal 
catalyzers or the need for complex reactors. 

As a result, PHA possesses a unique natural ability to reintegrate into the environment in a manner 
similar to a sheet of newspaper. There's no requirement for specific conditions, chemical recycling, 
or elevated temperatures for PHA to naturally biodegrade. It is important to emphasize that we do 
not advocate or advertise PHA's natural biodegradability as a license for the industry, manufacturers, 
or consumers to engage in irresponsible disposal practices. Instead, it should serve as a safety net in 
the worst-case scenario. PHA does not generate or build toxic microplastics, even when exposed to 
our most sensitive environment, out coastlines and oceans. 

Our commitment lies in promoting responsible practices such as the collection, separation, and 
recycling of PHA. Extensive studies have shown that PHA can be identified and separated within 
industrial conditions with a remarkable accuracy rate of 99.8%. Additionally, PHA is compostable 
under all conditions and systems, eliminating the need for specialized industrial digesters or specific 
atmospheric conditions to ensure proper and complete degradation unlike PLA. 

In our ongoing efforts, we are actively collaborating with the Composting Manufacturer Association 
(CMA) and wholeheartedly supporting their initiatives aimed at establishing universally accepted 
standards for validation within the composting community. We firmly believe that the experience 
and expertise gained from the plastic sorting and recycling sector can be effectively leveraged to 
ensure a consistent supply of clean biopolymers, thereby enhancing the efficiency of composting 
processes and mitigating the risk of contamination. 

Regrettably, the primary objective of the PHA industry, which is to replace and substitute the main 

https://gcc02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fenvironment.ec.europa.eu%2Ftopics%2Fplastics%2Fbiobased-biodegradable-and-compostable-plastics_en%23%3A~%3Atext%3DThere%2520is%2520currently%2520no%2520EU%2CDirective%2520on%2520plastic%2520bags&data=05%7C01%7COrganics%40CalRecycle.ca.gov%7C4dcf78563239461d255c08dbdd549108%7Ca4c5f142282344b9a970816a20aaabee%7C0%7C0%7C638347128194943619%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=xoGaCkdat4SK9jjcaLVMNiImysvZHQ%2BPH0LBMSZ6lUI%3D&reserved=0
https://gcc02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fenvironment.ec.europa.eu%2Ftopics%2Fplastics%2Fbiobased-biodegradable-and-compostable-plastics_en%23%3A~%3Atext%3DThere%2520is%2520currently%2520no%2520EU%2CDirective%2520on%2520plastic%2520bags&data=05%7C01%7COrganics%40CalRecycle.ca.gov%7C4dcf78563239461d255c08dbdd549108%7Ca4c5f142282344b9a970816a20aaabee%7C0%7C0%7C638347128194943619%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=xoGaCkdat4SK9jjcaLVMNiImysvZHQ%2BPH0LBMSZ6lUI%3D&reserved=0
https://gcc02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fenvironment.ec.europa.eu%2Ftopics%2Fplastics%2Fbiobased-biodegradable-and-compostable-plastics_en%23%3A~%3Atext%3DThere%2520is%2520currently%2520no%2520EU%2CDirective%2520on%2520plastic%2520bags&data=05%7C01%7COrganics%40CalRecycle.ca.gov%7C4dcf78563239461d255c08dbdd549108%7Ca4c5f142282344b9a970816a20aaabee%7C0%7C0%7C638347128194943619%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=xoGaCkdat4SK9jjcaLVMNiImysvZHQ%2BPH0LBMSZ6lUI%3D&reserved=0
https://environment.ec.europa.eu
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sources of plastic pollution at the state, national, and global levels, has resulted in associations with 
the misuse of terminology, akin to the misuse of "Biodegradable" claims.. 

Historically, while PHA plastics have been in existence for approximately 40+ years, their 
predominant application was within the medical field. However, they are now emerging as a direct 
replacement for traditional carbon-based petroleum-based polymers such as PP, PS, EPS, and LDPE 
in various applications. 

Attached, you will find a third-party review and analysis highlighting the positive impact of broad 
PHA usage on the environment. This progress aligns with our commitment to satisfying consumer 
demand for packaging materials while maintaining ecological responsibility. 

Therefore, we kindly request the opportunity to further educate the members on the potential of 
PHA plastics and to contribute to the efforts required to establish a circular economy rooted in 
sound scientific principles, rather than being subjected to bans merely due to association with 
misconceptions. 

It is essential to note that the PHA plastic production industry represents a high-tech sector at the 
forefront of efforts to reduce and eliminate plastic pollution. However, in the State of California, 
despite its global significance, the adoption and utilization of this technology have been constrained 
in part by the prohibition on labeling PHA-made products as "Biodegradable." This has had practical 
consequences, such as our inability to sell and ship our products on Amazon in California, even 
though we were the first manufacturer to produce a 3D flexible filament made of PHA in the world 
that is in fact 100% biodegradable and compostable. 

China is currently leading the way with a 55% share in the production of this material, followed by 
Europe, with the United States lagging far behind. 

Furthermore, I encourage you to explore the publicly available information through the GO!PHA 
non-profit organization. 

Thank you for your attention and consideration. 

Sincerely 

Fred D Pinczuk 
Beyond Plastic LLC 
Chief Technical Officer 
fred@beyondplastic.com 

www.beyondplastic.com 

mailto:fred@beyondplastic.com
https://gcc02.safelinks.protection.outlook.com/?url=http%3A%2F%2Fwww.beyondplastic.com%2F&data=05%7C01%7COrganics%40CalRecycle.ca.gov%7C4dcf78563239461d255c08dbdd549108%7Ca4c5f142282344b9a970816a20aaabee%7C0%7C0%7C638347128194943619%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=reCx4U1wDS%2BoMvHrFi0cn2nEBTQTxoOxlLW37HF4HjY%3D&reserved=0
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~ NATIONAL 
~sA~ STEWARDSHIP 
,...,. ACTION COUNCIL~ 

ADVOCATING FDR AN EQUITABLE, CIRCULAR ECONOMY 

P.O.  Box 498 
West Sacramento, CA 95691  

(916) 217-1109 
nsaction.us 

November 2, 2023 

Attention: Organics Team 
California Department of Resources Recycling and Recovery (CalRecycle) 
1001 I Street, Sacramento, CA 95812  
Sent via email to Organics@CalRecycle.ca.gov 

RE: AB 1201 Organic Waste Bifurcation Feasibility Determination 

Dear CalRecycle Organics Team, 

The National Stewardship Action Council (NSAC) is a 501(c)(4) non-profit organization 
comprised of governments, non-government organizations, businesses, and consumers with the 
vision for the United States to attain an equitable, circular economy, an economic system that 
designs out waste and pollution, keeps materials in use, and regenerates natural systems. We 
appreciate the opportunity to provide feedback on the Organic Waste Bifurcation Feasibility 
Determination as required by AB 1201 (Ting). 

Bifurcation of California’s organic waste system to collect organic waste that is not acceptable 
compost feedstocks under the National Organic Program (NOP) separately from organic waste 
that is acceptable under the NOP would be extremely costly, inefficient, and impractical. 
Furthermore, even if we were to spend the time and money to bifurcate the two separate streams, 
we see no responsible end market for the new, segregated stream that includes compostable 
plastics in California. 

The feasibility study does not include any review of the collection system and whether the 
bifurcated collection of organic waste is even feasible, which we would argue is not without a 
monumental increase in costs and complexities. Additionally, compostable plastics are 
indistinguishable from the conventional, fossil-fuel derived plastics, which will result in the 
stream that accepts compostable plastics likely being riddled with contamination, increasing 
costs and potentially jeopardizing whatever end market was being utilized. 

For these reasons, we strongly oppose the bifurcation of California’s organic waste management 
system to ensure we do not unnecessarily create inefficiencies and increase costs. 

Respectfully, 

Jordan Wells 
Director of Advocacy and Communications 

The Vision of NSAC 

The United States attains an equitable, circular economy. 
501(c)(4) 

Organization 

mailto:Organics@CalRecycle.ca.gov
https://www.nsaction.us/
https://nsaction.us


          
 

 

 
 

  
  

 
   

 
  

 
    

       
 

 
 

  
   

    
    

     
 

  
   

    
   

    
        

    
    

  
 

    
   

   
 

     
  

   
   

 
    

    
  

   

  

• CJ• " BIOMATERIALS 

November 8, 2023 

California Department of Resources Recycling and Recovery 
VIA: organics@calrecycle.org 

Re: Public Meeting Notice: AB 1201 Discussion Paper 

To Whom It May Concern: 

Thank you for the opportunity to provide comments on the discussion paper issued by 
CalRecycle on the topic of the feasibility of implementing a bifurcated system for compost 
processing in California. 

CJ Biomaterials is a leading producer of polyhydroxyalkanoates, or PHAs. PHAs are a type of 
biopolymer that can serve as an alternative to traditional fossil-based plastics for use in 
foodservice ware and other single-use applications. Although there are many end-of-life 
scenarios that serve PHA-based products, composting presents as the most efficient, 
appropriate, and climate-positive pathway for PHA-based foodservice ware and in other 
products and packaging used for collection and diversion of organics from landfills. 

We are concerned that AB 1201 creates a situation in California where compostable plastic 
packaging will be banned from the market in the state. We urge CalRecycle to consider 
adopting regulations that will provide a regulatory pathway to allow for the adoption of a 
bifurcated system for managing certified compostable plastics. In the meantime, efforts are 
underway to update the national regulations (NOP standards) and if these efforts are ultimately 
successful there may no longer be a need or interest in using a bifurcated system for compost 
streams. Until then, it is imperative that CalRecycle keep the door open for compostable plastic 
alternatives to plastic single-use packaging in applications where there are simply no suitable 
alternative material types that will not be destined for landfill. 

We are happy to see that a significant number of respondents to CalRecycle ’s composter 
survey indicated that implementing a bifurcated system would be feasible (25 percent 
responding ‘yes’ to feasibility; an additional 12 percent responding ‘yes’ but with cost 
concerns). The cost concerns expressed by a small portion of these respondents in the ‘yes’ 
group can be alleviated by the funding that will be available through SB 54. SB 54 will result in a 
producer responsibility system with a PRO that will collect fees on covered products sold in the 
state. These funds will then be made available for infrastructure improvements for the 
processing of these covered products, including costs for expanded composting infrastructure. 

Considering the critical need to address the prohibitive language in AB 1201, and in light of the 
funding opportunities afforded through SB 54, we urge a finding of feasibility by CalRecycle and 
adopt the needed regulatory framework to support this finding. In doing so, CalRecycle will 
prevent certified compostables from being excluded from the future market in California. We 

www.cjbiomaterials.comScott,Lauren?/Strategic Marketing/2023-11-08 00:47:33

www.cjbiomaterials.com
mailto:organics@calrecycle.org


 
 

 

   
  

 
 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 

  

C~ · BIOMATERIALS 

look forward to supporting the Department’s efforts in any way we can and welcome staff to 
reach out with any questions. 

Sincerely, 

Lauren Scott 
Director of Corporate Affairs 

CJ Biomaterials 

916.616.0831 / lauren.scott@cj.net 

www.cjbiomaterials.comScott,Lauren?/Strategic Marketing/2023-11-08 00:47:33 

www.cjbiomaterials.com
mailto:lauren.scott@cj.net
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	ALL showed disintegration of >95%. 
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	No failures. 
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