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Abstract
Polyhydroxyalkanoates (PHA), the only group of “bioplastics” sensu stricto, are accumulated by various prokaryotes as intracel-
lular “carbonosomes”. When exposed to exogenous stress or starvation, presence of these microbial polyoxoesters of hydroxy-
alkanoates assists microbes to survive.
“Bioplastics” such as PHA must be competitive with petrochemically manufactured plastics both in terms of material quality 
and manufacturing economics. Cost-effectiveness calculations clearly show that PHA production costs, in addition to biore-
actor equipment and downstream technology, are mainly due to raw material costs. The reason for this is PHA production 
on an industrial scale currently relying on expensive, nutritionally relevant “1st-generation feedstocks”, such as like glucose, 
starch or edible oils. As a way out, carbon-rich industrial waste streams (“2nd-generation feedstocks”) can be used that are not 
in competition with the supply of food; this strategy not only reduces PHA production costs, but can also make a significant 
contribution to safeguarding food supplies in various disadvantaged parts of the world. This approach increases the economics 
of PHA production, improves the sustainability of the entire lifecycle of these materials, and makes them unassailable from an 
ethical perspective.
In this context, our EU-funded projects ANIMPOL and WHEYPOL, carried out by collaborative consortia of academic and 
industrial partners, successfully developed PHA production processes, which resort to waste streams amply available in Eu-
rope. As real 2nd-generation feedstocks”, waste lipids and crude glycerol from animal-processing and biodiesel industry, and 
surplus whey from dairy and cheese making industry were used in these processes. Cost estimations made by our project 
partners determine PHA production prices below 3 € (WHEYPOL) and even less than 2 € (ANIMPOL), respectively, per kg; 
these values already reach the benchmark of economic feasibility.
The presented studies clearly show that the use of selected high-carbon waste streams of (agro)industrial origin contributes 
significantly to the cost-effectiveness and sustainability of PHA biopolyester production on an industrial scale.

Keywords: Animal-processing industry, biodiesel, biopolyesters, biopolymers, polyhydroxyalkanoates (PHA), raw materials; 
sustainability, waste streams, whey

Introduction
The current global plastic situation
Nowadays, we are dealing with plastics in many situations of our all-day life; in most cas-
es, “plastics” are polymers stemming from petro-chemistry. Based on favorable material 
features such as low density, high resistance, and well-optimized manufacturing process-
es, plastics are by far the fastest emerging group of materials used for manufacturing of 
customized items. In this context, plastics are needed for packaging of diverse goods, ag-
riculture, electronics, construction industry, transportation, health care, or the sport and 
leisure sector. However, based on the limitation of petrochemical resources and the recal-
citrance of plastics towards biodegradation, we currently observe growing global concern 
related to traditional plastics of petrochemical origin. Reliable estimates speak about a 
pile of 8 to 9 x 109 t of plastics that have been made globally in recent decades (1). In the 
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face of a current worldwide plastic production of almost 4 x 108 t 
annually with an enormous uptrend noticed especially in emerg-
ing and developing countries, which are characterized by boosting 
industrialization (2), it becomes clear that the enormous quantities 
of spent plastics (already surpassing 15 x 107 t annually) urgently 
require proper disposal (3). Fig. 1 illustrates the rising amounts of 
plastics produced on our planet during the recent decades.

Because of the high recalcitrance of plastics towards (bio)deg-
radation, other methods of disposal are frequently used, often 
simple landfilling, or they are even just deposited in the environ-
ment; this fate struck about 79% of the total amount of plastic 
ever produced, and resulted in growing piles of plastic waste and 
plastic waste distribute all over the planet (2). A currently hot 
topic is the disastrous pollution of the oceans, the origin of all 
life, by an approximate amount of 2 x 106 t of plastic waste enter-
ing marine environments mainly via rivers and coastal sewers; 
as one of the consequences thereof, “microplastics” endanger 
the complete food chain (4). Alternatively, estimated 12% of all 
plastics produced to date were incinerated for energy generation, 
leading to formation and release of greenhouse relevant and tox-
ic gaseous emissions (1). Alternatively, recycling of spent petro-
chemical plastics is a generally accepted technology and regarded 
as “green” and progressive; however, plastic recycling only works 
to a restricted degree because of the need for a certain purity of 
spent plastic regarding types of plastics and pollutions, and the 
material fatigue and quality loss with every recycling cycle (3,5).

Polyhydroxyalkanoates (PHA) – a biological alternative 
As a biological alternative to petrochemical plastics, one can fall 
back on solutions provided by Mother Nature. In this context, 
microbially synthesized polyhydroxyalkanoate (PHA) biopoly-
esters are these days in the focus of microbiologists, systems and 

synthetic biologists, material scientists, and chemical engineers. 
This is easily understood due to their beneficial properties such 
as biodegradability and versatility; these features make them 
attractive for numerous applications as known for traditional 
plastics (6,7). PHA were first observed and described almost one 
century ago by Maurice Lemoigne as light-refractive inclusion 
bodies in the Gram-positive bacterium Bacillus megaterium (8). 
Today, it is getting better understood that presence of PHA in 
living prokaryotic microbes (bacteria or haloarchaea) serves the 
cells as protection against starvation and various other stress fac-
tors, whose connection with PHA biosynthesis was discovered 
only recently (9). Such challenging stress factors are, e.g., oxi-
dative stress (10,11), high salt load (hypersalinity) (12), UV-ir-
radiation (13), heat (11), or freezing (14). Typically, PHA bio-
synthesis is favored by limiting a nutrient component essential 
for microbial growth, e.g., metabolizeable nitrogen compounds, 
phosphate, or oxygen, with concomitant plentiful availability of 
exogenous carbon source. Primarily the price of carbon sourc-
es needed for PHA biosynthesis, which are often compounds 
relevant to human nutrition, defines the final production price 
of PHA; consequently, alternatives must be developed for large-
scale PHA production (6).

To address the use of inexpensive carbon sources, biorefinery 
concepts are developed these days, which resort to carbon-rich 
side streams of diverse (agro)industrial processes to be used as 
“2nd-generation feedstocks” for PHA production (15,16). In this 
context, as the first core topic of this review, lactose-rich surplus 
whey from dairy industry is another viable feedstock for PHA 
production (17). Further biorefinery concepts are based on PHA 
production from waste lignocelluloses, such as bagasse, forestry 
residues, or straw (18), side streams from sugar mills (19), paper 
industry waste (20), urban sewage (21), nutrient-rich effluents 
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Figure 1. The rising amounts of global plastic production.
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of olive oil production (22), or, in the case of autotrophic PHA 
production strains, carbon dioxide-rich exhaust gases stemming 
from power plants (23). Moreover, connecting PHA produc-
tion to the animal-processing industry was accomplished; here, 
PHA-producing microbes were supplied with low quality bio-
diesel obtained by transesterification of high-fat animal waste 
in addition to crude glycerol and innards, which are additional 
waste streams from this industrial process, as detailed as the sec-
ond core topic of this review (24).

In addition to the raw material issue, the downstream pro-
cessing technology for the efficient and sustainable isolation of 
biopolyesters from microbial biomass, a crucial step in the PHA 
production chain, is currently under discussion. In this context, 
PHA extraction by solvent-based techniques, and various meth-
ods for chemical, enzymatic, and mechanical disintegration of 
the non-PHA (“residual”) biomass are comprehensively summa-
rized in the current literature. However, all these methods have 
certain disadvantages either from an economic point of view, 
for ecological considerations, safety aspects, low PHA recovery 
yield, product pureness, or because of scaling difficulties, which 
are industrially critical indeed (25-27). Recent developments 
to optimize PHA recovery involve the application of harmless 
solvents (28), supercritical fluids (29), or ionic liquids (30). As 
a new curiosity which, nevertheless, might have some potential 
for application, PHA granules of surprising purity can be excret-
ed by some animals like the meal worm Tenebrio molitor, which 
selectively digest the non-PHA fraction if they are fed with PHA-
rich bacterial biomass (31).

At present, robust microbial PHA producers with well-stud-
ied genome and enzymatic machinery, and a broad spectrum of 
inexpensive substrates utilized by them are in the spotlight of 

PHA researchers focusing on microbiological and genetic as-
pects. Especially exploration of extremophilic microbial strains 
settling in challenging environments, such as halophile microbes 
isolated from salt lakes, saltworks, or marine waters, is strongly 
increasing these days. Application of such production strains en-
ables designing simple, flexible and robust cultivation processes, 
which can be energy-saving due to low or even without any ste-
rility requirements (32-35).

From the perspective of the chemist, PHAs are polyoxoesters 
of hydroxyalkanoic acids. To date, a huge number of PHA homo- 
and heteropolyesters of different molecular composition, mi-
crostructure, thermal and physical properties were detected in 
living microbes. Properties of PHA are fixed by the monomers 
building up the polyester, and by the polymer´s microstructure, 
hence, if the PHA are blocky structured or if their monomers are 
randomly distributed. The types of monomers present in PHA 
are determined by the substrates provided to the cells, hence, the 
combination of main carbon source and co-substrates (precur-
sors) of a structure chemically related to given monomers (6,7). 
The molecular mass of PHA, which can range to some MDa, is 
strongly influenced by the type of carbon source, the production 
strain, and the activity of the enzyme PHA synthase, which po-
lymerizes monomers to PHA polyester chains; PHA synthase ac-
tivity, in turn, is determined by the process conditions (pH-val-
ue, temperature, etc.) and the current carbon source availability. 
To cope with the obvious complexity of PHA molecules occur-
ring at the same time in a biological system in terms of mono-
mer composition and degrees of polymerization, the expression 
“PHAome” was recently introduced as a relevant technical term 
in the PHA-related scientific literature (36). Fig. 2 illustrates the 
general chemical structure of PHA biopolyesters.
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Figure 2. General chemical structure of PHA biopolyesters.
Upper part: scheme of a prokaryotic cell harboring PHA granules (“carbonosomes”). R: side chain of monomers; n: number of meth-
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The improvement of large-scale productivity, cost efficien-
cy, and strain performance demands optimization procedures 
of different process steps. This includes the quest for new wild 
type and genetically modified microbes, development of a 
process design adapted to the kinetic characteristics PHA pro-
duction, and ecologically benign and efficient techniques for 
separation of PHA and residual non-PHA biomass. Only the 
synopsis of these steps allows ecologically feasible and sustain-
able manufacturing of PHA (6,37,38). Fig. 3 illustrates the eight 
pillars needed to produce PHA biopolyesters in a cost-efficient 
and sustainable fashion. The present review summarizes efforts 
of our research group and our consortium partners, and of oth-
er authorships focusing on the use of waste streams from the 
cheese making and the animal processing industry.

Available raw materials for PHA biosynthesis
Purified sugars, expensive fatty acids, or edible oils are tradi-
tionally used as substrates for PHA biosynthesis; therefore, 
about 50 % of the total PHA production cost is allotted to the 
raw materials (substrates) (39). As a paradigm shift, inexpen-
sive carbon-rich substrates are currently exploited to enable 
economically practical PHA production. Especially carbona-
ceous waste- and byproducts of agriculture, forestry, horticul-
ture, and food industry have already been tested as substrates 
for PHA biosynthesis on different production scales. Here, it 
should be noted that the choice of feedstocks can impact PHA 
quality regarding the polymer composition on the level of 
monomers, the molecular mass (39-41), and can affect PHA´s 

sensory quality in terms of odor or pigmentation (42).
Such inexpensive substrates are expected to meet various 

basic requirements: 

•	 Availability of feedstock in sufficient quantity
•	 Constant feedstock quality throughout the whole year 

(“off-season disposal”)
•	 Composition of individual feedstock batches fluctuating as 

little as possible
•	 Logistics for collection and transportation of feedstock easy 

to be accomplished
•	 Suitability for storage (stability and resistance against 

spoilage, e.g., by microbial action)
•	 No competition with food and feed application (use of 

“2nd-generation feedstocks”)

Regarding suitability for storage, easily perishable raw mate-
rials such as molasses can be converted via anaerobic fermen-
tation towards storable intermediates like lactic acid or volatile 
fatty acids, which, in a second process stages, act as feedstocks 
for aerobic PHA production. This strategy was successfully 
demonstrated by using green grass juice, which was anaero-
bically fermented towards ensilage; pressed silage juice, rich 
in lactic acid, minerals, and nitrogen-containing compounds, 
turned out to be a feasible, stable feedstock to thrive the PHA 
producing organism Cupriavidus necator (43). Regarding col-
lection and transportation of raw materials, it is reasonable to 
integrate PHA production facilities (bioreactor, downstream 
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Figure 3. The eight pillars of cost-efficient and sustainable PHA manufacturing.
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processing equipment) into such already running industrial 
production lines, where the feedstock is directly generated as a 
waste stream. For ethical reasons, any conflict with competing 
applications of the feedstock, especially use for human nutri-
tion, has to be circumvented in order to secure food safety (6).

These restrictions clearly demonstrate that, although the idea 
of PHA production from inexpensive substrates is generally ac-
cepted by the scientific community, above listed obstacles need 
to be considered when planning a new PHA production pro-
cess based on “2nd-generation feedstocks” on industrial scale. 
Moreover, it was previously reported that applying inexpensive 
substrates reduces PHA productivity when compared to pro-
duction setups using purified substrates. This is often due:

•	 Microbial production strain not adapted to feedstock
•	 Too low carbon source concentration in the feed stream
•	 Presence of substances inhibiting growth and PHA accu-

mulation kinetics

Insufficient conversion of a new feedstock by microbial pro-
duction strains can often be overcome by adaptation of organ-
isms to the new substrate by consecutively thriving the strain 
in a series of pre-cultures containing this substrate. Metabol-
ic bottle necks in substrate conversion can often be solved by 
tools of genetic engineering. Low carbon source concentration 
in the substrate feed solution makes the process less efficient, 
particularly in the case of fed-batch cultivation setups; here, the 
low concentrated feed solution dilutes the fermentation broth, 
thus increasing the volume. Low overall productivity in turn 
encumbers the aspired saving of production costs, because the 
bioconversion would take longer process time, and a higher to-
tal quantity of substrate to generate the same quantity of prod-
uct. This causes higher operating and capex costs, particularly 
in large-scale production (44). 

Therefore, upstream processing of feedstocks needs optimi-
zation to generate feed solutions rich in carbon source and low 
in inhibiting compounds. Such approaches were demonstrat-
ed for the feedstock whey. Because sweet whey contains only 
about 4-5 wt.-% of the main substrate lactose, an ultrafiltration 
step can be applied to separate the protein-rich fraction (whey 
retentate) from the lactose-rich fraction (whey permeate), 
which contains about 20-21 wt.-% lactose. As shown by Ahn 
et al., feeding whey permeate instead of original whey substan-
tially reduces the volume increase of the cultivation broth (45). 
Further substrate concentration can be achieved by subsequent 
hydrolysis of whey permeate (enzymatically or chemically); 
this generates equimolar glucose/galactose mixtures, which 
can be further concentrated by water evaporation up to the 
solubility limit of the of the two monosaccharides, thus gen-
erating a feed stream with about 50 wt.-% carbon source (46). 
More technological advanced solutions for successfully using 
diluted substrate streams are so called cell recycling bioreactor 
systems; here, the fermentation broth passes through an exter-
nal filtration membrane module coupled to the bioreactor to 
retain biomass, which flows back into the bioreactor, but the 

low-substrate supernatant gets discharged. In the case of us-
ing a whey powder solution as substrate for PHA production 
by recombinant Escherichia coli, this approach was successful-
ly demonstrated by Ahn et al. (47) More recent studies report 
cell recycling for enhanced PHA production by C. necator DSM 
545 on glucose, which resulted in high cell density and drasti-
cally increased volumetric productivity for PHA (48).

For removal of inhibiting by-products generated by hy-
drolysis of inexpensive raw materials such as lignocelluloses 
like furfural, 5-hydroxymethyl furfural, and others, a simple 
solution can be to remove such compounds by separation 
with charcoal or lignite. This approach was only recently per-
formed by Kucera et al., who removed inhibiting compounds 
from the hydrolysate of spruce dust, making this hydrolysate 
a suitable substrate mix for PHA biosynthesis by two different 
Burkholderia sp. (49). A similar technique was used by Silva et 
al., who converted rather toxic bagasse hydrolysate into a sub-
strate for PHA production by Burkholderia sp. by using simple 
charcoal treatment (50). Importantly, all Burkholderia sp. used 
by these two groups of researchers were able to convert both 
hexose (glucose) and pentose (xylose) generated by hydrolysis 
of the lignocellulose (spruce dust and bagasse) towards PHA, 
which increases the overall substrate-to-product yield. In the 
case of bagasse hydrolysate, PHA fractions in biomass and sub-
strate conversion yields were even higher than observed when 
using purified xylose. A similar charcoal pre-treatment was 
used by Haas et al. for detoxification of chicory root hydro-
lysate, which, after this step, was successfully used as “2nd-gen-
eration feedstock” for PHA production by C. necator (51).

As major by-product of biodiesel production via alkaline 
methanolysis of lipids, crude glycerol phase (CGP) is generated 
at increasing global quantities; CGP contains about 65 wt.-% 
of the substrate glycerol plus various additional components 
such as water, biodiesel residues, free fatty acids, acylglycerides, 
soaps, and minerals. To be used as fermentation substrate, CGP 
requires demethanolization to remove this methanol, which is 
strongly inhibiting for many microbes. (52,53). Methanol re-
moval can be managed by vacuum-assisted evaporation, or 
thermally using so called “preheat tanks” (53-55). Moreover, 
the glycerol content in CGP can be increased by removing 
water via distillation, vacuum dehydration, or more advanced 
phase separation procedures. In addition, some bacterial spe-
cialists are able to accept both methanol and glycerol as carbon 
sources, as successfully demonstrated by Braunegg et al., who 
applied Methylomonas extorquens and non-purified CGP for 
PHA production. In a diauxic way, this bacterial species first 
converts methanol before using glycerol (40). On the basis of 
a mixed microbial culture supplied with CGP as sole carbon 
source in a sequencing batch reactor, Moita et al. demonstrated 
parallel consumption of glycerol and methanol. The mixed cul-
ture reached up to 47 wt.-% PHA in biomass, and a promising 
PHA productivity of 0.27 g/(L·d) (56). 

Direct conversion of strongly inhibiting substrates by meta-
bolically versatile organisms was reported by Ward et al. These 
authors used the strain Pseudomonas putida CA-3 for growth 
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and PHA accumulation on pyrolyzed poly(styrene) (PS) as 
carbon source. Hence, the value-added conversion of a spent 
petrochemical plastic was combined with biosynthesis of a “bi-
oplastic”. PS pyrolysis generates a gaseous mixture of styrene 
and other aromatic compounds. The gaseous substrate feed was 
added into the bioreactor together with the aeration stream. 
Rather modest volumetric PHA productivity of 0.03 g/(L·h), 
but high intracellular fraction in biomass of about 0.57 g/g 
were reported (57). A more recent report for using follow-up 
products of spent petrochemical plastics for PHA biosynthesis 
was provided by Johnston and colleagues; these authors pyro-
lyzed waste polyethylene (PE) to generate non-oxygenated PE 
wax (N-PEW), the latter being used as co-substrate in culti-
vations of C. necator H16. N-PEW is easy to manufacture and 
has hardly any industrial use, hence, it constitutes more or less 
a waste material. Polyester characterization revealed that the 
PHA based on N-PEW was a copolyester costing of the two 
monomers 3-hydroxybutyrate (HB) 3-hydroxyvalerate (3HV) 
(58).

WHEYPOL – Using a side stream of cheese 
making industry for PHA production
During cheese and casein production processes, whey is gener-
ated at huge quantities as the aqueous side stream of the acidic 
or enzymatic coagulation of milk casein (“transformation”). 
Whey represents up to 95% of the entire volume of processed 
milk (59), with about 9 L of whey being generated per kg of 
produced cheese (60). Reliable data of OECD and FAO for 
2008 estimate a global whey production of about 1.60*108 t per 
year, with an annual increase by 1-2% (59). 

Whey accrues as a surplus stream in different global areas 
(61), mainly in Europe and North America; in 2008, about 5 
x 107 t of whey were produced in the EU only. Because of cow 
milk being the worldwide leading raw material for cheese pro-
duction, bovine whey embodies the major fraction of the glob-
al whey quantity (62). In addition to countries of the Northern 
world hemisphere, increasing volumes of whey are currently 
also generated in southern countries; for example, 270,000 
tons annually are generated in India, constituting a real waste 
stream there without any further use (63). 

As a matter of fact, whey has some market applications, such 
as for production of dietary supplements for body builders, 
sweets, whey-based drinks, technological additives for pro-
cessing meat or producing ice cream, chocolate substitute, or 
baby food; moreover, also the cosmetic and the pharmaceuti-
cal sector has a certain demand for whey (63). Although whey, 
because of its high content in proteins, sugars, lipids, vitamins, 
and minerals like calcium has a considerable nourishing value 
with 100 g of whey corresponding to more than 100 kJ of nu-
tritional energy, its application in the food sector is restricted 
by about 75% of all adults worldwide suffering from lactose in-
tolerance (hypolactasia) caused by insufficient activity of the 
enzyme β-galactosidase (lactase). Particularly, hypolactasia is 
frequently diagnosed in South European regions and countries 
of the Southern world hemisphere (64). Together with the cur-

rent price drop for whey powder, this makes clear that alterna-
tive policies for whey valorization are needed. In parallel, we 
witness a current controversy on the excessive volume of milk, 
which is currently flooding the European market. Upgrading 
whey to an innovative raw material would open the door to 
support milk-producing companies, and offer stay-options for 
agrarians in underprivileged regions, which, in turn, could 
generate socio-economic benefit.

Traditional treatment of whey encompasses dumping into 
aquatic environments, disposal in caves, dispersion over fields, 
or application as livestock feed. However, whey´s lion´s share 
these days is disposed as waste, resulting in tremendous eco-
logical contamination due to its high biochemical and chemical 
oxygen demand of more than 40,000 ppm and 50,000 ppm, re-
spectively. Due to depletion of dissolved oxygen, whey disposal 
into the sea causes deterioration of aerobic marine microbes 
and animals (65). Lactose, whey´s major carbon compound, 
and the protein fraction are mainly responsible for the high 
environmental burden caused by whey. Releasing whey on 
fields to manure them severely affects the physical and chem-
ical structure of soil, which negatively affects crop yields (66). 
Currently generated quantities of whey by far surmount those 
to be used as livestock fodder for ruminants and pigs. In Ita-
ly, feeding pigs with whey for production of ham of protected 
regional label (“Denominazione Origine Protetta”) is already 
barred (46). One liter of milk transformed for cheese or casein 
production yields one liter of whey to be treated accordingly, 
with each liter of whey containing about 40-50 g of lactose. 
Alone in the North Italian Po-region, where numerous large 
dairies are located, about 1,000 t of surplus whey, correspond-
ing to about 50 tons lactose, are generated day by day (46,67)! 
Hence, there is an urgent need for new, sustainable, safe, and 
valorizing strategies to manage surplus whey; using it as feed-
stock for biotechnological PHA production is among the most 
auspicious options. Fig. 4 shows the process steps from whey to 
PHA biopolyesters.

During the project WHEYPOL, financed by the 5th Frame-
work programme of the EU, different gram-negative microbi-
al species were tested for production of PHA biopolyesters of 
different monomeric composition, using either hydrolyzed or 
non-hydrolyzed whey permeate as carbon source (68). Here, 
the studied eubacterial production strains Hydrogenophaga 
pseudoflava and Burkholderia parafunghorum revealed rather 
modest performance in terms of kinetics and productivity (68-
70). In contrast, the haloarcheal strain Haloferax mediterranei 
displayed fast biomass growth, high PHA productivity, and 
high stability during long-term cultivation setups. As another 
remarkable property, this organism synthetizes PHA copoly-
esters consisting of 3HB and 3HV (PHBHV) from hydrolyzed 
whey permeate without the need for 3HV-related co-substrates 
(68,70); PHA producers studied before convert sugars as pres-
ent in hydrolyzed whey permeate to poly(3-hydroxybutyrate) 
(PHB) homopolyester, which is of minor material quality than 
PHBHV copolyesters. This phenomenon was only recently 
clarified by Han and colleagues, who revealed that Hfx. med-
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iterranei resorts to a range of active propionyl CoA-supplying 
pathways, which generate the 3HV precursor propionyl-CoA 
(71). Using hydrolyzed whey permeate, this organism was cul-
tivated on pilot scale in a 200 L bioreactor to get valid data for 
an economic process assessment; production costs for one kg 
of PHBHV produced by this strain from hydrolyzed whey per-
meate were estimated with less than 3 € per kg. This auspicious 
value was possible by the fact that, due to the high salinity of the 
cultivation medium of about 200 g/L NaCl, cultivation of Hfx. 
mediterranei can be accomplished even in an unsterile process. 
Moreover, the in-house availability of the feedstock (whey), 
considered a waste stream, was not cost-generating. Moreover, 
PHA granules can be released from biomass via a convenient, 
solvent-free recovery method: PHA-rich cells burst immediate-
ly when being exposed to hypotonic medium (distilled water), 
setting free PHA-granules, which can easily be harvested by 
centrifugation (17). Moreover, it was more recently demon-
strated that considerable shares of spent fermentation broth 
and saline cell debris (remaining after cell disrupture) can be 
recycled, hence, used as nutrients in subsequent fermentation 
setups (72); this recyclability not only safes costs, but in par-
allel, drastically reduces the environmental burden connect-
ed to disposal of these highly saline waste streams. Recently, 
follow-up studies accomplished by Pais and colleagues paved 
the way to optimize galactose conversion by Hfx. mediterranei, 
a bottle neck during the WHEYPOL research due to the sig-
nificantly faster uptake of glucose in comparison to galactose, 
causing an enrichment of the latter in the fermentation broth. 
After careful optimization of the composition of the fermenta-
tion medium, these authors demonstrated that fine-tuning the 

concentration of trace elements in the medium is essential to 
boost the galactose catabolism, thus enabling the conversion of 
the entire carbon source (73). To date, Hfx. mediterranei is con-
sidered the most auspicious wild-type strain for PHA produc-
tion on whey as substrate. Subsequent studies using this strain 
focused on the application of other inexpensive substrates for 
PHBHV biosynthesis by this organism. In this context, CGP 
turned out as feasible substrate; combined with co-feeding of 
precursors for 4-hydroxybutyrate (4HB) biosynthesis, PHBHV 
copolyesters and poly(3HB-co-3HV-co-4HB) (PHBHV4HB) 
terpolyesters of tailored composition were obtained by Her-
mann-Kraus and colleagues (74). Other research groups used 
extruded rice bran (75), extruded starch (76), or waste streams 
from the olive oil manufacturing (77) as inexpensive substrates 
for Hfx. mediterranei-mediated PHBHV production. For the 
whey-based process, a Life Cycle Assessment study (LCA) was 
carried out by the WHEYPOL project team to evaluate ecolog-
ical sustainability of this process. As the main conclusion, the 
calculated ecological footprint was comparable to competing 
petrol-based plastics like PE, and underlined the importance 
of above mentioned recycling of spent fermentation broth and 
saline cell debris. In addition, the LCA study compared the new 
PHA production process with the production of whey powder 
as an established application of surplus whey; according to the 
LCA results, the novel PHA production process outperforms 
the production of whey powder in environmental terms (17).

In contrast to Gram-negative microbes, the use of 
Gram-positive organisms for whey-based PHA biosynthesis 
is only scarcely described in literature. However, Obruca and 
colleagues used Bacillus megaterium CCM 2037 for direct 
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conversion of not hydrolyzed cheese whey towards PHB ho-
mopolyester. After optimization of the composition of the 
nutrient broth by growth supplements, these authors suc-
ceeded in drastically improving PHB production to more 
than 1 g/L in nitrogen-deprived cultures, which is about the 
50-fold concentration than achieved using not supplemented, 
native whey. Furthermore, addition of 1% ethanol as addi-
tional stress factor at the onset of the stationary growth phase 
improved PHB concentration by about 40% to about 1.5 g/L 
PHB (78). 

Because many promising PHA producing microbes are 
not able to convert lactose directly due to lacking or defi-
cient β-galactosidase activity, viable hydrolysis techniques are 
required to split the disaccharide lactose into the monosac-
charides glucose and galactose. In analogy to lignocelluloses 
hydrolysis under harsh conditions, whey permeate hydrolysis 
using strong acids (typically HCl or H2SO4) at high temper-
ature and pressure generates a brown liquid rich in various 
inhibiting compounds, which requests further purification. 
Enzymatic hydrolysis displays a convenient alternative to 
the use of acids; only one enzyme (β-galactosidase), which 
operates at mild conditions of temperature and pH-value, is 
needed to completely convert lactose into the monosaccha-
rides; this is different to the multi-enzyme cocktail requested 
to hydrolyze lignocellulose materials into a sugar solution. In 
the WHEYPOL project, inexpensive and customer-friendly 
β-galactosidase formulations (MaxilactTM, company DSMZ), 
which are used in food technology for lactose hydrolysis, were 
successfully applied to prepare the substrate for PHA produc-
tion (79).

Alcalase was used by Obruca and colleagues to hydrolyze 
whole whey (WWH). WWH was used as a complex nitrogen- 
and carbon source to increase cell growth and PHB produc-
tion by C. necator H16, with PHB yields being considerably 
higher than in control cultivations run without supplemen-
tation of WWH. Under controlled cultivation conditions in a 
laboratory bioreactor, C. necator cultivated on waste cooking 
oil (WCO) as main carbon source plus WWH produced 28.1 
g/L PHB, and achieved an excellent WCO-to-PHB yield of 
0.94 g/g (80).

Whey proteins were also used to coat poly(ethylene) (PE) 
or poly(ethylene terephthalate) (PET) plastic films; this way, 
bio-based, recyclable, and biocompatible materials with high 
oxygen and water vapor barrier were designed, which could 
potentially be used for food packaging; especially the low ox-
ygen permeability and moisture transfer attracts attention for 
these new materials for extension of packaged food shelf life 
(reviewed by (81)). When using a commercial compostable 
carrier film (Bio-FlexR F 2110TM) instead of PE or PET for 
coating with whey protein, resulting composites are readily 
biodegraded and composted without negatively impacting 
compost quality (82). Further developments in this direction 
should aim at the substitution of PE or PET by other bio-
plastic films, most preferably made of PHA produced from 
whey-permeate.

ANIMPOL – Using waste streams of animal 
processing for biotechnological polyester 
production
An estimated annual quantity of 5 x 105 tons of lipid-rich 
waste is generated by the European animal processing indus-
try, which includes slaughterhouses, rendering companies, or 
meat-converters (83). The project ANIMPOL, financed by the 
7th Framework Program of the EU, consisted of a consortium 
of seven academic and four industrial partners (84). Based on 
the experiments carried out in the context of the ANIMPOL 
project, it could be demonstrated that lipids can expediently 
be extracted from these waste materials, and undergo transes-
terification to generate fatty acid methyl esters (FAME), which 
can be used as biodiesel, a renewable biofuel. In addition to the 
huge quantities of animal-based waste, the “mad-cow-disease” 
(BSE) crisis some years ago, which provoked the question of 
innovative, value-adding and sustainable conversion of meat 
and bone meal (MBM), gave also reason to realize this project 
(85). Hence, the project consortium searched for value-adding 
alternatives to the contemporary incineration of animal-based 
waste. From a holistic point of view, the results should support 
the food industry sector, and moreover, also contribute to food 
security.

Looking at the fatty acid pattern of animal-based lipids, we 
notice a large share of saturated fatty acids, mainly pelargon-
ic (C9:0), pentadecylic (C15:0), palmitic (C16:0), margaric 
(C17:0), or stearic acid (C18:0); after transesterification of such 
lipids, these saturated fatty acids also occur in animal-based 
FAME (86). However, a high share of saturated fatty acid esters 
(SFAE) in biodiesel causes increase of the cold filter plugging 
point; this impedes its use as engine fuel at low temperature 
by precipitation of solid SFAE particles. Alternatively, the SFAE 
and unsaturated FAME fraction can be separated by simply 
precipitating SFAE via cooling; by a subsequent filtration step, 
SFAE can be easily recovered, and finally converted biotechno-
logically to PHA biopolyesters by various powerful microbial 
species. Taking into account a theoretical conversion yield of 
0.7 g PHA per g SFAE (based on the experimental data from 
ANIMPOL) and the available amounts of animal-based waste 
lipids, 35,000 annual tons of PHA could theoretically be pro-
duced (83). The unsaturated FAME fraction remaining after 
separation of SFAE can be used as valuable “2nd-generation bi-
ofuel”.

This transesterification process generates about 0.1 kg CGP 
as main side product per kg lipids (triacylglycerides) (87). 
Calculating with the entire biodiesel quantity produced these 
days in the EU (2—3 x 107 tons per year), more than 2 x 106 
tons of CGP are generated as by-product, which is considera-
bly exceeding the quantities of glycerol needed for its current 
uses in the food or cosmetic sector (83). As mentioned before, 
various microbial species grow well on glycerol as sole carbon 
source, and, under challenging conditions, transform this tri-
ol into PHA (88). If used to generate microbial biomass, more 
than 0.4 g biomass or PHA can theoretically be produced per 
gram of metabolized glycerol (89). Regarding the amounts of 
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waste lipids generated by the European animal processing in-
dustry, more than 20,000 tons of PHA-containing biomass are 
accessible per year only from the accruing CGP (90-92). Fig. 5 
illustrates the quantities of lipid-rich waste fractions stemming 
from the rendering and animal processing industry currently 
accruing in the EU, and the amounts of PHA biopolyesters the-
oretically accessible thereof.

Already two decades ago, Cromwick et al. studied PHA pro-
duction on animal-based waste lipids using the Gram-negative 
bacteria Pseudomonas oleovorans, Pseudomonas resinovorans, 
Pseudomonas putida, and Pseudomonas citronellolis. Free fatty 
acids (FFA) from tallow and tallow triglycerides were used as 
carbon sources for biomass formation and PHA accumulation. 
Using FFA, significant microbial growth and PHA biosynthe-
sis were reported for these strains. Mass fractions of PHA in 
biomass differed from 0.03 g/g (P. citronellolis), 0.15 g/g (P. 
resinovorans), 0.18 g/g (P. oleovorans), and 0.19 g/g (P. puti-
da). Non-hydrolyzed tallow was used for bacterial growth and 
PHA production only by P. resinovorans; also for this substrate, 
0.15 g PHA per g CDM were achieved when using this strain. 
With 12.8 U/(μL·min), P. resinovorans exhibited the highest li-
pase activity among these four bacterial species; for all other 
strains, lipase activity was less than  0.03 U/(μL·min). Regard-
ing the monomer composition of the PHA accumulated by the 
individual strains from these animal-based carbon sources, the 
identified building blocks ranged from C4 (3HB) to C14 (3-hy-
droxytetradecanoate [3HT]); C8 (3-hydroxyoctanoate, 3HO) 
and C10 (3-hydroxydecanoate, 3HD) were the predominant 
monomers; even mono-unsaturated side chains was detected 
in some longer monomers (C12 and C14), in which biosyn-

thesis of unsaturated monomers originating from presence of a 
certain amount of unsaturated fatty acids in tallow (93).

Follow-up experiments with P. resinovorans compared the 
effect of triacylglycerides originating either from animals or 
plants. Again, it was shown that the use of animal-based lipids 
and most of the plant-derived oils resulted in PHA harboring 
C4 to C14 monomers, with 3HO and 3HD monomers as the 
predominant building blocks. Because triacylglycerides from 
plants have higher amounts of unsaturated fatty acids than li-
pids originating from animals, plant oil-derived PHA revealed 
higher degrees of unsaturation, which drastically impacts the 
thermoanalytical biopolyester properties in terms of decreased 
melting temperature (Tm), glass transition temperature (Tg), 
and melt fusion enthalpy (δHm). Molecular mass of the indi-
vidual PHA samples showed rather constant number-average 
molar mass (Mn) values between 65 and 101 k Da, and polydis-
persity indices (Pi) between 1.6 and 1.8 (94).

During the ANIMPOL project, animal-based SFAE was 
used as substrate instead of tallow for bioreactor cultivation of 
C. necator under controlled temperature, pH-value and aera-
tion. During the first cultivation phase, a nutritionally balanced 
medium containing ammonium ions as nitrogen source and 
SFAE as carbon source was used. When the concentration of 
PHA-free biomass reached 7 g/L after 23 h of cultivation, sup-
ply of nitrogen source was stopped, and the intracellular car-
bon flux was redirected from biomass growth to predominant 
PHA biosynthesis. About 28.0 g/L PHA and a PHA fraction 
in biomass of 0.80 g/g were obtained in this process. During 
the microbial growth phase (presence of nitrogen source), C. 
necator grew at a specific growth rate μmax. of 0.17 1/h, which 
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is comparable to cultivations of this organism on traditional 
substrates like glucose (83). Remarkably, the yield for biomass 
production from SFAE reached 0.6 g biomass per g SFAE, 
which is significantly higher than reported for traditional PHA 
substrates like sugars or glycerol, where the metabolic path-
ways (2-keto-3-desoxy-6-phosphogluconate pathway and/
or glycolytic substrate catabolism to pyruvate, and oxidative 
decarboxylation of pyruvate to acetyl-CoA) do not allow con-
version yields higher than 0.48 g/g. In contrast, fatty acids are 
converted by the β-oxidation pathway, which generates a num-
ber of acetyl-CoA units analogous to the fatty acid´s carbon 
chain length; here, no carbon loss by oxidative decarboxylation 
takes place. Acetyl-CoA in turn serves as building block for bi-
omass and PHA. Volumetric PHA productivity of this process 
was 0.94 g/(L·h), which is already competitive with well-es-
tablished PHA production processes based on substrates of 
nutritional value. E.g., the semi-industrial PHA production 
process from cane sugar at PHB INDUSTRIAL S.A. in Brazil 
has a volumetric PHA productivity of 1.44 g/(L·h) (95). Anal-
ysis of the product´s monomer composition showed that the 
PHA was a copolyester mainly consisting of 3HB monomers 
plus a minor fraction (0.84 mol-%) of 3HV, probably stemming 
from SFAE-fatty acids with an odd number of carbon atoms: at 
the end of β-oxidation of odd-numbered fatty acids, one pro-
pionyl-CoA molecule remains in addition to the acetyl-CoA 
molecules split off one after the other. Condensation of pro-
pionyl-CoA and acetyl-CoA generates 3-hydroxyvaleryl-CoA, 
which finally acts as 3HV-precursor. Thermoanalysis results 
for this product showed typical values for scl-PHA with Tm = 
169.0 °C, Tg = 4.6 °C, Mn = 204 kDa, and Pi = 1.50; however, the 
material has a lower degree of crystallinity (Xc = 30.8%) than 
typically observed for PHB (83).

Follow-up experiments aimed at achieving a higher frac-
tion of 3HV monomers in the copolyester by increasing the 
amount of those compounds in the substrate, which have an 
odd number of carbon atoms; higher 3HV fractions were as-
pired in order to decrease the copolyesters brittleness, Xc and 
Tm, which facilitates its processibility. Therefore, SFAE obtained 
by transesterification of animal-based waste lipids was reduced 
to the corresponding alcohol analogues by sodium. Subse-
quently, these fatty alcohols were converted to the correspond-
ing alkenes by the catalytic action of aluminum oxide; these 
alkenes were finally subjected towards oxidative ozonolysis, 
generating a mixture rich in numbered (C9-C17) carboxylic 
acids, which was used as substrate for cultivation of C. neca-
tor. Using this mixture as substrate, the molar 3HV fraction 
in PHA exceeded 0.06 mol/mol, with the isolated copolyesters 
displaying low Tm (159°C), low Xc (22.5%), and low Pi (1.6), 
which makes them promising candidates for further process-
ing to vendible biopolymer items (96).

This above described SFAE-based process was repeated by 
replacing SFAE by glycerol as sole carbon source. Also here, 
a controlled aerobic fed-batch bioreactor process with C. ne-
cator was carried out, with the nitrogen supply being stopped 
after 23 h in order to switch from the phase of biomass growth 

to predominant PHA biosynthesis. Maximum specific growth 
rate μmax. and maximum specific PHA productivity qP reached 
0.11 1/h and 0.16 g/(g·h), respectively. After 30 h, 0.65 g PHA 
per g CDM and a volumetric productivity for PHA of 0.98 g/
(L·h) were obtained. The conversion yield for glycerol to bio-
mass was considerably lower (0.29 g/g) than observed for the 
same strain on SFAE as substrate. On glycerol, pure homopol-
yester PHB was generated without any traces of 3HV mono-
mers. Thermoanalytical characterization of PHB delivered data 
typical for PHB with Tm = 173.0 °C, Tg = 5.6 °C, Xc = 71.2 %, Mn 
= 296 kDa, and Pi = 1.28 (83).

Low structured mathematical models were developed by 
ANIMPOL consortium members for the two discussed PHA 
production processes by C. necator using SFAE or glycerol, re-
spectively. These models were created to better understand the 
key points how to further optimize these processes regarding 
carbon and nitrogen source feeding. Developed models corre-
lated well with the experimental results, hence, they were of 
high predictive power. The models revealed that, when using 
SFAE as carbon source, the bacterial culture needs to be well 
adapted to this substrate by thriving the strain in a series of 
pre-cultures containing this substrate. In addition, it was elu-
cidated that consumption of the individual SFAEs (C14–C20 
methyl esters) is directly proportional to their mass fraction, 
indicating that bacteria utilize them in a competitive way. Fi-
nally, based on the established models, 10–12 g/L was suggested 
as the optimal SFAE concentration, which should be available 
constantly during the fermentation process, which determined 
the required substrate feeding rate (89).

In analogy to the experiments presented by Cromwick et 
al., P. citronellolis and Pseudomonas chlororaphis were stud-
ied in the ANIMPOL project on animal waste-based FAME 
as feedstock for biosynthesis of medium chain length PHA 
(mcl-PHA) (97,98). For the organism P. citronellolis, μmax. was 
determined with 0.10 and 0.08 1/h, volumetric mcl-PHA pro-
ductivity amounted to 0.036 g/(L h) and 0.050 g/(L h), and 
mcl-PHA fractions in biomass reached 0.20 and 0.27 g/g, when 
comparing two parallel bioreactor cultivations. The produced 
mcl-PHA mainly consisted of 3HO and 3HD building blocks in 
addition to minor amounts of the monomers 3HDD, 3-hydrox-
ynonanoate (3HN), 3-hydroxyhexanoate (3HHx), and 3-hy-
droxyheptanoate (3HHp). Using NMR, the presence of trac-
es of unsaturated and, surprisingly, 3HV monomers in these 
polyesters was also confirmed. Thermoanalysis measurement 
reported values typical for mcl-PHA, with Tm of 48.6 °C and 
53.6 °C, Tg of -46.9 °C and -43.5 °C, Xc of 12.3% and 10.4%, Mn 
of 35,000 and 196,000, and Pi values of 1.9 and 2.5 for the two 
parallel cultivation experiments (97).

Repeating this process with the production strain P. chlor-
oraphis resulted in a μmax. of 0.13 1/h, a volumetric productiv-
ity of 0.14 g/(L h), and a PHA fraction in biomass of 0.23 g/g. 
Analogous to the previous cultivations with C. necator and P. 
citronellolis, the SFAE conversion yield towards biomass was 
remarkably high (0.62 g/g). The generated mcl-PHA mainly 
consisted of 3HO and 3HD building blocks and lower fractions 
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of 3HDD, 3HN, 3HHx, and 3HHp. This biopolyester exhibited 
characteristics of a highly amorphous resin without crystalline 
moieties, which was evidenced by Tm and Xc not being exactly 
determinable. Similar to the biopolyesters obtained by P. cit-
ronellolis, Tg was very low (-47.0 °C). Slightly higher molecular 
mass values (Mn = 38 kDa, Pi = 1.93) were obtained for the P. 
chlororaphis biopolyesters than reported for the product of P. 
citronellolis (98).

After the end of the ANIMPOL project, Riedel and col-
leagues applied native industrially rendered waste animal lipids 
without prior conversion to FAME. C. necator DSM 428 and 
its mutant strain C. necator Re2058/pCB113, which harbored 
scl/mcl-PHA-synthase genes of Rhodococcus aetherivorans to 
enable biosynthesis of the copolyester P(3HB-co-3HHx), were 
used for the experiments. Animal waste fractions of avian, bo-
vine, porcine, and game origin were used to recover the lipids 
via high-pressure thermolysis. Analysis of the isolated lipids 
showed that C16:0, C18:0, C18:1 and C18:2 were the predom-
inant fatty acids. These lipids were compared to using tallow 
and WCO as substrate for cultivation of the bacteria. When 
cultivated on the different lipids, C. necator DSM 428 (wild 
type) synthesized PHB homopolyester at high mass fraction 
(0.79-0.82 g PHB per g CDM). On tallow as sole carbon sub-
strate, the authors obtained a PHB concentration of 24 g/L, and 
a volumetric productivity for PHB of 0.3 g/(L·h). Dependent 
on the applied waste stream, 0.49-0.72 g PHA per g CDM were 
obtained when using the recombinant organism; the molar 
3HHx fraction in the copolyester P(3HB-co-3HHx) amounted 
to 0.16–0.27 mol/mol. The recombinant strain was later cul-
tivated under controlled conditions in a laboratory bioreactor 
using low-quality animal waste lipids; here, a CDM of 45 g/L 
containing 0.6 g/g P(3HB-co-3HHx), a volumetric productivity 
for the copolyester of 0.4 g/(L·h), and a final 3HHx fraction in 
the polyester of 0.19 mol/mol were obtained (99). Calculating 
with a conversion yield of 0.6 to 0.7 g PHA per g lipid (tri-
acylglycerides), a theoretical quantity of about 3 x 105 t PHA 
could be produced per year using the 5 x 105 t of animal-based 
waste-lipids available in the EU (see Fig. 5).

Based on the ANIMPOL results from the experiments de-
scribed above, Kettl et al. published a preliminary process de-
sign for PHA production based on slaughterhouse waste, en-
compassing transesterification of waste lipids and use of the 
SFAE fraction as carbon source. In this process scheme, the 
conversion of slaughtering waste from poultry, cattle, and pigs 
was considered, moreover, hydrolysis of waste materials prior 
to extraction to obtain higher lipid yields was taken into ac-
count. The authors also propose the utilization of hydrolyzed 
MBM as an inexpensive nitrogen substrate (100). This strate-
gy of using MBM for thriving PHA-producing microbes was 
successfully demonstrated before for PHA production by Hfx. 
mediterranei (39). Later, Titz et al. carried out further optimi-
zation of the ANIMPOL process design regarding the mate-
rial- and energy streams and system boundaries (91). Special 
emphasize was dedicated to optimized acidic hydrolysis of the 
waste materials. For the first time, the use of hydrolyzed innards 

as nitrogen source for microbial growth was proposed. By ap-
plying Cleaner Production principles proposed by Schnitzer 
and Ulgiati (101), the process design was optimized towards 
minimizing generation of waste stream and energy loss. More-
over, the authors carried out a LCA study for environmental 
process evaluation (91).

Shahzad and colleagues accomplished a more detailed en-
vironmental assessment of PHA manufacturing starting from 
slaughterhouse waste as raw material, again based on elabo-
rated ANIMPOL data. These authors compared, among other 
aspects, the influence of using diverse energy sources, which, 
in turn depends on the usual energy mix applied in different 
regions; this was used to evaluate the impact of the location of 
a projected PHA production plant on economic viability and 
process sustainability. The energy supply aspect is crucial since 
the rendering process used industrially for lipid recovery from 
the waste streams displays an exceedingly energy-consuming 
step; consequently, the energy mix (fossil, renewable, nucle-
ar) prevailing in different global regions massively dictates the 
ecological footprint of the ANIMPOL-based PHA-production 
process resorting to animal residues. As a general suggestion, 
the authors concluded that transport routes for raw materials 
to the PHA production plant have to be as short as possible in 
order to achieve the highest possible profitability. As the most 
decisive result of the study, the authors identified a range of 
ecological footprint, expressed as surface area needed to pro-
duce one t PHA, between 373,000 m² for the production plant 
being located in Norway (more than 90 % of energy produced 
by hydropower) and 956,000 m2 for a plant operated in France 
(high share of nuclear energy in the usual energy mix); these 
footprint values are significantly lower than previously pub-
lished results assessing the environmental impact of PE, which 
amounts to about 2.500,000 m² (92).

Later, Narodoslawsky and colleagues studied different 
other factors that influence the environmental impact of the 
ANIMPOL process and other biorefinery-like PHA produc-
tion processes resorting to inexpensive substrates. Inter alia, 
co-substrate supplementation, downstream processing for 
PHA separation from cells, etc., were considered. Modern tools 
to calculate the ecological footprint of biopolymers were ap-
plied in this study, such as the well-established sustainable pro-
cess index (SPI). As major conclusion, the authors underline 
that PHA- or biopolymer production in general is not per se 
of higher sustainability than production of traditional full-car-
bon-backbone polymers from fossil resources; however, it was 
emphasized that PHA production can become ecologically su-
perior, provided that all process steps (selection and pre-treat-
ment of raw materials, bioengineering, downstream process-
ing, energy source, closing of material-, water-, and energy 
cycles) are taken into account and optimized (102).

Only recently, a comprehensive economic study for the AN-
IMPOL biorefinery concept including the utilization of addi-
tional fractions of the animal processing was accomplished by 
Shahzad and colleagues. This study covers the utilization of 
SFAE (biodiesel of low-quality) as main substrate, and hydro-
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lyzed innards as complex nitrogen source; in this calculation, 
current market values for MBM (use as fertilizer) and the 
unsaturated FAME fraction (use as biofuel) are considered, 
showing that these fractions should not undergo bioconver-
sion, but should rather be sold to create more value for the 
overall process. The techno-economic analysis presented in 
this study showed that PHA production cost fluctuates be-
tween 1.41 €/kg and 1.64 €/kg depending on whether one 
considers the innards as a waste stream, or if their market 
value is considered; for unsaturated FAME fraction (sold as 
biodiesel) and MBM, fixed costs of 0.97 €/L and 350 €/t, re-
spectively, were used for cost-accounting. The impact of mar-
ket value fluctuations for biodiesel, MBM, and innards, on 
the final PHA production price, and the return of investment 
time were determined. The most important result was that, 
depending on the current market situation, return of invest-
ment time for a plant generating 10,000 annual tons of PHA 
varies between 3.25 and 4.5 years (24).

Conclusions
The present article demonstrates that the production of PHA 
biopolyesters is complex, and particular steps in the produc-
tion chain must be taken into account to make the manufac-
turing process on an industrial scale both economical and 
sustainable. The upgrading of a wide variety of high-carbon 
waste streams from a variety of industries will provide these 
companies with the opportunity to make sustainable use of 
their waste streams, while helping to reduce the current envi-
ronmental impact of these industrial wastes. In addition, food 
and feed reserves can be saved because nutritionally relevant 
raw materials that were previously used for biopolyester pro-
duction no longer have to be used for this purpose. In addi-
tion, it should be kept in mind that many of these carbon-rich 
waste streams occur in those parts of the world where the la-
bor market situation is considerably strained. The integration 
of biopolyester production into production lines of such com-
panies, where the raw materials (whey, low quality biodiesel, 
crude glycerol, lignocelluloses, etc.) are directly generated 
as a waste stream, could have a positive effect on the labor 
market situation in many eco-socially disadvantaged areas. 
In order not to contradict the noble pattern of sustainability 
of the entire biopolyester production process, special atten-
tion must be paid not only to the raw material issue, but also 
to the downstream processing technique. This requires that 
such sustainable and novel PHA recovery methods, which 
have already delivered excellent results on a laboratory scale, 
must finally be scaled up to test their industrial applicability. 
In summary, the synergistic collaboration of diverse scien-
tific disciplines, as well as the close interaction between ac-
ademia and industry, is required to successfully manage the 
long-awaited transfer of lab results to industrial maturity. 
This transfer must necessarily be based on the principles of 
“Cleaner Production”, “Zero Emmission”, and “Zero Waste” in 
order to be able to produce biopolyesters as promising mate-
rials in the most sustainable way possible.
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