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A cradle-to-grave environmental life cycle assessment (LCA) of a few poly(3-hydroxybutyrate) (PHB) based
composites has been performed and was compared to commodity petrochemical polymers. The end products
studied are a cathode ray tube (CRT) monitor housing (conventionally produced from high-impact polystyrene,
HIPS) and the internal panels of an average car (conventionally produced from glass-fibers-filled polypropylene,
PP-GF). The environmental impact is evaluated on the basis of nonrenewable energy use (NREU) and global
warming potential over a 100 years time horizon (GWP100). Sugar cane bagasse (SCB) and nanoscaled organophilic
montmorillonite (OMMT) are used as PHB fillers. The results obtained show that, despite the unsatisfying
mechanical properties of PHB composites, depending on the type of filler and on the product, it is possible to
reach lower environmental impacts than by use of conventional petrochemical polymers. These savings are mainly
related to the PHB production process, while there are no improvements related to composites preparation. SCB-
based composites seem to be environmentally superior to clay-based ones.

Introduction

Replacing conventional petrochemical plastics with biobased
and/or biodegradable ones is considered a key opportunity for
developing a more sustainable use of materials. Petrochemical
plastics are nowadays widely used for the production of
consumer goods, mainly for their large availability, low cost,
and easy processability on an industrial scale, but their effective
biostability and fossil origin make them questionable from an
environmental point of view. On the other hand, it is now
commonly accepted that biodegradability is not a sufficient
condition for the “eco-friendliness” of a polymeric product.
Instead, it is necessary to take into account the environmental
impact of all stages of product life, from raw materials
extraction, to manufacture, to use, to end-product disposal.

As a result, in these last years, environmental life cycle
assessment (LCA) studies have been published on the production
of some of the most investigated biodegradable polymers, such
as polyhydroxyalkanoates (PHAs)1,2 and polylactide (PLA
NatureWorks),3 sometimes leading to quite contrary conclu-
sions.4,5 It is well-known that biodegradable polymers produced
from renewable resources tend to have relatively poor mechan-
ical and thermal properties. In order to improve their perfor-
mance, it is possible to use several techniques, like the
formulation of blends with other polymers or additives or the
preparation of composites in which the biodegradable polymer
acts as a matrix.6-9

In the last 2 decades the preparation of composites has been
one of the key topics in polymer science. In particular, two

classes of composites seem to be very promising, namely
nanocomposites and natural fibers composites. Nanocomposites
are very appreciated because with a relatively small quantity
of filler, commonly an organophilic modified clay, it is possible
to improve several polymer properties, such as gas permeability
and thermal and mechanical properties.10,11On the other hand,
composites filled with natural fibers (e.g., flax, cellulose
whiskers, hemp, wood flour) offer good mechanical properties
combined with low density and cost, in addition to the
biodegradability of the filler.12,13 If also the polymer is
biodegradable and of natural origin, this class of materials is
identified as biocomposites. If the continuous polymer matrix
is biodegradable but of synthetic origin, the respective com-
posites with natural organic filler are identified as biobased
composites.

Several studies have been performed in order to test the
environmental performance of biobased and nanobased com-
posites with respect to conventional polymers, especially in
automotive,14-17 packaging, and transportation applications.18

These studies show clearly that the use of composites with both
clays and natural fibers (like hemp, flax, or china reed fibers)
can lead to considerable environmental benefits, if compared
with conventional materials, like glass-fibers-filled polypropy-
lene (PP-GF), acrylonitrile/butadiene/styrene copolymer (ABS),
or steel. However, these studies take in account only the use of
composites based on petrochemical and biostable polymers, but
never a formulation with a biodegradable polymer as a matrix.

In the present work, we conducted a cradle-to-grave envi-
ronmental LCA of a few poly(3-hydroxybutyrate) (PHB) based
composites, with the purpose of assessing the potential envi-
ronmental benefits that can be reached with the application of
these new biodegradable materials instead of petrochemical
polymers. The products investigated are cathode ray tube (CRT)
monitor housing (conventionally made of high impact polysty-
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rene, HIPS) and the internal panels of an average car (conven-
tionally made of PP-GF). PHB fillers are sugar cane bagasse
(SCB) and organophilic montmorillonite (OMMT). This evalu-
ation is performed considering two key environmental param-
eters, i.e., nonrenewable energy use (NREU) and global
warming potential over a 100 years time horizon (GWP100).

LCA Fundamentals. As indicated in the ISO-14040 series,
the life cycle assessment methodology distinguishes four
phases: goal and scope definition, inventory analysis, impact
assessment, and interpretation (Figure 1).19

Goal and Scope Definition.LCA application, type, reason,
and audience are stated, together with the geographical and
temporal scope. The system boundaries and functional unit (FU)
are also determined.

InVentory Analysis (LCI).The process is modeled in a flow
chart. The inputs (energy, materials) and the environmental
releases of each process phase are determined, in relation to
the functional unit.

Impact Assessment (LCIA).On the base of LCI, the envi-
ronmental impacts related to the functional unit are determined.
The results can be grouped and weighted.

Interpretation.The data obtained in previous steps of LCA
are discussed and conclusions are drawn.

Goal and Scope Definition

The goal of this paper is to predict the environmental benefits
that could be reached by the replacement of conventional
petrochemical polymers with PHB-based composites. Our
assessment is based on samples that were prepared and
characterized in our laboratory at the University of Pisa. To
this aim, two end products have been chosen: the housing of
an average 17” CRT monitor for a desktop computer and the
internal panels of an average car. Throughout the evaluation of
the indicators NREU and GWP100, we tried to understand how
each step of the LCA and material properties influence the final
environmental performance of the end products.

In full-scale LCA studies, several impact categories are taken
into account, among them eutrophication (EP), acidification
(AP), ozone layer depletion (ODP), ecotoxicity (ETP), and
human toxicity (HTP).20 In contrast, only two environmental
indicators are considered in the present study, namely, NREU
and GWP100. This choice is due to a general lack of data about
the PHB production process, which is in an early stage of
development, without large-scale facilities and publicly available
measured results. While our environmental analysis is therefore
bound to be incomplete, it can provide a useful first approxima-
tion of the environmental impacts given the findings of
Huijbregts et al.,21 according to which the use of NREU can be
generally considered a reliable indicator of the environmental
performances of products and processes. The relevance of our
analysis is obvious in view of the plans of PHB Industrial SA
(Brazil), which is analyzing the possibility to build a plant for
PHA with a capacity of 10 000 ton/year,22 and Metabolix (U.S.),

which has announced plans to build the first commercial plant
with an annual capacity of 50 000 ton.23

Where needed, the impact of electricity production has been
calculated using a weighed average of UCTE (74.4%), NOR-
DEL (15.1%), and CENTREL (10.5%) electricity, with a power
generation efficiency of about 35%.24 This mix is representative
for European electricity. The assumed petrochemical polymer
production and processing technologies are representative for
today’s industrial facilities in Europe.

Functional Units. As functional units we chose the following.
CRT monitor housing:one housing of an average 17” CRT

monitor for a desktop computer; the conventional housing is
assumed to be made of HIPS, with a weight of 2.2 kg.25

Internal car panels:the total of all internal panels of one
average car with a life time of 10 years and a total distance
traveled of 150 000 km. According to the European Association
of Plastics Manufacturers (PlasticsEurope) the total weight of
an average car is 1130 kg and the weight of the conventional
internal panels is 20 kg;26 the composition of the panels is
assumed to be 63 wt % PP, 30 wt % glass fibers (GF), and 7
wt % maleic anhydride grafted polypropylene (MAPP) as
compatibilizer between PP and GF.

Preparation and Properties of PHB Composites.The melt
blending process of PHB-based composites has been carried
out in a torque rheometer at 170°C and 30 rpm for 7 min.27

SCB (10 and 20 wt %, no surface treatment) and OMMT (5
and 10 wt %, treated with a silane modifier) have been used as
filler materials. X-ray diffraction plots (not reported here)
showed a possible intercalation of the clays inside the PHB
matrix. No compatibilizers between PHB and fillers have been
used. A more detailed discussion about composites preparation
and characterization will be provided in forthcoming papers.28,29

During the tensile measurements, 12 specimens of each
composite have been tested. The values for the density and the
Young modulus of the PHB-based composites and the conven-
tional materials considered in this study are listed in Table 1.
In the case of conventional plastics (HIPS and PP-GF) these
values have been evaluated from commercially available
products.30

Weight of PHB-Based End Products.Starting from engi-
neering pronciples, Ashby developed a generic approach in order
to determine the performance of a material in a given function.31

Combining the functional requirements, the geometry and the
properties of the material, this approach aims at indicating which
property has to be improved in order to maximize the perfor-
mance of the material in the application. Ashby calls his
indicator for the property (or the property group) of a material
the material index(MI). The larger the value for MI is, the
better the mechanical properties of the product under consid-
eration are. The MI formula that represents best the performance
features of the products studied in the present work is the one
derived for a stiffness-limited panel with specified width and
length and free thickness. As indicated in eq 1, the MI for these
constraints is defined as

Figure 1. General phases of a life cycle assessment.

Table 1. Density and Young Modulus (E) of PHB-Based
Composites and Conventional Polymers

density
(t/m3)

E
(GPa)

density
(t/m3)

E
(GPa)

HIPS 1.05 2.00 PHB-10OMMT 1.23 1.71
PP-GF 1.40 5.75 PHB-10SCB 1.15 1.69
PHB-5OMMT 1.22 1.48 PHB-20SCB 1.10 1.73

MI ) E1/3/F (1)
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where E is the Young modulus andF is the density of the
material (Table 1). The larger the value of MI is, the less
material that is required to fulfill the function studied. A high
value for MI is the consequence of a large Young modulusE
or a low densityF or both. By applying the MI to two materials
with different properties (e.g., a conventional versus a new,
innovative material), it is possible to calculate the weight
difference between the two end products that have the same
functionality, as shown in eq 2

where MIconv and MInew are respectively the material indexes
for the conventional and for the new material. The change of
weight values of PHB-based composites calculated according
to eq 2 for both options are reported in Table 2.

All the PHB-based composites are calculated to weigh more
than the conventional materials. This increment ranges from
approximately 10% for PHB-20SCB in the case of the monitor
housing to 36% for the internal car panels for PHB-5OMMT.
As shown in Table 1, all PHB-based composites show a lower
Young modulus compared to conventional materials. In par-
ticular, the modulus of the PP-GF composite is 3.3-3.9 times
larger than the modulus of the PHB composites. In addition,
polyhydroxyalkanoates have a high density, which is also to
their disadvantage. Therefore, despite the relatively high density
of PP-GF (1.40 t/m3 as compared to 1.22-1.10 t/m3 for the
PHB composites), the MI of this material [1.28 GPa1/3/(t/m3)]
is still the highest one among all the polymers considered. For
comparison, the MI of PHB-based composites ranges from 0.94
GPa1/3/(t/m3) for PHB-5OMMT to 1.09 GPa1/3/(t/m3) for PHB-
20SCB. The weight reduction effect of SCB fibers on the PHB
composites density is therefore neutralized by the relatively low
Young modulus observed during the tensile mechanical testing.

System Boundaries.A simplified flow chart describing the
production of the CRT monitor housing and the internal car
panels is shown in Figure 2. Both the end products are assumed
to be produced by injection molding, which is the conventional
technique used in the preparation of these products. In the case
of composite materials (PHB-OMMT, PHB-SCB, and PP-
GF), before injection molding, there is an extrusion process,
which is needed for mixing and homogenization of the various
components. HIPS is not extruded before injection molding
because it is used as pure polymer.

OMMT production includes clay extraction, ion exchange,
hydrocycloning, spray drying, organic modification, filter press-
ing, heating, and milling. A more detailed description of this
process can be found in work by Roes et al.32

The data used for the PHB production process originate from
the BREW project.33 Being cradle-to-factory gate data, the
values include agricultural cultivation and sugar production, the
bioprocess (polymer production by fermentation), and down-
stream processing. The sugar needed to feed the microorganisms
is extracted from sugar cane (PHB1 case) and corn starch (PHB2
case). The residual biomass produced along with the sugar is
considered to be combusted for electricity production, with an
assumed power generation efficiency of about 35%. In the case

of sugar cane, a small part of the residual biomass is the SCB
used as PHB filler. Only 1-3% of SCB produced during sugar
cane milling is used for this purpose, depending on the
composition of the composite.

PP-GF formulation is assumed to contain MAPP in order
to improve the adhesion between PP and the fillers. MAPP is
produced by extruding PP and maleic anhydride in the presence
of a peroxidic agent.

In our environmental assessment, the use phase of internal
car panels is represented by the fuel consumption of the car,
which is influenced by the weight of the panels. In contrast,
the environmental impacts of the CRT monitor during the use
phase can be neglected.

After their useful life, we assume for both products postcon-
sumer waste management by municipal solid waste incineration
with energy recovery. The NREU for transport and waste
treatment has been considered 1% of NREU of polymers
production. The GWP100 impacts have been calculated by
assuming that all the carbon fixed in the petrochemical polymers
is converted to carbon dioxide during the combustion process.
In the case of PHB and SCB (produced from renewable
resources), this contribution has not been calculated because
the CO2 originating from the incineration of the composites was
extracted from the atmosphere during plant growth, thus forming
a closed cycle (under the assumption of plant regrowth).

In order to reflect energy recovery during incineration of the
composites after their useful life, credits are introduced in the
calculation. We assume that for each joule of incinerated waste
there is a credit of 0.12 J of electricity and 0.12 J of heat.34 The
energy and carbon dioxide bonus coming from the incineration
has been calculated on the basis of the calorific value of the
polymers and SCB (which is the only organic filler) and has
then been deducted as credits from the total (gross) NREU and
GWP100 impacts. Being inorganic materials, GF and OMMT
are assumed to be neutral with regard to energy and greenhouse
gases (GHG) emissions in the waste incineration end stage.

Inventory Analysis

The inventory analysis is based on the flow chart reported in
Figure 2. The data sources for each process phase are sum-
marized in Table 3. As mentioned above, the sugar used for
the PHB fermentation process is produced from sugar cane
(PHB1 case) or from corn starch (PHB2 case).33 The biomass
that is left over from these processes is assumed to be combusted
for the production of electricity. This replaces the use of fossil
fuels (e.g., coal and natural gas), leading to potentially sub-
stantial environmental credits. In the case of sugar cane, large
amounts of biomass (the so-called bagasse) can be used for
power generation. This is the reason for the negative values
calculated for the final impacts of PHB production in the PHB1
case (-22.7 GJ/t and-3100 kg CO2 equiv/t for NREU and
GWP100, respectively). The lower quantity of biomass available
in corn starch offers relatively small savings, making this
production less favorable from an environmental point of view
(NREU ) 38.6 GJ/t and GWP100) 0 kg CO2 equiv/t).

For injection molding, data published by PlasticsEurope have
been used.39 According to PlasticsEurope the NREU for PP
production and injection molded PP are 73.0 GJ/t and 113.2
GJ/t respectively (the first value refers to the system from
“cradle” to PP pellets, while the second value represents the
system from “cradle” to the injection molded compound). For
injection molding, PlasticsEurope reports a substantial amount
of natural gas (almost 12% of the total gross energy use) to be

Table 2. Estimated Change of Weight of PHB-Based Composites
Compared to Conventional Polymers

composite

CRT
housing
(wt %)

car
panels
(wt %) composite

CRT
housing
(wt %)

car
panels
(wt %)

PHB-5OMMT +27.9 +36.3 PHB-10SCB +15.9 +23.5
PHB-10OMMT +23.4 +31.5 PHB-20SCB +9.9 +17.1

change of weight (%)) 100[(MIconv/MInew) - 1] (2)
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used only for space heating. For the calculations presented in
this paper, we excluded natural gas use for space heating,
thereby arriving at lower values (25 GJ/t and 1220 kg CO2

equiv/t for NREU and GWP100, respectively), which are in
good agreement with other publications.41,42

During the use phase of the car, the share fuel that can be
assigned to the weight of internal car panels has been calculated
with the following assumptions. The weight of the car without
the panels is 1222 kg. This value has to be allocated between
the car (1110 kg) and the passengers (112 kg). The weight of
the passengers has been derived from an average of 1.6
passengers of 70 kg each. The distance driven throughout the
life of the car is 150 000 km. For 1 km driven, 0.0125 kg of
diesel and 0.0536 kg of petrol are combusted.40 The dependence
of fuel use on the weight of the car containing the PHB-based
panels has been calculated according eq 3:

where FCconv andWconv are respectively the fuel consumption
and the weight of the car with the conventional panels and FCnew

andWnew are respectively the fuel consumption and the weight
of the car with the new panels.14 Similarly, the same equation
has been used in order to evaluate the fraction of fuel to be
assigned to the panels. The specific weight of diesel is 0.84

Figure 2. Simplified flow chart for the production process of both functional units: PHB-based composites CRT monitor housing and internal
car panels (a), HIPS CRT monitor housing (b), and PP-GF internal car panels (c).

Table 3. Data Sources for Each LCA Stage

fillers production data source

OMMT our calculation32

GF ref 35
SCB our calculation

based on ref 36

polymers production data source

PHB1 ref 33
PHB2 ref 33
PP ref 37
MAPP our calculation32

HIPS ref 38

processing and use phase data source

extrusion our calculation32

injection molding estimation based
on ref 39

diesel use phase ref 40

incineration and energy recovery data source

polymer and composites
incineration

our calculation based
on CO2 content

energy recovery our calculation based
on calorific content

Table 4. Data Used in the Calculation of the Use Phase for
Internal Car Panels

composite

panels
weight

(kg)

car fuel
economy
(km/kg)

panels
fuel usea

(kg)

PP-GF 20.0 15.13 115.2
PHB-5OMMT 27.3 15.07 156.9
PHB-10OMMT 26.3 15.07 151.4
PHB-10SCB 24.7 15.09 142.2
PHB-20SCB 23.4 15.10 134.8

a During car lifetime.

FCnew ) FCconv(Wconv/Wnew)
0.72 (3)
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kg/L.43 The results of this calculation, which are listed in Table
4 show that, as expected, the fuel economy of the car, in terms
of kilometer driven per kilogram of fuel, decreases with
increasing weight of panels. Concerning the fuel use attributed
to the panels, the best result is observed for the PHB-20SCB
case (around 17% more than PP-GF panels), which represents
the lightest PHB-based product.

Impact Assessment

In Table 5 NREU and GWP100 impacts for both products
studied are listed. The same results are visualized in Figures 3
and 4 as relative impacts, compared with the impacts of
conventional products.

In the case of the CRT monitor housing (Figure 3), all the
PHB-based composites score better when compared to their
conventional counterpart made of HIPS. Both indicators are
substantially lower both for PHB produced from sugar cane
(PHB1) and PHB derived from corn starch (PHB2). In particular,
the PHB1 case shows very low values, as a consequence of the
particularly low environmental impacts for this polymer produc-
tion process. Best savings are observed for PHB1-10SCB
composite. This sample shows a reduction for both indicators
by about 99% with respect to conventional HIPS housing. If
compared with PHB-OMMT samples, PHB-SCB composites
show even better savings.

A very different picture is found for internal car panels (Figure
4). On the one hand, similarly to the case of CRT monitor
housing, best results are found for PHB produced from sugar
cane (PHB1). On the other hand, even PHB1-based composites
do not show relevant environmental savings for both indicators
if compared with the conventional PP-GF panels. The only
composite showing a lower impact for both indicators is PHB1-
20SCB, with a reduction of around 5% and 3% for NREU and
GWP100, respectively. However, these savings are too small
to state their significance.

Interpretation

General Considerations.Since the late 1970s, PHAs have
attracted the attention of many scientists because of their
favorable environmental performances. Their renewable re-
sources origin and biodegradability make this class of polymers
very attractive for replacing conventional petrochemical poly-
mers.44 However, the diffusion of PHAs on an industrial scale

has been hampered for various reasons, like the high production
cost, the difficulties in PHAs processing, and the unsatisfactory
mechanical properties. In particular, PHB, which is the most
common and studied PHA, is a highly crystalline brittle material,
with a narrow processability window, due to the high thermal
degradation rate during melt processing. These problems can
be partially avoided by various strategies, like the internal
plasticization of PHB (achieved by the copolymerization of PHB
with others monomeric PHA units during the fermentation
process) or the addition in the formulation of some commercial
components like plasticizers or nucleating agents. By applying
these techniques with a proper setting in processing parameters,
PHB can be extruded or injection molded as a classic thermo-
plastic polymer.45,46 In the present work, no plasticizers or
nucleating agents were added to the formulations. The com-
posites were not extruded and injection molded but mixed using
a discontinuous process and they were then compression molded.
For the evaluation of the Young modulus, this procedure can
be considered as reliable.

In order to estimate the weight of the new PHB-based end
products, we used the MI for a stiff panel for both applications.
However, it should be considered that this MI takes into account
only the Young modulus and the density of the material while
for the applications studied also other properties can play a very
important role in the evaluation of the real applicability of the
material, e.g., the impact resistance. As mentioned earlier, PHB
is a brittle material, with a typical Izod impact value that is
comparable with that of PP but 2-3 times lower than that of
HIPS.30,44,47So, if this parameter were also taken into account
in the MI, this could change the results quite considerably. In
principle, several approaches could be followed in order to
obtain a more realistic MI: it would be also possible to try to
derive another MI reflecting the impact resistance instead of
Young modulus and then to combine the two indices or to
consider them separately and choose the worst case. While
further research would be required on this point, we chose a
simple approach by only considering eq 1 for the time being.

As mentioned above, in the present study, the only two
environmental indicators considered are NREU and GWP100.
Usually the production of materials from natural resources
requires a relatively small amount of fossil energy, because the
main contribution comes from the solar energy. As a conse-
quence, also GWP emissions are lower if compared with
materials coming from nonrenewable resources.48 On the other
hand, while in this case the values for the indicators NREU
and GWP can be expected to be low, the score of other
categories could be greatly affected by the cultivation of the
renewable resources and complicated processes, possibly in-
volving toxic compounds. Fertilizers, herbicides, and pesticides,
needed for the cultivation of sugar cane and corn, can release
in the environment a considerable amount of phosphates and
nitrates, increasing the final score in HTP, ETP, and EP
indicators.18 In the case of OMMT-based composites, also the
potential release of free nanoparticles should be taken in account.
The release may take place when manufacturing clay and
composites or in the biodegradation stage, affecting mainly the
score of ETP and HTP indicators. In this paper, we only mention
these aspects, while focusing on NREU and GWP100 as
environmental indicators.

Another very important aspect is represented by the feasibility
of using biodegradable materials for durable products. The
lifetime of products such as monitor housings or car panels is
expected to be on the order of some years. In this view, it is of
fundamental importance that the biodegradation of the product

Table 5. Estimation of NREU and GWP100 for the
Cradle-to-Grave System of Conventional and PHB-Based CRT
Monitor Housings and Internal Car Panels

CRT housing internal car panels

NREU
(MJ/FU)

GWP100
(kg CO2

equiv/FU)
NREU

(GJ/FU)

GWP100
(kg CO2

equiv/FU)

HIPS 200.0 15.1 - -
PP-GF - - s 8.2 s 569.9
PHB1-5OMMT 8.9 0.5 9.0 642.5
PHB1-10OMMT 22.9 1.3 8.8 627.2
PHB1-10SCB 1.3 0.1 8.1 578.8
PHB1-20SCB 6.8 0.5 7.7 552.1
PHB2-5OMMT 171.0 8.7 10.6 722.8
PHB2-10OMMT 171.1 8.8 10.3 700.6
PHB2-10SCB 140.4 7.2 9.5 647.7
PHB2-20SCB 124.8 6.4 8.9 610.2
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does not take place during this useful period. In fact, it is well-
known that, during biodegradation process, the mechanical
performances of a polymer decrease dramatically. Avella et al.
found that the Young modulus of poly(3-hydroxybutyrate-co-
3-hydroxyvalerate) (PHBV), as well as PHBV-based composites
reinforced with wheat straw fibers, decreased by around 20-
23% after a 15% weight loss due to biodegradation.49 However,
it should be underlined that experimental biodegradation tests
are usually performed in controlled and accelerated environ-
ments, such as immersion in bioactive soil or mature compost,
and specific conditions of temperature, pH, and moisture.
Despite the use of monitor housings and car panels not taking
place under such conditions, with a theoretical increase of the
useful life of the products, there are some environmental factors
(e.g., the prolonged exposition to heating due to the proximity
of overheated mechanical and electrical components) that
potentially could affect the substantial biostability of the

products during their use. In this view, we can conclude that
an accurate investigation concerning the effective durability of
the PHB-based products under the conditions of use should be
critically performed prior to any possible employment.

Life Cycle Interpretation. In Figure 5 we report for CRT
monitor housing made of PHB1 the contribution of each
production stage to NREU.

For HIPS, which is the conventional material, the total NREU
is 200 MJ/housing (244 MJ/housing without the energy credit
from waste incineration). As mentioned above, the NREU
associated with PHB production is-22.7 GJ/t for PHB produced
from sugar cane (PHB1) and 38.6 GJ/t for PHB produced from
corn starch (PHB2). For PHB-based composites, the contribution
of injection molding is higher than for HIPS (from 60 to 70
MJ/housing against 54 MJ/housing for HIPS) because of the
higher weight of the PHB-based monitor housing. In addition,
we have also to account for the contribution of extrusion (needed
for the preparation and homogenization of the composites) and
the production of the filler, which are not needed in HIPS
housing preparation. OMMT production represents about the
10% of the positive contribution for PHB1-5OMMT and
around 19% for PHB1-10OMMT. The contribution of SCB
production is basically negligible, because of the typically very
low NREU needed for renewable resources. The energy credit
from postconsumer waste incineration is higher for HIPS (44
MJ/housing) compared to PHB composites (from 26 to 30 MJ/
housing) because of the higher calorific content of HIPS (this
is not compensated by the higher weight of the compounds made
of PHB). The use phase for this end product has no contribution,
because the electricity use of the monitor does not depend on
the weight, the shape, or the material of the housing. These
properties could influence the transportation of the monitors (to
and from retail and to waste management), but this parameter

Figure 3. Relative NREU and GWP100 of CRT monitor housing for the system cradle-to-grave.

Figure 4. Relative NREU and GWP100 of internal car panels for the system cradle-to-grave.

Figure 5. Contribution of each production stage to CRT monitor
housing NREU for the PHB1 case.
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has not been included in the calculation because it is typically
negligible. In conclusion, the life cycle stage that makes PHB
composites so environmentally competitive is the PHB produc-
tion. For the HIPS monitor housing, polymer production
accounts for 190 MJ/housing, which represents about 80% of
the total positive contribution to NREU. In contrast, the NREU
for the production of PHB1 (PHB coming from sugar cane) is
negative, i.e., due to the large credits its production is a net
sourceof NREU (instead of being asink of NREU). As a
consequence, PHB1 production decreases the overall NREU by
around 43 MJ/housing (PHB1-20SCB composite) to 60 MJ/
housing (PHB1-5OMMT). This range is caused by the different
amount of PHB required for the various cases.

In the case of the internal car panels, the results are very
different (Figure 6). The main difference compared to the display
housing is the large contribution of the use phase in the case of
the car panels. If we had prepared the LCA for the car panels
for the system “cradle-to-factory gate” (instead of cradle-to-
grave) the results would have been very similar to the display
housing.

For the system cradle-to-factory gate, the NREU of PHB-
based internal car panels represents only approximately 15%
(PHB1-10SCB) to 26% (PHB1-10OMMT) of the NREU
value of PP-GF. But if the use phase is included, the NREU
of the end products from PHB composites score much worse
than the product made from conventional polymer. The reason
is the higher weight of the composites, which leads to higher
fuel consumption. While for a CRT monitor the housing does
not have any influence on the electricity consumption of the
monitor, the diesel consumption of the car is related to the
weight of the internal panels. Not considering the energy
recovery from incineration, which is anyway bigger for PP-
GF because of the higher calorific value of PP, the contribution
of the service phase for PP-GF represents 84% of the total
positive part. In PHB, this contribution represents basically
100% of the total impact. This means that the bad mechanical
properties of the composites, which led to an increase in
component weight, overcompensate all the savings provided by
the environmentally favorable PHB production process. Analo-
gous considerations can be made with regard to GWP100
emissions relative to this product.

Sensitivity Analysis on Internal Car Panels.In Figure 7
we report the relation between the relative NREU and the Young
modulus of PHB-based composites for internal car panels in
the PHB1 case. The relative NREU represents the ratio between
NREU of PHB-based composites and the NREU of PP-GF.
The trend is exponential because of the assumed formula for

the MI (eq 1), according to which the Young modulus is elevated
at the power of1/3. It is clear that the final NREU is strongly
affected by the value of the Young modulus. This property is
related to the final weight of the car panels and, consequently,
to the use phase, which, as discussed above, contributes most
to the final NREU of this end product.

According to our calculations for the PHB1 case, the Young
modulus of PHB-OMMT composites should reach at least
values of around 2.0 GPa (PHB1-5OMMT) and 2.2 GPa
(PHB1-10OMMT) in order to make these materials attractive
from an environmental point of view.

Several techniques can be used in order to improve the
mechanical properties of polymeric composites, like the use of
optimized coupling agents between the polymer and the filler,
the surface treatment of the filler itself, or increasing the filler
percentage in the composite. Attempts should be made to
improve these techniques further with the goal of reaching the
target values just mentioned.

For PHB-OMMT composites, we used concentrations of 5
and 10 wt % of OMMT in order to investigate the effect of
nanoparticles in a relatively large composition range. These
results will be published in a forthcoming paper.29 To the best
of our knowledge, very little information is available on studies
relevant to the mechanical properties of clay-filled PHB
composites prepared in the melt state.50 For other polymeric
matrices, biodegradable or not, the best improvements of
mechanical properties are usually found for clay loadings from
3 to 5-10 wt %. For higher OMMT loadings, the mechanical
properties of the composites tend to decrease again.9,51 In
addition, the density of OMMT is higher than that of PHB (1.5
vs 1.2 t/m3), so an increase in the loading of OMMT would
also lead to a higher density of the composites. This is an
undesired effect, because it would decrease the MI of the
composite and hence lead to large material requirements.
Therefore, the clay content should be kept as low as possible.
Concluding further, a practicable way of increasing the me-
chanical properties and hence also the MI value could be the
use of a compatibilizer, like maleated PHB.52

On the contrary, in natural fibers-filled composites it is
possible to obtain improvements in the modulus up to a
concentration of 30-40% in the weight of filler.53 Furthermore,
the density of SCB is very low (0.7 t/m3) if compared with
PHB or OMMT. So, increasing the fibers’ concentration can
theoretically lead to the preparation of new PHB-SCB com-
posites with superior Young modulus, decreasing at the same

Figure 6. Contribution of each production stage to internal car panels
NREU for the PHB1 case. Figure 7. Relation between relative NREU and Young modulus of

PHB-based composites for internal car panels for the PHB1 case for
the system cradle-to-grave.
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time the density of the composite. On the other hand, the
decrease of the percentage of PHB in the composite can also
represent a drawback: the production of natural fibers requires
only little energy, but the production of PHB, if made from
sugar cane, can even be a net source of NREU. Further
investigations about this topic, concerning the preparation of
new composites with different formulations, are still in progress.

Conclusions

A comparative LCA has been performed in order to evaluate
the possible environmental benefits connected to the replacement
conventional petrochemical plastics with PHB-based composites
prepared with a melt-mixing technique. Sugar cane bagasse and
organophilic montmorillonite have been used as PHB fillers. A
conventional high-impact polystyrene CRT monitor housing and
glass-fibers-filled polypropylene internal panels of an average
car have been chosen as reference products. Nonrenewable
energy use and global warming potential over a 100 years time
horizon have been selected as environmental indicators.

The relatively low Young modulus and high density for PHB-
based composites compared to conventional plastics are a
disadvantage for their environmental performance, but substan-
tial environmental benefits can be anyway obtained thanks to
the saving inputs in the PHB production process. On a cradle-
to-factory gate basis, all PHB composites appear to be envi-
ronmentally superior to conventional polymers used for the two
chosen applications. When the analysis is extended to the system
cradle-to-grave (including the use phase and with post-consumer
waste incineration with energy recovery), PHB composites score
still better only for CRT monitor housing. In the case of
automotive application, the weight of the functional unit
becomes overriding, and no substantial savings were observed
for both NREU and GWP100. Finally, regardless of the system
boundaries, PHB-SCB composites show lower impact values
than PHB-OMMT, and natural fibers seem the most promising
filler in order to further improve the environmental performances
of PHB composites.
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