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Executive summary
The present study was carried out in the years 2015 and
2016. The aim was to create an Eco-profile for HDPE and PP
producedin the GCC. Eco-profiles assess the environmental
impacts along the production chain from «cradle-to-gate». In
consequence, all relevant processes for polyolefin production
from oil and gas extraction and processing, steam cracking
to polymerization were included in the analysis. Furthermore,
generation of electric and thermal energy, supply of auxiliary
materials and transport processes were considered. However,
all downstream processes like compounding, production of final
products, distribution, use-phase and end-of-life of polymer
products were excluded from this study.
The study was conducted according to the Plastics Europe
Eco-Profile methodology and to the ISO 14044:2006 standard
for life cycle assessment (LCA). Critical review was performed
by DEKRA. The following impact categories were taken into
account for the assessment: climate change, ozone depletion,
eutrophication, acidification, particulate matter formation,
ionizing radiation, photochemical ozone formation, and resource
depletion. Furthermore, primary energy demand and water use
were investigated.

Primary data from participating GPCA member companies were
collected for the following operation units: steam crackers (11
units), propane dehydrogenation (2 units), ethylene metathesis
(2 units), HDPE polymerization (9 units), and PP polymerization
(8 units). Data collection covered information on inputs of
feedstocks, fuels, energy, water, auxiliary materials, and
outputs of products, emissions, energy exports, and wastes.
Furthermore, information on on-site energy production was
provided by companies. Data from licensed databases, publicly
available data bases, ifeu-internal models and from the literature
were used to complete the entire upstream chain model.
Furthermore, the electricity generation model was created with
country-specific information. The reference year of the study
was 2014, in accordance with the time period of primary data
collection.
Table 1 provides an overview of the environmental impact
assessment (LCIA).

Table 1: Results of the LCIA for the production of ethylene, propylene, HDPE, and PP in the GCC
Impact category

Unit

Ethylene

Propylene
Propylene
Steam cracker PDH/ Metat.

Propylene
Prod. Mix

HDPE

PP

Global Warming Potential

kg CO2 eq.

1.21

1.25

1.88

1.51

1.70

1.95

Primary Energy Demand

MJ

73.5

74.9

89.8

81.1

77.8

86.6

Abiotic Depletion Potential, elem.

x 10-7

1.05

1.35

6.14

3.34

1.11

3.74

kg Sb

eq.
Abiotic Depletion Potential, fossil

MJ

65.51

66.21

80.08

71.98

69.28

76.50

Acidification Potential

g SO2 eq.

2.86

1.55

2.09

1.78

3.82

2.94

Particulate Matter (PM10)

g PM10 eq.

2.30

1.63

2.20

1.87

3.25

2.91

Eutrophication Potential

g PO4 eq.

0.19

0.20

0.42

0.29

0.32

0.40

Ozone Depletion Potential

x10-3

0.21

0.22

0.41

0.30

0.34

0.40

g CFC11

eq.
Ionizing Radiation

g U235 eq.

2.48

2.87

5.73

4.06

7.38

8.36

Photochemical Ozone Formation

g C2H4 eq.

1.15

1.10

1.54

1.28

1.82

1.84
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Goal and scope
definition
Background and objectives
Environmental consciousness and environmental sustainability
have become key elements in the chemical industry.
More and more companies are intent on minimizing their
environmental impacts, which is also a driving factor in product
marketing. Major global chemical companies have recognized
environmental protection as an important task in their business
development. They routinely take environmental matters
into account during the planning of future activities or in the
evaluation of recent technologies.
To this end, member companies of GPCA commissioned
ifeu in 2015 to carry out an environmental evaluation of their
polyethylene and polypropylene (polyolefin – PO) production.
This included the examination of the steam cracking process
for monomer production, alternative monomer production
such as propane dehydrogenation and ethylene-butylene
metathesis, and polymerization of monomers. In addition to
these foreground processes, the model under investigation
also considered relevant background processes in the
upstream chain to meet the raw material and energy demand
of monomer and polymer production. The following companies
contributed to the present study both with primary data and
with financial support:
•

Borouge - United Arab Emirates

•

EQUATE - Kuwait

•

NATPET - Saudi Arabia

•

Orpic - Oman

•

SABIC - Saudi Arabia

•

Saudi Polymers Company - Saudi Arabia

•

TASNEE - Saudi Arabia

The study was conducted according to the ISO 14044:2006
standard for life cycle assessment (LCA) and the
PlasticsEurope Eco-Profile methodology. In such assessments,
emissions, consumed resources and other inputs of
considered processes are collected to set up the so-called life
cycle inventory (LCI). The generated LCI provides the basis for
the impact assessment that evaluates environmental burdens
commonly divided into three end-point sub-categories:
(1) human health, (2) natural environment, and (3) issues arising
from the use of natural resources. In the life cycle impact
assessment (LCIA), these three sub-categories can be refined

into several mid-point categories, e.g. climate change, ozone
depletion, eutrophication, acidification, respiratory inorganics,
ionizing radiation, photochemical ozone formation, and
resource depletion among others. The actual environmental
impacts are quantified and qualified by distinct indicators
calculated on a scientific basis considering the environmental
mechanisms and effects of materials consumed or emitted
along the value chain of the product (i.e. materials in the LCI
table). Such assessments can be performed by encompassing
the whole life cycle of a product from raw material extraction
during production, use and waste treatment, or it can be
narrowed down to a particular life cycle stage only, like the
production (for more detail see chapter “Results of Life Cycle
Impact Assessment”).
The study considered only the initial phase of polyolefin
production from raw material extraction to the produced
polyolefin at the factory gate. This is the so-called “cradle-togate” approach, or Eco-Profile.

Intended use, target audience and critical
review
The study provides information for many purposes
including:
•

Internal information materials to find hot spots in the
production chain for the improvement of the environmental
performance of polyolefins produced by GPCA members.

•

Information for benchmarking against the environmental
performance of other companies or regions with a similar
product profile.

•

Background materials for the preparation of an
Environmental Product Declaration approving the
environmental soundness of products through an
internationally recognized official procedure.

•

Marketing materials for environmentally conscious
stakeholders along the value chain of polyolefin-based
products.

Please keep in mind that comparisons of the environmental
performances cannot be made solely on the level of the
polymer or its precursors: it is necessary to consider the full
life cycle of an application (i.e. plastic-containing product) to
compare the performances of the different polymers and the
effects of relevant life cycle parameters. Definitive comparative
statements can only be made once a whole life cycle model
of a particular polymer application among several functionally
Eco-Profile of Polyolefins (HDPE and PP) in the GCC | 5

equivalent systems is defined, and only then, can comparative
assertions be derived.
The comprehensive report contains only general nonconfidential figures. Confidential data from the individual
companies are included in an annex handed out exclusively to
the respective member companies.
The target audience includes
•

Decision makers within GPCA member companies

•

Customers of polymer producers in the GCC

•

LCA practitioners

•

Interested other parties.

A critical review was performed by DEKRA according to the
recommendation of the PlasticsEurope methodology and ISO
14044:2006.
“Cradle-to-gate” LCI and LCIA calculations were performed and
the following impact categories and indicators were chosen:
1. Primary Energy Demand (total, renewable, non-renewable)
– Gross energy demand from primary resources for
producing one unit product; defined in MJ (UHV) / kg
product
2. Global Warming Potential – Contribution to the global
warming effects expressed in kg CO2 equivalency per one
unit product produced [IPCC, 2013].
3. Acidification Potential – Effect on change of pH in the
environment; defined in kg SO2 equivalency / kg product
[CML, 2015]
4. Eutrophication Potential – Definition of the changing
nutrition of surface- or underground waters; expressed in
kg PO43- / kg product [CML, 2015]

6. Photochemical Ozone Creation Potential – Contribution to
smog formation; expressed in kg ethylene equivalency / kg
product, as defined by ReCiPe [van Zelm et al., 2008]
7. Dust & Particulate Matter (PM10) – Emission of small
particles under 10 µm and contribution to secondary
formation in atmosphere; expressed in kg PM10
equivalency / kg product [Heldstab et al., 2003; De Leeuw,
2002]
8. Abiotic Depletion Potential elements – Consumption
of abiotic non-renewable resources like different ores
compared to reference element antimony, defined in kg Sb
equivalency / kg product
9. Abiotic Depletion Potential, fossil resources - Consumption
of fossil resources defined in MJ (LHV) / kg product
10. Ionizing radiation - Emission of ionizing radiation defined in
equivalents of kg Uranium 235 / kg product as defined by
ReCiPe
Functions of the product systems and functional unit
The Functional Unit and Declared Unit of the Eco-profile and
EPD are (unless otherwise specified):
1 kg of High Density Polyethylene (HDPE)
1 kg of Polypropylene
»at gate« (production site output) representing a GCC industry
production average.
All environmental impacts described in the result section are
adjusted to the Functional Unit, meaning that all values are
relating to 1 kg HDPE or PP produced. As the production of the
monomers ethylene and propylene was also of interest in this
investigation, results are also presented for 1 kg of ethylene or
propylene. Selected characteristics of the investigated products
are presented in Table 2.

5. Ozone Depletion Potential – Effect on changing
concentration of stratospheric ozone, defined in kg CFC-11
equivalency / kg product [WMO, 2014]

Table 2: Characteristics of the products under investigation in this Eco-profile

a

Product Name

CAS number

Chemical formula
(of repeating unit)

Density
g/cm3

Melting Point

Gross calorific value
MJ/kga

Ethylene

74-85-1

C2H4

1.19e-3

-

50.2

Propylene

115-07-1

C3H6

1.91e-3

-

48.8

HDPE

9002-88-4

C2H4

0.94-0.97

130-145 °C

46.2

PP

9003-07-0

C3H6

0.89-0.92

170-175 °C

46.4

Values taken from [Babrauskas, 1995]
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High Density Polyethylene (HDPE) is the most rigid and least
flexible of the different types of polyethylene. This is due to a
low number (3 to 5 methyl side groups per 1000 carbon atoms
on the backbone) and short chain lengths of side branches.
This results in a density that is always higher than 0.940 g/cm3,
and to high crystallinity (50 – 85%).
Polypropylene has a comparably high melting point, low
density, suitable stiffness, and toughness. These properties
depend on the degree of crystallinity and type and level of
co-monomer incorporated within the product. The base unit of
PP consists of three carbon and six hydrogen atoms, and the
methyl (CH3) group is characteristic.
System boundaries

Extraction of non-renewable resources (e.g., oil and
natural gas)

•

Beneficiation or refining, transport and storage of
extracted resources

•

Recycling of waste or secondary materials for re-use 		
in production

•

Conversion of non-renewable or renewable resources or
waste into energy

•

Desalination of sea water for use as process water

Fossil and mineral
resources

•

All relevant transport processes (transport of materials,
fuels, and intermediate products at all stages)

•

Management of production waste streams and related
emissions generated by processes within the system
boundaries.

It should be noted that the system can be divided into two
major components:
1. The foreground system encompasses the production
processes on which participating companies provided
information, whereas the

According to the selected methodology of Eco-profiles, capital
goods, i.e., the construction of plants and equipment as well as
the maintenance of plants, vehicles, and machinery, are outside
the system boundaries. Likewise, the end-of-life treatment of
the products of the polyolefin production and their resulting
products is outside the system boundaries of this Eco-profile.
Inputs and outputs of secondary materials and wastes for
recovery or disposal are recorded as “crossing the system
boundaries”. An exception is low-radioactive waste from
electricity generation, for which a final storage solution has not
yet been found. Consequently, it is defined as an output. Due to
the fact that the study examines the system to the factory gate,
all subsequent life-cycle stages like compounding, distribution,
use phase and end-of-life treatment of the products made from
polyolefins are outside the system boundaries.

Renewable
resources

Natural Gas
Extraction

Crude Oil
Extraction

Production processes

2. Background system is important to model the raw material
production fed into the foreground process (see Figure 2).

The system boundary section briefly describes the start and
end points of the system examined and outlines the main
processes analyzed. The following processes are included in
the cradle-to-gate LCI system boundaries (Figure 2):
•

•

Emissions to
air and water

System Boundary (cradle-to-gate)

Background
system
Grid electricity
production

assoc. gas
Refinery
NG
Processing

Heavies
FCC

Ethane,
Propane,
Butane
Propylene

Naphtha

Electricity,
Steam
Propane

Steam
Cracking

C2=
+C4=

On-site energy
production
Propylene Unit

C3=

Ethylene,
Propylene

Polymerisation

Waste and
Wastewater
Treatment
Polyolefin

Figure 2: System boundary and schematic overview of background and foreground processes
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Data collection and data quality
The datasets used in the current study are described in the
section “Life Cycle Inventory Data”. The general requirements
and characteristics regarding geographical source, time, and
technology considered are summarized in the following subsections.
Geographic scope
The LCA study focused on the production of polyolefins in
GCC member states. The production units participating in
the data collection are located in Kuwait, Oman, Saudi Arabia
and the United Arab Emirates. Primary data were companyspecific, and the results in the general part of this report reflect
the weighted average based on production volume. Data for
background processes were considered country- or regionspecific in separate databases (electricity production, oil and
gas production) wherever possible. If country-specific data
were not available, processes were modeled according to the
best available technologies and average data from the literature
(refinery, sea water desalination and other raw materials).
Plants providing primary data for the LCA model possessed a
production capacity of 5.1 x 106 t (metric tons) HDPE and 4.4 x
106 t PP. This corresponded to a coverage of about 70 % and
50 % of the installed production capacity of all GPCA member
companies in 2014, respectively.
Time scope
The reference time period taken into account in the study
was 2014, to which year the primary data provided by GPCA
members refer.
Most of the applied data on the background system refer to the
period between 2002 and 2014. Electricity production refers
to 2013, refinery data to 2011, oil and gas extraction data to
the time period 2008-2011. Due to fast growing conversion
capacities for petrochemical feedstocks within the GCC in
recent years and expected further growth, a maximum temporal
validity of three years can be assumed. A revision of the data in
2018 is recommended.
Technical reference
The production processes were modeled using specific values
from primary data collection on-site. Thus, they represent
the specific technologies of the polyolefin production of the
companies (i.e., different reactor types, reaction phases, or
catalysts) as well as the water treatment that was applied
on-site. The LCI data represents the production mix of
technologies in use in the defined production region employed
by participating producers. For the on-site energy supply,
primary data were collected as well.
Thus, primary data were used for all foreground processes
(under operational control) as well as for the provision of on-site
energy, if applicable. These input data were complemented
with secondary data from background processes, e.g., grid
electricity supply.
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Ethylene was almost uniquely produced by steam cracking
of short chain hydrocarbons in so-called gas crackers.
Feedstocks mostly consisted of ethane (43 %) and propane (30
%) with lower shares of butane (12 %) and mixed natural gas
liquids.
Propylene production included three technologies: steam
cracking of light hydrocarbons as previously described for
ethylene production (58 %), metathesis of ethylene and
butylene (22 %), and propane dehydrogenation (20 %).
The HDPE production units covered in this study were
using either gas phase or suspension/slurry technology in
combination with Ziegler-Natta or Phillips type catalysts.
PP production covered the following technologies: gas phase
polymerization (>50 %), suspension/slurry (15 %) and bulk
polymerization technology (10 %, balance to 100 %: no
information available). In all participating plants, titanium-based
Ziegler-Natta catalysts combined with triethylaluminium as cocatalyst were used.
More detailed descriptions of the covered processes can be
found in the section “Investigated production system”.

Data Sources
All data sources used in this Eco-profile are listed and
described in the section «Life cycle inventory data». For a
large share of processes, namely steam cracking, propane
dehydrogenation, ethylene metathesis, polymerization of
ethylene and propylene, and on-site energy supply, primary
data from participating companies were used. Background
data for oil and gas extraction, ethane and NGL production,
and electricity production were adapted to the GCC regional
situation. Minor input flows like solvents, catalysts and auxiliary
materials were taken from the Ecoinvent 3.3 database.

Relevance
In light of the goal and scope of this Eco-profile, the collected
primary data of foreground processes are of high relevance, i.e.,
data from the most important producers in the GCC reflecting
the GCC industry average production of HDPE and PP.

Representativeness
The data used for this study covered 70 % of the installed
polyolefin nameplate capacity for HDPE in the GCC in 2014,
and 50 % for PP. SABIC as the largest polyolefin producer in
the GCC intentionally participated with a reduced number of
plants to reduce the impact of this single company on the study
results. Based on information from SABIC representatives,
the plants not taken into consideration are very similar in age
and technology to the plants included in the data collection.
The results can therefore be considered representative for the
region.
The background data used can be regarded as representative
for the intended purpose, as these were average data and not
the focus of the analysis.

Consistency
To ensure consistency, only primary data of the same level of
detail and background data from the databases mentioned
under ”Data sources” were used. During model preparation,
cross-checks concerning the plausibility of mass and energy
flows were continuously carried out. The methodological
framework was consistent throughout the whole model, as the
same methodological principles were used both in foreground
and background systems.

Reliability
In the questionnaires, the site managers were encouraged to
classify their data into one of the following reliability grades:
measured, calculated, or estimated. According to these
statements, the data on foreground processes provided directly
by producers were almost entirely measured. Data on relevant
background processes, e.g., grid electricity, were based on ifeu
models that are regularly updated with statistical data, available
primary data, and with data derived from the literature after
review and quality control. It could not be determined if energy
requirements for desalination of process water for electricity
generation were considered in the IEA database. The maximum
resulting error was estimated to be smaller than 0.2 %. Thus,
the overall reliability of data for this Eco-profile is considered
high. It has to be noted that primary data were not validated
through site visits but only through plausibility and consistency
checks. After several feedback loops with companies, it may be
concluded that all collected data were correct. However, each
participating company is responsible for providing correct data.

Completeness
During data collection, the participating companies provided
data on the relevant inputs (e.g., amount of raw materials,
energy, or water) and main output products (e.g., polyolefins,
recovered energy) as well as data on emissions to air and
water, amounts of waste, and transport information.
In general, the collected and applied data may be considered
complete, because no flows were omitted or substituted.
However, for some production sites it was not possible to
obtain detailed emission data due to site-specific measurement
and recording practices. To compensate for missing information
on certain important inputs and outputs, average values
(calculated based on the data reported by other production
sites of the same process type and weighted by product
output) were used in cases where no data were given. This
procedure avoids missing information to be treated as "zero" in
the calculation of average values. This procedure was applied
to the following substances/process flows:
•

Emissions of methane, CO, NOx, ethylene, propylene,
propane, and H2 to air

•

The total amount of flue gas from a process

•

The total amount of waste water

•

All emissions to air and water in cases where no information
on emissions was given

In case of missing information on the fuel mix (natural gas, fuel
oil, etc.) used for on-site energy production, the average fuel
mix of all participating polyolefin plants was assumed. This
method was applied for thermal or electrical efficiencies of onsite energy installations, as well as for distances and means raw
materials and waste transport.
When data on emissions of various NMVOCs (non-methane
volatile organic compounds) were pooled, attempts were made
to distribute the reported amount to specific substances mostly
based on the expert knowledge of the plant manager or on the
composition of input and output flows.

Precision and Accuracy
As the relevant foreground data were primary data or modeled
based on primary information sources of the owner of the
technology, any further improvement of the precision level is
unattainable within this goal and scope.

Reproducibility
All data and information used are either documented in this
report or are available from the mathematical model of the
processes and process plans designed within the Umberto
5.6 software. Reproducibility for internal use is ensured due to
the fact that the owners of the technology provided the data,
and the models are stored and available in a database. Subsystems were modeled with ”state-of-the-art” technology using
data from a publicly available and internationally used database.
It is worth noting that for external audiences, full reproducibility
to any degree of detail may not be possible for confidentiality
reasons. However, experienced professionals would have no
difficulty to recalculate and reproduce relevant parts of the
system as well as key indicators.

Data validation
Data on olefin and polyolefin production were collected from
iterative process with several feedback steps where necessary.
The collected data were validated using existing data from
published sources or expert knowledge.
The relevant background information from the sources reported
under ”data sources” is validated and updated regularly by the
LCA practitioner.

Modeling and calculation of inventories
The life cycle system was modeled in Umberto 5.6, a standard
software tool for LCA. The associated database integrates ISO
14040/44 [ISO, 2006a; b] requirements. Due to confidentiality
reasons, details on software modeling and methods used
cannot be reported here. Data for production processes were
transferred to the model after successful data validation. The
calculation followed the vertical calculation methodology,
i.e., averaging was carried out after modeling of the specific
processes.

Eco-Profile of Polyolefins (HDPE and PP) in the GCC | 9

Vertical averaging
During the modeling and calculation of average Eco-profiles
from the collected individual LCI datasets, vertical averages
were calculated (Figure 3). These vertical averages included
the polyolefin production unit itself (for the production process
of PP), the on-site energy supply (electricity and steam if
produced on-site), and on-site production of supply materials
like pressurized air, nitrogen, or process water, transport of
input materials and waste, waste treatment, and wastewater
treatment. National electricity mixes were used to calculate the
grid electricity supply, and horizontal averages were used for
ethene and propene monomers and other raw materials.
Allocation
Production processes in the chemical and plastics industry
are often multi-functional systems; in practice, this means
that they have not only one but several valuable products and
co-products. According to ISO 14040, the allocation should be
avoided either by,
a. dividing the unit process to be allocated into two or more
sub-processes and collecting the input and output data
related to these sub-processes or by,
b. dividing the unit process to be allocated into two or more
sub-processes and collecting the input and output data
related to these sub-processes or by,
c. expanding the product system to include the additional
functions related to the co-products.
However, avoiding allocation is often not feasible. In such
cases, the aim of allocation is to divide the inputs and
emissions by a certain factor and assign the division results

to co-products. The division is carried out by considering the
share of co-products based on their comparable properties
such as economic value, mass or other physical-chemical
attributes (heating value, exergy, etc.). In principle, allocation
rules should reflect the goal of the production process.
In the study, allocation by mass was generally applied if not
otherwise stated. The following special cases have to be noted:
•

Steam cracking of liquid or gaseous feeds yields several
products, which are partly used internally as fuel or recycled
as feedstock. This internal recycling was modeled as a
closed-loop and consequently did not lead to additional
products of cracking. Diverse hydrocarbons were formed
as co-products in addition to ethylene, propylene,
hydrogen, butadiene, and pyrolysis gas. The shares of
the co-products can vary significantly depending on
plant configuration, feedstock composition and market
values of products. Ethylene and propylene were usually
the dominant products. The applied allocation method
corresponded to the following two main rules:
»» The environmental burden of feedstock input was
assigned to all products leaving the cracking plant
allocated by the share of the product’s weight (mass
allocation to all products).
»» All the other inputs and outputs, e.g., energy input,
emissions and solid wastes, were allocated only
to the so-called Intended Products (IP) ethylene,
propylene, butadiene, benzene, toluene, xylenes
and purified hydrogen. The product groups of
«other aromatics» and «PyGas» (a mixture of
BTX aromatics and non-aromatics) were treated
as Intended Products in cases where they were

Vertical averaging method
Company 1

Operation 1

Company 2

Operation 1

Company 3

Operation 1
Intermediate average at
end of operation 1

Operation 2

Operation 2

Operation 2
Intermediate average at
end of operation 2

Operation 3

Operation 3

Operation 3
Intermediate average at
end of operation 3

Operation 4

Operation 4

Operation 4

Average calculated as weighted man

Figure 3: Vertical averaging (source: Eco-profile of high volume commodity phthalate esters, ECPI European Council for
Plasticisers and Intermediates, 2001)
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exported for aromatics extraction. Taking valuable
products other than ethylene and propylene into
account increased the comparability between
crackers running on different feedstocks.
Furthermore, this allocation procedure was applied
in the European Emission Trading System (EU ETS)
for steam crackers and in the PlasticsEurope EcoProfiles for steam cracker products.
•

An oil refinery is a complex production sub-system with
many multi-output processes and products. The basic
allocation criterion is the chemical energy content of
products on a particular process level. Since the majority of
the products of the petroleum refinery are used for energy
application, the calorific value is the preferable allocation
coefficient. The following sequence of rules was applied:
»» The general allocation rule referred to the energy
content since the majority of refinery products are
used for energy purposes.
»» The expenditures for the first step of separation
(atmospheric distillation) were allocated to all coproducts, including the atmospheric residue, since
all co-products from atmospheric distillation will
result in marketable final products.
»» The expenditures for any further process step
intended to reduce the quantity of residue (i.e.,
vacuum distillation and cracking) were allocated to
the non-residual co-products. Rationale: All these
downstream processes within the refinery are
intended to reduce residues to increase the yield of
non-residual co-products; hence, the expenditures
were allocated to the yielded products only.
»» Special treatment of feedstock: The input material
(feedstock) fed into a refinery process step
was always allocated according to the 1st rule.
Rationale: Although the downstream processing
steps are not intended to produce residues, but
rather to reduce them, the residual products are
defined as refinery products and not as wastes;
if the 3rd rule was applied also for feedstock,
all residual products (heavy fuel oil or petroleum
coke) would finally result in zero expenditures and
emissions.

These rules are associated with the following consequences:
»» The LCI of every refinery product includes a
minimum of 1 MJ crude oil per MJ product
feedstock;
»» considering that some refinery products have lower
LHVs than crude oil (e.g., petroleum coke or heavy
fuel oil), such refinery products contain less than 1
kg crude oil per kg product;
»» Final products with relevant shares derived from
sequential processing accumulate higher “back
packs” than products predominantly derived from
straight-run;

»» An exception are heavy products from residual
fractions, even if they pass a cascade of cracking
processes.
•

The emissions from crude oil extraction and natural gas
processing within a specific supply region were generally
allocated by mass. This is especially relevant for the Middle
East where gas and oil is mostly extracted in combined
production.

•

In alternative propylene production by metathesis of
ethylene and butylene, C4 mixtures are produced
as by-product which are used as fuel or solvent for
polymerization. As propylene is the intended product of this
process, these by-products did not receive any burdens
from the process but only from the feedstock.

•

Burdens to low-grade products from polymerization
processes were allocated on the basis of the relative price
compared to the main polymer. Relative prices varied
between 25 and 80 % and output varies between 0.3 and
3.5 % of the polymer output.

An alternative economic allocation would be desirable for these
processes as a sensitivity analysis. This could not be realized
because uncertainties were too great; the market prices for the
considered products fluctuate considerably and some prices for
intermediate products (e.g., of refineries) cannot be determined
at all.
Excess energy produced within the foreground processes both
in terms of steam or fuels (fuel gas, fuel oil, methane) did not
receive any burdens and was not credited. However, it was
used internally (either in the production process or in other
processes on the same production site) to replace energy input.
The allocation rule for waste management was the following:
process waste with a recycling potential (e.g., catalysts) leaving
the system (<0.5 wt.-% of total output) did not receive any
burdens or credits (Cut-Off). Any other process waste was
treated within the system. All burdens of waste management
were allocated solely to the waste input, and hence to
the waste-producing process. Energy products of waste
management (heat, electricity) did not receive any burdens
but were fed back to the waste-producing process replacing
energy input there.
Cut-off rules
To achieve completeness, i.e., a closed mass and energy
balance, any cut-off of material and energy flows was avoided
in this Eco-profile. For commodities with a total input of less
than 2 wt.-% (solvents, catalysts, initiators, additives), generic
datasets from the LCA database Ecoinvent v3.3 were used.
In Ecoinvent datasets, waste for recycling is generally cut
off. Furthermore, expenses for capital equipment were not
considered in this Eco-profile.
Energy requirements for water desalination in oil and gas
extraction were not considered. The maximum error on overall
results was estimated to be smaller than 1 %.

Eco-Profile of Polyolefins (HDPE and PP) in the GCC | 11

Investigated production
systems
The following chapter describes the main processes of the
system under investigation. Some important reactions and
reaction circumstances of foreground processes are shown.
Foreground processes are as follows:
•

Steam cracking of light hydrocarbons (C2-C4) for monomer
(ethylene, propylene) production

•

Propylene production via alternative synthesis routes

•

Polymerization processes for HDPE and PP

Steam cracking of hydrocarbons
Short-chain hydrocarbons, especially ethylene but to some
extent also propylene, butylene and butadiene, are usually
produced by steam cracking of hydrocarbon feedstocks.
Depending on the type of feedstock, a classification into liquid
(naphtha or gas oil) or gas (ethane, propane, butane) cracker
can be made. The study mostly focused on gas crackers
as the main feedstocks used in the GCC are ethane and
propane (and other condensates) extracted from natural gas
(for feedstock compositions used in this study see section Life
Cycle Inventory).
The main products of gas cracking are ethylene followed by
propylene. Other products include methane and hydrogen
as well as higher hydrocarbons like butene, butadiene and
aromatics (benzene, toluene, xylenes). Heavier feedstocks like
naphtha lead to increased shares of higher hydrocarbons and
aromatics. Usually, the light olefins are directly extracted from
the product stream in a fractionation section, whereas higher
molecular weight products (pyrolysis gasoline) are sent to an
external unit for aromatics extraction (if not used as fuel).
The selection of the type of steam cracker is a very important
economical factor. Investment costs of gas phase steam
crackers are slightly lower than naphtha crackers, and
considering the abundance of ethane and propane feedstocks
in the Middle East, it is a reasonable choice to implement such
monomer production processes for polyolefin technologies
[Falqi, 2009]. One drawback of ethane crackers is the
associated higher thermal energy demand in contrast to
naphtha cracking. This is due to the following parameters:
a. higher recycling rates: Conversion of C2-C3 alkanes to
alkenes is less effective compared to naphtha cracking
and requires around 30-50 % feed recycle (low per-pass
conversion),
b. higher thermal losses due to larger installation size at equal
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input flow (due to the lower molar weight of the feedstock),
and due to quenching of products before separation and
recovery
In the study, the following products were considered as
"Intended Products" (IP) of the steam cracking process:
ethylene, propylene, butadiene, benzene, toluene, xylenes,
other aromatics, and hydrogen.

Alternative production pathways of
propylene
The dominant feedstock for steam crackers in the GCC is
ethane, which produces high yields of ethylene. For propylene
production, higher hydrocarbons like propane or butane or
even higher are required as steam cracker feedstocks. Two
alternative production routes for propylene are applied by
participants of this study: propane dehydrogenation (PDH) and
ethylene butylene metathesis.
Propane dehydrogenation comprises a series of reactors fed
with a heated mixture (ca. 540 °C) of propane feedstock and
(propane) recycle gas for conversion into propylene with high
selectivity over a Pt- or Cr-based catalyst [Gerhard Ertl et al.,
2008]. The dehydrogenation reaction is endothermic (ΔH = 129
kJ/mol), requiring thermal energy input by using several heaters.
Being a catalytic reaction, it can be realized in continuous
regeneration or batch mode. The reaction requires low pressure
of approx. 2-3 bar. After the reaction, the effluent is collected,
dried and compressed. Hydrogen is separated in a cryogenic
separator (and can be purified by PSA) whereas the rest of the
products is separated from propylene via a deethanizer and
a propane-propylene splitter. Commercial PDH units exhibit a
propylene yield of approximately 85 wt. %. By-products are
hydrogen (ca. 5 wt. %), C2-rich fuel gas, and small amounts of
C4+ hydrocarbons. Unreacted feedstock and hydrogen are fed
back and mixed with fresh feed as hydrogen-rich reflux gases.
Other side-products are recovered as an energy carrier and
used internally.
Metathesis is a disproportionation reaction where the C-C
double bonds of ethylene and butylene are broken to form
propylene over a Pd-, W- or Mo-based catalyst [Lwin / Wachs,
2014]. Using 2-butylene and high temperatures of 300 °C is
advantageous for high yields. If another butylene isomer is also
available, metal-oxide based isomerization and consequently
co-catalysis is required [Bala Ramachandran et al., 2009].

Polymerization
Polyolefins are produced by chain-growth (or addition)
polymerization. Unsaturated monomer compounds are applied
in chain growth through breaking the double bond to realize
a chain building reaction. It can be divided into three stages:
initiation, propagation and termination. The production process
(radical or ionic), the reactor type, the catalytic system, the
initiator, the co-monomers or chosen additives and auxiliaries
can significantly influence the product quality. However, due
to limited information, the effect of potential options was not
addressed in this study.
Ethylene polymerization to HDPE
Different technologies and processes can be used for the
polymerization of ethylene to High Density Polyethylene
(HDPE). Low-pressure processes such as slurry suspension
(temperature is up to 105 °C), solution or the gas phase
process (temperature is around 100 °C, while pressure
ranges between 7-20 bar depending on feedstock) are used
commercially. Combination of suspension and gas phase
processes is generally possible. Typical dilution materials in
suspension polymerization are C5-C11 hydrocarbons, whereas
a fluidized bed reactor is used for gas phase reactions.
Combination of both processes is realized by using propane
diluent and serial connected fluidized bed reactors. Production
units covered in this study were using either gas phase or
suspension/slurry technology in combination with Ziegler-Natta
(titanium-based using triethylaluminium as co-catalyst) or
Phillips (chromium-based) type catalysts. Unreacted monomers
in gaseous form can be recovered and mixed with fresh
feed or flared, depending on the purity and costs of further
treatment. The produced raw polymer is usually fed into a hot
melt extruder where its properties can be adjusted by further
additives. To gain the final product, the extruded material is
granulated, dried and blended [Hamielec et al., 2011].

production cannot be defined. Moreover, the product properties
can also be shaped by appropriate selection of co-monomers
(e.g.: 1-butene or 1-hexene) which are suitable for polymer
density design. Furthermore, use of hydrogen offers an
option to change the molecular weight of the end-product.
Thus, HDPE can be produced with a wide range of specified
properties.
Propylene polymerization
Polypropylene (PP) is usually manufactured with the gas phase
or the suspension process. The production processes that
are applied are very similar to the manufacturing of HDPE.
The process traditionally known as «suspension process» is
called «slurry process» in PP producers› terminology. Modern
suspension processes, however, use liquid monomers instead
of a solvent and are referred to as the “bulk” process.
Slurry polymerization with inert diluent is performed at low
temperature of 50-80 °C and higher pressure of up to 5-20 bar,
whereas the liquid propylene process (another type of slurry
process) is conducted at 30-40 bar. Gas phase reactions also
require a lower temperature of 60-80 °C, but higher pressure at
30-40 bar like the BASF Novolen process [Heggs et al., 2011].
After the reaction phase, most of the unreacted monomers
(which are mostly present in the gas phase) are separated from
the polymer and are either recycled back into the process or
flared. After polymerization, the raw polymer is centrifuged and
dried. Finally, the dry powder is extruded at 100-120 °C and
pelletized into uniform granules.
In the GCC, the predominant technology for PP production
is gas phase polymerization (>50 %). Suspension/slurry and
bulk polymerization technologies have shares of 10-15 %
each. Titanium based Ziegler-Natta catalysts combined with
triethylaluminium as co-catalyst were used in all participating
plants.

Due to the wide range of technology options, reactor types
and catalysts described above, a general process for HDPE
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Life cycle inventory
data
The following chapter describes the main input and output
data of major processes included in the system boundaries.
Information on the foreground system including steam
cracking, alternative propylene production (PDH and
metathesis), and polymerization processes were provided
by the project partners, while the background data, such
as natural gas and oil extraction and refining, electricity
production, raw materials and other auxiliary materials or
utilities, are based on different recognized and peer-reviewed
international reports and databases.

Figure 4 shows the average composition of cracker feedstock
and the average product composition. Major inputs were
ethane and propane, followed by butane and condensates from
natural gas processing as a mixture. Minor feedstock inputs
included naphtha and C4/C5 cuts from oil refining, as well as
gas oil and hydrocarbon-rich off gases from polymerization and
other processes.
The main products of the steam cracker were ethylene and
propylene. Within BTX products, benzene had the highest share
(2.9 wt. %) followed by toluene and xylene. Side products such
as methane, butane, pyrolysis fuel oil, pyrolysis gasoline and
other C4 hydrocarbons had a share of around 5 wt.-%.

Steam cracking of hydrocarbons
Table 3 shows the average useful energy input for steam
cracking for 1 kg Intended Products (IP). Intended Products
are represented by materials with considerable economic and
technical importance such as hydrogen, ethylene, propylene,
butadiene, BTX products, and other aromatics. Within GCC
crackers, IP form approx. 95 wt. % of the whole produced
materials on average.

An overview of average emissions to air and water of the steam
cracking process is given in section "Life Cycle Inventory (LCI)
results".

Table 3: Average net input of useful energy into GCC steam crackers scaled to 1 kg Intended Products (net
input, i.e., steam export subtracted from input; excluding on-site utilities and water desalination)
Input

Amount

Unit

Electricity

0.25

MJ

Steam (as thermal energy of fuel)

-0.64

MJ

Direct fuel

18.0

MJ

Total thermal energy

17.3

MJ

Feedstock composition

Product composition
Hydrogen
Butadiene

Minor feedstocks

1%

5.2%

Condensates
(NGL)

9%

Pygas

0.9%

Side products

4.9%

1.6%
BTX

3.1%
Ethane

43.4%

Butane,

12%

Propylene

16.3%

Ethylene

72.2%
Propane

30.4%
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Figure 4: Average
feedstock
composition
to GCC steam
crackers and
resulting product
composition

Alternative propylene production
Only two companies provided information on propane
dehydrogenation and ethylene metathesis for the study.
For confidentiality reasons, exact data on these processes
cannot be shown here. However, it can be noted that propane
dehydrogenation is an energy-intensive process with a thermal
energy requirement between 20 and 30 MJ/kg propylene.
The metathesis process has much lower energy requirements
(2-8 MJ/kg propylene). However, considerably more energy is
required for the production of ethylene and butylene feedstocks
(around 17 MJ/kg ethylene, as shown in the previous section).

Polymerization process

states listed in Table 6 are based on energy statistics of the
International Energy Agency [IEA, 2015] and refer to the year
2013.
The country-specific electricity mixes were obtained from
a master network for grid power modeling maintained and
annually updated at ifeu as described in [ifeu, 2016]. This
network considers the basic power plant types and their
respective raw material processes. Using network parameters,
the fuel mix and essential technical characteristics of the energy
systems are freely adjustable. Thus, the national grid electricity
mix for each GCC country was calculated.
The system boundary of the electricity module includes the
following processes:

The different types of useful energy inputs into the
polymerization process are analyzed in Table 4. For HDPE and
PP, both electric and thermal energy inputs play a major role.
Table 5 shows the raw material input for the production of 1 kg
of polymer. An overview of average emissions to air and water
of the polymerization process is given in section «Life Cycle
Inventory (LCI)

Electricity production
Electrical power supply was modeled using country-specific
grid electricity mixes since the environmental burdens of power
production vary strongly depending on the electricity generation
technology. The country-specific electricity mixes of GCC

•

Power plant processes for electricity generation using fuel
oil and natural gas;

•

Upstream fuel chains to meet the fuel requirement of power
plants;

•

Distribution of electricity to the consumer with appropriate
management and transformer losses.

The network also includes combined heat and power
generation. The share of district heat produced in coupled form
is adjustable according to the power plant type (for the GCC,
district heating was excluded).

Table 4: Average net input of useful energy to GCC polymerization plants (scaled to 1 kg product)
Energy type

Unit

HDPE

PP

Electricity

MJ

1.42

1.15

Steam (as thermal energy of fuel)

MJ

0.67

0.73

Direct fuel

MJ

0.04

0.10

Total thermal energy

MJ

0.71

0.84

Table 5: Raw material input for the polymerization processes
HDPE (1.0 kg)

PP (1.0 kg)

Ethylene

0.99

kg

Propylene

1.02

kg

Co-monomers

1.57E-02

kg

Ethylene

1.33E-02

kg

Propane

2.60E-03

kg

Co-monomers

7.64E-03

kg

Butane

6.16E-04

kg

Hydrogen

6.45E-03

kg

Hydrogen

3.01E-04

kg

Butane

1.06E-03

kg

Table 6: Average fuel mix for electricity production and resulting specific Global Warming Potential (GWP) in GCC
countries in 2013 [IEA, 2015].
Technology

Oman

Saudi Arabia

United Arab
Emirates

Kuwait

Hard coal

0.0%

0.0%

0.0%

0.0%

Brown coal

0.0%

0.0%

0.0%

0.0%

Fuel oil

2.6%

47.2%

1.3%

63.2%

Natural gas / fuel gases

97.4%

52.8%

98.7%

36.8%

Nuclear

0.0%

0.0%

0.0%

0.0%

Renewables

0.0%

0.0%

0.0%

0.0%

Average electric efficiency of power plants

35.7%

32.4%

34.0%

34.2%

Resulting specific GWP [g CO2 eq. / kWh]

703

935

740

923
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Crude oil and natural gas extraction and
processing
The whole value chain of crude oil and natural gas was
modeled to reflect the environmental burdens of feedstocks
for polyolefin production. The upstream chains of crude oil and
natural gas were taken from the Ecoinvent database v3.3 and
updated with current primary data from the oil and gas industry.
Table 7 shows some important factors of crude oil and natural
gas production in the GCC.

in sum < 0.04 %) and for alternative propylene production
(Pd for metathesis, and Pt, Al and Cr all < 0.05 %). WO3
catalyst for metathesis was taken from the ProBas database
[Umweltbundesamt, 2016].

Transport processes
The main data sources for transport processes were
•

Pipeline: The average pipeline distance for input materials
and fuels (feedstock to crackers) was approx. 40 km. The
energy requirement of transport was based on Ecoinvent
v3.3 [Ecoinvent, 2016].

•

Road transport was used for transferring raw materials or
catalyst from a ship terminal to the production site (less
than 20 km on average). Environmental profiles for transport
by truck were based on HBEFA 2.1 and TREMOD [ifeu,
2009; INFRAS, 2014].

•

Ship transport is used for catalysts, additives, and auxiliary
materials. For monomer production, the average distance
was about 150 km, whereas average distances for
additives and catalysts for polymerization were about 1500
km. Input-outputs were based on EcoTransIT [ifeu et al.,
2014].

Table 7: Relevant factors of crude oil and natural gas
production in the Middle East
Process name

kg of crude oil
or gas in ground
needed per kg at
production site

GWP in CO2eq.
per MJ crude oil/n.
gas (LHV)

Crude oil
production

1.048

6.5 g/MJ

Natural gas
production

1.036

3.2 g/MJ

Oil refinery processes
Comparably small amounts of naphtha (for steam cracking)
and other oil refinery products (light fuel oil as fuel, propylene
from FCC for polymerization) appear as inputs in the
study. Nevertheless, it is important to perform an accurate
environmental analysis for the modeling of an oil refinery. Exact
and detailed information on GCC oil refinery technologies were
not available, therefore the ifeu refinery model reflecting an
average European refinery based on the description of best
available technology (BAT) was used as a proxy [European
Commission, 2015].
The refinery model used in the calculation of the current
Eco-profile is a model that represents all typical processes
of different refinery configurations. It considers the capacityweighted mixture of refinery configurations in Europe, thus
representing an average European situation. This detailed
model comprises the single processes of a petroleum refinery
and sets up an average model which uses not only BAT data
but is also updated with technology-specific primary data and
information from the literature [Meyers, 2003; PlasticsEurope,
2012, 2014a].
Although this presents an appropriate solution to bridge the
data gap, oil refinery products and their potential environmental
impacts only marginally contribute to the overall results (less
than 1 % of all indicators for HDPE, 1-4 % of all indicators for
PP due to propylene from FCC of refinery residues being used
as monomer in one plant) in the study.

Auxiliary materials
Information for raw materials with a low mass contribution to
LCI data was taken from Ecoinvent v3.3 [Ecoinvent, 2016].
The most relevant materials were sodium hydroxide (< 0.5 %),
lubricating oil (<0.1 %), various additives (< 2 % for HDPE,
< 0.4 % for PP) like antioxidants, antistatics, antacids and
an array of catalysts for polymerization (TiCl4, CrO3, TEAL
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On-site energy and utilities
The following sources were used for production of on-site
energy and utilities such as water, compressed air and air
separation:
•

Steam and electricity: Primary data from a separate on-site
energy questionnaire and secondary data from several ifeu
projects and Ecoinvent v3.3 [Ecoinvent, 2016] were used.

•

Compressed air (low and high pressure) was based on
several data from former ifeu projects and Ecoinvent v3.3
[Ecoinvent, 2016; PlasticsEurope, 2014a].

•

Industrial gases like oxygen or nitrogen were used
according to Ecoinvent v3.3 [Ecoinvent, 2016] and the ifeu
internal database.

•

Process water preparation was based on Ecoinvent
database, whereas water desalination data were
derived from international publications [Ecoinvent, 2016;
Lattemann, 2010; Rivera, 2009] and are shown in Table 8.
Reverse osmosis was assumed as the typical technology
for industrial application in the GCC.

Table 8: Inventory data of water desalination
Input

Output

Sea water

2.27

m3

Fresh
water

1.00

m3

Electricity

4.00

kWh

Brine

1.27

m3

Sodium
Hypochlorite

0.003

kg

Sulfuric Acid

0.046

kg

Sodium Bisulfate

0.033

kg

Lime, hydrated

0.003

kg

Life Cycle Inventory
(LCI) results
Key results on the inventory levels are summarized below.

Primary energy demand
As a key indicator on the inventory level, the primary energy
demand (system input) indicates the cumulative energy
requirements at the resource level, accrued along the entire
process chain (system boundaries) and quantified as gross
calorific value (upper heating value, UHV). Consequently, the
difference between primary energy input and energy content in
polymer output is a measure of process energy, which may be
either dissipated as waste heat or recovered for use within the
system boundaries (see Table 9). Useful energy flows leaving
the system boundaries that would contribute to the primary
energy demand were removed during allocation.
The following sections provide information on water use
and emissions to air and water connected to the production
processes of steam cracking, alternative propylene production,
and polymerisation of ethylene and propylene. All figures relate
only to the respective process from gate-to-gate (so-called
foreground level).

Water use
Table 10 illustrates the water use (i.e., water input only) for the
investigated production processes (foreground process only!).
The plants under consideration did use only (desalinated)
seawater for their process water supply.

Air emission data
Table 11 shows selected air emissions commonly reported
and used as key performance indicators for the monomer and
polyolefin production processes (foreground process only!),
including the on-site energy production.

Wastewater emissions
Table 12 shows selected wastewater emissions for the
monomers and polyolefins production process (foreground
process only!) commonly reported and used as key
performance indicators.

Table 9: Primary energy demand per 1 kg product
Primary Energy Demand

Ethylene
Steam
Cracker

Propylene
Steam
Cracker

Propylene
alternative
production

Propylene HDPE
GCC
average

PP

Energy content in product [MJ] (energy recovery
potential, quantified as gross calorific value)

50.2

48.8

48.8

48.8

46.2

46.4

Process energy [MJ]
(quantified as difference between primary energy
demand and energy content of polymer)

23.3

26.1

41

32.3

31.6

40.2

Total primary energy demand (Upper heating value)
[MJ]

73.5

74.9

89.8

81.1

77.8

86.6

Table 10: Water resources used (in the GCC only seawater) in foreground processes (separately for each process,
including on-site utilities) per 1 kg of product
Seawater use

Ethylene
Steam
Cracker

Propylene
Steam
Cracker

Propylene
alternative
production

Propylene
GCC
average

HDPE
plants

PP
plants

Cooling water [kg]

123.2

124.5

65.1

99.8

103.0

115.1

Process water [kg]

7.3

9.1

0.7

5.6

0.6

0.6

Total water use [kg]

130.4

133.5

65.8

105.3

103.6

115.7

Seawater consumed (i.e. not fed back to the sea) [kg]

36.2

24.0

18.0

21.5

14.9

17.1
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Table 11: Selected air emissions (in kg) of the foreground processes (separately for each process, including on-site
utilities) per 1 kg of product
Air emissions

Ethylene Steam
Cracker

Propylene
Steam Cracker

Propylene
alternative
production

Propylene GCC
average

HDPE
plants

PP plants

Carbon dioxide, fossil

0.860

0.889

0.778

0.843

0.075

0.098

Nitrogen oxides

6.90E-04

6.91E-04

5.47E-04

6.31E-04

1.46E-04

1.84E-04

Sulfur dioxide

1.55E-03

1.98E-04

2.11E-05

1.25E-04

7.87E-05

1.25E-05

Carbon monoxide, fossil

1.87E-04

1.61E-04

1.28E-04

1.47E-04

1.17E-05

1.70E-05

NMVOC (excluding
specified substances)

5.37E-05

5.08E-05

4.81E-05

4.97E-05

7.64E-05

1.32E-05

Methane

8.25E-05

1.34E-04

7.81E-05

1.11E-04

9.56E-06

2.03E-05

Ethylene

1.31E-05

9.20E-06

1.04E-10

5.37E-06

8.62E-06

1.58E-09

Propane

5.81E-06

4.16E-06

1.36E-06

3.00E-06

8.14E-09

4.99E-07

Propylene

2.37E-07

3.40E-07

4.94E-11

1.99E-07

4.15E-11

4.51E-06

Dinitrogen monoxide

8.94E-07

8.09E-07

4.82E-06

2.48E-06

3.97E-07

4.51E-07

Table 12: Selected water emissions (in kg) of the foreground processes (separately for each process, including on-site
utilities) per 1 kg of product
Water emissions

Ethylene Steam
Cracker

Propylene
Steam Cracker

Propylene
alternative
production

Propylene GCC
average

HDPE
plants

PP plants

TOC, Total Organic Carbon

4.82E-05

5.40E-05

6.46E-03

2.72E-03

1.76E-05

2.16E-05

Chloride

1.53E-01

1.91E-01

1.41E-02

1.18E-01

1.29E-02

1.20E-02

Sodium, ion

1.01E-01

1.26E-01

9.41E-03

7.74E-02

8.43E-03

7.83E-03

COD, Chemical Oxygen
Demand

1.18E-04

1.27E-04

7.00E-07

7.42E-05

5.26E-05

1.05E-04

Sulfate

7.52E-05

9.35E-05

8.39E-06

5.81E-05

3.86E-05

2.21E-05

Nitrogen

1.46E-06

1.55E-06

1.87E-04

7.87E-05

2.92E-07

2.86E-07

Ammonium, ion

3.89E-06

4.08E-06

1.42E-07

2.44E-06

3.48E-08

8.52E-08

Phosphate

2.63E-06

3.29E-06

2.45E-07

2.03E-06

2.39E-07

2.06E-07
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Results of the Life Cycle
Impact Assessment
The following sections present the results of the LCIA
calculations with reference to the whole supply chain from
cradle-to-gate.

noted that ”ADP, fossil fuels” is not identical to ”Primary Energy
Demand” since the latter is based on upper heating values
and ADP is based on lower heating values. Furthermore, ”ADP,
fossil fuels” does not include renewable resources or uranium.

Input site of the model

Output site of the model

Natural resources
The Abiotic Depletion Potential (ADP; see Table 13) measures
the effects of natural resources extraction such as iron ore or
scarce minerals mining, and exploitation of fossil fuels such
as crude oil or natural gas. This indicator is based on ultimate
reserves and extraction rates. ADP distinguishes between
two categories, depletion of elements (”ADP, elements”) and
depletion of fossil fuels (”ADP, fossil fuels”). For ”ADP, elements”
Antimony (Sb) is used as a reference material defining the
reduction of minerals and metal ores in the Earth’s crust,
whereas the ”ADP, fossil fuels” indicator uses the lower heating
value (LHV) of extracted fossil fuels to explain the impact on
fossil fuel reserves.

Climate change
The impact category climate change is represented by the
Global Warming Potential (GWP; see Table 14) with a time
horizon of 100 years. The applied characterization factors were
based on the last report of the Intergovernmental Panel on
Climate Change [IPCC, 2013].
Acidification
The Acidification Potential (AP; see Table 15) is quantified
according to [Hauschild / Wenzel, 1998] with updated
characterization factors of the CML [CML, 2015]. It shows the
impact of the changing pH and is expressed in SO2 equivalents.

Both ADP categories were calculated according to updated
characterization factors of the CML [CML, 2015]. It has to be

Table 13: Abiotic Depletion Potential (elements, fossil) per 1 kg product
Natural resources

Ethylene Steam
Cracker

Propylene
Steam Cracker

Propylene
alternative
production

Propylene GCC
average

HDPE

PP

ADP, elements
[x 10-7kg Sb eq.]

1.05

1.35

6.14

3.34

1.11

3.74

ADP, fossil fuels [MJ]

65.51

66.21

80.08

71.98

69.28

76.50

Table 14: Global Warming Potential (100 years) per 1 kg product
Climate Change

Ethylene Steam
Cracker

Propylene
Steam Cracker

Propylene
alternative
production

Propylene
GCC average

HDPE

PP

GWP [kg CO2 eq.]

1.21

1.25

1.88

1.51

1.70

1.95

Table 15: Acidification Potential per 1 kg product
Acidification of soils and water
bodies

Ethylene Steam
Cracker

Propylene
Steam Cracker

Propylene
alternative
production

Propylene
GCC average

HDPE

PP

AP [g SO2 eq.]

2.86

1.55

2.09

1.78

3.82

2.94
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Eutrophication
The Eutrophication Potential (EP; see Table 16) is
calculated according to [Heijungs et al., 1992] with updated
characterization factors of the CML [CML, 2015]. It refers to
effects of excess nutrients in soils and freshwater (surface
or ground water) that include unwanted natural processes
like increased algal growth in surface waters, decreasing
oxygenation and associated declines in ecological diversity. It
is expressed in phosphate-ion equivalents as a typical material
with nutrient properties.
Ozone depletion
The calculation of the Ozone Depletion Potential (ODP; see
Table 17) is based on characterization factors of the World
Meteorological Organization [WMO, 2014]. This also includes
the consideration of dinitrogen monoxide (N2O) as an ozonedepleting substance with an ODP of 0.017 kg CFC-11 eq. per
kg of N2O.
Summer smog
The Photochemical Ozone Creation Potential (POCP)

is qualified and quantified on the basis of the ReCiPe
methodology [van Zelm et al., 2008] converted from the original
NMVOC equivalents to ethylene equivalents. It shows the
potential of summer smog formation using ethylene as a typical
material that has the potential to create oxidative smog (see
Table 18).
Dust & particulate matter
Particulate matter with an aerodynamic diameter of less than 10
µm (PM10) has been found to cause health damages like heart
and vascular diseases. Studies from internationally recognized
organizations (e.g., [WHO, 2006]) confirm a high mortality risk
from fine dust.
Large scale air pollution of PM10 is caused by direct emissions
of particulate matter. However, secondary particles can be also
created via different chemical reactions (ionic or radical) in air
with interaction of precursors such as nitrogen dioxide (NO2),
sulfur dioxide (SO2), ammonia (NH3) and Non-Methane Volatile
Organic Compounds (NMVOC). The characterization factors for
PM10 formation are reported in Table 19 [Heldstab et al., 2003;
De Leeuw, 2002].

Table 16: Eutrophication Potential per 1 kg product
Eutrophication of soils and water bodies

Ethylene Steam
Cracker

Propylene
Steam
Cracker

Propylene
alternative
production

Propylene
GCC
average

HDPE

PP

EP, terrestrial [g PO43- eq.]

0.18

0.18

0.26

0.22

0.29

0.32

EP, aquatic [g PO

0.01

0.02

0.16

0.08

0.03

0.09

0.19

0.20

0.42

0.29

0.32

0.40

34

eq.]

EP, total [g PO43- eq.]

Table 17: Ozone Depletion Potential per 1 kg product
Ozone Depletion

Ethylene Steam
Cracker

Propylene
Steam
Cracker

Propylene
alternative
production

Propylene
GCC
average

HDPE

PP

ODP [x10-3 g CFC11 eq.]

0.21

0.22

0.41

0.30

0.34

0.40

Table 18: Photochemical Ozone Creation Potential per 1 kg product
Summer Smog

Ethylene Steam
Cracker

Propylene
Steam
Cracker

Propylene
alternative
production

Propylene
GCC
average

HDPE

PP

POCP [g Ethylene eq.]

1.15

1.10

1.54

1.28

1.82

1.84

Table 19: Characterization factors of air emissions influencing PM10 according to DE LEEUW 2002; HELDSTAB ET AL. 2003
PM10 and precursors

kg PM10 eq. /

kg air emission
Particulate matter PM10

1

Secondary aerosol formers (precursors)
NOx (as NO2)

0.88

SO2

0.54

NH3

0.64

NMVOC

0.012
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Table 20: PM10 emissions per 1 kg product
Particulate matter ≤ 10 µm

Ethylene
Steam
Cracker

Propylene
Steam
Cracker

Propylene
alternative
production

Propylene
GCC
average

HDPE

PP

PM10, direct emissions [g PM10 eq.]

0.09

0.12

0.13

0.13

0.17

0.19

PM10, secondary [g PM10 eq.]

2.21

1.51

2.07

1.74

3.08

2.72

PM10, total [g PM10 eq.]

2.30

1.63

2.20

1.87

3.25

2.91

Table 21: Ionizing radiation results of processes regarding 1 kg products
Ionizing radiation

Ethylene
Steam
Cracker

Propylene
Steam
Cracker

Propylene
alternative
production

Propylene
GCC
average

HDPE

PP

IR [g U235 eq.]

2.48

2.87

5.73

4.06

7.38

8.36

Table 20 illustrates the calculated direct PM10 emissions. The
potential of PM10 formation (secondary PM10) are also indicated
in the same table.

•

Refinery covers the processes related to oil refining (e.g.
naphtha from distillation and propylene from FCC) including
the thermal and electric energy supply as well as the
provision of supplementary materials to the refinery with the
exception of crude oil and natural gas.

•

Oil & gas extraction includes exploration activities,
production and processing of crude oil and natural gas
including extraction of ethane and other natural gas liquids.
Thermal and electric energy supply and provision of all
auxiliary materials are also included.

•

Other raw materials covers the production of all other
input materials to the monomer and polymer production
processes, e.g., catalysts, solvents, additives, precipitation
agents and other auxiliary materials.

Contribution analysis reveals which process or sub-system
inside the system boundaries dominates in a particular
environmental impact by using the relative contribution to the
overall burdens.

•

Transport comprises all transport processes of input
materials to the monomer and polymer production units,
and between those processes including fuel supply for
transport.

Table 22 and Table 23 give an overview of the contribution
of different processes along the process chain for HDPE and
PP production, respectively. The following sub-systems were
distinguished:

•

Disposal covers all processes related to treatment of
wastes from the monomer and polymer production
processes including the transport of wastes to the
treatment process.

Ionizing radiation
C14 and similar instable radionuclides of elements cause ionizing
radiation in the environment. This radiation is characterized by
CML 2001 using U235 as a reference material [CML, 2015]. C14
and I129 are the most typical emissions from nuclear energy
transformation resulting in ionizing radiation, although ashes
and dust from fossil firing (apart from being precipitated or
emitted into the air) can also contain materials emitting ionizing
radiation.

Contribution analysis (dominance)

•

Polymerization process comprises the particular
polymerization process including thermal energy production
and other utilities like water preparation (incl. desalination),
compressed air and nitrogen supply for polymerization.

•

Electricity for polymerization covers the production of
electric energy used in the polymerization plant.

•

Steam Cracker includes the steam cracking process
and all relevant associated processes like thermal energy
production, electricity supply, and other utilities like water
preparation (incl. desalination), compressed air and nitrogen
supply for the steam cracking process.

•

Alternative propylene includes the propane
dehydrogenation and metathesis processes and all relevant
associated processes like thermal energy production,
electricity supply, and other utilities like water preparation
(incl. desalination), compressed air and nitrogen supply to
these processes.

Primary energy demand is dominated by oil and gas extraction
for feedstock and thermal energy requirements. These are the
primary processes for the extraction of energy carriers from the
environment. Minor contributions to primary energy demand
arise from electricity generation (both for polymerization and for
monomer production) and production of other raw materials.
Auxiliary materials are extremely dominant in the Abiotic
Depletion Potential of elements (ADP elements). This can be
explained by the impact of catalyst production due to the
fact that they primarily consist of transition or noble metals (Ti
and Cr for polymerization, Pd, W, Pt for alternative propylene
production). The contribution of auxiliary materials to ADP
elements is somewhat greater in the case of PP production
because of the extra catalyst demand in alternative propylene
production.
Global Warming Potential (GWP) mostly originates from
emissions of carbon dioxide, methane and dinitrogen oxide.
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These emissions arise through combustion of fossil fuels in
power plants (see electricity generation), or from thermal energy
generation. For this reason, monomer production and electricity
supply for polymerization have the highest contributions to
GWP. Lower contributions originate from energy supply and
methane leakages in oil and gas extraction.
Acidification Potential (AP) is dominated by monomer
production and by the production of electric and thermal
energy for the polymerization process. AP is mostly caused by
SO2 and NOx emissions produced by the combustion of fossil
fuels. Flaring of sulphur-containing hydrocarbon streams also
contributes to this parameter, as these streams occur during oil
and gas extraction and occasionally in steam cracking plants.
Eutrophication Potential (EP) is dominated by monomer
production, by production of electric and thermal energy for
the polymerization process and by oil and gas extraction. The
highest contribution arises from nitrogen oxide emissions to
air during combustion processes. Other factors like nitrogen,
phosphate and hydrocarbon emissions to water causing
high chemical oxygen demand (COD) result in only minor
contributions.
Ozone Depletion Potential (ODP) is strongly influenced
by emissions of dinitrogen oxide (N2O) and halogenated
hydrocarbons occurring during oil and gas extraction, and by
N2O emissions from combustion processes for thermal and
electric energy generation.

The largest contributions to Photochemical Ozone Creation
Potential (POCP) arise from NOx and NMVOC (as a sum
category of not further specified substances) emissions
formed in combustion processes or from fugitive emissions
of hydrocarbons. Thus, oil and gas extraction, as well as
monomer production and electric energy supply have
significant shares in this impact category. Other compounds
like ethane, ethylene (as fugitive emissions from steam cracking
and polymerization), and sulphur dioxide (from combustion and
flaring) play a minor role.
Particulate matter smaller than 10 µm (PM10) arises not only
from direct emissions (e.g., soot particles from combustion
processes) but also from precursors supporting the secondary
formation of dust (especially NOx, SO2, and NH3; for more
information see chapter “Dust & Particulate Matter). The
precursors mostly originate from combustion processes.
Consequently, PM10 impact correlates with the intensity
of fossil fuel firing, namely monomer production, oil and
gas extraction, and thermal and electricity generation for
polymerization.
Ionizing Radiation (IR) is mostly caused by emissions of Iodine
I129 to water and Carbon C14 to air. These isotopes are emitted
in small quantities during combustion of fossil fuels but were
quantified only in electricity generation processes. This explains
why electricity generation for the polymerization process
dominates this impact category followed by other electricityconsuming processes like monomer production and oil and gas
extraction.

Table 22: Dominance of different sub-processes in environmental impacts of HDPE production
Total
Primary
Energy
[MJ]

ADP
elements
[kg Sb eq.]

GWP
[kg CO2
eq.]

AP
[g SO2
eq.]

EP
[g PO43eq.]

ODP
[g C2H4eq.]

POCP
[g C2H4
eq.]

PM10
IR
[g PM10 [g U235
eq.]
eq.]

Polymerization
(polyolefin production
incl. thermal energy and
utilities)

0.0%

1.3%

4.3%

4.2%

5.8%

2.5%

7.4%

4.9%

0.0%

Electricity for
polymerization

9.0%

0.3%

22.6%

27.7%

23.9%

24.0%

22.7%

26.2%

64.2%

Steam cracker (incl.
el. & thermal energy,
utilities)

2.1%

14.8%

54.7%

46.6%

33.1%

11.8%

31.5%

42.2%

19.8%

Refinery

0.0%

2.2%

0.5%

0.8%

0.5%

1.4%

1.3%

0.7%

0.0%

Oil & gas extraction

85.8%

0.8%

14.4%

15.6%

28.3%

49.6%

31.1%

21.0%

5.9%

Other raw materials

2.9%

80.5%

3.2%

4.4%

7.6%

10.6%

5.4%

4.2%

10.1%

Transport
of monomers and other
raw materials

0.0%

0.0%

0.1%

0.6%

0.7%

0.1%

0.6%

0.6%

0.1%

Disposal

0.3%

0.0%

0.1%

0.0%

0.1%

0.0%

0.0%

0.0%

0.0%

Total

100.0%

100.0%

100.0%

100.0%

100.0% 100.0%

100.0%

100.0%

100.0%
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Table 23 Dominance of different sub-processes in environmental impacts of PP production
Total
Primary
Energy
[MJ]

ADP
ele-ments
[kg Sb eq.]

GWP
[kg CO2
eq.]

AP
[g SO2
eq.]

EP
[g PO43eq.]

ODP
[g C2H4eq.]

POCP
[g C2H4
eq.]

PM10
IR
[g PM10 [g U235
eq.]
eq.]

Polymerization
(polyolefin production
incl. thermal energy and
utilities)

0.0%

0.4%

5.1%

4.8%

6.6%

2.0%

6.7%

6.1%

0.0%

Electricity for
polymerization

6.5%

0.1%

16.3%

30.9%

15.1%

17.4%

18.3%

25.0%

50.6%

Steam cracker (incl.
el. & thermal energy,
utilities)

1.7%

3.8%

41.8%

23.5%

24.1%

7.8%

26.3%

26.0%

14.6%

Refinery

0.0%

8.3%

1.2%

3.9%

1.6%

3.6%

2.1%

2.9%

0.0%

Oil & gas extraction

88.4%

0.3%

13.9%

20.7%

22.6%

47.2%

32.3%

24.4%

5.9%

Other raw materials

1.0%

87.0%

1.6%

4.1%

11.3%

9.8%

2.5%

3.1%

18.0%

Transport
of monomers and other
raw materials

0.0%

0.0%

0.1%

0.2%

0.1%

0.1%

0.1%

0.2%

0.2%

Disposal

1.0%

0.0%

0.2%

0.1%

0.1%

0.1%

0.1%

0.1%

0.0%

Total

100.0%

100.0%

100.0%

100.0%

100.0% 100.0%

100.0%

100.0%

100.0%
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