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ABSTRACT: Chemical products are ubiquitous in modern
society. The chemical sector is the largest industrial energy
consumer and the third largest industrial emitter of carbon
dioxide. The current portfolio of mitigation options for the
chemical sector emphasizes upstream “supply side” solutions,
whereas downstream mitigation options, such as material
efficiency, are given comparatively short shrift. Key reasons for
this are the scarcity of data on the sector’s material flows, and
the highly intertwined nature of its complex supply chains. We
provide the most up to date, comprehensive and transparent
data set available publicly, on virgin production routes in the
chemical sector: from fossil fuel feedstocks to chemical products.
We map global mass flows for the year 2013 through a complex
network of transformation processes, and by taking account of
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secondary reactants and by-products, we maintain a full mass balance throughout. The resulting data set partially addresses the
dearth of publicly available information on the chemical sector’s supply chain, and can be used to prioritise downstream

mitigation options.

1. INTRODUCTION

Industrial chemicals and their derivatives pervade modern
society. Although often diffuse in their application (e.g,
pharmaceuticals), the bulk outputs of the chemical and
petrochemical sector, (also referred to here as "the chemical
sector”), are deployed in huge volumes to make millions of
tonnes per year (Mt yr™') of chemical products, such as
tertilizers and plastics. Our industrialized economy is depend-
ent on chemicals.

In performing this pivotal role, the chemical sector exerts a
large environmental burden. It is responsible for approximately
7% of global anthropogenic global greenhouse gas (GHG)
emissions, and 5.5% when only counting CO, emissions." The
sector’s final energy consumption is the largest among
industrial sectors: 42.5 EJ in 2014, of which 2$ EJ is feedstock
energy.” Other sources of emissions include those stemming
directly from the chemical transformations mobilized in
reactors (process emissions), and from energy conversion in
the transformation sector (indirect emissions). In addition to
these gaseous emissions, chemical products can spawn
pernicious aqueous discharges. The oft-publicised problem of
fertilizer runoff contributing to hypertrophication,” and the
more recent exposition of plastic waste ending up in the world’s
oceans®® and organisms® are notable examples.

This environmental strain magnifies as demand rises: the
International Energy Agency (IEA) projects a 2.8-fold increase
in demand for the sector’s 18 most energy-intensive chemicals
by 2050." The IEA also estimates that to maintain a “2DS”
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trajectory (in which there is a 50% chance of limiting a global
mean temperature rise to 2 °C above preindustrial levels), a
30% reduction in direct industrial CO, emissions by 2050 is
required, relative to 2014 levels.”P'% Without a dispropor-
tionate emissions reduction elsewhere, achieving a 30% cut in
absolute chemical sector emissions levels while sustaining a 2.8-
fold increase in output means a 75% reduction in emissions per
unit of production by 2050. This is a daunting task for a
competitive industrial sector in which efficiency gains are
already incentivised by exposure to fuel and feedstock price
volatility.

1.1. Current Options for Reducing Feedstock Energy
Consumption. Theoretical estimates made by Neelis et al.
reveal the chemical sector’s overall exothermicity, that is, if fully
captured, the energy released in processing chemical feedstocks
would be sufficient to supply all process energy requirements.”
This seems to be reflected by the increase of feedstock energy
as a share of the sector’s total energy input, from 44% in 1971
to 58% in 2013. However, this could be because of changes to
reporting regimes used to compile these statistics. A counter-
vailing downward pressure on the share of feedstock energy is
process yield improvement. However, this lever is constrained
by stoichiometry, and in many cases process yields are close to
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practical limits. This leaves only marginal improvement
potential, which is difficult to realise. The quantity, and
importance of feedstock energy is likely to continue to grow. In
a recent edition of their Energy Outlook, BP seem to concur,
stating that “non-combusted fuel use becomes the largest
source of fossil fuel demand growth toward [2035]” (ref 8, p
17) in part because of “limited scope for efficiency gains”(ref 8,
p 27) in the petrochemical sector.

This prognosis is uncontroversial, and there is little
disagreement around the prescriptions for mitigation. Broadly
speaking, three main decarbonisation levers receive most
attention: feedstock and fuel substitution (including bio-
mass),L)_14 process energy efficiency potential7’15_19 and
innovative low carbon technologiesl’zo’21 (including Carbon
Capture and Storage (CCS)). These prescriptions are all
“upstream” measures, that is, closer to the supply side and the
producer. “Downstream” mitigation options, that is, those
closer to the demand-side and the consumer, receive
comparatively little attention. Material efficiency strategies,
whereby the same service is provided with less material—
thereby reducing material demand—are a key group of
downstream mitigation options. Allwood and Cullen”” explore
several strategies for bulk materials, including light-weighting
and process yield improvement, but even among the vanguard
of global energy modeling efforts, sophisticated chemical sector
analyses tend to be restricted to the recycling of certain
plastics.”**~*°

Pioneering material and end-use efficiency analyses relating
to the chemical sector are not without incidence. Worrell et
al,”® Hekkert et al.”’” and Gielen™ examined some of the key
sectors (fertilizer, plastic packaging) and strategies (efficient
application, recycling) available downstream of the chemical
sector. Scholarship in these areas has not evolved much since.
The main reason for this is the complexity of the sector’s supply
chain, and the subsequent lack of publicly available material
flow data. There is an urgent need for a mass-balanced and
transparently compiled account of the sector’s main material
flows, so that reliable estimates of the impacts of downstream
mitigation options can be made. Until this gap in the literature
is addressed, these options will remain under-represented,
relative to their potential in recommendations to policy makers.

1.2. Chemical Sector Data: Few and Far Too Costly.
This work follows similar studies of the steel”” and aluminum™’
industries, but the dearth of public data on the chemical sector
has made it substantially more challenging. We posit three
principal reasons for the inferior data landscape. First, the
chemical sector is a complex multisector industry, despite its
aggregated accounting entries in energy statistics.”*> Tts
outputs are numerous and diverse, supplying a wide variety
of material and energy services. Second, the International
Council of Chemical Associations (ICCA), a trade association
and “worldwide voice of the chemical industry”,”” falls short of
its counterparts in the steel (World Steel Association)®* and
aluminum (International Aluminum Institute)®® industries on
data provision. These metal industry associations’ data were
pivotal to the steel and aluminum studies cited above. Some
reliable subsets of data on the chemical sector have been
identified, such as those from the International Fertilizer
Association (IFA)*® and Plastics Europe,’” but these tend to be
fragmented with respect to their sectoral and geographic
coverage. Lastly, the comprehensive data that are collected on
the sector are proprietary and highly commoditised. Such
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databases are generally not available for use in academic
studies—including this one.

1.3. Components of Mapping in Previous Studies. For
our stated purpose—establishing a firm basis on which to
appraise downstream mitigation options—a sufficiently de-
tailed, globally balanced and publicly available map of the
chemical sector is required. No such map has been identified in
the academic or gray literatures. However, several elements of
chemical sector mapping have been conducted as components
of previous studies for, broadly speaking, three purposes:
examining the robustness of emissions and energy statistics;
compiling emissions estimates associated with the non-energy
use of fossil fuels; and to inform bottom-up energy modeling
efforts for the sector. In this section, we highlight salient studies
with a focus on the mapping work involved.

Bottom-up analyses of the main feedstock consuming
processes in the chemical sector are employed to scrutinize
top-down international energy statistics on non-energy use,
such as an international study’® by Weiss et al. and a Dutch
study”” by Neelis and Pouwelse. Multiple reporting irregu-
larities are identified, and each study indicates a need for
increasing the quality of chemical sector energy statistics.
Studies with similar findings stem from a broader energy
efficiency analysis of European industry by Worrell et al.*’ in
the early 1990s, and are most recently echoed nearly two
decades later by Saygin et al.*' in their analysis of the German
chemical sector. These studies contain partial data on feedstock
energy consumption, upstream chemicals production, installed
capacit?r and feedstock requirements. With the exception of the
latter,"" they focus on upstream chemical production, thereby
providing little information on the majority of the sector’s
material flows. In all cases the mapping work is the means rather
than the end, and is either undisclosed, insufficiently detailed or
limited in scope.

Neelis et al.** construct a NEAT (non—energy emissions
accounting table) model to compile CO, emission estimates
associated with non-energy use flows, which is employed to
compile national non-energy emissions inventories for the
Republic of Korea,* Italy,” Germany®® and The Nether-
lands.*® By better describing the degree to which non-energy
consuming products are oxidized during or after use, the model
allows the authors to improve emissions inventories, relative to
those compiled with the IPCC reference approach available at
the time.”” The model requires production and trade data for
77 organic and 18 inorganic chemicals, which the authors
acknowledge is an extensive data requirement. The country-
level studies prove it is possible, but only with close
cooperation from national statistical offices or consultancies.
No intermediate mapping data are presented in the country-
level studies.

The MATTER (MATerials Technologies for greenhouse gas
Emission Reduction) project in the late 1990s may have
represented the peak of ambition with regards to integrated
energy- and materials-related climate change mitigation
research. Kram et al.* summarize the overall MATTER project
findings: the inclusion of demand-side options (e.g,, material
efficiency and substitution) alongside supply side options (e.g,
wind turbines and solar panels) hastens progress toward, and
brings down the costs of emissions mitigation. Groenendaal
and Gielen® summarize a sector-specific study of the
petrochemical sector. In a related project, Joosten>® examines
plastic flows in The Netherlands using national supply and use
statistics. Each provides a contemporary snapshot of aspects of
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the petrochemical industry, and some of the most detailed
energy and materials maps of the industry identified in the
literature. However, only western Europe is covered (where
data are relatively plentiful and publicly available); some
important feedstock-consuming chemicals such as ammonia are
excluded, and the studies are nearly 30 years old.

Other elements of chemical sector mapping are identified in
industrial energy’' and exergy’” efficiency studies; specific
analyses of plastics flows;>* broader analyses of chemical sector
energy consumption and emissions in the UK and
globally;'#***® and in flowcharts published by trade associa-
tions.”"® However, among the existing information we have
examined, no mapping component or selection thereof is
sufficient to provide us with the framework we require. This is
not a criticism of studies where this was not their purpose. The
remainder of this study outlines the methodology (section 2)
used to assemble the mapping results (section 3) required to fill
this gap in the literature. In section 4, we use comparisons and a
sensitivity analysis to critically examine our results.

2. MATERIALS AND METHODS

This section contains an overview of the methods used to
construct a data set of global chemical sector mass flows. A
snapshot of the Material Flow Analysis-based (MFA) data set is
presented as a Sankey diagram, a complementary pairing of
analytical tools for supply chain analyses.”” > The full details
of the data set are delineated in the Supporting Information
(SI). After outlining the scope of the analysis, this section
summarizes the upstream and downstream calculations
sequentially.

2.1. Analysis Scope. The temporal (2013) and geographic
(global) boundaries of this study are chosen to align with
common reporting intervals for production statistics, and to
negate the need to consider trade. 2013 is sufficiently recent to
construct a contemporary picture of the industry, but not so
recent as to limit data availability. Stocks of products within the
supply chain boundary are assumed to be negligible, based on
evidence for several chemicals where supply and demand
information is available.”” Furthermore, many of the sector’s
products are gaseous and/or toxic, incurring significant expense
when stored. “In-use” stocks are not considered in static
analyses, but any subsequent dynamic analysis would need to
take account of varying product lifetimes, especially for plastics.

Only virgin production routes and fossil fuel feedstocks are
considered. Secondary production routes (those based on
recyclate) and alternative feedstocks form a small fraction of
overall inputs to the sector. Global demand for plastics—a
subset of chemical products for which scalable secondary and
bio-based routes exist—is currently estimated at 311 Mt yr~'.*
Global inputs of plastic recyclate are of the order of 10 Mt yr™",
and tgolt;% 6Bioplastic production capacity is approximately 1.7 Mt

—151,64,65

The European Chemicals Agency (ECHA) keeps an
inventory of commercially manufactured chemicals. The entries
currently number 106 213 at the time of writing, ranging from
fertilizer precursors produced on the 10'' kg scale, such as
ammonia, to powerful analgesics administered in dosages on
the 107 kg scale, such as fentanyl.”° Clearly a narrower focus is
required. Just 18 chemicals account for 63% and 75% of the
sector’s process energy consumption and GHG emissions,
respectively.’ Tracing these chemicals and their main
derivatives downstream to chemical products results in the
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inclusion of 77 chemicals and 65 processes. We return to assess
the degree of coverage achieved in section 4.

2.2. Mapping Upstream Chemical Production. The
upstream portion of the data set maps inputs of fossil fuel
feedstocks to the sector’s largest-volume chemicals, the salient
details of which are described under the headings below.

Ammonia and Methyl Alcohol. Although promising fossil
fuel-free routes to ammonia and methyl alcohol are available via
various types of electrolysis,”’ the vast majority of global
capacity is based on natural gas, oil product (naphtha, LPG
etc.) and coal feedstocks. We apply estimates of feedstock input
percentages®® to production figures’®®” to get tonnages of
ammonia (120.5, 14.4, and 34.8 Mt yr™') and methyl alcohol
(50.3, 1.9, and 10.7 Mt yr™') produced globally from natural
gas, oil and coal, respectively.

Generalized stoichiometric expressions are formulated to
characterize the ammonia and methyl alcohol production
processes, which each comprise synthesis gas (syngas)
production and chemical synthesis steps. We assume the
chemical synthesis steps are consistent irrespective of the
feedstock used, but distinguish between steam methane
reforming (SMR) and partial oxidation (POX) syngas units.
The water gas shift and reverse water gas shift reactions,
employed to obtain the appropriate CO:H, syngas ratios for
each feedstock/product combination, are integrated within the
syngas production characterisations. All terms in the general-
ized stoichiometric expressions can be described precisely with
chemical notation (NH;, CO, etc.), apart from the feedstock
inputs, which are non-uniform combinations of carbon/
hydrogen (C/H), and some non-C/H content. Generalized
characterisations in the form CH, are used, where “n”
determines the average carbon-to-hydrogen ratio of the
feedstock’s constituent molecules. Appl’”® and Rainer et al.”'
provide feed and product profiles for several real-world syngas
plants. From multiple plants’ feed data, typical values of n for
natural gas, oil and coal feeds of 3.951, 1.873, and 0.456 were
calculated. The terms are then combined and balanced,
resulting in the full stoichiometric expressions for each product
and process route.

The mass proportions of the terms in the balanced
stoichiometric expressions, along with the global production
estimates above, are used to calculate corresponding quantities
of feedstocks, secondary reactants and secondary products.
Aggregated loss terms are incorporated to account for imperfect
conversion and selectivity at the syngas and chemical synthesis
steps, and any non-C/H content transiting the process. Typical
syngas conversion efficiencies—the higher heating value (HHV)
of the CO/H, product relative to that of the feedstock input—
were computed using average HHV values for each fuel”” and
the syngas profile data:"””" 86.1% for natural gas (SMR), 80.8%
for oil (POX) and 76.0% for coal (POX). There are also small
losses at the synthesis steps, described by the chemical yield:
98.0% for ammonia’® and 99.0% for methyl alcohol
syntheses.”* These calculation steps result in a global mass-
balance for ammonia and methyl alcohol production. For more
information, see section 4 of the SI

Steam Cracking. Capacity (in Mt yr™' of ethylene) and feed
(in percentages of ethane, naphtha etc.) data for 277 steam
crackers were taken from the Oil & Gas Journal’s annual
surveys.”>’® Estimates were made for omitted data, using
adjacent countries’ or regions’ figures. Typical yield profiles for
steam crackers run on various feeds are provided by the
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European Commission.”” The following identity describes the
relationship between theses quantities:

Dt Jaz Ys 7 G| R
You Yo W3 You | | o P,
EYa Yn Xs Yo | f3 =|k
| e e s T | 1, Ea (1)

Where F, is the total quantity of all feeds in Mt yr™!, P,; are
capacities of each product (ethylene, propylene etc.) in Mt yr™",
i is the yield of product “i” from a unit of feed “#” and f,_, are
the fractions each feed forms of F..

The results of using [1], first by solving for F, using one
known production quantity (say P,), and then using F, to
compute the quantities of the remaining products Py_j, are in
capacity rather than production terms. An average utilization rate
was estimated using global ethylene production data published
by the Japanese government,”” and applied to the capacity-
based profile to obtain production quantities. For more
information, see section S of the SIL

BTX Aromatics and C4 Olefins. C4 olefins are coproduced
alongside ethylene and propylene in steam crackers run on both
light (e.g., ethane) and heavy (e.g, naphtha) feeds, as opposed
to the BTX (benzene, toluene, and xylene) aromatics, which are
only produced when cracking heavier feedstocks. The
remaining quantities of BTX aromatics and C4 olefins
produced globally are mainly recovered from various refining
processes’ raffinate and pyrolysis gasoline streams, such as those
from fluid catalytic crackers and catalytic reformers. Bender’®””
provides recent global average estimates of the proportions of
C4 olefins and BTX aromatics obtained from each of these
sources.

BTX aromatics streams often undergo further transformation
after extraction. Principal among these transformations is the
conversion of toluene to xylene and benzene, via hydro-
dealkylation and disproportionation. Burdick and Leffler®
provide typical feed and product profiles for each process. For
more information, see sections 6—7 of the SL

On-Purpose Technologies. Multiproduct processes, such as
steam cracking, may not yield products in a ratio equal to that
of their demands. On-purpose technologies can help address
such an imbalance, by producing products in a complementary
ratio, or one at a time. Three on-purpose technologies are
characterized in this mapping work: propane dehydrogenation
(PDH), metathesis (MTS), and methanol-to-olefins (MTO).
These flexibility-enhancing technologies’ capacities are rela-
tively small (<11 Mt yr~' of capacity combined, although
growing rapidly in certain regions), so uniform characterisations
are used for each. Various sources are used to compile feed and
product profiles for each of these technologies, which are
delineated in section 8 of the SL

Carbon Black. Carbon black is an important chemical
ingredient for the production of tires and pigments. We
estimate global mass flows associated with carbon black
production by characterizing two technologies: the furnace
black (partial oxidation) and thermal black (thermal cracking)
processes. Information from the European Commission”'
suggests the thermal black process is used exclusively to
produce specialty blacks and that the dominant furnace black
process is used mostly to produce reinforcing blacks, along with
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the remainder of specialty black production. There are several
other small volume process routes for the production of carbon
black (e.g., acetylene black), but these are negligible in global
terms and are therefore omitted for simplicity. Section 9 in the
SI contains the global feed and product profile for carbon black.

2.3. Mapping Downstream Chemical Production. The
downstream portion of the data set maps the upstream
chemical products through three tiers of downstream processes
to chemical products—the downstream boundary of the
analysis. The calculations involved are repetitive, so an overview
of the general methodology is provided rather than a
description for each process. Sections 10—15 of the SI contain
full details of both the primary and secondary downstream flow
calculations. Whether a flow is primary, secondary, a reactant, or
a product depends on the process to which they relate. As an
example, in the urea production process, urea is the primary
product and ammonia the primary reactant, with carbon
dioxide and water being the secondary reactant and product,
respectively.

Primary Reactant and Product Quantities. Primary
reactant quantities are computed by multiplying the primary
product quantities by industrially representative input require-
ments (see sections 12—13 in the SI). The difference between
the total production volume of a given chemical, and the sum of
quantities of that chemical allocated to downstream processes
or specific chemical product categories forms a residual, which
is directed to the “Other” product category. Section 14 in the SI
fully delineates the calculation steps and data sources associated
with the primary reactant and product quantities.

Process Characterisations. Stoichiometric process charac-
terisations are compiled for all 55 downstream processes. In
each case, a single reaction equation is formed either directly, or
by combining several component reaction steps. With few
exceptions, only the dominant production technology for a
given downstream chemical is represented in the process
characterization, to avoid prohibitive complexity. This “one-
technology” approach represents a compromise for some
downstream processes. However, technology variants are often
structurally identical in material flow terms, but utilize
alternative catalysts or process arrangements. In these instances,
the compromise adopted will have limited impact on the mass
flows calculated in the context of this high-level, global analysis.
See sections 10—11 in the SI for detailed derivations and a table
summarizing all the characterisations used.

Secondary Reactant and Product Quantities. Secondary
flows facilitate a mass balance for each process. As per the
relevant step in the ammonia and methyl alcohol methodology
(see section 2.2), the mass proportions stipulated in the process
characterisations are used to calculate the quantities of all
downstream secondary reactant and product flows. For each
process, this is done in three steps. First, the secondary reactant
quantities are calculated by scaling the primary input quantity
according to the mass ratio of the primary input and secondary
reactant terms in the process characterization. Second, the
quantities of secondary products in the process characterization
are calculated, by scaling the primary input quantity according
to the mass ratio of the primary input and secondary product
terms. The final step is to balance the process with a subset of
secondary products, those resulting from an imperfect reaction
yield. This is done by subtracting the output quantities already
calculated (primary and secondary) from the input quantities.
This secondary product subset can consist of any unreacted
inputs, other undefined products resulting from side-reactions,
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or a combination thereof. See section 15 in the SI for a detailed
explanation of these calculations.

2.4. Sensitivity Analysis. A one-at-a-time sensitivity
analysis is used to identify the most influential parameters in
our data set. This involved sequentially imposing an arbitrary
10% variation on individual mass flows’ magnitudes, while
monitoring the consequent impact on total feedstock input to
the chemical sector. This direct variation of flow quantities has
the same impact as indirectly varying the underlying yield and
production parameters, but facilitates faster computation. The
sensitivity is measured by a single value, by converting the
tonnages of feedstocks—each with non-uniform lower heating
values (LHV)—to energy content.”” For upstream multi-input/
multi-output processes, such as steam cracking, the tonnages of
inputs to these processes are allocated evenly across the total
tonnage of primary products. This methodology necessarily
differs from allocation practices adopted in energy bench-
marking contexts, where energy inputs are allocated across only
a selection of products (e.g, Solomon Associates’ Olefin
Study).®” In a sensitivity context, it would make little sense for
variations in one of several of a process’s products to have no,
or less impact, relative to another.

3. RESULTS

Figure 1 depicts our best assessment of global mass flow in the
chemical sector in 2013, corresponding to the analysis scope
outlined in section 2.1. The results are displayed in a Sankey
diagram, which maps 513.4 Mt yr™" of fossil fuel feedstocks and
162.6 Mt yr™" of refinery feedstocks, through to 820.3 Mt yr™"
of chemical products. This apparent imbalance of inputs and
outputs is redressed with the inclusion of 959.4 Mt yr ' of
secondary reactants (gray flows entering the diagram in the top
left) and 815.0 Mt yr~' of secondary products (light gray flows
exiting the diagram in the top-right) stipulated by the
stoichiometry in the characteristic process equations (see
section 11 of the SI). The inclusion of secondary products and
reactants means that a mass balance is achieved at any vertical
section in the diagram.

There is no standard diagrammatic structure for the chemical
sector. The structure adopted in Figure 1 was devised with the
aim of providing a comprehensive overview of the significant
mass flows in the chemical sector, while balancing complexity
and clarity. The horizontal ordering of processes is formed
according to the sequence of transformation. The vertical
ordering is formed by clustering similar chemical products’
production processes together (e.g, Polymers). Color is used
among the primary product flows to distinguish subsector
supply chains (e.g, shades of blue for nitrogenous (N-)
fertilizers, and shades of green for various polymers), although
the intertwined nature of the sector’s supply chain makes
continuous distinction impossible.

There is a varying level of process aggregation at each
junction in the diagram. In certain cases, only material flows
entering and exiting a single production process are displayed
(e.g., Urea production). In others, the material flows associated
with several processes for producing a single product are
aggregated (e.g., Ammonia production, comprising coal, oil, and
natural gas routes). At the more complex downstream nodes,
the material flows pertaining to multiple products are
aggregated (for example, the Intermediates (1) node depicts
the material flows associated with the production of 16 primary
products; annotations accompany these multiproduct aggrega-
tions). This varying level of process aggregation is employed to
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achieve visual clarity, but can be disaggregated and rearranged
using the descriptions of all flow components in sections 14—15
of the SI. A digital version of the mapping framework might
allow the user to vary the granularity of the data set in real time.

4. DISCUSSION

Our results comprise a hitherto unavailable picture of the global
chemical sector supply chain, based entirely on public data. It
reveals the sector’s structure, its important mass flows, their
origins and destinations. Of the sector’s 513.4 Mt yr™" of fossil
fuel feedstock input, 24% is consumed in ammonia production,
9% for methyl alcohol, 5% for carbon black and 62% is fed to
steam crackers—the latter portion split approximately in a 1:2
ratio between light and heavy feed units. In addition to the
cracker-sourced olefins and aromatics (approximately 57%),
approximately 40% are sourced directly from the refining sector
and less than 3% from three much-lauded, but globally marginal
on-purpose processes. Among the downstream production
processes, of the 25 first-tier intermediate transformations
modeled, just 10 dominate upstream chemical consumption,
with a further 15 accounting for just 22%. Polyethylene
terephthalate (fiber and resin) and ammonium nitrate
production consume 52% of the chemical inputs to 22 second
tier intermediate transformations. No such consolidation is
present at the third tier. Nitrogenous (N-) fertilizers and
thermoplastics together account for just over 60% of the
sector’s chemical products, thereby constituting important, but
by no means the exclusive, demand drivers for the sector.

In the absence of any robust basis on which to quantify the
uncertainty in our source data—no error bounds or confidence
intervals accompany the production and yield data used—it is
impossible to perform a meaningful uncertainty analysis.
However, four steps are taken to mitigate the impacts of
uncertainty in our source data on the overall picture conveyed.
First, the varying levels of precision present in our source data
are universally curtailed, with all tonnages rounded to the
nearest 0.1 Mt yr~'. This rounding is a precaution that serves to
increase the robustness of our numeric results. Second, we
make two sets of comparisons between our results and those
from other studies (section 4.1); one at either end of the supply
chain. Third, focusing on N-fertilizers and thermoplastics, we
discuss the results of a sensitivity analysis (section 4.2; method
described in section 2.4) to examine the relative importance of
various parameters. Finally, comprehensive and transparent SI
is provided, which details all assumptions and data sources. We
conclude the paper with some suggestions for future work, and
a final word on the pressing need to improve chemical sector
data availability (section 4.3).

4.1. Comparison of Results. This section contains two
comparisons. First, the estimates of feedstock inputs entering
the sector on the upstream side of Figure 1 are compared with
top down energy statistics from the IEA.>’ Second, the
chemical product quantities on the downstream side of Figure
1 are compared with tangential estimates made in other
studies.”””® Full details of the steps involved in the
comparisons are provided in section 17 of the SL

Upstream Comparison. The IEA’s World Energy Balances
database®" is a potentially useful mine of data on the chemical
sector’s feedstock inputs. A subcategory of industrial non-
energy use, the “of which: Chem./Petrochem.” line contains
quantities of each energy product consumed as feedstock in the
chemical sector. This line in the energy ledger should be
compiled on a net basis, thereby excluding any feedstock that
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gets used to fuel chemical processes. The global totals in the
balance should therefore be comparable with the mass
quantities on the left-hand side of Figure 1, once converted
to energy content, on a LHV basis.

Weiss et al.”® found the IEA data to be relatively robust at the
global level, so we emulate their comparative approach to
examine the feedstock quantities in our analysis. We use global
data from the same IEA database, and energy quantities derived
from the mass quantities and LHVs of the inputs on the left-
hand side of Figure 1. We exclude the quantities of olefins and
aromatics sourced from the refining sector, as these should not
be recorded in this line of the balance. We also sharpen the
resolution of the comparison by looking at specific energy
products (where directly comparable categories were available).
Table 1 summarizes the data used in the comparison.

Table 1. Upstream Comparison Results

feedstock this study, 2013 (EJ yr™') IEA, 2013 (EJ yr™")
coal 1.5 0.1
ethane 2.6 2.5
gas oil 1.0 0.3
natural gas S.1 6.8
naphtha 9.2 10.0
other 3.5 4.3
total 22.7 24.1

At the aggregated level of the Weiss et al. analysis (see the
bottom row of Table 1), the figures compare well. The IEA
figure of 24.1 EJ is only 6% greater than our bottom-up figure; a
discrepancy which could be mostly explained by quantities of
feedstock consumed for small volume products outside the
boundary of our analysis (e.g, acetylene production), or the
erroneous inclusion of some refinery-sourced products.
However, comparisons at the individual energy product level
tell a more nuanced story.

There are five energy product categories in the IEA extended
energy balance which should be unambiguously comparable
with sub-groups of our data. For three of these (coal, ethane
and gas oil) our results suggest there is under-reporting in the
IEA data. For coal, the discrepancy is more than an order of
magnitude, which is likely due to reporting omissions of coal
feedstock energy consumption in ammonia, methyl alcohol and
MTO facilities. The predominant consumer of coal for
chemical feedstock is China. For the other two directly
comparable product categories (natural gas and naphtha) there
seems to be over-reporting. In line with Weiss et al., we assume
these discrepancies stem in large part from varying determi-
nations of feedstock energy consumption, such as the
erroneous inclusion of fuel inputs. This assumption is
reinforced by the large discrepancy for natural gas, because
feedstock and fuel inputs in natural gas-fed ammonia and
methyl alcohol plants are closely entangled and often identical
in composition.

Downstream Compatrison. Several studies make estimates
of the bulk outputs of the chemical sector, to appraise the
potential for efficiency improvement or recycling potentials.
Here we compare our results with estimates from two such
studies.”*

Gielen et al. provide a mass balance of the global
petrochemical sector (ie., excluding fertilizer and other
inorganics) for 2004.”" No direct comparisons can be made
between absolute figures, because of the differing reference
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years and scopes of the analyses. However, the proportions
each product group forms of the sector’s total output in each
analysis can be compared. A flowchart in the paper suggests that
plastics, fiber and synthetic rubber account for 82%, 14%, and
4% of total sector output, respectively. By regrouping the data
constituting the downstream side of Figure 1, we get 81%, 16%,
and 3% for the same product groups. The close alignment
between these shares is encouraging, as one would not expect
large structural changes in the sector at this highly aggregated
level in the nine years between the analyses’ reference years.
Furthermore, the apparent growth segment, fiber, is one that
has seen sector-leading growth rates for its large volume
products, especially polyester.*®

A similar set of downstream data is available for the plastics
segment specifically, in an IEA industry-wide analysis.’® A figure
showing the end-uses of plastics shows global 2006 production
tonnages for 13 thermoplastic categories. Again, using the
relative shares rather than absolute values, a rough comparison
can be made between the total plastic production quantities in
the IEA’s figures, and those obtained in our analysis. Five of the
13 categories’ shares match exactly, to the nearest percentage
point. A further six differ by one percentage point, and the
biggest difference is polyvinyl chloride, for which the IEA share
is 14% and our analysis suggests 11%. This comparison is also
favorable, and the variations are within plausible bounds of the
restructuring of plastics’ market shares over the seven
intervening years between analyses.

4.2. Sensitivity Analysis Results. Potential sources of
inaccuracy in our results are erroneous or approximated yield
and production data, and an insufficiently detailed level of
sector coverage. In this section we examine the potential impact
of such inaccuracies using the results of a sensitivity analysis
(method described in section 2.4).

The left-hand graph in Figure 2 displays the results for the 10
most sensitive flows based on a 10% variation in their original

Absolute sensitivity (PJ) Normalised sensitivity (PJ/Mt)

Propylene-PP Phenol

PP-Thermoplastics Acrylonitrile
Ammonia-Urea Bisphenol A
Urea-N-fertilizers Polyamide 6
HDPE-Thermoplastics Caprolactam
LDPE-Thermoplastics SAN
LLDPE-Thermoplastics ABS
Styrene-Polystyrene Polycarbonate
PET-Thermoplastics PS-HIPS

Benzene-Styrene PS-GP

0 75 150 225 300 0 25 50 75 100

Figure 2. The ten most sensitive flows on an absolute (LHS) and
normalized (RHS) basis among the N-fertilizer and thermoplastics
supply chains. PP: Polypropylene, HDPE/LDPE/LLDPE: High, low,
and linear low density polyethylene, PET: Polyethylene terephthalate,
PS-HIPS/PS-GP: High impact and general purpose polystyrene, SAN:
Styrene acrylonitrile, ABS: Acrylonitrile butadiene styrene.

magnitude. The most important flows by this measure are those
that have a large original magnitude. For example, a 10% (5.1
Mt) reduction in the quantity of propylene used to make
polypropylene yields 276 PJ of feedstock energy savings—
approximately equivalent to the annual electricity consumption
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of Finland. This list emphasizes those flows where inaccuracies
in their underlying parameters will have an impact proportional
to their size, for example, the inaccuracy in a reported yield.
Flows that merely constitute a sum of downstream flows (for
instance polyethylene, which groups three polyethylene resins)
have been omitted from this list, as this would suppress their
underlying component flows’ down the ranking, thereby
obscuring their importance. The right-hand graph of Figure 2
shows results that are normalized for the original flow
magnitude, that is, the analysis results for the left-hand graph
divided by the magnitudes of their variations. This list
emphasizes flows that have the largest feedstock energy
“footprint”, which tend to be those that involve multiple
and/or low-yield transformations. Inaccuracies in the parame-
ters associated with these flows will have a relatively larger
impact per absolute unit of variation. Section 18 of the SI
contains the full set of sensitivity results for the N-fertilizer and
thermoplastic supply chains.

The sensitivity results help identify the analysis parameters
that are deserving of further scrutiny. The sensitivity analysis
also provides an initial insight into which components of the N-
fertilizers and thermoplastics supply chains are the most
attractive targets for material efficiency interventions, from a
feedstock energy consumption standpoint. The current
arbitrary 10% variations imposed in the sensitivity analysis
could represent a 10% material saving resulting from a specific
material efficiency intervention. However, further analysis—
including combining the current data set with others on process
energy intensities—would be required to characterize what
savings are available for each product and intervention, and at
what cost.

4.3. Future Work. We believe this analysis constitutes an
important step toward facilitating the concurrent consideration
of downstream mitigation options (material efficiency strat-
egies) alongside traditional upstream options (process energy
efficiency, CCS etc.) in the global chemical sector. There are
three priority areas on which to focus future analytical effort:

e First, the temporal, technological and geographical
resolution of this analysis must be extended, so that
(a) temporal trends and disparities in the chemical sector
may be more readily identified, (b) a higher resolution
view of certain process variation may be obtained (e.g, a
process variant for producing the same product with a
different catalyst), and (c) the impacts of supply chain
dynamics, such as material stocks, may be explored.
Higher geographical resolution would also allow the
assessment of circularity and industrial symbiosis potential
in the chemical sector, by examining for example, the
practical utilization of by-products from one process as
reactants for another. An extension of the study to other
largely unmapped sectors (such as refining) has the
potential to examine even higher levels of integration.

e Second, an up to date, global portfolio of downstream
mitigation options needs to be compiled, including their
associated technical potentials and economic parameters.
This would enable the modeling of impacts from varying
efficiencies in material service provision, such as fertilizer
application efficiency, or packaging-to-product weight
ratios—a key blind spot in the current policy landscape
downstream of the chemical industry.

o Third, the relevant aspects of this, and other supply chain
analyses, need to become fully embedded within
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integrated assessment model frameworks, as per the
early ambition of the MATTER model.***’ Only then
can the short shrift given to downstream mitigation
options, relative to their upstream, technology-focused
counterparts, begin to be redressed.

To achieve any of this efficiently, another problem must first
be remedied. This study constitutes the most comprehensive
and transparent data set of global chemical sector mass flows,
available in the public domain. One would only need to provide
a modest data set to affirm this seemingly bold claim, because
of the lamentably poor data landscape of the chemical sector. It
is difficult to identify a larger share of final energy consumption
(the chemical sector accounts for roughly a tenth, globally) on
which public data are so deficient.

This issue has been identified repeatedly over the past two
decades, yet it remains a laborious task to compile even the
most basic information on chemicals production. The situation
is not much better in other bulk material sectors; let alone some
of those likely to be integral to any low-carbon future (lithium,
cobalt etc.). This study makes an important contribution to
illuminating the chemical sector’s global supply chain, but there
is no FS button to expediently refresh its underlying data set.
Therein lies both the source of its novelty as an academic
exercise, and its limited shelf life as a robust analytical tool.
Considerable effort has been employed to compile compre-
hensive, accessible and transparent SI, composed based on
publicly available data. This accompaniment should ease the
burden of replicating and updating the data set in future. But
without more and better materials data, analyses like this risk
being a “one-oft”, or worse, relied upon beyond their expiry
date.
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