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ARTICLE INFO ABSTRACT
Keywords: Feedstock recycling in the form of gasification and pyrolysis are promising alternatives to thermal treatment for
Feedstock recycling the utilization of non-recyclable waste fractions. To date, the systemic consequences of their application for

Life cycle assessment
Waste treatment
Process modelling

waste treatment and chemical production as well as associated environmental effects remain insufficiently
investigated. To address this gap, this study introduces an integrated life cycle inventory model based on Ger-
many’s production system which encompassed the treatment of major post-consumer waste fractions (municipal

S;rs;?;:i;mn solid waste and source-separated packaging waste) and the production of major base chemicals (lower olefins,
BTX aromatics, methanol, ammonia and hydrogen). The utilized approach facilitates a prospective comparative
assessment of feedstock recycling, conventional and PTX-based production routes under uniform system
frameworks, accounting for differences in production characteristics (e.g. product yields and utility demands)
with minimized allocation assumptions. An evaluation of the global warming potential shows that under as-
sumptions resembling the current production system (Framework Status Quo), feedstock recycling pathways lead
to a reduction in greenhouse gas emissions, with gasification exhibiting higher emission reduction than pyrolysis.
Under the assumption that limited renewable energy is available for system emission reduction (Framework
Energy Integration), a higher greenhouse gas reduction is observed for feedstock recycling compared to PTX-
based chemical production pathways.
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1. Introduction

Chemical recycling is considered a potential complement to existing
strategies (i.e. reuse and mechanical recycling) to realize a circular
economy (Crippa et al., 2019; Lee et al., 2021). It encompasses a range of
different technological pathways for reintegrating waste into the value
chain. These range from solvent-based purification, depolymerization to
feedstock recycling and differ in terms of applicable waste fractions,
processes and technologies, products as well as product reintegration
possibilities (Mamani-Soliz et al., 2020; Ragaert et al., 2017). Fig. 1
presents an exemplary overview of different routes/loops whereby
waste plastics can be recirculated into the production pathway.

This investigation focuses on feedstock recycling technologies in the
form of gasification and pyrolysis. Both technologies are characterized
by their products (i.e. syngas and pyrolysis oil respectively) which are
targeted for integration into base chemical production. Integration can
take place in two ways. First, by directly replacing conventional feed-
stock, especially crude oil-based naphtha, liquified petroleum gas (LPG)
and natural gas. Second, by replacing conventional base chemical pro-
duction technologies (Ragaert et al., 2017).

In previous LCA investigations, gasification and pyrolysis are
frequently evaluated as thermal treatment technologies for the pro-
duction of electricity and/or heat (Arena et al., 2015; Astrup et al., 2015;
Dong et al., 2018; Ramos et al., 2019; Zaman, 2013). Studies assessing
their implementation as feedstock recycling technologies for chemical
production is summarized in Table 1.

Two major problematic aspects can be identified from previous LCA
studies. First, there is a lack of available inventory data for feedstock
recycling processes due to limited large-scale technology application for
chemical utilization (Hrbek, 2019). Further compounding the problem,
inventory data is specific to the application case. Properties of
waste-based feedstock can differ significantly (e.g. LHV of MSW is about
10 MJ/kg, LHV of mixed plastics is up to 40 MJ/kg), and process effi-
ciencies and characteristics for pyrolysis and gasification are highly
dependant on process technology and feedstock. Moreover, neither
syngas nor pyrolysis oil are uniform products and differ greatly in
quality and composition. Their characteristics — dependant on the spe-
cific technology, reaction conditions and applied feedstock — influence
their further treatment (Punkkinen et al., 2017; Seidl et al., 2020; Seitz
et al., 2020). Finally, both syngas and pyrolysis oil are applicable for the
production of a variety of products in an integrated chemical production
system (Keller et al., 2021). To fill inventory data gaps and ensure full
energy and mass balances (Meys et al., 2020), process modelling is one
suitable approach (Christensen et al., 2020; Tsoy et al., 2020).

Another issue is the variance in assessment scope and methodology.
Previous investigations commonly apply an attributional approach to
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cumulate life cycle inventory (LCI). In attributional LCI, the aim is to
describe relevant flows to and from a reference process and its associ-
ated processes under a normative rule. Allocation is applied to consider
multifunctionality of processes and marginal processes for substitution
and avoidance. Generally, the approach is applied to quantify the
environmental impact and the distribution within the system, but is less
suitable for decision support. In consequential LCI, the objective is the
prediction of consequences of choices within a system based on devel-
oped scenarios, thereby addressing decision support. This requires a
system modelling approach to reflect interactions of processes within
the system. The application of allocation and association of marginal
processes is avoided by system expansion. Furthermore, market con-
straints and effects of changing supply are considered (Brandao et al.,
2017; Ekvall, 2020; Ekvall and Weidema, 2004).

The present investigation applies a consequential approach, by
introducing an inventory system that expands the foreground system to
the major processes for waste treatment and base chemical production.
By introducing feedstock recycling processes in this assessment scope, it
is possible to evaluate the systemic effects on the chemical production
system with limited application of allocation. Based on this inventory
model, a life cycle assessment with focus on global warming potential
(GWP) is conducted, to assess gasification and pyrolysis-based pathways
in comparison to conventional technologies for thermal waste treatment
and chemical production, as well as power-to-X technologies (PTX)
under uniform conditions. A sensitivity analysis enables additional in-
sights into changes in GWP of feedstock recycling pathways as key
assessment assumptions vary.

2. Material and methods

According to ISO standard 14040:2006 (DIN EN ISO 14040:2006,
2009), life cycle assessments include four steps: goal and scope defini-
tion, life cycle inventory analysis, life cycle impact assessment and
interpretation.

2.1. Goal and scope definition

Goal and scope definition include the evaluation objective, descrip-
tion of the assessed system (system boundaries, functional unit, alloca-
tion procedure) and limitations of the assessment.

2.1.1. Objective

The study investigates the environmental impacts of feedstock
recycling via the utilization of waste in the form of refuse derived fuel
from (1) municipal solid waste (MSW), and (2) recyclable materials rich
in plastics (RMP) in a scenario-based case study of Germany. Detailed
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recycling

i

Refining Polymerisation Formulation Processing Packaging Use
Monomer Polymer Plastic Application Packaged product

Fig. 1. Overview of different loops for plastics recycling in a circular economy (Crippa et al., 2019).
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Table 1
Overview of LCA investigations on feedstock recycling for chemical production.
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Source Technology Waste fraction Product application Reference waste treatment
(Jeswani et al., 2021; Russ et al., Pyrolysis MPW* Steam cracking Material recycling; incineration; cement
2020) kiln
(Meys et al., 2020) Liquefaction Packaging waste (pure Refinery input Material recycling; incineration
plastic)
(Somoza-Tornos et al., 2020) Pyrolysis Polyethylene Ethylene substitution Incineration; landfilling
(Broeren et al., 2019) Pyrolysis; Recycling residue; MPW* Fuels; syngas Incineration; material recycling
gasification
(Keller et al., 2020) Gasification MSW MTO incineration
(Nuss et al., 2013) Gasification MSW* Steam cracking (via FT*) Sorting; incineration
(Perugini et al., 2005) Hydrocracking Polyolefins Crude oil; heavy residue; naphtha; Sorting; incineration; landfilling

LPG

" MPW - mixed plastic waste, MSW — municipal solid waste, FT — Fischer-Tropsch synthesis.

definition and description of the investigated waste fractions are sum-
marized in the supplementary material S1.

Basis for comparison are (1) conventional waste treatment technol-
ogies (incineration) and fossil-based chemical production pathways, as
well as (2) PTX-based chemical production pathways. Main objective is
the evaluation of changes in the foreground system (i.e. waste treatment
and chemical production) with only unavoidable impacts on the back-
ground system (i.e. fossil feedstock and energy supply). Note that the
study does not provide absolute environmental footprints for individual
products, processes or industry sectors. The system boundaries are
chosen to reflect the direct effects associated with the application of
feedstock recycling technologies without allocation. The environmental
impacts of different feedstock recycling pathways can therefore be
derived as the deviation in a uniform production system with and
without their application.

2.1.2. System description & boundaries

The investigation is based on an exemplary system framework for
Germany. Waste treatment and base chemical production are defined as
one common system. In consequential LCA, the functional unit of a
product system refers to the quantified description of the performance
requirements that the product system fulfils (Consequential-LCA, 2015).
Thus, the functional unit consists of the assumed quantities for waste
treatment and major base chemical production (see Table 2). Derivation
of the considered waste quantities is specified in the supplementary
material 1. Neither the generated waste quantities nor the base chemical
demand is considered to be directly associated with the application of
feedstock recycling technologies and both are maintained consistent
throughout the investigation. Therefore, the inventory modelling is
considered consequential, despite not taking societal or market de-
velopments into account.

The assessment is performed in two frameworks (see Fig. 2). The
Framework Status Quo (FSQ) is based on a current production scenario
for Germany. Conventional chemical production is based on fossil
feedstock utilization (i.e. naphtha, natural gas, heavy fuel oil). Con-
ventional waste treatment of the investigated waste fractions is associ-
ated with generation of electricity and steam for district heating. The
system balance for electricity and heat (baseline energy) is determined by

Table 2
Assumptions for quantities for waste treatment and base chemical production.

Waste treatment (Destatis, 2020)

Residual municipal solid waste (MSW) 10.519 Mt
Recyclable materials rich in plastics (RMP) 3.928 Mt
Base chemical production (VCL, 2019)
Lower olefins (C2 to C4) 9.368 Mt
BTX aromatics 2.592 Mt
Methanol 1.130 Mt
Ammonia 3.133 Mt
Hydrogen 0.471 Mt

a reference scenario without application of feedstock recycling and is
maintained through all scenarios in the framework. With feedstock
recycling application, energy generation from waste is decreased. The
offset in the system balance is substituted by energy integration (sub-
stitution energy). In view of the political and regulatory developments for
energy generation in Germany (i.e. priority and maximum feed-in of
generated renewable energy, phase out of coal and nuclear energy)
(IEA, 2020), natural gas-based electricity and steam supply is considered
for substitution energy supply.

The Framework Energy Integration (FEI) assumes a future renewable
energy supply to the process industry to reduce GHG emissions via
Power-to-Heat (PTH) applications and hydrogen integration. The scope
of additional electricity integration is unclear, since there is consider-
able uncertainty in renewable power projections. Germany’s total
renewable energy production in Germany in 2019 was 237 TWh, with
127 TWh being wind-based energy (B. Burger, 2020). To achieve carbon
neutrality, the German chemical industry projects an annual energy
demand of 685 TWh (Geres et al., 2019), almost three times the current
renewable energy production. In contrast, system scenarios assume that
8 to 116 TWh renewable energy would be required for PTX and PTH
applications in order for Germany to achieve its carbon reduction targets
(Fraunhofer IWES, 2015). In this study, an exemplary electricity input of
100 TWh (wind-based) is assumed to reflect a significant, but not un-
limited renewable energy availability. The assumption of constant waste
treatment, base chemical production and energy balance are
maintained.

2.1.3. Limitations

The study is restricted to two specified waste fractions and thus does
not reflect the full quantitative potential of feedstock recycling. The
study does not consider interactions of chemical production with re-
finery operation, especially regarding naphtha and heavy oil supply. No
specific future renewable energy projection is considered, the applied
electricity input (100 TWh wind-based energy) is a solely exemplary
assumption. Further effects that are not considered include:

e Developments and projections for waste generation quantity, waste
composition and base chemical demand.

e Developments in waste treatment technology (Mechanical-biological
treatment, material recovery).

e Developments in conventional chemical production technology (e.g.
electric heating).

2.2. Life cycle inventory analysis

The life cycle inventory encompasses foreground system processes (i.
e. waste treatment, chemical production, utility processes), background
system processes and the applied assessment scenarios. Fig. 3 provides
an overview of the foreground system processes and the material
streams in the inventory model.
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Fig. 2. Illustration of applied system boundaries (foreground system).
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Due to a limited number of industrial scale facilities, variation of
applied feedstock and a general lack of applicable data (Punkkinen et al.,
2017; Solis and Silveira, 2020), feedstock recycling technologies (i.e.
gasification and pyrolysis) should be considered as emerging technolo-
gies. Their assessment is characterized by significant uncertainty and
should therefore be considered prospective (JA Bergerson et al., 2020;
Cucurachi et al., 2018). Data gaps can reasonably be bridged by process
modelling, as demonstrated in the associated publication (Keller et al.,
2021). But the resulting environmental impact should be considered as
an impact potential, indicating how good the technology could perform
in relation to the benchmark. This assumes perfect implementation of
these technologies on industrial scale. The expected realistic techno-
logical performance is lower (Meys et al., 2020). While potential tech-
nological shortcomings and their impact on the environmental
performance can be quantified and discussed by applying sensitivity
analysis, this is beyond the scope of this publication.

2.2.1. Waste treatment

Waste treatment is modelled in EASETECH V3.1.7 (2019) (Clavreul
et al., 2014; Lodato et al., 2020). Based on assumed waste compositions,
the software enables the waste-fraction orientated mass flow balancing,
ensuring material consistency in physical treatment steps and the

reproduction of feedstock compositions for chemical or energy utiliza-
tion. Two major post-consumer waste fractions are considered in this
study namely (1) residual municipal solid waste (MSW) and (2) recy-
clable materials rich in plastics (RMP). The latter consists mainly of
source-separated lightweight packaging waste (i.e. yellow bag under the
German Green Dot system).

MSW is either directly thermally treated in incineration plants
(MSWI) or upgraded by mechanical-biological treatment (MBT). In
MBT, a primarily organic waste fraction is separated from MSW and
treated via aerobic fermentation for biogas production, which is subse-
quently utilized in a CHP unit. Fermentation residue is then treated in
MSWI. Metallic components are extracted from the remaining non-
organic fraction and a refuse derived fuel (RDF) is obtained after drying.

A material recovery facility (MRF) is considered the primary treat-
ment step for RMP. Recovered materials (i.e. plastics and metals) from
MRF are not further considered in this investigation, since they are
subject of direct material recycling and the recovered quantities are
constant in all frameworks and scenarios. The investigation focuses on
the cumulated sorting residue i.e. RDF.

RDF from both MBT and MRF is conventionally utilized in RDF
power plants for electricity and heat production. They are also suitable
feedstock for chemical utilization via pyrolysis or gasification. Detailed
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descriptions, modelling assumptions and sources for waste fraction
compositions and treatment steps are provided in the supplementary
material S1.

2.2.2. Chemical production processes

LCI for all base chemical production processes is generated via
detailed process modelling and balancing in order to ensure compara-
bility, transparency as well as consistent mass and energy balances.
Detailed modelling assumptions and LCI results are presented in the
associated publication (Keller et al., 2021). Non-uniform intermediate
products that vary heavily in their compositions and subsequent utili-
zation characteristics (e.g. steam cracking raw product gas and pyrolysis
gasoline, syngas, pyrolysis oil) are subject of process modelling and
avoided in subsequent simplified mass flow balancing.

Conventional chemical production processes for the considered base
chemicals (i.e. olefins, BTX aromatics, methanol, ammonia, hydrogen)
include:

(a) steam cracking of naphtha and LPG,

(b) steam reforming of natural gas for the production of ammonia
and hydrogen,

(c) partial oxidation of heavy fuel oil for methanol production
(which is the primary methanol source in Germany (Ellis, 2018),
in contrast to the global prevalence of methanol production from
natural gas reforming (Brinkmann et al., 2017)),

(d) catalytic reforming of naphtha for the production of BTX
aromatics.

Feedstock recycling in the form of gasification and pyrolysis of RDF
can also be applied to produce the considered base chemicals.
Gasification-based syngas can be to applied to replace conventional
syngas applications (i.e. ammonia, hydrogen and methanol production).
Further, it can be utilized for methanol-based olefin and BTX production
(MTO/MTA) and naphtha production via Fischer-Tropsch synthesis.'
Pyrolysis oil can be upgraded to steam cracking feedstock, or be applied
directly for syngas production via partial oxidation. Note that the pro-
cess characteristics (i.e. COy emissions, product yields) for pathways
based on gasification and partial oxidation processes for production of
carbonaceous products (methanol, aromatics, olefins, FT naphtha) can
be improved via external hydrogen integration (Ostadi et al., 2020;
Seidl et al., 2020). The relevant processes are marked with H.

Lastly, Power-to-X processes considered in this study include meth-
anol production from CO2 and hydrogen, subsequent methanol utiliza-
tion for MTO, and ammonia production from hydrogen and nitrogen.

2.2.3. Utility and background system inventory

An overview of balancing assumptions for required utility processes
is provided in Table 3. Germany’s electricity production mix is assumed
for baseline electricity supply in the Framework Status Quo (JA Burger,
2020). Applied background datasets are summarized in Table 4.

2.2.4. System integration and scenarios

System mass flow balancing, LCI integration and Life cycle impact
assessment (LCIA) is performed in GaBi 9.2.0. For both defined frame-
works, a reference scenario without application of feedstock recycling
pathways is defined. The impacts of feedstock recycling technologies are
assessed based on scenarios with their application compared to respec-
tive reference scenario. In each respective scenario, the application
range of alternative production processes can be restricted by available
RDF quantity, target chemical production quantity and/or energy
availability. An overview of the assessed scenarios is given Table 5. In

1 Note that LCI for MTA and Fischer-Tropsch processes is included in the
associated publication Keller et al. (2021), but not considered in the present
investigation to limit system complexity.

Resources, Conservation & Recycling 179 (2022) 106106

Table 3
Modelling assumptions of utility processes.
Oxygen-ASU
Oxygen purity 99.5 vol.-% (Dave and Arné, 2016)
Electricity demand 0.245 kWh (el) / kg
Oxygen
High-purity nitrogen 0.131 kg / kg Oxygen
production
Nitrogen-ASU
Electricity demand 0.2 kWh (el) / kg Nitrogen ~ (Haring, 2007)
Alkali electrolysis
Electricity demand 51.17 kWh (el) / kg (Smolinka et al., 2018)
electrolysis Hydrogen
Electricity demand 0.63 kWh (el) / kg (Wolfersdorf, 2017)
compression Hydrogen

Oxygen co-production 8.0 kg / kg Hydrogen

Feed water supply for Power-to-Heat and electrolysis

Feed water demand 1.175 t / t boiler feed (Ras and Blottnitz,
water 2012)

0.66 kWh / t boiler feed

water

Electricity demand

Power-to-Heat

Energy efficiency 0.99 MJ (th) / MJ (el) (den Ouden et al.,

2017)
Table 4
Overview of background processes.
Process Name in GaBi Database
Naphtha DE: Naphtha at refinery, aggregated
Natural gas DE: Natural gas mix, aggregated
Heavy fuel oil DE: Heavy fuel oil at refinery, aggregated
Steam substitution DE: Process steam from natural gas 90%, aggregated
Electricity substitution DE: Electricity from natural gas, aggregated
Diesel DE: Diesel mix at refinery, aggregated
Caustic soda DE: Sodium hydroxide (caustic soda) mix, aggregated
Sulphuric acid DE: Sulphuric acid mix (96%), aggregated
Limestone DE: Limestone flour (CaCO3, dried), aggregated

Pyrolysis catalyst External source (Benavides et al., 2017)

Table 5
Overview of assessed scenarios.

Framework Status Quo (FSQ)

FSQ-Ref Conventional chemical production, partial MSW treatment in MBT
FSQ-G1 RDF gasification for MTO synthesis

FSQ-G2 RDF gasification for methanol synthesis

FSQ-G3 RDF gasification for ammonia synthesis

FSQ-P1 RDF pyrolysis for upgrading, full hydrotreating

FSQ-P2 RDF pyrolysis for partial oxidation

FSQ-Glmax FSQ-G1, 100% MSW treatment in MBT

FSQ-P1max FSQ-P1, 100% MSW treatment in MBT

Framework Energy Integration (FEI)

FEI-Ref Energy integration for PTX MTO synthesis, partial MSW treatment
(PTX1) in MBT

FEI-PTX2 Energy integration for PTX methanol synthesis

FEI-PTX3 Energy integration for PTX ammonia synthesis

FEI-G1 RDF gasification for MTO synthesis with H integration

FEI-G2 RDF gasification for methanol synthesis with H, integration

FEI-P1 RDF pyrolysis for upgrading, full hydrotreating

FEI-Glmax FEI-G1, 100% MSW treatment in MBT

FEI-P1max FEI-P1, 100% MSW treatment in MBT

marked max scenarios, the effect of a larger scope of chemical recycling
application on the system is demonstrated by maximizing the amount of
RDF generation by MBT of MSW (instead of direct incineration of large
quantities of MSW). Note that the investigated scenarios do not include a
full systematic variation, but only selected variations to demonstrate
isolated effects.

The following assumptions for system integration are made:
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e Co-produced LPG is applied for steam cracking, external balancing is
avoided.

Co-produced fuel gas is balanced within the chemical production
system, additional demand is met by natural gas supply.

The external electricity and steam balance are benchmarked by the
respective reference scenario and maintained constant in all sce-
narios within the framework.

Pyrolysis residue is treated by MSWI.

For the Framework Status Quo:

Electricity and steam are balanced by natural gas-based generation.
Oxygen is supplied by cryogenic air separation unit (Oxygen-ASU).

For the Framework Energy Integration:

Steam is balanced by application of Power-to-Heat.

e Hydrogen is generated by electrolysis.

Concentrated COy as feedstock is primarily provided by acid gas
removal systems from syngas cleaning. Further demand is met by
amine-based carbon capture from flue gas.

High-purity nitrogen as feedstock is primarily provided from
Oxygen-ASU. Further demand is met by air separation unit for ni-
trogen supply (Nitrogen-ASU).

2.3. Life cycle impact assessment analysis

The LCIA and results discussion in this study focuses on global
warming potential (GWP). Life cycle GWP impacts are calculated in
GaBi V9.2., IPCC AR5 GWP100 including biogenic carbon is applied
(Myhre et al., 2014). LCIA results of other impact categories (i.e. fossil
resource use, acidification, freshwater eutrophication, photochemical
ozone formation, water use) are provided in the supplementary material
S2, but are not discussed in this publication.

2.4. Sensitivity analysis

Selected key assessment assumptions are varied in the sensitivity
analysis to assess the associated impacts on GWP for different chemical
production pathways:

e Electrolysis efficiency

e Waste-to-Energy efficiency (MSWI and RDF incineration in RDF
power plant i.e. RDF PP)

e Electricity substitution source

As with the scenarios with unrestricted RDF availability in Section
2.2.4, G1 and P1 scenarios are utilized as examples to illustrate the
impacts of varying assumptions for the sensitivity analysis.
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assumed to be similar in this study. The calculated RDF composition is
also consistent with other published compositions reported in literature
(Montejo et al., 2011; Thoma and Widder (2012)).

The uniform system balance for electricity input and steam output is
determined by the respective reference scenario for each framework.
The available amount of RDF for feedstock recycling depends on the
fraction of MSW that is directed to MBT. Hence, maximum RDF gener-
ation (i.e. MaxRDF) is associated with complete avoidance of direct
MSW incineration (see Table 7).

3.1. LCIA GWP results of framework status Quo (FSQ)

The GWP results of the FSQ scenarios are summarized in Fig. 4 and
Table 8. Note that only selected numbers are shown in the graph, full
LCIA results are provided in supplementary material S2. The total GWP
for the reference scenario of conventional chemical production and
waste treatment is 46.03 Mt COeq. GWP is observed not to be domi-
nated by a single process, but by numerous main sources namely MSW
incineration, naphtha steam cracking, naphtha supply, natural gas
reforming for ammonia, RDF incineration and natural gas reforming for
hydrogen.

Compared to the reference scenario, all feedstock recycling scenarios
exhibit a reduced total GWP spanning a range of 2 Mt COzeq (i.e. 4.3%).
This relative insensitivity in the overall system is determined by the
limited availability of RDF in comparison to fossil feedstock input, but
also the resulting systemic compensation between chemical production,
waste treatment and energy generation. In addition to the absolute GWP
balance, the specific GWP balance is calculated as the ratio of total GWP
balance to RDF amount applied for chemical recycling. Note that both
total and specific GWP balances are specific to the defined assessment
framework and thus should not be applied outside of its scope.

Specifically, compared to the reference scenario, gasification-based
MTO (FSQ-G1) - in replacing primarily naphtha steam cracking for
olefin production - is observed to exhibit the largest total GWP reduc-
tion at 0.81 Mt COseq. Gasification-based ammonia production (FSQ-
G3) also displayed a similar total and specific GWP reduction to
gasification-based MTO at 0.72 Mt CO2eq and 0.25 t COoeq/ t RDF
respectively. Gasification-based methanol production (FSQ-G2) shows
the highest specific GWP reduction (0.84 t COzeq/ t RDF) by replacing
GWP-intensive fuel oil partial oxidation. However, the RDF application
scope (at only 0.96 Mt out of the available 2.85 Mt) is limited by
methanol production quantities (i.e. low substitution potential).

Generally, pyrolysis and pyrolysis oil upgrading exhibit significantly
less direct emissions in comparison to gasification-based processes.
However, as pyrolysis products are being used to replace fossil feedstock

Table 7
Calculated balances for electricity, steam and produced RDF in the assessment
frameworks.

3. Results and discussion Framework Electricity Steam RDF
. Input Output applied
LCI results of chemical and waste treatment processes for all Status Quo (FSQ) 4.66 TWh 39.95 Mt 2.85 Mt
considered scenarios are provided in the supplementary material S2 Status Quo (FSQ) MaxRDF 4.66 39.95 Mt 4.76 Mt
P. i pp y X ¥ Energy Integration (FEI) 100.00 TWh 21.61 Mt 2.85 Mt
The calculated compositions of RDF generated from MSW via MBT Energy Integration (FED) 100.00 TWh 21.61 Mt 4.76 Mt
and RMP via MRF exhibit only minor deviations from a commercial RDF MaxRDF
that is considered in this study (compare Table 6). Hence, they are
Table 6
Comparison of applied waste composition with calculated RDF compositions from EASETECH modelling.
Water Ash C H o N Cl S Sum LHV
wt.-% wt.-% (wf) MJ / kg (wf)
Applied RDF (ECO20) (Recenso, 2019) 4.6 10.3 52.7 9.0 25.1 2.0 0.7 0.2 100.0 22.3
RDF from MRF (calculated) 5.0 11.4 58.5 8.7 19.6 0.7 1.0 0.1 100.0 23.2
RDF from MBT (calculated) 5.0 15.4 52.7 7.1 22.8 1.7 0.2 0.1 100.0 22.3
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Fig. 4. Visualization of GWP results of the scenarios in Framework Status Quo.

Table 8

Summary of GWP results of scenarios in Framework Status Quo.
Scenario FSQ-Ref FSQ-G1 FSQ-G2 FSQ-G3 FSQ-P1 FSQ-P2 FSQ-Glmax FSQ-Plmax
Total GWP [Mt COzeq] 46.03 45.22 45.22 45.31 45.56 45.58 43.99 44.55
GWP balance to reference [Mt CO2eq] -0.81 -0.80 -0.72 -0.47 -0.45 -2.04 -1.48
RDF applied for feedstock recycling [Mt] 2.85 0.96 2.85 2.85 1.06 4.76 4.76
Specific GWP balance [t COzeq/ t RDF] -0.28 -0.84 -0.25 -0.17 -0.43 -0.43 -0.31

in conventional processes (i.e. naphtha and LPG steam cracking),
emissions associated with conventional processes will thus remain to
contribute to the overall emissions along pyrolysis-based pathways.
Hence, in contrast to gasification-based scenarios, pyrolysis-based sce-
narios (FSQ-P1 and FSQ-P2 at 0.47 and 0.45 Mt COgeq respectively)
exhibit considerably lower total GWP reduction. Additional contributing
factors are emissions associated with the incineration of pyrolysis resi-
dues, as well as additional hydrogen production demand to upgrade
pyrolysis oil to a naphtha equivalent in FSQ-P1 (refer LCI results in
supplementary material S2). Similar to FSQ-G2, pyrolysis-based meth-
anol production (FSQ-P2) is observed to have a higher specific GWP
reduction than the other investigated pyrolysis pathway. However, the
total GWP reduction is also limited by the low production quantities of
methanol, which limits the amount of RDF that could be applied (i.e.
1.06 Mt of available 2.85 Mt).

Based on the examples of FSQ-G1 and FSQ-P1, it is observed that via
an increase of RDF production via MBT of MSW (i.e. FSQ-G1lmax and
FSQ-P1max) to increase RDF availability for feedstock recycling, the

total GWP reduction of both gasification and pyrolysis pathways also
amplified (from 45.22 to 43.99 Mt COzeq and 45.56 to 44.55 Mt COzeq
respectively). Moreover, the avoidance of MSW incineration also leads
to an increase in the specific GWP reduction potential (from 0.28 to 0.43
CO2eq / t RDF and 0.17 to 0.31 t COqeq / t RDF respectively).

3.2. LCIA GWP results of framework energy integration (FEI)

With renewable energy integration of 100 TWh, the total GWP is
reduced to 25.26 Mt COzeq (FEI reference scenario, see Fig. 5 and
Table 9). This represents a reduction of 45.1% in total GWP compared to
the FSQ reference scenario. Surplus electricity is utilized for the pro-
duction of 1.60 Mt hydrogen via electrolysis, which is subsequently
converted with CO; to produce lower olefins via methanol as interme-
diate (i.e. PTX to MTO). In the FEI-Ref scenario, the application of PTX-
based MTO substitutes 34.7% of the total lower olefins production. The
rest of the lower olefins demand is thus met by naphtha steam cracking
(55.9%) and LPG steam cracking (9.4%).
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Fig. 5. Visualization of GWP results of the scenarios in Framework Energy Integration.

Table 9

Summary of GWP results of scenarios in Framework Energy Integration.
Scenario FEI-Ref (PTX1) FEI-PTX2 FEI-PTX3 FEI-G1 FEI-G2 FEI-P1 FEI-Glmax FEI-P1max
GWP total [Mt COqeq] 25.26 24.79 23.77 21.96 24.11 23.01 19.48 21.23
GWP balance to reference [Mt COzeq] -0.47 -1.48 -3.30 -1.14 -2.25 -5.78 -4.02
Hydrogen applied in PTX MTO [Mt] 1.60 1.42 1.06 1.21 1.49 1.42 0.98 1.33
Hydrogen applied in alternative process [Mt] 0.16 0.60 0.33 0.08 0.07 0.56 0.11
RDF applied for feedstock recycling [Mt] 2.85 0.64 2.85 4.76 4.76
Specific GWP balance [t CO5eq/ t RDF] -1.16 -1.79 -0.79 -1.21 -0.84

Comparing PTX technologies (FEI-Ref, FEI-PTX2 and FEI-PTX3), the
scenario for ammonia production exhibits the highest GWP reduction at
1.48 Mt COzeq. However, the substitution potential of both methanol
and ammonia is limited by their production quantities, thus they
required only 0.16 and 0.60 Mt hydrogen respectively. The remaining
hydrogen is assumed to be utilized for PTX-based MTO (i.e. 1.42 and
1.06 Mt hydrogen respectively).

By applying RDF gasification for olefin production with hydrogen
integration (FR MTO H, in FEI-G1l), the GWP reduction increases
significantly compared to PTX-based MTO (i.e. 3.30 Mt COzeq). The
application scope of gasification-based MTO is restricted by the avail-
able RDF quantity. Hence, only 1.21 Mt hydrogen is applied for lower
olefins production via gasification (i.e. 15.6% of total olefin production).
The remaining 0.39 Mt hydrogen is used to produce 26.2% of olefins via
PTX-based MTO. Major contributors for GWP reduction are the avoided
emissions from RDF incineration, process emissions and feedstock sup-
ply for naphtha cracking. The demand for CO; supply as feedstock via

carbon capture also decreases from 7.23 to 4.33 Mt compared to the FEI
reference scenario (40.1% reduction, compare LCI results in supple-
mentary material S2).

Comparing feedstock recycling pathways, similar qualitative results
are observed in FEI as in FSQ. Gasification-based methanol production
(in FEI-G2) leads to higher specific GWP reduction (1.79 t COzeq / t
RDF) compared to FEI-G1, but the application range is limited by the
methanol production quantity. Compared to methanol production from
PTX (FEI-PTX2), the GWP reduction is significantly higher despite the
same quantitative application restriction resulting from the limited po-
tential for methanol substitution (1.14 to 0.47 Mt CO2eq). RDF pyrolysis
for naphtha production (FEI-P1) shows lower specific GWP reduction
(0.79 t CO2eq / t RDF) than gasification routes, mainly due to pyrolysis
residue incineration and emissions from naphtha cracking. Despite this,
it still exhibits significant GWP reduction compared to the FEI reference
scenario.

Based on the examples of FEI-G1 and FEI-P1, in increasing RDF
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availability via MBT of MSW for feedstock recycling (i.e. FEI-G1max and
FEI-P1max), GWP reduction is increased from 3.30 to 5.78 Mt COqeq as
well as from 2.25 to 4.02 Mt COqeq respectively. A slight increase in
specific GWP reduction for these two feedstock recycling pathways is
also observable. This increase in GWP reduction is mainly due to the
avoidance of MSW incineration. Note that despite maximized RDF
quantities for feedstock recycling, GWP reduction remains limited by
RDF availability. Hence, only 25.9% of total olefin production can be
substituted via gasification in FEI-Glmax and 21.9% of naphtha feed-
stock can be replaced via pyrolysis in FEI-P1max (compare supple-
mentary material S2).

3.3. Sensitivity analysis

Sensitivity analyses are carried out — based on the examples of RDF
gasification for MTO synthesis (G1), and RDF pyrolysis for upgrading
with full hydrotreating (P1) — to illustrate the associated impacts on
GWP of feedstock recycling routes resulting from changes in (a) elec-
trolysis efficiency, (b) waste-to-energy efficiency, and (c) electricity
substitution source (see Table 10). While (a) is relevant only for the FEI
scenarios, (b) relates to the efficiency of MSWI and RDF PP and is thus
relevant for both FSQ and FEI scenarios. In contrast, (c) applies only to
FSQ scenarios as FEI scenarios are assumed to have an excess of
renewable electricity.

a) Electrolysis efficiency

For both gasification and pyrolysis routes, the specific GWP reduc-
tion compared to the reference scenario is observed to decrease with
higher electrolysis efficiency (i.e. lower electrolysis electricity demand)
under FEI This is determined by the larger applied quantity of hydrogen
from electrolysis in PTX scenarios. Hence, the GWP reduction associated
with in comparison to the reference scenario will reduce
correspondingly.

a) Electricity efficiency MSW / RDF incineration

Under both FSQ and FEI conditions, higher electrical efficiencies of
waste-to-energy (WTE) processes (i.e. MSW and RDF incineration) —
while maintaining thermal energy efficiency — are associated with a
significantly lower GWP reduction of feedstock recycling routes
compared to the reference scenarios. This is because higher WTE effi-
ciencies will lead to an increase in the applied baseline energy which
will be substituted. Consequently, the GWP reduction associated with
feedstock recycling routes in comparison to the reference scenarios will
be reduced. Note that the impact is less significant under FEI conditions,
where an increase in WTE electricity production is compensated by the
applied baseline electricity.

a) Electricity substitution

Table 10
Results of sensitivity analysis.

Specific GWP balance [t CO2eq/ t RDF] compared to the reference scenario

Criteria Assumptions FSQ FEI
Gl P1 Gl P1
a) Electrolysis electricity 160 - - -1.139 -0.739
demand [MJ / kg Hz] 180 - - -1.157  -0.788
200 - - -1.171 -0.828
b) Electrical efficiency 8% / 10% -0.433 -0.315 -1.205 -0.836
MSW / RDF 11% / 15% -0.283  -0.165 -1.157 -0.788
incineration 14% / 20% -0.134 -0.016 -1.108 -0.739
c) Electricity substitution =~ Wind -0.859 -0.692 - -
Natural gas -0.283  -0.165 - -
Lignite 0.498 0.549 -
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Electricity substitution is only relevant for FSQ scenarios as excess
renewable energy is assumed for FEI scenarios. The integration of RDF in
chemical production via feedstock recycling — instead of WTE — will
require increased demand for external energy supply into the fore-
ground system. While electricity substitution accounts for a major share
of the total electricity demand in feedstock recycling scenarios (e.g.
42.8% in FSQ-G1, see supplementary material S2), it is leads to only a
minor fraction of the total system GWP (3.7% in the FSQ-G1 scenario)
(see Fig. 4). Nevertheless, the substitution electricity source is observed
to have a significant impact on the GWP. Not surprisingly, the GWP
reduction of feedstock recycling scenarios compared to reference sce-
nario is observed to increase considerably if renewable energy (e.g. from
wind) is assumed to be the substitution energy source. In contrast, if
lignite-based electricity substitution is assumed, the GWP of feedstock
recycling scenarios will exceed that of the reference scenario.

4. Conclusions

To address the challenges and gaps in LCA studies of feedstock
recycling pathways, this study introduces an integrated life cycle in-
ventory model which expanded the foreground system to include major
processes for waste treatment and base chemical production. The
objective is to support a consequential LCA of the GWP of feedstock
recycling pathways (i.e. gasification and pyrolysis) in comparison to
conventional and PTX-based chemical production pathways. The
investigation is based on an exemplary system framework for Germany
in terms of applied waste quantities and compositions, base chemical
production quantities and energy supply. The assessment is performed
within two frameworks namely (1) Framework Status Quo (FSQ) with
current conventional waste treatment and chemical production pro-
cesses as reference scenario, and (2) Framework Energy Integration
(FEI) with an exemplary electricity input of 100 TWh and PTX process
application as reference scenario.

Results indicate that for both FSQ & FEI conditions, GWP reduction is
observed — despite systemic compensation between chemical produc-
tion, waste treatment and energy generation — for feedstock recycling
scenarios compared to the respective reference scenarios. It is shown
that the application of feedstock recycling technologies has a limited
impact on GHG emission reduction under current conditions (i.e. FSQ),
but increases in future scenarios (i.e. FEI) in comparison to PTX
applications.

However, the GWP reduction of feedstock recycling is limited by RDF
availability under the applied system conditions. While methanol pro-
duction via feedstock recycling exhibited the highest specific GWP
reduction, the total GWP reduction for this route is limited by the low
methanol production. Gasification-based production pathways exhibit
higher GWP reduction compared to pyrolysis-based routes.

A sensitivity analysis enables additional insights into the impacts on
GWP of feedstock recycling routes resulting from changes in electrolysis
efficiency, waste-to-energy efficiency, and electricity substitution
source. Results suggested that GWP in FSQ scenarios are significantly
determined the electrical efficiency of thermal waste treatment and the
source of electricity substitution. While GWP in FEI scenarios is also
impacted — albeit to a lesser extent compared to FSQ — by the electricity
efficiency of thermal waste treatment, feedstock recycling routes indi-
cate a lower sensitivity to changes in electrolysis efficiency than PTX
technologies. Consequently, it will be worthwhile to integrate a more
detailed consideration of waste-to-energy technology advancements in
future studies.

This investigation enables a perspective on the environmental
viability of feedstock recycling processes through a comparative
assessment with conventional and PTX-based production routes. To
address existing methodological issues from previous LCA studies on
feedstock recycling, the current assessment applied uniform system
frameworks, accounting for differences in production characteristics (e.
g. product yields and utility demands) with minimized allocation
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assumptions. However, the investigation is prospective and results
should be considered as impact potentials assuming optimal technology
development and application. Despite uniform conditions for inventory
generation for chemical processes via process modelling, a lack of large-
scale demonstration and missing industrial validation data leads to
significant data uncertainty for feedstock recycling and PTX processes.
To improve robustness of assessment results for significant conclusions
to support decision processes, future research will benefit from
improved data availability and extended uncertainty analysis of tech-
nology characteristics and performance.

CRediT authorship contribution statement

Florian Keller: Conceptualization, Methodology, Validation, Inves-
tigation, Writing — original draft, Visualization. Raoul Lukas Voss:
Validation, Investigation, Writing — original draft. Roh Pin Lee:
Conceptualization, Writing — review & editing, Project administration,
Funding acquisition. Bernd Meyer: Conceptualization, Writing — review
& editing, Supervision.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

This research is supported by the German Federal Ministry of Edu-
cation and Research (BMBF) through the research project grant no.
01LN1713A to the research group Global Change: STEEPCarbonTrans.

Any opinions, findings, conclusions and recommendations in the
document are those of the authors and do not necessarily reflect the view
of the BMBF.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.resconrec.2021.106106.

References

Arena, U., Ardolino, F., Di Gregorio, F., 2015. A life cycle assessment of environmental
performances of two combustion- and gasification-based waste-to-energy
technologies. Waste Manag. 41, 60-74. https://doi.org/10.1016/j.
wasman.2015.03.041.

Astrup, T.F., Tonini, D., Turconi, R., Boldrin, A., 2015. Life cycle assessment of thermal
Waste-to-Energy technologies: review and recommendations. Waste Manag. 37,
104-115. https://doi.org/10.1016/j.wasman.2014.06.011.

Benavides, P.T., Cronauer, D.C., Adom, F., Wang, Z., Dunn, J.B., 2017. The influence of
catalysts on biofuel life cycle analysis (LCA). Sustainable Mater. Technol. 11, 53-59.
https://doi.org/10.1016/j.susmat.2017.01.002.

Bergerson, J.A., Brandt, A., Cresko, J., Carbajales-Dale, M., MacLean, H.L., Matthews, H.
S., et al., 2020. Life cycle assessment of emerging technologies: evaluation
techniques at different stages of market and technical maturity. J. Ind. Ecol. 24 (1),
11-25. https://doi.org/10.1111/jiec.12954.

Brandao, M., Martin, M., Cowie, A., Hamelin, L., Zamagni, A., 2017. Consequential life
cycle assessment: what, how, and why? Encyclopedia of Sustainable Technologies.
Elsevier, pp. 277-284.

Brinkmann T., Falcke H., Holbrook S., Sanalan T., Roth J., Delgado Sancho L., et al. Best
available techniques (BAT) reference document for the production of large volume
organic chemicals. Joint Research Center (European Commission); 2017.

Broeren, M., Lindgreen, E.R., Bergsma, G., 2019. Exploration Chemical recycling: What is
the Potential Contribution of Chemical Recycling to Dutch climate policy? CE Delft,
Delft.

Burger B. Offentliche Nettostromerzeugung in Deutschland im Jahr 2019, 2020. https://
www.ise.fraunhofer.de/content/dam/ise/de/documents/news/2019/
Stromerzeugung_2019_2.pdf (accessed January 29, 2021).

Christensen, T.H., Damgaard, A., Levis, J., Zhao, Y., Bjorklund, A., Arena, U., et al., 2020.
Application of LCA modelling in integrated waste management. Waste Manag. 118,
313-322. https://doi.org/10.1016/j.wasman.2020.08.034.

10

Resources, Conservation & Recycling 179 (2022) 106106

Clavreul, J., Baumeister, H., Christensen, T.H., Damgaard, A., 2014. An environmental
assessment system for environmental technologies. Environ. Modell. Software 60,
18-30. https://doi.org/10.1016/j.envsoft.2014.06.007.

Consequential-LCA. Defining the functional unit, 2015. http://www.consequential-lca.
org/(accessed January 28, 2021).

Crippa, M., Wilde, B de, Koopmans, R., Leyssens, J., Muncke, J., Ritschkoff, A.-.C., et al.,
2019. A Circular Economy For plastics: Insights from Research and Innovation to
Inform Policy and Funding Decisions. European Commission, Brussels.

Cucurachi, S., van der Giesen, C., Guinée, J., 2018. Ex-ante LCA of emerging
technologies. Procedia CIRP 69, 463-468. https://doi.org/10.1016/j.
procir.2017.11.005.

Dave D., Arné M. Air separation unit update: PEP review 2016-07. ITHS Chem. 2016.

den Ouden, B., Lintmeijer, N., van Aken, J., 2017. Electrification in the Dutch process
industry: In-depth study of Promising Transition Pathways and Innovation
Opportunities For Electrification in the Dutch process Industry. Berenschot, Utrecht.

Destatis. German National Waste Balance 2018: Waste generation/remaining, Waste
intensity, Waste generation By Economic Sectors; 2020.

DIN, 2009. DIN EN ISO 14040:2006. Beuth Verlag GmbH, Berlin.

Dong, J., Tang, Y., Nzihou, A., Chi, Y., Weiss-Hortala, E., Ni, M., et al., 2018. Comparison
of waste-to-energy technologies of gasification and incineration using life cycle
assessment: case studies in Finland, France and China. J. Clean. Prod. 203, 287-300.
https://doi.org/10.1016/j.jclepro.2018.08.139.

Ekvall T. Attributional and Consequential Life Cycle Assessment. In: José Bastante-Ceca
M, Luis Fuentes-Bargues J, Hufnagel L, Mihai F-C, Iatu C, editors. Sustainability
Assessment at the 21st century. IntechOpen; 2020.

Ekvall, T., Weidema, B.P., 2004. System boundaries and input data in consequential life
cycle inventory analysis. Int. J. Life Cycle Assess. 9 (3), 161-171. https://doi.org/
10.1007/BF02994190.

Ellis V. ICIS Chemical profile: Europe methanol, 2018. https://www.icis.com/explore/
resources/news/2018/08/01/10245412/chemical-profile-europe-methanol
(accessed 16.02.21).

Fraunhofer I.W.E.S. Wie Hoch Ist Der Stromverbrauch in Der Energiewende?:
Energiepolitische Zielszenarien 2050 — Riickwirkungen auf Den Ausbaubedarf von
Windenergie und Photovoltaik. Berlin; 2015.

Geres R., Kohn A., Lenz S., Ausfelder F., Bazzanella A.M., Moller A. Roadmap Chemie
2050: auf dem Weg zu einer treibhausgasneutralen chemischen Industrie in
Deutschland. FutureCamp Climate GmbH; DECHEMA; 2019.

Haring, H.-.W., 2007. Industrial Gases Processing. Wiley.

Hrbek J. Status report on thermal gasification of biomass and waste: IEA bioenergy task
33 special report; 2019.

IEA. Germany, 2020. Energy Policy Review. IEA, Paris, p. 2020.

Jeswani, H., Kriiger, C., Russ, M., Horlacher, M., Antony, F., Hann, S., et al., 2021. Life
cycle environmental impacts of chemical recycling via pyrolysis of mixed plastic
waste in comparison with mechanical recycling and energy recovery. Sci. Total
Environ. 769, 144483 https://doi.org/10.1016/j.scitotenv.2020.144483.

Keller, F., Lee, R.P., Meyer, B., 2020. Life cycle assessment of global warming potential,
resource depletion and acidification potential of fossil, renewable and secondary
feedstock for olefin production in Germany. J. Clean. Prod. 250, 119484 https://doi.
org/10.1016/j.jclepro.2019.119484.

Keller F., Soliz P.M., Seidl L.G., Lee R.P., Meyer B. Life cycle inventory data generation by
process simulation for conventional, feedstock recycling and Power-to-X
technologies for base chemical production (submitted article in review). Data in
Brief 2021.

Lee, R.P., Tschoepe, M., Voss, R., 2021. Perception of chemical recycling and its role in
the transition towards a circular carbon economy: a case study in Germany. Waste
Manag. 125, 280-292. https://doi.org/10.1016/j.wasman.2021.02.041.

Lodato, C., Tonini, D., Damgaard, A., Fruergaard Astrup, T., 2020. A process-oriented
life-cycle assessment (LCA) model for environmental and resource-related
technologies (EASETECH). Int. J. Life Cycle Assess. 25 (1), 73-88. https://doi.org/
10.1007/511367-019-01665-z.

Mamani-Soliz, P., Seidl, L.G., Keller, F., Lee, R.P., Meyer, B., 2020. Chemisches Recycling
— Aktueller Stand und neue Entwicklungen. editors. In: Thomé-Kozmiensky, E,
Holm, O, Friedrich, B, Goldmann, D (Eds.), Recycling Und Sekundarrohstoffe, Band
13. Thomé-Kozmiensky Verlag GmbH, Nietwerder.

Meys, R., Frick, F., Westhues, S., Sternberg, A., Klankermayer, J., Bardow, A., 2020.
Towards a circular economy for plastic packaging wastes — the environmental
potential of chemical recycling. Resour. Conserv. Recycl. 162, 105010 https://doi.
org/10.1016/j.resconrec.2020.105010.

Montejo, C., Costa, C., Ramos, P., Marquez, Maria del Carmen., 2011. Analysis and
comparison of municipal solid waste and reject fraction as fuels for incineration
plants. Appl. Therm. Eng. 31 (13), 2135-2140. https://doi.org/10.1016/j.
applthermaleng.2011.03.041.

Myhre, G., Shindell, D., Bréon, F.-.M., Collins, W., Fuglestvedt, J., Huang, J., et al., 2014.
Climate Change 2013: The Physical Science Basis. Cambridge University Press,
Cambridge.

Nuss, P., Gardner, K.H., Bringezu, S., 2013. Environmental implications and costs of
municipal solid waste-derived ethylene. J. Ind. Ecol. 17 (6), 912-925. https://doi.
org/10.1111/jiec.12066.

Ostadi, M., Paso, K.G., Rodriguez-Fabia, S., @i, L.E., Manenti, F., Hillestad, M., 2020.
Process Integration of Green Hydrogen: decarbonization of Chemical Industries.
Energies 13 (18), 4859. https://doi.org/10.3390/en13184859.

Perugini, F., Mastellone, M.L., 2005. Arena U. A life cycle assessment of mechanical and
feedstock recycling options for management of plastic packaging wastes. Environ.
Prog. 24 (2), 137-154. https://doi.org/10.1002/ep.10078.



https://doi.org/10.1016/j.resconrec.2021.106106
https://doi.org/10.1016/j.wasman.2015.03.041
https://doi.org/10.1016/j.wasman.2015.03.041
https://doi.org/10.1016/j.wasman.2014.06.011
https://doi.org/10.1016/j.susmat.2017.01.002
https://doi.org/10.1111/jiec.12954
http://refhub.elsevier.com/S0921-3449(21)00714-X/sbref0005
http://refhub.elsevier.com/S0921-3449(21)00714-X/sbref0005
http://refhub.elsevier.com/S0921-3449(21)00714-X/sbref0005
http://refhub.elsevier.com/S0921-3449(21)00714-X/sbref0007
http://refhub.elsevier.com/S0921-3449(21)00714-X/sbref0007
http://refhub.elsevier.com/S0921-3449(21)00714-X/sbref0007
https://doi.org/10.1016/j.wasman.2020.08.034
https://doi.org/10.1016/j.envsoft.2014.06.007
http://refhub.elsevier.com/S0921-3449(21)00714-X/sbref0012
http://refhub.elsevier.com/S0921-3449(21)00714-X/sbref0012
http://refhub.elsevier.com/S0921-3449(21)00714-X/sbref0012
https://doi.org/10.1016/j.procir.2017.11.005
https://doi.org/10.1016/j.procir.2017.11.005
http://refhub.elsevier.com/S0921-3449(21)00714-X/sbref0015
http://refhub.elsevier.com/S0921-3449(21)00714-X/sbref0015
http://refhub.elsevier.com/S0921-3449(21)00714-X/sbref0015
http://refhub.elsevier.com/S0921-3449(21)00714-X/sbref0017
https://doi.org/10.1016/j.jclepro.2018.08.139
https://doi.org/10.1007/BF02994190
https://doi.org/10.1007/BF02994190
http://refhub.elsevier.com/S0921-3449(21)00714-X/sbref0024
http://refhub.elsevier.com/S0921-3449(21)00714-X/sbref0026
https://doi.org/10.1016/j.scitotenv.2020.144483
https://doi.org/10.1016/j.jclepro.2019.119484
https://doi.org/10.1016/j.jclepro.2019.119484
https://doi.org/10.1016/j.wasman.2021.02.041
https://doi.org/10.1007/s11367-019-01665-z
https://doi.org/10.1007/s11367-019-01665-z
http://refhub.elsevier.com/S0921-3449(21)00714-X/sbref0032
http://refhub.elsevier.com/S0921-3449(21)00714-X/sbref0032
http://refhub.elsevier.com/S0921-3449(21)00714-X/sbref0032
http://refhub.elsevier.com/S0921-3449(21)00714-X/sbref0032
https://doi.org/10.1016/j.resconrec.2020.105010
https://doi.org/10.1016/j.resconrec.2020.105010
https://doi.org/10.1016/j.applthermaleng.2011.03.041
https://doi.org/10.1016/j.applthermaleng.2011.03.041
http://refhub.elsevier.com/S0921-3449(21)00714-X/sbref0035
http://refhub.elsevier.com/S0921-3449(21)00714-X/sbref0035
http://refhub.elsevier.com/S0921-3449(21)00714-X/sbref0035
https://doi.org/10.1111/jiec.12066
https://doi.org/10.1111/jiec.12066
https://doi.org/10.3390/en13184859
https://doi.org/10.1002/ep.10078

F. Keller et al.

Punkkinen H., Oasmaa A., Laatikainen-Luntama J., Nieminen M., Laine-Ylijoki J.
Thermal conversion of plastic-containing waste: a review. VTT; 2017. VTT Research
Report D4-1-22.

Ragaert, K., Delva, L., van Geem, K., 2017. Mechanical and chemical recycling of solid
plastic waste. Waste Manag. 69, 24-58. https://doi.org/10.1016/j.
wasman.2017.07.044.

Ramos, A., Teixeira, C.A., Rouboa, A., 2019. Environmental assessment of municipal
solid waste by two-stage plasma gasification. Energies 12 (1), 137. https://doi.org/
10.3390/en12010137.

Ras, C., Blottnitz, H von., 2012. A comparative life cycle assessment of process water
treatment technologies at the Secunda industrial complex, South Africa. WSA 38 (4).
https://doi.org/10.4314/wsa.v38i4.10.

Recenso, 2019. Descriptions of the CTC Technology For the Study "Waste Utilization
Technologies" of the TU Freiberg (in German). Recenso GmbH.

Russ, M., Gonzalez, M., Horlacher, M., 2020. Evaluation of Pyrolysis With LCA -3 Case
Studies. Sphera; BASF, Leinfelden-Echterdingen.

Seidl, L.G., Poganietz, W.-.R., Keller, F., Lee, R.P., Grunwald, A., Meyer, B., 2020.
Konzepte und nachhaltigkeitsbewertung der kohlenstoffkreislaufwirtschaft am
beispiel des chemischen recyclings zur olefinproduktion. Chemie Ingenieur Technik
244 (1), 118629. https://doi.org/10.1002/cite.202000102.

Seitz, M., Cepus, V., Klatte, M., Thamm, D., Pohl, M., 2020. Evaluierung Von Thermisch-
Chemischen Depolymerisationstechnologien zur Verwertung von Kunststoffabfallen.
Hochschule Merseburg, Merseburg.

Smolinka, T., Wiebe, N., Sterchele, P., Palzer, A., Lehner, F., Jansen, M., et al., 2018.
Studie IndWEDe. Industrialisierung der Wasserelektrolyse in Deutschland: chancen

11

Resources, Conservation & Recycling 179 (2022) 106106

und Herausforderungen fiir nachhaltigen Wasserstoff fiir Verkehr. Strom Und
Warme. Fraunhofer IPA, Berlin.

Solis, M., Silveira, S., 2020. Technologies for chemical recycling of household plastics - A
technical review and TRL assessment. Waste Manag. 105, 128-138. https://doi.org/
10.1016/j.wasman.2020.01.038.

Somoza-Tornos, A., Gonzalez-Garay, A., Pozo, C., Graells, M., Espuna, A., Guillén-
Gosdlbez, G., 2020. Realizing the potential high benefits of circular economy in the
chemical industry: ethylene monomer recovery via polyethylene pyrolysis. ACS
Sustainable Chem. Eng. 8 (9), 3561-3572. https://doi.org/10.1021/
acssuschemeng.9b04835.

Thoma M., Widder T. Ersatzbrennstoff-Herstellung Aus Sortierresten:
Anforderungsbasierter Vergleich Ausgehend Von Ausgangsmaterialien aus
Wertstofftonnensammlung und Leichtverpackungserfassung. In: Energie aus Abfall.
Neuruppin: TK; (2012).

Tsoy, N., Steubing, B., van der Giesen, C., Guinée, J., 2020. Upscaling methods used in ex
ante life cycle assessment of emerging technologies: a review. Int. J. Life Cycle Assess
25 (9), 1680-1692. https://doi.org/10.1007/511367-020-01796-8.

VCI. Chemiewirtschaft in Zahlen. Frankfurt am Main: verband der Chemischen Industrie
e. V (VCD); 2019.

Wolfersdorf, C., 2017. Elektroenergieeinkopplung Bei Der Stofflichen Nutzung von
Braunkohle und CO2. Dissertation. TU Bergakademie Freiberg.

Zaman, A.U., 2013. Life cycle assessment of pyrolysis—gasification as an emerging
municipal solid waste treatment technology. Int. J. Environ. Sci. Technol. 10 (5),
1029-1038. https://doi.org/10.1007/513762-013-0230-3.


https://doi.org/10.1016/j.wasman.2017.07.044
https://doi.org/10.1016/j.wasman.2017.07.044
https://doi.org/10.3390/en12010137
https://doi.org/10.3390/en12010137
https://doi.org/10.4314/wsa.v38i4.10
http://refhub.elsevier.com/S0921-3449(21)00714-X/sbref0043
http://refhub.elsevier.com/S0921-3449(21)00714-X/sbref0043
http://refhub.elsevier.com/S0921-3449(21)00714-X/sbref0044
http://refhub.elsevier.com/S0921-3449(21)00714-X/sbref0044
https://doi.org/10.1002/cite.202000102
http://refhub.elsevier.com/S0921-3449(21)00714-X/sbref0046
http://refhub.elsevier.com/S0921-3449(21)00714-X/sbref0046
http://refhub.elsevier.com/S0921-3449(21)00714-X/sbref0046
http://refhub.elsevier.com/S0921-3449(21)00714-X/sbref0047
http://refhub.elsevier.com/S0921-3449(21)00714-X/sbref0047
http://refhub.elsevier.com/S0921-3449(21)00714-X/sbref0047
http://refhub.elsevier.com/S0921-3449(21)00714-X/sbref0047
https://doi.org/10.1016/j.wasman.2020.01.038
https://doi.org/10.1016/j.wasman.2020.01.038
https://doi.org/10.1021/acssuschemeng.9b04835
https://doi.org/10.1021/acssuschemeng.9b04835
https://doi.org/10.1007/s11367-020-01796-8
http://refhub.elsevier.com/S0921-3449(21)00714-X/sbref0053
http://refhub.elsevier.com/S0921-3449(21)00714-X/sbref0053
https://doi.org/10.1007/s13762-013-0230-3

	Life cycle assessment of global warming potential of feedstock recycling technologies: Case study of waste gasification and ...
	1 Introduction
	2 Material and methods
	2.1 Goal and scope definition
	2.1.1 Objective
	2.1.2 System description & boundaries
	2.1.3 Limitations

	2.2 Life cycle inventory analysis
	2.2.1 Waste treatment
	2.2.2 Chemical production processes
	2.2.3 Utility and background system inventory
	2.2.4 System integration and scenarios

	2.3 Life cycle impact assessment analysis
	2.4 Sensitivity analysis

	3 Results and discussion
	3.1 LCIA GWP results of framework status Quo (FSQ)
	3.2 LCIA GWP results of framework energy integration (FEI)
	3.3 Sensitivity analysis

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	Supplementary materials
	References


