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ABSTRACT: The rising demand for single-use polymers calls for
alternative waste treatment pathways to ensure a circular economy.
Here, we explore hydrogen production from waste polymer
gasification (wPG) to reduce the environmental impacts of plastic
incineration and landfilling while generating a valuable product.
We assess the carbon footprint of 13 H2 production routes and
their environmental sustainability relative to the planetary
boundaries (PBs) defined for seven Earth-system processes,
covering H2 from waste polymers (wP; polyethylene, polypropy-
lene, and polystyrene), and a set of benchmark technologies
including H2 from natural gas, biomass, and water splitting. Our
results show that wPG coupled with carbon capture and storage
(CCS) could reduce the climate change impact of fossil-based and
most electrolytic routes. Moreover, due to the high price of wP, wPG would be more expensive than its fossil- and biomass-based
analogs but cheaper than the electrolytic routes. The absolute environmental sustainability assessment (AESA) revealed that all
pathways would transgress at least one downscaled PB, yet a portfolio was identified where the current global H2 demand could be
met without transgressing any of the studied PBs, which indicates that H2 from plastics could play a role until chemical recycling
technologies reach a sufficient maturity level.
KEYWORDS: Waste polymers gasification, Hydrogen, Life cycle assessment, Planetary boundaries, Techno-economic analysis

■ INTRODUCTION
The global demand for polymers is rising, leading to increasing
amounts of waste polymers (wP). Only 9% of all plastics
produced until 2015 were recycled, 12% incinerated, and the
remaining 79% were landfilled or lost to the environment.1

Moreover, within the plastic packaging sector (USD 80−120
billion annually),2 95% of polymers are single-use and have a
short lifetime, with a low recycling rate of 14%.2 In 2013, 72%
of the 78 Mt of plastic packaging materials produced were
landfilled or dispersed in the environment.2 This waste
mismanagement has detrimental consequences for ecosystems
and human health,3−7 which underlines the need for a circular
economy that valorizes wP.
Chemical recycling has recently gained attention for

providing valuable feedstock that could replace fossil resources
and help transition to a circular carbon economy,8−10 thereby
avoiding the environmental impacts of incinerating and
landfilling wP.11−13 For instance, waste polyethylene and
polypropylene can undergo pyrolysis to recover their
respective monomers14−17 or gasification to produce synthesis
gas (a mixture of H2, CO, and CO2), widespread in chemical
production.18,19 Although monomers should be the ultimate
goal in chemical recycling, the gasification route appears easier

to implement, is more mature, and can handle mixed-polymer
inlet streams.20

Alternatively, gasification of wP could yield H2 to decarbon-
ize several sectors,21 including transportation and industry,
responsible for 25.7% and 19.7% of all greenhouse gas (GHG)
emissions in 2019, respectively.22 Steam methane reforming
(SMR) is currently the preferred pathway to produce H2 from
natural gas (gray H2), while blue H2 from SMR coupled with
carbon capture and storage (CCS) and green H2 from
electrolysis based on renewables or biomass gasification are
still marginal. To date, SMR is the cheapest technology,23 but
other alternatives could reduce human health and ecosystems
impacts substantially.24 Notably, previous works applied life
cycle assessment (LCA) to H2 pathways, finding that gray H2
embeds the highest global warming impacts (GWI) among
existing technologies.23 Moreover, Verma et al. showed that
coupling CCS with SMR significantly reduces fossil-based H2’s
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net life cycle GHG emissions (to less than half), making blue
H2 environmentally competitive against electrolytic H2 from
renewables.25 Moreover, Bhandari et al. found that the
electricity source heavily influences the environmental
performance of electrolytic routes at the mid- and end point
impact levels.26 On the economic side, Lan and Yao recently
discussed that producing H2 via wP gasification in the US
could yield competitive costs with blue H2 in the local
market.27

LCA has become the preferred approach for evaluating the
environmental impact of technologies.28 However, standard
LCAs are mostly applied to compare alternatives as they lack
thresholds beyond which a system should be deemed
unsustainable, making the interpretation phase challenging.29

Absolute environmental sustainability assessment (AESA)
studies have recently emerged to define environmental limits
on impact metrics.30−32 Following this approach, the estimated
environmental impacts of an anthropogenic system are
evaluated against the maximum impact levels that could
potentially shift the current state of the planet.33 These limits
can be derived from the planetary boundaries (PBs) frame-
work, introduced by Rockström et al.34 and later updated by
Steffen et al.,35 which represent ecological limits on nine Earth-
system processes delimiting a safe operating space (SOS) for
humanity. A recent study by Valente et al.36 employed the
AESA method to showcase the potential of green H2 in the

heavy transport sector, which could help the latter operate
within the SOS for humanity.
Here we assess whether H2 production via the gasification of

wP could operate without exceeding the SOS delimited by the
PBs and compare the economic performance and life-cycle
impacts of 13 H2 production routes from an AESA viewpoint
through the lens of the PBs.35 The wP deployed in the
gasification process is composed of polyethylene (PE),
polypropylene (PP), and polystyrene (PS), altogether
representing 56% of the total polymer waste in 2015.1 We
found that H2-from-polymers coupled with CCS outperforms
gray and blue H2, as well as most electrolytic routes in all PBs.
Moreover, when considering downscaling, no current technol-
ogy would be environmentally sustainable, as they all
transgress at least one PB due to their carbon emissions, yet
a portfolio of them would allow operating sustainably within
the downscaled SOS. Our study underlines the importance of
employing AESA to drive decision-making in the development
of a more sustainable economy.

■ METHODS DESCRIPTION
We here analyze the environmental sustainability performance of 13
H2 routes encompassing gray and blue H2, several green H2 pathways,
and polymer waste gasification (wPG). Our work combines process
simulation, a life cycle impact assessment aligned with the PBs
framework, and a techno-economic assessment of the wPG processes
to elucidate whether this novel route is economically appealing. The
following subsections describe the above-mentioned methods.

Figure 1. Process flowsheet of H2 from waste polymers. (a) Waste polymer gasification (wPG). (b) CO2 compression unit for CO2 geological
storage. Additional unit for the wPG process coupled with carbon capture and storage (wPG+CCS).
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H2-from-Polymers−Process Modeling. The H2-from-polymers
process was simulated in Aspen Plus V11, using the RK-SOAVE
property method and Redlich−Kwong−Soave cubic equation of state
suitable for hydrocarbons and mixtures of mildly polar gases,
particularly at high temperatures and pressures.37

We created a flowsheet that produces H2 at 99.96% purity from wP
(Figure 1a).38 The wPG process consists of syngas generation through
steam gasification of wP, H2 production through the water−gas shift
(WGS) reaction, and separation via pressure swing adsorption (PSA).
The wPG process with CCS (wPG+CCS) comprises an additional
unit to compress the CO2 (Figure 1b). The PSA unit’s tail gas is
combusted, generating heat for the gasifier. Additionally, we combust
1.5% of the pure H2 stream to cover the heat demand for wPG (3.5%
for wPG+CCS).
We feed 5 t wP h−1 to the gasifier. This value was estimated based

on packaging waste data from the United Kingdom, as described in
section 3 of the Supporting Information. This mixed stream contains
63.4 wt % PE, 30 wt % PP, and 6.6% PS, based on the output of the
sorting facility from Kleinhans et al.39

The gasifier operates at 800 °C and 1.013 bar. It is modeled in
Aspen Plus in two steps: wP decomposes in an RYIELD reactor,
followed by the steam gasification reaction using low-pressure steam
(LP steam) in the conditions indicated in Figure 1a in a RGIBBS
reactor.18 The resulting syngas is compressed to 32.5 bar through a
series of three compressors with intercooling before going to the
water−gas shift (WGS) reactors.40 The WGS reaction takes place at
32.5 bar in two steps, a high-temperature shift (HT-WGS) at 400 °C
with a conversion of 88%, and a low-temperature shift (LT-WGS) at
250 °C, yielding a total CO conversion of 95 mol %.40 The resulting
stream is cooled to 50 °C and flashed before being sent to the
pressure swing adsorption (PSA) unit that separates H2 with a molar
purity of 99.96%.41 The pure H2 leaves the process at 50 °C and 31.7
bar.
The tail gas is decompressed and combusted in a furnace

(combustion reactor) at 1.5 bar and 1300 °C, which generates heat
for the gasification. In the wPG process, this combustion is performed
with air, and the postcombustion stream, containing 56.9 mol % CO2,
is vented after cooling and flashing at 40 °C.
In the wPG+CCS configuration, the tail gas undergoes an oxy-fuel

combustion with a near stoichiometric equivalence of pure O2 (same
pressure and temperature as the tail gas combustion in the wPG
process). After cooling and flashing, the resulting stream, which
contains 94.4 mol % CO2, is sent to an additional unit (Figure 1b). It
is compressed in four steps, with intercooling and flashing, to 150 bar
and 40 °C for geological storage. The flashed streams are
decompressed to 1.013 bar and undergo a final flash (Flash 7). The
liquid phase goes to wastewater treatment with the one from Flash 3,
and the gaseous phase is recirculated to the combustion chamber.
Heat integration was performed with Aspen Energy Analyzer V11,

obtaining a heat exchanger network (HEN) where neither wPG nor
wPG+CCS require extra heating utilities. Moreover, LP and HP steam
could be generated when cooling hot streams above 135 and 260 °C,
respectively, covering the steam needs for the gasification and WGS
reaction, while cooling water was used for cooling to temperatures
below 135 °C.
Life Cycle Impact Assessment (LCIA). Our study follows the

ISO 1404042 and ISO 1404443 guidelines. The goal of the study is to
quantify the environmental sustainability level of H2 production in the
13 routes described next. We follow a cradle-to-gate approach, i.e., the
system boundaries comprise the life-cycle phases from raw materials
extraction to H2 production, including plant construction. The
subsequent use of H2 is excluded.
Second, the life cycle inventories (LCI) are generated. These

include the raw materials, water, energy, and emissions of our systems.
We used the Simapro 9.244 software and the Ecoinvent 3.5 database45

to generate the LCIs further described in section 2 of the Supporting
Information.
In the third LCA phase, we calculated the impacts using two LCIA

methodologies. First, we evaluated the GWI of the scenarios
according to the IPCC 2013 100a method.46 We also applied the

methodology proposed by Ryberg et al.47 to express the environ-
mental impacts of the elementary flows of the LCI in terms of the
control variables of the PBs defined for the following Earth-system
processes: climate change (CC), quantified via the atmospheric CO2
concentration (CC−CO2) and energy imbalance at the top of the
atmosphere (CC-EI); stratospheric ozone depletion (SOD); ocean
acidification (OA); biogeochemical flows, of nitrogen and phosphorus
(BGF-N and BGF-P, respectively); land-system change (LSC); and
freshwater use (FWU). The characterization factors used to estimate
the change in the terrestrial biosphere integrity (CBI) were taken
from Galań-Martiń et al.,31 based on the work by Hanafiah et al.48

For each scenario s, the environmental impact on Earth-system
process b (EIb,s) is calculated with eq 1:

= × ×EI I CF FU b, sb,s
f F

s,f b,f
(1)

where Is,f represents the quantity of elementary flow f associated with
the production of one kg of H2 in scenario s, CFb,f is the
characterization factor of elementary flow f and Earth-system process
b, and FU denotes the functional unit.
Guineé et al.49 recently highlighted the importance of considering

the limitations that come hand-in-hand with the LCA-based AESA
method. One limitation of our study is that the FU is assumed to
remain constant over time and does not account for the variability of
the H2 market throughout the years. Here, the FU corresponds to the
share of the global production of H2 that could be covered
accordingly from wP through the wPG+CCS process (more details
in section 3.b. of the Supporting Information) and is expressed in Mt
H2 y−1. Thus, EIb,s corresponds to the total environmental impact on
Earth-system process b that is generated by scenario s to meet the FU.
To perform the AESA, we quantify the transgression level (TL) as

follows. For each Earth-system process b and scenario s, TLb,s is
calculated from the corresponding environmental impact (EIb,s) and
the share of the SOS (SOSx,b) attributed to the studied activity x.
Depending on the type of analysis, TLb,s can be calculated with
respect to the global limits (SOSGLO,b, the full SOS estimated as the
difference between the value of the planetary boundary and the
natural background level50) or the downscaled SOS attributed to H2
(SOSHd2,wP,b). The general equation is shown in eq 2 below.

=TL
EI

SOS
b, sb,s

b,s

x,b (2)

Ryberg et al.51 discuss several downscaling approaches to assign
shares of the global SOS to products. Such downscaling principles
build on the distributive justice theory to assign a fair share of the
total SOSGLO to a given activity based on seven dimensions (i.e.,
currency, pattern, target, geographical scope, temporal scope,
constraints, and clauses).
The choice of the downscaling method can heavily influence the

results and conclusions of the analysis. Notably, a recent study by
Hjalsted et al.52 explored the use of different allocation principles and
upscaling methods to assign shares of the SOS to three sectors,
highlighting the differences between downscaling methods and
proposing a framework to transparently assess the environmental
sustainability level of process systems. Thus, here we employ two
downscaling methods to determine the status of the H2 market with
the PBs framework.
We define the share of the global SOS allocated to H2 production

according to a utilitarian principle (described here) and the
grandfathering downscaling method (described in section 4.b. of the
Supporting Information). Here, SOSHd2,wP,b is calculated by applying eq
3, following a utilitarian downscaling approach51 based on the global
gross value added (GVAGLO = USD 84.1 × 1012 in 201853) and the
gross value added for H2 from wP (GVAHd2,wP). In essence, the more
the activity contributes to the economy, the more it is allowed to
pollute.
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= ×SOS SOS
GVA

GVA
bH ,wP,b GLO,b

H ,wP

GLO
2

2

(3)

Due to a lack of data, we estimate GVAHd2,wP as a fraction of the
chemical sector’s GVA (GVACHEM = USD 5.7 × 1012)54 using eq 4,
which considers the market size of the chemical sector (USD 1.1 ×
1012),54 the 2018 global H2 demand (USD 118.1 × 109),55 and the
fraction of the 2018 global H2 demand that wP could cover (fHd2,wP =
79.8%, calculated in section 3.c. of the Supporting Information).

= ×GVA GVA
market

market
fH ,wP CHEM

H

CHEM
H ,wP2

2
2 (4)

Finally, in the fourth and last phase of the LCA, we evaluate the
implications of our scenarios. A TLb,s value below 1 indicates that
scenario s operates within the allocated SOS for Earth-system process
b and is deemed sustainable with respect to that PB. Conversely, a
TLb,s value above 1 implies that scenario s transgresses the allocated
SOS for Earth-system process b and is, therefore, unsustainable. We
consider that for scenario s to be environmentally sustainable, the
TLb,s values across all studied PBs must be less than 1. Nonetheless,
the claim that a given scenario is environmentally sustainable should
be interpreted with caution, since the PBs of two Earth-system
processes, namely atmospheric aerosol loading and novel entities,
have not been quantified yet35 and, therefore, were not included in
this analysis. Moreover, we clarify that we use downscaling, so the fact
that a given activity transgresses a given share of the SOS does not
imply that all the anthropogenic activities will jointly transgress the
full SOS.
Life Cycle Inventories (LCI). The LCIs combine process

simulation data (foreground system) with data from the Ecoinvent
3.5 database (background system), using the allocation method “cut-
off by classification”.45 We derived the LCIs for wPG and wPG+CCS
from the mass and energy balances of the process model. Moreover,
we expanded the system boundaries to account for the treatment of
waste PE, PP, and PS. Hence, we assume that wP landfilling and
incineration are avoided when recycling polymers through wPG and
wPG+CCS. We used data from Ecoinvent 3.5 to compute the avoided
burdens linked to these activities, considering the following
breakdown of wP treatment alternatives in 2015: 55% landfilled,
25.5% incinerated,1 and the remaining 19.5% recycled. We further
assume that the process uses wP that would be sent for incineration
and landfilling otherwise, thus avoiding the burdens linked to these
waste treatment activities. Moreover, analogous to the poplar
feedstock used in the BG and BG+CCS processes, wP does not
come free of burdens. Although the system boundaries are cut off
where the polymers become waste, the impacts related to collecting,
transporting, sorting, and processing the waste are embedded in the
wP feedstock.
wPG and wPG+CCS were compared to 11 H2 production

processes (Figure 2) whose inventories were taken from the literature,
as described in section 2.b. of the Supporting Information.
Economic Assessment. We compared the scenarios based on

their levelized cost of hydrogen (LCOH), following Parkinson et al.23

The LCOH of wPG and wPG+CCS was calculated as the total annual
cost (TAC) per kg of H2 produced. The TAC is computed as the sum
of the annual capital charge (ACC), fixed operational cost (FOC),
and variable operational cost (VOC), as shown in eqs 5 and 6.

= + +TAC ACC FOC VOC (5)

=LCOH
TAC

annual production of H2 (6)

The capital cost was calculated using the cost correlations from
Onel et al.56 for the PSA unit and Sinnott and Towler57 for the
remaining equipment. The FOC is a function of the total capital cost
of the plant and consists of operating expenditures, such as
maintenance, labor, land, taxes, insurance, and plant overheads. The
VOC includes the prices of raw materials, electricity, and utilities. All

costs were expressed in USD 2019, according to the Chemical
Engineering Process Cost Index (CEPCI). The list of equipment
costs can be found in section 5.a. of the Supporting Information.

■ RESULTS AND DISCUSSION
First, we discuss the GWI results, and then the impacts on the
Earth-system processes, followed by the economic assessment
and a cost-optimized portfolio of H2 technologies to meet the
demand within PBs.
Global Warming Impacts (GWI). Figure 3 shows the

GWI of the 13 scenarios. The technologies involving biomass
coupled to CCS (PEM-BECCS and BG+CCS) are the most
favorable, followed by PEM-nuclear, BG, wPG+CCS, PEM-
wind, PEM-hydro, MP, PEM-solar, SMR+CCS, wPG, SMR,
and PEM-2018 grid mix. Technologies relying on the CCS of
biogenic carbon lead to carbon-negative H2, preventing net
GWI (i.e., PEM-BECCS with a GWI of −101.12 kg CO2-eq
kg−1 H2 and BG+CCS with a GWI of −13.80 kg CO2-eq kg−1

H2). The biomass gasification and combustion processes
release the carbon captured by the biomass feedstock during
photosynthesis. Thus, processes employing biogenic CO2
coupled with CCS generate negative emissions, as the biogenic
CO2 is stored underground instead of released into the
atmosphere. Figure 3 shows that BG+CCS has net-negative

Figure 2. Graphical representation of the studied scenarios. The
following acronyms are employed: WASTE P, waste polymers; NG,
natural gas; wPG, waste polymers gasification; SMR, steam methane
reforming; BG, biomass gasification; CCS, carbon capture and
storage; MP, methane pyrolysis; GRID, electricity from the power
grid; BECCS, electricity from bioenergy; WIND, electricity from wind
power; SOLAR, electricity from photovoltaic cells; HYDRO,
hydropower; NUCLEAR, electricity from a nuclear power plant;
and PEM, proton exchange membrane electrolysis. The column on
the left-hand side of the figure contains the energy sources used for
the different technologies. PEM is the only technology that was
evaluated with various power sources. The remaining technologies
consume electricity coming from the power grid mix of 2018.
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emissions, whereas the total GWI of BG is positive (1.11 kg
CO2-eq kg−1 H2). In the latter, 77% of the total emissions
come from the feedstock (poplar chips), which has embodied
GHG emissions due to the planting, harvesting, treating, and
transporting steps.
The two processes producing H2 through chemical

recycling, wPG, and wPG+CCS avoid 2.42 kg CO2-eq kg−1

H2 due to the diversion of wP from incineration and landfill.

The H2 produced via wPG presents high GWI (9.75 kg CO2-
eq kg−1 H2), still better than SMR (12.66 kg CO2-eq kg−1 H2).
Direct emissions represent the main source of impact in the
wPG process; wP contains 89 wt % of carbon, which is released
as CO2. Although the C:H ratio of methane is smaller, SMR
also releases significant amounts of CO2. Coupling it to CCS
(SMR+CCS, 5.62 kg CO2-eq kg−1 H2) increases the electricity

Figure 3. Global warming impact breakdown of the studied H2 production routes. The following acronyms are employed: wPG, waste polymers
gasification; CCS, carbon capture and storage; SMR, steam methane reforming; MP, methane pyrolysis; BG, biomass gasification; PEM, proton
exchange membrane electrolysis; BECCS, bioenergy with CCS; nuclear, nuclear power plant; wind, wind power; hydro, hydropower; solar,
photovoltaic energy; and 2018 grid mix, electricity from the power grid of 2018.

Figure 4. Planetary boundaries assessment of the 13 H2 production routes. TL relative to SOSHd2,wP,b of the different H2 routes; values labeled as
“<1” indicate that the scenario in question has not transgressed SOSHd2,wP,b; negative values (in green) indicate prevented impacts due to avoided
burdens and/or capture and storage of biogenic CO2; the remaining values that range from white to red indicate the TL relative to the
corresponding SOS associated with each scenario. The following abbreviations are employed: SOSHd2,wP,b, safe operating space for Earth-system
process b downscaled to the maximum H2 production from waste polymers (wP); CC, climate change; CO2, atmospheric CO2 concentration; EI,
energy imbalance at the top of the atmosphere; SOD, stratospheric ozone depletion; OA, ocean acidification; BGF, biogeochemical flows; P,
phosphorus; N, nitrogen; LSC, land-system change; FWU, freshwater use; CBI, change in terrestrial biosphere integrity; wPG, waste polymers
gasification; CCS, carbon capture and storage; SMR, steam methane reforming; MP, methane pyrolysis; BG, biomass gasification; PEM, proton
exchange membrane electrolysis; BECCS, bioenergy with CCS; nuclear, nuclear power plant; wind, wind power; hydro, hydropower; solar,
photovoltaic energy; and 2018 grid mix, electricity from the power grid of 2018.
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and utilities needs but halves the overall GWI by avoiding
direct emissions.
wPG+CCS, on the other hand, attains the fifth-lowest GWI

(1.34 kg CO2-eq kg−1 H2), outperforming the aforementioned
scenarios (wPG, SMR, SMR+CCS), MP, and several electro-
lytic routes (PEM-hydro, PEM-solar, PEM-wind, and PEM-
2018 grid mix). The main contributor to the GWI of wPG
+CCS is the electricity needed for the syngas and CO2
compressors (Figure 3). This electricity comes from the
2018 global grid mix, still heavily reliant on fossil fuels.22

Hence, the GWI of this route would significantly drop by using
renewables or a cleaner energy mix. For instance, PEM-2018
grid mix, which uses the same 2018 average grid mix, and
PEM-wind have very different GWI for similar energy
requirements due to the disparity in the carbon intensity of
the power sources used.
The GWI of PEM-wind (2.05 kg CO2-eq kg−1 H2), PEM-

hydro (3.25 kg CO2-eq kg−1 H2), and PEM-solar (4.96 kg
CO2-eq kg−1 H2) are mostly linked to their infrastructure.
Specifically, the impacts of hydropower are linked to dam
construction. The GWI of solar power stems from the energy
and materials embodied in photovoltaic panels. Similarly, wind
power embeds the impacts of mining and treatment of the
materials used in the turbines and their construction.58 PEM-
nuclear (0.77 kg CO2-eq kg−1 H2) presents lower GWI than
most studied technologies, except for PEM-BECCS and BG
+CCS. Nuclear energy performs better in global warming than
other power technologies, and its emissions are mostly related
to the mining and refining of uranium and the material and
energy requirements for building the nuclear reactor.
Overall, wPG+CCS shows lower GWI than SMR, SMR

+CCS, MP, and most electrolytic routes but still higher than
technologies involving biomass coupled with CCS. We next
discuss the AESA results complementing the GWI analysis.
Planetary Boundaries Analysis. The PB results are

expressed considering as the functional unit the total amount
of H2 that could be produced in one year from the global
amount of wPE, wPP, and wPS generated in 2018 (79.8% of
the global demand for pure H2 in 2018, corresponding to 58.9
Mt H2 y−1). To achieve net-zero CO2 emissions by 2050, the
International Energy Agency (IEA) estimated that the global
demand for H2 and H2-based fuels will increase from less than
90 Mt in 2020 to 530 Mt in 2050, at a rate of ca. 6% per year.59

In contrast, future wP generation is expected to increase at a
slower rate, of 2.17% per year (from 60 to 99 Mt in 2015 to
155−265 Mt in 2060).60 Thus, H2-from-polymers could not
cover the current or future H2 demand alone.
Figure 4 presents the impacts of the 13 technologies on

seven Earth-system processes: climate change (CC), consid-
ering atmospheric CO2 concentration (CC−CO2) and energy
imbalance at the top of the atmosphere (CC-EI) as control
variables; stratospheric ozone depletion (SOD); ocean acid-
ification (OA); biogeochemical flows, phosphorus (BGF-P)
and nitrogen (BGF-N); land-system change (LSC); freshwater
use (FWU); and change in the terrestrial biosphere integrity
(CBI). The impacts are expressed as the TL relative to the
downscaled SOS defined for each Earth-system process
(SOSHd2,wP,b).
The results show that none of the scenarios transgress the

full SOS, SOSGLO, for any Earth-system processes (Figure S1).
However, none of the scenarios is deemed environmentally
sustainable when calculating the TL relative to the SOS

attributed to H2 (SOSHd2,wP,b), i.e., only 0.07% of SOSGLO
following the utilitarian sharing principle (Figure 4). The H2
routes affect mostly the CC Earth-system process, where the
TL for SOSHd2,wP,CC−COd2

and SOSHd2,wP,CC‑EI ranges from −386.2
to 124.2 and from −363.8 to 118.0, respectively. Furthermore,
the impacts on OA (TLOA,b relative to SOSHd2,wP,OA ranging
between −123.5 and 39.7) follow similar trends since they are
also primarily dictated by the atmospheric CO2 concen-
tration.34

The wPG+CCS scenario outperforms SMR, SMR+CCS,
MP, and several electrolytic routes (i.e., PEM-hydro, PEM-
solar, PEM-wind, and PEM-2018 grid mix) in all impact
categories. The lack of direct emissions from the wPG+CCS
process and the avoided burdens from the incineration and
landfilling of the polymers lead to these favorable results. In
turn, wPG only performs slightly better than SMR since,
despite the higher electricity needs of wPG, the avoided
burdens linked to the alternative polymer end-of-life treat-
ments determine its better performance.
The reason why none of the studied scenarios remains

within the downscaled ecological budget SOSHd2,wP,b is mostly
because of their high impacts on CC, OA, and terrestrial
biosphere integrity. The technologies sequestering biogenic
CO2 prevent CC and OA impacts due to their negative carbon
balance, whereas the other H2 production routes transgress the
downscaled SOS in CC and OA (except for PEM-nuclear,
which does not exceed the OA budget). On the downside, BG
and BG+CCS worsen the biogeochemical nitrogen flow
(downscaled TLBGF−N,b of 11.2 for BG and 11.3 for BG
+CCS, vs <1 in the SMR) due to fertilizers use. Moreover, the
processes deploying biomass (PEM-BECCS, BG, and BG
+CCS) exert substantial pressure on the CBI Earth-system
process (transgressing SOSHd2,wP,CBI up to 47.2 times with PEM-
BECCS) due to the significant land requirements of poplar.
Despite all the scenarios transgressing at least one

downscaled PB, none transgresses any of the following four
Earth-system processes: SOD, BGF-P, LSC, and FWU.
Moreover, only two H2 production routes transgress the
allocated budget for the N flows (i.e., BG, and BG+CCS from
highest to lowest TL, respectively). Remarkably, the biomass
scenarios do not exceed the land-system change PB because we
assume that the biomass plantations are not deployed on
forested land, the only land type covered by the LSC PB
control variable.
Moreover, wPG+CCS, PEM-nuclear, and PEM-wind are the

only scenarios not transgressing the terrestrial biosphere
integrity budget SOSHd2,wP,CBI. The impacts on the CBI Earth-
system process are linked to land use and GHG emissions.31,48

Therefore, the biomass scenarios present the highest TL in this
category, together with the PEM-2018 grid mix scenario.
Although the latter shows a low impact on five Earth-system
processes (i.e., SOD, BGF-P, BGF-N, LSC, and FWU), it
generates substantial impacts on the Earth-system processes
linked to CO2 emissions because it relies on a power mix yet to
be decarbonized. Indeed, it presents the highest TL among all
scenarios for CC-CO2, CC-EI, and OA, due to the heavy
reliance of the 2018 average energy mix on fossil fuels.61

In summary, although all scenarios operate within the global
limits of the PBs framework, none of them can be deemed
environmentally sustainable when considering downscaling, as
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they exceed the allocated SOSHd2,wP,b for at least one of the
seven studied Earth-system processes.
Economic Assessment and LCOH. The costs of H2 from

wPG and wPG+CCS were estimated at 3.46 USD kg−1 H2 and
4.49 USD kg−1 H2, respectively (cost breakdown in Figure S2).
In both cases, the annualized capital expenditures (CAPEX)
dominate the total cost (55.1% for wPG and 51.1% for wPG
+CCS). Another important cost driver is the wP feedstock, on
average traded for 308.3 € t−1 wPE, 354.4 € t−1 wPP, and 411.1
€ t−1 wPS within the European Union in 2019.62 For this
analysis, these were converted to USD, applying a 1.1 USD €−1

conversion. The costs are specific to the European Union and,
therefore, might vary for other countries. These high costs are
related to the collection, sorting, and transport to processing
facilities.63

To contextualize these costs, we compared them against the
LCOH of the other 11 technologies (Figure 5, costs calculated
as described in eq 6, taking into account their CAPEX and
OPEX and the data and assumptions in Tables S3 and S4).
The LCOH of SMR, SMR+CCS, MP, BG, BG+CCS, PEM-
nuclear, PEM-wind, and PEM-solar are literature estimates
reported by Parkinson et al.23

Both wPG and wPG+CCS are more costly than SMR, SMR
+CCS, MP, BG, and BG+CCS, being only cheaper than the
central estimate (median) of the electrolytic routes. The wPG
process could compete with SMR if wP were free, which would
lead to a 29.8% reduction of the LCOH, reaching the highest
cost reported for SMR (2.43 USD kg−1 H2). Analogously, the
LCOH of wPG+CCS would drop to 3.44 USD kg−1 H2,
becoming comparable to the upper bound for BG (3.36 USD
kg−1 H2) and SMR+CCS (3.36 USD kg−1 H2). Additionally,

Figure 5. Levelized cost of hydrogen (LCOH) for the alternative production routes, expressed in USD 2019 kg−1 H2. All values of LCOH consider
the CAPEX and OPEX of the technology in question, including the pre-energy crisisliterature estimates by Parkinson et al.23 wPG and wPG+CCS
have only central and low LCOH, accounting, respectively, to the cases where the wP feedstock are costly and free. All values were normalized to
USD 2019, using the CEPCI.

Figure 6. Results of the cost optimization of global H2 production within planetary boundaries. (a) Case for a high cost of waste polymers. (b)
Case where waste polymers are free. Bar plots showcase the contribution of the individual technologies of the optimal portfolio to the transgression
level (TLb) relative to the downscaled safe operating space attributed to the global H2 demand (SOSHd2,b) for each Earth-system process b. TLb ≤ 1
indicates that the downscaled SOS defined for Earth-system process b has not been transgressed. The dashed line corresponds to TLb = 1. Pie
charts display the contribution of the H2 technologies to the optimal H2 portfolio.
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integrating wPG+CCS routes into ammonia production plants,
which traditionally deploy SMR to generate H2, could further
reduce the H2 production cost. Notably, the air separation unit
could simultaneously supply the oxygen required for the oxy-
combustion of the tail gas within the wPG+CCS process and
the nitrogen feedstock to the Haber-Bosch process, thereby
reducing the overall expenses.
In summary, H2-from-polymers is cheaper than electrolytic

H2 but more expensive than biomass- and fossil-based routes.
Meeting the Global H2 Demand within PBs. We

showed that no single technology could meet the global H2
demand within PBs when considering donwscaling. Moreover,
although H2 from wPG+CCS performs better than the fossil
routes SMR and SMR+CCS, it is not economically competitive
due to the high wP cost. Thus, we performed a cost
optimization considering pre-energy crisis data to determine
whether an optimal combination of technologies could meet
the global H2 demand within downscaled PBs (details in
section 6 of the Supporting Information). This is not intended
to be an exhaustive optimization, which should consider
regionalized data and technical constraints to model the
feasibility of the power mix supplying energy to the electrolytic
routes. Instead, we perform a simplified analysis to shed light
on whether the hybridization of technologies could, in
principle, allow covering the H2 demand within downscaled
PBs; further analyses based on a more detailed model should
complement these preliminary results.
The optimization revealed that the total global annual H2

production of 73.9 Mt H2 could be met without transgressing
the downscaled SOS by combining 66.3 wt % of PEM-nuclear-
H2, 25.4 wt % MP-H2, 8.2 wt % BG+CCS-H2, and 0.1 wt %
PEM-BECCS-H2. The H2 cost in this portfolio would be 4.16
USD kg−1 H2 (vs 1.41 USD kg−1 H2 in the BAU), with a total
cost of H2 production adding up to USD 307.5 × 109, which
corresponds to 2.6 times the market value of the 2018 global
H2 demand (USD 118.1 × 109).55 The breakdown of the total
TL with respect to the downscaled SOS for each Earth-system
processes is shown in Figure 6a.
A second case was considered, assuming that wP would be

free. In this case, the H2-from-wPG+CCS cost would drop to
3.44 USD kg−1 H2, and H2 from wP would appear in the
portfolio designed to cover the same demand within PBs, i.e.,
80.0 wt % of the total H2 through wPG+CCS, 6.1 wt %
through PEM-nuclear, 7.7 wt % through BG+CCS, and 6.3 wt
% through MP (Figure 6b). The total cost of this technology
portfolio would be USD 250.0 × 109 (3.38 USD kg−1 H2),
corresponding to 2.1 times the market value of the 2018 global
H2 demand.
Moreover, the second portfolio, which was optimized

considering free wP, would still yield a competitive H2 price
relative to the minimum cost one (Figure 6a) within PBs even
assuming a high cost of the wP (multiplying the proportions
corresponding to each technology of the portfolio of Figure 6b
by their LCOH, considering a value for wPG+CCS where wP
is costly, we would get a cost of USD 312.1 × 109 or 4.22 USD
kg−1 H2 (vs 4.16 USD kg−1 H2 in Figure 6a). As we discuss in
section 7 of the Supporting Information, the technologies
deploying wP become more competitive if externalities are
considered, supporting the claim that H2 from wP could play a
role in future H2 portfolios, even without government
subsidies.

■ CONCLUSIONS
In this work, we compared H2 from waste polymers with 11 H2
production routes, finding that it could substantially reduce the
carbon footprint and carbon-related PBs impact of gray H2
while outperforming most electrolytic routes. All the H2 routes
explored here would be unsustainable when considering
downscaling because, although they do not transgress any of
the global SOS by itself, they exceed the downscaled SOS
defined by at least one PB (primarily climate change in most
cases and terrestrial biosphere integrity in the biomass
pathways).
Additionally, we found that wP pathways to H2 are not

economically competitive against the fossil routes due to their
high CAPEX and wP costs, despite being cheaper than the
electrolytic pathways. Moreover, wPG+CCS would require
permanent storage of the captured CO2.
The portfolio optimization considering pre-energy crisis data

revealed that it would be possible to fully cover the current
global demand of H2 without transgressing any downscaled
PBs by hybridizing technologies based on fossil and renewable
resources. Although the minimum cost solution operating
within the PBs would not involve H2-from-polymers in the
current state, wPG+CCS would appear in the mix if the wP
feedstock was free. However, the cost of achieving a H2
economy that operates within PBs, using the technologies
assessed here, would be significantly higher than the current
market value. The increase in the cost of fossil resources due to
the current geopolitical scenario may nonetheless improve the
economic appeal of the renewable routes, modifying the
economic ranking of technologies. Moreover, the need to
reduce the dependency on fossil resources for energy security
issues may further favor the renewable technologies.
Overall, this work demonstrates that H2-from-polymers

could help to operate within the PBs. Using wP as both a
carbon and H2 source for chemicals production might be the
way forward, yet converting it into H2 until chemical recycling
reaches a sufficient maturity level could be a promising interim
solution. Hence, deploying this technology in tandem with
other recycling processes and exploring its hybridization with
other H2 pathways could facilitate the transition toward a more
sustainable economy.
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Zürich, 8093 Zürich, Switzerland; orcid.org/0000-0002-
3376-706X

Selene Cobo − Institute for Chemical and Bioengineering,
Department of Chemistry and Applied Biosciences, ETH
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Radwan, N.; Nápoles-Rivera, F.; El-Halwagi, M. M.; Ponce-Ortega,
J. M. Strategic Planning for Managing Municipal Solid Wastes with
Consideration of Multiple Stakeholders. ACS Sustain. Chem. Eng.
2017, 5 (11), 10744−10762.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.2c05729
ACS Sustainable Chem. Eng. 2023, 11, 3238−3247

3247

https://doi.org/10.1016/j.oneear.2021.04.001
https://doi.org/10.1016/j.oneear.2021.04.001
https://doi.org/10.1021/acssuschemeng.1c01915?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.1c01915?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/1748-9326/ab89d7
https://doi.org/10.1088/1748-9326/ab89d7
https://doi.org/10.1088/1748-9326/ab89d7
https://doi.org/10.5751/ES-03180-140232
https://doi.org/10.5751/ES-03180-140232
https://doi.org/10.1126/science.1259855
https://doi.org/10.1126/science.1259855
https://doi.org/10.1039/D1SE00790D
https://doi.org/10.1039/D1SE00790D
https://www.aspentech.com/en/products/engineering/aspen-plus
https://doi.org/10.1016/B978-0-323-85159-6.50322-5
https://doi.org/10.1016/B978-0-323-85159-6.50322-5
https://doi.org/10.1016/j.wasman.2020.11.056
https://doi.org/10.1016/j.wasman.2020.11.056
https://doi.org/10.1016/j.cherd.2018.04.040
https://doi.org/10.1016/j.cherd.2018.04.040
https://burjcdigital.urjc.es/handle/10115/13599
https://burjcdigital.urjc.es/handle/10115/13599
https://www.iso.org/standard/37456.html
https://www.iso.org/standard/38498.html
https://simapro.com/
https://doi.org/10.1007/s11367-016-1087-8
https://doi.org/10.1007/s11367-016-1087-8
https://www.ipcc.ch/publication/2013-revised-supplementary-methods-and-good-practice-guidance-arising-from-the-kyoto-protocol/
https://www.ipcc.ch/publication/2013-revised-supplementary-methods-and-good-practice-guidance-arising-from-the-kyoto-protocol/
https://www.ipcc.ch/publication/2013-revised-supplementary-methods-and-good-practice-guidance-arising-from-the-kyoto-protocol/
https://doi.org/10.1016/j.ecolind.2017.12.065
https://doi.org/10.1016/j.ecolind.2017.12.065
https://doi.org/10.1016/j.jclepro.2012.06.016
https://doi.org/10.1016/j.jclepro.2012.06.016
https://doi.org/10.1111/jiec.13260
https://doi.org/10.1111/jiec.13260
https://doi.org/10.1111/jiec.13260
https://doi.org/10.1016/j.scitotenv.2018.04.075
https://doi.org/10.1016/j.scitotenv.2018.04.075
https://doi.org/10.1016/j.scitotenv.2018.04.075
https://doi.org/10.1016/j.jclepro.2020.123287
https://doi.org/10.1016/j.jclepro.2020.123287
https://doi.org/10.1111/jiec.13050
https://doi.org/10.1111/jiec.13050
https://doi.org/10.1111/jiec.13050
https://doi.org/10.1111/jiec.13050
https://data.worldbank.org/indicator/NY.GDP.FCST.KD
https://data.worldbank.org/indicator/NY.GDP.FCST.KD
https://www.oxfordeconomics.com/resource/the-global-chemical-industry-catalyzing-growth-and-addressing-our-world-sustainability-challenges/
https://www.oxfordeconomics.com/resource/the-global-chemical-industry-catalyzing-growth-and-addressing-our-world-sustainability-challenges/
https://www.oxfordeconomics.com/resource/the-global-chemical-industry-catalyzing-growth-and-addressing-our-world-sustainability-challenges/
https://www.industryarc.com/Research/Hydrogen-Market-Research-501664
https://www.industryarc.com/Research/Hydrogen-Market-Research-501664
https://doi.org/10.1021/acs.iecr.5b04571?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.5b04571?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.rser.2013.08.013
https://doi.org/10.1016/j.rser.2013.08.013
https://doi.org/10.1016/j.rser.2013.08.013
https://www.iea.org/events/net-zero-by-2050-a-roadmap-for-the-global-energy-system
https://www.iea.org/events/net-zero-by-2050-a-roadmap-for-the-global-energy-system
https://doi.org/10.1057/s41599-018-0212-7
https://doi.org/10.1057/s41599-018-0212-7
https://www.iea.org/reports/world-energy-outlook-2019
https://ec.europa.eu/eurostat/databrowser/view/DS-045409__custom_4641268/default/table?lang=en
https://ec.europa.eu/eurostat/databrowser/view/DS-045409__custom_4641268/default/table?lang=en
https://doi.org/10.1021/acssuschemeng.7b02717?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.7b02717?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.2c05729?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

