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ABSTRACT: The synthesis of the vinyl chloride monomer (VCM), employed to
manufacture poly(vinyl chloride) (PVC) plastic, primarily relies on oil-derived
ethylene, resulting in high costs and carbon footprint. Natural gas-derived ethane
in VCM synthesis has long been considered a transformative feedstock to lower
emissions and expenses. In this work, we evaluate the environmental potential and
economics of recently developed catalytic ethane chlorination technologies for
VCM synthesis. We consider the ethylene-based business-as-usual (BAU) route
and two different ethane-based processes evaluated at their current development
level and their full potential, i.e., ideal conversion and selectivity. All routes are
assessed under two temporal scenarios: present (2020) and prospective (2050).
Combining process simulation and life cycle assessment (LCA), we find that catalytic ethane chlorination technologies can lower the
production cost by 32% at their current development state and by 56% when considering their full potential. Though
environmentally disadvantageous in the 2020 scenario, they emerge as more sustainable alternatives to the BAU in the 2050
scenario, reducing the carbon footprint of VCM synthesis by up to 26% at their current state and up to 58% at their full potential.
Going beyond VCM synthesis, our results highlight prospective LCA as a powerful tool for assessing the true environmental
implications of emerging technologies under more decarbonized future energy scenarios.
KEYWORDS: vinyl chloride monomer, ethane chlorination, life cycle assessment, prospective LCA, global warming, process simulation

■ INTRODUCTION
Poly(vinyl chloride) (PVC) is the third most produced plastic
globally, after polyethylene and polypropylene.1 Utilizing over
50% of the world’s chlorine production, the global
manufacturing of PVC reached 45 Mt in 2018 and is
forecasted to grow by ca. 2 Mt/year.2,3 Meeting such high
demand in the future will unavoidably require technologies
that can exploit both carbon and chlorine sources sustainably.
PVC results from the radical-based polymerization of the vinyl
chloride monomer (C2H3Cl, VCM). Currently, two processes
are employed on a commercial scale for VCM synthesis. The
main technology, accounting for two-thirds of the global PVC
production,1,3,4 relies on oil-derived ethylene (C2H4), entailing
a high carbon footprint of 2.00 kg of CO2 equivalent per kg of
VCM (2.00 kg(CO2-eq) kg(VCM)−1).5 Furthermore, the ever-
increasing oil price is driving this process toward economic
unfeasibility, especially in the Western world.6 The second
commercial process for VCM synthesis is the hydrochlorina-
tion of coal-derived acetylene (C2H2). However, this
technology relies on toxic and volatile mercuric chloride
catalysts, emitting 40 tons of mercury per year and posing
serious threats to the environment and population.1,3

In the quest to identify more sustainable feedstocks, ethane
(C2H6) has long emerged as the primary candidate because of
its reduced carbon footprint (1.01 kg(CO2-eq) kg(ethane)−1

vs. 1.52 kg(CO2-eq) kg(ethylene)−1).5,7−10 Despite extensive
research efforts, no catalytic process has been implemented on
an industrial scale, owing to intrinsic challenges stemming from
the kinetically hindered activation of alkanes and reaction
intermediates.11,12 In 2010, Dow piloted a catalytic 1-step
(oxy)chlorination process converting ethane in the presence of
hydrogen chloride (HCl), oxygen (O2), and chlorine (Cl2)
into VCM over a lanthanum-based catalyst.13,14 It exhibited up
to 80% VCM selectivity and productivity of 0.05 kg(VCM) h−1

kg(cat)−1. Still, the formation of water (H2O) and carbon
oxides (i.e., COx, x = 1, 2) is inevitable when utilizing O2,
inherently decreasing the efficiency of the process as these
byproducts cannot be recycled.
To overcome these hurdles, we recently demonstrated a

promising strategy based on reacting ethane with Cl2 at mild
temperatures (≥250 °C) and atmospheric pressure in the
absence of O2.

15 Specifically, we reported a chlorination
process selectively converting ethane into 1,2-dichloroethane
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(C2H4Cl2, EDC, up to 90%) over a europium-based catalyst.
This route can produce VCM upon thermal cracking of EDC,
attaining order-of-magnitude higher productivity (0.4 kg-
(VCM) h−1 kg(cat)−1) than state-of-the-art oxychlorination
technologies. This approach is particularly attractive for
Western countries that have large natural gas resources and
chlorine production.16−18 Exploratory economic and environ-
mental analyses were recently conducted to compare the
ethane chlorination technology with the commercial ethylene-
based process, considering the full potential of both routes, i.e.,
full conversion and selectivity without separation.19 Reductions
in production cost (45%) and carbon footprint (20%) were
predicted, favoring the ethane-based route.
In the wake of these promising results, we herein conduct in-

depth comparative economic and life cycle assessment (LCA)
analyses of the ethane chlorination and business-as-usual
(BAU) processes to explore the full scope of the former and
accurately assess its prospects. To this end, we perform process
simulations considering the BAU and two ethane-based
technologies, which consist of a 2-step process and a 1-step
process, directly yielding VCM. The latter ones are evaluated
under different technological scenarios: considering the current
development level and the potential future state attaining full
conversion and product selectivity to VCM. Finally, we assess
the economics and sustainability of the BAU and the ethane-
based technologies under current and 2050 prospective
scenarios (i.e., by considering future decarbonization trends
in the background data employed in the LCA calculations,
which are often assumed constant). Our results demonstrate
that while ethane-based technologies still rely on fossil carbon,
they could help to cope with the ever-increasing PVC demand
and depleting oil resources while reducing carbon emissions in
the transition toward fully sustainable plastics manufacture.

■ METHODOLOGY
Five different routes for VCM synthesis were considered and
modeled in Aspen Plus v12. These simulations represent the
BAU ethylene chlorination balanced process, the scaling (i.e.,
ex ante analysis) of the 1-step and 2-step ethane-based routes
from experimental laboratory data (real scenario), and the
potential of said routes assuming 100% conversion and
selectivity (ideal scenario). Details on the catalyst preparation
and catalytic tests are provided in the Supporting Information
(Section A). The laboratory-to-industrial scale-up was carried
out following standard practices.20,21 From these simulations
and after a heat integration analysis performed in Aspen
Energy Analyzer, we obtain the material and energy inputs and
outputs associated with VCM synthesis (i.e., data in the
foreground system). With these data, we then proceed to carry
out an LCA of the different scenarios in Brightway2 v.2.4.2,
taking the background data from Premise v1.3.2 databases
based on Ecoinvent v3.8.5,22,23 Finally, we perform an
economic assessment using the variable operating costs (raw
materials and utilities) of the plant. We present first the various
scenarios herein examined, followed by a description of the
process simulations, the LCA, and the economic analysis.
Case Studies. We consider 10 scenarios (Figure 1)

consisting of the combinations of the three VCM synthesis
technologies (BAU, 1-step, and 2-step) and the two ideal
ethane-based processes (1-step ideal and 2-step ideal) under
two temporal scenarios that evaluate the environmental
performance in the present (2020 scenario) and the future
(2050 scenario). The databases for the scenarios were created
using projections from the Integrated Assessment Model
(IAM) IMAGE.24 More specifically, they were built consider-
ing the Paris Agreement scenario of limiting global warming to
a 1.5 °C increase in comparison to preindustrial levels by 2100.

Figure 1. Overview of the process (BAU, 2-step and 1-step ethane chlorination), technological (ideal with 100% conversion and selectivity; real
with experimental catalytic results), and temporal (2020 and 2050) scenarios evaluated in this work.
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VCM Synthesis Simulation Overview. In this section, we
describe the five process simulations used in the sustainability
assessment of VCM synthesis. The simplified process
flowsheets are shown in Figure 2. More details on the process
conditions, chemical reactions, and results of the simulations
are provided in the Supporting Information (Sections B and
C).
The ethylene BAU route (Figure 2a) is simulated

considering the current state-of-the-art technology.25,26 Here,
ethylene and Cl2 enter the chlorination reactor (R1) to
produce EDC. The resulting trichloroethane (C2H3Cl3, TCE)
byproduct is removed in the first column (C1), while the rest
of the products enter the cracking reactor (R2), where HCl
and VCM are obtained. In the second column (C2), HCl is

removed from the VCM and unreacted EDC. The liquid
stream is then sent to the third column (C3), where VCM
(300 kt/y) is retrieved as the distillate product and EDC is
recycled back to C1. On the other hand, HCl removed in C2 is
mixed with more ethylene and O2. The stream enters the
oxychlorination reactor (C3), where EDC is produced.
Undesired CO2 is removed in the fourth column (C4), while
the bottom product is sent to a decanter (S1). Here, the
organic phase is sent to the fifth column (C5), where dry EDC
is obtained as the bottom product and recycled back to C1.
The distillate is partially purged and sent back to S1. The
aqueous phase of the decanter (S1) is retrieved as wastewater.
The 2-step ethane route (Figure 2b) is modeled based on

the experimental data reported by Zichittella et al.15 Ethane

Figure 2. Simplified process flowsheets for VCM synthesis: (a) ethylene route (BAU); (b) 2-step ethane route; and (c) 1-step ethane route. For
panels (b, c), darker sections indicate the ideal process configurations (units in red would be omitted in those cases).
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and Cl2 produce EDC in the chlorination reactor (R1) along
with the ethyl chloride (C2H5Cl, EC) and TCE byproducts. In
the first column (C1), HCl and unreacted Cl2 are obtained as
the top product and sent to the adiabatic absorber (A1), where
water at 25 °C is used to wash the stream and HCl is recovered
as a 30 wt % solution in water at 80−90 °C. The wet Cl2 steam
is dried by water condensation (C6), and the gas is recycled
back to the entrance of R1. The bottom product of C1 is sent
to a second column (C2), where EC is separated as a distillate,
and the bottom stream, mainly composed of EDC, is sent to
the cracking reactor (R2). Here, VCM and HCl are produced.
After the third distillation column (C3), HCl is sent to A1,
while the bottom product enters the fourth distillation column
(C4), where VCM is retrieved as the top product and a
mixture of EDC and TCE is sent to the fifth and final column
(C5), where TCE is obtained as the bottom product, and the
distillate, mainly containing EDC, is recycled back to R2 after a
small purge.
The ideal version of the 2-step ethane route follows the same

steps as its real counterpart; however, C2, C5, and C6 are
omitted owing to the chlorination reactor being 100% selective
toward EDC production. The goal here is to evaluate the full
potential of such a route, assuming an ideal catalyst.
The 1-step ethane route simulation (Figure 2c) is based on

experimental data, as detailed in the Supporting Information
(Section A). Ethane and Cl2 enter the chlorination/cracking
reactor (R1), where VCM, EDC, EC, 1,1-dichloroethane, HCl,
and ethylene are formed. The reaction products are sent to the
first distillation column (C1), where HCl, Cl2, ethane, and
ethylene are retrieved as the top product. The stream is sent to
an absorber (A1), where HCl is removed with water (30 wt
%). The rest of the gases are dried in the second column (C2),
and ethylene is separated as a distillate in the third distillation
column (C3), working under cryogenic conditions. After a
purge, the ethane and Cl2 bottom product is recycled back to
R1. The bottom product of C1 is fed into the fourth column
(C4), mainly containing VCM, EDC, EC, and 1,1-dichloro-
ethane. Here, VCM is obtained as the top product. The rest of
the components enter the fifth column (C5), where EDC is
separated in the bottom and sent to a cracking reactor (R2) to
produce additional VCM and HCl. The distillate is then sent
to the sixth column (C6), where EC and 1,1-dichloroethane

are retrieved as the top and bottom products, respectively. The
effluent of R2 is sent to the seventh column (C7) to remove
impurities. The bottom stream of C7 finally enters the eighth
column (C8), where more VCM is obtained as the distillate
and EDC is recovered as the bottom product, and is then sent
back to C1.
The ideal simulation of the 1-step ethane route considers full

conversion and selectivity toward the VCM in the chlorina-
tion/cracking reactor. For this reason, the process only
requires the first distillation column to separate VCM and HCl.
Environmental Assessment. The LCA is carried out

following the phases described in the ISO 14040/44
framework.27 The first phase consists of the goal and scope
definition, where we consider a cradle-to-gate assessment of
the synthesis of VCM. We include all upstream activities,
which were obtained from Ecoinvent v3.8 and Premise
v1.3.2.5,22 As mentioned in a previous section, the future
scenario is based on the Paris Agreement limited temperature
increase of 1.5 °C by 2100, and it is built using the IMAGE
IAMS. Under this assumption, the databases are updated with
new power generation, cement and steel production, and
transport inventories, also including the expected evolution of
process efficiencies (e.g., improved photovoltaic panels for
electricity generation), shares (e.g., increased contributions of
renewables with the years), and markets (e.g., residual or
purpose-grown biomass for power generation). The chosen
functional unit is 1 kg of VCM.
During phase two, we build the life cycle inventories (LCIs).

Our foreground system is based on the material and energy
stream results of the Aspen Plus simulations, while the
background system is defined from the Ecoinvent and Premise
databases accessed through Brightway2 v2.4.2.23 Finally, in the
third phase, we use the ReCiPe v1.1 methodology to calculate
the life cycle impact assessment (LCIA) from the LCIs again
using Brightway2 v2.4.2.28

Economic Assessment. The production cost per kg of
VCM is calculated based on the raw material and utility
consumption of the plant, assuming that the effect of the
capital cost is negligible due to economies of scale (Section D
of the Supporting Information) and the high operating costs
eqs 1 and 2, as it was found in other petrochemical
processes29−31

Figure 3. Climate change impact breakdown of the five routes for VCM synthesis (BAU, 2-step, and 1-step, considering both the real and ideal
scenarios) for both (a) present and (b) future temporal scenarios. The “hydrocarbon” contribution refers to ethylene and ethane for the BAU and
ethane-based route scenarios, respectively.
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= · + ·C F Qcost cost
j J

j j
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u u
var feed feed utility

(1)

= C
F

costVCM
var

VCM
product (2)

where Cvar is the variable operating cost of the plant [$ h−1]; J
is the set of raw materials (i.e., mass inputs) involved in the
synthesis of VCM; Fjfeed is the mass flow [kg h−1] of raw
material j; U is the set of utilities required for the synthesis of
VCM, including heating, cooling at 20 to 25 °C, refrigeration
at −50 °C, refrigeration at −125 °C, and electricity; Qu is the
energy flow [MW] of utility u; costjfeed and costuutility are the
prices of raw material j [$ h−1] and utility u [$ MW−1],
respectively; FVCMproduct is the mass flow [kg h−1] of the product;
and costvcm is the production cost of VCM [$ kg−1].
The majority of global ethane production relies on natural

gas processing and fractionation;32 hence, their economics are
also closely related. Given the volatility of natural gas prices
due to recent events such as the global pandemic or
geopolitical conflicts, it is expected that ethane would also be
affected. For this reason, the potential variability of the ethane
price and its impact on the VCM production cost are
investigated.

■ RESULTS AND DISCUSSION
The simulation results, in the form of inlet and outlet materials
and energy flows per kg of VCM produced, and the data
employed in the economic study are reported in the
Supporting Information (Sections C and D, respectively).
Here, we analyze the environmental and economic results.
Environmental Results. As shown in Figure 3, although

the BAU exhibits a lower global warming impact than both
emerging technologies at the current development level and
energetic scenario, the superior sustainability of the ethane-
based routes compared with the BAU is evident when
considering the prospective 2050 scenario. Furthermore, the
performance (ideal scenario) of the emerging technologies also
surpasses that of the BAU under the current energetic 2020
scenario. As discussed next, these disparities are due to the
expected decarbonization of the energy inputs, whose carbon
footprint will be dictated by the future power mix, designed
bearing in mind the climate goals.33

In the 2020 scenario, the BAU shows an impact of 1.87
kg(CO2-eq) kg(VCM)−1, mainly led by the raw materials,
ethylene (46%), Cl2 (20%), and O2 (4%), followed by the
utilities, heating (17%), and cooling (10%). The 2-step ethane-
based route, with an impact of 1.49 kgCOd2‑eq kg(VCM)−1 (25%
increase in comparison with the BAU), presents a similar
behavior, with raw materials making up the largest share
(ethane, Cl2, and O2 with 36, 30, and 10%, respectively),
followed by the utilities (heating, electricity and cooling with
13, 7, and 4%, respectively). In contrast, the main contribution
to the total climate change impact in the 1-step route (2.73
kg(CO2-eq) kg(VCM)−1, 83% increase) is cooling (28%),
followed by ethane (27%), heating (17%), Cl2 (16%), O2
(9%), and general process electricity for compression and
pumping (4%). The high amounts of cooling in the 1-step
route are a consequence of ethylene being produced as a
byproduct and its subsequent separation from unreacted
ethane and Cl2, which requires cryogenic distillation below
−100 °C. The high electricity demand to operate the cryogenic

cycle (0.83 kWh MW−1 cooling)34,35 appreciably impacts the
overall environmental performance of the route due to the
heavy-fossil-fuel-reliant current electricity mix (0.33 kg(CO2-
eq) kW−1).
However, in the future scenario, the electricity mix is much

more decarbonized due to the deployment of bioenergy with
carbon capture and storage (BECCS), leading to a carbon-
negative power supply (−0.04 kg(CO2-eq) kW−1).36 Recall
that this scenario is based on the 2050 projection of the
IMAGE IAM, which assumes that global warming in 2100 will
not surpass 1.5 °C in comparison with preindustrial levels.
Such a scenario leads to an impact of 0.85 and 0.70 kg(CO2-
eq) kg(VCM)−1 for the 1- and 2-step ethane routes,
respectively, compared with 0.95 kg(CO2-eq) kg(VCM)−1

for the 2050 BAU. Therefore, the ethane-based process
could outperform the BAU without further optimizing the
technology. In this scenario, the carbon source is the main
contributor to the impact, with ethylene being 73% of the
impact in the BAU and ethane totaling 57 and 64% for the 1-
and 2-step routes, respectively, followed by heating, with 26,
51, and 34% for the three synthesis routes. The remaining
contributions are minor, with Cl2 only accounting for 2, 3, and
4% for the BAU and 1-step and 2-step processes, respectively.
Specifically, this drastic reduction is tied to the contribution
from Cl2, whose footprint is mostly dictated by the power
input to the electrolysis in the chloralkali process. Finally, it is
worth noting that cooling provides a negative net impact
contribution due to the carbon-negative electricity mix.
Regarding heating, its large contribution is given by the
assumption that both today and in 2050, the heating
requirements would be covered using fossil fuels (e.g., natural
gas).
The ideal 1- and 2-step ethane routes outperform all other

process configurations regardless of the temporal scenario
assessed. In the 2020 scenario, the ideal 2-step route has an
associated impact of 1.42 kg(CO2-eq) kg(VCM)−1, while the
ideal 1-step route is 1.18 kg(CO2-eq) kg(VCM)−1 (5 and 43%
decrease compared to the BAU, respectively). Similarly to the
real routes, most of these impacts stem from the raw materials:
35−40% from ethane, 22−27% from Cl2, and 13−15% from
O2, while the rest is mainly attributed to heating (7−17%),
cooling (6−9%), and electricity (1−4%). In the 2050 scenario,
the impact gap between the ideal and real scenarios grows,
with reductions of 58% for the 1-step route (0.40 kg(CO2-eq)
kg(VCM)−1) and 36% for the 2-step (0.60 kg(CO2-eq)
kg(VCM)−1). Here, ethane is the main contributor to the
global warming impact, with 72 and 55% for the 2-step and 1-
step routes. In the BAU (0.95 kg(CO2-eq) kg(VCM)−1),
ethylene is responsible for 73% of the total impact. Overall,
these results highlight the environmental benefit of developing
technologies enabling the use of ethane instead of ethylene as
feedstock for VCM synthesis, halving the carbon footprint
(0.67 kg(CO2-eq) kg(VCM)−1 vs. 1.52 kg(CO2-eq) kg-
(VCM)−1, respectively, in the 2050 scenario). Raw materials
and heating are responsible for over 90% of the VCM synthesis
impacts since, in all of the results, they are linked to fossil
resources, even in the future scenario. Hence, moving toward a
renewable source of ethane and electrifying industrial heating
will be key to further decarbonizing the monomer synthesis in
the future.
Catalyst design strategies dispersing the active metal phase

on suitable carriers or modifying the active phase with metal
promoters hold promise to maximize performance.4,15 Still,

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

https://doi.org/10.1021/acssuschemeng.3c03006
ACS Sustainable Chem. Eng. 2023, 11, 13062−13069

13066

https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.3c03006/suppl_file/sc3c03006_si_001.pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.3c03006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


attaining full product yield might not be necessary to achieve
environmental competitiveness with the BAU. Thus, we
calculated the product selectivity required for both the 2-
and 1-step processes to environmentally outperform the BAU.
Specifically, we evaluated improvements in the product
selectivity while ethane conversion is maintained constant.
The total emissions (kg CO2-eq) are a function of the
selectivity since most heating and cooling (refrigeration) are
associated with byproduct separation. Therefore, as the
selectivity increases, the burdens associated with these utilities
decrease. Accordingly, we estimate that the selectivities of
EDC and VCM required for the 2- and 1-step ethane routes to
be environmentally competitive with the BAU are 89 and 85%,
respectively. Finally, reactor design can also play a key role in
improving the overall performance. For instance, future
modeling studies are encouraged to explore the effect of Cl2
stage feeding, aiming to keep a high ethane conversion while
reducing side reactions. Combining both catalyst and reactor
design strategies offer a promising approach to close the
remaining 14 and 22% selectivity gap, respectively, for the 2-
and 1-step processes.
Economic Results. Figure 4 shows the economic results of

the ethane-based VCM synthesis routes (1-step and 2-step real
and ideal) compared with the BAU.

At first glance, all ethane-based routes are currently
competitive with the BAU, independently of the level of
readiness assessed. This outcome is mainly attributed to the
price disparity between ethylene (1.26 $ kg−1) and ethane
(0.20 $ kg−1), given that 70% of the BAU production cost
comes from ethylene (followed by Cl2, 20%; cooling, 7%; O2,
2%; and heating, 1%).37 As expected, the ideal routes show the
best results, respectively, improvements of 56 and 55% for the
ideal 1-step (0.36 $ kg−1) and ideal 2-step (0.37 $ kg−1).
Regarding the real processes, the 2-step route (0.55 $ kg−1)
reduces the production cost compared to the BAU (0.82 $
kg−1) by 32%, which is remarkable given the small amount of
time this emerging technology has been under research.
However, the 1-step route only shows an improvement of
about 6% (0.77 $ kg−1) due to refrigeration playing a critical

role in the process. Regardless of the small gain, these results
display significant promise for the 1-step route, given that this
is the first reported instance of this reaction system. While the
1-step real route cost contribution is led by cooling (33%),
followed by Cl2 (29%), ethane (19%), O2 (8%), electricity
(5%), and heating (2%); in the other ethane-based scenarios,
the most important contribution to the cost is the Cl2 feed
(44−52%), followed by ethane (24−26%), O2 (9−13%),
cooling (4−14%), electricity (1−8%), and heating (1−2%).
The ethane price is highly tied to the natural gas price, which

has recently become highly volatile, mostly due to geopolitical
factors. Accordingly, we next study its influence on the VCM
production cost relative to the BAU (Figure 5). The 1-step and

2-step ideal ethane routes are quite robust against variations in
the ethane prices, as these would need to increase six- and five-
fold, respectively, for the BAU to outperform them.
Furthermore, the 2-step real route would be cheaper than
the BAU, even for a threefold increase in the ethane price.
Finally, the 1-step real ethane route also outperforms the BAU
at current prices, but in this case, price increases in ethane of
30% would suffice for both routes to become equally appealing,
economically speaking. While these results already show the
remarkable economic potential of the ethane-based routes,
their financial advantage over the BAU could improve even
further, considering that the oil price is projected to grow
approximately 130% from 2020 to 2050.38 Considering this
increase, the new price of ethylene in 2050 would ascend to
2.92 $ kg−1, which would lead to a VCM production cost of
1.57 $ kg−1. Under this scenario, the 1-step and 2-step ideal
ethane routes would outperform the BAU even if ethane prices
would increase ten-fold and 6 to 4 times for the 2-step and 1-
step real scenarios. Overall, these are very promising results
given the yet low-maturity level of the ethane-based routes
compared to the long-time development of the BAU, which
has already benefitted from learning curves and economies of
scale.

Figure 4. Economic results of the five routes for VCM synthesis
(BAU, 2-step, and 1-step, considering both the real and ideal
scenarios). The economic parameters used are based on data from
2019.37 The “hydrocarbon” contribution refers to ethylene and ethane
for the BAU and ethane-based route scenarios, respectively.

Figure 5. VCM production cost dependence on the ethane price of
the five synthesis routes (BAU, 2-step, and 1-step, considering both
the real and ideal scenarios). The ethylene price is fixed at 1.26 and
2.92 $ kg−1, considering a 132% increase by 2050 forecasted for
oil.37,38 This is also accounted for in the BAU evaluation in 2020 and
2050. The price of utilities and other raw materials is considered
constant. The economic advantage of ethane chlorination technolo-
gies over the BAU is highlighted: green for the current scenario and
blue/green for the prospective scenario.
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■ CONCLUSIONS
In this work, we evaluated the synthesis of VCM via two
catalytic ethane chlorination technologies and compared them
with the ethylene-based BAU using process simulation and
LCA. Because the cost and footprint of ethane are substantially
lower than those of ethylene, all of the emerging technologies
have the potential to outperform the BAU. Specifically, at their
current low-maturity level, both are already economically
superior. However, the expected decarbonization of the power
mix will render both technologies environmentally better, even
at their current stage of development, and more so when
assuming an ideal catalyst with full conversion and selectivity.
Moreover, the economic and environmental appeal of the
emerging routes is expected to improve in the mid-term when
considering future cost and impact projections. Specifically,
ethane chlorination catalytic technologies could halve the
climate change impact of current ethylene-derived VCM
synthesis. Besides, due to the low ethane price (6 times
lower) relative to ethylene, whose price is expected to double
in the future, the emerging technologies will have the potential
to lead to a win−win scenario in which both environmental
and economic criteria could be simultaneously improved
through their adoption. This would avoid the need to define
subsidies and enforce regulations to promote their deployment.
Going beyond VCM synthesis, we stress the importance of

performing prospective LCAs to shed light on the future role
of emerging technologies and evaluate their potential in the
not-so-distant future. Specifically, from a practical side, our
results suggest the need to revisit previous studies on emerging
technologies that may have failed to provide a comprehensive
picture of their true potential because they overlooked future
defossilization efforts in sectors connected to chemicals
production.
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(31) Galán-Martín, Á.; Tulus, V.; Díaz, I.; Pozo, C.; Pérez-Ramírez,
J.; Guillén-Gosálbez, G. Sustainability Footprints of a Renewable
Carbon Transition for the Petrochemical Sector Within Planetary
Boundaries. One Earth 2021, 4, 565−583.
(32) Sicotte, D. M. From Cheap Ethane to a Plastic Planet:
Regulating an Industrial Global Production Network. Energy Res. Soc.
Sci. 2020, 66, No. 101479.
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