
This is a repository copy of New olefin production routes—A review of defossilised supply 
chain technologies with regards to surfactant production.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/194048/

Version: Published Version

Article:

Platt, E.G. and Styring, P. orcid.org/0000-0002-8434-7356 (2022) New olefin production 
routes—A review of defossilised supply chain technologies with regards to surfactant 
production. Frontiers in Sustainability, 3. 1057491. ISSN 2673-4524 

https://doi.org/10.3389/frsus.2022.1057491

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Reuse 

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence 
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the 
authors for the original work. More information and the full terms of the licence here: 
https://creativecommons.org/licenses/ 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 



TYPE Review

PUBLISHED 16 November 2022

DOI 10.3389/frsus.2022.1057491

OPEN ACCESS

EDITED BY

Bing Shen How,

Swinburne University of Technology

Sarawak Campus, Malaysia

REVIEWED BY

Chun Hsion Lim,

Heriot-Watt University

Malaysia, Malaysia

Kin Wai Cheah,

Teesside University, United Kingdom

*CORRESPONDENCE

Peter Styring

p.styring@sheffield.ac.uk

SPECIALTY SECTION

This article was submitted to

Sustainable Chemical Process Design,

a section of the journal

Frontiers in Sustainability

RECEIVED 29 September 2022

ACCEPTED 26 October 2022

PUBLISHED 16 November 2022

CITATION

Platt EG and Styring P (2022) New

olefin production routes—A review of

defossilised supply chain technologies

with regards to surfactant production.

Front. Sustain. 3:1057491.

doi: 10.3389/frsus.2022.1057491

COPYRIGHT

© 2022 Platt and Styring. This is an

open-access article distributed under

the terms of the Creative Commons

Attribution License (CC BY). The use,

distribution or reproduction in other

forums is permitted, provided the

original author(s) and the copyright

owner(s) are credited and that the

original publication in this journal is

cited, in accordance with accepted

academic practice. No use, distribution

or reproduction is permitted which

does not comply with these terms.

New olefin production
routes—A review of defossilised
supply chain technologies with
regards to surfactant production

Edward G. Platt and Peter Styring*

UK Centre for Carbon Dioxide Utilisation, Department of Chemical and Biological Engineering, The

University of Sheffield, Sheffield, United Kingdom

With “defossilisation” at the core of many sustainability goals within industry,

the exploration of new synthesis routes to chemicals has never beenmore vital.

As part of their Clean Futures initiative, Unilever Home Care has published the

Carbon Rainbow, a scheme which categorizes chemical sources into different

“colors,” depending on their derivation. One of the sustainability goals of the

Carbon Rainbow is to phase out non-renewable “black” carbon from supply

chains by 2030. This complements the goals of the Clean Futures initiative,

which looks toward a Net-Zero impact from all products from a cradle-to-

shelf scope by 2039. Given the substantial contributions to atmospheric CO2

emissions from the production and use of conventional surfactants, this paper

reviews methods to form Linear Alkylbenzene Sulfonate (LAS) through means

which look to utilize Carbon Rainbow-categorized carbon sources outside

of traditional fossil sources. The focus when reviewing each method is the

overall defossilization of the LAS production process. The inventories of new

defossilised methods collated within this research will ultimately provide the

backbone for a future study on sustainability assessment screening. Through

a literature search and technological overview, the construction of a tree

diagram showing many new routes to LAS-appropriate olefins has been

accomplished, illustrating the breadth of technologies available that share the

common goal of defossilization. The expanse of technologies works well as

to provide options to the necessary companies, though also resulting in a vast

array of options to consider and assess before pursuing the optimum route. In

total, 19 technologies were reviewed, forming a map containing 27 different

supply chain routes from feedstock to LAS-appropriate olefins. This research

therefore also shows the need for a short-form sustainability screening in order

to green-light technologies which are suitable for a long-form sustainability

assessment before any new process is adopted.
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Introduction

As companies within the chemical production industry

move toward defossilized supply chains, efforts into sourcing

new (currently not widely practiced in industry, particularly

with reference to detergents) production routes which avoid

using virgin fossil materials have stepped up greatly. This

paper will provide an overview of these new routes with

respect to the production of organic surfactants alongside

the gradual construction of a chemical formulation tree

diagram for straight chain alpha-olefins. For companies like

Unilever with a high demand for organic surfactants and with

ambitious sustainability goals (Unilever, 2020), the production

of defossilized and sustainable olefins with lower impact on the

environment is vital for said goals to be reached.

Olefins are one of the key building blocks when it comes to

chemical synthesis.With established carbon-carbon and carbon-

hydrogen bonds as well as the ability to bond with electrophiles,

the possible organic products that start with olefins is nigh-

on endless. With a significant role throughout many different

industries (ICIS, 2022), breakthroughs into sustainable olefins

hold an incredibly broad range of effect and could prove to be

an invaluable step in the removal of fossil carbon in chemical

supply chains.

The aim of this paper is to provide an overview of the

technologies which can be used to defossilise the formulation

of LAS-appropriate olefins, including any relevant life cycle

inventory data which has been published for said technology.

The information presented will then provide the basis for a new

risk-based sustainability assessment screening method in order

to assess which route is the optimum, in line with Unilever’s

sustainability goals.

FIGURE 1

A process route diagram for the production of a renewable and a petroleum-based LAS production, illustrating the shared pathway following

the production of the alkyl (olefin) route (after Fogliatti et al., 2014).

The necessity of olefins and their
current means of production

Olefin chemistry

As mentioned previously, olefins are used as core building

blocks within chemical synthesis, due to their presence of

existing carbon-carbon and carbon-hydrogen bonds along

with a functional group which allows for the ability of

many substitution and addition reactions (Klein, 2017).

These reactions are testament to the versatility of olefins,

justifying their prevalence as one of the most-utilized chemical

intermediates in the synthesis industry.

Olefin use for linear alkylbenzene
sulfonate

Acting as the molecule of investigation for this study, linear

alkylbenzene sulfonate has a strong dependency on olefins, with

C9 to C14 length alpha-olefins providing the backbone for the

hydrophobic tail of the molecule. In the comparative LCA for

LAS from selected renewable and petroleum routes, Fogliatti

outlines the fact that after olefins in the supply chain, the

processes for renewable and petroleum-based LAS are shared

(Fogliatti et al., 2014). This means that investigation beyond the

production of olefins with respect to LAS is not as relevant,

and so an investigation as far as olefins is justified. Literary

investigation of more recent research also shows that besides

catalytic improvements to increase energy efficiency, there is

little room for innovation into the “LAB production” step in

Figure 1.
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FIGURE 2

A diagram-aided equation showing the basis of the DETAL

process using an acid catalyst (after Yadav and Doshi, 2002).

With respect to LAS, an olefin is required for production

due to the reactive capabilities of the functional group. The

C9−14 hydrocarbon chain is bonded to the benzene head of the

molecule through the Friedel-Crafts alkylation of benzene, in

which the C9−14 olefin is halogenated by an acid catalyst (usually

hydrofluoric acid) before undergoing an addition reaction with

the benzene (Yadav and Doshi, 2002). This forms the linear

alkylbenzene molecule (LAB) which is then sulfonated forming

the desired LAS molecule. The addition process for the two

components for LAB is commercially known as the DETAL

process and immediately follows the Pacol and DeFine units

outlined in Figure 1. The key difference with the DETAL process

is that the acid used is solid and not liquid, allowing for

safer handling. The actual elemental basis of the catalyst is

commercially unknown, though is suspected to be zeolite-based

(Kocal et al., 2001). The reaction equation and mechanism are

shown in Figure 2.

Current means of olefin production

Different methods of olefin production can be defined

depending on the length of the olefins being produced. In

keeping with the scope of the review, both short and medium

chain olefin production have been considered, as both can

eventually be used for LAS.

Short chain olefins (C2-C5)

As things stand, the most common method of olefin

production is the cracking of longer chain alkanes via steam

cracking (Rosli and Aziz, 2016). Such alkanes tend to be sourced

from fractionated crude oil, allowing the introduction of fossil

carbon into chemical supply chains.

Steam cracking involves heating alkanes (of length C2 and

above) and steam to temperatures up to 900◦C and at 2.2

barg, to break the long chain alkanes backbones. This produces

shorter chain hydrocarbons, the unsaturated homologues of

which are termed the light olefins. These are extracted through

a variety of separation methods, with any unreacted materials

being recycled back into the system (Rosli and Aziz, 2016). With

reactions requiring high temperatures and pressures, as well as

a reliance on fossil carbon feedstocks, the production of olefins

from the steam cracking of hydrocarbons becomes a key hotspot

when it comes to the sustainability of the final product. With

a GWP of 1.45 kgCO2-eq per kg of ethylene produced from

steam cracking (Wernet et al., 2016), alongside the 3.14 kg CO2

released at the point of degradation of said kg of ethylene, the

lifetime contribution to global warming of a kilogram of fossil

ethylene is far from insignificant. Steam cracking is generally

used to produce lighter olefins within the range C2 to C4 (Rosli

and Aziz, 2016), which could in theory be utilized to form

medium chain olefins for use within the production of LAS

through oligomerization.

Medium chain olefins (C9-C14)

Another process for olefin production, this time for longer

olefins in the range C9 to C14 is the hybridized Pacol

DeFine process (also shortened to simply the Pacol process).

Commercialized by UOP in 1967, the Pacol process is the main

way in which longer olefin chains are prepared for use within

LAS production. The process begins with the thermocatalytic

dehydrogenation of n-paraffins to both mono- and diolefins

over a selective platinum catalyst. This endothermic reaction

occurs within the Pacol reactor, requiring 747MJ/t of C12

monoolefin product (Meyers, 2016). This in turn produces high-

quality hydrogen gas as a by-product. The mixture of mono-

and diolefins is then fed into a DeFine reactor, saturating any

diolefins into monoolefins. The final mixture is then passed

through a stripper, removing any final light ends and hydrogen

from the product stream (Meyers, 2016). This is illustrated by

Figure 3.

In a similar vein to steam cracking, the Pacol process falls

short in several ways when it comes to sustainability. The Pacol

and DeFine process requires 1.098 GJ/t of electrical power, as

well as 16.3 GJ of fuel fired heat (Meyers, 2016).

The issue surrounding the Pacol and DeFine process (along

with other processes utilizing n-paraffins) is that they tend to

formmixtures with a greater proportion of n-olefins. To produce

α-olefins, the oligomerisation of ethylene is preferred, utilizing

primarily fossil-sourced ethylene. These methods include the

Shell higher olefin process and oligomerisation using a Ziegler-

Natta catalyst (Franke et al., 1995; Forestière et al., 2009). Due

to their prevalence within non-fossil supply chains, the process

outline and inventory data for these processes is given in section

α-Olefins from ethylene.

These traditional methods of producing olefins bring

forward substantial issues for Unilever’s climate targets. With

respect to the Carbon Rainbow initiative, both methods

rely heavily on fossil carbon feedstocks. This leads to the

introduction of fossil carbon into the product supply chain,

ultimately providing a pathway for fossil carbon to be

Frontiers in Sustainability 03 frontiersin.org
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FIGURE 3

A process flow diagram showing the Pacol and DeFine reactors in series. Adapted from Meyers (2016).

introduced into the atmosphere. These processes also work

heavily against the Clean Futures initiative, with positive GWPs

for both processes across their respective product life cycles,

dragging the product’s environmental impact further from

Net Zero. These sustainability hot spots provide a strong

initiative for research into the defossilization of olefins and their

production methods.

Technology overview for the
formation of defossilized
LAS-appropriate olefins

With respect to the scope of this review, reaction routes

have been selected due to their eventual offering of defossilized

feedstock options. All pathways will start from a defossilized

feedstock and show the reactions between feedstocks and

intermediates to form LAS-appropriate olefins (straight chain

alpha-olefins of length C9−14).

It should also be noted that this review assumes (where

necessary) a distributed production-based supply chain.

defossilization often requires location specific materials,

such as a point-source of CO2 or waste plastics from a

collection facility. With this review focussing specifically on

the technologies of chemical manipulation, it is therefore

assumed that these materials are readily available, though

further assessment of supply chain threats will be discussed in

section Finalized formulation tree diagram and future work and

further studies.

As a point on nomenclature, a degree naming system has

been utilized to show how far each platform intermediate is from

the final product, where first-degree platform chemicals being

one significant reaction step from the LAS-appropriate olefins,

second-degree platforms one step from them and so on.

Methods of olefin production from
first-degree platform chemicals

The production of LAS-appropriate alpha-olefins

can be broken down into reactions entailing several

intermediate (or “platform”) chemicals. The production

of these platform chemicals can then be defined, either

from raw materials or previous-iteration platform

chemicals, and so on. This results in a production tree-

diagram, displaying the potential routes to LAS through

non-fossil means.

With respect to the formation of LAS-appropriate olefins,

two chemical intermediates were identified, long chain linear

alkanes and ethylene. The reactionmethods to form olefins from

each intermediate are summarized below.

Olefins from linear alkanes

The production of olefins from long-chain linear

alkanes can be broadly defined as cracking. As a process,

cracking entails the splitting up of long-chain alkanes

into shorter alkanes and olefins which are subsequently

separated through distillation. Cracking can be broken down

into two sub-categories. A detailed description of each

method follows.

Fluidised catalytic cracking

Fluidised catalytic cracking (FCC) works by breaking down

long chain into a mixture of shorter chain alkanes and olefins

using a fluidised bed reactor (Gholami et al., 2021). The use

of a catalyst means that cracking can be achieved at a much

lower temperature than traditional steam cracking. The heavy

hydrocarbon feed is vaporized and pumped through the catalytic

fluidised bed at temperatures between 550 and 750◦C. Simply

put, this causes the breaking of carbon-carbon bonds within the

long chain hydrocarbons, forming the desiredmixture of shorter

Frontiers in Sustainability 04 frontiersin.org
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FIGURE 4

A schematic showing the FCC reactor configuration (after Gholami et al., 2021).

chain hydrocarbons. The product distribution can be altered

through altering the temperature and pressure of the reactor, as

well as the choice of catalyst used. This plant configuration is

illustrated by Figure 4.

Commercially, cracking to alkanes and olefins of the

appropriate length for LAS is not generally performed. Lighter

olefins (C2-C5) are preferred due to their superior monetary

value, however the possibility of C9-C14 olefins through

cracking should not be disregarded, as the makeup of renewable

hydrocarbon sources (for example bio-oil from waste biomass)

can provide hydrocarbons which can be cracked to form these

desirable medium length hydrocarbons.

Steam cracking

Steam cracking works in a very similar way to FCC as listed

above, however does not utilize a catalyst, instead just relying

on high heat and pressure delivered through high pressure

superheated steam. Commercially, steam cracking tends to be

favored due to the financial benefits of less-specialized plant and

the avoidance of expensive catalysts (Akah et al., 2019).

In a similar vein to FCC, products from steam cracking

tend to be much shorter than the desired olefins for

LAS, however appropriate-length olefins can be formed

through cracking and so should not be disregarded

if handling long-chain hydrocarbon mixtures from

renewable sources.

α-olefins from ethylene

As mentioned in section Medium chain olefins (C9-C14),

the production of α-olefins via ethylene oligomerisation is the

most popular method, utilizing fossil-based ethylene feedstocks

(Franke et al., 1995). These processes however are entirely

independent from the feedstock in question and are just as

relevant in defossilized supply chains, hence their inclusion

within this study. The two technologies of greatest impact within

this field are listed below, with a combined inventory for both

processes listed afterwards.

Shell higher olefin process (SHOP)

The methods outlined above are used once the target length

of hydrocarbon chain (C9 to C14) has been achieved. The active

chemistry of olefins also allows for the bonding of olefins to

themselves in order to create longer-chain olefins, achieving the

desired carbon chain length. Ethylene oligomerization to higher

olefins is a process undertaken at a large scale, commercially

known as the Shell Higher Olefin Process. As of 2014, over 1

million tons of olefins were derived from ethylene via SHOP

each year, with a plant looking to expand global production by

20% currently under development in Qatar (Keim, 2013).

The SHOP process utilizes three different reactions

(Griesbaum et al., 2010):

(1) Oligomerization of ethylene into olefins with a wide range

of lengths

(2) Isomerization of short chain olefins (C4-C10) with long chain

olefins (C20+) to move the functional C=C from the alpha

Frontiers in Sustainability 05 frontiersin.org
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FIGURE 5

The production of olefins from fossil-based sources (process loss streams not included) (after Franke et al., 1995).

position (between the first two carbons of the respective

chains) to an internal position

(3) Metathesis of internally functional olefins, creating two

similar length olefins in the C9 to C14 range.

The first of these reactions is conducted by passing ethylene

over a nickel catalyst at a temperature of 90–100◦C and a

pressure of 100–110 bar, forming a mixture of even length

linear olefins with a range of C4 to C40. This mixture is then

distilled to separate the different chain length hydrocarbons.

The subsequent 2 reactions then follow, with the isomerization

taking place next by passing the alkenes over a solid potassium

catalyst, internalizing the functional group of the olefins. The

internally functional olefins are thenmixed with respect to chain

length, with long chain and short chain olefins reacting in a 1:1

ratio over an alumina/molybdate catalyst, forming 2 medium

length olefins (C9-C14) of the optimal length for LAB/LAS

application (Griesbaum et al., 2010).

Oligomerisation using Ziegler-Natta catalysts

Ziegler-Natta catalysts provide the basis to the most

common method of producing α-olefins from ethylene.

Discovered in 1953 by German Chemist Karl Ziegler, the

hybridized titanium tetrachloride (TiCl4) and diethylaluminium

chloride [(C2H5)2AlCl] was found to be efficient at combining

ethylene monomers into longer-chain α-olefins at atmospheric

pressure (Shamiri et al., 2014). The process occurs within a

fluidised bed reactor, with a combined gas stream nitrogen and

hydrogen used to fluidise the bed, which in turn provides the

large catalyst surface area for the reaction to occur, as well as the

removal of any latent heat from the highly exothermic reaction

(Shamiri et al., 2013).

Inventory data for the oligomerisation of ethylene

Due to the industrial presence of both processes, finding

accurate or reliable inventory data for both processes is nigh-

on impossible. As a result, only one item of literature is

frequently cited for inventory data for the oligomerisation of

TABLE 1 Inventory data for the oligomerisation of ethylene (Franke

et al., 1995; Wernet et al., 2016).

Inputs from technosphere Amount per kg olefins

Electricity, medium voltage 0.215 kWh

Ethylene 0.633 kg

Heat from natural gas 8.27 MJ

Heat from other sources 1.05 MJ

Paraffin 0.346 kg

ethylene. The paper “A Life-Cycle Inventory for the Production

of Petrochemical Intermediates in Europe,” led by German

Chemist Marina Franke, outlines the two processes above,

alongside the production of n-olefins via the Pacol and Olex

processes, to provide an overall inventory for the production of

olefins from fossil sources (Franke et al., 1995).

Using the supply chain diagram shown in Figure 5, Franke

broke down the energy requirements and material balance

for each process, providing an overall inventory for n-

olefin production. This data was then used for the entry of

olefin production within the Ecoinvent 3.8 database, which

summarizes the mass and energy balances in a clearer way than

Franke. These figures are given the Table 1.

The issue with the combined inventory is the unknowing

of how the energy inputs are distributed between each

process. Despite this, the inventory does give a reasonable

illustration of the energy requirement for the ethylene

oligomerisation process.

Olefins from first-degree platform
chemicals—formulation tree diagram

Now these methods have been identified, the first branches

of a formulation tree diagram can be presented (Figure 6).
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FIGURE 6

Tree diagram for the production of LAS-appropriate olefins from

first-degree platform chemicals.

Production methods of first-degree
platform chemicals

To complete the production map of LAS from renewable

sources, methods to produce renewable platform chemicals must

be sourced. The two first-degree platform chemicals discussed

shown in Figure 6 both have multiple routes of production to

be considered.

Long linear alkanes production

When considering alkanes for LAS-appropriate olefins, long

chains (C20+) are necessary due to the cracking that the alkanes

must face for the formation of the olefin. For sustainable long

linear alkanes, two major technologies exist which both have the

potential of using renewable carbon sources which align with

Unilever’s Carbon Rainbow initiative.

Pyrolysis of waste plastics

The pyrolysis of waste polymers leads to the formation

of pyrolytic oil, a compound containing a wide distribution

of alkane chains. Pyrolysis entails the “thermal degradation of

polymeric materials by heating in absence of oxygen in an inert

atmosphere” (Butler et al., 2011). There are many varieties of

plant configuration when it comes to polymer pyrolysis, the

most common of which is the use of a bubbling fluidised

bed reactor. Here polymers are shredded and passed through

a fluidised bed reactor at temperatures in the range of 400–

800◦C, breaking apart the polymer chains into shorter length

hydrocarbons. The choice of catalyst, temperature and pressure

fundamentally alter the final product distribution.

Within the literature, studies have investigated modeling the

separation of pyrolytic oils and what length hydrocarbons can

be expected from different pyrolysis scenarios. A study by the

Warsaw University of Technology presented a model of various

scenarios of pyrolytic oil production as well as final product

distribution of the oil (Krzywda and Wrzesińska, 2021). The oil

compositions in this study focussed on the production of alkanes

and so differ from other pyrolytic oil compositions. From this

study it can be calculated that pyrolytic oil has the potential to be

a significant source of long chain alkanes, with a weight fraction

of 32.64% being C20+ alkanes which could then be cracked into

LAS-appropriate olefins (Krzywda and Wrzesińska, 2021).

From a life cycle analysis perspective, the literature can

provide a wide array of studies. Given the commercial scale

of pyrolysis already, reliable data can be sourced for the entire

life cycle of a plastics to pyrolytic oil plant. One study split

the production and use of plastic-sourced pyrolytic oil down

into several stages, with a comprehensive mass and energy

inventory for each stage (Jeswani et al., 2021). From a cradle-

to-gate scope, the collection, sorting and production of 1 ton

of pyrolytic oil required 1,410 kg of mixed plastic waste and

utilized over 4,000 MJ of electrical energy. The reaction also

required 10 kg of natural gas and formed 110 kg of char as

a co-product. Therefore, as a process the pyrolysis of waste

plastic does provide an alternative source of alkanes from non-

virgin-fossil sources, yet at the expense of high electrical energy

requirements (Jeswani et al., 2021).

Pyrolysis of waste biomass

Following a similar process to the pyrolysis of waste plastics,

the pyrolytic oil derived from the pyrolysis of waste biomass

can also be used to form long-chain hydrocarbons suitable for

cracking to LAS-appropriate olefins. Whilst fundamentally the

same process as with plastics, the pyrolysis of biomass does

require a nickel catalyst and must be done in a hydrogen gas

atmosphere to promote the formation of long linear alkanes

(Demirba, 2003). This does limit the sustainability potential

of the process due to the difficulties in producing hydrogen,

however the process does unlock the potential to use biomass

for the formation of linear alkanes. The product distribution of

the liquid hydrocarbons formed is also presented by Demirbaş,

showing alkane fractions for the pyrolysis of five different waste

biomass feedstocks. All five feedstocks show a relatively normal

distribution of fractions, with a mean fraction of all sources of

between 23 and 24. Each distribution also contained at least a

70% share of alkanes with a carbon chain length of 20 and above,

the suitable length for cracking to LAS-appropriate olefins.

With respect to life cycle inventory data, the production of

pyrolytic oil from waste biomass has an obviously comparable

impact on the environment when compared to the pyrolysis of

waste plastics. An LCA of pyrolytic oil production for the use

as a value-added chemical shows the electricity consumption to

produce one ton of pyrolytic oil is 3319 MJ/t (Vienescu et al.,

2017). Another study into the production of pyrolytic oil, in

which the life cycle analysis of the production of pyrolytic oil

for transport use was assessed (Steele et al., 2012). Whilst the

inventory does not break down beyond a cradle-to-grave scope

meaning the energy associated from a cradle-to-gate perspective,

the aligned product distributions of pyrolytic oil fractions with

Frontiers in Sustainability 07 frontiersin.org
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the other studiesmentioned reinforces the potential for pyrolysis

to be used for the production of long linear alkanes.

Fischer-Tropsch synthesis of synthesis gas (syngas)

Syngas (the mixture of CO and H2) is a commercially used

an intermediate for the formation of hydrocarbon fuels. Syngas

is formed from a wide variety of resources through varying

degrees of source, technology readiness level (TRL) and overall

sustainability. These will be considered in the following section

Production methods of second-degree platform chemicals (and

above). This section will outline the process of converting syngas

into hydrocarbons, the Fischer-Tropsch (FT) process.

Developed in Germany in 1925, before commercilization in

1936 as a means of deriving petroleum from coal, the FT process

works as to generate CH2 monomer groups from CO and H2,

forming water as a by-product (Schulz, 1999). This reaction

takes place in the presence of a catalyst, selected specifically

for application, as well as within a range of temperatures and

pressures. For the typical formation of LAS-appropriate alkanes

(then olefins), a cobalt catalyst is used at a temperature of 200◦C

and 25 bar within a packed column (Iribarren et al., 2013).

The ratio of hydrogen to carbon monoxide within the syngas

is required to be around 2:1 for the formation of hydrocarbons

(Griffin and Schultz, 2012).

From an LCA perspective, the formation of LAS-appropriate

alkanes from syngas via the FT process has a low impact on

the environment due to the exothermic nature of the process.

This means that the electricity and steam generation required

for the FT process can be provided internally and still have

a net generation of electricity which can be sold back to the

grid (Navas-Anguita et al., 2019). From the study above by

Schulz (1999), a comparable study completed at the University

of Georgia (Okeke et al., 2020) which states that the only

inputs required for the FT process are electricity and the

cobalt catalyst lost when spent or due to separation losses. The

University of Georgia study has broken down the entire process

of producing electricity from the combustion of biologically

sourced alkanes onto individual stages, including the inventory

for the FT process and the associated product upgrade method.

This data greatly increases the viability of the FT process as

a defossilized and environmentally sustainable branch of a

chemical formulation tree.

Ethylene production

When considering the production of ethylene to form LAS-

appropriate olefins via the SHOP process, many more routes

must be considered. This is in part due to the widespread

interest in renewable ethylene production and its many uses as

a platform chemical within many organic supply chains. With

respect to the Carbon Rainbow, defossilized ethylene production

methods exist for all categories of the Rainbow. The ethylene

TABLE 2 A table showing the life cycle inventory of the reduction of

ethanol to ethylene [derived from Yang et al. (2018)].

Steam category Component Amount

Input Ethanol 214 t/h

Sodium hydroxide (for cleaning) 0.56 t/h

Natural gas (for heat) 203.3 MW

Electricity 28.8 MW

Makeup water 407 t/h

Cooling water 462.2 GJe/h

Output Ethylene 125 t/h

CO2 emissions 37.6 t/h

formation methods listed below are formed from either raw

materials or the next (and final) stage of platform chemicals.

Ethylene from catalytic ethanol dehydration

The catalytic dehydration of ethanol is one of the most used

practices for ethylene in the chemical industry (Mohsenzadeh

et al., 2017). Whilst a variety of alternatives exist using differing

catalysts and process conditions, the science behind the reaction

remains unchanged. The dehydration reaction is endothermic,

requiring 1,632 Jg−1 of heat (Mohsenzadeh et al., 2017),

meaning the reaction conditions throughout all variations of

the process are of high temperature and/or pressure. Fan et al.

(2013) compiled a review of ethylene formation by catalytic

dehydration of ethanol. This study showcased the wide variety

of processes, their catalysts and process conditions in order

to summarize how the process is achieved commercially. The

most commonly used catalyst within industry is based on the

acidic nature of gamma-alumina (γ-Al2O3). This allows for

the reduction of ethanol by providing the alcohol functional

groupwith a hydrogen ion, forming water, before the subsequent

carbocation is formed into ethylene and the acidic nature of the

catalyst is restored.

From an LCA perspective, the dehydration of ethanol

to ethylene holds a large environmental burden through the

high demand for heat. As part of a comparative LCA and

TEA on bioethylene production, Yang et al. (2018) presented

information on the formation of ethylene from biologically

sourced ethanol, shown in Table 2. Whilst this example focuses

on biological sources, the inventory data for ethanol reduction

is independent of the source of ethanol. Table 2 concerns only

the production of ethylene from ethanol, with the production

of ethanol to be covered in the next section Ethanol production

covering the production of second-degree platform chemicals.

Ethylene from the pyrolysis of waste plastics

As described in section Pyrolysis of waste plastics, the

pyrolysis of waste plastics can be undertaken as a means of

producing platform chemicals for the eventual production of

LAS-appropriate olefins. In section Pyrolysis of waste plastics,
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the pyrolysis oil formed prioritized the formation of long-chain

alkanes for cracking to C9−14 alpha-olefins. In this section, the

conditions of pyrolysis represent a more common distribution

of pyrolytic oil, before the oil is cracked into ethylene.

The cracking process used here is of similar set up to the

steam cracking outlined in section Fluidised catalytic cracking,

which is favored due to its production of shorter olefins

(ethylene). Despite taking on the environmental burden of the

cracking and then reforming to LAS-appropriate olefins, this

process does allow for utilization of all pyrolytic oil fractions.

The study used to show life cycle inventory data in section

Fluidised catalytic cracking (Jeswani et al., 2021), also includes

a separate inventory for the cracking of the pyrolytic oil down

to ethylene. This process, in similar vein to the cracking

processes covered in section Olefins from linear alkanes, is

highly energy intensive, with over 1.5 GJ of electricity and

auxiliary fuels required to produce 1 ton of ethylene in the

cracking section alone. This, on top of the energy required to

produce the pyrolytic oil (covered in section Pyrolysis of waste

plastics), means the overall process of deriving ethylene from the

pyrolysis of waste plastics struggles to work effectively toward a

sustainable supply chain.

Formation of ethylene from methanol

The reduction of methanol into ethylene (or the “MTO”

process, short for methanol-to-olefin) follows a straightforward

mechanism of a two-stage dehydration of two methanol

molecules, in turn forming one molecule of ethylene via

dimethyl ether (DME) (Olah, 2005). The reaction takes place

in a fluidised bed reactor, with a bed of acidic zeolite catalyst

providing the reaction surface. The product then undergoes a

series of separation stages, producing the two major outputs of

ethylene and propylene, the latter of which can either be sold

or cracked and reformed to ethylene (Keil, 1999). The MTO

process has remained largely unchanged since its discovery by

Mobil in the 1980s and since its commercilization in the decades

since (Flowserve Corporation, 2019). As a result, literature

from the 1990s is still frequently cited, with research on the

UOP process (Keil, 1999) being cited by review papers on

the MTO process (Ragaert et al., 2017; Gogate, 2019). The

plant configuration of the UOP process, which was the first

commercialized case of MTO, is outlined in Figure 7.

The production of ethylene from methanol has been one

of the most prominent processes with respect to renewable

chemical production through the past three decades. World-

renowned chemist George Olah advocated for a “methanol

economy” in the 1990s and went on to publish several papers

about the versatility of methanol alongside his colleagues

Prakash and Goeppert of the University of Southern California.

Since these early developments, the commercilization of the

MTO process has continued with seven industrial installations

as of 2019, all of which follow a similar process to the UOP

process outlined in Figure 7. These processes were summarized

by Gogate, who gave an in-depth summary of each process. Of

the seven industrial installations of the MTO process, six are

based in China, with the seventh in Belgium being licensed by

UOP (Gogate, 2019). These facilities range in scale from 0.2

to 0.8MM TPA and all operate at temperatures and pressures

between 450 and 550◦C and 1–5 atmospheres of pressure

where listed.

With respect to life cycle inventory data, many companies

withhold specific data as a means of protecting sensitive

information from market rivals. One review however does

provide data on several MTO processes, one of which being

the UOP process. The production of ethylene from methanol

requires 13 GJ energy per ton of ethylene produced according

to a review by Utrecht University in 2008 (Ren et al., 2008),

which cites data directly from UOP. Whilst this quantity is

exceedingly high, it is worth noting that the product distribution

of the UOP MTO process also contains significant fractions

of other high value chemicals such as propylene, with 26% of

the final product by weight accounting for ethylene. After a

simple mass allocation, it can be estimated that ethylene from

methanol produces 3.38 GJ per ton (Ren et al., 2008). This ratio

is somewhat comparable to another study by Utrect University,

which has a predicted yield of 37% and a GJ per ton value of 4.70

(Joosten, 1998).

The possibilities of defossilized methanol production are

one of the main drivers for the use of the MTO process

within defossilized chemical production. These methods will

be outlined in the next section Methanol production when the

formulation tree diagram is completed.

Direct formation of ethylene through electrochemical

reduction of CO2

The final method of ethylene production to be assessed in

this section is via the electrochemical reduction of CO2 into

ethylene. The reduction of CO2 occurs in an electrochemical

reactor, in which water and CO2 are introduced either side of

an ion exchange membrane in the presence of an electrolyte.

This, in short, splits the water into H+ and O2− ions, with the

former then reacting with the CO2, forming reduced carbon

compounds, such as carbon monoxide, ethanol and ethylene.

These form on the cathode, being released as a gas which is then

separated down into its individual components via separation

(Berkelaar et al., 2022). This reactor setup is shown in Figure 8,

for the example of CO2 to CO conversion.

The total formation of ethylene requires two CO2 molecules

and results from a series of reduction reactions which all take

place at the cathode. The first intermediate within the reaction

set forms ethylene oxide, which is subsequently reduced to

form ethylene under set process conditions and using a copper-

based catalyst (Garza et al., 2018). In part, the study mapped

out the possible products from the electrochemical reduction

of CO2. The matrix of reactions presented in their paper

“Mechanism of CO2 Reduction at Copper Surfaces: Pathways to
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FIGURE 7

A process flow diagram for the UOP MTO process (after Keil, 1999).

FIGURE 8

Electrochemical cell reactor showing the reduction of CO2 to

CO (after Berkelaar et al., 2022).

C2 Products” shows how catalysis can be used to form a variety

of products directly via electrochemical reduction. The route

taken is ultimately decided by altering the “microenvironment”

in which the reaction takes place (Kim et al., 2022).

Despite this, the direct reduction of CO2 to ethylene has not

commercialized yet due to a low Faradaic efficiency (FE) and

high electric potential requirements (Kas et al., 2015). Whilst

further research into this in order to improve the efficiency,

lab scale demonstrations have only reached FEs of around 70%

(Bisztyga-Szklarz et al., 2021), with scaled up capabilities not

fully understood. Nevertheless, the potential for direct CO2

to ethylene electrochemical reduction is present and must be

considered, as future improvements could well lead toward a

commercially viable form of the reaction.

With respect to inventory data, several life cycle assessments

have been undertaken for direct CO2 to ethylene reduction, all

of which are based upon process modeling and/or laboratory

upscaling. The first analysis in this study considers a lab scale

inventory, using a comparable process setup to the one shown

in Figure 8 (Ai et al., 2022). The entire process is included

within the scope, with a condensed inventory given in Table 3.

From the inventory data in Table 3, a simple energy demand

of 39.536 kWh per kg of ethylene can be calculated. Whilst the

data presented here is of value, issues can be seen in the form of

electrode production per kg of material falling below the decimal

place threshold (with all electrode materials listed as 0.000 kg per

kg ethylene). This would not be the case however at commercial

scale, with the environmental effects of copper mining and

processing proving detrimental to process sustainability.

A similar assessment of the Institute of Chemical

Engineering Sciences in Singapore also presents lab-scale

data, but also includes a “large-scale” model inventory based on

the lab-scale experiments (Khoo et al., 2020). This process has

a comparable energy requirement to the previously mentioned

study, of 38.6 kWh per kg ethylene but represented at a scale by

order of 1 ton ethylene. Whilst this data can be seen as useful,

questions must be asked of the validity of the assumptions

made within the model, in part due to the linearity between

the lab-scale and the large-scale data not seeming to account

for the additional inputs required for a commercial system, as

well as again the impacts associated with electrode manufacture.
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TABLE 3 LCI for the electrochemical reduction of CO2 to ethylene at

lab scale (Ai et al., 2022).

Steam category Component Amount

Input Electricity for n-CuNS synthesis 26.091 kWh

Electricity for reduction process 13.525 kWh

CO2 3.138kg

Output Ethylene 1 kg

Chemically polluted water 0.570 kg

Oxygen 0.678 kg

Hydrogen 0.085 kg

These factors must be considered within future sustainability

assessment of the process.

One final study to be included as part of this review looks to

compare a variety of organic products from the electrochemical

reduction of CO2 (Kibria Nabil et al., 2021). This study will be

reviewed in greater detail when looking at the production of

syngas in section Syngas production, though it also provides

electrical energy requirements and global warming impacts

(GWI) for the production of ethylene through electrochemical

reduction. The electrical energy requirement is shown as around

30kWh per kg ethylene, comparable to the previous study by

Khoo et al. (2020). The study also concludes that the production

and separation of ethylene has the second lowest GWI (behind

syngas) in a range of 2.00-2.94 kgCO2e/kg ethylene produced,

due to “lowest separation energy required for [the] product[s]”

(Kibria Nabil et al., 2021).

First-degree platforms from second-degree
platforms and raw materials—formulation tree
diagram

Following the review of sustainable ethylene and

long linear alkanes production, the next degree of

branches can be added to the formulation tree diagram

(Figure 9).

Production methods of second-degree
platform chemicals (and above)

To fit the scope of the review, the final degree of reactions

must be considered to show all possible reaction routes from raw

materials through to the desired product.

Syngas production

Syngas as a platform “chemical” represents a very versatile

compound which can be found in several different routes to

LAS-appropriate olefins via a variation of the Fischer-Tropsch

process. A mixture of carbon monoxide and hydrogen, syngas

holds many reaction possibilities with respect to the formation

of hydrocarbons. With regards to production, there are several

methods to produce syngas from defossilized feedstocks which

are all considered to fit the scope of the review.

Gasification and pyrolysis of waste biomass

One of the main sources of defossilized syngas currently

available at a commercial scale is the gasification of waste

biomass. The gasification of waste biomass occurs over four

different stages within the gasifier. The biomass is first dried at

temperatures between 100 and 200◦C, before being pyrolyzed.

This stage is done in anaerobic conditions and produces biogases

from the thermal decomposition of the waste biomass and at

temperatures of around 800 to 1,000◦C. The mixture of gases

is then oxidized by introducing air and steam, forming the

final mix of carbon dioxide, carbon monoxide and hydrogen,

with waste tar and ash also produced (Kumar and Aarthi,

2020). Methane and water are also formed, though these

react through the steam-methane reformation reaction, forming

further molecules of carbon monoxide and hydrogen. Of these

produced gases, carbonmonoxide, carbon dioxide and hydrogen

then undergo the water-gas shift (WGS) reaction, in which

the desired ratio of hydrogen to carbon monoxide is achieved

for a given application. This is reached through the addition

or removal of water and adapting the pressure conditions of

the mixture. The equation for the WGS reaction is shown in

equation 1.

CO+ H2O ↔ CO2 + H2 (1)

With respect to plant, the waste biomass is first pre-treated

through drying and milling, before being preheated to 600◦C at

which the pyrolysis process begins. At this point, the biomass

enters the gasifier which takes the form of one of three reactors,

a fixed bed reactor, a fluidised bed reactor and an entrained flow

reactor. The reactor used is dependent on the biomass input,

the need of a catalyst and the potential for tar to form during

the gasification process (Kumar and Aarthi, 2020). The syngas

then undergoes theWGS reaction in a separate reactor (or series

of reactors) in order to achieve the optimum ratio of hydrogen

and carbon monoxide. For the application in section Fischer-

Tropsch synthesis of synthesis gas (syngas) the desired ratio is

2:1, though the formation of alkanes can occur at rations of 0.6:1

and above (Griffin and Schultz, 2012).

In terms of process inventory data, many studies have been

undertaken to assess the production of syngas through the

gasification of waste biomass given its prevalence in the field

of defossilized chemical supply chains. The online database of

LCI data Ecoinvent 3.8 holds four entries for the formation of

syngas from waste biomass gasification, with two concerning

the use of a fixed bed gasifier and the other two the use of a

fluidised bed gasifier. These entries are then split into entries for

Switzerland and for “Rest of World,” but both utilize the same
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FIGURE 9

Tree diagram for the formulation of LAS-appropriate olefins from first- and second-degree platform chemicals.

material and energy balances. From the inventory data, the main

energy input from the technosphere is electricity, with around

86 MJ of electrical energy required for oxygen compression to

form one ton of syngas (Wernet et al., 2016). Whilst this initially

seems low, the gasification of waste biomass also involves the

combustion of the biochar after thermal decomposition. This

therefore means that the process is self-sustaining with respect

to heat energy, providing an excess thermal output of 5 MWth

(Jungbluth and Chudacoff, 2007). The inventory for fluidised

bed configuration varies slightly, with the added necessity for

silica sand and zeolite as the catalyst, though with a comparable

required electrical input. Due to this self-sustaining nature, the

use of gasification within defossilized supply chains is highly

viable and justifies its research within this review as the high

heats required do not require fossil-based fuels.

In a similar vein to gasification, pyrolysis also provides

a potential route to syngas with the development of new

technologies within recent years. Whilst pyrolysis has

predominantly been used to form liquid pyrolytic oils as

previously summarized, the use of microwave assisted pyrolysis

of biomass to form gaseous products has been researched

extensively, with a mass and energy summary published by

the University of Minnesota in 2020 (Zhou et al., 2021). Here,

a lab-scale pyrolysis system is accompanied by six 1.5 kW

magnetrons, providing microwave radiation that aids in the

thermal decomposition of the waste biomass at temperatures

of 800 ◦C. The presence of this process gives light to the idea

that new technologies are still being developed for techniques

that are well integrated into supply chains and may compete

against processes like biomass gasification within the timeframe

of many industrial climate goals.

Gasification and pyrolysis of waste plastics

Like biomass, waste plastics can too be gasified to produce

syngas. This follows a very similar set up to the biomass

gasification outlined in the previous section, utilizing a largely

self-perpetuating process in which waste plastics are milled

and thermally decomposed to produce syngas. Unlike biomass

however, the gasification of waste plastics is yet to be done

on a widespread scale, meaning many studies are reliant on

process modeling or data collected from large-scale pilot plants

(Saebea et al., 2020). With regards to energy requirements, the

gasification of waste plastics requires some energy for oxygen

compression. As outlined by a computational LCA completed
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by the Japan Initiative for Marine Environment, which looks

at utilizing waste plastics from the ocean, 222 MJ of electricity

are required for every 1,000 NM2 of syngas produced. A

somewhat comparable amount to the gasification of biomass,

but utilizing an alternative feedstock that could be utilized in

areas lacking in waste biomass production (Japan Initiative for

Marine Environment., 2019).

Electrochemical reduction of CO2 to CO

As mentioned in section Direct formation of ethylene

through electrochemical reduction of CO2 when discussing

the potential for the formation of ethylene from CO2 via

electrochemical reduction, the conversion of CO2 to CO is also

made possible by a similarly configured process. The reduction

of CO2 to CO is innately energy intensive given the stability

of CO2 and so effective catalysis is required in order to allow

the reaction to occur. The CO2-water electrochemical reduction

reaction, as shown by Figure 8 in section Direct formation of

ethylene through electrochemical reduction of CO2 can result

in a variety of products, the simplest being the formation of CO

with a by-product of H2, or syngas (Garza et al., 2018). With

regards to the production of syngas compared to ethylene, recent

research efforts have investigated ways in which the H2:CO

ratio can be affected by different reaction conditions within the

electrochemical reactor. As part of a research paper published

in 2017, Hernández et al. (2017) carried out the research into

factors affecting the syngas ratio, including the configuration

of the reactor, reactor cell potential used, temperature, pressure

and electrode materials. Chen et al. (2018) furthered this

area by reviewing the technological challenges associated with

commercial CO2 reduction, namely the efficient capture and

purification of atmospheric CO2, the efficiency of the cells,

sustaining catalytic density and the overall stability of the cells

(Chen et al., 2018). Whilst these issues are substantial and are

key to slowing the progress of commercial syngas production

through this method, this technology has been proven at small

scales and has the potential to become commercial in the future.

Life cycle assessments on the electrochemical reduction of

CO2, as mentioned in section Direct formation of ethylene

through electrochemical reduction of CO2, are based largely on

simulated process data and sometimes the upscaling of lab-scale

processes. Of the two assessments sourced as part of this review,

both utilized simulated data generated from process modeling

software. The first assessment was collated by Andrea Schreiber

of the Institute of Energy and Climate Research, which utilized

the process modeling and life cycle assessment software GaBi to

generate inventory and impact for a small-medium scale syngas

production site (Schreiber et al., 2020). The output syngas was

modeled to have a H2:CO molar ratio of 2, the optimum for

hydrocarbon production, with the process requiring an electrical

input of 32.8 MJ/kg of syngas produced as its only energy

requirement. The process also produces 1.5 kg of oxygen for

every kilo of syngas, which can be separated and sold on as a

by-product (Schreiber et al., 2020). The project also compared

this data to the fossil-dependent process of steam-methane

reforming which was not considered for this review due to the

lack of defossilized methods of defossilized methane production.

The second assessment included in this review was compiled

by Kibria Nabil et al. (2021) which looked to compare multiple

products from the electrochemical reduction of CO2, including

both syngas and ethylene which are both considered in this

review. The assessment used data sourced from Aspen Plus and

drew conclusions that the reduction of CO2 to syngas held the

lowest energy requirement per unit mass of product produced,

as shown in Figure 10.

As can be inferred from the graph, the total electrical

energy requirement to produce syngas is around 18 kWh/kg,

or about 65 MJ (Kibria Nabil et al., 2021). Whilst this figure

is substantially higher than the study by Schreiber, it must be

understood that a variety of factors have been assumed between

these assessments which could well cause variation of results due

to the low TRL nature of the process being assessed. The study

also calculated a total GWI for the production and separation

of syngas, with a final range of 1.66–2.13 kgCO2e/kg syngas

produced. This was the lowest impact of the assessed products

due to the low separation energy required to remove syngas from

the product mixture.

Methanol production

Methanol from syngas and CO2

The reaction of the constituents of syngas (CO2/CO andH2)

is the most used method of methanol production to date, with

the defossilization of methanol simply depending on the syngas

feedstock (International Renewable Energy Agency, 2021). This

section therefore will simply review the gate-to-gate process

of syngas to methanol, with the defossilized syngas methods

outlined in section Syngas production providing apt solutions

for methanol defossilization. This section will also focus on

the differences between the reduction of typical syngas which

contains higher concentrations of CO when compared to CO2,

to the reduction of pure CO2 which is emerging as a viable

option as a means of utilizing atmospheric CO2.

The process of producing methanol from syngas follows

two reactions, from CO2 and CO respectively, with both

reactions being exothermic, giving off a large amount of heat in

the process.

CO2+3H2↔CH3OH+H2O (2)

CO+2H2↔CH3OH (3)

The reactions shown in Equations 2 and 3 are subject to high

pressure and temperature to achieve a fast rate of reaction,

operating at 80 bar and 200◦C (Giuliano et al., 2020) with a

selectivity of over 99.8% methanol (Dieterich et al., 2020). The
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FIGURE 10

The required energy for the production of chemicals from the electrochemical reduction of CO2 (after Kibria Nabil et al., 2021).

process is self-sustaining due to the exothermic nature of the

reactions providing ample heat to sustain these temperatures,

though external compression is required to maintain the high

pressures. A review of methanol-producing technologies by Dr

Guillermo Garcia-Garcia of the University of Sheffield estimates

the electrical energy required to sustain these reactions is 0.17

MWh per ton of methanol (Garcia-Garcia et al., 2021). This

figure only shows the process energy and not showing the energy

required by the generation of the reactants.

With regards to newer technologies, the reaction of pure

CO2 to methanol can also be achieved by reacting CO2 with

H2 under similar conditions. This process however brings

additional on-costs and environmental impacts through the

need of carbon capture for a pure CO2 feed stream, as well

as processes for the generation of H2, usually electrolysis.

These additional processes add a significant demand, with

Garcia-Garcia stating that “more than 80% of the energy

needed to produce methanol from CO2 is required to produce

renewable hydrogen, whilst around 10% is needed to capture

CO2 from a fossil-fired power station.” This leads to the

necessity for renewable energy sources for both processes if

defossilized production is to be achieved. Despite these high

energy demands, the commercilization of a CO2 to methanol

plant has still been achieved. In 2011, Carbon Recycling

International (CRI) in Iceland commissioned the George

Olah Renewable CO2-to-Methanol Plant achieving an annual

production exceeding 4,000 tons (International Renewable

Energy Agency, 2021). The CRI plant utilizes geothermal heat

for the electrolysis of water to supply hydrogen, a resource

which, if available, can provide the necessary power for hydrogen

at no operational release of fossil CO2 to the atmosphere. IRENA

reports that on top of this facility, 23 other facilities have either

been commissioned or are planned for completion soon, with a

potential global capacity of over 700,000 tons per year should

all of the facilities come to fruition (International Renewable

Energy Agency, 2021).

Ethanol production

Fermentation of primary and secondary biomass

The fermentation of biomass to produce ethanol is the

oldest biotechnological process in human history (Taveira et al.,

2021), with humans utilizing biologically sourced sugars to

form ethanol and CO2 for over 10,000 years. In present day,

fermentation remains the most popular method of ethanol

production, with over 90% of global production sourced from

corn or sugarcane sugar fermentation (Leal et al., 2014). This

constitutes what is known as first-generation production, in

which the first and only use of the plant material is to

produce ethanol. Second-generation bioethanol utilizes waste,

lignocellulosic biomass, such as corn stover or wheat straw,

in which the “leftovers” of the production of corn or wheat

for food are treated and fermented. This method holds a

wider social acceptance, due to the ongoing debate of “food

vs. fuel” in certain regions in which access to fertile land is

difficult and the use of land to form fuels can be regarded as

unacceptable, especially if the land could be otherwise used for

food production. Second-generation bioethanol does not fall

under the food vs. fuel debate as both constituents are produced.

This method therefore is prioritized within this technology
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review, though both methods are reviewed to ensure a wide

scope is covered.

The process of producing second-generation bioethanol

follows a linear reaction pathway, in which lignocellulosic

biomass is pre-treated by a dry mill to crush the biomass

into smaller particles, before being broken down further by

acid and high-pressure steam. This pre-treatment allows for

the large, complex lignocellulosic sugars to be broken down to

smaller, cellulosic sugars which are suitable for fermentation.

The mixture then undergoes enzymatic hydrolysis, in which

the cellulosic materials are broken down into glucose and

xylose, two simple sugars which are then fermented using an

on-site manufactured yeast culture. This fermentation process

produces what is referred to as a beer, a mixture of ethanol,

water and residual solids, which are separated by a vapor-

phase molecular sieve, with the separated ethanol having a

purity of 99.5% (Humbird et al., 2011). The main variables

within the process are pre-treatment method, yeast choice and

the enzymatic hydrolysis/fermentation configuration (Humbird

et al., 2011; Mejía-Barajas et al., 2018). Each of these is largely

dependent on feedstock choice. With respect to pre-treatment,

steam explosion is preferred to acidic degradation in certain

biomasses with higher fractions of lignin, such as straw or

bagasse (Robak and Balcerek, 2018). Then with regards to yeast

and plant configuration, both are chosen based on the quantities

of each fraction of lignin and hemicellulosic matter within

the feedstock.

With regards to the environmental impact of second-

generation biomass fertilization, there is currently no

commercial-scale facility that can be used for a sustainability

assessment. This is down to several reasons, the key of which

being profitability, due to the high costs and challenges of

breaking down the hemicellulosic materials into fermentable

sugars. Therefore, as with previous low-TRL processes, the

use of process simulation provides the main backbone to most

life cycle and technoeconomic assessments which focus on

second-generation ethanol production. This was illustrated

by a review conducted by Tahereh Soleymani Angili of AGH

University in Poland, which considered 46 different papers on

bioethanol production, with most of them focusing on second-

generation biomass (Angili et al., 2021). Of these reports,

one of the most insightful was completed by Lei Wang of

Imperial College London, in which inventories for five different

pre-treatment methods were assessed for the fermentation

of wheat straw, a common second-generation biomass with

comparable properties to other common biomasses such as corn

stover (Wang et al., 2013). Of these five scenarios, every single

one produced surplus electricity by burning the sedimentary

wastes produced during the fermentation process, ranging from

1.6 to 26.4 MW electricity for every 83,333 kg of wheat straw

processed. As a result of this combustion, the CO2 produced

per liter of bioethanol ranged from 3.76 to 4.89 kg, though these

figures would be net-negative from a cradle-to-gate scope due to

the CO2 utilized during the biomass production. One common

issue however is the sheer cost associated with these pre-

treatment processes, with high pressure steam, acid catalysts and

enzymes all required in large quantity, pushing the affordability

of ethanol produced far beyond other methods of ethanol

production (Humbird et al., 2011; Mejía-Barajas et al., 2018).

For the fermentation of first-generation biomasses, the

process is simplified considerably due to fewer required pre-

treatment steps for the extraction of fermentable sugars.

Generally, primary biomass can be categorized into two groups,

starch-based and sugar-based (Angili et al., 2021). Starch-based

bioethanol utilizes feedstocks such as corn or wheat, which

require the enzymatic hydrolysis pre-treatment, but no further

processes, such as steam explosion or acidic degradation. This

hydrolysis step breaks down the complex starches in the crop

into glucose for fermentation. Sugar-based feedstocks, such as

sugarcane and beets do not require this step due to the high

yields of glucose from simply milling and the addition of water

as a solvent. Both options vastly improve the affordability of

the ethanol produced, though at a detriment of the issues

surrounding the food vs. fuel debate (Angili et al., 2021), with a

reduction in price of over $1 USD/gallon reported by the techno-

economic assessment conducted by NREL in 2011 (Humbird

et al., 2011). Though these numbers will have changed over

time with market fluctuations and inflation, the illustration of

the contributions of the pre-treatment to the overall production

costs remain relevant.

Ethanol from the fermentation of CO

The fermentation of carbon monoxide to form value-added

chemicals has been a key industrial research focus of the last

10 years or so. New Zealand-based biotechnology company

LanzaTech has been the consistent front-runner, with the

development of a process that utilizes bacteria to “ferment” CO

to products like ethanol being their focus since establishment

in 2005 (LanzaTech, 2022b). The process can be broken down

into several steps, each relatively straightforward. Once the gas

is collected/generated, it is treated to ensure the optimal H2:CO

ratio for the desired product [1.25 for ethanol (Griffin and

Schultz, 2012)] before passing into the fermentation reactor.

Here, the gas mixture is exposed to the microbes who utilize

the CO as a carbon and energy source (Handler et al., 2015).

The fermentation reaction produces ethanol and other alcohols

up to a size of C4. The mixture is then separated by distillation,

with unreacted gases recycled back into the feed gas stream (Liew

et al., 2016).

Despite the efforts to achieve commercial scale, LanzaTech

still do not operate at a significant industrial scale. Currently,

only one commercial plant operates in China, though future

developments look to achieve a global production of 600 Mt/yr

ethanol “in the near term” (LanzaTech, 2022a).

Due to the competitive nature of their work, LanzaTech have

not provided any life cycle inventory data to the public domain,

making accurate assessment of the CO fermentation difficult.

The closest that LanzaTech has come to publishing inventory
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FIGURE 11

Finalized formulation tree diagram showing the new routes to LAS-appropriate olefins within the scope of this study.

data being a comparative assessment of the gas fermentation

of biomass-sourced syngas, however the assessment does not

provide a breakdown of individual processes within the study

and includes stages outside the scope of this assessment (Griffin

and Schultz, 2012).

The literature however can provide a life cycle inventory and

assessment compiled by Handler et al. (2015), who cites “peer-

reviewed literature, government reports, life cycle inventory

databases, and LanzaTech process engineering estimates” as the

input data sources for the investigation. This assessment focuses

on the production of ethanol as a combustible fuel, quoting

environmental impacts and process inputs in units per MJe

ethanol produced. Manipulating this data to fit the scope of

the report, it can be deduced that a heat and power input can

be estimated at 5.54 MJ/kg ethanol produced, with additional

needs for the treatment of waste and product transport (Handler

et al., 2015).

Single pass conversion of syngas to ethanol

The formation of ethanol from syngas is currently not

commercially viable. The two possible production methods are

the FT process and the carbonylation of syngas-based methanol,

both of which suffer from poor economic performance due

to low selectivity and in the latter case multiple process steps

(Jiao et al., 2016). This has left room for research into ways of

modifying or adding to these processes to favor the formation

of ethanol. The addition of an extra CH2 group to a methanol

is difficult and requires a separate homologation reaction

with separate catalysts (Miranda et al., 2020). As a means of

combining the methanol synthesis and homologation processes,

Kang et al. (2020) published a process design in which tandem

catalysis is used to form a single pass reaction to form ethanol

from syngas. This process achieves a considerably higher ethanol

selectivity of 64%. As catalysts, the single pass process utilizes

modified zinc/zirconium-, zeolite- and platinum-based catalysts

at temperatures between 230 and 270◦C (Kang et al., 2020).

Within the literature, this data is the closest to an energy

balance, life cycle inventory or techno-economic assessment.

Though the high costs associated expensive metals within the

catalysts can be assumed.

This process was deemed appropriate for this review

as a means of illustrating the potential modifications to
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TABLE 4 Summary of processes included within this review (in order of appearance).

Process name Input Output Carbon Rainbow classification

Cracking (fluidised catalytic and steam) Linear alkanes α-Olefins –

Shell higher olefin process (SHOP) Ethylene α-Olefins –

Ziegler-Natta ethylene oligomerisation Ethylene α-Olefins –

Waste biomass pyrolysis Waste biomass Pyrolytic oil Green

Waste plastics pyrolysis Waste plastics Pyrolytic oil Gray

Fischer-Tropsch (FT) synthesis of syngas Syngas Long linear alkanes –

Catalytic dehydration Ethanol Ethylene –

Waste plastics pyrolysis Waste plastics Ethylene Gray

Methanol to olefins (MTO) Methanol Ethylene –

Electrochemical reduction CO2 Ethylene Purple

Waste biomass gasification Waste biomass Syngas Green

Waste plastics gasification Waste plastics Syngas Gray

Electrochemical reduction CO2 CO Purple

Catalytic conversion of syngas to methanol Syngas Methanol –

Waste biomass fermentation Waste biomass Ethanol Green

Reduction and fermentation of CO2 CO2 Ethanol Purple

Single pass conversion of syngas to ethanol Syngas Ethanol –

wellestablished processes, as well as bringing light to the fact

that traditional FT synthesis cannot support the production of

ethanol at a commercial scale.

Finalized formulation tree diagram and future
work

The final parts of the formulation tree diagram can now be

added, resulting in the final formulation illustration shown in

Figure 11. The full set of technologies has also been presented in

Table 4. The paths shown within Figure 11 will provide the basis

for a newly developed sustainability screening tool, in which

each technology will be individually assessed counterfactually

against a baseline of “black” (fossil) production routes, for

example the cracking of fossil naphtha for ethylene or the

gasification of coal for syngas. This analysis will work to

assess and understand the viability of each of the supply chain

routes presented in Figure 11, summarizing key advantages and

disadvantages of each supply chain route and hotspotting key

factors which refrain these supply chains from commercial

adoption. The screen will also look to comment on how these

defossilized supply chains will perform on a commercial scale,

commenting on potential areas of concern with respect to supply

chain distribution challenges, as well as how these challenges

compare to those faced by current, fossil-based supply chains.

Conclusion

As shown in this review, the potential for the defossilization

of LAS-appropriate olefin supply chain is vast, with a wide

variety of technologies utilizing different platform chemicals

available. Due to the varying TRLs of the technologies presented,

many routes fall short of the data needed for accurate

sustainability assessments, such as life cycle or techno-economic

analyses. As a result, whilst data is still scarce, companies must

look to different ways of assessing sustainability and whether the

adoption of specific processes will work toward the achievement

of ambitious sustainability goals. This review, along with the

tree diagram presented in Figure 11, will provide a series of

potential formulation routes to be assessed by a novel risk-based

sustainability screening assessment method. This will both work

as to provide answers as to which route is the optimum in terms

of sustainability, as well as provide a validity check of the new

screening method.
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