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Biomass in a petrochemical world

Dermot J. Roddy

School of Chemical Engineering and Advanced materials, Newcastle University, Merz Court,
Newcastle upon Tyne NE1 7RU, UK

The world’s increasingly voracious appetite for fossil fuels is driven by

fast-growing populations and ever-rising aspirations for the lifestyles and

standard of living exemplified in the developed world. Forecasts for

higher electricity consumption, more comfortable living environments (via

heating or cooling) and greater demand for transport fuels are well

known. Similar growth in demand is projected for petrochemical-based pro-

ducts in the form of man-made fibres for clothing, ubiquitous plastic

artefacts, cosmetics, etc. All drawing upon the same finite oil, gas and coal

feedstocks. Biomass can, in principle, substitute for all of these feedstocks.

Although ultimately finite, biomass resources can be expanded and renewed

if this is a societal priority. This paper examines the projected growth of an

energy-intensive international petrochemicals industry, considers its

demand for both utilities and feedstocks, and considers the extent to

which biomass can substitute for fossil fuels. The scope of this study

includes biomass component extraction, direct chemical conversion, thermo-

chemical conversion and biochemical conversion. Noting that the

petrochemicals industry consumes around 10 per cent of the world’s fossil

fuels as feedstocks and almost as much again in utilities, various strategies

for addressing future demand are considered. The need for long-term

infrastructure and logistics planning is highlighted.
1. Introduction
Biomass offers a source of carbon from the biosphere as an alternative to fossi-

lized carbon laid down tens of millions of years ago. Anything that grows and

is available in non-fossilized form can be classified as biomass, including arable

crops, trees, bushes, animal by-products, human and animal waste, waste food

and any other waste stream that rots quickly—and it can be replenished on a

rolling timeframe of years or decades. One of the attractions of biomass is its

versatility: under the right circumstances, it can be used to provide a sustain-

able supply of electricity, heat, transport fuels or chemical feedstocks in

addition to its many other uses. One of the drawbacks of biomass—especially

in the face of so many potential end uses—is its limited availability, even

though the precise limitation is the subject of debate. Compared with the

level of attention given to biomass as a source of electricity or heat, relatively

little attention has been paid to biomass as a chemical feedstock. However, in

a world in which conventional feedstocks are becoming constrained and

countries are endeavouring to meet targets for reducing carbon dioxide (CO2)

emissions, there is a question as to whether biomass is too good to burn.

While this paper does not set out to provide the definitive answer to that ques-

tion, it aims to open up the discussion about how biomass might best contribute

to addressing the feedstock supply and carbon footprint issues that are increas-

ingly starting to tax the brains of those involved in the petrochemical industry.

The paper begins by examining the scale of the challenge, looking at the

extent to which the petrochemical industry draws upon the world’s limited

fossil fuel reserves in order to produce the products and materials that devel-

oped and developing countries crave. There is, of course, a question about

whether we should be trying to manage demand and expectations downward

rather than looking for novel ways of perpetuating today’s developed-world

lifestyle preferences. It then goes on to compare the idea of a biorefinery with

the more conventional crude oil refinery, mapping out the possible routes
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Table 1. Examples of materials made from petrochemicals.

petrochemical products uses

polyester, nylon textiles for clothing and carpets

polyurethane adhesives and resins for particle board

PET lightweight, unbreakable bottles

polyethylene plastic bags

expanded polystyrene packaging for fragile goods

various high-grade plastics artificial limbs, food packaging/preservation materials, spectacle lenses,

expensive consumer durables, crash helmets

uPVC doors, window frames

glycols surfactants for basic soaps and expensive cosmetics

ammonia-based fertilisers increasing crop yields

insecticides and biocides health protection

plastic composites lightweight vehicles

synthetic rubber tyres
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Figure 1. World refined product demand outlook (millions of barrels per
day), adapted from Jacobs Consulting [1]. Grey bars, non-OECD; black
bars, OECD.
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from biomass feedstocks to fuels and petrochemical-type

products, drawing a distinction between thermochemical

processes and biochemical processes.

Having outlined the technological possibilities, the paper

then goes on to examine the thorny question of biomass

availability, taking account of the multiplicity of other uses

to which biomass can be put. For those who subscribe to

the idea of a hierarchy of human needs, it is interesting to

consider where the various man-made materials that the pet-

rochemical industry has developed over recent decades and

which are becoming ubiquitous in clothing and home con-

struction materials sit alongside food and animal feed, for

example. As might be expected, the precise limit on biomass

availability depends also on what else our societies wish to

use land, water and other resources for. Finally, the paper

concludes by looking at the implications in terms of infra-

structure development of setting off down a path towards

cost-effective substitution of conventional petrochemical

feedstocks with biomass.
2. Projected growth in petrochemicals
Petrochemicals are used to make many of the materials

associated with modern-day living, as exemplified in table 1.

As populations in developing countries grow and expec-

tations around lifestyle increase, the demand for these

products is increasing.

Figure 1 illustrates some recent projections of refined pro-

duct demand (principally gasoline and diesel) for both

Organisation for Economic Cooperation and Development

(OECD) and non-OECD countries, showing an aggregate

rate of increase equivalent to 1.6 per cent year-on-year [1].

With current oil consumption standing at 4.4 billion tonnes

of petroleum per year (or 90 million barrels per day [1]) of

which approximately 10 per cent is used for petrochemical

feedstocks [2,3], this equates to the equivalent of at least

one billion tonnes of raw biomass per year, rising at 1.6 per

cent per year, for full hydrocarbon feedstock substitution in

the petrochemical industry excluding transport fuels.

One issue with the projected growth in demand for

petrochemicals—assuming a business-as-usual approach to
production—is that feedstock prices (and therefore product

prices) will rise as demand begins to outstrip ability to

supply from conventional sources and more difficult feed-

stocks have to be brought into play (e.g. highly acidic crude

oils, very deep oil wells, shale gas). Another issue is the

carbon footprint associated with converting fossil fuels into

materials whose production and end-of-life disposal leads to

CO2 emissions—effectively releasing within (say) a hundred

years CO2 that was captured by animal and plant life forms

over a period of tens of millions of years. According to the

social policy think tank Civitas, the green taxes proposed

recently by the UK government in the face of such a prospect

could spell the end for Britain’s chemical industry [4].

Approximately 40 per cent of global CO2 emissions come

from industry whether direct from the factories (7.6 Gte per

year) or from their proportion of power station emissions

(3.9 Gte per year) [5]. The industries considered to contribute

most to these figures are petrochemicals, oil refining, cement,

glass and metals processing—with the first of these (petro-

chemicals) being the subject of this paper. The main

petrochemical feedstocks are crude oil fractions such as

naphtha and heavier oils along with natural gas. The chal-

lenge in respect of biomass is to find a cost-effective way of
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synthesizing these feedstocks for use with existing petrochem-

ical technology or to develop alternative feedstocks (viz.

sources of carbon), which would need to be processed in a

slightly different way. The climate change benefit derives from

biomass’ short carbon cycle namely most of the CO2 associated

with biomass conversion and use is counterbalanced by the CO2

absorbed during the recent growth of that biomass.

3. The biorefinery concept
The biorefinery concept is analogous to an oil refinery. Just as

an oil refinery enables the conversion of a range of crude oils

into high-specification fuels and chemical feedstocks, a bior-

efinery enables the conversion of a range of biomass

feedstocks into fuels and chemical feedstocks [6]. As with

the increasingly expensive commodity of crude oil, the aim

is to extract maximum value from the wide range of com-

ponents contained within biomass [7]. This can be done by

using thermochemical or biochemical conversion processes as

described below to produce the necessary chemical intermedi-

ates. For resource-efficiency reasons, thermochemical processes

are often used for dry feedstocks and biochemical proces-

ses for wet feedstocks. Both of these processes disrupt

complex molecular chains, some of which pertain to highly

valuable components. Where raw biomass contains viable quan-

tities of valuable components, it is often cost-effective to extract

those prior to thermochemical or biochemical conversion [8].

A key challenge for the biorefinery concept overall is scale-

up: building processes at sufficient scale to be of relevance to

industrial facilities that operate on a petrochemicals scale.

This is starting to happen in Brazil now [9]. Generally speaking,

a biorefinery that could produce a total output across its

product slate of (say) one million tonnes per year would

be considered relevant as part of the supply chain for

petrochemicals production.

As with an oil refinery, there are numerous opportuni-

ties for heat integration within the overall biorefinery. Thus,

heat removed in one of the thermochemical or biochemical-

processing units as part of a cooling process can often be

used to supply heat elsewhere in the complex. Waste heat

can also be supplied to adjacent downstream petrochemical

facilities in order to maximize the overall profitability and

efficiency of the biorefinery complex and reduce the utilities

demand of the other plants. Some biorefinery designs include

a combined heat and power (CHP) unit that supplies both

heat and electricity through combustion of otherwise unusa-

ble biomass wastes. A good chemical engineering design will

maximize the deployment of cost-effective heat integration.
4. Thermochemical routes to converting biomass
4.1. Gasification
Thermochemical conversion routes are based on biomass gasi-

fication [10–12]. Gasification is a partial combustion process in

which biomass reacts at a high temperature with oxygen,

which is supplied at levels insufficient to support full combus-

tion. The outputs are a gas (the desired product) and a solid ash

residue whose composition depends on the type of biomass.

Continuous gasification processes for various feedstocks have

been under development since the early 1930s. Ideally, the

gas produced would be a mixture of hydrogen and carbon

monoxide, but, in practice, it also contains methane, CO2 and
a range of contaminants. The gas produced tends to be called

syngas (or synthesis gas) although some people prefer to

reserve that term for a blend of hydrogen and carbon monoxide

alone. If, for example, the biomass is derived from coppiced

wood, then the syngas is almost carbon-neutral, because the

CO2 emitted if the syngas or its derived products are burnt is

effectively absorbed again during the photosynthetic growth

of the next crop.

A variety of gasification technologies is available across a

range of sizes, from small updraft and downdraft gasifiers

through a range of fluidized bed gasifiers at an intermediate

scale and on to larger entrained flow and plasma gasifiers

[10,13]. (In an updraft gasifier, the oxidant is blown up

through the fixed gasifier bed with the syngas exiting at the

top; in a downdraft gasifier, the oxidant is blown down

through the reactor with the syngas exiting at the bottom.)

Gasification processes tend to operate either above the ash

melting temperature (typically .12008C) or below the

ash melting temperature (typically ,10008C). In the higher-

temperature processes, there is little methane or tar

formation. There is a choice between oxygen or air as the

oxidant, and some choice over operating pressure. E4Tech

[14] have published a report on the experimental and com-

mercial deployment of gasification technology. From this, it

can be seen that the question of which gasification technology

is ‘best’ depends on whether the priority is to minimize cost,

maximize reliability, produce a very pure syngas, handle

a wide range of feedstock types, avoid pre-processing of

biomass or operate at a large scale.

Several demonstration projects have been implemented

around the world to show how gasifiers can, when designed

right, operate reliably either in isolation or in conjunction

with a downstream conversion process. A well-known

example is the plant in Güssing, Austria, which gasifies 40

oven-dry tonnes per day of local wood chip and wood industry

waste in a dual fluidized bed gasifier linked to a Jenbacher

CHP engine designed to provide 2 MW of electricity and

4.5 MW of heat [15]. While most of the syngas is used to pro-

vide heat and power to the town of Güssing, a slipstream is

diverted for development work on Fischer–Tropsch synthesis,

methanation of syngas (methane being a major petrochemicals

feedstock) and fuelling a solid oxide fuel cell [15]. By contrast,

the largest gasifiers in the world (which are more than 300

times bigger than the Güssing demonstration plant) tend to

be found in more straightforward applications such as large-

scale conversion of low-value streams on oil refineries into

raw syngas for power generation [16].

If the scale of interest is around one million tonnes of

refined product per year, the biomass feedstock required

will be of the order of six million tonnes per year, which

equates to 8000 oven-dry tonnes per day or 2500 MWth.

At the current state of gasifier technology development, this

tends to imply entrained flow gasifiers or possibly circulating

fluidized bed gasifiers depending on the number of gasi-

fication units desired as part of a cost-versus-reliability

optimization [10]. The entrained flow gasifier offers econom-

ies of scale because it can run at feed rates of up to 10 000

oven-dry tonnes per day, but it requires a highly processed

feedstock to compensate for the very short residence time

in the gasification reactor—a matter of seconds. One option

is to grind the biomass to achieve a particle size of less

than 1 mm, which, for a fibrous-vegetable-based feedstock,

may require an upstream torrefaction step to make it
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grindable [10]. (Torrefaction is a heat-treatment process car-

ried out in the absence of added oxygen at temperatures

around 2508C, converting biomass into a charcoal-like

material which retains 90% of its original energy content.)

Another option for feedstock processing is to convert the

biomass into pyrolysis oil via a fast pyrolysis step and inject

it as a fine spray into the gasifier. Pyrolysis is a thermal conver-

sion process in which no oxygen is added [17]. Entrained flow

gasifiers operate at high temperature (1200–16008C), usually

on oxygen, and at pressure of up to 100 bar [18]. The circulating

fluidized bed gasifier can handle a more variable feedstock

slate provided the particle size is kept below 20 mm. It operates

below the ash melting point and offers the option of pressur-

ized operation to facilitate running at up to 1800 oven-dry

tonnes per day. It is usually blown by air rather than oxygen

because of the large volumes of gas required to keep the

biomass and the inert bed material in a fluidized state.
120038
4.2. Gas conversion
A major attraction of syngas is the very wide range of potential

uses [19]. Broadly speaking, there are four options for convert-

ing syngas into useful downstream products: Fischer–Tropsch

synthesis of hydrocarbon chains, methanol synthesis, mixed

alcohol synthesis and syngas fermentation [14]. The Fischer–

Tropsch process was developed in the 1920s to produce an

alternative to conventional diesel fuel [20]. It has been

deployed in South Africa, Germany and elsewhere for synthe-

sizing transport fuels and petrochemical feedstocks, often in

circumstances of economic or political necessity [21]. By choos-

ing an appropriate catalyst (usually based on iron or cobalt)

and appropriate reaction conditions (usually 200–3508C and

20–40 bar), the process with its associated cracking and separ-

ation stages can be optimized to produce heavy waxes for

conversion to diesel, light olefins for gasoline, naphtha for

petrochemicals production or methane as a replacement for

natural gas [22]. The ideal Fischer–Tropsch feedstock is

a syngas consisting of a mixture of hydrogen and carbon

monoxide with a molar ratio of 2 : 1 [23].

Methanol synthesis is another attractive conversion route,

because methanol is one of the top 10 petrochemical com-

modities traded internationally [22]. Syngas can be

converted into methanol over a copper–zinc oxide catalyst

at 220–3008C and 50–100 bar [14]. Methanol, in turn, can

be used to make acetic acid, formaldehyde for resins, petrol

additives and petrochemical building blocks such as ethylene

and propylene [22].

Under slightly more aggressive process conditions (up to

4258C and 300 bar), a wider range of mixed alcohols can be pro-

duced [14], which opens up a wider potential product slate.

The processes use catalysts modified from either Fischer–

Tropsch synthesis or methanol synthesis, by addition of

alkali metals. Finally, the syngas fermentation route uses bio-

chemical processes and reaction conditions that are close to

ambient temperature and pressure to make ethanol or other

alcohols. Biochemical processes are addressed below.

The National Renewable Energy Laboratory has listed 16

different end-uses for syngas, which (in addition to those

listed above) include producing hydrogen, ammonia (which

is the second largest synthetic chemical in the world),

dimethyl ether (for use as a refrigerant or a chemical feed-

stock), acetic acid, formaldehyde, methyl tertiary butyl

ether, olefins and gasoline [22].
There are many options for converting biomass syngas into

petrochemical feedstocks. Consider, for example, the olefins

conversion chain in which ethylene and propylene are con-

verted into polymers (polyethylene, polypropylene, PVC),

glycols (ethylene glycol, propylene glycol) and a range

of familiar materials such as acetone, acetic acid, petrol

additives and surfactants. The olefins can be produced by

synthesizing naphtha in a Fischer–Tropsch process and then

cracking it in a conventional naphtha cracker to make ethylene

and propylene. Alternatively, a methanol-to-olefins (MTO)

process can be used, based on methanol from syngas [22].

Much remains to be done to identify the optimal conversion

routes from syngas through to the various end products.

One of the factors that impacts on the optimization of con-

version routes is syngas purity [24, ch. 8.2]. Depending on the

source of biomass feedstock and the choice of gasifier tech-

nology, the raw syngas can contain varying amounts of

particulates (e.g. ash or char, which can lead to erosion, plug-

ging or fouling), alkali metals (which can cause hot corrosion

and catalyst poisoning), water-soluble trace components (e.g.

halides, ammonia), light oils or tars (e.g. benzene, toluene,

xylene or naphthalene, which can lead to catalyst carbonization

and fouling), polyaromatic compounds, sulfur components,

phosphorus components as well as methane and CO2 [10].

Many of these can be removed (if required)—at a cost—either

using standard chemical-industry equipment such as cyclones,

filters, electrostatic precipitators, water scrubbers, oil scrubbers,

activated carbon and adsorbents, or via clean-up processes such

as hydrolysis and various CO2 capture processes [25,26]. Some

of the more intractable areas such as tar removal continue to

attract considerable research interest [27,28].

Another important factor is the ratio of H2 to CO in the

syngas. Different conversion routes require different ratios,

e.g. 1.7 : 1 and 2.15 : 1 for producing Fischer–Tropsch gaso-

line and diesel, respectively, or 3 : 1 for methanol synthesis

[22]. Because biomass molecules contain oxygen within

their structure, biomass-derived syngas often needs to have

its H2 to CO ratio boosted. One option for achieving this is

to react some of the syngas with steam over a catalyst to

produce H2 and CO2 in the water–gas shift reaction [19],

accepting a CO2 removal cost unless there is a by-product

H2 source readily available.

The extent to which gas clean-up is required depends on

the choice of syngas conversion route. Generally, the level of

particulates will need to be reduced to 0.001–0.01 mg Nm23

for any chemical synthesis process, but the precise extent to

which (say) sulfur or halide levels need to be reduced

depends on the catalysts that are going to be used. For metha-

nol synthesis process, for example, the sulfur content of the

syngas has to be below 100 ppbv [24]. For ammonia synthesis

process, there is a similar sulfur constraint, and the CO2

content must be below 10 ppmv.

5. Biochemical routes to converting biomass
A range of biochemical processes is under development. Fer-

mentation is one of the basic processes used to produce

ethanol for transport and general industrial use. While fer-

mentation of sugars is relatively easy, much of the available

biomass contains both cellulose and the more difficult hemi-

cellulose encapsulated within a lignin-based structure [29].

Cellulose is a linear polymer of glucose molecules. Hemicel-

lulose is a branched polymer of both six-carbon sugars such



Table 2. Quality requirements for biogas injection in Germany (adapted
from Graf & Klaas [40]).

parameter value

propane 6% v/v

butane 2% v/v

H2 5% v/v

CO2 6% v/v

H2S 5 mg m23

mercaptan sulfur 6 mg m23
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as glucose and five-carbon sugars. Lignin is a polymeric

structure of aromatic units [30]. The structure of lignocellulo-

sic biomass can be described as a skeleton of cellulose chains

embedded in a cross-linked matrix of hemicellulose sur-

rounded by a crust of lignin in an intricate structure that is

resistant to attack by chemicals or enzymes [31]. Processes

that manage to penetrate that structure often degrade the

carbohydrates, making their subsequent conversion more dif-

ficult [30]. Dilute acid treatment processes, steam explosion

processes and an ammonia fibre explosion process have

been developed for breaking through the lignin and

making the cellulose accessible for yeast-based fermentation

[30]. Much work is focused on the development of suitable

enzymes for handling biomass derived from a variety of

waste streams and on assessing the overall viability and

carbon footprint of various pathways [31–34].

The process that is attracting most interest at scale is anaero-

bic digestion (AD). AD is a microbial process in which complex

organic materials are broken down into their simpler chemical

components by various enzymes [35]. The reactions take place

in the absence of oxygen and produce biogas and a digestate.

A typical biogas composition would be approximately 60 per

cent methane 40 per cent CO2, with carbohydrate-based feed-

stocks tending to produce more CO2 and lipid-based

feedstocks tending to produce more methane. Feedstocks for

AD reactors often consist of animal slurries, energy crops

and other agricultural, retail and industrial wastes. The four

steps involved are hydrolysis, acidogenesis, acetogenesis and

methanogenesis [36]. The different bacteria involved in the

various stages (fermentive bacteria, acetogens and methano-

gens) have different requirements in terms of temperature

and pH in order to produce high yields [37]. It is therefore

common to see the AD process being carried out in two

steps: one in the mesophilic range (20–408C) and the other in

the thermophilic range (40–608C) [38]. Tight temperature con-

trol within the reactors is important when local outdoor

temperatures are variable [39].

Given that natural gas is a major chemical feedstock for

the petrochemical industry (as well as a fuel), one approach

to increasing the use of biomass in petrochemicals is to

purify and condition the gas produced in an AD process to

the point where it can be injected into a country’s natural

gas grid, and then use that existing grid to supply petrochem-

ical facilities [40]. Table 2 shows some of the requirements for

a German system.

Biological scrubbing (with alkaline water) or chemical

desulfurization (using iron oxides and iron salts) followed

by treatment with activated carbon or zinc oxide can

be used to achieve the hydrogen sulfide specification [40].
Siloxanes can be removed using activated carbon [41].

There is also a requirement to add propane and butane in

order to mimic the composition of natural gas (because

natural gas is not pure methane).
6. Is biomass available on a
petrochemicals scale?

The range of possible feedstocks available is very wide. Some

are derived from crops that are also used to feed people or ani-

mals, leading to a question about the scope for growing more.

Where ultimate limits on availability are envisaged and prior-

itization is required, questions arise about the rights of the poor

and disadvantaged as compared with the hard economics of

investment [42]. Developing countries may view increases in

demand for biomass as a predictable market upon which

they can profitably develop their agriculture to reach its poten-

tial—or they may view it as a route to exploitation of poor

people, threatening land rights and workers’ rights. From a

sustainability perspective, it is important to consider both the

direct effects and the indirect effects of any land-use change

prompted by new markets for biomass [42]. Agricultural

wastes such as wheat straw, rice husks and empty fruit

bunches avoid many of the issues, but there remains a question

about how much land should be given over to agriculture in

the first place, especially in areas of water stress [43]. Proposals

to use wood from rainforests attract regular criticism, but there

is considerable interest in sustainable forestry in less-sensitive

areas and particularly in finding viable end uses for small

roundwood [44]. There are considerable volumes of waste

wood available from construction and demolition activity.

Other relevant waste-based feedstocks are the putrescible frac-

tion of municipal solid waste and the fats, oils and greases from

catering outlets. In the UK, municipal solid waste arisings are

predicted to reach 50 million tonnes per year in 2020 [45].

Waste plastic presents an intriguing opportunity. While

there is a strong case for recycling plastics, their properties

tend to degrade after multiple cycles. If at that point they

are diverted for use as a gasification feedstock, then they

can re-enter the supply chain for high-grade polymer pro-

duction. A closed loop from (for example) plastic bottle to

plastic bottle can thereby envisaged. This is appealing in a

material-constrained world, especially if the starting point

is a biomass-derived plastic [46,47].

Much has been written about where the limit on biomass

availability might lie. In some ways, this is an impossible

question to answer because it depends so much on the

choices that societies make and the priorities that they set.

The world’s land mass in its current form of usage divides

roughly into 10 per cent arable crops, 30 per cent pasture

(including raising animals for food), 30 per cent forest

(some of which is ecologically very sensitive) and 30 per

cent barren (including urban and desert). Societies can

make choices about diet, with a meat-based diet requiring

about seven times more land than a vegetable-based diet

[48]. Countries can decide whether to promote population

growth at the present rate, growth in personal transport at

the present rate, growth in the use of petrochemical-based

materials, and whether to switch to more intensive forms of

crop cultivation and animal husbandry. Their approach to for-

estry can range from unused/undermanaged through to

intensive/sustainable forestry and right on to unsustainable
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forest clearances. Slade et al. [49] have examined the question of

biomass availability from the opposite direction, effectively

saying: you can have any level of biomass availability that

you care to aim for if you are prepared to live with the follow-

ing consequences. By considering choices such as those listed

above, they cover a range that equates to more than two

times the total global primary energy demand.

Beyond all of these land-based sources of feedstock, there

is also the option of using algae as a source of biomass

[50,51]. The options include macro-algae (seaweed) and

micro-algae (e.g. pond scum), grown in fresh water or salt

water. Algae use the sun’s energy to convert CO2, water

and inorganic salts into biomolecules. Algae can be a

source of both lipids (oil-based) and residual biomass. The

Botryococcus braunii strain produces a hydrocarbon oil similar

to crude oil, but unfortunately it grows very slowly—unlike

many other algal strains. Although the aquaculture industry

is still at an early stage of development compared with agri-

culture, it is making rapid progress [52].

There is also the question of how to prioritize the various

demands for biomass that arise from primitive heating, more

advanced renewable heating, renewable electricity, renewable

transport fuels of various types and sustainable production

of chemicals and polymers. For some of these, there are alterna-

tives to biomass: for others, there are not [53]. For the 10 per

cent of oil and gas that is currently consumed as petrochemicals

feedstocks, it could be argued that there are relatively few

options for substitution and therefore that biomass for petro-

chemicals substitution should be prioritized. The economic

question about how best to balance biomass valorization for

energy against conversion into high-value chemicals warrants

careful consideration [8]. There is also a case for looking much

more closely at how much biomass is wasted or lost along the

various supply chains.

7. The implications for developing infrastructure
Petrochemical industry tends to develop in clusters, with feed-

stocks arriving by ship, rail, pipeline, etc., and various plants

supplying one another with chemical intermediates and shar-

ing utilities. Markets for products are both national and

international. There is a huge body of existing infrastructure

in terms of deep ports and storage facilities for liquids, gases

and solid materials. Biomass supply, by contrast, is highly dis-

persed. Questions therefore arise as to whether biomass should

be transported in its raw (usually solid) form, or mechanically

processed into chips or pellets, and whether it should be dried

in order to reduce the moisture content (often 50%) in the inter-

ests of minimizing transportation costs and carbon footprint.

Biomass can be torrefied into a charcoal-like material in order

to minimize its weight without sacrificing too much of the

energy content—but some potentially valuable components

are destroyed in that process. Alternatively, biomass can be
converted into an energy-dense liquid (pyrolysis oil) and

transported in that form [17].

Where large concentrations of biomass feedstock exist, it

may be cost-effective to gasify the biomass close to its source

and then build a network of syngas pipelines [19]. It could be

argued that national gas grids used to carry a form of syngas

before they were converted to carry natural gas instead in the

1970s. Long-distance pipelines tend to cost around a million

pounds per mile to build, but can be economically viable at

large scale [54,55]. The AD industry is already exploring that

path for biogas in natural gas pipelines.

Where companies are interested in using biomass in solid

or liquid form, they tend to set up their own separate supply

chains and then seek to use shared infrastructure for storage

and transport logistics. Where companies are interested in

pipeline supplies of syngas, there is a need to create the pipe-

line infrastructure. There is little evidence of this happening

at the moment, but the relevant issues are being explored in

analogous discussions about creating new CO2 pipelines to

carry captured CO2 from large point sources to one or more

geological storage locations [56–59]. The issues that need to

be dealt with relate to defining an entry specification for gas

into a shared network, deciding how to fund an oversized

pipeline network that can handle higher throughputs in

future, agreeing how early users and later users pay for

access in a way that provides equitable reward to those who

invested the capital, and finding a workable approach to secur-

ing access rights over land owned by multiple parties along

with the relevant planning approvals [19].
8. Conclusions
If societies around the world conclude that the comforts and

lifestyles associated with petrochemical products represent a

priority in a resource-constrained world, it is possible to

secure access to sufficient biomass resource to support a

large-scale petrochemical-style industry given the size of its

feedstock demand relative to energy and transport. There are

clear trade-offs against other priorities such as mobility, diet

and visual amenity. The building blocks for the necessary tech-

nologies have been considerably developed over recent

decades but have seen only limited deployment in a chemicals

production context to-date. The precise manner in which they

need to be assembled and further refined depends on societal

choices regarding which products society ‘must’ have and

the end uses to which limited feedstocks can legitimately be

put. Given the long lead time involved in developing large-

scale infrastructure for transporting syngas and for managing

biomass logistics, it is time to start laying the foundations.
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