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Appendix 1 Glossary

Abbreviation Full term

AG Alun Griffiths 

BAU Business As Usual

BQM Biochar Quality Mandate

BSL Biomass Suppliers List

C pot Carbonation potential

CASPER Carbonate Accumulation in Soils through the Prediction of Elemental Release

CEC Cation exchange capacity

CH Chainage

CV Calorific Value

E pot Enhanced mineral weathering potential

EA Environment Agency

EBC European Biochar Certificate

EMW Enhanced mineral weathering

HE (NH) Highways England (now National Highways)

HHV Higher Heating Value

HyPy Hydrogen Pyrolysis

IBI International Biochar Initiative

ICE Institution of Civil Engineers

IRMS Isotopic Ratio Mass Spectrometry

LCA Life cycle assessment

LOI Loss on Ignition

MIM Moreton-in-Marsh

MIST Mineral Solutions Ltd

MRT Mean Residence Time

NIC National Infrastructure Commission

NR Network Rail

NSC North Somerset Council

ODT Oven dry tonnes

ORC Organic Rankine Cycle

PPT Peak pyrolysis temperature

PSD Particle size distribution

PyC Pyrogenic Carbon Content

RHI Renewable Heat Incentive

RIA Railway Industry Association

SIC Soil Inorganic Carbon

SOC Soil Organic Carbon

TDS Tonnes of dry solids

TRL Technology Readiness Level

UK BRC United Kingdom Biochar Research Centre

WASC Water and Sewage Company

XRF X-Ray Fluorescence Analysis
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1 Biochar  

1.1 Overview 

Biochar is a carbonaceous solid produced by the thermochemical treatment of 

organic materials (biomass) in an oxygen-limited environment (Pardo, Sarmah, & 

Orense, 2019). This process is called pyrolysis. By restructuring plant-based 

carbon into a more stable form, an intervention is made upon biomass that would 

otherwise decompose and release its carbon back into the carbon cycle. Biochar 

therefore represents an immediately quantified removal of carbon upon its 

integration into infrastructure. 

1.2 Materials and Processes 

This section is organised in a linear narrative as below in Figure 1. CO2e removal 

and carbon persistence is discussed in section 1.3. 

 

Figure 1: Flowchart to show materials (green) and processes (blue) for biochar 

1.2.1 Carbon Capture in Biomass 

Turnover of carbon in soils is the dominant flux in the terrestrial carbon cycle and 

is responsible for transporting twenty times the quantity of anthropogenic 

emissions each year (Renforth, Manning, & Lopez-Capel, 2009). The carbon 

cycle is maintained by the carbon-fixing properties of plants, phytoplankton, and 

bacteria. Oxidised forms of carbon are reduced to organic carbon compounds 

through photosynthesis and are stored in living biomass. This may be released 

into the atmosphere through respiration, forest fires, or the burning of fuel, or the 

decomposition of organic matter, specifically cellulose, hemicellulose, and lignin 

(Neemisha, 2020). The pyrolysis of biomass disrupts this decomposition and 

immobilises a fraction of the organic carbon in a stable form. 

1.2.2 Feedstocks 

Biomass is typically classed as either a virgin or non-virgin biomass. Virgin 

biomass is derived immediately from an organic source that does not involve 

chemical or biological transformation, amendment, or treatment. Virgin biomass 

encompasses materials like straw, soft/hardwood, manure, agricultural residue 

(e.g husks), or forest residues (e.g clippings). Non-virgin biomass encompasses 

materials such as construction and demolition waste, municipal solid waste, 

refuse-derived fuels, slurries, bedding matter, manures, sewage, and paper sludge 

(Shackley & Sohi, 2010). 
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Two feedstocks were initially considered for this project, anaerobically digested 

sewage sludge and softwood sawmill co-products (chips, sawdust, clippings).  

Over England and Wales, 10 companies produce 1.2M tonnes of dry solids (tds) 

(the total, dry solid content of sludge) per year spread out over 1516 wastewater 

treatment works (Ofwat, 2021). The same companies produce a further 1M tds per 

year from 275 sludge treatment centres (Ofwat, 2021). Since 2018, water and 

sewage companies (WASCs) in England and Wales are required to publish annual 

information to encourage market speculation. Third parties (outside of WASCs) 

provided 48% of the industry’s total sludge disposal from 2020-2021, up 3% from 

the period between 2019-2020 (Ofwat, 2021). The trading of sludge for treatment 

is low, and companies report several barriers for competition (Ofwat, 2021). The 

most common barrier identified was the government guidance “Rules for farmers 

and land managers to prevent water pollution” followed by regulations 

surrounding the co-digestion of multiple organic wastes in the same digester 

(Ofwat, 2021). Both issues are potentially circumvented by the pyrolysis process, 

meaning that WASCs represent a promising feedstock source if regulatory and 

permitting hurdles regarding waste derived biochar can be overcome. 

 

A total of 150 sawmills processed UK roundwood in 2019, with 83% of mills 

producing less than 25,000 m3 of sawnwood (softwood and hardwood) a year 

(Forestry Comission, 2020). Total production in 2019 was 3,410,000 m3 of 

softwood and 47,000 m3 of hardwood (Forestry Comission, 2020). From 2009 to 

2019 the number of active sawmills has reduced by 20% with most of this 

decrease being borne by smaller operations, though softwood consumption is still 

higher in 2019 than 2009 so processing operations are centralising (Forestry 

Comission, 2020). Of the mills producing more than 25,000 m3 of product, a total 

of 2,476,000 tonnes of other coproducts such as chips, bark, and sawdust were 

produced in 2019 (Forestry Comission, 2020). The exact figure of generated 

coproduct that is available for biochar production is not known. For instance, from 

industry consultation it was found that BSW Timber sell their coproduct to A.W. 

Jenkinson Forest Products, who sell them on for uses such as livestock bedding or 

equestrian walkway lining (A.W. Jenkinson Forest Products, 2021). 

 

Beyond existing supply sources, it is important to place feedstock within the 

context of developing trends. The UK Committee on Climate Change aimed in 

2019 to develop 30,000 hectares of new woodland in the UK every year, totalling 

an additional 930,000 ha by 2050 (Gambles, 2019). This is parallel to the 

emerging trend of structural timber use in construction. Given that 80% of UK 

timber was imported as of 2019, the turnover of managed woodland is likely to 

increase with the emerging domestic supply, opening significant opportunities for 

forestry residue as a biochar feedstock (Gambles, 2019).  

 

Furthermore, The Department for Business, Energy and Industrial Strategy 

(BEIS) has awarded £4 million of funding for the project development stage of 

the Biomass Feedstocks Innovation Programme, comprised of 25 projects with up 

to £200,000 of funding per project (GOV UK, 2021). The research upon mobile 

pelletisation and the development of on-site pre-processing for trees offers the 
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potential for highly flexible biochar production, greatly reducing biomass 

transport and enabling more site-specific feedstock options. 

After consideration of environmental and regulatory positions, sewage sludge 

derived biochar was considered unfeasible within the scope of this work due to 

planning constraints associated with the anticipated waste status of non-virgin 

feedstock derived biochar. The proposed feedstock which has informed the life 

cycle analysis and the expected material properties is soft and hardwood sawmill 

coproducts. 

1.2.3 Pelleting and Processing 

Pelleting may be conducted either before or after pyrolysis. However, a pelleted 

feedstock adds consistency to the pyrolysis process by making the biomass 

uniform in shape. It also generates a uniform biochar with more consistent 

properties across batches, and greatly reduces the risks of material loss through 

dust generation whilst handling, potential run-off, and wind erosion (Shackley & 

Sohi, 2010). Given that the physical macrostructure constrains the rate of 

oxidation within the soil by reducing the surface area per weight of the biochar, 

pelleting may also benefit the long-term stability of biochar’s carbon removal 

function (Cross & Sohi, 2013). 

 

The basic steps of pelleting are as given (European Biomass Industry Association, 

2021); 

1. Comminution – maximum particle size is brought below the thickness of 

the desired pellet. 

2. Drying – raw material is typically dried in a rotary drum.  

3. Conditioning – the material can be conditioned with dry steam and water 

to the required temperature and moisture content to activate the biomass 

lignin as a pellet binding agent. 

4. Milling – pellets are extruded by the action of rolling on a perforated 

matrix and cut at the desired length. The two main types are flat die and 

ring die. 

It is therefore proposed that feedstock be pelleted before pyrolysis for ease of 

biochar handling and to maximise the long-term stability of biochar in the soil. 

This is recommended for the reference site at Moreton-in-Marsh and the live pilot 

site at Banwell Bypass.  

1.2.4  Pyrolysis 

There are several carbonization processes that can be used to produce biochar, 

including but not limited to; pyrolysis, gasification, hydrothermal carbonization, 

flash carbonization, and torrefaction (Cha, et al., 2016) For the purposes of this 

project only pyrolysis is considered. 

Pyrolysis is a thermal process whereby biomass is decomposed in the absence of 

oxygen within an approximate temperature range of 300-900 °C (Cha, et al., 

2016). It is essentially incomplete combustion, and air may be removed by 

purging the feedstock with N2. The biomass is transformed by pyrolysis into three 
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products; bio-oil (a high-energy-dense liquid), syngas (a low-energy-dense gas), 

and biochar (a carbon-rich high-energy-dense solid) (Woolley & Hallowell, 

2018). The distribution of these products as a proportion of original feedstock 

weight also depends upon the pyrolysis conditions. For instance, at lower peak 

pyrolysis temperatures (PPT) and slower rates of heating, the biochar yield tends 

to increase (Woolley & Hallowell, 2018). Conversely during pyrolysis with higher 

PPT, more of the total chemical energy of products is contained in pyrolysis gases 

and liquids, rather than solids (Mašek, Brownsort, Cross, & Sohi, Influence of 

production conditions on the yield and environmental stability of biochar, 2011) 

The suggested pyrolysis supplier (PyroCore) typically do not produce a liquid 

yield, and further detail regarding the use of their by-products is given in section 

4.1.1 of Appendix G. The different types of pyrolysis by temperature are given 

below in Table 1. 

 

Table 1: Range of pyrolysis processes and outputs (Shackley & Sohi, 2010) 

Pyrolysis Temperature 

and duration 

(range) 

Solid (Biochar) 

(% o.d) 

Liquid (Bio oil) 

(% o.d) 

Gas (Syngas) 

(% o.d) 

Slow  250-750, 

mins-days 

2 - 60 0 - 60 0 - 60 

Intermediate  320-400, 

mins 

19 - 73 18 - 60 9 - 32 

Fast 400-750, ms-

s 

0 - 50 10 - 80 5 - 60 

 

The boundaries between slow and fast pyrolysis are blurred. A key point to 

consider is whether vapours and aerosols components are rapidly removed to 

optimise liquid formation (fast pyrolysis) or whether they remain in contact with 

the solid, undergoing secondary reactions which produce added carbonaceous 

solids (slow pyrlysis) (Mohan, Sarswat, Ok, & Pittman, 2014). Fast pyrolysis is 

typically focused upon maximising the extraction of energy rich liquid and gas 

products, whereas high temperature slow pyrolysis (650°C) maintains high energy 

value of the pyrolysis gas and liquid fractions without compromising the stable 

carbon content of biochar (Crombie & Mašek, 2015). High temperature slow 

pyrolysis has been pursued as the most desirable process to retain the maximum 

amount of feedstock carbon within the produced biochar (Shackley & Sohi, 

2010). 

 

Further information regarding the industrial processes used to produce biochar is 

given in section 1.5.2. 
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1.2.5 Biochar Material Properties 

 

Figure 2: Biochar from four different feedstocks, left to right; mixed softwood pellets, 

rice husk, woodchip, fine woodchip (UK BRC, 2019) 

Shown in Figure 2 above, biochar is not a single homogeneous material. During 

pyrolysis the mass of the feedstock reduces but the basic structure of the original 

material remains, so biochar and its properties are determined by the choice of 

feedstock, pyrolysis conditions, and any other alterations made depending on its 

intended use, such as pelleting (Morgan, Sohi, & Shackley, 2020). The reader is 

referred to (Ippolito, et al., 2020) for an exhaustive review of feedstock and 

pyrolysis conditions upon biochar properties. Numerous bodies seek to 

standardise biochar properties for wider integration into agricultural and 

infrastructural practices, and some key organisations are given in Table 2 below. 

Readers are also directed towards (Tomczyk, Sokolowska, & Boguta, 2020). 

Table 2: Key sources for biochar standards and classification, adapted from (Ralebitso-

Senior & Orr, 2016) 

Source Document Description 

(International 

Biochar Initiative, 

2015) 

Standardized Product 

Definition and Product 

Testing Guidelines for 

Biochar That Is Used in Soil 

Sets out a common definition 

for biochar with testing 

requirements for key properties 

(Shackley, Ibarrola, 

Hopkins, & 

Hammond, 2014) 

(British Biochar 

Foundation) 

Biochar Quality Mandate 

(BQM) version 1.0 

Methodology for evaluating the 

environmental and health risks 

of using biochar as a soil 

amendment 

(European Biochar 

Certificate, 2021) 

Guidelines for a sustainable 

production of biochar 

Establishing the biochar 

properties that are necessary to 

ensure safety and sustainability 
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Source Document Description 

(UK Biochar 

Research Centre, 

2019) 

UKBRC Standard Biochar – 

Standard Biochar 

Specification Sheet 

Ten biochars produced from 

five feedstock, using a pilot 

scale rotary-kiln pyrolysis plant 

at 550 °C and 700 °C 

(UK Environment 

Agency, 2015) 

Product comparators for 

materials applied to land: 

non-waste biochar 

Sets out criteria to characterise 

non-waste biochar 

Historic Use 

Biochar’s modern renown owes a debt to methods of cultivation practiced by the 

Amazonian peoples, resulting in the dark earths known as Terra Preta (Soentgen, 

et al., 2017). Radiocarbon generated chronologies of sites in the central Amazon 

confirm their anthropogenic origin by showing a rate of Terra Preta formation that 

is much faster and less homogeneous than natural pedogenesis, with deposits 

varying between 350-2300 years old (Neves, Petersen, Bartone, & Heckenberger, 

2004). High acidity and extremely low nutrient contents are the dominant features 

of Amazon lowland soils, however the areas covered by terra preta 

(approximately 0.1 – 0.3% of the wooded Amazonian lowlands) demonstrate 

enduring fertility and an almost neutral pH value of 6.7 (Soentgen, et al., 2017).  

Awareness of this method ultimately reached Europe and subsequently western 

scientific practice through colonial interactions dating back to the 16th century. 

Whilst written descriptions of the agricultural use of charcoal have been found 

dating back to 17th century China, much of the current interest in biochar stems 

from the work of Wim Sombroek made upon Amazonian soils, specifically 

(Woods, et al., 2009). Consideration and restraint must therefore be exercised in 

the description of this material; commoditisation of biochar as the revival of a 

“forgotten” practice is ahistorical and constitutes an act of erasure in the context 

of the significant population collapse that was caused by the European persecution 

and displacement of indigenous populations (Soentgen, et al., 2017). 

Current Uses 

Biochar production and use typically fulfils five broad and overlapping groups of 

objectives: waste management, soil improvement, energy production, climate 

change mitigation, and water pollution mitigation (Lehmann & Stephen, Biochar 

for environmental management: an introduction, 2015).  

Waste Management - numerous companies such as Splainex Ecosystems in the 

Netherlands and PyroCore in the UK are orientated towards reducing material 

waste volume and the pollutant impact of sewage and non-recyclable waste 

through pyrolysis (PyroCore, 2021) (Splainex Ecosystems, 2018).  

Soil Additive - biochar properties can be tailored to specific soils and 

may target crop productivity through increased nutrient availability, improved 

soil-water properties, plant-microbe relations, and soil remediation (Lehmann & 

Stephen, Biochar for environmental management: an introduction, 2015). 

Integration into pavement subsurface in Stockholm, Sweden, has also improved 

the growth of urban trees (Embrén, 2016). Companies like Carbon Gold sell 

biochar for horticulture within the UK (Carbon Gold, 2021).Energy Production - a 

well-established use of pyrolysis, biochar can be tailored to give high calorific 
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contents for use in energy production. Before shutting down due to consequences 

of the Fukushima disaster, the Tokyo Sludge Pyrolysis Plant was producing 9.86 

kt of biochar per year to be used as fuel in a nearby power station (Mašek, Sohi, 

Kiso, & Boag, 2010). Splainex Ecosystems and PyroCore also generate energy 

from combusting the gas and liquid that is produced, and pyrolysis can be 

orientated to energy production as with the BIOMACON boiler 

systems (BIOMACON, 2021). The biochar from these processes is therefore 

currently a by-product, as biochar production is not the primary motivation for 

pyrolysis.  

Climate Change Mitigation - the stable carbon in biochar (approximately 97 ± 

0.6 %wt from a meta-analysis of 24 studies) decomposes very slowly and is 

therefore suitable for sequestering carbon, with a mean residence time of 

approximately 556 ± 483 years (Wang, Xiong, & Kuzyakov, Biochar stability in 

soil: meta-analysis of decomposition and priming effects, 2015). The lower end of 

73 years given by this figure is the result of crop and grass-derived biochar being 

included in the meta-analysis, as well as biochar produced at low PPT (Wang, 

Xiong, & Kuzyakov, 2015). These uncertainties have been managed within this 

project through the proposed use of woody feedstocks and high PPT.  

Carbonfuture is a marketplace that allows biochar producers to sell carbon 

removal credits to this end (Carbonfuture, 2021). 

Water Pollution Mitigation - biochar’s high surface area to volume ratio means it 

acts as an adsorbent to remove contaminant such as heavy metals, organic 

contaminants, and nitrogen and phosphorous from industrial and municipal 

waters (Xiang, et al., 2020). Its potential for integration into infrastructure projects 

as a filtration medium is discussed in more detail in section 1.6 of Appendix I. 

Physical Characteristics 

The reflexivity of biochar to its feedstock is demonstrated in Figure 3, and one 

study gives a range of 200 – 1000 kgm-3 for the typical bulk density of biochar, 

with 500 kgm-3 as an average (Adekiya, Olayanju, Ejue, Alori, & Adegbite, 

2020). 
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Figure 3: Graph to show bulk density of biochar (kgm-3) against feedstocks pyrolysed at 

different PPT (°C) (Rajkovich, et al., 2012) 

The bulk density of Oak derived biochar varies between 250 – 200 kgm-3 for 300 

– 600 °C respectively, and Pine varies from 130 – 170 kgm-3 over the same 

temperature range (Rajkovich, et al., 2012). The higher end of Oak bulk density 

(250 kgm-3) has been used as a provisional figure throughout this report, to take 

into account the fact that pelletisation increases biochar bulk density compared to 

powdered biochar.  

Porosity similarly depends upon feedstock type and peak pyrolysis temperature, 

as biochar retains the basic structure of its feedstock material. It is typically a 

highly porous material however, and the porosity of a soft wood derived biochar 

varies over 0.59 to 0.72 for pyrolysis temperatures of 300 – 700 °C respectively 

(Brewer, et al., 2014). 

Chemical Characteristics 

Most biochar is alkaline, with pH typically increasing as peak pyrolysis 

temperature increases (Khanmohammadi, Afyuni, & Mosaddeghi, 2015). The UK 

Biochar Research Centre finds 7.91 and 8.44 as the pH for mixed softwood 

pellets pyrolysed at peak temperature 550°C and 700°C respectively (UK BRC, 

2019). 

1.2.6 Biochar and Soil Health 

Via pyrolysis, biochar is essentially a constructed material dependent upon 

feedstock and pyrolysis conditions. Combined with its novelty to quantified 

investigation, systematic evaluations of its effect upon the soil are still developing 

(Shackley & Sohi, 2010). Despite this, there is a broad acknowledgement that the 

benefits of biochar upon soil health, crop production, and the environment are 

most pronounced when biochar is applied to soils with low fertility and of high 

acidity (Adekiya, Olayanju, Ejue, Alori, & Adegbite, 2020). For further detail and 
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context readers are directed toward Adekiya, et al., (2020), Shackley & Sohi 

(2010), and towards Mohan, et al., (2014) and Beesley, et al., (2011) for extensive 

reviews of the contaminant removal properties of various biochar. The 

relationship between biochar and soil health has been reviewed using the 

methodology outlined in Appendix B4.  

 

Nutrients and Acidity 

Nitrogen is typically present on the surface of biochar as C-N heterocyclic 

structure and has a low bioavailability (Adekiya, Olayanju, Ejue, Alori, & 

Adegbite, 2020). The availability of potassium ranges from 0.4 to 34% of total P 

in biochar. Between 55-65% of the available K, Ca, and Mg from biochar can be 

related to their total concentration (Ippolito, Spokas, Novak, Lentz, & Cantrell, 

2015). Average pH and cation exchange capacity are given below in Table 3 

below for hardwood and softwood.  

Table 3: Average pH, cation exchange capacity (CEC), and nutrient concentrations (dry 

weight basis) of biochar from different feedstocks (Adekiya, et al., 2020; Ippolito, et al., 

2015) 

Source pH CEC (cmolc/kg) C N P K Ca Mg 

Hardwoods 7.94 13.8 74.4 0.72 0.11 0.95 1.01 0.95 

Softwoods 7.48 14.5 74.6 0.79 0.07 1.69 2.07 1.80 

 

Increasing pyrolysis temperature decomposes acidic functional groups such as 

carboxylic COOH, phenolic OH, and lactonic O, forming alkali bases and making 

biochar more basic (Adekiya, Olayanju, Ejue, Alori, & Adegbite, 2020).  As 

biochar ages and is exposed to water and oxygen, more functional groups are 

generated on the surface and the CEC can increase (Adekiya, Olayanju, Ejue, 

Alori, & Adegbite, 2020). Pelleted biochar has less surface area per unit volume 

than biochar fines and therefore generate less functional groups upon its surface 

after the same amount of time in soil. Since the C/N ratio of much biochar is 

higher than the 25-30 range deemed optimal for N mineralisation, N 

immobilisation in biochar can occur and cause N deficiency in crops, at least in 

the short term (Adekiya, Olayanju, Ejue, Alori, & Adegbite, 2020). Indeed, whilst 

the total N content of biochar can vary, the amount of available N as nitrate (NO3) 

is typically negligible, and the low extractable N concentrations as NO3, NH4, and 

NO2 can be attributed to gaseous N loss during pyrolysis (Ippolito, Spokas, 

Novak, Lentz, & Cantrell, 2015). One pathway for making minerals available to 

surrounding soil is the solubilisation of biochar ash, which occurs much faster 

than the progressive release of nutrients from the biochar itself (Shackley & Sohi, 

2010).  

 

High PPT and pelleted woody feedstock therefore reduce the mineral and nutrient 

content that is available from biochar when compared to other feedstocks, such as 

sewage sludge, which typically generates biochar with high ash content (UK 

BRC, 2019). 

 

Inorganic and Organic Carbon Content 

Total organic carbon is a key measure of the soil organic matter. It reflects the soil 

capacity to affect nutrient supply and retention for the needs of plants and 
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microbiota, and through these, the physical properties like aggregate stability, 

water holding capacity, and infiltration (Adekiya, Olayanju, Ejue, Alori, & 

Adegbite, 2020). The easily decomposed fraction of carbon in biochar can 

generate constraints to crop growth if substrate nitrogen is low, because N and C 

are both required to build new biomass, and microbes out-compete roots for 

nitrogen (Shackley & Sohi, 2010). The nitrogen in biomass is progressively 

volatilised during pyrolysis, so the C:N ratio is typically higher in the biochar than 

the feedstock. If a sufficient amount of the carbon is stable however, it will not 

create the microbial demand for external N. Nitrogen immobilisation therefore 

depends upon the amount of biochar integrated, the labile fraction, and the C:N 

ratio (Shackley & Sohi, 2010). The benefit of biochar for plant production may 

also directly stimulate more carbon input into soils via plant residue return and 

rhizodeposition, or the material lost from plant roots into soil (Wang, Xiong, & 

Kuzyakov, Biochar stability in soil: meta-analysis of decomposition and priming 

effects, 2015). 

 

A long-term five-year study by Dong, et al., 2019 showed that biochar can also 

increase soil inorganic carbon content in the shallow (0-40cm) soil layers. 

Application rates in clayey, sandy, silt were positively related to soil inorganic 

carbon content, as biochar increased the pedogenic inorganic carbonate formation 

(Dong, Singh, Li, Lin, & Zhao, 2019). This process is explored in the testing 

proposed at the Moreton-in-Marsh reference site (see Appendix H), as the 

provenance of measured inorganic carbon is to be determined by Isotopic Ratio 

Mass Spectrometry (IRMS) methods.  

 

Structure and Water Capacity 

This factor determines the soils vulnerability to erosion and root penetration. 

Mean weight diameter is a measurement of the average size of soil aggregates. A 

higher value means larger aggregates are present and implies greater stability.  

Biochar has been found to increase the mean weight diameter of silty loam soils at 

low amendment rates, improving aggregation by 126 to 217% over 60 weeks 

(Adekiya, Olayanju, Ejue, Alori, & Adegbite, 2020). Due to the low bulk density 

of biochar, (heavily dependent upon feedstock but 250 kgm-3 is assumed in this 

report) compared to typical soil (≈2000kgm-3) amendment will typically result in 

a reduction of bulk density (Adekiya, Olayanju, Ejue, Alori, & Adegbite, 2020). 

Biochar has high porosity due to the pyrolytic emission of structural water. It can 

therefore promote larger pores in fine textured soils like loam and clay, but for 

soils with an already high permeability such as coarse sand it can narrow the 

available pore space (Adekiya, Olayanju, Ejue, Alori, & Adegbite, 2020). The 

potential benefits of this pore space provision are discussed further in sections 1.6 

to 1.8 in Appendix I.   

 

Biological Activities 

The microbial population, diversity, and activity affect all the factors of soil 

health, along with plants and enzyme activity, and are in turn affected by them 

(Adekiya, Olayanju, Ejue, Alori, & Adegbite, 2020). The porous structure, large 

internal surface area, and high-water retention capacity provide favourable 

habitats for soil biota, which can inhabit the macropores (2mm-2μm) and avoid 
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predators like mites and nematodes (Adekiya, Olayanju, Ejue, Alori, & Adegbite, 

2020). Condensed volatile compounds and the labile fraction of C in biochar can 

serve as substrates (energy sources) for microbe growth and metabolism and can 

even be toxic to certain microbial pathogens (Adekiya, Olayanju, Ejue, Alori, & 

Adegbite, 2020). As a result of its general potential to neutralise soil pH however, 

significant biochar amendment may alter the bacteria to fungi ratio in favour of 

bacteria because bacteria thrive at near neutral pH levels. This may also affect 

microbial feeders, and their predators in turn (Adekiya, Olayanju, Ejue, Alori, & 

Adegbite, 2020). However, the modification of plant pH may also increase plant 

productivity and therefore increase the amount of C-substrate available through 

roots and residues (Shackley & Sohi, 2010). The potential to encourage microbial 

growth is promising for biochar applications where the biodiversity of the soil is a 

key issue, and this effect is being monitored against biochar application rates at 

Moreton-in-Marsh. 

 

Chemical Pollution 

Aluminium and to a lesser extent manganese in acidic soils can be complexed and 

detoxified by reactive functional groups on the biochar surface. As before with the 

functional groups improving CEC over time, the prevalence of these functional 

groups increases with peak pyrolysis temperature, and biochar can sorb and 

detoxify lead and cadmium in the same way (Adekiya, Olayanju, Ejue, Alori, & 

Adegbite, 2020). Biochar contains two potential contaminants, namely the 

persistence of heavy metals, dioxins, polycyclic (PAHs) in the feedstock itself, 

and the generation of PAH in the pyrolysis process (Shackley & Sohi, 2010). 

Most heavy metals will therefore be present as ash within biochar, so it may be 

possible to manipulate contaminant loadings through the selective removal of ash 

(Shackley & Sohi, 2010).  
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Figure 4: Physical, chemical, and biological properties of biochar for removal of 

contaminants from stormwater (Mohanty, et al., 2018) 

As biochar can achieve surface areas similar to activated carbon, some feedstocks 

produce biochar that is suitable for filtration purposes. Inclusion in storm-water 

runoff experiments gave significant performance for metalloid/metal-ion 

adsorption and removal, organic contaminant removal, nutrient removal, and 

biological contaminant deactivation and removal (Woolley & Hallowell, 2018). 

Biochar produced from sea mango has also been shown to achieve a leachate 

remediation performance of 95.1% colour reduction, 84.94% COD leachate, and 

95.77% NH3-N removal through adsorption (Woolley & Hallowell, 2018). 

However, inorganic contaminants that cannot be degraded by microbial action 

like heavy metals are not removed by biochar but are immobilised within the soil 

matrix (Beesley, et al., 2011). Pollution risk is therefore mitigated via the pathway 

by suppressing pollutant mobility, but this is dependent upon the physical 

persistence of the biochar in the soil (Beesley, et al., 2011). This is a key 

opportunity for biochar use within infrastructural environments, identified and 

elaborated upon in section 1.6 of Appendix I.   

 

All these processes within the soil are deeply interrelated and interact differently 

as time in the soil increases, as illustrated in Figure 5 below. 
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Figure 5: Schematic to illustrate possible trajectories of biochar processes within soils, 

over an approximate decadal timescale (Shackley & Sohi, 2010) 

1.3 CO2e Removal from Biochar 

In this section, the assumptions and models that determine the total potential CO2e 

removal offered by biochar are described and explained. 

1.3.1 Total Removal Potential  

At the point of production, the total CO2e removed in a tonne of biochar is the 

product of the carbon content by weight (% wt) and the conversion factor between 

the molecular mass of carbon, to carbon dioxide. Using the UK Standard Biochar 

specification sheet, a value for softwood derived biochar pyrolyzed at PPT 700°C 

can be calculated (UK BRC, 2019): 

 

 

 

The figure given by Eq. 1 is a snapshot however and does not account for the 

emissions associated with biochar production or its possible long-term oxidation. 

1.3.2 Persistence Models 

Chemically, the carbon stored in biochar may be lost through mineralization, 

whereby the carbon oxidises to form CO2 that is readily available to plants. This is 

primarily driven by microbial activity but may also occur as a result of oxygen in 

the soil making contact with reactive elements of the biochar (Lehmann, et al., 

2015). Carbon may also be lost through chemical decomposition, that is, 

transformation to other organic substances that are typically microbial metabolites 

90.21 (𝐶𝑡𝑜𝑡 %𝑤𝑡) × 1 (𝑡𝑜𝑛𝑛𝑒) ×
44
12

(𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛

100
) = 3.38 𝑡𝐶𝑂2𝑒/𝑡 Eq. 1 
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or debris (Lehmann, et al., 2015). Carbon “loss” through biochar transport is not 

dealt with here but is covered as a risk to monitoring in section 2.1.3 of Appendix 

I. 

Persistence is used hereafter to signify the property that determines the resistance 

of biochar to decomposition or mineralisation. The symbol BC+100 is used to 

denote the amount of carbon by percentage weight of original biochar that is 

predicted to remain present in the soil after 100 years, and BC-100 is conversely the 

biochar that can be expected to mineralise and decompose by this time (Budai, et 

al., 2013). The global warming potentials of greenhouse gases are commonly 

assessed over a 100-year time horizon, so it is used to characterise biochar also 

(IPCC, 2014). The 100-year time interval is also the most commonly used 

measurement of longevity used by carbon credit.   

In 2013 the International Biochar Initiative conducted a review of 27 assessment 

methods available for determining biochar persistence, and identified three broad 

categories (Budai, et al., 2013): 

1. Alpha methods – methods which allow routine estimation of the BC+100 at 

minimal costs. 

2. Beta methods – methods which quantify BC+100 using a model based off 

parameters derived from Alpha methods. 

3. Gamma methods – methods which provide physiochemical underpinning 

for Alpha and Beta methods. 

For further information on biochar persistence methods the reader is directed to 

(Leng, Huang, Li, & Li, 2019). Alpha, Beta, and Gamma methods are summarised 

below before the proposed persistence model for this project is elaborated upon. 

Alpha Methods 

H:Corg Ratio 

H:Corg ratio has been adopted by the IBI as a threshold to separate biochar from 

raw feedstocks by ensuring the abundant formation of fused aromatic ring 

structures (Leng, Huang, Li, & Li, 2019). Organic carbon is used because high-

ash biochar contains inorganic carbon in the form of inorganic carbonates; these 

do not form aromatic groups and behave differently to organic carbon (Leng, 

Huang, Li, & Li, 2019).  The IBI’s H:Corg upper limit of 0.7 is a conservative 

value derived from several incubation experiments and their modelling results to 

ensure that 50% (95% confidence) of biochar C should persist in soil for 100 

years (Leng, Huang, Li, & Li, 2019) (Budai, et al., 2013).  

 

O:Corg Ratio 

The O:Corg ratio is required in addition to the H:Corg ratio for EBC certification 

(EBC, 2012). However H:Corg is preferred because oxygen is typically calculated 

by difference (O = 100 - C - H - N - S - ash) which may lead to overestimation of 

oxygen content (Leng, Huang, Li, & Li, 2019). This method does not typically 

distinguish well between poultry derived high-ash biochars and wood derived 

low-ash biochars (Enders, Hanley, Whitman, Joseph, & Lehmann, 2012). 

Biochars of different O:Corg ratio allegedly have different persistence qualities 
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(Leng, Huang, Li, & Li, 2019). The typical calculation by difference introduces 

uncertainty however so it has not been used here. 

Fixed Carbon and Volatile Matter Content 

Fixed carbon and volatile matter have a close relationship to stable (persistent) C 

content and labile (non-persistent) C content, respectively (Leng, Huang, Li, & Li, 

2019). High volatile matter is positively correlated to mineralizable C content and 

therefore dominates the responses of incubation studies, due to the short-term 

nature of nutrient release and microbial activity it promotes (Leng, Huang, Li, & 

Li, 2019). However, there is only a weak correlation between volatile matter 

content and half-life data, and this method was discarded as an indicator of 

stability by the IBI (Budai, et al., 2013). It has therefore not been used here. 

Beta Methods 

Mean Residence Time 

Assuming an exponential decay rate, persistence can be expressed in terms of 

mean residence time (MRT), which is the inverse of the decay rate (1/k) 

(Lehmann, et al., 2015). The half-life is the time that elapses before half of the 

biochar mineralizes and can be obtained by multiplying the MRT by the natural 

logarithm of 2 (Lehmann, et al., 2015). These models require biochar incubation 

data, which can be expensive and time-consuming to produce. 

Key sources regarding biochar persistence are given below in Table 4. 

Table 4: Key sources of data for biochar mean residence time 

Source Description 

(Lehmann, et al., 2015) Meta-analysis of biochar data 

111 different biochars produced under varying 

pyrolysis conditions compared in terms of MRT 

(Wang, Xiong, & Kuzyakov, 

Biochar stability in soil: meta-

analysis of decomposition and 

priming effects, 2015) 

Meta-analysis of biochar data 

128 observations of biochar from 24 studies 

compared in terms of MRT 

Biochar is not a homogeneous substance however and more nuanced analysis can 

be made by conceptualising its composition in terms of “pools” with different 

rates of mineralisation (Lehmann, et al., 2015). Biochar is typically split into two 

pools; the “recalcitrant” pool represents the fraction of the biochar that is 

persistent in the soil and performs the sequestration function over centennial 

scales, and the “labile” pool is the fraction of the biochar that has low persistence 

because it is degradable by microbial activity and mineralises into CO2 and CH4 

over weekly to decadal scales (Mašek, Brownsort, Cross, & Sohi, 2013). Models 

also exist that use three pools, though two are more commonly used (Leng, 

Huang, Li, & Li, 2019). 

Wang, Xiong, & Kuzyakov, 2015, found that the MRT of labile and recalcitrant 

biochar pools were estimated to be approximately 108 days and 556 years, with 



BEIS (Direct Air Capture and GGR Programme) Integration of GGR technologies into linear infrastructure projects 

Final Phase 1 Report 
 

 

| Issue | 21 January 2022  

HTTPS://ARUP.SHAREPOINT.COM/SITES/BEISGGR/SHARED%20DOCUMENTS/GENERAL/PHASE%201%20DESIGN%20REPORT%20-

%20UPDATED%20FINAL%20REPORT%20-%20JANUARY%202022/APPENDIX%20B%20BIOCHAR/APPENDIX%20B%20BIOCHAR.DOCX?WEB=1 

Page B16 

 

 

pool sizes 3% and 97% of biochar carbon, respectively. A double first-order 

exponential decay model was used to fit the experimental data, given below: 

 

 

Where y: amount of biochar remaining in the soil at time t; t: time; a and b: the 

size of labile and recalcitrant C pools of biochar respectively (by dry weight); k1 

and k2: exponential coefficients for labile and recalcitrant pools, 

respectively (Wang, Xiong, & Kuzyakov, 2015). The values for this approximate 

model are given below in Table 5.  

  

𝑦 = 𝑎. 𝑒−𝑘1.𝑡 + 𝑏. 𝑒−𝑘2.𝑡 Eq. 2 
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Table 5: Kinetic parameters of the double first-order exponential decay model 

describing biochar decomposition in soils. Values represent means ± standard 

errors (Wang, Xiong, & Kuzyakov, Biochar stability in soil: meta-analysis of 

decomposition and priming effects, 2015). 

  Size (%wt)  Decomposition rate (k1 

and k2)  

Mean residence time  

Labile C 

pool  

3 ± 0.6%  0.0093% day -1  108 ± 196 days  

Recalcitrant 

C pool  

97 ± 0.6%  0.0018% year-1  556 ± 483 years  

Within the labile fraction, it was found that it was predominantly made up of a 

semi-labile C, that has stability in the range of years to decades, and the purely 

labile fraction that is lost to microbial activity within weeks or months is a minor 

fraction (Mašek, Brownsort, Cross, & Sohi, 2013). For this reason, Alpha 

methods such as H:Corg typically represent an underestimate of the carbon 

stability because they are based off of short-term incubation studies that observe 

the decomposition of ‘purely labile’ fractions. A method for determining the 

weight of these fractions is given in (Bakshi & Laird, 2018). 

This method has not been used, as long-term incubation studies are not a practical 

means of assessing the biochar longevity before application to the soil. 

Gamma Methods 

Gamma methods are impractical for the purposes of biochar production due to the 

high level of technical expertise required, high expense, and low availability 

(Budai, et al., 2013). Instead, they are specialised tools that can be used to 

calibrate alpha or beta methods. They are therefore only briefly summarised here 

for the reader’s reference, see (Leng, Huang, Li, & Li, 2019) for further detail. 

Nuclear Magnetic Resonance (NMR) Spectroscopy 

Quantifies the aromatic fraction of total carbon (aromaticity) using direct 

polarization 13C nuclear magnetic resonance spectroscopy (Rittl, 2015) (Budai, et 

al., 2013). Aromaticity is strongly correlated with MRT (Leng, Huang, Li, & Li, 

2019). 

Benzene Polycarboxylic Acid (BPCA) Determination 

The polycondensed aromatic structures in pyrogenic carbon are converted to 

single benzene rings containing different carboxylic acid groups, the number of 

which present in each BPCA is related to the condensation degree of the carbon. 

The individual contributions of BPCA can be used to determine the aromaticity 

(Rittl, 2015). This however involves several steps prior to quantification by gas 

chromatography, resulting in disparate results which may vary from 0 to 43% 

depending on material analysed (Rittl, 2015). 

Pyrolysis Gas Chromatography Mass Spectrometry 

Pyrolysis products are quantified using gas chromatography and mass 

spectroscopy. The sum of the most abundant fingerprints of charred material in 
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pyrograms (i.e., monoaromatic hydrocarbons, polyaromatic hydrocarbons, 

benzonitriles/total quantified peak area) is related to the proportion of condensed 

aromatic carbon present in biochar (Budai, et al., 2013). 

 

Chosen Persistence Model 

H:Corg has been chosen as the primary indicator of biochar stability for multiple 

reasons; H and Corg determination is cheap and widely available, the dataset 

resulting from this pilot project is expected to raise the confidence intervals of 

stability models associated with H:Corg, and demonstration of biochar stability that 

is independent of its location reduces the need for future schemes to plan 

expensive soil monitoring programmes. 

Table 6: H:Corg and BC+100 equivalences at 95% confidence, adapted from (Budai, et 

al., 2013) 

 BC+100 (%) 

H:Corg Mean Lower Limit Upper Limit Chosen Value 

0.4 80.5 72.6 88.2 70 

0.5 73.1 67.1 78.9 50 

0.6 65.6 60.5 70.6 50 

0.7 58.2 52.5 63.8 50 

 

Organic carbon is used here explicitly as opposed to total carbon to ensure the 

atmospheric origin of the removed carbon, and because inorganic carbon does not 

form aromatic groups and behaves differently to organic carbon (Leng, Huang, Li, 

& Li, 2019). However, this distinction only becomes meaningful for non-virgin 

feedstocks such as waste or poultry manure, as woody feedstock typically has low 

inorganic carbon content such that for the sake of this project Ctotal ≈ Corg when 

considering wood-derived biochar. 
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Figure 6: Table to show the relationship between H:Corg ratios and the PPT of biochar in 

comparison to untreated biomass. The dashed line is the upper limit of 0.7, below which, 

material is considered to be thermochemically "altered" (IBI, 2015). Red line added to 

show upper limit of 0.4 used in this project. 

The most conservative meta-analytical estimate for biochar longevity is based on 

linear extrapolation of initial short-term loss. This provides an average annual 

degradation rate of 0.3% for a H:Corg below 0.4, readily achieved by high 

temperature processing (EBC, 2020). This assures that at least 74% of the original 

carbon should remain unmineralized or decomposed after 100 years with a 

confidence interval of 95% (EBC, 2020) (Leng, Huang, Li, & Li, 2019). This 

figure does not account for potential material movement through migration, 

filtration, or runoff, but the implications of these mechanisms for carbon removal 

are trivial as deposition of biochar in watercourses and subsoils (anoxic 

environments) actually slows their decomposition, as outlined in section 2.1.3 of 

Appendix I. Long term reference site monitoring is likely to confirm that 

degradation rate gradually diminishes as less completely carbonised fractions are 

eliminated and validating this should permit claims of additional removal. Biochar 

can also be produced exhibiting enhanced longevity associated with H:Corg ~ 0.1. 

Given the proposed PPT of 700°C within this project, from Figure 6 it is likely 

that the generated biochar will have a H:Corg ≤ 0.2, and should therefore have a 

BC+100
 even higher than the BC+100 = 74% used in this report.  

1.3.3  Passive and Indirect Carbon Benefits of Biochar 

For biochar to perform as a certified carbon removal at the point of sale, 

conservative assumptions are made about its persistence which allow high 

confidence intervals. The necessary focus upon the quantifiable carbon within the 
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biochar should not detract from the passive sequestration potential that it provides 

once in the soil however, so these are listed here; 

 

• Biochar has been shown to increase the formation of pedogenic carbonates 

to a depth of 40cm within soils (Dong, Singh, Li, Lin, & Zhao, 2019). 

Long-term application of rice husk (70%) and cotton seed hull (30%) 

derived biochar to a live agricultural site at rates of 30, 60, and 90 t ha-1 

increased the soil total inorganic carbon by 18.8, 42.4, and 62.3% 

respectively (Dong, Singh, Li, Lin, & Zhao, 2019). Potential reasons for 

this are that the high ash content of the biochar may have increased the 

Ca2+ soil concentration; the higher pH may have accelerated SIC 

formation; the porosity of biochar encourages microbial activity which 

forms SIC by generating CO2 upon the degradation of SOC (Dong, Singh, 

Li, Lin, & Zhao, 2019). Whilst the biochar proposed within this project is 

of low ash content through wood feedstock, it should still provide porosity 

that encourages microbial activity. 

• Minimising stormwater surface runoff reduces the volume of water that 

needs to be processed in wastewater treatment works limiting a wastewater 

source that is heavy with contaminants such as petroleum, pesticides, and 

fertilizers (EA, 2009). Over large-scale applications of biochar, this should 

reduce the volume of water that requires treatment and reduce the 

associated energy costs of treating stormwater surface runoff.  

• Increase in plant resilience fosters increased CO2 turnover in the form of 

biomass. 

• Slows the rate of SOC decay in a process called negative priming, Where 

biochar alters the organic carbon storage capacity of the soil it applied to 

(Sohi, Krull, Lopez-Capal, & Bol, 2010). Biochar amendment can 

suppress SOC mineralisation by reducing microbial accessibility of SOC 

through soil aggregation (Wang, et al., 2019). It also does this by 

improving the soil moisture capacity, that is, the amount of soil moisture 

retained by the soil after excess water has drained away after a 

rainfall/irrigation/flood event (Wang, et al., 2019).  

1.4 Biochar Carbon Life Cycle Analysis 

1.4.1 Literature Review 

The scope of examined sources shown in Table 7 is not exhaustive, and more 

recent publications have been prioritised to keep abreast with the surge of 

academic and industry interest in the technology. The recent reviews conducted 

by Matuštík, et al., (2020) and Terlouw, et al., (2021) are excellent references for 

further life cycle assessments of biochar use.  
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Table 7: Summarised literature review of biochar life cycle assessments 

Source Country Feedstock 
Pyrolysis 

Parameters  

Remaining 

C in 

biochar 

over 100 

years (%) 

Net tCO2e 

sequestered 

per tonne of 

biochar 

Low High 

(Lefebvre, 

et al., 2021) 
Brazil Sugarcane 

Slow, 

550°C 

- 

 
1.64 

(Puettmann 

& Sahoo, 

2020) 

US 
Forest 

residue 

Mobile 

20kW 

Gasifier, 

Oregon 

Kiln, Air-

Curtain 

Burner 

- 1.92 2.83 

(Hamedani, 

et al., 2019) 
Belgium 

Willow (w) 

and pig 

manure (p) 

60min, 

500°C 
75 and 33.7 

0.466 

(p) 

2.09 

(w) 

(Barry, 

Barbiero, 

Briens, & 

Berruti, 

2019) 

Canada 

Municipal 

sewage 

sludge 

Slow, 

500°C 
- 0.2* 

(Azzi, 

Karltun, & 

Sundberg, 

2019) 

Sweden Woodchips 700°C 64 3.32 

(Robb & 

Dargusch, 

2018) 

Indonesia 

and 

Australia 

Oil palm 

waste 
280°C 14-70 0.49 (mean) 
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Source Country Feedstock 
Pyrolysis 

Parameters  

Remaining C 

in biochar 

over 100 

years (%) 

Net tCO2e sequestered 

per tonne of biochar 

Low High 

(Brassard, 

Godbout, 

Pelletier, 

Raghavan, & 

Palacios, 2018) 

Canada Switchgrass 
78-104s, 

459-591°C 
50-70 2.11 2.56 

(Roy & Dias, 

2017) 
- 

Cardboard 

and poplar 
Large range - -0.16 1.5 

(Muñoz, 

Curaqueo, Cea, 

Vera, & Navia, 

2017) 

Chile 
Forest 

residue 

Electric 

pyrolyser, 

300,400, 

500°C 

80** 2.59 2.74 

(Hammond, 

Shackley, Sohi, 

& Brownsort, 

2011) 

UK 
Straw and 

wood chips 

Slow, fast, 

gasification, 

and 

combustion 

68 2.1 3.9 

(Roberts, 

Brent, Stephen, 

Scott, & 

Lehmann, 

2010) 

US 
Stover and 

yard waste 
450°C 80 1.32 1.4 

* From Figure 12 of source, assuming agricultural production 

** Muñoz, et al., 2017 use the stability value given by Roberts, et al., 2010  

 

Lefebvre, et al., (2021) create a life cycle assessment from scenarios in Sao Paulo 

State, Brazil. They find that the emissions from the pyrolysis process are the main 

source of carbon throughout the process, however, biochar spreading is 

considered local to the farm that produced the feedstock, so transportation 

considerations are diminished. The context is agricultural also, where spreading 

machinery is on hand.  

 

Puettmann & Sahoo, (2020) consider the use of mobile pyrolysis units to replace 

slash-burning in forests. Minimising feedstock preparation was found to increase 

the sequestration potential. Due to the mobility of the pyrolysis options, the 

transportation effect of the feedstock was diminished.  

 

Hamedani, et al., (2019) conduct an LCA based off two feedstocks in Belgium, 

pig manure and willow, to be used as a soil amendment in drought sensitive 

agricultural soils. They use locally available feedstock and thus omit CO2 

emissions from transport. High energy cost of pre-treatment step of pig manure 

meant willow was the most beneficial. Avoiding the use of agricultural product 

such as fertiliser made great contributions to the net carbon sequestration.  

 

Barry, et al., (2019) create LCA’s from the use of biochar as coal substitute in 

cement kilns and agricultural spreading. The use of sludge required dewatering, 

drying, and milling, so 9918kg of dewatered sewage sludge with 72% wt water 

content was required to produce 1t of biochar. Transportation distances of 50km 

for use in a cement kiln as coal substitute, with 100km for application of biochar 
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to agricultural land. Fixed carbon contents in varied from 9.5 (500C fast) to 23.7% 

wt (500C°, slow pyrolysis). 

 

Azzi, et al., (2019) consider the life cycle assessment of pyrolysis in Stockholm 

for providing biooil and syngas in heating and power, and biochar as manure 

additive. Net removal potential was dominated by the stability of carbon in 

biochar, and the remaining third was derived from agricultural emissions 

reductions and increased soil organic carbon content in the field.  

 

Robb and Dargusch, (2018) make a cost benefit and carbon footprint analysis of 

using oil-palm waste feedstock for biochar use in Australian broad-acre farming 

systems.  The study finds that when land-use change for the growing of feedstock 

is considered, the process creates a net carbon emission. The balance otherwise 

remains one of net removal for all scenarios, as biomass is pyrolyzed in Indonesia, 

transported to ports in Australia, and then transported by road to farms.  

 

Brassard, et al., (2018) use a life cycle approach to assess switchgrass pyrolysis 

for biochar production, from switchgrass cultivation to soil amendment and bio-

oil and syngas consumption. The scenario which considered a pyrolysis 

temperature of 591 C° and 104 s residence time gave higher sequestration 

potential than the 459C° and 78s residence time due to higher stable carbon 

content, though this option had energy emissions. As with other agricultural 

scenarios the biochar is applied using a tractor during other spreading activities, 

so the effect of application is minimised here in contrast to a civil engineering 

context.  

 

Roy & Dias, (2017) examine the prospects of pyrolysis technologies and present 

the life cycle CO2e sequestered for 12 different feedstocks produced for either 

combustion or soil amendment with slow pyrolysis. Woody feedstock is shown to 

be best for net greenhouse offset. The risk of basing the feasibility of field studies 

upon highly controlled laboratory or pilot scale facilities is highlighted. 

 

Muñoz, et al., (2017) conduct an LCA based upon six different scenarios, 

including the production of biochar from agricultural (oat hulls) and forestry 

residue (pine bark), at different pyrolysis temperatures, for use as a soil 

amendment in an agricultural setting over one season. Pine bark pyrolyzed at 500 

C° offered the greatest net removal potential, and transport was the primary cause 

of negative environmental effects. Considers the avoided use of urea and the 

generated syngas as offsets, and forestry waste creates more calorific syngas. 

 

Hammond, et al., (2011) consider slow pyrolysis biochar systems in the UK for a 

range of different sized process chains, small (2000 oven dry tones of feedstock 

per year), medium, (20,000 odt/yr), and large (100,000 odt/yr). The largest 

abatements were the carbon stabilisation (41-62% as range across all scales) and 

then the indirect effects of biochar upon soil such as changes in soil organic 

carbon levels. This study extrapolated from the work of (Sohi, Krull, Lopez-

Capal, & Bol, 2010) to model an increase in soil organic carbon (SOC) stocks 

resulting from biochar addition, assuming a reduction in the rate of SOC decay of 

10%.. Spreading was assumed to be a 115kW tractor towing a 30 m3 lime 
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spreader, and losses were assumed to minimal due to biochar wetting at 

application. Agricultural context meant there were no extra soil operations 

considered for incorporation, a key difference with infrastructure. Transport and 

spreading were low carbon additions. Woody feedstock was best for net 

greenhouse offset, similar to Muñoz, et al., (2017) and Hamedani, et al., (2019). 

 

Roberts, et al., (2010) find that land-use change impacts are a sensitive parameter, 

changing the sequestration potential of switchgrass to a net emitter. Viability of 

the pyrolysis-biochar system was strongest for biomass sources linked to waste 

management, and the transport was found to be a significant hurdle to 

profitability. The transportation of feedstock to pyrolysis for drying was also 

considered in the carbon assessment. A common conservative assumption was 

used, that slow pyrolysis has been optimised to give 80% of biochar Carbon as 

stable. Transportation was found to have significant effect upon costs, but low for 

greenhouse considerations. 

1.4.2  Goal and Scope 

Functional Unit  

To facilitate comparison with other LCA systems, the functional unit is defined as 

the tCO2e sequestered per tonne of biochar. The global warming potentials of 

greenhouse gases are commonly assessed over a 100-year time horizon, so it has 

been used here also (IPCC, 2014). Activities which emit carbon dioxide are given 

numerically positive values, and activities which remove carbon dioxide are 

assigned numerically negative values.  

System Boundaries 

Sawmill residue has been considered as an existing product stream. The impact of 

its production has therefore not been considered in line with common practice 

(Matuštík, Hnátková, & Kočí, 2020). As a baseline it has been assumed that these 

products would have otherwise decomposed and returned their carbon content to 

the atmosphere. The degradation has therefore been considered in so far as only 

74% of the original biochar content is assumed to remain after 100 years, but the 

lost 26% has not been modelled as returning to the atmosphere as CO2e. The LCA 

is therefore built upon the assumption of non-intervention, where only the effects 

that differ from this baseline of complete biomass decay have been considered. In 

other words, had the process recommended in this project not been implemented, 

all the organic carbon in the feedstock would have decomposed and returned to 

carbon cycle. In this way the carbon removal is an intervention in the 

decomposition of the feedstock. The passive and indirect carbon benefits of 

biochar application to soil discussed in section 1.3.3 have not been considered 

here, and therefore make the generated net removal figure more conservative than 

typical literature analysis. 

Life Cycle Inventory (LCI) 

The emissions factors used to construct each scenario are given below in Table 8. 

These have been calculated using a range of sources and assumptions - the full 
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detail of which is omitted here for brevity but covered extensively in the 

accompanying spreadsheet in Appendix B1. 

Table 8: Emissions factors used 

Description Unit Value 

550 °C 700 °C 

Sawmill biochar carbon content % (by dry 

weight) 

85.52 90.21 

Sawmill pyrolysis biochar output % (by dry 

weight) 

21.80 17.34 

Sawmill residue required for 1t 

biochar 

Tonnes 4.59 5.77 

Pelleting  kWh/t feedstock 72 

UK electricity grid gCO₂e/kWh 140 

Annual sawmill biochar production  t biochar/ yr 560 

Pyrolysis energy efficiency % 81 

Pyrolysis upkeep (construction) tCO₂e/t biochar 0.15 

Pyrolysis running energy 

(softwood) 

tCO₂e/t biochar 0.220 

Pyrolysis water and energy cost tCO₂e/t biochar 0.000041 

Pyrolysis generated energy tCO₂e/t biochar -0.4 

Transport distance to application Km 1.5 

Transport distance to pyrolysis site Km 20 

Transport distance from pyrolysis 

to application 

km 21.5 

Transport emission kgCO₂e/t km 0.955 

Spreading emission by mass tCO₂e/t biochar 0.000343 

81 kW Tractor 12 t trailer kgCO₂e/km 1.03 

Factory gate carbon sink sawmill 

biochar 

tCO₂e/t biochar -2.32 -2.45 

Feedstock 

The feedstock considered for use in the project is wood residue such as chips, 

sawdust, and shavings from sawmills/wood processing. The sawmill residue is 

assumed to be softwood, as this is the wood analysed by the UK Standard Biochar 

information (UK Biochar Research Centre, 2019). Whilst a potential Ash 

(Fraxinus excelsior, hardwood) source has been used to populate the model, this 

assumption is fine because the carbon contents of softwood and hardwood derived 
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biochar are typically consistent (Ippolito, Spokas, Novak, Lentz, & Cantrell, 

2015). 

Drying 

It has been assumed that drying takes place at the pyrolysis site, either at the wood 

source or at the PyroCore facility in Wells. The relocation to Avonmouth does not 

affect this calculation as Wells and Avonmouth are approximately equidistant to 

Banwell Bypass. The final moisture content for the wood stock is 10 wt%, an 

approximate optimum moisture content for the pelletisation of woody biomass 

(Reza, Lynam, Vasquez, & Coronella, 2012). The starting moisture content of the 

sawmill residue has been assumed to be 40 wt%, based on the average of the 

range given for freshly felled Ash (Kent, Kofman, Owens, Coates, & Cooley, 

2009). The most common type of dryer for biomass is the rotary dryer, and this 

has been used here (Amos, 1998). The drying process has been simply modelled 

using the specific heat capacity of feedstock and water to calculate the energy 

required to reduce the feedstock moisture content, adapted from (Krokida, 

Marinos-Kouris, & Mujumdar, 2015). The overall energy required for the process 

has then been found using average rotary dryer efficiency ratings η, where η 

represents the ratio between energy used for evaporation of moisture in product, 

and the energy in drying supplied air and other work such as turning the kiln and 

loading (Coskun, Bayraktar, Oktay, & Dincer, 2009). This can then be converted 

into CO2e by standard national grid conversions. η for wood product has been 

taken as 0.37, and 0.85 for sewage sludge (Del Giudice, et al., 2019) (Chun, Lim, 

& Yoshikawa, 2012). 

Pyrolysis 

The figures as given in the supplementary information of (Hammond, Shackley, 

Sohi, & Brownsort, 2011) have been used to model the pyrolysis stage. A plant 

outputting 500 t biochar/yr is estimated to have a nested 7.35 tCO₂e/yr from the 

construction of the plant, which is equivalent to 0.015 tCO₂e/t biochar. The 

emissions arising from heating the pyrolysis unit itself are calculated using the 

110 kW rating, assuming that the plant is running for 8000 hours/ annum. The 

emissions arising from the water needed to cool the produced biochar have also 

been included through the emissions embedded in a litre of water, and the volume 

of water used per kg of biochar is as given by Biogreen (Biogreen, n.d.). Slow 

pyrolysis has been used in this model.  

The energy efficiency of slow pyrolysis for corn-stover feedstock is typically 

given as 81%, and this figure has been used to model energy recovery of the 

pyrolysis system assuming that the bio-oil and syn-gas by-products are combusted 

for energy generation (Cong, Mašek, & Zhao, 2018) (Soka & Oyekola, 2020).  

However, a pyrolysis efficiency of 100% has been used here, as for feedstock 

with calorific values (CV) above 12 MJ/kg, PyroCore technology generates a fully 

autothermal process (see section 1.1.2 of Appendix G). The calorific value of 

freshly felled Ash (Fraxinus excelsior) is approximately 17.71 MJ/kg so an 

autothermal process can be safely assumed, with start-up energy assumed as 

included within the construction of the plant (Owens & Cooley, 2013). Up to 600 

kWe of generated energy can be expected from the PyroCore system for high CV 

feedstocks, so a conservative third of this output has been assumed and calculated 
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as an offset against national grid emissions (see section 4.1.1 of Appendix G). It is 

likely that when a feedstock is settled upon and reliable CVs are available, this 

energy generation will be greater than the conservative value used here and should 

increase the net carbon removal capacity of biochar. Pyrolysis has been modelled 

for PPT 550 and 700 °C, to allow the use of the information given by the UK 

Standard Biochar information sheets (UK BRC, 2019). 

Handling, Transport, and Application 

Transport has been modelled as being undertaken by an articulated lorry with a 

maximum capacity of 48.5 t, with a load factor of 50% (Hammond, Shackley, 

Sohi, & Brownsort, 2011). The selected transport distance has been doubled in the 

calculation to simulate the lorry returning to site upon delivery of material.  

 

The proposed material mixing method (see Appendix E) is the same for quarry 

fines and biochar, so to avoid double counting of the carbon emissions it has been 

modelled for both materials within this LCA. The application of the materials 

over the mixing area is not yet confirmed, so it has been assumed that a lime 

spreader will be used to place the materials before mixing begins. To ensure 

mixture with the topsoil and the quarry fines an 81kW tractor with a 3m rotavator 

has been used. The emission factor of 1.03 kgCO2e/km is derived from 

(Hammond, Shackley, Sohi, & Brownsort, 2011) and (Lindgren & Hansson, 

2002).   

Stability 

As laid out in section 0, a conservative average degradation rate of 0.3% has been 

assumed for high temperature biochar with a H:Corg below 0.4, based on the most 

conservative metanalytical estimate for biochar carbon degradation published to 

date (EBC, 2020). This gives 74% of the original carbon as existing after 100 

years with a confidence interval of 95%. Indirect effects arising from biochar 

application to soil as laid out in section 1.3.3 have not been included to produce a 

conservative removal estimate. 

1.4.3  Method and Results 

Method 

No third-party software has been used. The life cycle assessment has been made 

in Excel where all values have been commented upon and sourced (see Appendix 

B1). Two overarching scenarios have been considered, and for each of these 

scenarios, the PPT has also been varied between 550 and 700 °C, giving a total of 

four results as summarised below in Table 9. 

Table 9: Scenarios considered in biochar LCA 

Scenario PPT °C Description 

1a 550 Softwood residue is the sole feedstock. It is dried, pelleted, and 

pyrolysed at source site at 550°C, then transported to application 

site for mixing with quarry fines and topsoil.  
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1b 700 Softwood residue is the sole feedstock. It is dried, pelleted, and 

pyrolysed at source site at 700°C, then transported to application 

site for mixing with quarry fines and topsoil.  

2a 550 Softwood residue is the sole feedstock. It is transported to the 

pyrolysis site for pelleting, and pyrolysis at 550°C, then 

transported to application site for mixing with quarry fines and 

topsoil 

2b 700 Softwood residue is the sole feedstock. It is transported to the 

pyrolysis site for pelleting, and pyrolysis at 700°C, then 

transported to application site for mixing with quarry fines and 

topsoil 

To test the sensitivity of the results, the transport distance between pyrolysis site 

and application site was increased until the net removal of each deployment 

scenario was zero.  
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Results 

The results are summarised below in Table 10. 

Table 10: Summary of LCA findings 

Scenario PPT °C Net tCO2e/t 

biochar 

Principal 

emission 

Maximum transport 

distance (km) 

1a 550 -2.00 Drying 1050 

1b 700 -2.13 Drying 1115 

2a 550 -1.64 Drying 208 

2b 700 -1.67 Drying 173 

 

Scenarios that dry and pyrolyse feedstock at source significantly increase the 

maximum transport distance that can be made before net removal is zero. This is 

to be expected, as the required haulage falls significantly due to the water weight 

lost in drying, and the mass lost in pyrolysis. The net removal potential of sawmill 

residue derived biochar is lower than other softwood biochar as summarised in 

Table 7, however this is likely due to the drying of freshly felled wood. If the 

wood was cut in early spring (~35% moisture content by weight) and left to dry 

over summer (assuming a reduction of 10% wt), the net carbon removal of 

scenarios 2a and 2b increases to 1.91 and 1.93 tCO2e/t biochar, respectively 

(Kent, Kofman, Owens, Coates, & Cooley, 2009).  

 

Whilst other feedstock options will be pursued, this figure represents a 

conservative minimum for net biochar removal that has been used to define 

material requirements. Due to the assumption that the emissions associated with 

drying are the responsibility of the project, sourcing feedstock in the form of 

chippings and residue from sawmills should reduce the starting moisture content 

and eliminate the principal emission of this model. Furthermore, all secondary 

effects of biochar addition to soil have not been considered, and neither has the 

potential energy saving this project creates by reducing the need for imported 

topsoil. 

1.5 Pyrolysis Options Review 

This section briefly describes the process of pyrolysis to assess the technologies 

available for biochar production. The current industry of biochar production is 

then reviewed to generate options for the Phase 2 supply, and these options are 

appraised by how well they scale for larger, future applications of biochar.  

1.5.1 Key Considerations 

Pilot and Operational Scales 

Phase 2 of the pilot phase should result in the implementation and demonstration 

of a GGR supply solution in a real-world environment. The ultimate objective is 

to develop technologies that remove greenhouse gases at the Mt CO2 yr-1 scale or 
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greater at a cost of <£200 per tonne of CO2 removed, by 2050 (GOV, 2020). Dual 

consideration must therefore be given to the short-term requirements of a pilot-

scale project, and the eventual need to scale up the technology.  

Feedstock Scales 

Virgin feedstocks like wood chip have higher calorific value than non-virgin 

options like sewage sludge, and therefore typically have higher carbon contents 

(Shackley & Sohi, An assessment of the benefits and uses associated with the 

application of biochar to soil, 2010). Comparing the UK Biochar Research 

Centre’s (UKBRC) standard biochar produced from soft wood against sludge 

feedstock, the mean total carbon by weight was 90.21% and 29.55% for nominal 

peak temperature of 700°C, respectively. For a fixed removal goal then, 

approximately three times as much sewage derived biochar (by mass) would have 

to be created to generate the equivalent amount of stable carbon than from a soft 

wood feedstock. In this way there is a disparity in the scale of pyrolysis operation 

required between alternate feedstocks.  

Social Implications 

Due to a widespread opposition to incineration plants in the UK, the pyrolysis 

process may face scrutiny and public optics will be important for marketing 

(UKWIN, 2021). This introduces a visual aspect of the project that must be 

considered carefully when choosing a pyrolysis supplier. The chosen pyrolysis 

option should therefore be as self-sustaining as possible with minimal emissions 

of any sort. It is also important that the supplier has successful case studies that 

demonstrate their ability to deliver low emission pyrolysis, as these will be 

important when engaging with the community in Banwell. 

Legal Requirements 

Under a 2010 EU directive pyrolysis processes fall under the classification of 

waste incineration plant, because “substances resulting from the treatment are 

subsequently incinerated” i.e the syn-gas and bio-oil (EU, 2010). The Clean Air 

Act 1993 states that no dark smoke shall be emitted, defined as shade 2 or greater 

on the Ringelmann chart (HMSO, 1993). Pyrolysis systems must burn partially 

oxidised combustible gases that contain high concentrations of Carbon Monoxide 

and volatile organic compounds before release (Environment Agency, 2009). As 

biochar is not being combusted, and it is not considered a residue, it does not have 

to contain less than 3% organic carbon (Environment Agency, 2009). Leasing a 

self-contained pyrolysis unit would preferably mean that these certifications and 

emissions requirements were met by the plant supplier.  

Biochar Quality 

Multiple emerging trends have the capacity to produce char products in large 

quantities in the UK, such as waste incineration (Elliot-Smith, 2020), sewage 

sludge pyrolysis (Firth & Jones, 2019), and possibly even graphite/graphene 

production (ABUNDIA, 2021). Biochar production is not the primary aim of any 

of these processes however, and there is a significant risk that the popularity of 

biochar is being used to “greenwash” an otherwise unmonitored product. 

Pyrolysis plants that already comply to biochar standards such as those set out by 

the European Biochar Certificate or the International Biochar Initiative are 
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therefore favourable (European Biochar Certificate, 2021) (International Biochar 

Initiative, 2015). 

1.5.2 Pyrolysis Technology 

There are several carbonization processes that can be used to produce biochar, 

including but not limited to; pyrolysis, gasification, hydrothermal carbonization, 

flash carbonization, and torrefaction (Cha, et al., 2016). See section 1.2.4 and 

Table 1 for more information on the process of pyrolysis in terms of material 

processes. 

Slow pyrolysis is commonly achieved using drums, rotary kilns, and 

screws/augers. Fast pyrolysis uses fluidized beds, rotating cones, entrained flow, 

vacuum pyrolysis and ablative reactors. The suitability of the technique is 

dependent upon the feedstock, for instance a feed system with greater torque may 

be required for biomass with higher moisture content (Roy & Dias, 2017). High 

temperature slow pyrolysis is therefore ideal for maximising the net carbon 

removal potential of biochar. A summary of the technologies used to achieve slow 

pyrolysis is given below in Table 11. 

Table 11: Summary of slow-pyrolysis technologies (Cruz, 2012). Output ranges 

have been gathered from commercially available pyrolysis plants. 

Technology Description Scale 

Drum 

Pyrolyzer 

Raw material is carried through a cylinder by 

paddles 

Reactor is heated internally 

Long solid and vapour residence time 

Gases normally used to provide energy for 

pyrolysis 

Continuous 

Lab to mid-scale 

Uncommon in 

industry 

Rotary Kilns Inclined cylindrical reactor heated externally 

Only one moving part as biomass moves by 

gravity through the kiln 

Largest of all 

options, used in lime 

production 

1,000 – 11,680 t/yr 

Continuous 

production 

Screw/Auger 

Pyrolyzer 

Tubular reactor where biomass is moved via an 

auger or screw 

 

Lab to mid-scale 

161 – 2,100 t/yr 

Continuous 

production 

Flash 

Carbonizer 

Ignition of flash fire in a packed bed under air 

flow and high pressure 

Lab scale 

Uncommon in 

industry 

Of the four technologies displayed above in Table 11: Summary of slow-pyrolysis 

technologies . Output ranges have screw pyrolysers have been found to be the 

most common in containerised pyrolysis units, and rotary kilns have been found 
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to represent the largest scale production scale option. Screw pyrolysers and rotary 

kiln options are discussed in more detail below. 

Screw/Auger Pyrolyser 

Screw pyrolysers move biomass through a tube via a rotating screw/auger and can 

be externally heated or use a heat carrier such as sand or iron spheres. External 

heating methods and their compactness make them suitable for small-scale 

applications. Mechanically driving the biomass through the system also increases 

the flexibility of the deployment; in comparison to a rotary kiln which requires 

fixed conditions to facilitate gravity-driven flow, a screw system can simply 

adjust the internal rotation rate.  

 

Figure 7: Example of a screw pyrolysis reactor (Sharifzadeh, et al., 2019) 

The benefit of a screw in small to mid-scale applications becomes limiting at 

industrial scales however, as the mechanical stability of such a large moving part 

becomes complex and difficult to guarantee under high loads. It therefore 

becomes more efficient to rotate the entire chamber itself, as is done with rotary 

kilns. 

Rotary Kiln Pyrolyser 

Rotary kilns are a form of continuous pyrolyser that use an externally heated 

cylindrical shell, inclined at an angle for gravity led movement through the system 

(Boateng, Garcia-Perez, Mašek, Brown, & del Campo, 2015). The absence of 

moving parts in the cylinder interior minimises the risk of jamming and makes 

rotary kilns far more suitable for large-scale deployment than screw pyrolysers. 

Depending on throughput rate, the large volume of a rotary kiln interior can mean 

that secondary biochar as a result of biochar/vapour interaction is not formed 

(Boateng, Garcia-Perez, Mašek, Brown, & del Campo, 2015). Pyrolysis in a high-

grade steel reactor can lead to the increased heavy metal content in biochar, due to 

abrasion of the reactor tube (Boateng, 2016). With increasingly large-scale 

operations maintaining a tight air seal for anoxic conditions becomes more 

difficult. 
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The lab-scale rotary kiln as shown below in Figure 8 (left) is a typical example of 

rotary kiln used for pyrolysis. After purging the system with nitrogen, biomass is 

introduced at a rate determined by the screw feeder, moving into the kiln where it 

dries, devolatilizes, and chars. The biochar is then transported into a collection 

drum via a screw conveyor, which acts as a heat exchanger due to its water jacket 

(Boateng, 2016). Gases and vapours that are separated in the discharge chamber 

are used in the afterburner chamber, and circular processes use these products to 

heat the kiln, thus perpetuating the process. 

 

Figure 8: Left; rotary kiln pilot-scale pyrolysis unit (Stage III) at UKBRC, University of 

Edinburgh (UKBRC, 2021)- Right; 4.6 by 68m rotary kiln for coal treatment at Iluka 

Resources I, Australia, of 900,000 tons throughput per year capacity (Boateng, 2016) 

Rotary kilns are the most suitable option for large-scale pyrolysis. As shown by 

Figure 8 they are used for industrial processes and have been used for the mass 

manufacture of cement since the mid 1880’s (Boateng, 2016). 

Issues with scaling 

As equipment capacity increases, the question of plant construction is introduced, 

and the mechanical stability of the pyrolysis units becomes a concern. The control 

and monitoring of the process also becomes harder as heat transfer and material 

flow operate over larger volumes, and this makes it more difficult to effectively 

monitor the particle temperature history as it moves through the unit. At larger 

scales more rigorous sampling methods are also required, as variability between 

runs can be potentially larger than within a single batch (Mašek, et al., 2018). Due 

to the industrial amounts of material, product quality and consistency become 

harder to assure as samples become smaller and smaller with respect to the batch 

volume.  

Benefits of scaling 

Carbon abatement has been found to increase for agricultural use of biochar if 

produced at larger scale, from 0.7 to 1.1 t CO2e/odt feedstock for small biochar 

systems (defined as 500 t biochar/yr) to 0.9-1.3 t CO2e/odt feedstock for large 

scale industry (25000 t biochar/yr) (Hammond, Shackley, Sohi, & Brownsort, 

2011). Larger scales also minimise char handling losses as a percentage of overall 

handled char. Whilst unprecedented for biochar production, the UK and the ROI 

have a long history of using rotary kiln technology in cement and clinker 

production. In 2008 the dry process cement manufacturing capacity of Platin 

works, Drogheda, was increased by 1.4 million tonnes annually by the 

construction of Kiln 3, costing €200 million (Irish Cement, n.d.). Operations of 
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this size reduce the cost per tonne of biochar by reducing the amount of staff 

required to monitor the process also.   

 

1.5.3 Pyrolysis Options 

The UK biochar market is in its infancy, as small-scale horticultural products are 

the only well-advertised commercial option for purchasing biochar. The two main 

suppliers of this are Carbon Gold and Oxford Biochar (Carbon Gold, 2021) 

(Oxford Biochar, n.d). In most countries except for those in North Asia, the 

quantities being produced and sold are below 20,000 tonnes a year (Joseph & 

Taylor, 2014). Due to the secondary position of most biochar production to biogas 

extraction or energy production worldwide, there are very few centralised 

resources that can be used as a reference point for pyrolysis and biochar 

companies. Contact networks for biochar production are typically informal or 

suffer from irregular updating, however, by developing the Biochar Forum during 

Phase 1 of this project it is anticipated that engagement between large-scale 

demand and pyrolysis suppliers should improve in the near future. The small scale 

of many of the referenced operations also often means the websites have little 

information that can be used for comparison. Some key references are given 

below in Table 12. 

Table 12: Key reference points for biochar and pyrolysis technology suppliers 

Source Source Type Description 

(Rasmussen, 

2012) 

Web page List of names and links for large scale pyrolizers 

including: 

Combined Heat and Char Systems 

Combined Power and Char Systems 

Pyrolysis Systems 

(Joseph & Taylor, 

2014) 

Book chapter Summarises some small to mid-scale 

technologies  

(International 

Biochar Initiative, 

2015) 

Report List of names and links for 326 for-profit biochar 

enterprises active in 2015 

 

The discussed pyrolysis options are summarised below in Table 13, ordered 

largest to smallest by maximum annual biochar output. Tonnes of biochar 

produced per year has been chosen as the functional unit to enable comparison 

and assumptions have been stated in the table. These assumptions have been made 

for the sake of quantitative comparison, so the figures in this table should be used 

with caution and for estimative purposes only. Where multiple units exist the unit 

with the greatest yearly output has been displayed, and where multiple rotary kilns 

are used within one plant the output of a single rotary kiln has been displayed. 
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Table 13: Summary of considered pyrolysis plant options, organised by maximum yearly 

biochar output 

Company Biochar 

Certification 

Technology Max yearly biochar 

(tonnes) 

(Splainex 

Ecosystems, 2018) 

None Large scale rotary 

kiln 

Industrial plant 

11680 (assuming a 20% 

biochar yield, 292 

working days a year, 

200 tpd) 

Mitsubishi Heavy 

Industries (MHI)* 

None stated Tokyo Sludge 

Pyrolysis Plant 

Externally heated 

rotary kiln 

3285  

(Biogreen, n.d.) 

France 

None SpirajouleTM 

(Hollow shaft 

screw conveyor) 

BGR750L8 

Plant 

2100 (assuming 20% 

biochar yield and 7000 

h/yr) 

(PYREG, 2021) 

Germany 

EBC Screw conveyor  

PX1500 

Containerised 

1440 (sludge) 

560 (woodchip) 

(Pyrum Innovations, 

2021)  Germany 

Ecoloop 

Certificate for 

oil 

Rotary valve 

Industrial plant 

1000 (assuming 20% 

biochar yield) 

(PyroCore, 2021) 

UK 

None Screw 

Containerised 

700 (assuming 7000 

h/yr) 

 

(Tigercat, 2021) None Open-top flame 

curtain 

Mobile container 

6050-Carbonator 

700 (assuming 20% 

biochar yield, 7000 

h/yr, 0.5 t/hour 

throughput) 

(BIOMACON, 

2021) 

Germany 

EBC Screw  

C500-I 

Boiler 

453 

(BlackCarbon, n.d.) 

Denmark 

Partnered with 

IBI 

Screw 

BC300 

Housed unit 

161 (assuming 7000 

h/yr) 

* (Mašek, Sohi, Kiso, & Boag, 2010) (Koga, et al., 2007) 

Splainex Ecosystems Ltd 

Splainex Ecosystems Ltd were founded in 1994 in the Netherlands to drive the 

commercialisation of pyrolysis technology for waste treatment and recycling 

purposes. They give support for each stage of the plant development and offer 

turn-key projects with after-sale assistance also. They have pyrolysis units located 

in Germany, USA, China, Japan, Spain, Czechia, Cyprus, and the Philippines.  
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Figure 9: Splainex sewage sludge facility, throughput capacity 200 t/day (Splainex 

Ecosystems, 2016) 

Whilst primarily orientated towards waste material reduction and energy recovery, 

feasible variants upon the scope of work are welcome and biochar is discussed as 

a common primary product. Equipment is supplied in four units that covers 

feedstock pre-treatment, rotary-kiln with ancillary equipment, energy recovery 

and electricity generation, and flue gas treatment and disposal. If required, single 

lines can be combined to reach greater throughput capacity. Given the land and 

capital required to permanently establish this option it was not pursued. 

Mitsubishi Heavy Industries – Tokyo Sludge Pyrolysis Plant 

Constructed in 2007, the MHI sludge pyrolysis plant outside of Tokyo processed 

300 t/day of oven dried sludge. This was split over three rotary kilns, each 

handling 100 t/day dewatered sludge at 25% moisture content. The final product 

was used for fuel and met a minimum energy content of 20,000 Kcal kg-1. The 

plant reportedly ran 24/7 every year since commissioning in 2008. The plant was 

commissioned by public tendering, designed by Abeyo company, and built by 

MHI under license from a German technology provider. There is little information 

regarding its current operation or more recent outputs, and the plant is now 

reportedly closed due to the after-effects of the Fukushima incident (Mašek, Sohi, 

Kiso, & Boag, 2010)). Given the land and capital required to permanently 

establish this option it was not pursued. 

Biogreen 

Biogreen is a patented pyrolysis process in use since 2003. Equipment is delivered 

in containerised modules, but the largest capacity as referenced in Table 13 is an 

assembled plant. It uses a screw feed operation which is fully continuous and 

automatic, with full control of pyrolysis conditions.  
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Figure 10: Graph to show residence time against maximum throughput by volume for 

five different Biogreen pyrolysis units (Biogreen, n.d.) 

Capacities vary on feedstock density so the output of sewage sludge derived 

biochar would be higher than wood derived biochar, which is denser. Biogreen 

systems are designed for modularity so equipment can be installed in parallel to 

achieve different outputs.  

 

Figure 11: Concept view of Biogreen industrial installation. Yearly biochar production of 

2100 tonnes (Biogreen, n.d.) 

Biogreen is completely powered by electricity and over 45 units have been 

supplied worldwide. The biomass must be a free-flowing material of moisture 

content below 10%, and particle size less than 30mm. Biogreen has been used for 

wood residue, sewage sludge, and industrial sludge. From correspondence, 
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biomass to biochar projects for 1 tonne per hour (inlet) capacity are typically an 

order of magnitude of £2.72m. This includes feeding hopper, pyrolysis unit, solid 

residue cooling, control cabinet, steam boiler (12 bars). It does not include 

feedstock preparation, pyrolysis oil recovery or auxiliary equipment that are 

custom to the demand (Biogreen, n.d.). Given the land and capital required to 

permanently establish this option it was not pursued, and after discussion with 

Biogreen representatives, leasing options were not available. 

PYREG 

PYREG was founded in 2009. It specialises in manufacturing modular pyrolysis 

units for biochar production and has plants in five different countries. The process 

is autothermal so only energy generated is used to perpetuate the pyrolysis, and 

plants in Sweden and Switzerland feed excess energy back into local heating 

networks. Plants are certified with European Biochar Certification and they meet 

the Waste Incineration Ordinance. Customers have already been found by 

PYREG for CO2 removal certificate purchasing. PYREG make analyses of the 

proposed feedstock and provides support during permit applications. The units 

may be bought, or an operator model can be used whereby a PYREG partner 

company would buy and operate the system for the client, however this is only 

available for larger companies and municipalities.  

 

Figure 12: Schema of the PYREG PX 1500 (PYREG, 2021) 

Biomass must be < 30mm in size, pourable and free flowing, minimum 75% dry 

substance content, and 10 Mj/kg minimum calorific value. The plants are capable 

of processing sewage sludge, biomass, and industrial waste. Additions can be 

made to the units for flue gas cleaning. There are three-unit sizes, P500, PX500, 

and PX1500. They are approximately 21-75 m2. (PYREG, 2021)A screw feeder is 

used for continuous operation. Following consultation PYREG was not available 

for lease and so this option was not pursued due to the short-term nature of the 

project. 
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Pyrum Innovations 

Pyrum Innovations is a French based pyrolysis company founded in 2007. Their 

major plant in Dillingen pyrolyses 5000 tonnes of rubber tyres a year and has been 

refined through experience since 2008. After the plant is started with external 

energy, energy is generated by the recovered gas to enable a self-sufficient 

operation and depending upon pyrolysis conditions surplus energy may be won 

for reselling. 

 

Figure 13: Plan of the Pyrum Thermolysis 5000 tonnes/yr unit (Pyrum Innovations, 2021) 

The input materials are currently limited to used tires, bitumen mats and 

isolations, elastomer rubber waste, and plastics. The plant handles a granulate size 

spectrum from 3 to 15mm. From Figure 13 the industrial plant is a fixed option, 

with little potential for easy re-siting once erected. Other reference sites have 

established similar plants so the technology is presumably for sale (Pyrum 

Innovations, 2021). Due to the capital and land take requirements to establish a 

plant this supplier was not pursued, and enquiries regarding leasing options were 

not answered. 

PyroCore 

PyroCore was established in the UK in 2018. It focuses on converting waste into a 

resource and reducing landfill waste, and there is a demonstration plant in Wells, 

Somerset. Typical feedstocks are end of life vehicle non-recyclable parts, clinical 

waste, municipal, and electrical waste, though all feedstock types can be used, and 
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energy generation is expected from high calorific value feedstock. Units are 

available to buy for permanent on-site placement or in a mobile skid-mounted 

containerised form.  

 

Figure 14: PyroCore demonstration facility in Wells, Somerset (PyroCore, 2021) 

PyroCore is the chosen option for this project, and further details are given in 

section 4.1.1 of Appendix G. 

Tigercat 

Tigercat is a Canadian company founded in 1992 that specialises in the design and 

manufacture of forest harvesting systems. The Tigercat 6050 Carbonator is an 

open topped wood debris conversion system for reducing the volume of biomass. 

Whilst air is not deliberately expelled, the biomass is burnt from above. The layer 

of biomass beneath outgasses and rises through to the flame above where it is 

burned, creating anoxic (total depletion of oxygen) conditions approximate to 

pyrolysis where biochar forms. This is called flame curtain pyrolysis (Schmidt & 

Taylor, 2014). 

 

Figure 15: Annotated picture to show dimensions of Tigercat 6050 Carbonator (Tigercat, 

2021) 

The Tigercat 6050 is highly portable and truck mountable and does not require 

any kind of pre-processing (assuming reasonable moisture content < 30%). 

Remote monitoring options and temperature controls are included with the unit 

but the consistency of the produced biochar may be compromised by the open air 
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batch process (Tigercat, 2021). However, similar flame curtain pyrolysis 

processes have been found to produce biochar that generally fulfils all the 

requirements for the premium quality of the European biochar certificate (Schmidt 

& Taylor, 2014). This option has not been pursued due to the lack of control over 

the produced gases, and for not aligning with the project’s potential to stimulate 

the pyrolysis industry, specifically. 

BIOMACON 

BIOMACON was founded in 2003 in Germany. They have three reference plants 

and provide six different biomass-biochar compact converters for farm and 

industrial use. The feedstock options are not specified but must have at least 15% 

lignin content and 35% cellulose content to meet the warranty. One machine in 

Switzerland has a biochar certificate. Outputs range between 7 and 68kg/h, 

generating 25-40kW and 300-500 kW respectively. 

 

Figure 16: Rendition of BIOMACON boiler unit (BIOMACON, 2021) 

The systems are boilers, so are geared towards energy provision over biochar 

production. Following consultation with BIOMACON representatives, this option 

was not pursued due to the inability to meet the biochar quantities required. 

BlackCarbon 

Started in 2005, the BlackCarbon BC300 unit in Barritskov, Denmark, is a 

continuous flow pyrolysis plant of approximately 23kg/h output. It uses a Stirling 

Engine and a combined heat and power (CHP) burner to produce heat and 

electricity. The gases are combusted externally in the Stirling Engine to run a 

generator.  
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Figure 17: Schema to show the BlackCarbon BC300 unit (BlackCarbon, n.d.) 

As with BIOMACON, the primary function of BlackCarbon is as a boiler, so this 

option was not pursued due to the inability to meet the biochar quantities required. 

Scaling Pathway 

The demand for biochar is increasing rapidly. Publications like the Royal Society 

Report (The Royal Society, 2018) have made its sequestration potential public, 

and 7 of the 24 projects publicly announced by BEIS are using biochar (GOV, 

2021). Contact with PyroCore also suggests a groundswell in interest for 

established UK biochar production systems, evidenced further by the 

establishment of the Biochar Forum. A flowchart of the expected scaling stages is 

given below in Figure 18. 
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Figure 18: Flowchart to show likely progression of biochar production. Material needed 

has been calculated assuming biochar will be used to meet half of the removal goals, 

using the LCA review (see section 1.4.1) net carbon sequestration average of 1.64 tCO2e 

per tonne of biochar, assuming softwood feedstock 

Given the project’s requirement to demonstrate value to the UK economy, it is 

recommended that a domestic company be used where possible. Due to the small 

size of the UK pyrolysis industry this is also favourable in terms of establishing a 

longer-term demand and creating strong industry networks. Upon the completion 

of Phase 2 in 2025, the pilot project must demonstrate a removal of 1kt CO2e yr-1, 

requiring approximately 300 tonnes of biochar. As with the reference site material 

requirements, this demand could be met by agreement with an existing UK 

company such as PyroCore. Alternatively, this could be used as an opportunity to 

begin very early trial runs of large-scale rotary kilns, though the cost of this 

outstrips the resources of the project and is therefore not be feasible. PyroCore is 

recommended for meeting the biochar requirements for both the reference site and 

the pilot site. 

 

The target of 50 kt CO2e per year by 2030 requires approximately 15kt of high-

quality biochar. Even large-scale screw pyrolysis options like Biogreen are 

inadequate here, and whilst modularity is helpful in expanding production this 

demand represents an 8-fold increase in their current capacity. Whilst more 

expensive in up-front costs, it is prudent to consider establishing a single large-

scale rotary kiln unit in partnership with a wastewater treatment body or sawmill 

company. Splainex Ecosystems Ltd are recommended here. Combined with the 

establishment of demand for biochar as a construction material resulting from this 

project, Splainex Ecosystems Ltd also ensure standalone commercial viability 

through energy generation. The trial of a single rotary-kiln would provide 

approximately 11,680 t biochar/yr once operational and retain the possibility for 

site expansion through additional rotary-kilns. 
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The annual demand for 281kt of biochar in 2050 outstrips any consideration of 

small-scale units and even of a single plant, considering current rotary-kiln 

pyrolysis technology. Instead, multiple large-scale rotary kiln plants would be 

required, and the use of biochar in infrastructure would require a growing 

domestic biochar industry.  

1.6 Feedstock Review 

Our search yielded no companies that can supply the required quality of biochar, 

the required quantity of biochar and the feedstock, together in one package. 

PyroCore is able to provide the pyrolysis process sufficient to produce the 

required quantity and quality of biochar, but do not typically source their own 

feedstock (see section 4.1 of Appendix G).  

Through stakeholder engagement a landowner local to Banwell has been 

identified as requiring a large quantity of Ash (Fraxinus excelsior) trees 

felled, due to Ash Dieback disease. Discussion is ongoing regarding the number 

of trees required to fulfil the material requirements of the Banwell Bypass and 

Moreton in Marsh reference site, please see Appendix B5 for full details. The 

agreement between the Phase 2 contractors and the site owner is not yet fully 

developed, so it is necessary to make a review of the commercially available 

feedstock options. 

From sections 1.2.2 and 1.2.3, wood pellets have been identified as a potential 

feedstock. Factors of source sustainability, transparency, and pellet production are 

considered below. 

1.6.1 Pellet Regulations 

Energy generated from biomass is Britain’s second biggest source of renewable 

electricity. In Q1 of 2021, it supplied 7.5% of Britain’s electricity, second only to 

wind that generated 25.6% (Biomass UK, 2021). Just like biochar however, the 

benefits of biomass energy are strongly dependent upon the sustainability of the 

wood source and emissions accruing from land-use production, harvesting, and 

production into usable feedstock (Land Energy, n.d). Transparency and a well 

quantified production process is therefore critical when selecting a feedstock 

provider. 

To promote the wider use of biomass for heating, the Renewable Heat Incentive 

(RHI) was introduced by the government in 2014 to ensure that all biomass comes 

from a verifiable supplier (GOV UK, 2015). Suppliers must demonstrate that 

greenhouse gases resulting from the life cycle of their biomass are at least 60% 

lower than the EU fossil fuel average for heat when used in a boiler with 70% 

efficiency (GOV UK, n.d). Land criteria requirements must also be met by the 

supplier, such as confirmation of legal felling and sustainable woodland 

management (GOV UK, n.d). Compliance can be demonstrated by using a 

government approved Biomass Suppliers List (BSL) (GOV UK, n.d). Whilst the 

requirements pertaining to boiler efficiency are secondary to the production of 

biochar for this project, the assurance of responsible felling practices are 

paramount.  
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Independent of the BSL approval process but included as an additional search 

option within the list, is the EN plus certification scheme for wood pellets. It is an 

internationally recognised quality certification scheme covering the entire wood 

pellet supply chain, meeting and in some cases exceeding the requirements of the 

ISO 17225-2 standard for biofuel pellets (GOV UK, n.d). Certificate holders are 

required to document the CO2eq per tonne of pellets produced (ENplus, 2015). 

This facilitates accurate carbon accounting over the entire life cycle of the 

biochar, so is of high value to the project.  

1.6.2 Pellet Suppliers 

Ten biomass pellet companies were contacted to find a suitable material supplier, 

and information from the seven that responded is summarised below in Table 14. 

Table 14: Table to summarise information obtained from responsive biomass suppliers 

(for contact details please see Appendix D3) 

Supplier Postco

de 

Distance 

as crow 

flies to 

Avonmou

th (km) 

Diamete

r (mm) 

Price £/tonne Notes 

Materia

l 

Haulag

e 

The 

Wood 

Pellet 

Delivery 

Co  

NR13 

6BA 

317 - 238 inc Furthest 

delivery west is 

Milton Keynes 

Woodlets  KA26 430 6 299 - Subsidiary 

distributor of 

Land Energy  

White 

Horse 

Energy 

GL7 

1YG 

56 - 275 - 
 

Bulk tonne bag 

Midland 

Bioenerg

y 

CV10 

0QP 

139 6 261 - 
 

Enquiry left 

with 

information for 

bulk order 

Balcas 

Energy 

BT94 

2ES 

462 6 209 - Quote from 

website 

Nuergy EH53 

0LQ 

430 6 234 inc Subsidiary 

distributor of 

Land Energy  
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Land 

Energy 

KA26 

9PF 

430 6 215 - 

230 

inc 

 

Typically, the biomass can be delivered in four main ways: 

1. 10kg plastic bags. 

2. 1t pallets of 100 plastic bags. 

3. 1 – 1.35t bulk industrial bags. 

4. Tipped or “blown” deliveries from trucks. 

From consultation with Land Energy, numerous options have been identified for 

the delivery of pellets to Avonmouth from their production plant in Girvan, 

Scotland. They are summarised below in Table 15.  

Table 15: Pellet delivery options as identified by Land Energy 

Delivery 

Method 

Details Indicative Price (£/t ex 

VAT) 

Direct 27 tonne deliveries by articulated 

lorry, pellets pneumatically blown 

into large silo at Avonmouth 

215 

Direct 28 tonnes tipped deliveries by 

articulated lorry, into large silo at 

Avonmouth that has equipment for 

bulk material handling 

210 

Local Storage 

Hub 

Store the required feedstock locally to 

Avonmouth, and provide just-in-time 

deliveries to match requirements 

230 

The carbon embodied within the pellets as given by Land Energy is 0.117 

kgCO2e/t pellet at the factory gate in Girvan, and 0.223 kgCO2e/t pellet if 

delivered directly to Avonmouth.  

Should commercial feedstock become necessary due to unforeseen difficulties in 

processing the proposed Ash (Fraxinus excelsior) source, Land Energy is 

recommended as the pellet supplier due to the transparency of their supply chain 

and their interest in the project.  
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Scenario Flows Scenario Flows Scenario Flows Scenario Flows

Description Unit Value Notes Requires Manual Goalseek

Functional unit tCO₂e/t biochar 1

A numerically positive value means a carbon 

emission, and a negative number means that 

carbon has been sequestered Scenario Net carbon sequestration tCO₂e/t biochar Net carbon sequestration tCO₂e/m3 biochar Principal emission Distance till no net removal (km)

Pyrolysis temperature C° 700 USER INPUT 1a -2.00 -0.340 Drying 1049

Sawmill residue required for 1t biochar 550C tonnes 4.59 1b -2.14 -0.364 Drying 1121

Sawmill residue required for 1t biochar 700C tonnes 5.77 2a -1.64 -0.279 Drying 209

Production emissions for 1t sawmill residue tCO₂e/t feedstock 0.01 2b -1.72 -0.279 Drying 218

Drying sawmill residue 550C tCO₂e/t biochar 0.490242995

Drying sawmill residue 700C tCO₂e/t biochar 0.479373838

Pelleting kWh/t 72

UK electricity grid gCO₂e/kWh 140

Pyrolysis upkeep (construction) tCO₂e/t biochar 0.14696

Pyrolysis running tCO₂e/t biochar 0 Softwood

Pyrolysis water and associated energy tCO₂e/t biochar 0.0000408

Pyrolysis generated energy tCO₂e/t biochar 0.4

General loading and transport biochar loss (handling) % 1
Biochar lost per tonne handled, assumed CO2 

conversion 

Handling emission sawmill biochar 550C tCO₂e/t biochar 0.031357333 Dependent upon pyrolysis temp

Handling emission sawmill biochar 700C tCO₂e/t biochar 0.033077 Dependent upon pyrolysis temp

Loading emissions through diesel use tCO₂e/t biochar 0.016842105

Transport distance to application km
1.5

USER INPUT

(One leg)

Transport distance to pyrolysis km
20

USER INPUT

(One leg)

Transport distance from pyrolysis to application km
21.5

USER INPUT

(One leg)

Transport emission kgCO₂e/t km 0.955 Load 50%

Rate of spreading (sawmill biochar) t biochar/ ha 100 USER INPUT

Length of strip km 10 USER INPUT

Sawmill biochar per km t/km 28.1

Spreading emission by area kgCO₂e/ ha 32.06

Spreading emission by mass
tCO₂e/t biochar 0.0003206

Biochar loss in spreading % 3
Biochar lost per tonne handled, assumed CO2 

conversion 

Spreading loss emission sawmill biochar 550C tCO₂e/t biochar 0.094072 Dependent upon pyrolysis temp

Spreading loss sewage sludge biochar 700C tCO₂e/t biochar 0.099231 Dependent upon pyrolysis temp

Rotavator tractor emissions kgCO₂e/km 1.03

Factory gate carbon sink sawmill biochar 550C tCO₂e/t biochar 2.32 After 100 years

Factory gate carbon sink sawmill biochar 700C tCO₂e/t biochar 2.45 After 100 years

Stage Description Unit Value Notes Stage Description Unit Value Notes Stage Description Unit Value Notes Stage Description Unit Value Notes

Feedstock Feedstock production emissions 1t biochar tCO₂e/t biochar 0.03 Feedstock Feedstock production emissions 1t biochar tCO₂e/t biochar 0.04 Feedstock Feedstock production emissions 1t biochar tCO₂e/t biochar 0.03 Feedstock Feedstock production emissions 1t biochar tCO₂e/t biochar 0.04

Drying Drying tCO₂e/t biochar 0.49 Drying Drying tCO₂e/t biochar 0.48 Loading Biochar handling diesel use tCO₂e/t biochar 0.016842105 Loading Biochar handling diesel use tCO₂e/t biochar 0.016842105

Pelleting Pelleting tCO₂e/t biochar 0.046238532 Pelleting Pelleting tCO₂e/t biochar 0.046238532 Transport Transport emission (to pyrolysis) tCO₂e/t biochar 0.175229358 Return trip Transport Transport emission (to pyrolysis) tCO₂e/t biochar 0.220299885 Return trip

Pyrolysis Embodied pyrolysis construction tCO₂e/t biochar 0.14696 Pyrolysis Embodied pyrolysis construction tCO₂e/t biochar 0.14696 Transport Transport emission (to pyrolysis) tCO₂e/t biochar 0.18837156 Return trip Transport Transport emission (to pyrolysis) tCO₂e/t biochar 0.18837156 Return trip

Pyrolysis Pyrolysis energy cost tCO₂e/t biochar 0 Pyrolysis Pyrolysis energy cost tCO₂e/t biochar 0 Drying Drying tCO₂e/t biochar 0.490242995 Drying Drying tCO₂e/t biochar 0.479373838

Pyrolysis Energy generated from pyrolysis tCO₂e/t biochar -0.4 Pyrolysis Energy generated from pyrolysis tCO₂e/t biochar -0.4 Pelleting Pelleting tCO₂e/t biochar 0.046238532 Pelleting Pelleting tCO₂e/t biochar 0.058131488

Pyrolysis Biochar cooling tCO₂e/t biochar 0.0000408 Pyrolysis Biochar cooling tCO₂e/t biochar 0.0000408 Pyrolysis Embodied pyrolysis construction tCO₂e/t biochar 0.14696 Pyrolysis Embodied pyrolysis construction tCO₂e/t biochar 0.14696

Loading Biochar handling diesel use tCO₂e/t biochar 0.016842105 Loading Biochar handling diesel use tCO₂e/t biochar 0.016842105 Pyrolysis Pyrolysis energy cost tCO₂e/t biochar 0 Pyrolysis Pyrolysis energy cost tCO₂e/t biochar 0

Transport Transport emission (to application) tCO₂e/t biochar 0.002865 Return trip Transport Transport emission (to application) tCO₂e/t biochar 0.002865 Return trip Pyrolysis Energy generated from pyrolysis tCO₂e/t biochar -0.4 Pyrolysis Energy generated from pyrolysis tCO₂e/t biochar -0.4

Unloading Biochar handling diesel use tCO₂e/t biochar 0.016842105 Unloading Biochar handling diesel use tCO₂e/t biochar 0.016842105 Pyrolysis Biochar cooling tCO₂e/t biochar 0.0000408 Pyrolysis Biochar cooling tCO₂e/t biochar 0.0000408

Application Spreading emissions tCO₂e/t biochar 0.0003206 Application Spreading emissions tCO₂e/t biochar 0.0003206 Unloading Biochar handling diesel use tCO₂e/t biochar 0.016842105 Unloading Biochar handling diesel use tCO₂e/t biochar 0.016842105

Application Tractor tCO₂e/t biochar 3.66548E-05 Application Tractor tCO₂e/t biochar 3.66548E-05 Application Spreading emissions tCO₂e/t biochar 0.0003206 Application Spreading emissions tCO₂e/t biochar 0.0003206
Carbon sink Carbon sink tCO₂e/t biochar -2.32 After 100 years Carbon sink Carbon sink tCO₂e/t biochar -2.45 After 100 years Application Tractor tCO₂e/t biochar 3.66548E-05 Application Tractor tCO₂e/t biochar 3.66548E-05

Carbon sink Carbon sink tCO₂e/t biochar -2.32 After 100 years Carbon sink Carbon sink tCO₂e/t biochar -2.45 After 100 years

Net carbon sequestration (with production) tCO₂e/t biochar -1.97 Net carbon sequestration (with production) tCO₂e/t biochar -2.10

Net carbon sequestration (pure waste-stream) tCO₂e/t biochar -2.00 Net carbon sequestration (pure waste-stream) tCO₂e/t biochar -2.14 Net carbon sequestration (with production) tCO₂e/t biochar -1.61 Net carbon sequestration (with production) tCO₂e/t biochar -1.68

Principal Carbon emission - Drying Principal Carbon emission - Drying Net carbon sequestration (pure waste-stream) tCO₂e/t biochar -1.64 Net carbon sequestration (pure waste-stream) tCO₂e/t biochar -1.72

Carbon removal per bulk volume tCO₂e/m3 biochar -0.340267305 Carbon sequestration per bulk volume tCO₂e/m3 biochar -0.363762626 Principal Carbon emission - Drying Principal Carbon emission - Drying

Carbon sequestration per bulk volume tCO₂e/m3 biochar -0.278942199 Carbon sequestration per bulk volume tCO₂e/m3 biochar -0.292753728

Description:

Softwood residue is the sole feedstock. It is transported to the pyrolysis site for pelleting, and pyrolysis at 700°C, then transported to 

LIFE CYCLE INVENTORY

SCENARIO 1a SCENARIO 2b

Description:

Softwood residue is the sole feedstock. It is dried, pelleted, and pyrolysed at source site at 700°C, then transported to application site for mixing with quarry fines and topsoil. 

SCENARIO 1b SCENARIO 2a

Description:

Softwood residue is the sole feedstock. It is transported to the pyrolysis site for pelleting, and pyrolysis at 550°C, then transported to application site for mixing with quarry fines and topsoil

Updates Automatically

Description:

Softwood residue is the sole feedstock. It is dried, pelleted, and pyrolysed at source site at 550°C, then transported to application site for mixing with quarry fines and topsoil. 
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Overarching Variables 

Stage LCI Unit Value Note Source Source URL

UK electricity grid gCO₂e/kWh 140 (ICAX, 2020) https://www.icax.co.uk/Grid_Carbon_Factors.html

Water treatment kgCO₂e/m3
0.272 (GOV, 2021)

https://www.gov.uk/government/publications/greenhouse-gas-reporting-conversion-

factors-2021

OVERARCHING VARIABLES
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Feedstock production

Stage LCI Unit Value Note Source Source URL

Feedstock provision Sawmill residue kgCO₂e/t 7.13

(Hammond et al., 

2011)

http://dx.doi.org/10.1016/j.enpol.2011.02.

033

Feedstock provision

Sawmill residue moisture 

content % 10

Sourcing from sawmill 

residues, assumed to be 

pre-dried for processing 

and selling

SAWMILL RESIDUE
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Loading, Transport, Spreading

Stage LCI Unit Value Note Source Source URL

Handling Loading l diesel/ t Biochar 0.19 Supplementary information (Lefebvre et al., 2021) https://doi.org/10.1016/j.jclepro.2021.127764

Handling Loading kgCO₂e/ l of diesel 3.2 Supplementary information (Lefebvre et al., 2021) https://doi.org/10.1016/j.jclepro.2021.127764

Handling Handling losses at each transport stage % 1 Assumed as being lost as CO2 (Hammond et al., 2011) http://dx.doi.org/10.1016/j.enpol.2011.02.033

Transport Articulated lorry (>33 tonnes) kgCO₂e/t km 0.955 Load factor 50% (Hammond et al., 2011) http://dx.doi.org/10.1016/j.enpol.2011.02.033

Application Losses at application % 3 Assumed as being lost as CO2 (Hammond et al., 2011) http://dx.doi.org/10.1016/j.enpol.2011.02.033

Application Lime spreader kgCO₂e/ ha 32.06 (Hammond et al., 2011) http://dx.doi.org/10.1016/j.enpol.2011.02.033

Application 81 kW Tractor 12 t trailer kgCO₂e/ km 1.03 Master spreadsheet (Hammond et al., 2011) http://dx.doi.org/10.1016/j.enpol.2011.02.033
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Pyrolysis and Pelleting

LCI Unit Value Note Source Source URL

Pelleting kWh/tonne 72.000 (Lefebvre, 2019) https://doi.org/10.1038/s41598-020-76470-y

Pyrolysis efficiency % 100.000 For corn stover (Cong et al, 2018) http://dx.doi.org/10.1021/acs.energyfuels.7b03175

Annual pyrolysis ouput t biochar/yr 560.000 Softwood (Pyreg, 2021) https://pyreg.com/our-technology/

Annual pyrolysis ouput t biochar/yr 1440.000 Sludge (Pyreg, 2021) https://pyreg.com/our-technology/

Pyrolysis construction tCO₂e/yr 734.800 For small scale plant (5000 t/a (Hammond et al., 2011) http://dx.doi.org/10.1016/j.enpol.2011.02.032

Pyrolysis construction tCO₂e/yr 82.298

For small scale sawmill residue plant (5000 

t/a scaled to 500 t/a) (Hammond et al., 2011) http://dx.doi.org/10.1016/j.enpol.2011.02.033

Pyrolysis construction tCO₂e/t biochar 0.147

For small scale sawmill residue plant (5000 

t/a scaled to 500 t/a)

Pyrolysis construction tCO₂e/yr 211.622

For small scale sludge plant (5000 t/a 

scaled to 1440 t/a) (Hammond et al., 2011) http://dx.doi.org/10.1016/j.enpol.2011.02.033

Pyrolysis construction tCO₂e/t biochar 0.147

For small scale sawmill residue plant (5000 

t/a scaled to 500 t/a)

Pyrolysis plant rating kW 110.000 For small-scale plant (Hammond et al., 2011) http://dx.doi.org/10.1016/j.enpol.2011.02.033

Pyrolysis plant annual hours hours 8000.000 USER ASSUMPTION

PyroCore energy generated kWe 200.000 Third of 600 kWe from PyroCore PyroCore Obtained information sheet

Pyrolysis process tCO₂e/ t biochar 0.000 Softwood

Pyrolysis process tCO₂e/ t biochar 0.000 Sludge

Pyrolysis water required L/kg biochar 0.150

From Biogreen leaflet, assume indirect 

water cooling (Biogreen, 2021) Appendix 2b

Pyrolysis temperature °C 550.000 (UK BRC, 2019) https://www.biochar.ac.uk/standard_materials.php

Pyrolysis temperature °C 700.000 (UK BRC, 2019) https://www.biochar.ac.uk/standard_materials.php

Wood to biochar yield (dry weight conversion) t biochar / t feedstock 0.218 For sewage sludge at 550C (UK BRC, 2019) https://www.biochar.ac.uk/standard_materials.php
Wood to biochar yield (dry weight conversion) t biochar / t feedstock 0.173 For sewage sludge at 700C (UK BRC, 2019) https://www.biochar.ac.uk/standard_materials.php
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Drying

Stage LCI Unit Value Note Source Source URL

Sawmill starting moisture content wt % 40 Based on freshly felled Ash

(Kent, Kofman, Owens, Coates, & 

Cooley, 2009)

http://www.coford.ie/research/thematicareaharvestingandproducts/woodenergy/forestenergy

/

Sawmill final moisture content wt % 10 Optimum for wood pelleting (Reza et al, 2012) https://doi.org/10.1002/ep.11615

Sawmill moisture reduction wt % 30

Dryer efficiency sawmill - 0.37 For poplar drying (Del Giudice, 2019) http://dx.doi.org/10.3390/en12091590

Specific heat of water kJ/kg °C 4.18 (Krokida et al, 2015) https://doi.org/10.1201/b17208

Latent water heat of vaporisation kJ/kg 2260 Energy for vaporisation at 100C (Krokida et al, 2015) https://doi.org/10.1201/b17208

Ambient temperature °C 10 Average of daily UK range (6 - 14) Website

https://www.currentresults.com/Weather/United-Kingdom/average-annual-

temperatures.php#:~:text=Across%20the%20UK%2C%20annual%20temperatures,C%20(43%20

%C2%B0F).

Water boiling point °C 100

Temperature rise require °C 90

Sawmill required 550 t 4.587155963 For one tonne biochar (10% wt moisture)

Dry solid content Sawmill 550 t 4.128440367

Lost water Sawmill 550 t 1.769331586

Energy to heat and vapourise Sawmill 700 kJ / t biochar 4664311.927

Energy with other operations kJ / t biochar 12606248.45

Energy to CO2 S550 tCO₂e/ t biochar 0.490242995

Sawmill required 700 t 5.767012687 For one tonne biochar (10% wt moisture)

Dry solid content Sawmill 700 t 4.036908881

Lost water Sawmill 700 t 1.730103806

Energy to heat and vapourise Sawmill 700 kJ / t biochar 4560899.654

Energy with other operations kJ / t biochar 12326755.82
Energy to CO2 S700 tCO₂e/ t biochar 0.479373838
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Biochar Persistence

Variable Unit Value Comment Source Source URL

Annual degradation rate % 0.30 Very conservative (EBC, 2020)
https://www.european-biochar.org/en/ct/139-C-sink-

guidelines-documents

Years considered years 100.00 Typical timeline considered (EBC, 2020)
https://www.european-biochar.org/en/ct/139-C-sink-

guidelines-documents

550 Softwood biochar bulk density t/m3 0.15 (500) pine slow pyrolysis (Askeland et al., 2019) https://dx.doi.org/10.7717%2Fpeerj.6784

700 Softwood biochar bulk density t/m3 0.17 (750) pine slow pyrolysis (Askeland et al., 2019) https://dx.doi.org/10.7717%2Fpeerj.6784

C to CO2e factor - 3.67 -

Pyrolysis 

temperature 

Carbon content by 

mass
Carbon mass CO2 factory gate C after x years 

CO2 sequestered after x 

years
CO2 lost after x years

C° % t C/ t original biochar t CO2e / t original biochar t C/ t original biochar t CO2e / t original biochar t CO2e / t original biochar

550.00 85.52 0.86 3.14 0.63 2.32 0.81

700.00 90.21 0.90 3.31 0.67 2.45 0.86

BIOCHAR PERSISTENCE

Feedstock

Softwood chip
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Appendix B2 Pyrolysis Plant Comparison

Company Country Founded Service Certification Reference plants Technology type Size (m2) Fuel source Feedstocks

Max pyrolysis 

temperature Biochar ouput (kg/h)

Feedstock throughput 

(kg/h)

Annual 

operating 

hours

Max yearly 

biochar output 

(tonnes) URL

Splainex 

Ecosystems
Netherlands 1994 Turnkey purchase None stated 8

Single Line Rotary 

kiln
To design Varied All Not stated Not stated Not stated Not stated

11,680 (assuming 

20% biochar yield, 

292 days working 

a year) 

https://www.energy-

xprt.com/companies/splainex-

ecosystems-ltd-23558

Biogreen France 2003

Purchase or rent 

(based off of 

request form)

None 45

Spirajoule (hollow 

shaft screw 

conveyor)

BGR750L8

To request Electric All 850 To request 1500 To request

2100 (assuming 

20% biochar yield 

and 7000 h/yr)

https://www.biogreen-

energy.com/

PYREG Germany 2009
Purchasing or 

operating model
EBC 7

Screw conveyor 

P500
27 Autothermal 

All (with size 

requirements)
750

24 (woodchip)

72 (sewage sludge)

95 (wood chip)

143 (sewage sludge)
7500

180 (wood chip)

540 (sludge)

https://pyreg.com/our-

technology/

Screw conveyor 

PX1500
39 Autothermal 

All (with size 

requirements)
750

75 (woodchip)

192 (sewage sludge)

293 (biomass)

383 (sewage sludge)
7500

560 (wood chip)

1440 (sludge)

PyroCore UK 2018 Sell None Not stated Likely screw Containerised Not stated All 850 100 500 Not stated
700 (assuming 

7000 h/yr)
https://pyrocore.com/

BlackCarbon Denmark 2005 Not stated Partnered with IBI Standalone
Screw 

BC300 
Approx 30 CHP and engine All 800 23 90 Not stated

161 (assume 7000 

hours operation)

http://www.blackcarbon.dk/

Unit

Biomacon Germany 2003 Purchase or rent EBC 

Various uses as 

CO2 negative 

boilers

Screw

C500-I
29.25 No gas pipes

Organic material 

lignin above 15% 

and cellulose 

above 35%

850 57 295 8000 453
https://www.biomacon.com/

technologie?lang=en

Pyrum Innovations Germany 2007 Purchase 
Ecoloop certificate 

for oil
Not stated

Industrial plant, 

rotary kiln

2500 (with 

storage)
Electric All 750 Not stated 650-1000 7800

1000 (assuming 

20% biochar 

yield)

Pyrum Innovations AG: For a 

cleaner world - start

Tigercat
Canada (UK 

suppliers)
1992 Purchase or rent None Not stated

Open top flame cap

Mobile tiger track 

6050-Carbonator

43.92 Petrol engine All Not stated 100 500 7000 700
https://www.tigercat.com/pr

oduct/6050-carbonator/

Mitsubishi Heavy 

Industries
Japan 1884 Contract Not stated Unknown

Tokyo Sludge 

Pyrolysis Plant

3 rotary kilns

Energy neutral

Syngas
Sewage 600 8760 3285 See Appendix 2b
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Criteria Category Tests Criteria Category Tests Criteria (Range of maximum allowed thresholds) Category Tests

Arsenic mg/kg 
< 10 (high grade)

< 100 (standard grade)
Necessary basic property

DIN EN ISO17294-2 (E29); BS EN 13650 

(soluble in aqua regia)

< 2 (EBC-Feed)

< 13 (EBC-AgroOrganic)

< 13 (EBC-Agro)

< 15 (EBC-Material)

Recommended

DIN 22022-2

DIN 22022-7

DIN EN ISO 17294-2 / DIN EN 1483

13 - 100 Toxicant Assessment (Required for all biochars) TMECC (2001)

Cadmium mg/kg 
< 3 (high grade)

< 39 (standard grade)
Necessary basic property

DIN EN ISO17294-2 (E29); BS EN 13650 

(soluble in aqua regia)

< 0.8 (EBC-Feed)

< 0.7 (EBC-AgroOrganic)

< 1.5 (EBC-Agro)

< 5 (EBC-Material)

Recommended

DIN 22022-2

DIN 22022-7

DIN EN ISO 17294-2 / DIN EN 1483

1.4 - 39 Toxicant Assessment (Required for all biochars) TMECC (2001)

Chromium mg/kg 
< 15 (high grade)

< 100 (standard grade)
Necessary basic property

DIN EN ISO17294-2 (E29); BS EN 13650 

(soluble in aqua regia)

< 70 (EBC-Feed)

< 70 (EBC-AgroOrganic)

< 90 (EBC-Agro)

< 250 (EBC-Material)

Recommended

DIN 22022-2

DIN 22022-7

DIN EN ISO 17294-2 / DIN EN 1483

93 - 1200 Toxicant Assessment (Required for all biochars) TMECC (2001)

Cobalt mg/kg n/a n/a n/a n/a n/a n/a 34 - 100 Toxicant Assessment (Required for all biochars) TMECC (2001)

Copper mg/kg 
< 40 (high grade)

< 1500 (standard grade)
Necessary basic property

DIN EN ISO17294-2 (E29); BS EN 13650 

(soluble in aqua regia)

< 70 (EBC-Feed)

< 70 (EBC-AgroOrganic)

< 100 (EBC-Agro)

< 250 (EBC-Material)

Recommended

DIN 22022-2

DIN 22022-7

DIN EN ISO 17294-2 / DIN EN 1483

143 - 6000 Toxicant Assessment (Required for all biochars) TMECC (2001)

Lead mg/kg 
< 60 (high grade)

< 500 (standard grade)
Necessary basic property

DIN EN ISO17294-2 (E29); BS EN 13650 

(soluble in aqua regia)

< 10 (EBC-Feed)

< 45 (EBC-AgroOrganic)

< 150 (EBC-Agro)

< 250 (EBC-Material)

Recommended

DIN 22022-2

DIN 22022-7

DIN EN ISO 17294-2 / DIN EN 1483

121 - 300 Toxicant Assessment (Required for all biochars) TMECC (2001)

Manganese mg/kg n/a n/a
DIN EN ISO17294-2 (E29); BS EN 13650 

(soluble in aqua regia)
n/a n/a

DIN 22022-2

DIN 22022-7

DIN EN ISO 17294-2 / DIN EN 1483

n/a n/a n/a

Molybdenum mg/kg 
< 10 (high grade)

< 75 (standard grade)
Necessary basic property

DIN EN ISO17294-2 (E29); BS EN 13650 

(soluble in aqua regia)
n/a n/a

DIN 22022-2

DIN 22022-7

DIN EN ISO 17294-2 / DIN EN 1483

5 - 75 Toxicant Assessment (Required for all biochars) TMECC (2001)

Nickel mg/kg 
< 10 (high grade)

< 600 (standard grade)
Necessary basic property

DIN EN ISO17294-2 (E29); BS EN 13650 

(soluble in aqua regia)

< 25 (EBC-Feed)

< 25 (EBC-AgroOrganic)

< 50 (EBC-Agro)

< 250 (EBC-Material)

Recommended

DIN 22022-2

DIN 22022-7

DIN EN ISO 17294-2 / DIN EN 1483

47 - 420 Toxicant Assessment (Required for all biochars) TMECC (2001)

Selenium mg/kg 
< 5 (high grade)

< 100 (standard grade)
Necessary basic property

DIN EN ISO17294-2 (E29); BS EN 13650 

(soluble in aqua regia)
n/a n/a

DIN 22022-2

DIN 22022-7

DIN EN ISO 17294-2 / DIN EN 1483

2 - 200 Toxicant Assessment (Required for all biochars) TMECC (2001)

Zinc mg/kg 
< 150 (high grade)

< 2800 (standard grade)
Necessary basic property

DIN EN ISO17294-2 (E29); BS EN 13650 

(soluble in aqua regia)

< 200 (EBC-Feed)

< 200 (EBC-AgroOrganic)

< 400 (EBC-Agro)

< 750 (EBC-Material)

Recommended

DIN 22022-2

DIN 22022-7

DIN EN ISO 17294-2 / DIN EN 1483

416 - 7400 Toxicant Assessment (Required for all biochars) TMECC (2001)

Boron mg/kg n/a n/a n/a n/a n/a n/a Declaration Toxicant Assessment (Required for all biochars) TMECC (2001)

Chlorine mg/kg n/a n/a n/a n/a n/a n/a Declaration Toxicant Assessment (Required for all biochars) TMECC (2001)

Sodium mg/kg n/a n/a n/a Declaration Recommended n DIN 51729, DIN EN ISO 11885 / DIN EN ISO 17294-2 Declaration Toxicant Assessment (Required for all biochars) TMECC (2001)

Mercury mg/kg 
< 1 (high grade)

< 17 (standard grade)
Necessary basic property DIN EN1483 (E12); BS ISO 16772

< 0.1 (EBC-Feed)

< 0.4 (EBC-AgroOrganic)

< 1 (EBC-Agro)

< 1 (EBC-Material)

Recommended DIN EN 15763:2010-04 1 -17 Toxicant Assessment (Required for all biochars) US EPA 7471 (2007)

PAH (sum of USEPA 16) mg/kg < 20 Necessary basic property

DIN EN 15527 2008-09; DIN ISO 13877: 1995-

06 – Principle B with GCMS (toluene 

extraction with ASE); BS EN 15527:2008

< 4 ± 2 (EBC-Feed and EBC-

AgroOrganic)

< 6 ± 2.2 (EBC-Agro)

Recommended

PAH analogue to DIN EN 15527: 2008-9 (extraction with 

Toluol); DIN EN 16181: 2019-08 with

extraction method 2 

6-300 Toxicant Assessment (Required for all biochars)
US EPA 8270 (2007) using Soxhlet extraction (US EPA 3540) and 100% 

toluene as the extracting solvent

BETX n/a TBC TBC TBC n/a n/a n/a n/a n/a n/a

PCB mg/kg < 0.5 Necessary basic property AIR DF 100,HRMS; BS EN 1948 series < 0.2 Recommended
DIN EN 16167

DIN EN 16215
0.2 - 1 Toxicant Assessment (Required for all biochars) US EPA 8082 (2007) or US EPA 8275 (1996)

Dioxins/Furans ng/kg < 20 Necessary basic property AIR DF 100,HRMS; BS EN 1948 series < 20 Recommended

DIN EN 16190:2019-10

DIN EN 16215 Nr. 152/2009 (modified by Nr. 2017/771)

HRGC/HRMS method

17 Toxicant Assessment (Required for all biochars) US EPA 8290 (2007)

pH pH Declaration Necessary basic property

Rajkovich et al. (2011)

DIN 10390

BS EN 13037

Declaration Recommended DIN ISO 10390 (CaCl2) Declaration Basic Utility Properties (Required for all biochars)

pH analysis procedures as outlined in section 04.11 of TMECC (2001) 

using modified dilution of 1:20 biochar:deionized H2O (w:v) and 

equilibration at 90 minutes on the shaker, according to Rajkovich et al. 

(2011). See Appendix E for further information.

Moisture content % total dry mass Declaration Necessary basic property
ASTM D1762-84

BS EN 13040
Declaration Recommended DIN 51718 Declaration Basic Utility Properties (Required for all biochars)

ASTM D1762-84 Standard Test Method for Chemical Analysis of Wood 

Charcoal (specify measurement date with respect to time from 

production)

Organic Carbon % total dry mass
≥10%, irrespective of the quality of 

biochar grade
Necessary basic property

ASTM D4373-02

 BS EN 13039
Declared Recommended TruSpec CHN according to  DIN 51732

10% Minimum 

Class 1: ≥60%

Class 2: ≥30% and <60%

Class 3: ≥10% and <30%

Basic Utility Properties (Required for all biochars)

Total C and H analysis by dry combustion-elemental

analyzer. Inorganic C analysis by determination of

CO2-C content with 1N HCl, as outlined in ASTM

D4373 Standard Test Method for Rapid

Determination of Carbonate Content of Soils.

Organic C calculated as Total C – Inorganic C

Total Carbon (C) % total dry mass Declaration Necessary basic property BS EN 15104 n/a n/a TruSpec CHN according to  DIN 51733 n/a n/a

Total C and H analysis by dry combustion-elemental

analyzer. Inorganic C analysis by determination of

CO2-C content with 1N HCl, as outlined in ASTM

D4373 Standard Test Method for Rapid

Determination of Carbonate Content of Soils.

Organic C calculated as Total C – Inorganic C

Hydrogen (H) % total dry mass Declaration Necessary basic property BS EN 15104 n/a n/a TruSpec CHN according to  DIN 51733 n/a n/a

Total C and H analysis by dry combustion-elemental

analyzer. Inorganic C analysis by determination of

CO2-C content with 1N HCl, as outlined in ASTM

D4373 Standard Test Method for Rapid

Determination of Carbonate Content of Soils.

Organic C calculated as Total C – Inorganic C

Long-term carbon stability % total dry mass Declaration (optional method) Necessary basic property Accelerated ageing (oxidative) method n/a n/a n/a n/a n/a n/a

Property Unit

BQM (v1) EBC (v9.3) IBI (v2.1)
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Molar H/C Organic ratio Molar ratio
< 0.7 (maximum) irrespective of 

the quality biochar grade
Optional

ASTM D4373-02 (Corg)

BS EN 13039 (Corg)

BS EN 15104 (H)

< 0.7 Recommended
From already determined data

TruSpec CHN according to  DIN 51733
0.7 Maximum Basic Utility Properties (Required for all biochars)

Total C and H analysis by dry combustion-elemental

analyzer. Inorganic C analysis by determination of

CO2-C content with 1N HCl, as outlined in ASTM

D4373 Standard Test Method for Rapid

Determination of Carbonate Content of Soils.

Organic C calculated as Total C – Inorganic C

Molar O/Corg ratio Molar ratio n/a n/a n/a < 0.4 Recommended
DIN 51733 (Oxygen)

Truspec CHN according to DIN 51732 (Corg)
n/a n/a n/a

Total Nitrogen (N) % total dry mass Declaration Optional BS EN 15104 Declaration Recommended CHN according to DIN 51732 n/a n/a n/a

C:N Molar ratio Declaration Optional Ratio of C and N Declaration Recommended CHN according to DIN 51732 n/a n/a n/a

Total Ash % total dry mass Declaration Optional
BS EN 13039

ASTM D1762-84
Declaration Recommended Ash content (550 °C) analogue DIN 51719 n/a n/a n/a

Total Phosphorus (P) % total dry mass Declaration Optional

Modified dry ashing followed by ICP (Enders 

and Lehmann 2012)

BS EN 13650

Declaration Recommended n/a Declaration
Advanced Analysis and Soil Enhancement Properties 

(Optional for all Biochars)

Modified dry ashing (Enders and Lehmann 2012). Elements in the 

digest determined by common analytical techniques

Total Potassium (K) % total dry mass Declaration Optional

Modified dry ashing followed by ICP (Enders 

and Lehmann 2012)

BS EN 13650

Declaration Recommended
Main elements after melting digestion DIN 51729, DIN EN ISO 

11885 / DIN EN ISO 17294-2: (P, Mg, Ca, K, Na, Fe, Si, S)
Declaration

Advanced Analysis and Soil Enhancement Properties 

(Optional for all Biochars)

Modified dry ashing (Enders and Lehmann 2012). Elements in the 

digest determined by common analytical techniques

Water holding capacity ml/g Declaration Optional

Funnel and filter paper method

Hilgard cup method (simple)

DIN 51718

TGA 701 D4C

Declaration Recommended DIN EN ISO 14238, annex A n/a n/a n/a

Bulk density kg/m
3 Declaration Optional Mass and volume determination. Declaration Recommended Bulk density (analogue VDLUFA-Method A 13.2.1): n/a n/a n/a

Particle size distribution mm Declaration Optional ASTM D2862-10 n/a n/a n/a Declaration Basic Utility Properties (Required for all biochars)
Progressive dry sieving with 50 mm, 25 mm, 16 mm, 8mm, 4mm, 2 mm, 

1 mm, and 0.5 mm sieves.

Neutralising Capacity % CaCO3 Optional Optional Rayment & Higginson (1992) n/a n/a n/a Declaration if pH is above 7 Basic Utility Properties (Required for all biochars)

AOAC 955.01 potentiometric titration on “as received” (i.e., wet) 

samples. Use dry weight to calculate % CaCO3 and report “per dry 

sample weight”.

Electrical Conductivity dS/m Optional Optional Rajkovich et al. (2011) BS EN 13038 n/a n/a n/a Declaration Basic Utility Properties (Required for all biochars)

EC analysis procedures as outlined in section 04.10 of TMECC (2001) 

using modified dilution of 1:20 biochar:deionized H2O (w:v) and 

equilibration at 90 minutes on the shaker, according to Rajkovich et al. 

(2011)

Cation Exchange Capacity (K, Ca, Mg, Na) cmol + /kg Optional Optional
Ammonium-acetate (or BaCl2 extraction) then 

ICP-OES
n/a n/a n/a n/a n/a n/a

Porosity

Ratio of pore

volume / bulk

Volume

Optional Optional e.g. mercury intrusion porosimetry n/a n/a n/a n/a n/a n/a

Specific surface area / total surface area m2 /g Optional Optional
Adsorption method (e.g. BET); ASTM D 6556-

10; ISO 9277
Declaration Recommended DIN ISO 9277 (BET) and DIN 66137 (density) Declaration

Advanced Analysis and Soil Enhancement Properties 

(Optional for all Biochars)

ASTM D6556 Standard Test Method for Carbon Black – Total and 

External Surface Area by Nitrogen Adsorption. See Appendix E for 

further information.

Labile carbon content % of dry mass Optional Optional Incubation studies; ASTM D1762-84 n/a n/a n/a n/a n/a n/a

Volatile matter % of dry mass Optional Optional Incubation studies; ASTM D1762-85 Declaration Recommended DIN 51720 Declaration
Advanced Analysis and Soil Enhancement Properties 

(Optional for all Biochars)

ASTM D1762-84 Standard Test Method for Chemical Analysis of Wood 

Charcoal

Available Phosphorus mg/kg Optional Optional

2% formic acid followed by 

spectrophotometry as described by Wang et 

al (2012)

Declaration Recommended n/a Declaration
Advanced Analysis and Soil Enhancement Properties 

(Optional for all Biochars)
2% formic acid followed by spectrophotometry (Wang et al. 2012)

Mineral Nitrogen mg/kg Optional Optional

KCl or CaCl2 extraction followed by 

spectrophotometry (Rayment and Higginson 

1992)

Declaration Recommended n/a Declaration
Advanced Analysis and Soil Enhancement Properties 

(Optional for all Biochars)

2M KCl extraction followed by spectrophotometry (Rayment and 

Higginson 1992)

Release dynamics of nutrients (P, K, N) mg/kg Optional Optional Soil column leaching experiments n/a n/a n/a n/a n/a n/a

Impact on soil aggregation Size declaration Optional Optional TBC n/a n/a n/a n/a n/a n/a

Soil water potential (available water content) g/g or g/cm
3 Optional Optional Tension table and pressure plate n/a n/a n/a n/a n/a n/a

Priming potential impacts (impacts on SOC) % Optional Optional Incubation studies n/a n/a n/a n/a n/a n/a

Thermal analysis uV / mg Optional Optional
Thermogravimetry-differential scanning 

calorimetry (TGDSC)
n/a n/a n/a n/a n/a n/a

Volatile Organic Compounds (VOC) % total dry mass n/a n/a n/a Declaration Recommended Thermogravimetric analysis n/a n/a n/a

Gross calorific value kJ/m
3 n/a n/a n/a Declaration Recommended DIN 51900 n/a n/a n/a

Germination Inhibition Assay n/a n/a n/a n/a n/a n/a n/a Pass/Fail Toxicant Assessment (Required for all biochars)
OECD methodology (1984) using three test species, as described by Van 

Zwieten et al. (2010)

Total Calcium, Magnesium, and Sulfur mg/kg n/a n/a n/a n/a n/a n/a Declaration
Advanced Analysis and Soil Enhancement Properties 

(Optional for all Biochars)

Modified dry ashing (Enders and Lehmann 2012). Elements in the 

digest determined by common analytical techniques.

Available Calcium, Magnesium, and Sulfur mg/kg n/a n/a n/a n/a n/a n/a Declaration
Advanced Analysis and Soil Enhancement Properties 

(Optional for all Biochars)

1M HCl extraction (Camps Arbestain et al. 2015). Elements in the digest 

determined by common analytical techniques.
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1 Soil Health Review Methodology 

To focus the review of in-soil processes, the following key components of soil 

health as described by the UK government’s Environmental Audit Committee 

2016 report have been used (Environmental Audit Committee, 2016). They are: 

 

• Nutrients and acidity; 

• Organic carbon content; 

• Structure and water capacity; 

• Biological activities; and,  

• Chemical pollution.  

 

These categories have been used for each technology to facilitate comparison, and 

they are summarised below in detail to prevent repetition in the subsequent 

technical sections. Rigidly defining soil-health across different land-uses requires 

some generalisation, so these factors overlap and are strongly inter-connected. 

Many of the effects considered here are also potential impacts specific to 

agricultural systems, which have soil health issues distinct to those of an 

infrastructural setting. Where possible the information most relevant to an 

infrastructural setting has been presented. 

1.1 Nutrients and Acidity 

Available nutrients are the portion of an element or compound that can be 

assimilated by growing plants (Ippolito, Spokas, Novak, Lentz, & Cantrell, 2015) 

(Mukhopadhyay, Masto, Tripathi, & Srivastava, 2019). Several key chemical 

nutrients are required for overall soil health: 

• Carbon; 

• Nitrogen; 

• Cation exchange capacity (CEC); and 

• Appropriate pH (this naturally varies from soil to soil, although is 

impacted by human activity). 

These are explained further below. 

 

Along with carbon, nitrogen is essential for the growth and function of plants and 

microbes, so organic nitrogen and bioavailable nitrogen are key indicators of 

agricultural soil health (Adekiya, Olayanju, Ejue, Alori, & Adegbite, 2020). 

 

An indicator of each technology’s effect on soil health is its capacity to improve 

the nutrient content of soil through the provision of cation exchange capacity 

(CEC). Certain soil minerals, especially in combination with organic matter, 

possess electrically charged sites which attract and hold onto ions. For instance, 

negatively charged sites make up the CEC because they attract H+, Ca2+, Mg2+, 

Na+, and NH4+ ions, and positively charged sites which hold OH-, SO4
-, NO3

-, and 

PO4
- make up the anion exchange capacity (Mukhopadhyay, Masto, Tripathi, & 

Srivastava, 2019). CEC is a key index of nutrient status because exchangeable 
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cations are the most important source of immediately available plant nutrients 

(Mukhopadhyay, Masto, Tripathi, & Srivastava, 2019). 

1.2 Organic and Inorganic Carbon Content 

Soil organic carbon (SOC) is a key measure of the soil organic matter. SOC is 

taken to be the measurable fraction of soil organic matter that is a result of 

photosynthesis, respiration, and decomposition. It reflects the soil capacity to 

affect nutrient supply and retention for the needs of plants and microbiota, and 

through these, the physical properties like aggregate stability, water holding 

capacity, and infiltration (Adekiya, Olayanju, Ejue, Alori, & Adegbite, 2020). Soil 

inorganic carbon (SIC) is a smaller portion of the total carbon content that is 

bound up in minerals and slower to change.  

1.3 Structure and Water Capacity 

This factor determines soil vulnerability to erosion and root penetration. As well 

as physical parameters like bulk density, permeability and porosity determine the 

surface run-off and groundwater flow characteristics of the amended soils. 

 

1.4 Biological Activities 

The microbial population, diversity, and activity affect all the factors of soil 

health, along with plants and enzyme activity (Adekiya, Olayanju, Ejue, Alori, & 

Adegbite, 2020). 

1.5 Chemical Pollution 

This refers to assorted man-made contamination that damages the soil health, 

through chemicals, heavy metals, tar, gases, asbestos, and radioactive substances. 

This has been addressed through the Environmental Impact Assessment and so 

has not been elaborated upon in the materials and processes sections. 
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1 Ash Source (Fraxinus excelsior) 

Through stakeholder engagement a landowner local to Banwell has been 

identified as requiring a large quantity of Ash (Fraxinus excelsior) trees 

felled, due to Ash Dieback symptoms.   

  

Figure 1: Aerial photograph to show position of feedstock source (yellow star) relative to 

the proposed start and end points of Banwell Bypass (red circles) (Bing Maps, n.d) 

Located at BS29 6NA, the land is approximately 1.5 km south of where Banwell 

Bypass is proposed to branch north away from the A371, to the west of 

Banwell town, as shown in Figure 1. The land is approximately 20km north 

west of the PyroCore facility in Wells. Approximately 25,000 Ash trees were 

planted in 1996 along the west side of the M5 to provide screening from the 

traffic. The Ash trees are planted in discrete blocks, and the site also 

has Poplar and Beech trees in three other wooded areas on the 250-

acre property. Due to the size of the property, area is also available for on-site 

pyrolysis and the placement of other required plant such as chippers 

and pelleters, as well as the potential need for stockpiling.  

Due to the short timeframe of Phase 1 it was not feasible to fully cost and evaluate 

the felling licences and ecological assessments that accompany the use of the site. 

The life cycle analysis has been conducted using this as a base case study, as 

future projects will also have to engage with local landowners and feedstock 

sources. The growing relevance of Ash (Fraxinus excelsior) as a feedstock source 

for biochar is demonstrated by Phoenix Biochar, a community interest company 

that seeks to limit the social and environmental impact of Ash Dieback through 

biochar production (Phoenix Biochar , n.d) 
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The Ash population there has been identified as being affected by Ash Dieback 

(Hymenoscyphus fraxineus), a highly destructive fungus that only affects 

Ash, leading to leaf loss and canopy decline (The Tree Council, 2020). There has 

been loss of the crown canopy in the some of the trees, and the trees are still in 

Class 1 to 2 (100% -76% to 75% - 51% of the crown remaining) (The Tree 

Council, 2020). The stem wood is currently unaffected by the disease, as the 

landowner still uses the felled trees to power their log-burner. The decision to fell 

has been taken before contact was made with the landowner, so the project’s 

involvement is not the cause of the felling. The trees and general area are pictured 

below in Figure 2. 

 

Figure 2: Picture to show Ash, Poplar, and Beech trees on site (photo courtesy of Stuart 

Simons) 

The legal responsibility of managing trees affected with Ash Dieback falls to the 

landowner, however, there are some factors which strengthen their pre-

existing decision to pursue felling.   

• The Ash trees are not locally notable, veteran, or ancient trees (Lonsdale, 

2013). There is no history or special cultural/ecological attribute that is 

conserved within these trees (The Tree Council, 2020). 

• The trees are not large, and therefore have less habitat value than older, 

wider trees, so chipping for biochar is acceptable (The Tree Council, 

2020). 

• The affected trees are directly neighbouring the M5, so allowing the Ash 

Dieback to progress in any way increases the risk that the motorway 
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becomes a major pathway for further spreading to different receptors, 

through fallen leaves and spores (The Tree Council, 2020). 

• Loss of trees and resulting cover from the motorway will be remedied by 

planting new trees in their place. 

Ash dieback is spread via airborne spores and the movement of infected trees 

through trade (The Tree Council, 2020). It may therefore be preferable to perform 

pyrolysis on-site for contamination reasons as well as for reducing mass haulage.   

Green (freshly felled) Ash firewood has a net calorific content of approximately 

17.71 MJ/kg and a mean moisture content of approximately 40% by total 

weight (Owens & Cooley, 2013) (Kent, Kofman, Owens, Coates, & Cooley, 

2009). The PyroCore pyrolysis unit can therefore be expected to self-perpetuate 

once it has started, with extra energy generated for the required 

drying. Monitoring of Ash trees in Ireland has shown that moisture content 

can increase by up to 10% by total weight over the course of spring-

summer ( 35% -45% from April to July) so felling could be conducted early in the 

year to minimise the amount of drying that is required (Kent, Kofman, Owens, 

Coates, & Cooley, 2009). 

For approximately 306 t of biochar required at Banwell, and 8 t required at 

Moreton in Marsh, 314 t of biochar is required, rounded up to the nearest 

tonne. Assuming a  biochar conversion rate of 17% by dry weight, 1,815 

t of dry ash timber will be required (UK BRC, 2019). Assuming the wood has an 

initial moisture content of 40% by weight, 3,025 t of green ash timber will be 

required (Kent, Kofman, Owens, Coates, & Cooley, 2009). For a 25 year old ash 

tree with a base girth of 0.6m and a crown girth of 0.25m, a height of 10m, and 

a green density of 0.86 t/m3, and a branch to stem biomass ratio of approximately 

0.489, approximately 15,556 ash trees require felling, rounded up to the nearest 

number  (Geyer & Lynch, 1990) (TRADA, n.d) (Le Goff, Granier, Ottorini, & 

Peiffer, 2004). Please see sheet “Ash” of Appendix G5 for full calculations. 

The site owner has suggested that large areas of open space are available for siting 

plant such as chippers. This space could be used for constructing temporary 

drying/storage areas if this is permissible for Ash-dieback affected wood, and if 

the felling precedes the period of pyrolysis, which is expected to start in late 2022. 

Provided that the stem wood and large branches have not been pelleted and are 

kept dry and elevated from the floor (as firewood might), decomposition is not 

expected to be problem. Storage in this way may provide a benefit by reducing the 

moisture content of the wood and the subsequent need for drying.  

Further information is expected in Q1 of 2022, relating to the average volume of 

the tree stem and branches, as well as a survey of the approximate stage of the 

disease in the trees. Further to this, an ecological survey has not yet been 

undertaken. 
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1. Identification of Substance / Preparation and 
Company / Undertaking: 

 
Substance name: NATURAL AGGREGATE 
Appearance is variable, but usually in the form of fine and/or 
coarse aggregate, dust, powder or block stone. Coarse aggregate 
may be rounded or angular.   
 
Company Details:   
Breedon Trading Limited (Breedon GB Materials) 
Breedon Quarry,  
Breedon on the Hill,  
Derby,  
DE73 8AP 

 
Telephone:    01332 694 010 

Email:            enquiries.breedon@breedongroup.com 

Web:              www.breedongroup.com 

4. First Aid Measures 
 
Inhalation: 
Immediately remove to fresh air. If breathing difficulties are 
experienced, seek medical attention. 
 
Skin contact: 
Wash with water. Prolonged contact may cause irritation. If 
symptoms develop or persist, seek medical attention. 
 
Eye Contact: 
Do not rub eyes, as the material is abrasive and may scratch the 
surface of the eye. Immediately and thoroughly irrigate with eye 
wash solution or clean water. If symptoms develop or persist, 
seek medical attention. 
 
Ingestion: 
Remove to fresh air. If person is conscious, rinse out mouth and 
give water to drink. Seek medical advice if symptoms develop. 
 
 

2. Hazard Identification 
 
NOT classified as hazardous in accordance with the Chemicals 
(Hazard Information and Packaging for Supply) Regulations. 
 
Respirable dust may be released during processing, handling and 
use of natural aggregates, particularly through crushing, drilling, 
cutting, loading and unloading of bulk aggregates, or if the 
aggregate is supplied as a fine powder. If inhaled in excessive 
quantities over a prolonged period or extended period, respirable 
dust can constitute a long-term health hazard.  
Dusts containing Respirable Crystalline Silica (quartz) present a 
greater hazard.  
Long-term exposure to respirable dust can lead to respiratory 
system damage and disease. Respirable crystalline silica has 
been associated with the lung disease silicosis. 
Some sand aggregates are unsuitable for sand blasting operations 
as they may break down, producing respirable dust containing 
quartz.  
The quartz content of the product will vary and is related to the 
type of mineral deposit from which the aggregate is produced. 
Advice on the quartz content and other chemical information is 
available from the supplying unit. 
 
 

5. Fire Fighting Measures 
 
Natural aggregates are non-flammable and are not combustible. 
 
Suitable Extinguishing Media: 
Not applicable. 
 
Unsuitable Extinguishing Media: 
Not applicable. 
 
Special Exposure Hazards in Fire: 
None. 
 
Special Protective Equipment for Fire Fighters: 
None. 
 

6. Accidental Release Measures 
 
Personal Precautions: 
Avoid breathing in dust. Keep dust out of eyes. See Section 8 for 
guidance on personal protective equipment. See Section 7 for 
guidance on handling the product.  
 
Environmental Precautions: 
Natural aggregates are inert, but dust and fine particles should 
be prevented from entering watercourses and drains. Deposition 
of dust on vegetation and surrounding property should be 
avoided controlling the release of dust at source. 
 
Methods for Cleaning: 
Avoid dry sweeping which creates dust. Use vacuum cleaning 
where practicable, or suppress dust using water sprays before 
cleaning up. 

3. Composition / Information on Ingredients 
 
Produced from naturally occurring rock or sand and gravel mineral 
deposits. 
The mineral composition and characteristics of the aggregate will 
depend on the type of mineral deposit from which the aggregate is 
produced. Further information on the composition, including free 
silica (quartz) content is available from the supplying unit. In 
general, quartzite, sandstone, sand & gravel will have the highest 
levels of quartz. 
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7. Handling and Storage 
 
Handling 
The product should be handled to minimise the creation of 
airborne dust. Conveyor systems should be fitted with covers to 
minimise wind whipping. Very fine, dry material should be 
conveyed in an enclosed system. Water sprays and/or local 
exhaust ventilation and filtration should be used as required to 
minimise generation of dust. 
 
Manual handling of the product should be avoided where possible. 
If manual handling is necessary, full account should be taken of 
the Manual Handling Regulations. 
 
Storage 
The product should be stored to minimise the creation of airborne 
dust. Very fine, dry product in bulk should be stored in enclosed 
silos. 
Bulk aggregate containing fine material (<3mm) should not be 
stored in the open unless it is conditioned with water. Stockpiles 
should be sited to avoid wind-whipping where possible. Storage 
bays should be fitted with 3 sides and the aggregate stored below 
the level of the sides to avoid wind whipping. 
 

9. Physical and Chemical Properties 
 

Appearance:                                         Granular solid. 
Odour:          None 
pH:                                                         Various 
Boiling Point / Range:                          Not determined 
Melting Point / Range:                          Not determined 
Flash Point:                                           Not applicable  
Auto Flammability:                               Not applicable 
Flammability:                                        Not applicable 
Explosive Properties:                          Not applicable 
Oxidising Properties:                           Not determined 
Vapour Pressure:                                 Not applicable 
Relative Density:                                  Above 2.0 
Water Solubility:                                   Dependant on rock type 
Fat Solubility:                                        Not determined 

 
 

8. Exposure Controls / Personal Protection 
 
Exposure Control Limits / Source 
  
      Total Dust -                   
 

W.E.L. 10mg/m3  8 Hrs T.W.A. 

Respirable Dust -                   W.E.L. 4mg/m3       8 Hrs T.W.A. 
     
Respirable Quartz -                W.E.L. 0.1mg/m3   8 Hrs T.W.A. 
Crystalline Silica SiO2    

 
W.E.L. = Workplace Exposure Limit 
T.W.A. = Time Weighted Average 
 
Control Measures: 
Dust should be controlled by containment, suppression and 
extraction/ filtration where possible. 
Regular monitoring should be undertaken to identify where people 
may be exposed to respirable dust so that further measures can 
be implemented to reduce exposure. 
 
Respiratory Protection: 
Suitable respiratory protection should be used to protect against 
inhalation of dust, and to ensure exposure is below the Workplace 
Exposure Levels given at the start of this section. 
 
Hand Protection: 
Gloves should be worn. 
 
Eye Protection: 
Goggles should be worn to prevent dust entering the eyes if 
required.   
 
Skin Protection: 
Overalls to protect skin and clothes. The use of skin barrier cream 
is also recommended. 
 

            
 

10. Stability and Reactivity 
 
Conditions to Avoid 
None. 
 
Materials to Avoid 
Acids (for aggregates containing CaCO3 & MgCO3) 
 
Hazardous Decomposition Products 
Limestone aggregates may react with acid groundwater to 
release carbon dioxide gas, which may build up in confined 
spaces to hazardous concentrations. 
 
11. Toxicological Information 
 
Inhalation: 
If inhaled over a prolonged or extended period, respirable dust 
from natural aggregate can lead to respiratory system damage 
and disease. Respirable crystalline silica has been associated 
with the lung disease silicosis. 
 
Skin Contact: 
Prolonged contact with skin may cause irritation and dryness, 
which may lead to dermatitis. 
 
Eye Contact: 
Particles of grit or dust from natural aggregates may irritate and 
scratch eyes. 
 
Ingestion: 
Unlikely to cause any problems. 
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12. Ecological Information 
 
Environmental Assessment: 
When used and disposed of as intended, no adverse 
environmental effects are foreseen. Aggregates are naturally 
occurring, inert minerals and do not pose a significant ecological 
hazard. 
 
Mobility: 
Aggregates are non-volatile, inert materials that will sink in water 
and form a layer on the surface of the ground. Dust may become 
airborne, leading to deposition on vegetation. 
 
Persistence and Degradability: 
Aggregates are resistant to degradation and will persist in the 
environment. 
 
Ecotoxicity: 
Not expected to be toxic to aquatic organisms. 
 
 

16. Other Information 
 
Training Advice: 
Wear and use of PPE. 
 
Recommended Uses and Applications: 
Industrial and construction applications. 
 
Further Information: 
Contact:     enquiries.breedon@breedongroup.com 

 
Key Data Used to Compile Data Sheet: 
HSE Guidance Note EH40 
PPE Regulations 1992 
COSHH Regulations 2002 
Environmental Protection Act 1990 
HSE Crystalline Silica EH59 
 
Further copies of this Safety Data Sheet may be obtained on 
request. 
 
Prepared in accordance with Annex II of the REACH Regulation (EC) 
1907/2006 
 

13.  Disposal Consideration  
 
Safe Handling of Residues / Waste Product: 
Natural aggregates are classed as ‘inert’ but should be disposed 
of in accordance with local and national legal requirements. 
Natural aggregates can be readily reused or recycled. 
 
 
 
14. Transport Information 
 
Special Carriage Requirements: 
None – not classified as dangerous for transport. 
Open vehicles should be sheeted or loads conditioned with water 
to avoid dust nuisance. 
 

 
Legal Notice 
The information in this Safety Data Sheet was believed to be 
correct at the time of issue. However, no warranty is made or 
implied as to the accuracy or completeness of this information.  
 
If you have purchased this product for supply to a third party for 
use at work, it is your duty to take all necessary steps to ensure 
that any person handling or using the product is provided with 
the information in this sheet. 
 
If you are an employer, it is your duty to tell your employees and 
others who may be affected of any hazards described in this 
sheet and any of the precautions which should be taken. 
 
This Safety Data Sheet does not constitute the user’s own 
assessment of workplace risk, and it is the user’s sole 
responsibility to take all necessary precautions when using this 
product. 
 

15. Regulatory Information 
 
Classification: Not classified as dangerous. 
 
However, consideration of the following risk & safety phrases is 
recommended: 
 
Risk Phrases:                     
R36/37 - Irritating to eyes and respiratory system. 
 
Safety Phrases: 

 S36/ 37/ 39 - Wear suitable protective clothing, gloves and eye / 
face protection. 
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D5 Options Note and Review 



BEIS (Direct Air Capture and GGR Programme) Integration of GGR technologies into linear infrastructure projects

Final Phase 1 report  

Application Description TLR  Blockers Key Questions Existing trials or Pilots Current Practice
Social Value/Visibility 

(1-3)

Ease of monitoring  (1-3) (3 

relatively easy/non-destructive 

monitoring)

Replicability (One-off 

= 1, ad-hoc = 2, or 

integral = 3)

Overall 

Score
Rank

Soil improver

Biochar fines to increase bulk 

permeability of the soil and improve 

drainage of wet soils

Biochar and fines as soil improver

3

. Untried

. Permeability is dependent upon the biochar 

structure which is fragile to communition, this 

may change upon compaction

. Difficulty in mixing biochar into an already 

wet soil

. Would require fines for this purpose as a 

quick drying solution

How consistent are the permeability 

characteristics of biochar from fines to pelleted 

form?

Is a surface application sufficient or does this 

function require mixing, and if it does, is cost 

prohibitive?

. Lime stabilisation chemically removes 

water into hydrated lime

. Earth exhumed and left to dry as option

. Cementitious materials added to the soil 

to mechanically enhance the properties

1 3 2 18 26

Surface layer 5 . Required design life 40 years (CD 225)
Does mixing into asphalt halt the long term 

communition of biochar?

. Cold and hot-mix biochar asphalt in 

various pilot-scale tests
. Asphalt 3 2 3 90 4

Subbase layer 4 . Required design life 40 years (CD 225)

. Incinerator bottom ash used already 

HBM category B material (non-

combustible residue from combustion 

processes)

3 1 3 36 16

Capping layer (if short-term 

subgrade surface modulus < 50 

MPa)

4 . Required design life 40 years (CD 225)

. Incinerator bottom ash used already 

HBM category B material (non-

combustible residue from combustion 

processes)

3 1 3 36 16

Subgrade 5

. Required design life 40 years (CD 225) 

. Require long and short term subgrade 

surface modulus E = 17.6(CBR)
0.64

What is the CBR of typical soils mixed with 

various forms of biochar?

What is the residence time of biochar when it is 

sealed off from typical groundwater flows and 

interaction with vegetation?

What is the optimum moisture content of 

biochar?

. Very simple to demonstrate s/t feasibility - 

incorporate at different wt(%) into typical 

soils and test CBR

. Long term typically requires lower CBR 

due to temporary construction loads

. Typically uses existing ground and 

compacted

. Requires mixing with existing ground, 

must demonstrate this is worth the cost 

to the project 

3 1 3 45 15

Surfacing 5 . Required design life 40 years (CD 239)
Does mixing into asphalt halt the long term 

communition of biochar?

. Cold and hot-mix biochar asphalt in 

various pilot-scale tests

. Asphalt

. Pavers/setts

. Flags/slabs

. Concrete

3 2 3 90 4

Subbase 4 . Required design life 40 years (CD 239)
. Imported aggregate, either bound 

(binder added) or unbound
3 1 3 36 16

Subgrade 4

. Required design life 40 years (CD 239)

. Assessed in terms of CBR (CD 239) if < 

2.5% must be improved 

. Where mean annual frost index is geq 50 all 

material within 450mm of surface must be 

non-frost suscpetible, if lower this reduces to 

350mm

. Use in Stockholm with load-bearing 100-

150mm rocks

. Existing soil

. Sometimes amended if not suitable

3 1 3 36 16

Paver protection 8
. If unprotected could scatter and make 

monitoring impossible
. Use stone dust

2 1 3 48 14

Biochar as lightweight fill to 

replace expanded polystyrene 

(EPS) geofoam

EPS is a recyclable foam with 

excellent strength to weight 

properties, predictable behaviour, 

and homogeneity

2

. Biochar tech currently stands out in contrast 

to all the properties that make EPS desirable, 

namely extreme predictability and long term 

stiffness

. Typically used in quantities unavailable in 

the UK (e.g. switching 1400m
3 

used in 

viaduct stabilisation, Warrington, would 

require approx 448 tonnes)

. EPS approximately 10 times lighter than 

biochar 

[https://www.jablite.co.uk/application/jablite-

fillmaster/]

What is the optimum moisture content of 

biochar?

Does biochar's compaction to a maximum dry 

density affect its residence time in the soil?

How does biochar content by weight of fill 

affect the shear strength of soil?

3 2 3 36 16

Acoustic and visual bunds
Incorporating biochar and fines into 

surfaces of bunds
5

. Is more expensive than simply erecting a 

fence

. Demonstrate value where this interferes with 

cut/fill balance

How does biochar and rock fine content by 

weight of soil change the sound adsorption 

coefficient?

Can sufficient noise cancelling be obtained 

through integration into topsoil or is compaction 

required?

. Anecdotal evidence that use underneath a 

roundabout in Stockholm reduced noise

. Addition of biochar to concrete 

considerably increases sound adsorption 

coefficient across 200 - 2000Hz 

[https://doi.org/10.1016/j.biombioe.2018.11.

007]

. Typically formed from soils to hand 2 3 2 60 12

Structural 4

. To maintain high structural performance 

wt% must be kept low, reducing the offset 

value of the practice

. Aggregate and sand are both already 

incredibly cheap, would have to demonstrate 

value

. Issue of structure lifetime and ambiguity 

around eventual destination of biochar post 

demolition

. Is a univocal application in neglecting 

dolerite fines

What is the typical destination of demolished 

concrete, and would this simply degrade the 

embodied biochar?

. At low wet% can retain water during 

mixing, the slow release of which promotes 

secondary curing

. At approximately 1-2%wt the biochar can 

help block the propagation of cracks 

. Would be replacing aggregate or sand 3 1 3 36 16

Non-structural 5

. High wet% increases water required to 

maintain concrete workability, by 

approximately 1L per kg added

. Is a univocal application in neglecting 

dolerite fines

. Replacing aggregate and sand - already 

cheap materials

. Issue of structure lifetime and ambiguity 

around eventual destination of biochar post 

demolition

Is the value of sequestered carbon high enough 

to displace already cheap aggregate?
. Would be replacing aggregate or sand 3 2 3 90 4

Hardstanding
Use of biochar+fines for temporary 

and permanent hardstanding areas
6

. If temporary, EMW will not have a chance 

to work, and contractors unlikely to want to 

incur any extra costs for this

. For long-term hardstanding, their use may 

promote undesired plant cover

. If plant growth discouraged, washout and 

therefore verification becomes a problem

What is the average hardstanding area per km of 

road? 1 3 2 36 16

Embankments and cuttings

Road and rail embankments, where 

biochar+fines mix can promote plant 

growth and slope stabilisation within 

an environment where topsoil may 

be limited.

Cuttings generate groundwater that 

contribute to the enhanced 

weathering process

4

. Untried

. Permeability is dependent upon the biochar 

structure which is fragile to commination, this 

may reverse upon compaction

. Difficulty in mixing biochar into an already 

wet soil

What is the optimum moisture content of 

biochar?

How quickly could the B+F mix produce a 

stabilising vegetated layer?

Does this layer afford a quantifiable resistance  

to shear-slip failure?

Does biochar's compaction to a maximum dry 

density affect its residence time in the soil?

How does biochar content by weight of fill 

affect the shear strength of soil?

Does biochar change the maximum gradient of 

any slopes?

Embankments suscpetible to heavy rainfall, is 

erosion a problem?

What are the maintenance requirements of a 

slope?

What is its resilience to climate change and 

ground-related hazards

3 3 3 108 2

Gabion baskets
Adding biochar and fines to gabion 

baskets
3

. Settlement//commination of tech here likely 

irrelavant as rocks take force network 

. Risk of washout if not properly integrated, 

pelleted biochar may help this

. Metal cage makes probing and verification 

very difficult

. Likely to not replace any rocks, so would 

have to demonstrate the value of its addition

on to an otherwise cheap thing

. Issue of how to effectively mix rock with the 

mixture

. Machine-filled with large rocks 1 1 3 9 28

Attenuation ponds 3 3 3 3 81 10

Central reserves and verges 6

. Is there a contamination risk after localising 

so many heavy metals

. Potential waste status

. Precipitate blockage of drain

Is there a contamination risk after localising so 

many heavy metals?

Need to understand leaching risks

What is the expected lifetime of a B+F amended 

verge before pollutant concentration becomes 

too high?

Does an end of life "disposal" plan need to be 

created after immobilsing so many run-off 

elements, and is this a high contamination/cost 

risk?

Are specific plant species limited due to elevated 

metals in biochar

Precipitates clogging up ground drains over time - 

experiences in iron rich ochreous precipitates

How to avoid the label of waste, and with it, 

having to avoid designing to waste protocols and 

end of waste protocol

How do biochar and quarry fines react to 

constant wetting/drying cycles?

Is there a risk of washout in an area with such 

high sub-surface flow?

Does it create a risk of pollution incidents 

downstream?

. American pilot found significant reduction 

in stormwater runoff and control of heavy 

pollutants

. Significant public and organisational 

support for promoting biodiversity in 

highway verges

. CD 127 3 3 3 162 1

Sustainable drainage systems, 

Swales
5

Reducing water flow/runoff may limit the need 

for further attentuation downstream

Is there a risk of the tech impacting the plants 

and trees here?

3 3 2 90 4

Flood area management 3

. Biochar and fines along the embankments of 

such schemes

. Oftern have wider measures assosciated 

with them, such as improving infiltration 

characteristics and improving tree growth - 

catchment wide add-ons

3 3 2 54 13

Coal-tip stabilisation

Use of this mix and tree seeds to 

promote strong root growth and 

stabilise surface, as well as 

immobilise heavy metal pollutants 

and reduce water pollution

 Over 2,100 waste tips in Wales that 

require stabilisation with total value 

of £500 million

3

. Tangential from linear infrastructure, very 

few coal tips left as active sites

. Delivery of mix would be difficult

Is the coal-tip stable enough for typal delivery 

practice?

How quickly could the B+F mix produce a 

stabilising vegetated layer?

How much resistance does this layer afford to 

shear-slip failure?

Is a surface layer enough to resist deeper, 

internal shearing?

. Restoration via vegetation cover to 

reduce infiltration and enhance stability

. Drainage channels

3 2 2 36 16

Quarry fines for maritime 

tidal zone – terabit seawalls 

and beach nourishment 

2 . Washout seems likely in this case 3 3 2 36 16

Aviation infrastructure

Large grassy areas and huge tracts 

of concrete for inclusion, possible 

affinity of EMW with increased CO2 

air content

5

. No new airports planned in UK, but 

expansion is constant

. Need for construction speed in minimising 

delays may deter contractors

Would the potentially accelerated vegetation 

growth be undesirable?

. Even small airports have several 

hundred acres of grass

. These areas have a runoff function 

also, and are desired for noise absorption

. Optimum grass length is six inches

3 3 2 90 4

Vegetated geotextiles 4
Seems ideal for erosion control in promoting 

plant growth 
3 3 2 72 11

Buried cells 6

. Would need to demonstrate the advantage 

this has over simpler removal tech

. Massive concentrations of uncompacted 

biochar could lead to highly localised 

subsidence

Would this be classified as landfill?

Would the mixture need to be buried in a load 

bearing case to prevent subsidence?

1 1 2 12 27

Filling borrow pits 3

. Requires geotech verification for such a 

large fill

. Likely difficult to demonstrate that this is 

cheaper than 

. Due to borrow pit size this could be a major 

subsidence problem

2 2 2 24 25

Borrow pit restoration, needs good 

drainage
5

How much control does the leasing landowner 

have over the amendments to their site?

. Backfill then recoat with set aside 

topsoil

. 

[https://assets.publishing.service.gov.uk/g

overnment/uploads/system/uploads/attac

hment_data/file/627178/E30_CT_009_0

00_WEB.pdf]

3 3 2 90 4

Landscaping

Easy integration into aesthetic 

landscaping applications, as both 

technologies are already well 

established as agricultural fertiliser 

6

. Contamination checks

. Prove that any change to drainage regime 

will be positive

In terms of constructed road area, what 

proportion is taken up by landscape design?

. Wealth of literature validating both fines 

and biochar as a soil fertility aid

. LD 117 gives very qualitative guidance 

regarding landscape design
3 3 2 108 2

Pipe Backfill

Close to sewage plants for ease of 

biomass sourcing, and pipe systems 

widespread enough to be close to 

quarry

Client also gets free disposal of their 

waste and clear cutting of imported 

backfill costs

3
. As with other filling purposes, suitable 

structural testing is required

What is the yearly constructed area of such 

works?

3 3 3 81 10

Maximise biodiversity on soft 

estates

Represent 30,000 ha of space

Tailor made biochar to limit the 

growth of fast growing weeds

Encourage slower growing species

5

. Associations with nutrient improvement 

unhelpful for trying to establish a nutrient lean 

soil

Can biochar be tailored specifically enough to 

limit the growth of weed species

Biochar can have incredibly varied effects 

on soil

MPI-85-102020 sets out the new lean 

soil policy for Highways England
3 2 3 90 4

Drainage

Buried biochar and fines 

Biochar and fines in new 

(traffic) pavement 

construction

Biochar and fines in new 

(footway and cycleway) 

pavement construction

Integrate biochar with 

concrete
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BEIS (Direct Air Capture and GGR Programme) Integration of GGR technologies into linear infrastructure projects

Final Phase 1 report  

Title Risk Type Risk detail
High, Medium or Low Risk Rating 

(Probability x Impact)
Mitigation Actions Mitigated Risk (P x I)

Phase 1 member, BEIS, transfer to 

Phase 2

Possibility of inaccurate carbon 

sequestration estimate
Technical risks 

Data exists for both quarry fines and biochar sequestration, but 

reported values have a wide range. It is possible that the feasibility 

study may narrow this range, but to values that do not support 

economic GGR.

High

We have collaborated with notable academic experts in the field who are familiar 

with the literature and remain confident in the feasibility of economically applying 

the technology. Site specific life cycle carbon analyses have been applied to 

Banwell Bypass which validate the removal potential of both technologies.

An independent analysis and summary has been developed by Arup specialists. 

The analysis gave a range of possible carbon capture figures, which were similar 

to those previously measured or calculated in academia. The amount of carbon 

captured is therefore expected to be within the ranges identified by the note. 

Additionally, a dual monitoring campaign has been developed for the pilot site and 

at a reference site that allows longer term monitoring to be conducted. This will 

validate the amount of carbon removed by the technologies in similar settings, 

should long term monitoring at the pilot site become unfeasible. This develops 

confidence in the techniques for future, large-scale projects.

Conservative assumptions have been used for estimating the carbon removal of 

each technology, see sections 1.3 and 1.4 of both Appendix B and C.

Low
Phase 1 -  Arup, University of Edinburgh, 

Newcastle University, Costain

Possible surface flooding risk increase 

following  carbonation
Technical risks 

Carbonation following the weathering of quarry fines may 

result in deposition of carbonates which could reduce the 

permeability of the soils and increase risk of surface flooding.

Low

Assessment of risk and potential mitigations were explored at Phase 1.

The ultimate application of quarry fines  in Phase 1 is the amendment into 

embankment topsoil, precluding the possibility surface flooding.

Quarry fines are being used in tandem with the highly porous biochar, which have 

been shown to reduce surface water runoff in amended roadside verges. 

Water-logging has never been encountered in field trials that incorporate quarry 

fines into soils, some of which last for 5 years. Furthermore, carbonation is one of 

two possible routes of carbon removal.

Low
Phase 1 - University of Edinburgh, 

Newcastle University

Rotary kiln potential progression for 

biochar is less established technology
Technical risks 

Large scale biochar production is likely to transition to rotary kiln 

configurations. This is a change in the pyrolysis plant technology 

and may encounter unforeseen problems.

High

Assessment of risk and potential mitigations explored at Phase 1 feasibility stage. 

Rotary kilns are already in use by commercial pyrolysis companies, and the 

technological maturity of rotary kilns is high in other sectors. However will not be 

trialled on pilot projects due to potential rotary kiln suppliers not operating on the 

short term leasing basis required for Phase 1  (please see section 1.5 of Appendix 

B). 

Residual risk may become relevant in the future (beyond  2025 depending on 

industry growth and maturity) and will be further considered in planned doc of 

Phase 3.

Low Others (transfer beyond Phase 2)

Quarry owner changes Economic and market factors
Dolerite quarries changing hands and new business priorities not 

aligning with the project.
Low

More than one potential quarry has been identified as suitable for use, so other 

options exist. 

Mitigate by value in the market, and a supply contract agreed at Phase 2.

Low
Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University

Older kilns may be used as industry 

use becomes more widespread
Economic and market factors

At high scales of material placement, the increased number of 

transport and placement machines needed will result in old 

second hand machines kept in use for longer.

Low

A specification for a leased or localised kiln will be used to ensure quality of the 

kiln. This is not expected to be a significant risk for the pilot project, however may 

become more important at the scale required for the pipeline to 2030.

If older equipment is used, the carbon removal calculations can be changed to 

update the net carbon removal capacity of the biochar, and material quantities 

altered accordingly.

Low Others (transfer beyond Phase 2)

Biochar/feedstock supply 

insufficiencies
Economic and market factors

Increases in demand for Biochar and its feedstock could outstrip 

supply as technologies mature and implementation becomes 

embedded, with associated supply chain sourcing challenges 

and price rises.

There are risks also associated with variation in feedstock supply 

as a consequence of this competition, as using two different 

sources of biochar in the project may compromise monitoring 

outcomes.

High

Consultation with PyroCore indicates that pyrolysis availability aligns with supply 

required up to 2025. Further upscaling may be required beyond this point.

Multiple pelleted biomass suppliers have been contacted, and a list of supply 

options has been drawn up in section 1.6 of Appendix B. A potential local Ash 

(Fraxinus excelsior) source has also been identified, and discussions have taken 

place between the source owner and the Phase 2 contractor, Alun Griffiths.

Use may be made of parallel biochar and biomass projects under the same BEIS 

funding.

Further mitigation regarding the securing of a long-term feedstock supplier will be 

required by the organisation that carries Phase 2 forward.

Medium
Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University
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Title Risk Type Risk detail
High, Medium or Low Risk Rating 

(Probability x Impact)
Mitigation Actions Mitigated Risk (P x I)

Phase 1 member, BEIS, transfer to 

Phase 2

Quarry fines cost uncertainty Economic and market factors

Costing the quarry fines as a by-product. Once a use-value is 

established the supply and cost of a previous waste material could 

prove unpredictable.

Medium

Quarry fines have been examined as part of the economics analysis and the geo-

environmental regulations. Quarry fines are expected to require the aggregate tax 

levy, but otherwise be very cost-effective in the short-term, please see section 1.5 

of Appendix C. In the long term (beyond the pilot study), if the pipeline to 2030 is 

realised the demand may drive up the cost for quarry fines.

Through market research it has been found that the quarry fines are not a by-

product, but are readily priced and even used for asphalt production at some 

quarries.

This risk is therefore considered closed for the pilot project, but likely worth 

considering in later Phases.

Low Others (transfer beyond Phase 2)

Regulatory uncertainty Legislative/regulatory changes 
Unknown Regulations/Legislation (additionally legislation may not 

already be in place).
High

Lead constant review of risk register, try to consider possible scenarios to identify 

unknowns. 

A regulation review has been completed within Appendix E. This has identified key 

regulations that will need to be applied for.

There is a policy gap around biochar, which is being addressed through 

collaboration with other biochar centred projects in the biochar forum.

Medium Phase 1 - Arup

Planning permission lead times Legislative/regulatory changes 
Planning permission for linear projects may be set at start of 

Phase 2, and GGR cannot be included under the existing planning.
High

Amendments and getting GGR material into the earthworks specification so it can 

come into the project via the agreed specifications. This may require variations, 

particularly with planning departments (which may be costly/program-critical).

Pilot projects that bypass this risk by including the pilot scheme at an early project 

stage (i.e. before planning permission) have been targeted. This may not be 

possible due to project-specific infrastructure timeframes. 

Pilot project by the end of this project to have an "approval in principal" from the 

site owner, so they will need to have an understanding and familiarity with the 

products and site. The site selected will need an understanding of the processes 

needed to gain planning (timeframes are key, costs are key, any verification 

processes required). This would bypass this risk entirely (this risk has therefore 

been downgraded to low).

Low Phase 1 - Arup/Costain

Project team risks
Human resources (e.g. loss or 

disability of key personnel) 

The skills of the team are in some instances very specialized and 

also in demand across numerous projects - risk of key team 

members leaving the team. This risk meets a critical juncture at 

the beginning of Phase 2, as the staff developing Phase 1 may not 

be free to continue into the next stage of work.

A dedicated team has been identified to deliver the proposals. Furthermore, both 

Arup and our collaboration partners are able to draw on a wide pool of experts and 

other resources in the event of any unexpected changes to the structure of the 

proposed team.

The requirements of the Phase 2 works have been developed by the Phase 1 

team so as to identify potential skill-gaps. Handover activities for any potential team 

member replacements may be required as part of this. 

Difficult risk to control: communication on availability of all team members key: 

organise regular check ins. 

Medium
Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University

IP may cause delays IP risk (challenges) 

It is possible that any specialized plant developed to realise the 

technologies might attract patents and excessive costs for other 

firms.

Medium

Monitor potential that IP may cause program/cost issues - this is considered 

unlikely as no novel techniques for either technology are currently required or 

expected.

Low
Phase 1 - University of Edinburgh, 

Newcastle University

Quarry fines dust health issue Planning and permitting 

Use of quarry fines may result in health and safety concerns 

during construction, e.g. wind-blown dust could present a risk to 

construction workers.

Medium

Risk and appropriate risks mitigation measures to be identified as part of feasibility 

study assessments. 

Quarry fines are not a novel material, and quarries have best working practices for 

this exact risk that can be replicated. Should also be covered as part of EIA.

Low Phase 1 - Arup

Quarry fines dust EIA planning impact Planning and permitting 

Use of finely ground dolerite/basalt rock may result in health and 

safety concerns and/or concerns to sensitive 

ecological/hydrological receptors e.g. due to presence of small 

quantities of metals within the dolerite dust and the finely ground 

nature of the material. 

Medium

Risk and appropriate risks mitigation measures to be identified as part of feasibility 

study assessments. Good working practices likely to cover this appropriately. 

Should also be covered as part of EIA.

Low Phase 1 - Arup
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Title Risk Type Risk detail
High, Medium or Low Risk Rating 

(Probability x Impact)
Mitigation Actions Mitigated Risk (P x I)

Phase 1 member, BEIS, transfer to 

Phase 2

Biochar vandalism/flammability 

potential
Health and Safety

Vandalism.  Low pyrolysis temperature biochar is flammable, and 

there is a risk of large areas of it being 'quarried' by vandals to 

feed a campfire, or a deposit to be deliberate set alight.

High

Risk mitigation measures are immanent in the proposed application method, as 

the biochar is diluted by the quarry fines and topsoil blend.

The wood derived biochar used within this project is less flammable than the 

original feedstock, due to high PPT. 

For full review of this risk, please see section 2.2 of Appendix I.

Low
Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University

Materials moved, preventing 

successful carbon monitoring
Monitoring

For a site requiring monitoring, there is the additional risk of site 

disturbance, movement of material in soil or later construction will 

redistribute the sequestered material, making it difficult to prove 

and therefore driving up ‘assumed’ losses in storage.

Medium
Validation of carbon removal now separate from concerns of interference due to 

the use of a controlled reference site as well as a live pilot site.
Low

Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University

Quarry fines net carbon removal 

sensitivity to transport distance
Technical risks 

For the Dolerite fines, depending on transport distances and 

processing methods, a proportion of their GGR capacity is required 

to supply and place the materials. This could result in no pilot site 

being within reasonable range of a dolerite quarry.

Medium

To be assessed as key part of Phase 1 assessments. Current published data 

suggests that travel distances of up to 500km are likely to be feasible. Ten Dolerite 

quarries have been identified already, spread over the UK. Sourcing suitable 

material for the Phase 2 pilot study is therefore considered feasible. A good 

mitigation is ensuring pilot site is in a workable location. This risk is now 

downgraded to low as latest pilot project news is that they will be highly favourable 

locations for dolerite (and biochar). 

A review made of quarries local to the pilot site has identified suitable sources 

within reasonable distances ( approx. 100km) and the carbon cost of transport has 

been included in the material requirements, please see section 1.5 of Appendix C.

Low
Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University

Transportation carbon Process integration 

A key integrator technology for this project is the logistics sector. 

Biomass, Biochar and quarry fines all required transportation and 

being placed and these need to be efficient journeys.

Medium

Risk to be considered as part of the Phase 1  feasibility assessment.

Experience with electrified plant on recent large infrastructure projects including 

HS2 and expected future trends will be considered. This risk is minimal for quarry 

fines but requires consideration when the feedstock source is located.

Transportation carbon has been included within the LCA for both biochar and 

quarry fines, please see sections 1.4 and 1.6 of Appendix B and sections 1.4 and 

1.5 of Appendix C, respectively.

Medium
Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University

Pyrolysis plant cost Resource issues

Pyrolysis plant design or purchase is expensive, and could 

consume too much of the phase 1 and phase 2 budgets.

Timescales to setup and design a new pyrolysis plant incompatible 

with Phase 1 time line.

High

A review of commercial pyrolysis suppliers has been conducted, please see 

section 1.5 of Appendix B. 

Through frequent discussions PyroCore has stressed confidence in their ability to 

provide the pyrolysis process for both the reference site and the pilot site, and has 

been honest in sharing operational costs and scaling plans.

Medium
Phase 1 - University of Edinburgh, 

Newcastle University

Sewage sludge competition Economic and market factors

The potential use of sewage sludge as a feedstock faces 

competition from existing power generation and agricultural 

spreading applications.

Medium

Integrate these existing uses into the supply forecast. Confirm as part of the 

economist scope, if not universities to investigate. Engage with sludge providers to 

understand availability further. 

On initial review this is not expected to be a significant risk for the pilot project, 

however may be a risk for future Phases or the wider pipeline if momentum is 

gained. 

The regulation of sewage sludge is likely to be a much more significant blocker to 

this (see risk 50), so sludge derived biochar has not been considered for this 

project. 

Availability of sludge for pyrolysis likely to increase as stricter waste-to-land 

regulations demand new approaches for sludge use, please see section 1.2.2 of 

Appendix B.

Low
Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University
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Title Risk Type Risk detail
High, Medium or Low Risk Rating 

(Probability x Impact)
Mitigation Actions Mitigated Risk (P x I)

Phase 1 member, BEIS, transfer to 

Phase 2

Aggregate levy may become 

applicable to dolerite
Legislative/regulatory changes 

It has been assumed for this entry that the Aggregates Levy does 

not apply to dolerite quarry fines that are used for GGR. It may be 

possible that this is ruled otherwise, or that the process of 

reclaiming the levy is so slow and expensive that the business 

model will not work.

Medium

Economic review has shown that the aggregate levy is likely to apply. This is a 

relatively small cost to the project as shown in section 1.5 of Appendix C, so the 

mitigated risk has been downgraded to low. 

The aggregate levy may be useful in providing an official means of recording the 

amount of quarry fines deployed at a site, useful for carbon accounting.

Low
Phase 1 - Arup, Costain, Newcastle 

University

Product competition with existing 

products
Competition 

All of the value added products are going up against existing 

products in conservative markets. They may be superior, but fail to 

be adopted.

Medium

It will take experience, connections and multiple attempts for the products to 

achieve significant penetration. Adoption across major projects will increase 

familiarity and reduce the perceived risk of a new project. We will advertise the 

use, disseminate internally and externally, but this is otherwise out of direct control.

Extensive stakeholder engagement has raised the profile of both technologies 

within the infrastructure industry, please see Appendix D for more details.

Low Phase 1 - Arup/Costain

Biochar plants seen as incineration 

plants (planning opposition)
Planning and permitting 

Widespread public opposition to incineration plants occurs in the 

UK, and a pyrolysis plant should be assumed to have the same 

challenges.

High

Risk reduction options followed as part of the Phase 1 feasibility assessment, 

including:-

. Leasing an existing plant (PyroCore) that already has existing permissions in 

place.

. Early engagement with planning/EIA required to communicate correctly and 

minimise this risk on a project.

. Industry engagement completed on a public platform; advertisement of the 

benefits to a wide audience therefore begun.

Low
Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University

Stakeholder miscommunication Stakeholder engagement
Risk that stakeholders do not understand the proposed 

technologies, so are not able to contribute fully.
Medium

The following has been completed:

-Develop graphic/"cartoon"-style overview of the technologies

-Develop concise, clear summary

-Consider methods of engagement"

-Follow Consultation Plan

This is expected to mitigate this risk, however it is not completely within this 

project's control. There is considered to be a risk that despite the above, 

stakeholders may still not understand the proposed technologies unless they are 

well presented, so this risk shall be kept as "Medium" to emphasise its importance. 

The consultation plan and stakeholder register are live and should be referred to 

and updated throughout the course of the project. 

Stakeholder miscommunication has not materialised as a significant risk. This is 

demonstrated by the interest expressed in the technologies as part of the 

stakeholder engagement plan outlined in Appendix D.

Medium
Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University

Stakeholder expectations managed Stakeholder engagement
Risk that stakeholder engagement gives incorrect expectations for 

the technologies.
Medium

The following has/will be completed:

-Develop graphic/"cartoon"-style overview of the technologies

-Develop concise, clear summary

-Consider methods of engagement"

-Develop and follow stakeholder engagement plan. 

-Engage with Arup CRM to gain insights as to how to connect with stakeholders 

most effectively.

-Align internally before committing to anything.

- Cyclic engagement with stakeholders (give them back updates)

Please see Appendix D for a full review of stakeholder engagement methodology.

Low
Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University

Stakeholder relationship damaged Stakeholder engagement
Risk of poor impression from stakeholder engagement damaging 

future prospects of the technology.
Medium

The following has/will be implemented:

-Develop graphic/"cartoon"-style overview of the technologies

-Develop concise, clear summary

-Consider methods of engagement"

-Develop and follow stakeholder engagement plan. 

-Engage with Arup CRM to gain insights as to how to connect with stakeholders 

most effectively.

-Align internally before committing to anything.

-Consider any communication carefully and review internally prior to sending 

communication (for workshops do complete a strong preparation prior to the 

workshop).

Please see Appendix D for a full review of stakeholder engagement methodology.

Low
Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University

UK carbon market uncertainty Economic and market factors
UK Carbon market in its infancy. Volatility and uncertainty makes it 

difficult to officiate offsets.
Medium

Reviewed as part of economics review. The wider industry is beyond the scope of 

this project, however its impacts have been assessed as further risks (e.g. see risk 

row 4, 5, 18, among others). This risk will be left as medium as it is quite difficult to 

forecast the changes to UK carbon market in the near term.

Discussions surrounding the carbon accreditation of biochar within the UK are 

being progressed through the biochar forum also, please see Appendix D for 

details.

Medium Outside scope

Issue 21 January 2022 Page I4



BEIS (Direct Air Capture and GGR Programme) Integration of GGR technologies into linear infrastructure projects

Final Phase 1 report  

Title Risk Type Risk detail
High, Medium or Low Risk Rating 

(Probability x Impact)
Mitigation Actions Mitigated Risk (P x I)

Phase 1 member, BEIS, transfer to 

Phase 2

Biochar creation at scale may be 

difficult
Technical risks 

After consulting with a biochar engineering specialist. There is a 

risk that biochar qualities at small-scale tests become harder to 

implement en-masse, and that academic/laboratory conditions do 

not practically scale to infrastructure.

High

A study of biochar creation has been completed, biochar generation expected to 

be achievable at the levels required for the 2025 BEIS requirements. 

Upscaling required to reach 2030 requirements and this is also covered in risk 4, 

please see section 1.5 of Appendix B for more information. 

The responsibility for upscaling the nascent UK biochar market to industrial scales 

is outside the scope of this project, however assurance of demand may be given to 

suppliers through the efforts of the biochar forum, see Appendix D.

Low Others (transfer beyond Phase 2)

Misconception of biochar and dolerite 

as for agricultural purposes
Stakeholder engagement

Risk that the established agricultural use of biochar and quarry 

fines prevents meaningful stakeholder engagement with regards 

to their possibilities within infrastructure.

Medium

The actions completed as part of other stakeholder engagement risks are 

expected to help mitigate this risk to be low (see examples below):

-Develop graphic/"cartoon"-style overview of the technologies

-Develop concise, clear summary

-Consider methods of engagement"

-Develop and follow stakeholder engagement plan. 

-Engage with Arup CRM to gain insights as to how to connect with stakeholders 

most effectively.

-Align internally before committing to anything.

-Consider any communication carefully and review internally prior to sending 

communication (for workshops do complete a strong preparation prior to the 

workshop).

Opportunities for use within infrastructure for both technologies have been 

validated by Arup specialists, and these uses have been disseminated to industry 

stakeholders through careful presentations.

Low
Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University

Variability of biochar (will depend on 

feedstock)
Technical risks 

The plethora of feedstock options makes a firm characterisation of 

biochar's geotechnical properties quite difficult, and could come 

across as unwanted uncertainty to a potential contractor. Non-

virgin feedstocks also have lower carbon stability.

Medium

Feedstock options were limited to sewage sludge and sawmill co-products, and 

further refined to sawmill co-products when the regulatory barriers around sludge 

derived biochar were found to be outside the capacity of the project.

Feedstock consistency is guaranteed by pelleted biomass suppliers as covered in 

section 1.6 of Appendix B, and the identified source local to Banwell is consistent 

also.

PyroCore experienced pyrolysis suppliers also, and testing of feedstock is required 

as standard (please see Appendix G6).

Low Phase 1 - Arup

Cost implications of dolerite grinding Resource issues

Site requirements for finely ground dolerite rock hinder the GGR 

potential of technology due to the exponential relation between 

decreasing particle size and energy requirements in rock flour 

milling.

Medium

Applications have been identified that bypass the requirement for rock milling, and 

0-4mm fines are readily available from quarries as an existing product as outlined 

in section 1.5 of Appendix C.

Typical crushed dolerite availability will be reviewed against DMRB Manual Types 

to confirm if further grinding required. 

Low
Phase 1 - University of Edinburgh, 

Newcastle University

Intrusive sampling may reduce pilot 

site carbon removal
Technical risks 

Potential requirements to break ground to maintain permeability 

through precipitation and disturbance incumbent in monitoring - 

both present risk of disturbing the biochar, compromising its 

stability in the soil.

High

See risk 3 also.

Breaking ground will likely not be required to maintain permeability as previous 

field trials have never encountered this problem.

The use of Moreton-in-Marsh as a reference site means that monitoring no longer 

compromises the carbon removal objectives of the pilot site. 

Low
Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University

Reputational damage from poor 

stakeholder engagement
Stakeholder engagement

Risk of poor impression from stakeholder engagement damaging 

reputation of all collaborators.
Medium

Experts Saran and David have significant experience, contacts, and are used to 

significant stakeholder engagement as integral to their work. They have a good 

reputation, and good contacts. All parties have an interest in maintaining their high 

reputations and spreading enthusiasm for the project. 

Follow CEP and align internally prior to reaching externally. 

See also risks 24, 25, and 26, and Appendix D for details of stakeholder 

engagement processes used throughout the project.

Medium
Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University

Potential impact on controlled waters Technical risks 

Impact on controlled waters (particularly any pH or chemical 

changes, or amount of nitrates, metals in the soil). The impact on 

any abstractions may be important to understand

Medium

Contamination and soil health teams need to review this for the pilot site, following 

guidance on what key risks exist as detailed within the Specialists' note. 

The EA has been contacted about this risk, however ultimately the pilot project will 

mitigate this risk by a site-specific geo-environmental review and provision of 

necessary risk mitigation. This is not expected to be a regulatory blocker with the 

EA, however monitoring or alternative risk mitigation may be specified as part of 

site-specific reviews or planning requirements.

GeoEnvironmental testing proposed for both Moreton-in-Marsh (section 4 of 

Appendix H) and the Banwell Bypass (section 5 of Appendix G).

Medium Phase 1 - Arup
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Title Risk Type Risk detail
High, Medium or Low Risk Rating 

(Probability x Impact)
Mitigation Actions Mitigated Risk (P x I)

Phase 1 member, BEIS, transfer to 

Phase 2

Potential impact on groundwater Technical risks 
Impact on groundwater (particularly any pH or chemical changes, 

or amount of nitrates, metals in the soil).
Medium

Contamination and soil health teams need to review this for the pilot site, following 

guidance on what key risks exist as detailed within the Specialists' note. The EA 

has been contacted about this risk, however ultimately the pilot project will mitigate 

this risk by a site-specific geo-environmental review and provision of necessary risk 

mitigation. This is not expected to be a regulatory blocker with the EA, however 

monitoring or alternative risk mitigation may be specified as part of site-specific 

reviews or planning requirements.

Medium Phase 1 - Arup

Soil health impacts unknown Technical risks  Soil health impacts are currently unknown. Medium

Effects on nutrient lean soft estates are mitigated through a comprehensive review 

in section 2.1 of Appendix I.

Impacts on soil health are outlined through literature review. The methodology of 

this review is outlined in Appendix B4, and the reviews themselves are captured in 

section 1.2.6 of Appendix B and section 1.2.5 of Appendix C for biochar and quarry 

fines, respectively.

Low
Phase 1 - Arup, University of Edinburgh, 

Newcastle University

Wash-out of materials in a drainage 

solution
Technical risks 

A drainage option for these technologies may not be suitable. High 

water-flow in these applications may washout integrated biochar 

and quarry fines.

Medium

Options for drainage use are covered in Appendix I, and plots of varied material 

application rates are proposed in Appendix H to develop the understanding of their 

hydrogeological properties over time.

Low
Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University

Earthworks may not be suited to these 

technologies
Technical risks 

A slope and earthworks option for these technologies may not be 

suitable.
Medium

Use of a reference site allows the short term stability of blend upon 1:2 

embankments to be verified before application to the Banwell Bypass. This is most 

critical for embankment placements due to short term pore water pressure build-

up following material placement. 

Discussion with geotechnical experts within Arup has not raised any issues 

regarding application of the blend to 1:2 embankment slopes.

Low
Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University

Impact on ecological receptors Technical risks  Impact of the technologies on ecological receptors. Medium
To be considered as part of a site-specific EIA and contamination. These reviews 

to determine if further ecological advice is necessary.
Medium Phase 1 - Arup

Effect of materials on different plants 

likely to be different
Technical risks 

Technologies are known to improve soil for certain plants, 

however conversely the materials may negatively other plants 

(ecological receptors).

Medium

This has been reviewed following stakeholder consultation. Certain plants are 

expected to work better in a nutrient-rich or nutrient-poor environment, which 

different proportions of biochar or dolerite can provide. 

This risk has therefore been downgraded to low, as the materials can be designed 

for the requirements of the plants that would be preferred for the location being 

considered.

For full review of effect of materials on nutrient lean soft estates, please see 

section 2.1 of Appendix I.

Low Phase 1 - Arup

Potential competition for pyrolysis plant 

could affect cost and availability
Resource issues

Biochar sourcing is predicted based on buying or leasing a 

pyrolysis plant from existing suppliers. This BEIS competition, with 

many projects on the same timetable and a narrow range of 

technologies, could trigger a short term shortage and price hike.

Limited availability of pyrolysis facilities for biochar production and 

thus potentially high production costs may price-out 

investors/clients.

Medium

BEIS may choose to support a range of different technologies, or choose to 

coordinate the competition members to share resources over a staggered time 

frame (achieving more for the public purse). It is expected that this may be a topic 

for discussion within the forum developed by BEIS.

Contact established with pyrolysis suppliers: understanding of pipeline for pyrolysis 

has been developed through ongoing discussions with PyroCore.

Medium
Phase 1 - Arup, University of Edinburgh, 

Newcastle University

Effect of dolerite alkali runoff on 

surroundings
Environmental risk

Sustained and intense application rates of dolerite fines could 

generate amounts of alkali runoff that are harmful to confined 

coastal ecosystems.

Low

Reference site allows for the quality of any leachate to be examined before full-

scale application to pilot site.

Application of the quarry fines is one-off also.

There is no evidence of alkali run-off from quarry fines unless they are 

contaminated by concrete, but careful supply chain management can avoid this.

Low
Phase 1 - University of Edinburgh, 

Newcastle University, Arup

Decommissioning cost Technical risks  Decommissioning of products (cost in). Low This cost is often overlooked: cost in. Low
Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University

Combined effect of dolerite and 

biochar on soil health/environment 

unconfirmed

Technical risks 

Greatest unknown with regards to soil health and processes within 

the soil is the combined effect of the two technologies. Field 

studies exist for biochar and EMW as individual amendments, but 

studies of their combined use are scarce if existent at all.

Medium

Varied joint application rates of both materials at the reference site allows for well 

controlled monitoring of soil behaviour over time as a result of their combination, 

please see Appendix H.

Low
Phase 1 - Arup, University of Edinburgh, 

Newcastle University
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Title Risk Type Risk detail
High, Medium or Low Risk Rating 

(Probability x Impact)
Mitigation Actions Mitigated Risk (P x I)

Phase 1 member, BEIS, transfer to 

Phase 2

Electric fire on biochar Technical risks 
Electric car fire cannot be put out: ensure this possible flame will 

not affect the biochar. Flammability risk of biochar. 
High

See Risk 15 also.

Risk mitigation measures are immanent in the proposed application method, as 

the biochar is diluted by the quarry fines and topsoil blend.

The wood derived biochar used within this project is less flammable than the 

original feedstock, due to high PPT. 

For full review of this risk, please see section 2.2 of Appendix I.

Low
Phase 1 - Arup, University of Edinburgh, 

Newcastle University, Costain

Quality of biochar
Technical and environmental 

risk

If biochar is sourced from a process where it is not the primary 

product there is a risk it will be of an inconsistent quality, and may 

also create delays in the supply chain. This also risks attracting the 

label of waste.

Medium

Biochar is rarely the primary product/aim of many pyrolysis systems, but monitoring 

feedstock and pyrolysis conditions with a specification should make this irrelevant.

Feedstock streams have been identified that allow for careful chain of custody 

monitoring and consistent feedstocks give consistent biochar. 

Through this project and the wider biochar forum, a use for biochar will be 

established that should help with regulation processing.

Low
Phase 1 - University of Edinburgh, 

Newcastle University

Pollutant testing on a potential non-live 

site
Technical risk

If a non-live site is used (e.g. Moreton-on-Marsh) there is a risk the 

pollutant amelioration potential of biochar will not be properly 

tested, due to the lack of live traffic. The lack of live traffic also 

reduces CO2 concentration in the air, and limits the detail of the 

investigation.

Medium

Converse with the HE team and determine their testing methods for similar 

technologies.

Moreton-on-Marsh is a stepping stone from lab-scale to full-scale rollout for 

technologies within HE, so there is a well-defined process of implementation for 

use at the Banwell Bypass.

Moreton-on-Marsh is a test site for HE, so while it does not have the traffic weight 

of a live road, it has various complicating factors present making it an excellent 

(with the ability to control risk better than a live site) initial trial site.

Integration of materials into a live pilot site at the Banwell Bypass allows for this to 

be investigated also.

Low
Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University

Nutrient-lean preference (e.g. of HE) 

versus perception of materials as 

nutrient-rich

Stakeholder engagement and 

technical risk

MPI-85-102020 calls for nutrient-lean soils as a means to improve 

biodiversity, reduce the biomass of soft estate vegetation, and 

subsequently reduce maintenance of HE land. If biochar and 

quarry fines cannot be shown to target the desired plant species, 

then their potential as soil fertilisers will be undesirable. Conversely 

if their function can be tailored to this end, soft estates represent 

30,000 ha of land in the UK and a key opportunity. Non-virgin 

feedstock typically high in nutrients.

Medium

Determined that nutrient-lean soil can be designed, please see section 2.1 of 

Appendix I.

Specify capping layer of cultivated, untreated site-won subsoil as growing medium. 

Dolerite has 0% N content. Virgin feedstock (sawmill coproduct) now selected as 

sole feedstock, so high nutrients associated with high ash content biochar is ruled 

out.

Varied joint application rates of both materials at the reference site allows for well 

controlled monitoring of plant growth over time as a result of their combination, 

please see Appendix H.

Ensure communication with potential clients clearly represents the potential for 

materials in both nutrient-poor and nutrient-rich scenarios.

Low
Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University

Sewage sludge regulations difficulty Economic Risk

Biochar from waste streams (sludge etc) limits where/how it could 

be stored as well as involving more hidden costs & regulations. 

Biochar from waste products also fundamentally has its supply 

constrained to the amount of waste that is produced, which could 

create a convoluted situation where more waste is produced 

unnecessarily to satisfy biochar’s input requirements (if waste 

route is pursued).

High

Two separate but relatively parallel markets for biochar; one for virgin feedstock 

one for non-virgin. Virgin feedstock has been chosen to progress this project 

forward due to regulatory constraints around non-virgin sources.

Contact has been established with the EA to discuss this issue. From initial 

discussions, it is expected that biochar from sewage sludge would be considered a 

waste. However material from a non-waste feedstock (e.g. virgin wood, tbc), would 

not. There are other avenues of obtaining a permit for either or both waste and non-

waste options. This shall be discussed in further detail as part of the biochar forum 

BEIS has developed, please see Appendix D.

Low
Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University

Feedstock plantations in future could 

prevent other uses
Economic Risk

Competition for land use; if land is being siphoned off to grow 

feed/biomass that will be turned into biochar, the opportunity cost 

will be high as the land could’ve been utilised a) to grow 

food/crops, or b) for other carbon sequestration techniques. This 

may result in negative societal perceptions forming.

Medium

Review the location surrounding pilot project location to ascertain the extent to 

which public may have negative perceptions of biochar. 

Feedstocks must have their sustainability assured by replanting or guarantee of its 

status as a waste stream.

Low
Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University

Biomass energy production competing 

with biochar development
Economic Risk

Pure biomass electricity production, which already makes up 12% 

of total UK energy production, is likely to increase thus increase its 

demand for biomass feedstock, directly competing with biochar for 

supply.

Medium

Explore possibility of mid-long term contract with feedstock/biomass suppliers to 

cover pilot project length.

Gemserv curated the Biomass Supplier List (BSL) which is a gov list of registered 

biomass suppliers, see section 1.6 of Appendix B for more information.

This may be an issue for the pipeline beyond Phase 2 if it is realised.

Low Phase 1 - Arup
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Title Risk Type Risk detail
High, Medium or Low Risk Rating 

(Probability x Impact)
Mitigation Actions Mitigated Risk (P x I)

Phase 1 member, BEIS, transfer to 

Phase 2

Seasonal variation in biochar feedstock 

price
Economic Risk

Prices of feedstock increase by ~8% in winter compared to 

spring/summer (Ricardo Energy and Environment, 2018), 

presenting the risk of seasonal unprofitability/requirement of partial 

government support.

Medium

Multiple feedstocks to be considered, as captured in section 1.6 of Appendix B.

Long-term costs of feedstocks to be agreed for pilot project.

Consider floating idea of seasonal subsidy to BEIS, funded through reduced 

subsidy to fossil fuel sector / siphon some of the already huge subsidy 

biomass/energy currently receives.

Would also be mitigated by increased use of sludge in winter months due to 

cheaper cost, but whether that conforms to regulations is currently unknown.

This may be an issue for the pipeline beyond Phase 2 if it is realised.

Low
Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University

Long-term upscaling of biochar 

production
Economic Risk

Investment into increasing number of pyrolysis facilities is essential 

for biochar to be scaled and utilised effectively in built-environment 

infrastructure projects, which requires capital expenditure, 

operational costs and the inherent risks associated with large scale 

infrastructure development- cost, build time/overrunning’s, scope, 

inadequacy, interruption of funding, resource conflicts with other 

projects.

Medium

Opportunity to investigate funding streams for upscaling future biochar supply, 

depending on success of this project.

Contact has been established with pyrolysis suppliers to understand their existing 

pipeline and development plans.

The barriers to effective scaling can be openly discussed and mitigated within the 

biochar forum.

This may be a risk if the pipeline succeeds beyond Phase 2, and biochar capacity 

does not increase with the demand. From talks, the biochar production pipeline is 

keen to grow and is being developed as part of other BEIS-funded projects, 

however this is outside the direct control of this project. The risk has therefore been 

downgraded for the pilot project, but may be greater for those beyond the pilot.

Low Others (transfer beyond Phase 2)

Woodland establishment of 

biochar/dolerite not adequately 

understood or reported

Environmental Risk 

Lack of available evidence on the successful establishment of 

trees, woodland, hedgerow and grasslands on soils ameliorated 

with Biochar or Dolerite.

Medium

See risk 44 also.

Further research into case studies and other sources of evidence use to design a 

series of planting and establishment trials at the reference site in Moreton-in-Marsh 

(see Appendix H for further information).

Case study in Stockholm reports that trees grew well in urban soils amended with 

biochar.

Low Phase 2

Biochar flammability (particularly if 

stockpiled)
Environmental Risk 

Stockpiling of biochar on-site for construction may be necessary to 

meet pilot demand. This could represent an acute flammability 

risk.

High

Pellet the biochar or use chipped feedstock to increase mechanical durability and 

reduce dust formation.

Use feedstocks that produce biochar with low ignition potential, i.e. softwoods.

Use of wetting to reduce ignition risk.

Just-in-time production technique reduces the amount of pure biochar that is left 

sitting at any one time.

Control the biochar oxidation during storage, material mixing to disperse hotspots.

Use high pyrolysis temp (approx. 700 C) to minimise volatile content and long term 

flammability.

Avoid large unbroken deposits of biochar and maximise deposit surface area, to 

increase the ratio of heat loss to the environment to heat generated by chemical 

reactions.

Please see section 2.2 of Appendix I.

Medium
Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University

Engineering conservatism Technical risks  Reluctance of engineering industry to use materials. Medium

Expectations of potential clients need to be managed (e.g. while our materials 

could be used as Class 1, this may difficult to enact in practice due to engineering 

cultural reluctance).

Advertise products as widely as possible (including results post pilot-project), see 

Appendix D for stakeholder plan.

Complete testing to satisfy regulatory requirements and start establishing track 

record of materials (vital in establishing new materials in industry), see Appendix H 

for proposed reference site testing.

Early engagement with EA regulator. 

The above actions may mitigate this risk, however the risk is out of the direct 

control of the individuals of this project. This risk shall therefore be left as medium.

Medium Others (transfer beyond Phase 2)

Opportunity to combine with PFAs or 

GGBS as a powdered mixture
Technical risks 

Opportunity: combine with PFAs or GGBS as a powered/slurried 

admixture. 
Low

To be considered in geotechnical review. This may be too detailed and specific a 

use to attempt at this stage of material development.
Low

Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University
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High, Medium or Low Risk Rating 

(Probability x Impact)
Mitigation Actions Mitigated Risk (P x I)

Phase 1 member, BEIS, transfer to 

Phase 2

Infrastructure lifecycle Monitoring

The typical life expectancy of an infrastructure scheme is lower 

than the 100 years that is generally considered necessary for a 

carbon sink to be effective in combatting climate change. 

High

Discuss lifespan expectations with pilot-site owner. 

Include specifications for decommissioning.

Low
Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University

Social impact difficult to quantify Economic Risk
The social impacts of this project are currently difficult to asses, as 

depend on many variables.
High

Full review of impact on job creation conducted as part of economic review, please 

see section 3.3 of main report.

Social value has been reviewed in Appendix F.

Low Phase 1 - Costain

Certification Technical risks 
Risk of multiple certification providers, and confusion on which is 

preferred.
Medium

Existing biochar certification presented in section 1.2.5 of Appendix B.

Certification through existing body not necessarily required so long as regulatory 

requirements are met and material testing is thorough enough to support the LCA.

Medium
Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University

Infrastructure timeframes Project risk

It is possible that an identified infrastructure live pilot project's 

completion may be delayed beyond the 2025 date required for 

demonstration of the 1,000tCO2/annum target. 

Medium

This may be beyond the power of this project to control. 

Pilot projects will be selected that are considered to have the best chance of 

succeeding/completing by 2025. 

Multiple projects should be developed into a pipeline and supported in order to 

provide resilience against this risk. 

This risk has been communicated to site owners of the pilot projects and will need 

to be accepted prior to moving forward with the full pilot project design.

This risk has ultimately been mitigated through the deployment at Banwell Bypass, 

where construction is expected to finish in 2024.

Low
Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University

Certification Technical risk

Enhanced mineral weathering relies on the transportation of 

bicarbonate ions to the ocean. It is not static, and it is therefore 

harder to quantify than carbonation or biochar degradation in the 

soil. This may make it difficult to certify the sequestration potential 

of dolerite. 

Medium

Develop testing methods that can be used to estimate the rate of enhanced 

mineral weathering, these are laid out in section 4 of Appendix H and section 5 of 

Appendix G.

The use of a reference site with controlled conditions maximises capture of 

groundwater from the applied blends, and allows the rate of bicarbonate transport 

to be directly monitored.

A material uncertainty factor of 1.2 has been used when calculating the quantity of 

quarry fines required for removal, as stated in section 3 of Appendix G.

Low
Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University

Infrastructure project uncertainty Project risk

The importance of integrating the technologies into a project at an 

early design phase means that contracts may not have been 

awarded yet.

High

Honest dialogue with the pilot site owners to understand their level of confidence in 

their bid.

This may be beyond the power of this project to control.  

Multiple projects should be developed into a pipeline and supported in order to 

provide resilience against this risk. 

Medium
Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University

Dolerite considered as a waste Planning and permitting 
There is a risk that quarry fines may be considered as a waste by 

regulators. This will hinder its use significantly.
Low

Already sold as product, so the material has purpose and is not classified as 

waste.

Already used in construction.

Low
Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University

Biochar migration Technical and monitoring risk

If biochar is not integrated securely into soil there is a risk that 

physical transport may occur and reduce the measurable mass of 

the in-situ biochar, jeopardising measurable removal.

Medium

Most studies on migration are conducted upon highly active agricultural soils and 

are therefore overestimates compared to engineering schemes.

Integration with quarry fines may provide cementation effect through carbonation.

Rainfall and wind effects are easily designed out by incorporating into the soil - not 

just making a surface application that is typical of agriculture.

Migration is prevented considerably by use of pelleted biochar or chipped 

feedstock.

Please see section 2.3 of Appendix I for full review and mitigation of this risk.

Low
Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University

Site contamination at MiM Technical and monitoring risk

MiM as a fire college testing facility may contain higher than 

average levels of pyrogenic carbon in the soil.

Made ground reported at site presents risk of latent calcium 

carbonate formation through crushed concrete.

Reuse of MiM topsoil presents risk of compromising control plot.

High

Use of imported topsoil from Banwell maximises the validity of comparison 

between reference and pilot site.

Banwell is a greenfield site with limited historical activity (bar agricultural) so 

imported topsoil carries little risk of this material being present.

Baseline levels of PyC content can be established upon material application at 

MiM.

Low
Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University

Banwell topsoil Technical and monitoring risk
Excavation not set to start until early 2023 at the Banwell site, risk 

that topsoil not available for use at Moreton-in-Marsh.
Medium

Site conditions at Banwell are characterised in section 2 of Appendix G so similar 

topsoil can be imported if necessary.
Medium

Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University
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High, Medium or Low Risk Rating 

(Probability x Impact)
Mitigation Actions Mitigated Risk (P x I)

Phase 1 member, BEIS, transfer to 

Phase 2

Quarry fine sourcing Planning and permitting 

Both Clee Hill and Leaton quarry almost exclusively use their 

quarry fines in on-site asphalt production. Supply is irregular and 

only in small quantities. This has negative implications for the 

scaling up of demand, if incorporation into asphalt is typically more 

popular than stockpiling.

High

Other local quarries have been identified in section 1.5 of Appendix C, so supply 

can be maintained.

Demonstration of value when incorporated into infrastructure schemes may 

reverse these existing practices. 

Medium
Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University

Pyrolysis availability Planning and permitting 

PyroCore has shared uncertainties regarding the availability of 

their pyrolysis units, so the exact model and location of pyrolysis is 

as yet unknown.

High

Continuing discussions with PyroCore to understand their uncertainties and 

limitations.

Pyrolysis location set to be at Avonmouth facility, and they have provided the 

requirements for feedstock testing prior to full-scale pyrolysis in Appendix G6.

Medium
Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University

Pilot site timeline Planning and permitting 

The early stages of the pilot site design means that some 

information is lacking, for example the precise area breakdown of 

the site, and the extent of land being acquired for the scheme.

Exact placement of the materials on the site is therefore at risk of 

change, accompanied by the risk of abortive speculative work.

High

Through continuing discussion with the Banwell Bypass design team, information is 

made available as soon as practically possible.

Where they are unavoidable, these gaps have been highlighted clearly within the 

report.

Further detail to be provided in the Phase 2 bid document.

Medium
Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University

Baseline data Planning and monitoring

The early stages of the pilot site design means that the exact 

locations of the topsoil that is to be used for the material blend are 

unknown. The extent to which testing will be possible in Phase 2 

when these locations are identified is also uncertain. The strength 

of the required baseline monitoring is therefore at risk.

High

Discussion with the Banwell team to integrate baseline monitoring requirements as 

far as practically possible into ongoing ground investigation.

This will provide a backup data set should further testing not be possible in Phase 

2.

Medium
Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University

Feedstock sourcing Technical and planning risk

Costing of locally available feedstock with associated planning and 

environmental permits is not feasible for Phase 1, although a 

source has been identified. Risk that commercial feedstock is 

more expensive, driving up biochar cost.

High

Basic costing for commercially available pelleted feedstock has been undertaken 

and captured in section 1.6 of Appendix B. Medium
Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University

Material movement Technical and planning risk

Unbound applications of quarry fines may result in high levels of 

dust generation, and biochar use in drainage areas may degrade 

the material faster and increase the amount of suspended solids in 

egressing waters. This could lower the measurable rates of carbon 

removal.

High

Avoid the use of quarry fines in unbound applications, carbon removal likely to be 

lower for these anyway.

Monitor particulate and dissolved carbon content in the water of controlled cells at 

Moreton in Marsh (see Appendix H) to determine if biochar washout is a problem 

(see also section 2.3 of Appendix I).

Low
Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University

Grass fires at Moreton in Marsh
Technical, monitoring, and 

planning risk

Large scale fire drills at Moreton in Marsh can spread cinders 

across the site, which can start small grassfires during long 

periods of dry weather. This would interfere with vegetation growth 

measurements and alter the topsoil.

High

Place the monitoring cells upwind of large buildings where fires are started at 

Moreton in Marsh.

Mow the grass if a dry period persists and a large scale fire test is planned.

Low
Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University

Land transfer at Moreton in Marsh
Technical, monitoring, and 

planning risk

Potential land sale at the reference site may result in the plots 

being demolished for future building, and jeopardise the long term 

monitoring potential.

High

Place monitoring cells close to key site assets that are not likely to be sold.

Identify areas that are likely to be sold with site manager and avoid them for 

material placement.

Low
Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University

Disturbance from trespassing
Technical, monitoring, and 

planning risk

MiM is a site of high interest that is bordered by residential areas, 

so trespassing is common. Trespassers could possibly disturb 

materials on the embankments or tamper with any testing 

equipment left in-situ, compromising monitoring.

Medium

MiM is deploying a radar monitoring system to catch and subsequently deter future 

trespassers. Low
Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University

Material stability upon slope Technical and monitoring risk

Due to the application of materials upon embankments at the 

Banwell Bypass, there is a risk that if the blend is not adequately 

bonded with the subsoil a shear surface could form and the 

material may become unstable.

Medium

The surface of the embankment may need to be scarified to increase the surface 

area of contact between the applied blend and the subsoil material. Low
Phase 1 - Arup, Costain, University of 

Edinburgh, Newcastle University
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