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Pyrolysis biochar systems, balance between bioenergy
and carbon sequestration
KYLE CROMB IE and ONDŘEJ MAŠEK

UK Biochar Research Centre, School of GeoSciences, University of Edinburgh, Crew Building, King’s Buildings, Edinburgh EH9

3JN, UK

Abstract

This study aimed to investigate the extent to which it is possible to marry the two seemingly opposing concepts

of heat and/or power production from biomass with carbon sequestration in the form of biochar. To do this, we

investigated the effects of feedstock, highest heating temperature (HTT), residence time at HTT and carrier gas

flow rate on the distribution of pyrolysis co-products and their energy content, as well as the carbon sequestra-

tion potential of biochar. Biochar was produced from wood pellets (WP) and straw pellets (SP) at two tempera-
tures (350 and 650 °C), with three residence times (10, 20 and 40 min) and three carrier gas flow rates (0, 0.33

and 0.66 l min�1). The energy balance of the system was determined experimentally by quantifying the energy

contained within pyrolysis co-products. Biochar was also analysed for physicochemical and soil functional prop-

erties, namely environmentally stable-C and labile-C content. Residence time showed no considerable effect on

any of the measured properties. Increased HTT resulted in higher concentrations of fixed C, total C and stable-C

in biochar, as well as higher heating value (HHV) due to the increased release of volatile compounds. Increased

carrier gas flow rate resulted in decreased biochar yields and reduced biochar stable-C and labile-C content.

Pyrolysis at 650 °C showed an increased stable-C yield as well as a decreased proportion of energy stored in the
biochar fraction but increased stored energy in the liquid and gas co-products. Carrier gas flow rate was also

seen to be influential in determining the proportion of energy stored in the gas phase. Understanding the influ-

ence of production conditions on long term biochar stability in addition to the energy content of the co-products

obtained from pyrolysis is critical for the development of specifically engineered biochar, be it for agricultural

use, carbon storage, energy generation or combinations of the three.

Keywords: biochar, carbon sequestration, energy balance, higher heating value, labile carbon, physicochemical properties,

pyrolysis, stable carbon
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Introduction

Global climate change and the inevitable depletion of

fossil fuel reserves are among the major challenges facing

humanity in the 21st century, which has led to a boom in

research related to alternative energy sources and reduc-

ing greenhouse gas (GHG) emissions. With global pro-

duction of biomass estimated at >147 billion tons per

year it can be regarded as a renewable energy source

with the largest potential to contribute to global energy

demands (Balat & Ayar, 2005; Bridgwater, 2006; Demir-

bas, 2007). Biomass has the potential to produce renew-

able sources of liquid, gaseous and solid fuels while also

offering a route for long-term carbon storage. The energy

contained within biomass can be extracted by different

thermo-chemical or biological methods, including fer-

mentation, direct combustion, gasification, pyrolysis etc.

Pyrolysis is the thermo-chemical conversion of bio-

mass in an oxygen-depleted environment at tempera-

tures above ca. 300 °C. Under these conditions organic

materials decompose to non-condensable gases,

condensable organic liquids and a carbonaceous solid

(biochar). As all of these are potentially valuable

co-products, biomass pyrolysis is a polygeneration tech-

nology, which offers more than one product, and is thus

a highly efficient process for biomass conversion

(Demirbas, 2007; Chen et al., 2012; Song & Guo, 2012).

Although biochar has high energy content, in many

cases, its more beneficial application is incorporation

into soil to increase the long-term storage of carbon,

while also providing soil amendment benefits and

greenhouse gas reduction (Shackley & Sohi, 2010; Sohi

et al., 2010). The mechanisms by which biochar influ-

ences soil fertility are not yet fully understood, but

literature shows that biochar can have a significant

impact on soil organic carbon, water holding capacity,

cation exchange capacity, pH and soil microbial ecology
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(Sohi et al., 2010; Ronsse et al., 2013). Biochar can be

considered to be part of the black carbon continuum

used to characterize the carbon products of combustion

and through 14C dating has been found to display

mean residence times of several thousand years

(Masiello, 2004; Preston & Schmidt, 2006; Lehmann

et al., 2009).

The liquid product obtained from pyrolysis, known

as bio-oil, is a result of rapid and simultaneous depoly-

merizing and fragmentation reactions of the three main

components of biomass: cellulose, hemicellulose and

lignin. Bio-oil composition is therefore strongly linked

to the composition of the initial feedstock. Bio-oil tends

to have a high concentration of oxygen (45–50%) and

differs greatly from petroleum fuels (Mohan et al.,

2006). Bio-oil consists of two (sometimes three) phases,

first, a non-aqueous phase consisting of insoluble high

molecular weight organics (tar) and second, an aqueous

phase containing low molecular weight organo-oxygen

compounds (Demirbas, 2007). Bio-oil is a complex mix-

ture of over 300 compounds including acids, alde-

hydes, ketones, sugars, phenols etc., and can serve as a

precursor for synthesis of many other chemicals

(Demirbas, 2007; Thangalazhy-Gopakumar et al., 2010).

Bio-oil can also be used as a replacement for fossil fuels

in boilers, furnaces and, after some treatment and/or

engine modifications, in engines for heat and power

generation (Boerrigter & Rauch, 2005; Bridgwater,

2012).

The mixture of non-condensable gases produced dur-

ing pyrolysis consists mainly of CO2, CO, CH4, H2 and

C2 hydrocarbons. As with the liquid fraction, the gas

product can be utilized for heat and power generation

in combustion turbines and engines, however, the most

common application is for providing heat to sustain the

pyrolysis process and to dry biomass feedstock (Becidan

et al., 2007). The selection of pyrolysis production condi-

tions such as feedstock, moisture content, temperature,

heating rate etc. affects the final yield and composition

of the gas, liquid and solid products while also influenc-

ing the properties and energy content of these products.

The co-production of solid char, liquid bio-oil and pyro-

lysis gas can improve the efficiency of biomass conver-

sion in different socio-economic contexts, as opposed to

a system designed to maximize only one single product

(Chen et al., 2012).

Due to the numerous important differences

between different pyrolysis processes (temperature,

heating rate, vapour residence time etc.) and the

large variety of potentially available biomass and

other organic feedstock for pyrolysis, it is clear that

there can be an almost infinite number of different

biochars produced, differing in physicochemical prop-

erties and performance as a soil amendment (Enders

et al., 2012; Ronsse et al., 2013). However, little has

been reported on the effect of production conditions

on the combination of functional properties of biochar

and energy balance of the system. Functional proper-

ties can be regarded as properties which influence

the response and effect of biochar in soil such as

stability, labile-C content, nutrient availability etc.

Maximizing the yield of biochar for agricultural

application and therefore carbon sequestration poten-

tial of biochar has long been associated with decreas-

ing the severity of pyrolysis, resulting in a loss of

energy as a result of reduced liquid and gas fractions

(Antal & Grønli, 2003; Demirbas, 2004; Demiral &

Ayan, 2011; Hossain et al., 2011; Angin, 2012; Chen

et al., 2012; Many�a, 2012; Crombie et al., 2013; Ma�sek

et al., 2013; Ronsse et al., 2013). Biochar production

therefore faces competition for resources from alterna-

tive technologies such as fast pyrolysis and gasifica-

tion, which are largely focused on maximizing the

extraction of energy rich liquid and gas products

while generating very small amounts of char (<15%)

(Bridgwater, 2012). However, very little is actually

known about the influence of production conditions

on the product energy distribution and at the same

time the carbon sequestration potential of biochar.

Determining how the pyrolysis conditions relate to

biochar functional properties and energy generation is

pivotal to assess biochar’s potential role in sequester-

ing carbon and offsetting carbon emissions, as well

as to provide environmental services. This study

therefore aims to show the influence that feedstock

and production conditions has on the amount of

carbon and energy stored in biochar, as well as the

amount of available energy in pyrolysis liquids and

gas. This should then indicate whether and under

what circumstances it may be possible to simulta-

neously achieve high efficiency of biomass conversion

into heat and/or power and high carbon sequestra-

tion potential.

Materials and methods

Feedstock

The two types of biomass used for the pyrolysis experiments

were: mixed 5/95 pine : spruce softwood pellets (WP) and

mixed 50/50 wheat : oilseed rape straw pellets (SP) with

respective moisture content measured at 10.6% for WP and

5.4% for SP (gravimetrically loss on drying at 105 °C for 24 h).

WP (ø 6 mm) was acquired from Puffin Pellets, Aberdeenshire,

Scotland while SP (ø 6 mm) was acquired from StrawPellet

Ltd., Rookery Farm, Lincolnshire, England. All feedstock was

used as received with good homogeneity for pellet material.

Results from ultimate and proximate analysis of the selected

materials are shown in Table 1.

© 2014 John Wiley & Sons Ltd, GCB Bioenergy, doi: 10.1111/gcbb.12137
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Equipment

A detailed description of the equipment type and set-up can

be found in Crombie et al. (2013). The pyrolysis equipment

used for sample production, shown in Fig. 1, consists of a

fixed bed reactor made of a vertical quartz tube (50 mm d)

with sintered plate at the base allowing a sample bed depth

of up to ca. 200 mm. The sample in the reactor tube was

heated by a 12 k W infrared gold image furnace (P610C;

ULVAC-RIKO, Yokohama, Japan) with a proportional–inte-

gral–derivative controller allowing a wide range of heating

rates and hold times with possible HTT over 1000 °C. Before

each experiment, the glassware apparatus was assembled and

the system was purged with nitrogen (N2). Before starting the

heating, the N2 flow rate was adjusted to the desired level.

The N2 gas was used to sweep volatiles and gases away from

the pyrolysis zone and into the condensation system. The con-

denser system consisted of three stages, a high temperature

zone (at 160 °C) for condensation of heavy tar components, an

ambient temperature zone for collection of water and water

soluble organic compounds, and a low temperature (�40 °C)

zone consisting of two traps for capture of light aromatics. All

the remaining noncondensable gases were collected in a 200 l

multi-layered gas bag (JensenInert Products, Coral Springs,

Florida). When the end of the desired residence time has been

reached the samples were gradual cooled (with continued N2

flow) until below 100 °C (about 1 h.) and removed for storage

in a sealed container.

Pyrolysis conditions

Pyrolysis experiments used a standard mass (100 g for WP and

SP) of feedstock, resulting in a different volume of material

being used in runs due to different feedstock density. The WP

and SP feedstock were selected for investigating the effect of

highest treatment temperature (HTT), residence time at HTT

and carrier gas flow rate on the energy content of pyrolysis

Table 1 Proximate and ultimate analysis for straw and wood pellet feedstock

Sample

Proximate analysis [wt.% (db)] Ultimate analysis [wt.% (db)]

Fixed C% Volatile matter% Ash% C% H% N% O% O : C H : C HHV [MJ kg�1]

Straw pellet feed 15.3 77.2 7.4 42.0 5.5 0.1 44.9 0.8 1.6 15.8

Wood pellet feed 17.2 77.2 5.7 53.7 6.7 0.0 33.9 0.5 1.5 17.6

Infra-Red 
furnace

Biomass 
sample

Sample tube with 
sintered base

N2 gas inlet

Thimble 
filter

Hot 
trap

Air Condenser

Liquid N2 and 
Acetone 

Dewar flasks

Cold traps

Receiver

Gas Bags

Gas sampling 
point

Thermocouple

N2 heating 
zone

Heat Tape 
zone

Fig. 1 Small scale batch pyrolysis unit located at UKBRC.

© 2014 John Wiley & Sons Ltd, GCB Bioenergy, doi: 10.1111/gcbb.12137
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products. Samples of both feedstock types were heated at a rate

of 5 °C min�1. The WP and SP runs were implemented using

HTT of 350 °C and 650 °C. These two temperatures were

selected to generate samples of biochar representing both the

lower and higher end of temperatures used for biochar produc-

tion, and to provide considerably different product distribu-

tions. The holding times at HTT (residence time) of 10, 20 and

40 min were selected so that they represented realistic resi-

dence times in industrial continuous pyrolysis units. The car-

rier gas flow rates were altered between 0, 0.33 and

0.66 l min�1 to provide sufficient range to assess the impor-

tance of this parameter on biomass pyrolysis. After pyrolysis,

the different products were collected, measured and stored as

described in Crombie et al. (2013).

Product analysis

Biochar physicochemical analysis. Biochar samples were

crushed to a homogenous fine powder and dried overnight at

105 °C prior to proximate and ultimate analysis. Proximate

analysis of all biochar samples and corresponding feedstock

was carried out using thermo gravimetric analysis (Mettler-

Toledo TGA/DSC1, UKBRC, Edinburgh, UK). Samples were

first heated for 10 min at 105 °C under N2 to determine mois-

ture content; the temperature was then raised at 25 °C min�1

to 900 °C where it remained for further 10 min to eliminate

volatile matter. With air introduced to the system the sample is

finally combusted (also at 900 °C) for 20 min to determine ash.

Fixed C was calculated on a weight per cent basis by subtract-

ing moisture, volatile and ash values from the original mass.

Ultimate analysis of C, H and N was conducted in duplicate

using an elemental analyser (Flash 2000, CE Elantech Inc, New

Jersey, USA) by London Metropolitan University (London,

UK). The O content was determined by difference.

Biochar soil functional analysis. One of the main attractions

of biochar is its ability to store atmospheric carbon in soil

for hundreds to thousands of years. Real-time experiments

to quantify this stability over decades are not feasible, lead-

ing to the need for rapid screening tools which could be

used to analyse biochar samples and assess their carbon

sequestration potential. Therefore, this analysis focused on

two key properties of biochar related to its function in soil,

namely biochar carbon stability (stable-C%) and content of

labile carbon (labile-C%) using analytical techniques devel-

oped at UK Biochar Research Centre, as detailed in Cross &

Sohi (2011, 2013). In brief, the carbon stability was assessed

through accelerated oxidative ageing by treating finely milled

biochar (0.1 g C) with 7 ml of 5% hydrogen peroxide, ini-

tially at room temperature then 80 °C for 48 h. The content

of labile carbon was determined by CO2 evolution following

the incubation of biochar (1 g) in sand (9.5 g) inoculated

with a community of soil microbes for a period of 2 weeks

at 30 °C.

Higher heating value analysis. To determine the distribution

of energy among the pyrolysis products the higher heating

value (HHV) of biochar, liquid and gas products was

determined analytically. The following section explains the

analysis steps for each product in brief.

Biochar higher heating value analysis. Biochar samples were

analysed for HHV (in duplicate) using an adiabatic bomb Calo-

rimeter PAR 1261 (accuracy of + 0.1% on two determinations)

at Pemberton Analytical Services, Shawbury, Shropshire, UK.

Liquid higher heating value analysis. Liquid samples were

separated from the gas stream through a series of condensation

traps as shown in Fig. 1. This led to the collection of three dif-

ferent liquid fractions consisting of heavy tars, light liquids

condensed at room temperature and finally liquids collected

from the first cold trap. For analytical purposes, subsamples of

these three fractions were then added together to create one

representative liquid sample. The calorific analysis of liquid

samples was carried out at the University of York using an iso-

peribol oxygen bomb calorimeter model Parr 6200. The liquids

were treated with a solvent (dodecane) to dissolve the different

fractions and also to overcome the difficulty of igniting liquids

with high moisture contents. The energy value of the solvent

(44.15 kJ g�1) was then subtracted from the total to determine

the HHV for the pyrolysis liquid fraction. Duplicate samples

were prepared for two SP and WP samples to test the variation

in the analysis procedure, and this method confirmed good

reproducibility.

Gas higher heating value analysis. Gas samples were

collected during each pyrolysis run using 200 l multilayer gas

bags. The gas bags were then left to rest for 30 min to allow

the mixture to equilibrate after which the overall composition

of the collected gas sample was analysed for N2, H2, CO, CO2,

CH4, C2H6, O2 and Ar using a mass spectrometer (HPR-20

QIC, Hiden Analytical, Warrignton, UK). The overall composi-

tion of the pyrolysis gas mixture was then used in conjunction

with the volume of gas collected and higher heating value of

the measured gas species to calculate the HHV of the product

gas. Final composition of the pyrolysis gas was corrected for

the dilution effect of carrier gas (N2).

Statistical analysis

Analysis of variance (ANOVA) statistical test was applied

through a general linear model using Minitab 16 statistical soft-

ware and significance of results were calculated at a signifi-

cance level of P < 0.05 for all materials and production

conditions. Correlations were performed using Spearman rank

method and R values were categorized by considering correla-

tion coefficients < 0.35 to represent low or weak correlations,

0.36–0.67 to be moderate correlations, 0.68–0.90 strong or high

correlations and >0.9 to be a very high correlation (Taylor,

1990).

Results

It should be noted that where residence time had no

statistically significant influence on the properties of

© 2014 John Wiley & Sons Ltd, GCB Bioenergy, doi: 10.1111/gcbb.12137
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interest an average value was taken for the obtained

results to aid in the representation of feedstock, HTT

and carrier gas flow rate influence. Presentation of the

results in this way may lead to visual exaggeration of

trends but statistical analysis was carried out on the

entire data set rather than the average values.

Product distribution

The yields obtained for char, liquid and gas products

from each pyrolysis experiment are shown in Fig. 2. For

each feedstock, increasing the pyrolysis HTT from

350 °C to 650 °C resulted in a decreased char yield and

subsequent increase in the yields of liquids and gases.

The distribution of the liquid and gas fraction was lar-

gely dependent (P < 0.0001) on feedstock composition,

thus potentially resulting in the varying yields and

properties between the two biomass types (Vassilev

et al., 2010; Crombie et al., 2013). However, the influence

of feedstock on char yield only became significant when

in conjunction with HTT (P < 0.05). The resulting

change in product yields with temperature is due to

increasing decomposition of cellulose, hemicellulose

and lignin at elevated HTT causing increased emissions

of volatile matter (R2 = �0.9, P < 0.0001) (Enders et al.,

2012; Crombie et al., 2013). WP demonstrated the largest

variation between biochar yields as well as the highest

(55%) and lowest (27%) char yields at 350 °C and

650 °C respectively. There was a smaller variation

observed between SP biochar samples at different HTT.

With increasing release of volatile matter the yields of

liquid and gas products could be expected to continue

to rise with HTT, however, there was a substantially lar-

ger increase in the yield of pyrolysis gas compared to

that of liquids. This is likely due to secondary cracking

reactions converting liquid volatiles into gas around

500 °C (Chen et al., 2003; Phan et al., 2008; Duman et al.,

2011; Fu et al., 2011).

In this study the residence time at HTT had no statis-

tically significant effects on the char, liquid and gas

yields (P = 0.23, P = 0.36 and P = 0.79 respectively).

Increasing the range of residence times investigated

may generate more obvious trends or significant differ-

ences in values. However, the range used in this study

was chosen to correspond to realistic times for biochar

production in industrial continuous pyrolysis units.

Reducing the vapour residence time could have a

direct effect on the composition of liquid and gaseous

products obtained from the pyrolysis system by affect-

ing the interactions of the volatile matter with char and

other gaseous species. The results in Fig. 2 show, that

although the effect of the carrier gas flow rate on the

char, liquid and gas yields (when analysing the full data

set) is not as clear as that of temperature, it is still signif-

icant (P < 0.05). Pyrolysis of WP in the absence of a car-

rier gas generated the highest char yields (>50%)

compared to the other carrier gas flow rates used

(<45%). As there was no carrier flow the expelled vola-

tile matter was propelled through the system only by

the action of gas produced during pyrolysis. Therefore,

these conditions would encourage secondary char for-

mation by interaction of char and volatiles, which could

explain the higher char and lower liquid and gas yields.

When investigating further it was found that carrier gas

flow rate had a significant effect on the liquid yields at

350 °C; however, no impact was observed at 650 °C
(P = 0.41) potentially due to the maximum liquid yield

being reached at ca. 500 °C (Chen et al., 2003; Phan

et al., 2008; Duman et al., 2011).

Physicochemical properties

The influence of production conditions on the results

obtained from proximate and ultimate analysis is

important for quantitative assessment of the composi-

tion of biochar as well as an indication of its stability.
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Fig. 2 Slow pyrolysis product distribution.
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However, as these results were not the primary focus of

this study, a detailed analysis can be found in Data S1,

and only a brief description of the main trends will be

provided in the following section.

Proximate analysis

Results for proximate analysis of all char samples are

shown in Table 2. The measured ash content varied

greatly between feedstock (P < 0.0001) with higher con-

centrations found in biochar derived from SP (12–23%)

biomass compared to WP biochar (<3%). Higher HTT

promoted biomass decomposition, leading to higher

fixed C and reduced volatile matter concentrations in

the resulting biochar. Similar trends were also exhibited

by the corresponding fixed C and volatile matter yields.

Carrier gas flow rate and residence time at HTT were

both found to have no significant effect (P > 0.05) on

the composition of biochar, as determined by proximate

analysis.

Ultimate analysis

Data from ultimate analysis (Table 2) showed preferen-

tial release of H and O, and retention of C, with increas-

ing HTT for both types of feedstock and all residence

times and carrier gas flow rates. As seen with fixed C,

there appeared to be a significant influence (P < 0.05) of

Table 2 Proximate and ultimate analysis for all biochar samples

Sample

Proximate analysis [wt.% (db)] Ultimate analysis [wt.% (db)]

Fixed C Volatile matter Ash FC yield (daf) VM yield (daf) C H N O C Yield

SP 350-10-0 45.8 39.2 15.0 33.1 28.3 61.4 3.6 1.0 19.0 61.4

SP 350-20-0 45.6 39.1 15.3 33.8 29.0 62.7 4.4 1.1 16.5 62.8

SP 350-40-0 39.5 38.8 21.7 29.3 28.8 56.6 2.9 1.1 17.6 58.0

SP 650-10-0 59.2 19.9 20.9 40.9 13.7 71.1 1.3 1.0 5.8 54.6

SP 650-20-0 57.5 19.6 22.9 39.3 13.4 72.1 1.3 0.9 2.8 52.8

SP 650-40-0 62.9 16.2 20.9 41.6 10.7 73.2 1.2 1.1 3.5 52.4

SP 350-10-0.3 36.7 51.0 12.3 27.6 38.3 55.5 4.2 0.9 27.1 65.9

SP 350-20-0.3 40.0 45.9 14.2 30.3 34.7 60.4 5.2 1.1 19.2 65.0

SP 350-40-0.3 46.8 37.0 16.2 30.8 24.3 62.1 3.0 1.0 17.8 55.1

SP 650-10-0.3 58.3 20.4 21.4 36.5 12.8 69.2 1.2 1.0 7.2 49.3

SP 650-20-0.3 62.2 17.7 20.1 38.8 11.0 71.2 1.0 1.0 6.7 49.9

SP 650-40-0.3 59.3 19.0 21.8 37.0 11.8 71.4 1.1 1.2 4.6 48.8

SP 350-10-0.6 44.2 40.6 15.2 32.0 29.4 62.0 4.7 1.1 16.9 61.4

SP 350-20-0.6 47.1 36.9 16.0 33.1 25.9 62.9 4.6 1.1 15.4 59.0

SP 350-40-0.6 50.4 33.0 16.6 34.7 22.7 64.6 4.3 1.1 13.4 57.3

SP 650-10-0.6 59.4 20.0 20.5 38.1 12.8 71.8 1.6 1.0 5.1 50.9

SP 650-20-0.6 56.1 22.5 21.4 35.8 14.4 68.8 1.4 1.1 7.4 50.2

SP 650-40-0.6 61.8 16.2 22.0 38.3 10.0 72.5 1.3 1.1 3.0 48.4

WP 350-10-0 48.6 50.7 0.8 34.2 35.7 67.3 4.5 0.0 27.5 69.9

WP 350-20-0 50.8 48.0 1.2 33.2 31.4 63.5 5.3 0.1 30.0 64.6

WP 350-40-0 54.5 44.2 1.2 35.6 28.8 68.4 4.6 0.0 25.8 64.4

WP 650-10-0 90.5 8.1 1.4 44.7 4.0 90.4 2.2 0.1 5.9 48.8

WP 650-20-0 90.4 7.5 2.1 43.8 3.6 89.8 2.2 0.1 5.9 47.5

WP 650-40-0 91.3 6.7 2.0 45.1 3.3 90.0 2.0 0.1 5.9 48.5

WP 350-10-0.3 57.9 40.7 1.4 33.4 23.5 71.4 4.5 0.0 22.7 56.9

WP 350-20-0.3 56.4 42.4 1.2 31.8 24.0 70.6 5.5 0.1 22.6 55.8

WP 350-40-0.3 60.2 38.4 1.4 36.1 23.0 71.4 4.5 0.0 22.7 59.1

WP 650-10-0.3 89.0 8.8 2.2 44.9 4.5 92.8 1.7 0.0 3.3 49.3

WP 650-20-0.3 88.5 8.8 2.8 43.2 4.3 87.9 2.1 0.1 7.2 47.5

WP 650-40-0.3 89.4 9.1 1.5 43.1 4.4 90.2 1.8 0.0 6.4 47.5

WP 350-10-0.6 54.6 44.1 1.2 32.4 26.2 70.1 5.1 0.1 23.4 58.6

WP 350-20-0.6 65.7 33.0 1.3 37.3 18.8 76.4 5.0 0.1 17.2 56.1

WP 350-40-0.6 55.9 42.6 1.5 28.7 21.9 67.4 5.9 0.1 25.2 50.6

WP 650-10-0.6 89.0 9.5 1.5 41.7 4.5 90.2 1.8 0.0 6.5 46.2

WP 650-20-0.6 89.2 9.1 1.8 40.1 4.1 87.1 1.8 0.0 9.3 44.2

WP 650-40-0.6 89.1 9.7 1.2 39.8 4.3 87.4 1.8 0.0 9.6 44.1

© 2014 John Wiley & Sons Ltd, GCB Bioenergy, doi: 10.1111/gcbb.12137
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feedstock on the total biochar C content, with the high

ash SP biochar containing a lower amount of C com-

pared to WP biochar at corresponding temperatures. As

with fixed-C content, there was no significant effect of

the residence time or carrier gas flow rate on C content

at either of the two HTTs used. However, as with feed-

stock selection, the carrier gas flow rate did show an

effect on the C yield obtained at 350 °C.
Biochar elemental ratios of O : C and H : C were

used to construct a Van Krevelen diagram (Fig. 3),

typically used as a visual representation of the age/

maturity and origin of hydrocarbon materials such as

coal and petroleum. There was a distinct separation

between low and high temperature biochar with

650 °C char being classified as highly stable according

to criteria proposed by Spokas (Spokas, 2010), IBI

Guidelines (IBI Guidelines, 2012) and European biochar

guidelines (Schmidt et al., 2012). At 650 °C, all biochar
samples contained O : C ratio of <0.08 indicating high

stability while the spread of O:C values for 350 °C ran-

ged from 0.16 to 0.37 for SP and from 0.17 to 0.36 for

WP.

Soil functional properties of biochar

The following section will present the results of two

analytical tools, developed by the UKBRC (Cross &

Sohi, 2011, 2013), and how production conditions may

impact the carbon storage potential of biochar. Resi-

dence times used at both HTT had no significant influ-

ence (P > 0.6) on the stable-C and labile-C content of

biochar and therefore will not be discussed further,

although the data will be used in place of replicates to

examine effects of other parameters. The error bars used

in Figs 4 and 5 represent the three replicates done at

the same HTT and carrier gas flow rate, but different

holding time.

Carbon stability (Edinburgh stability tool)

Results for stable-C content (on biochar C basis) and sta-

ble-C yield (on feedstock C basis), determined by the

direct oxidation method, are plotted in Fig. 4. It can be

seen that temperature was the main factor influencing

the concentration and yield of stable carbon, with

higher HTT resulting in much higher biochar stability

(P < 0.0001) and higher proportion of feedstock carbon

being locked in the form of a stable biochar carbon. The

0

0.35

0.7

1.05

1.4

1.75

0 0.2 0.4 0.6 0.8 1

H
 : 

C
 ra

tio

O : C ratio
SP SP Feed WP WP Feed

Feed

350 °C

650 °C

Lignite
Coal

Euro Guidelines

IBI H/C max

Spokas O/C values

Fig. 3 Van Krevelen diagram indicating the stability of SP

and WP biochar.

(a)

(b)

Fig. 4 Environmental stability of SP and WP char expressed

on (a) char carbon basis, (b) feedstock carbon basis.

(a)

(b)

Fig. 5 Labile-C content of SP and WP biochar expressed on

(a) char carbon basis, (b) feedstock carbon basis.
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stable-C content range at 350 °C was 57–65% while a

HTT of 650 °C raised these values to 95–100%.

Besides the HTT, the carrier gas (N2) flow rate also

had an important effect on stable-C content and yield.

With decreasing carrier gas flow rate the stability and

yield of stable-C increased, especially at low HTT. This

can be explained by devolatilization of char particles,

resulting in enhanced formation of secondary char

within and on the surface of biochar. Although the

effect of carrier gas flow rate was only secondary to that

of HTT, our results show that it is an important parame-

ter influencing biochar yield and properties. On the

other hand, feedstock showed only minimal if any effect

(P > 0.05) on the stable-C content of chars produced at

low HTT (350 °C) and slight, but statistically significant

(P < 0.05) effect at high HTT (650 °C). Expressing

results on a feedstock C basis (stable-C yield) provides

a useful way of assessing the efficiency of feedstock C

conversion into stable-C that can be sequestered in the

form of biochar. Results in Fig. 4 show that although

the biochar yield (wt.%) was greatly reduced as temper-

ature was increased there was still an overall increase in

stable-C yield from 350 °C to 650 °C.

Labile carbon (Edinburgh labile-C tool)

The content of labile carbon, defined as carbon readily

accessible to soil microbes, is mainly affected by the

HTT and feedstock, as shown in Fig. 5. With increasing

HTT from 350 °C to 650 °C, the content of labile carbon

in biochar dropped dramatically to levels below

0.1 wt.%. Feedstock type was also shown to be an

important factor in determining labile-C content, at least

at low HTT. Pyrolysis of SP at 350 °C resulted in char

with much higher labile-C content (1.86 � 0.29%) than

that produced by pyrolysis of WP (0.15 � 0.05%). The

influence of feedstock decreased with pyrolysis HTT,

resulting in no significant effect (P > 0.05) at 650 °C due

to the dominant impact of temperature. The carrier gas

flow rate was found to have no significant effect

(P > 0.65) on the final labile-C content or labile-C yield

obtained at either HTT (Fig. 5).

Heating value of pyrolysis co-products

The higher heating value (HHV) data for solid, liquid

and gas products obtained from each experiment are

presented in Table 3. The following section discusses

the relative distribution of energy among the three

co-products of slow pyrolysis and how it is affected by

process parameters.

The HHV for each biochar sample was seen to

increase with higher HTT with a larger increase occur-

ring for WP biochar. This is due to the fact that with

increasing pyrolysis severity the char composition shifts

closer towards pure carbon with HHV of 32.8 MJ kg�1

(Ronsse et al., 2013). Ronsse et al. (2013) also suggested

that the presence of ash in the char can lead to a ‘dilu-

tion’ of the energy content resulting in lower than pure

carbon HHV for fully carbonized materials. The lower

HHV for SP chars produced at 650 °C could be

explained by this ‘dilution’ effect as a result of the

increasing ash concentration with temperature and the

higher ash content of SP chars compared to WP. Alter-

natively, the presence of C-H, C-O and O-H bonds

remaining in the char have been seen to influence the

HHV of biochar, in particular wood derived biochar has

been shown to produce HHV higher than pure carbon

(up to 35 MJ kg�1) (Ronsse et al., 2013). However, the

HHV of wood materials may in fact peak and then

decline as the heterogeneous bonding is sequentially

decreased following stabilization of the carbon structure

(Ronsse et al., 2013). Temperature clearly had the largest

influence (P < 0.0001) on the char HHV with carrier gas

flow rate (P = 0.003) and feedstock (P < 0.0001) also

having a significant impact. However, the effect of car-

rier gas flow rate on the char heating value was only

observed at 350 °C with no effect seen at 650 °C
(P > 0.05). The observed trend of biochar HHV can then

be used to further emphasize the dominance of temper-

ature on biochar properties at 650 °C. Residence time

had no significant influence (P > 0.75) on the HHV of

biochar at either HTT.

The HHV for the liquid samples produced during

each experimental run was unaffected by increases in

HTT, residence time and carrier gas flow rate (P > 0.5).

Therefore, the difference in liquid HHV was mainly

derived from feedstock composition (P = 0.002) with

the average liquid heating values for SP and WP mea-

sured as 7.24 � 0.2 MJ Kg�1 and 6.20 � 0.21 MJ Kg�1

respectively. Biochar ash concentration and HHV of liq-

uids did show a moderate correlation (R2 = 0.46,

P = 0.005) indicating the small difference between SP

and WP liquid HHV could be related to the increased

ash concentration of SP biomass.

The higher heating value (HHV) of pyrolysis gas was

calculated based on the gas composition as shown in

shown in Fig. 6. It can be seen that the pyrolysis gas

HHV increases considerably with increasing HTT, as a

result of increased concentrations of H2, CH4, C2H6 and

CO measured in the pyrolysis gas. The increase in these

species could be a result of aromatic condensation and

secondary thermal cracking of heavy hydrocarbons

occurring above 550 °C (Chen et al., 2003, 2012; Mohan

et al., 2006; Yang et al., 2006; Duman et al., 2011; Fu

et al., 2011). The release of CO2 and CO is predomi-

nantly associated with the cracking and reforming of

carbonyl, ether groups and thermolabile carboxyl while

© 2014 John Wiley & Sons Ltd, GCB Bioenergy, doi: 10.1111/gcbb.12137
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CO can also be formed through the secondary decom-

position of volatiles at higher temperatures (Yang et al.,

2006; Fu et al., 2011). The cracking and reforming of aro-

matic rings has been described as a pathway for the for-

mation of H2 as well as the formation of CH4 through

the rupture of methylene groups (Chen et al., 2003;

Yang et al., 2006; Wang et al., 2009; Fu et al., 2011). Feed-

stock and residence time were deemed to have no influ-

ence (P > 0.45) on the pyrolysis gas HHV, while carrier

gas flow rate had a significant effect (P < 0.0001). Con-

centrations of H2, CH4 and C2H6 increased with a

higher carrier gas flow rate resulting in increased pyro-

lysis gas HHV. The resulting increase in HHV was also

generated by diminishing CO2 content with HTT and

carrier gas flow rate. This was probably due to the

decreased vapour residence time allowing for energy

rich species to be swept away from hot char surfaces

minimizing secondary reactions.

Energy distribution among co-products

The contribution of each co-product to the overall

energy balance was determined by expressing the

co-product energy content as a proportion of the feed-

stock energy content. There was no considerable effect

of residence time on the energy distribution among the

different product fractions so an average of the values

for the different residence times was calculated to

Table 3 Higher heating value (HHV) for solid, liquid and gas co-products obtained from slow pyrolysis

Sample

Higher Heating Value of Pyrolysis Co-products

Char HHV

(MJ kg�1)

Liquid HHV

(MJ kg�1)

Gas HHV

(MJ kg�1)

Energy contained

in Char (MJ)

Energy contained

in Liquid (MJ)

Energy contained

in Gas (MJ)

SP 350-10-0 24.1 7.8 3.2 10.1 2.7 0.5

SP 350-20-0 23.1 7.1 3.2 9.7 2.5 0.6

SP 350-40-0 23.8 7.4 3.3 10.3 2.4 0.6

SP 650-10-0 24.0 7.2 9.7 7.7 2.9 2.0

SP 650-20-0 23.0 8.2 9.7 7.1 3.2 2.7

SP 650-40-0 24.4 6.2 11.1 7.3 2.5 2.5

SP 350-10-0.3 21.6 6.4 2.5 10.8 2.0 0.5

SP 350-20-0.3 22.1 8.2 2.8 10.0 2.8 0.7

SP 350-40-0.3 22.3 9.2 3.5 8.3 3.7 0.9

SP 650-10-0.3 24.7 7.3 9.4 7.4 3.0 3.0

SP 650-20-0.3 25.1 6.9 9.5 7.4 2.8 3.0

SP 650-40-0.3 23.5 6.3 7.8 6.8 2.6 2.5

SP 350-10-0.6 24.6 6.3 3.9 10.2 2.1 1.0

SP 350-20-0.6 24.6 7.1 4.3 9.7 2.6 1.1

SP 350-40-0.6 24.3 6.4 4.7 9.1 2.4 1.3

SP 650-10-0.6 24.8 7.1 9.4 7.4 2.8 3.3

SP 650-20-0.6 24.1 7.2 9.3 7.4 2.8 3.0

SP 650-40-0.6 25.9 8.3 9.8 7.2 3.2 3.6

WP 350-10-0 27.7 5.3 2.3 15.5 1.7 0.3

WP 350-20-0 26.7 8.2 2.0 14.6 2.8 0.3

WP 350-40-0 27.6 5.6 2.1 13.9 1.8 0.3

WP 650-10-0 33.6 6.6 9.8 9.7 2.9 2.1

WP 650-20-0 33.6 5.7 8.9 9.6 2.7 1.9

WP 650-40-0 33.9 6.8 10.6 9.8 3.0 2.1

WP 350-10-0.3 27.6 6.5 3.1 11.8 2.5 0.6

WP 350-20-0.3 27.8 6.4 3.0 11.8 2.4 0.6

WP 350-40-0.3 27.1 6.2 3.3 12.0 2.3 0.6

WP 650-10-0.3 33.3 5.2 6.0 9.5 2.4 1.7

WP 650-20-0.3 33.2 4.8 8.1 9.6 2.2 2.0

WP 650-40-0.3 33.1 6.5 8.0 9.4 3.0 2.0

WP 350-10-0.6 27.7 6.1 4.8 12.5 2.3 0.8

WP 350-20-0.6 28.7 4.6 5.1 11.3 1.9 0.8

WP 350-40-0.6 28.9 6.6 4.5 11.7 2.8 0.7

WP 650-10-0.6 33.7 6.1 11.4 9.3 2.9 2.8

WP 650-20-0.6 33.7 7.4 12.2 9.2 3.6 3.1

WP 650-40-0.6 33.4 6.9 12.8 9.1 3.3 3.4
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demonstrate the influence of HTT and carrier gas flow

rate on the energy balance (Fig. 7).

As the HTT was increased, biochar showed a signifi-

cant (P < 0.0001) decrease in its contribution to the total

energy balance of 15.8 � 0.47% for SP and 18.9 � 6.57%

for WP material (Fig. 7). The degree of reduction in the

biochar contribution was smaller for SP biochar

samples, perhaps, due to dilution effect of ash content

on biochar HHV. The HHV of the individual liquid

samples did not show an increase with HTT but the

overall liquid yield and therefore liquid contribution to

total energy balance did (P = 0.003). Increasing the

HTT from 350 °C to 650 °C increased the liquid

contribution to total energy from 2.43 � 0.26 MJ kg�1 to

2.88 � 0.19 MJ kg�1, which represents 2.56% and 2.85%

of the total energy recovered in pyrolysis co-products

for WP and SP respectively. The contribution of the

pyrolysis gas to the total energy balance showed a sig-

nificant (P < 0.0001) increase with higher HTT, due to

increased gas yield as well as substantially higher gas

HHV at 650 °C. Similarly increasing the carrier gas flow

rate also resulted in a significant increase (P < 0.0001) in

the gas energy contribution to total energy balance, as a

result of higher gas yields obtained at higher carrier gas

flow rates. Overall, HTT was the controlling variable in

determining the distribution of the total energy among

the solid, liquid and gas co-products, however, carrier

gas flow rate and feedstock were also determining

factors at the lower HTT.

Carbon emissions

A breakdown of the C mass distribution between the

char, liquid and gas fractions is shown in Table 4. With

rising HTT, increasing amount of C is apportioned to

the liquid and gas fractions, at the expense of C in the

char. However, as previously shown in Fig. 4, despite

the decreasing char C content with rising HTT, the bio-

char stable-C yield increased and therefore stable-C

mass also increased. It is important to note that the sta-

ble-C (>100 years) and relatively non-stable labile-C

(2 week incubations) do not account for the total C

Fig. 6 Effect of temperature and carrier gas flow rate on the gas composition.
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Fig. 7 Normalized energy content distribution among char, liquid and gas co-products.
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present in the char, indicating a third fraction of inter-

mediate stability (Sonoyama et al., 2006). This additional

C fraction (Int-C) can be considered to have intermedi-

ate stability (2 weeks < Int-C < 100 years), as it could

be rapidly released over a number of years or equally

remain stable for decades. Therefore, two values for

total mass of emitted C can be calculated for each set of

pyrolysis conditions (i) intermediate C considered to be

stable and therefore not included in calculation of emit-

ted C; (ii) intermediate C considered to be unstable and

therefore included in calculation of emitted C. The sig-

nificance of the Int-C is much larger at low pyrolysis

temperatures, so much so that pyrolysis at 350 °C actu-

ally released a higher amount of C than at 650 °C, when

the Int-C is deemed to be emitted rather than stored

(Fig. 8). There is little to no difference of the Int-C frac-

tion on the amount of C being emitted at higher pyroly-

sis temperatures due to the majority of remaining

biochar C being highly stable. When compared to direct

combustion of the biomass feedstock, all pyrolysis

experiments produced higher relative emissions. How-

ever, the relative emissions for SP at 650 °C were not

hugely different to those for biomass combustion, and

were considerably lower when the carbon stored in

Table 4 Distribution of carbon among co-products

Sample

C in char

C in liquid C

in Gas Stored C (g) Emitted C (g)

Stable C

(g)

Labile C

(g)

Int-C

(g) (g) (g) With Int-C

W/O

Int-C

W/O

Int-C

With

Int-C

SP350-0 15.5 0.6 7.7 10.1 5.3 23.2 15.5 15.9 23.6

SP650-0 21.1 0.0 0.0 10.0 8.6 21.1 20.0 18.5 18.5

SP350-0.33 14.2 0.5 10.0 8.0 7.1 24.2 14.2 15.5 25.5

SP650-0.33 20.1 0.0 0.0 9.8 10.9 20.1 19.1 20.7 20.7

SP350-0.66 13.9 0.3 9.5 8.2 8.2 23.4 13.9 16.7 26.2

SP650-0.66 19.8 0.0 0.0 8.1 11.8 19.8 18.8 19.9 19.9

WP350-0 20.0 0.0 11.9 12.5 3.7 31.9 20.0 16.2 28.2

WP650-0 22.3 0.0 1.1 18.1 7.0 23.4 22.3 25.1 26.2

WP350-0.33 16.0 0.1 11.9 15.5 5.3 27.9 16.0 20.9 32.8

WP650-0.33 22.8 0.0 0.7 17.1 8.3 23.5 22.8 25.3 26.0

WP350-0.66 16.1 0.1 11.0 17.2 4.9 27.1 16.1 22.2 33.2

WP650-0.66 21.5 0.0 0.6 19.9 7.3 22.1 21.5 27.2 27.8
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Fig. 8 The effect of temperature and carrier gas flow rate on the amount of stored and emitted C per MJ of chemical energy

produced from slow pyrolysis.
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biochar was accounted for. This analysis is subject to a

number of limitations: first, it works with theoretically

available energy in the different material streams, and

does not take into account conversion efficiencies of

processes potentially utilizing these fuels. Second, it

does not include consideration of direct and indirect

impacts of biochar on GHG emissions when used in

agriculture. These additional benefits can play an

important role in overall system-wide carbon balance,

and should be included in an LCA, based on the results

of this study.

Discussion

Biochar production competes for resources with more

established technologies such as fast pyrolysis and gasi-

fication that are tuned for electricity or liquid biofuels

production and are therefore often heavily subsidized.

This focus of utilizing organic feedstock for energy

rather than soil amendment or carbon sequestration has

led to literature dominated by reports of the composi-

tion and heating values of fast pyrolysis products with

only a relatively limited number of publications focus-

ing on slow pyrolysis. Therefore, there are gaps in the

knowledge needed to fully assess biochar pyrolysis sys-

tems and their potential contribution to greenhouse gas

management and renewable energy production (Ozci-

men & Ersoymericboyu, 2008; Angin, 2012; Gronnow

et al., 2013; Ronsse et al., 2013; Troy et al., 2013).

Results of research reported in this article showed

that increasing the severity of pyrolysis raised the HHV

of the co-products, however, these values on their own

do not provide a complete picture of the distribution of

energy among co-products; for this the product yield

has to be considered. By combining the product yields

and HHV the energy distribution between co-products

and their resulting heat/power production potential

could be evaluated while also assessing any consequen-

tial loss of C sequestration potential. It is important to

note that the calculated energy balance was based solely

on the individual HHV of the collected products and

their yields, with no additional consideration of the

energy input needed to reach the different temperatures

and associated losses, as these are very much process/

equipment dependent, and thus presents a first approxi-

mation, and important basis for more detailed case

studies with detailed LCA, for example, along the lines

of (Laird et al., 2009; Shackley et al., 2011).

Overall, HTT was the controlling variable in deter-

mining the distribution of the total energy content

among the solid, liquid and gas co-products, however,

carrier gas flow rate and feedstock were also determin-

ing factors at the lower HTT. Increasing the severity of

pyrolysis resulted in a lower contribution of biochar to

the overall energy balance, thus reducing the energy

potentially lost due to application of biochar to soil.

Consequently, the higher HTT increased the energy

contained in liquid and gas products that could be asso-

ciated with increased emissions from the combustion of

these products for heat/power production. Therefore,

investigating the influence of production conditions on

the carbon emissions associated with pyrolysis and use

of its products is critical to assessing the environmental

as well as energy benefits of high temperature pyrolysis

compared to a low temperature one.

By comparing the total energy contained in the liquid

and gas fractions with the amount of C emitted by the

pyrolysis biochar system, that is, pyrolysis process plus

complete combustion of liquids and gases, the relative

amounts of stored and emitted C per MJ of chemical

energy can be assessed for different combinations of

feedstock, HTT and other parameters. In case of pyroly-

sis at HTT of 350 °C, most of the energy is contained in

the char, and therefore unavailable for heat/power gen-

eration, while at HTT of 650 °C, most energy is con-

tained in the liquid and gaseous streams. As a result,

low temperature pyrolysis releases more C per MJ of

energy compared to pyrolysis at 650 °C. Hence, pyroly-

sis at higher temperatures actually produces fewer

emissions per MJ of energy available in the liquid and

gaseous co-products, while also securing a larger

fraction of C in a stable biochar form.

In summary, higher temperature pyrolysis not only

shifted the energy contribution from biochar in favour of

the gas and liquid co-products but also led to increased

stable-C yields. Therefore, increasing the severity of

pyrolysis, at least within the limits investigated,

increased the energy value of the pyrolysis gas and

liquid fractions, without sacrificing the carbon sequestra-

tion potential of biochar. This is an important finding;

however, a full life cycle analysis is needed to truly

understand all its complex implications. This study pre-

sents an important step towards this understanding.
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