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Overview 

This supporting information contains a detailed account of the assumptions used to model 
potential yields of fuels and biochar from pyrolysis, together with background information to 
justify these assumptions. 

 

1 Thermal processing of biomass 

 

1.1 Yields from slow pyrolysis 

This section describes how we modelled the yields of solid (biochar), liquid (bio oil and water) 
and gaseous species (H2, CO, CO2, CH4, and light hydrocarbons). Yields of biochar, H2, CO, 
CH4, and light hydrocarbons were modelled by empirical regression equations derived from 
published values.  Yields of CO2, bio oil and H2O were then calculated to balance the C, H and O 
in reactants and products. 

Yields of gaseous, volatile, and solid products of slow pyrolysis were modelled using a method 
based on that of Thunman et al.,1 who used energy and elemental-mass balances, together with 
empirical relationships for yields of two species, to form a system of six simultaneous equations 
to solve for the yields of six volatile species. However, the model derived by Thunman et al.1  
was based on a narrow set of experimental data with a restricted range of validity.2  Neves et al.,2 
therefore, sought to derive a similar model with broader applicability by using a more 
comprehensive dataset of published yields to solve for seven volatile species.  However, Neves et 
al.2 combined data for both fast and slow pyrolysis, resulting in a model that performs poorly for 
slow pyrolysis, predicting yields that differ significantly from reported measurements (and for 
some operating conditions predicting negative yields for some species).   

We have, therefore, developed a detailed model of biomass slow pyrolysis that has the desired 
qualities of:   

(1) being based on a comprehensive metastudy dataset, 

(2) utilizing only slow-pyrolysis data,  

(3) predicting not just yields of main products (solid, liquid and gas), but also of the specific 
gas species evolved and the elemental compositions of the solid and liquid phases,  

(4) accounting for most of the variance in reported yields in terms of the main parameters that 
drive this variability (rather than simply assuming that variability is entirely unpredictable 
uncertainty), and 

(5) consisting of simple equations that are easy to apply to a wide range of feedstocks and 
pyrolysis conditions. 

Absent such a model, most previous studies using models of biomass slow pyrolysis for 
technoeconomic or lifecycle assessment have relied upon simplistic models derived from small 
datasets that only predict main products (see, for example, 3–8).  Here we have sought to address 
this gap by developing a simple empirical model of yields and compositions based on an 
extensive survey of published data specifically for slow pyrolysis. 

 

Empirical regression equations for the yield (as a function of temperature) for four species (CO, 
H2, CH4 and C2Hx hydrocarbons), were derived using data from 9–16. The forms of the regression 
equations were selected to represent the main features of the gaseous yield-temperature 
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responses, i.e. at lower temperatures (below 300-400 °C) gas species yields are very low; while 
above 400 °C gas yield rises rapidly. But yields of gaseous species do not rise indefinitely with 
temperature, but, rather, plateau at high temperatures as the pyrolysis reaction approaches 
completion and equilibrium concentrations of evolved gases are approached.17 Sigmoidal 
functions were therefore used to represent this temperature trend of negligible yield, followed by 
increasing yield, followed by plateau.  The type of sigmoid functions are Weibull CDF curves, 
which are preferable to the logistic function here, because they allow for an asymmetry between 
how rapidly the slope increases at low temperatures and how rapidly it tends towards its 
asymptote at high temperatures. In the case of CO, an additional mid-range (400-550°C) plateau 
in yield is strongly evident in the empirical data, and a double sigmoidal form was therefore 
selected to represent this. The empirical equations, were calculated using the nls() non-linear 
least-squares-optimization function in the R statistical programming language, and are shown 
below (Eq. 1-4), and are plotted together with the measured data in Fig. S1, panels a-d. 

 

Y_co  =  
�.���

����		���.��.���� � �.���
����		���.���.����   (RSE = 0.03)  (1) 

Y_h2   =  2.95e-2*(1-exp(-3.50e-3*T))62.98           (RSE = 0.002)  (2) 

Y_ch4  =  7.82e-2*(1-exp(-3.38e-3*T))30.15   (RSE = 0.004)  (3) 

Y_c2hx = 3.6e-2*(1-exp(-5.22e-3*T))154.97   (RSE = 0.006)  (4) 

where, T is the peak pyrolysis temperature (K), and RSE = residual standard error. 
 
An empirical equation for dry, ash-free (DAF)  biochar yield was also derived from published 
values for slow pyrolysis.9,10,12,18–32  These biochar yield data are shown, categorised by 
feedstock, in Fig. S2. A preliminary multiple regression was performed on these data using 
pyrolysis temperature, and feedstock composition (lignin, cellulose, hemicellulose, C, H, O and 
ash content) as model predictors.  Where given, published values for biomass composition were 
used.  Where these were not available from the published article, mean values for each biomass 
type were taken from the Phyllis database of biomass properties.33  Multiple regression showed 
that temperature and feedstock-lignin content were the most important predictors of biochar 
yield, accounting for 50% and 30% of R2, respectively (using the Proportional Marginal Variance 
Decomposition (pmvd) method of regressor relative importance in the Relaimpo library for the R 
statistical programming language, with 95% bootstrap confidence intervals).  We therefore 
derived an empirical regression model for biochar yield (Y_ch) as a function of pyrolysis 
temperature T (K) and feedstock lignin mass fraction (L_f) (Eq. 5), shown plotted together with 
the measured data in Fig. S1, panel g. 
 
Y_ch = 0.126 + 0.273*L_f + 0.539*exp(-0.004*T)  (R2=0.65)  (5) 
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Fig. S1: Yields of gaseous, volatile and solid products of slow pyrolysis as a function of 

maximum pyrolysis temperature. Panels a-d show regressions of published empirical data for 

gaseous species (Eq. 1-4).  Panel g (biochar yield) shows the regression of published data 

(Eq. 5), for a biomass lignin fraction of 0.25, with experimental data corresponding to lignin 

fractions between 9.2% and 59%. Panels e, f and h (CO2, H2O and bio-oil) are derived by 

balancing the elemental compositions of reactants and products according to Eq. 6-12 (for 

biomass of 50% C, 6% H, and 42% O, on DAF basis).  Blue circles show empirical data.
3-25 
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Fig. S2: Yield of biochar from slow pyrolysis as a function of a) maximum pyrolysis 

temperature and b) feedstock lignin fraction, for a range of feedstocks. Data from published 

articles.
9,10,12,18–32
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The remaining variance in pyrolysis yields unexplained by this regression model is attributable to 
the wide variety of feedstocks and process conditions employed in this diverse set of studies.  
Solid, gaseous and volatile yields of pyrolysis are affected not only by the feedstock’s lignin 
content, but also by its cellulose and hemicellulose content,17,20,34–36 ash content,36–38 particle 
size,39–43 initial moisture content,44,45 and by process conditions other than maximum temperature 
such as heating rate, pressure and gas residence time.17,46,47  

For the elemental (C, H, and O) composition of biochar (DAF basis), the empirical relations 
suggested by Neves,2 which showed no significant difference between values for fast or slow 
pyrolysis, were used (Eq. 6-8).  Bio-oil from slow pyrolysis, however, is considerably less 
oxygenated than fast-pyrolysis oil and shows no significant correlation with temperature,2 
therefore, its composition was described by Equations 9-11 derived from references 10,19,21,22,24,30–

32,48.  

Yc_ch = 0.93-0.92*exp(-0.42e-2*T),    (R2 = 0.65)  (6) 
Yh_ch = -0.0041+0.1*exp(-0.24e-2*T),    (R2 = 0.75)  (7) 
Yo_ch = 0.07+0.85*exp(-0.48e-2*T),    (R2 = 0.56)  (8) 
Yc_tar =  1.25 Yc_f ,      (R2 = 0.83)  (9) 
Yh_tar = 1.25 Yh_f ,      (R2 = 0.80)  (10) 
Yo_tar = 1.17 Yo_f  - 0.21.     (R2 = 0.71)  (11) 
 

where Yx_ch, Yx_tar and Yx_f (x • {c,h,o}) are the mass fractions of C, H and O in the DAF 
biochar, tar (bio-oil) and feedstock, respectively. 

The results presented in the main manuscript assume a feedstock of 50% C, 6% H and 43% O 
and 25% lignin, on a DAF basis. Note that the biochar yield may vary from values predicted from 
these parameters by up to +/- 0.09 (1 s.d), with a corresponding variation in the combined yield 
of fuel products (bio-oil and gas) of -/+ 0.09.  

The remaining unknown yields of bio-oil (Ytar), CO2 (Yco2), and H2O (Yh2o) are then 
calculated by solving Eq. 12 to balance the C, H, and O in reactants and products. 

���_��� ��_��2 0��_��� ��_��2 ��_�2���_��� 0 ��_�2���
�������2��2�� � �

 � � ��,      (12) 

where Uc, Uo, and Uh are the C, H, and O, respectively, that are unaccounted for in the already-
calculated yields of biochar, CO, H2, CH4, and C2Hx (which is approximated as C2H2).  

Uncertainty and sensitivity analysis 

We already have estimates of uncertainty in Eq.s 1 to 11 for those yields (biochar, CO, H2, CH4, 
C2Hx, Yx_ch, and Yx_tar) that are directly calculated by regression. However, the uncertainties in 
those yields (bio-oil, CO2, and H2O) calculated by Eq.12 remain to be quantified, and may be 
sensitive to the uncertainties in the input parameters to Eq. 12.  Sensitivities of bio-oil, CO2, and 
H2O yields to each of their model parameters are shown in Fig. S3.  These sensitivities show the 
range of variation in yield (expressed as a percentage change relative to its mean value) as each 
parameter is varied by +/- 1 standard deviation from its mean value.  We note that the variances 
of H2, CO, CH4 and C2Hx yields show a strong temperature dependence.  Therefore, we estimated 
the variance of these parameters as a function of temperature by linear regression of the natural 
logarithm of the squares of the residuals.  The sensitivities of bio-oil, CO2, and H2O are then 
shown in Fig. S3 for three representative temperature points (450, 700, and 950 °C). 
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Fig. S3: Sensitivity of CO2, bio-oil, and H2O yields (i.e., those product yields calculated by 

Eq. 12) to predicted yields (of C2Hx, CH4, CO, H2, and biochar) and compositions (of 

biochar and biooil) of the other products of pyrolysis.  Sensitivities are shown at three 

temperatures: 450 °C (left column), 700 °C (center column), and 950 °C (right column).  In 

each case, the sensitivity is expressed as a percentage change in the product yield (relative 

to its mean value) as each parameter is varied by +/- 1 standard deviation from its mean 

value.  Mean values for the yield are given in Table S1.  Blue bars indicate change in 

product yield with increasing parameter value.  Conversely, red bars indicate change in 

product yield with decreasing parameter value.   
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Finally, a multivariate (Monte Carlo, n = 10,000) sensitivity analysis was used to estimate the 
standard deviation (s.d.) of bio-oil, CO2, and H2O  yields at the same three representative 
temperature points (Table S1). 
 
 

Table S 1: Estimated uncertainties in yields of bio-oil, CO2, and H2O.  Standard deviation 

(s.d.)is estimated by Monte Carlo analysis (n=10,000). 

 450 °C 700 °C 950 °C 
 Mean s.d. mean s.d. mean s.d. 

CO2 0.093 0.04 0.11 0.04 0.083 0.047 
Bio-oil 0.36 0.06 0.30 0.06 0.16 0.06 
H2O 0.21 0.03 0.20 0.04 0.17 0.04 
 
 

1.2 Tar cracking 

The impact of tar cracking on product yields was calculated by assuming that catalytic activity 
(catalytic cracking) or temperature (thermal cracking) is sufficient to bring the products to their 
equilibrium composition.  The input stream to the equilibrium calculation consisted of the gases, 
bio-oil, water from pyrolysis, and water from moisture content of the original biomass. Bio-oil 
was described as a generic compound of formula CxHyOz, with x, y, and z calculated from the 
bio-oil elemental composition (Eqs 9-11).  For the results given in the main manuscript, moisture 
content of the original biomass was assumed to be 15%, and catalytic cracking at 800 °C, 1 bar 
was assumed. Equilibrium compositions were calculated using the NASA-developed software 
program Chemical Equilibrium with Applications (CEA).49 

1.3 Gas cleanup 

In addition to removal of tars from the pyrolysis gases, removal of entrained particulates 
(principally char and ash) is typically also necessary, with the extent of gas cleanup required 
depending upon the nature of the downstream processes that utilise the gas.  Some methods of 
gas cleanup, such as wet scrubbing or cold filtration, require that the gas stream be cooled to near 
ambient conditions.  However, when the downstream process requires high temperatures, then 
cooling the syngas to perform scrubbing, followed by reheating the syngas would greatly reduce 
the overall thermal efficiency of the process.  In such cases, therefore, some form of hot gas 
conditioning using a combination of a cyclone to remove larger particles followed by hot 
filtration (using, for example, ceramic/metallic candle filters) to remove finer particulates, 
together with tar-cracking conditions designed to produce very low levels of residual volatiles 
may be the preferred method. For the purpose of calculating the process energy balance in this 
study, it was assumed that there would be no cooling and subsequent reheating of gas streams. 

In practice, achieving sufficient gas cleanup for those conversion pathways that require high 
purity gas streams may be one of the most challenging aspects of biomass conversion.  However, 
for the purposes of comparing the mass and energy balances achievable through different 
pathways, it was simply assumed that sufficient cleanup would be possible, with a full system 
design specifying how this would be achieved being outside the scope of this study. 
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1.4 Heat and energy balance 

1.4.1 Drying of biomass 

Energy required for drying of biomass was calculated as the difference between the energy 
required to raise water at s.t.p. (20 °C, 1 atm) to steam at the pyrolysis or tar-cracking 
temperature (at 1 atm), minus any heat recovered (see Section 1.4.4) from the steam. The results 
presented in the main manuscript assume a biomass moisture content of 15%.  

1.4.2 Enthalpy of pyrolysis reaction 

Pyrolysis of biomass comprises both exothermic and endothermic processes, with tar formation 
and volatilisation being predominantly endothermic and char formation being exothermic.17 
Overall, the net enthalpy change of the pyrolysis chemical reactions (∆Hpy) may be positive or 
negative, depending both on feedstock characteristics (with higher lignin content giving rise to 
greater char formation and a larger exothermic contribution) and also on process conditions, with 
factors that encourage greater char yield (such as increased residence time or pressure) also 
giving a more exothermic or less endothermic reaction.46 Here, rather than assume any particular 
value for enthalpy of reaction, we calculate the enthalpy in product streams using the yields of 
individual components calculated according to 1.1-1.2 above.  From the 1st Law of 
thermodynamics, we know that the energy input to the pyrolysis / tar-cracking system is equal to 
the energy out  (Eq. 13). 

∆Hc_bm + Qf =  ∆Hc_prod + Qex + Ql ,     (13) 

where,  
∆Hc_bm = heat of combustion of the biomass,  
∆Hc_prod = the combined heat of combustion of the gaseous, volatile and biochar products,  
Qf  = heat supplied from fuel, 
Qex = heat remaining in products at the temperature they exit the system after any heat recovery,  
Ql = heat lost from walls of the apparatus. 
 
∆Hc_bm and ∆Hc_bm were calculated as in Section 1.4.3 below.  The heat losses Qex and Ql were 
calculated as in Section 1.4.4 below. Thus, the only remaining unknown in Eq. 13, Qf, can be 
calculated. 
 

1.4.3 Combustion enthalpies of reactants and products 

During steady state, the total energy entering the system (biomass + air enthalpy) is equal to the 
energy leaving the system (total enthalpy in the biochar, volatiles and gases, plus heat losses). 
Thus, when combustion of pyrolysis gases or volatile products provides the process heat and 
parasitic power requirements, the fraction of the initial energy content of the biomass that is 
available for use after pyrolysis and tar-cracking depends on two factors: 1) the energy remaining 
in the biochar and 2) the energy lost (either directly as heat from the thermal processing or as heat 
from parasitic power consumption).   

The energy content of the biochar can be calculated from the yield of biochar (Eq. 5) and its 
heating value (Eq.s 6-8, 13). The higher heating values (HHV) of the biomass, biochar (on a dry, 
ash-free basis) and volatiles were calculated according to the Channiwala-Parikh equation,50 
assuming contributions to the HHV from N and S are negligible (Eq. 14):  
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HHV (MJ kg-1) = 34.91 C + 117.83 H – 10.34 O     (14) 

The enthalpy of combustion remaining in the biochar (∆Hcch) is thus found to fall from 9 GJ Mg-1 
feedstock for pyrolysis at 300 °C, asymptotically approaching 6.5 GJ Mg-1 feedstock for 
pyrolysis at >800 °C (Fig. S4). 

 

Fig. S4: Combustion enthalpy (∆Hcch), on a higher heating value basis, in biochar as a 

function of pyrolysis temperature, expressed relative to unit mass of dry feedstock. 

The enthalpy of combustion of the gas was calculated from the heating values of the component 
gases, assuming HHVs (in GJ Mg-1) of  141.8 (H2), 10.1 (CO), 55.5 (CH4), 51.9 (C2H6), 50.33 
(C2H4), and 49.97 (C2H2). 

 

Fig. S5: Higher heating value (HHV) of pyrolysis gas, as a function of pyrolysis 

temperature. 

 

1.4.4 Heat losses 

The net heat losses comprise heat loss from the walls of the apparatus (Ql), combined with 
sensible and latent heat in the volatiles (including steam), gases, and biochar, following any heat 
recovery (Qex) (Fig. 1, main manuscript; Eq. 13). Heat losses from energy used to provide motive 
power for prime movers (this includes heat produced during energy conversion to supply this 
power and also heat dissipated from those power loads themselves) also need to be accounted for 
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and are considered in Section 1.4.5. Energy for process heat and power can be provided using a 
range of possible fuel sources.  The effects of using syngas, bio-oil, biochar, or additional 
biomass to provide process heat and power were each investigated. 

Heat loss from the pyrolysis retort was estimated by assuming that the pyrolysis vessel was a 
cylinder with a length:radius aspect ratio of 20 encased in a 25-mm thick layer of calcium silicate 
insulation with a thermal conductivity of 0.123 W m-1 K-1.  The volume of the cylinder (V) was 

calculated as ! � "#$ %&'(, where "#$ is the feed rate of wet biomass, tr is the residence time of the 

biomass in the reactor and ρb is the bulk density of the feedstock (including any free space in the 
reactor).  The residence time required for the carbonisation reaction to proceed to near-
completion depends primarily on the pyrolysis temperature, and the thermal properties (heat 
capacity and heat transfer coefficients) of the biomass fragments.  To a close approximation, the 
time required for pyrolysis depends upon which of the following three processes is rate-limiting: 
reaction kinetics, heat transfer to the biomass-particle surface, or internal heat transfer within the 
biomass particles.51 The question which of these processes dominates largely depends on the 
particle size.52 For this study, the conservative assumption was made that thermally thick particles 
would be used, with the conversion time calculated according to the values given by Di Blasi52 
for a particle half-thickness of 20 mm (at which size the conversion time varies from 50 min at 
700K to 20 min at 1100K).  No additional heat loss from the walls of the tar-cracker was 
assumed, because, in a thermally-integrated design, heat from a tar-cracker operating at a higher 
temperature than the pyrolysis could be dissipated directly into the pyrolysis chamber (e.g. by 
siting the tar-cracker within the pyrolyser or within the gas stream that heats the pyrolyser). 

Further heat losses may occur from the cooling of product streams exiting the pyrolysis/cracking 
reactor.  How large these heat losses are depends on the non-chemical enthalpy in the product 
streams (including both sensible and latent heat) and on how much of this enthalpy is recovered.  
Table S2 gives the values of heat capacity at constant pressure (Cp) and enthalpy of vaporization 
(∆Hv) values used.  Enthalpy in steam was calculated using NIST formulae.53  It was assumed 
that none of the sensible heat of the biochar would be recovered. How much heat might be 
recovered from the volatile and gaseous product streams depends on the downstream processes 
for which they will be used.  It was assumed that any cooling of the pyrolysis gas or syngas 
required prior to downstream processing would be achieved with heat recovery (for example, to 
provide energy for pre-heating and drying of incoming biomass feedstock), subject to the 
condition that in no case would the gases be cooled so far as to cause condensation of tar within 
the heat-recovery heat-exchangers to become problematic.  The dew-point of tars is highly 
variable depending on their composition, with higher molecular weight tars condensing at higher 
temperatures.  This means that there is no precisely defined cut-off temperature below which tars 
will not condense.  Rather, there is a relationship between the condensation temperature and the 
fraction of the tars that will condense, with higher temperatures leading to slower rates of tar 
deposition (and thus, a lower frequency required for cleaning operations).  The lower limit on 
heat-recovery temperature was set at 350°C for systems without tar-cracking and 170°C for 
systems that include a tar-cracker, below which temperatures condensation of tar is likely to 
cause excessive problems.54 For pyrolysis gases produced at temperatures below this, no heat 
recovery was assumed. 
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 Cp (J/g K) ∆Hv (MJ/kg) reference 

CO2 0.844  55 

CO 1.02  55 

C2H4 1.53  55 

CH4 2.22  55 

H2 14.32  55 

biochar 0.8  56 

bio-oil 3.0 1.22 57 

Table S2: Values used for heat capacity at constant pressure (Cp) and heat of vaporization 

(∆Hv) for products of pyrolysis. 

 

1.4.5 Parasitic power consumption 

Parasitic power consumption in slow-pyrolysis plants is typically lower than for fast pyrolysis for 
two reasons:  1)  the feedstock does not need to be finely ground58 and 2) the feed system in a 
slow-pyrolysis system is typically a slowly rotating worm gear with little friction compared to the 
much more rapidly rotating parts and/or fluidised beds required for fast pyrolysis59.  Mechanical 
power (which is typically supplied electrically) will nonetheless be required for operations such 
as: (1) transport within the pyrolysis reactor with a screw conveyer or other mechanical device. 
(2) comminution and transport of incoming feedstock. (3) maintaining a pressure drop through 
gas-cleaning apparatus such as cyclones and filters. (4) pumping air feed to combustors providing 
process heat.  Overall, the power consumption for slow pyrolysis has been estimated to be 72 MJ 
Mg-1, 59 considerably lower than the 170 MJ Mg-1 estimated for fast pyrolysis.58 A further 530 MJ 
Mg-1 was allowed for comminution (based on chipping of woody feedstock,60 although this 
requirement would vary considerably between feedstocks).  It was assumed that this mechanical 
power would be provided by integrated power generation using the same fuel source utilised to 
provide process heat, at a conversion efficiency of 35%. 
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2 Pathways to fuels plus biochar 

2.1 Gaseous fuels 

2.1.1 Water gas -shift reaction for the production of hydrogen 

For fuel pathways that require a syngas with a higher H2 to CO ratio than is formed during 
pyrolysis or tar-cracking, the H2 content may be increased by reacting CO with H2O in the water 
gas-shift (WGS) reaction (Eq. 15), which produces one mole of H2 for each mole of CO 
consumed. 

CO + H2O → CO2 + H2        (15) 

The WGS reaction is a slightly exothermic (∆H° = -41 kJ mol-1), reversible reaction typically 
performed at between 190-350 °C in the presence of a catalyst.  Higher temperatures give greater 
reaction rates, but shift the equilibrium further to the left-hand-side reactants.  In contrast, lower 
temperatures favour a higher conversion to H2 albeit at a lower rate.  Industrial applications often 
utilize a two-stage reactor to achieve both high reaction rates and high H2 yields, with the first 
stage using an iron oxide / chromium oxide catalyst at around 350 °C, followed by a zinc oxide / 
aluminium oxide catalyst at 190–210 °C. 

H2 has itself been considered as a transport fuel, often in conjunction with fuel-cell vehicles.61 
However, technical and economic issues with transport and storage of H2 make it unclear whether 
this will emerge as an economically feasible form of transport infrastructure.62 H2 can also be 
utilised as a reactant for the production of other types of gaseous fuels, such as CH4, liquid fuels, 
including alcohols and alkanes, and for the upgrading of bio-oil.  Where H2 is required as a 
reactant, rather than as a fuel in its own right, the role of WGS would be not to shift all CO to H2, 
but to provide the desired H2:CO ratio for downstream reactions.  Therefore, a single-stage 
reaction with higher temperatures, and consequently higher reaction rates (with associated lower 
capital costs), would be more practical than when a complete shift to H2 is desired.   

2.1.2 Synthetic Natural Gas (SNG) 

SNG refers to a manufactured gas that resembles natural gas in having a high concentration of 
CH4, together with small quantities of other light hydrocarbons, sometimes also with small 
amounts of other gases such as CO2 or CO.  There are a few routes to the conversion of biomass 
to SNG together with biochar.  Firstly, SNG can be produced from biomass by anaerobic 
digestion (AD), a process that generates biogas (a mixture of mostly CH4 and CO2) from an 
anoxic slurry of biomass and water by the action of a microbial community containing 
methanogens.  Yield of CH4 varies with feedstock, with higher lignin and cellulose contents 
giving rise to less CH4.  For lignocellulosic feedstocks such as straw, CH4 yield is around 5.6-8.5 
GJ Mg-1 DM (the mean of 7.1 GJ, equivalent to 7.7 GJ Mg-1 DAF, was assumed for this study).63  
Approximately 30% of the biogas produced is required to provide heat and power to the 
digestor.63 Raw biogas is typically 50-70% CH4.

64 Biogas can be upgraded to SNG with > 90% 
CH4, suitable for use as a fuel, by removal of CO2 (and trace quantities of H2S) by absorption in 
water, organic solvents or internally in digestor sludge, by pressure-swing adsorption, or by 
membrane separation.65 Upgrading typically requires around 11% of the energy in the biogas.63 
Accounting for energy required for AD and biogas-upgrading, the overall yield of SNG is thus 
approximately 4.7 GJ Mg-1 DAF. Although AD does not itself generate biochar, it does yield 
approximately 0.5 Mg DM Mg-1 DM of residue that could be used as a feedstock for pyrolysis, 
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consisting of less-readily digested (lignin-rich) biomass and lysed cells.  In conventional AD, the 
digestate is approximately 90% water. In so-called dry AD, the digestate water content may be 
reduced to around 60-80%,66 but is still high for use as a pyrolysis feedstock.  Dewatering by 
pressing and/or centrifuging can reduce the water content to around 35-50%.67 Nonetheless, at 
this high water content, pyrolysis would not be able to co-produce significant additional energy 
(beyond the SNG derived from the AD stage) due to the high energy requirement for drying the 
feedstock.  At best, it could be self-sufficient in energy. 

The second method for coproduction of biochar and SNG is simply to capture the CH4 and light 
hydrocarbons produced in the pyrolysis gases and separate them from other diluents. 

A third potential method of SNG production is by catalytic methanation of syngas (Eqs. 16-18).  
Catalytic methanation is currently used commercially, not for CH4 production, but in NH3 
production to remove the last remaining carbon oxides from syngas-derived hydrogen, because 
they would poison the ammonia-synthesis catalysts. However, in the late 1970’s and 1980’s, 
when it was widely believed that natural gas reserves were vulnerable to rapid depletion or 
geopolitical restriction, there was also considerable interest in methanation of syngas to produce 
SNG from coal.68 With the discovery of widespread gas reserves over the last two decades and 
the increasing, but contentious, development of shale-gas resources, the perceived role of SNG 
for near-term energy security has dwindled.  Nonetheless, catalytic methanation of biomass-
derived syngas could also provide a means to produce renewable SNG both as a climate-change 
mitigation strategy and to provide CH4 fuel in geographic regions with biomass resources but 
where natural gas availability is limited. 

CO + 3H2 → CH4 + H2O           (16) 

2CO + 2H2 → CH4 + CO2        (17) 

CO2 + 4H2 → CH4 + 2H2O           (18) 

Methanation is highly exothermic and is typically conducted at between 300-450°C and 30-70 
bar.69 Overall energy efficiencies from feedstock to SNG (taking account of all system 
components including gas conditioning and SNG upgrading) of up to 67% (on an HHV basis) are 
achievable using allothermal gasifiers that produce 10% CH4 in the syngas, with the syngas to 
SNG stages having a net energy efficiency  of 83%.70  For gasifiers that produce a hydrocarbon-
free syngas, the typical syngas to SNG conversion energy efficiency is 81%.70  It was assumed 
here that the syngas would be produced using a tar-cracking catalyst that does not reform the CH4 
content of the pyrolysis gas and that the H2:CO ratio would be shifted by WGS to the optimal 
value of 3:1 prior to methanation, with the H2 and CO being methanated at a net energy 
efficiency of 81% (HHV).  

2.2 Liquid fuels 

2.2.1 Methanol 

Methanol has been widely discussed as a transport fuel, which can be used in current internal 
combustion engines with only minor modifications.71 The traditional method of methanol 
synthesis from the early 19th until the early 20th century was by “destructive distillation” of wood, 
a process in which pyrolysis is combined with a fractionation column to separate economically 
valued products including methanol, turpentine, terpenes, tar and acetic acid. Yields of methanol 
by this process are generally small (1.0% by DAF weight from softwood, 1.7% from hardwood), 
although some feedstocks (7.8% from hazelnut shells) can give better yields.72  
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More recently, catalytic methanol synthesis from syngas (Eqs. 18-19) has become the dominant 
method of methanol production worldwide. 

CO + 2H2 → CH3OH         (19) 

CO2 + 3H2 → CH3OH + H2O        (20) 

The most widely used catalyst is a Cu/ZnO/Al2O3 composite developed by ICI in the 1960’s, 
operating at 250-280°C and 50-80 bar.  Prior to this development, existing catalysts had much 
lower activity, requiring that they be operated at much higher pressures of 100-200 bar. Modern 
low-pressure methanol-synthesis catalysts are, however, highly prone to sulphur poisoning, 
requiring syngas S to be reduced to below at least 0.5ppm and preferably below 0.1ppm in order 
to maintain catalyst life.73 Syngas for commercial methanol production is predominantly made by 
steam reforming of methane (Eq. 21), which yields a mixture too rich in H2 to produce methanol 
by the reaction in Eq. 19.  Therefore, CO2 is often added to the mixture to utilise the excess H2 by 
the reaction in Eq. 20.  Syngas derived from biomass pyrolysis, on the other hand, generally has a 
H2:CO ratio less than or equal to the optimal 2:1 for methanol synthesis.  It was assumed for this 
study that, where necessary, WGS would be used to adjust the H2:CO ratio to 2:1 prior to 
methanol synthesis.  It is interesting to note that it is the formation of the C-rich biochar co-
product in pyrolysis that allows the production of a syngas with a high H:C ratio (approx. 1.4 
molar for pyrolysis at 450 °C with tar-cracking at 800 °C).  By comparison, gasification of 
biomass produces a syngas with a H2:CO ratio so low (< 1) that maximum syngas-C to methanol-
C recovery is generally below 50%.74 

CH4 + H2O → CO + 3H2        (21) 

Typical industrial methanol production facilities achieve syngas-C to methanol-C conversion of > 
90% (90% was assumed here) with a syngas-to-methanol thermal efficiency of > 90% 75  C-
conversion efficiency for biomass to methanol plants is likely to be at the lower end of this range 
due to the smaller size expected of biomass facilities, with a C recovery of 90% being assumed 
here.  

 

2.2.2 Higher alcohols 

Longer chain alcohols are often considered to be preferable to methanol for use as transport fuels 
due to their greater energy density.  Of these, ethanol has received the most attention because it is 
more readily synthesised than propanol or butanol.  Currently, bio-ethanol is typically a 1st 
generation biofuel, produced from sugar or starch crops, such as maize, sugar cane or cassava, 
which compete for land with food production.  Recently, however, there has been a growth in 
interest in the fermentation of biomass-derived syngas using microbial catalysts that are able to 
metabolise CO, CO2 and H2 (such as Clostridium jungdahlii, Clostridium carboxidivorans, 

Clostridium aceticum, Clostridium autoethanogenum, or Butyribacterium methylotrophicum) to 
produce alcohols as 2nd generation biofuels from lignocellulosic biomass.76 Bio-catalysts have 
some advantages such as high specificity for the desired product, independence of the H2:CO 
ratio of the syngas, and operation at ambient conditions.  The main challenges facing syngas 
biocatalysts are (a) the low solubility of CO and H2, giving rise to poor mass transfer properties, 
and (b) the low concentration of product in water (up to approximately 4% for ethanol from C. 

ljungdahlii), giving rise to large energy requirements for distillation.77 Use of reactor 
configurations such as air-lift reactors, micro-sparger columns or continuously stirred reactors 
can alleviate mass transfer issues.78 Integration of heat requirements for distillation with waste 
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heat from syngas production can alleviate the second of these issues.  Demonstration-scale 
industrial facilities using C. Ljungdahlii have already been built by companies such as Coskata

79 
and Ineos Bio

80.   

Metabolism of CO to ethanol follows the Ljungdahl-Wood pathway.81  In the absence of H2, the 
overall reaction stoichiometry is as shown in Eq. 22, which yields a maximum C recovery of 33% 
in the ethanol product.  When both CO and H2 are available, however, theoretical C recoveries of 
up to 100% are possible for a H2:CO ratio of 2:1, according to Eq. 23.   

6CO + 3H2O → 4CO2 + C2H5OH   (-218 kJ/mol)     (22) 

2CO + 4H2 → C2H5OH + H2O  (-138 kJ/mol)     (23) 

Assuming that available H2 is utilised in Eq. 23 and that any surplus CO is utilised by Eq. 22, the 
maximum C recovery (RC) possible can thus be expressed as a function of H2:CO as in Eq. 24. 

)* � +�� �,: ./ � 1� , ,: ./ 2 21 , ,: ./	 3 2      (24) 

In practice, some syngas-C is also utilised to generate microbial biomass and other metabolic co-
products (principally acetate), reducing the C recovery to below the theoretical maximum. 
Furthermore, mass transfer constraints mean that a fraction of the incoming CO will always 
remain in the exhaust gas.  There is a law of diminishing returns in terms of the size of reactor 
required and/or quantity of spent-gas recycling required to increase the fraction of incoming CO 
metabolised by microbes, with the energy and cost required to lower this fraction becoming 
larger as the CO remaining approaches zero.  Actual C recoveries reported range from 85-95% of 
maximum,82–84, and 90% was assumed here.   

Distillation of ethanol from the broth (water-rich mixture produced by fermentation) represents a 
significant component of the overall energy balance.  In response to both economic pressure and 
also to criticisms of the poor energy balance of corn ethanol production85 the energy use in 
ethanol production has steadily declined over the last decade.  Currently, corn ethanol production 
in the USA uses on average 0.43 kJ of heating fuel to produce 1 kJ of ethanol.86 However, 
modern corn ethanol facilities produce a broth of 12% (v/v) ethanol,87 whereas syngas 
fermentation can typically yield a broth of up to 4% ethanol (v/v), although concentrations as 
high as 4.8% have been reported.88  The energy required to distill a 4% ethanol broth to near 
azeotropic is approximately 7.5 MJ kg-1 etOH.89  However, the broth derived from syngas 
fermentation is a ternary mixture that also contains acetic acid, requiring greater energy 
expenditure for ethanol separation.  Taking this factor into consideration, the process heat 
required to produce and purify ethanol by syngas fermentation has been estimated to be 18.9 MJ 
kg-1 etOH (0.64 kJ kJ-1 etOH).90  It was assumed that energy recovered in cooling the syngas 
from the tar cracker (which operates at 800 °C) would contribute to this heat requirement.   

2.2.3  Fischer-Tropsch alkanes 

Fischer–Tropsch (FT) synthesis converts syngas into a range of hydrocarbons in the presence of a 
catalyst (Eq. 25).  The products are predominantly straight-chain alkanes, although smaller 
quantities of unsaturated hydrocarbons and oxygenated hydrocarbons such as alcohols may also 
be formed.  The prevailing paradigm is that FT systems have very large economies of scale and 
are currently only used at the large scale (18,000 – 140,000 barrels per day production), poorly 
compatible with a distributed biomass-to-fuel infrastructure.91 However, recent developments 
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such as micro-channel catalysts show strong potential to operate economically at a smaller 
scale.91,92 

nCO + (2n+1)H2 → CnH(2n+2) + nH2O      (25) 

FT products cover a wide range of molecular weights from CH4 to long-chain waxes with n > 15.  
The distribution of molecular weights approximately follows an Anderson–Schulz–Flory (ASF) 
distribution (Eq. 26, Fig. S6), in which the chain-growth probability, α, is determined by catalyst 
and process conditions.93  Temperature is a particularly important determinant of α, with higher 
temperatures yielding a greater fraction of methane (lower α), but also faster reaction kinetics.93  

Wn = n(1- α)2αn-1,         (26) 

where Wn is the fraction of product with n C-atoms in a molecule.   

In practice, the product distribution typically deviates from the ideal ASF distribution due to 
secondary reactions of olefins, yielding more C1, less C2 and a more linear distribution of higher 
hydrocarbons than predicted by ASF.94 Notwithstanding these deviations from the ideal, 
optimising reactor conditions for a low yield of gases (C1 and C2) results in considerable 
quantities of wax (Fig. S6) which require further hydocracking and refining to be converted to 
liquid fuels.  In a distributed small-scale biomass energy systems, FT products, including wax, 
could, in principle, be transported to a centralised refinery for further processing.  In most FT 
systems, yield of gas is typically minimised because liquid fuel is the desired product.  However, 
when biomass pyrolysis rather than gasification is used for the primary conversion to syngas, an 
alternative system configuration is feasible that would preclude the need for a centralised 
refinery.  In a pyrolysis-FT system, the FT gas products could  be recycled to provide heat for 
pyrolysis and tar-cracking, thus allowing the FT process to be optimised for a greater production 
of gas and liquid fuels while minimising wax production and thus removing the requirement for 
further downstream hydrocracking.   

 

Fig. S6: Theoretical cumulative distribution of products from Fischer-Tropsch synthesis 

follows the Anderson–Schulz–Flory distribution (Eq. 26), shown here for values of α (the 

chain-growth probability) from 0.5 to 0.9. 

A high-temperature FT system of this type was modelled by assuming that the products follow 
the ASF distribution, with α set such that the gaseous products (including unreacted syngas) 
would be just sufficient to provide process heat and power for pyrolysis and tar-cracking 
(assuming a gas-to-heat thermal efficiency of 80%), except where this would imply α > 0.9, in 
which case α was assumed to be 0.9. , CO conversion was assumed to be 70%, as achievable with 
a once-through micro-channel reactor suited to small-scale operation.92 
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2.2.4 Bio-oils 

The term ‘bio-oil’ is used here to refer to the entire spectrum of volatile organic compounds 
produced in pyrolysis. Most recent research and development of pyrogenic bio-oil fuels has 
focussed on fast-pyrolysis with its higher yield of oil than slow pyrolysis.95,96 Fast pyrolysis can 
give liquid yields of up to 80%,2,95 although a 75% yield containing 70% of the biomass energy 
value, together with a biochar yield of 13%, is more typical.97   

Bio-oils are complex mixtures containing dozens to potentially hundreds of compounds, their 
compositions being highly variable depending on feedstock composition, size and moisture 
content and on pyrolysis conditions .30,37,98–100 Typical composition includes organic acids, esters, 
alcohols, ketones, aldehydes, sugars, furans, phenols, guaiacols, syringols and miscellaneous 
oxygenated organic compounds such as glycolaldehyde and acetol in widely varying 
abundances.98  Without upgrading, bio-oils are poorly suited to use as fuel.  Their high oxygen 
content (35-40% O) gives rise to a low heating value (HHV=16-19 GJ/Mg); high water content 
(15-30%) also contributes to a low HHV and can give rise to phase separation; a low pH (2-3) 
can corrode pipes and engine components;  suspended solids (char and ash) can also erode engine 
components or cause blockages,  with alkali metals in ash being particularly damaging to engines 
and turbines; also, bio-oils are generally chemically unstable and may degrade further in 
storage.96,101 The two methods most often suggested for upgrading of pyrolysis oils are hydro-
deoxygenation (removal of oxygen by reaction with hydrogen) or zeolite catalysis.96,101 The high 
cost of providing hydrogen is often the limiting factor in application of hydro-deoxygenation.  
Also, little research has been undertaken to ascertain the suitability of slow pyrolysis oils for 
upgrading to transport fuels.  Therefore, the current study does not include slow pyrolysis oils.  
Bio-oils from fast pyrolysis, which have been more studied, are used here as a point of reference 
to compare to the other slow-pyrolysis derived fuels described above.   

It is becoming established practice in industrial fast pyrolysis systems to utilise the solid product 
to supply process energy for both the pyrolysis itself and for fuel upgrading.  If the solids are to 
be used as a biochar soil amendment instead, an alternative source of process energy would be 
required.  It was assumed that this process energy would be supplied by an amount of bio-oil with 
energy content equivalent to the biochar that would otherwise have been utilised for energy.  
Thus, for a 13% yield of biochar with C content of 80% (i.e. a biochar C yield of 0.10 Mg C Mg-1 
DM), and with a HHV of 30 GJ Mg-1, 2 this implies that 3.9 GJ bio-oil Mg-1 feedstock would be 
required to provide process heat (if the biochar were used for soil application).  Assuming that 14 
GJ Mg-1 DM bio-oil is produced when biochar combustion contributes to the process heat 
requirements, 97 then 10.1 GJ could be available after a fraction of the bio-oil has been used for 
process energy.  To treat fast pyrolysis equivalently to the calculations for slow pyrolysis, we also 
need to assume that the parasitic power consumption (0.75 GJe Mg-1 DM, 97) would be generated 
from bio-oil at a thermal efficiency of 30%, giving a net energy production per Mg of dry 
feedstock of 11.5 GJ if the biochar is utilised for energy or 7.6 GJ if the biochar is used as a soil 
amendment. 
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Table S3: Summary of chemical reactions for the conversion pathways from syngas to biofuels.  

Reaction ∆H°  

(kJ mol-1) a 

Water gas shift:  

CO + H2O →  CO2 + H2   -41 

Catalytic methanation:  

CO + 3H2 →  CH4 + H2O    -206 

2CO + 2H2 → CH4 + CO2 -247 

CO2 + 4H2 →  CH4 + 2H2O   -165 

Methanol synthesis:  

CO + 2H2 → CH3OH -91    

CO2 + 3H2 → CH3OH + H2O  -49    

Ljungdahl-Wood pathway:  

6CO + 3H2O → 4CO2 + C2H5OH -218 

2CO + 4H2 → C2H5OH + H2O -138 

Fischer-Tropsch synthesis:  

nCO + (2n+1)H2 → CnH(2n+2) + nH2O 

a
 ∆H° is expressed per mole of the biofuel product (underlined).
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