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A B S T R A C T   

The aim of this work was to investigate whether the use of individual tree components (i.e., stem wood, bark, 
branches, and needles of spruces) as feedstocks during oxygen blow gasification is more efficient than using 
mixtures of these components. Experiments were performed at three oxygen levels in an 18-kW oxygen blown 
fixed bed gasifier with both single and mixed component feedstocks. The composition of the resulting syngas and 
the cold gas efficiency based on CO and H2 (CGEfuel) were used as response variables to evaluate the influence of 
different feedstocks on gasification performance. Based on the experimental results and data on the composition 
of ~26000 trees drawn from a national Swedish spruce database, multivariate models were developed to 
simulate gasifier performance under different operating conditions and with different feedstock compositions. 
The experimental results revealed that the optimal CGEfuel with respect to the oxygen supply differed markedly 
between the different spruce tree components. Additionally, the models showed that co-gasification of mixed 
components yielded a lower CGEfuel than separate gasification of pure components. Optimizing the oxygen 
supply for the average tree composition reduced the GCEfuel by 1.3–6.2% when compared to optimal gasification 
of single component feedstocks. Therefore, if single-component feedstocks are available, it may be preferable to 
gasify them separately because doing so provides a higher gasification efficiency than co-gasification of mixed 
components.   

1. Introduction 

High-temperature biomass gasification (Qin et al., 2012a; Weiland 
et al., 2013; Wiinikka et al., 2017) is a powerful technology for gener-
ating a synthetic gas (syngas) rich in H2 and CO that can be upgraded to 
motor or aviation fuels via downstream synthesis processes (Sikarwar 
et al., 2016) such as the production of methanol (Lange, 2001), dimethyl 
ether, or Fischer-Tropsch fuels (Dry, 2002). An advantage of 
high-temperature gasification is its low CH4 yield (Weiland et al., 2015) 
and the fact that the resulting syngas contains almost no tars (Higman 
and van der Burgt, 2008). However, biomass-derived soot (Wiinikka 
et al., 2014, 2018), which is often infused with metallic heteroatoms 
(Wiinikka et al., 2021), can form from secondary reactions of tar species 
(Qin et al., 2012b) when gasification is performed above 1000 ◦C. The 
process temperature in the reactors of auto-thermal high-temperature 
gasifiers is mainly controlled by the oxygen to fuel ratio (Weiland et al., 

2015), which also affects the overall gasification efficiency: if the ratio is 
too high, the chemical energy content of the syngas is reduced because 
combustion reactions become favored, leading to the formation of H2O 
and CO2 (Weiland et al., 2015). The gasifier’s operating conditions must 
therefore be carefully optimized (see Fig. 1a) to maintain a process 
temperature high enough to minimize soot formation without sacrificing 
too much overall gasification efficiency (Wiinikka et al., 2015). 
Furthermore, it is also important to ask whether gasification of pure 
feedstocks is more efficient than mixes of those. 

Gasification efficiency is normally expressed in terms of the cold gas 
efficiency (CGE) (Higman and van der Burgt, 2008). Different CGE 
values can be calculated depending on the intended downstream 
application of the syngas. For example, if the syngas is to be burned in a 
gas turbine for power generation, the CGE can be calculated based on 
the energy stored in all combustible components of the syngas. 
Conversely, if the syngas is intended for the production of motor fuels or 
chemicals, the only energetic gas species that can be used in the 
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downstream synthesis process are CO and H2. Therefore, only these two 
gases should be considered in the CGE calculations. The latter gasifica-
tion efficiency is henceforth referred to as the CGEfuel. 

The lignocellulosic biomass of the Northern hemisphere’s boreal 
forests is a major potential resource for biobased syngas production. 
These forests are the world’s largest terrestrial biome and are dominated 
by conifers such as spruces, as shown in Fig. 1b (U’Ren et al., 2019). In 
managed forests, young trees are harvested in so-called thinnings 

whereas mature trees are mainly cropped in clearcuttings. Biometric 
studies have been conducted to estimate the growth and yield per unit 
land area of many tree species, especially those used for timber and 
pulpwood production. Recently, interest in harvesting whole trees has 
prompted the development of biomass functions for various 
above-ground tree components including stem wood, branches, bark, 
and foliage (Marklund, 1988; Repola, 2008, 2009) as well as stumps and 
other underground biomass (Petersson and Stahl, 2006) such as roots. 

Nomenclature 

A number of model components 
b vector of coefficients calculated in PLS regression 
bi, bk (scalar) value of factor i and k, respectively 
Bk bark 
Br branches 
c constant 
CGE cold gas efficiency all gases in the syngas 
CGEfuel cold gas efficiency based only on CO and H2 
Cs solid carbon 
daf dry and ash free 
F matrix of factors 
fc vector of calibration set residuals 
ft vector of test set residuals using cross validation 
I number of observations (rows) in the calibration set 
J number of observations in the test set 
K number of total variables in X matrix 
λ lambda; the oxygen to biomass ratio 
Mx an equal mixture of all four pure components (Sw, Bk, Br 

and Nd) 
NCV net calorific value 

Nd needles 
O2 kg oxygen supplied per kg daf biomass 
PCA principal component analysis 
PLS partial least squares 
Q2 coefficient of multiple determination (variation predicted 

by the model) 
R matrix of atomic constituents 
R2 coefficient of variation (variation explained by the model) 
s vector of differences of explained variation between 

consecutive components 
Sw stem wood 
T transposed vector or matrix 
VIP important parameter in PLS modelling 
wk vector of weights in the orthogonal PLS algorithm at k 

components 
X matrix of constants, factor values, their squared values, 

and 2-factor interactions 
Y matrix of response variables 
y a single response value (scalar) 
y vector of response values, in our case CGEfuel 
yp

Typ sum of squares for the predicted response values 
yTy total sum of squares in response  

Fig. 1. Fractionated tree gasification. (a) Schematics of important parameters during gasification. (b) Image of a Norway spruce tree and approximate fractions of 
stem wood, bark, branches, and needles in spruce trees. (c) Chemical composition of four major tree fractions of Norway spruce*. (d) Theoretical gasification ef-
ficiency (CGE fuel) for the different tree fractions as a function of oxygen to fuel ratio (kg/kg) based on thermodynamic equilibrium calculations (HTG: high- 
temperature gasification; CGEfuel: cold gas efficiency fuel). * 1 Tao et al. (2012); 2 Gilbe et al. (2008); 3 Oginni and Singh, 2021; 4 Lestander et al. (2012b); 5 

Wang et al., 2014; 6 Werkelin et al. (2005); 7 Raisanen and Athanassiadis, 2013; 8 Routa et al. (2017). 
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Feedstock streams derived from logging residues and industrial 
by-products in the forest-based value chain, here exemplified by Norway 
spruce, include: (i) pure wood in the form of sawdust, shavings, and 
chips from sawmills, planing mills, and similar facilities; (ii) branches 
and tops collected at logging sites (fresh with needles or stored after 
their shedding) (Nilsson et al., 2015); (iii) bark from the debarking of 
logs or pulp wood at industrial sites; and (iv) needles collected after 
shedding (Nilsson et al., 2015) or during logging (Filipsson and Nordén, 
2001). These fractions (i.e. wood, bark, branches, and needles) could 
potentially be used as separate feedstocks for gasification. The masses of 
each of these fractions in an entire Norway spruce tree relative to the 
mass of the tree itself are shown in Fig. 1b. The fractions all have distinct 
chemical compositions (see Fig. 1c) and therefore have different theo-
retical optimal gasification efficiencies (CGEfuel), which can be esti-
mated by performing thermodynamic equilibrium calculations (see 
Fig. 1d). It may therefore be beneficial to gasify each fraction separately, 
since the optimum oxygen-to-fuel ratio for one fraction will not neces-
sarily be optimal for another. For example, the theoretical 
oxygen-to-fuel ratios needed to achieve the optimal CGEfuel for stem 
wood and needles (both as received) were ~0.39 kg O2/kg and ~0.43 kg 
O2/kg, respectively. The theoretically optimal oxygen feed rate for 
gasification of a feedstock mixture containing equal quantities of all four 
tree components is ~0.41 kg O2/kg. However, if the feed rate is set to 
this value but the fuel mixture is inhomogeneous (for example, if the 
proportions of stem wood and needles entering the gasifier varies over 
time), the efficiency of the gasification process will oscillate around its 
theoretical optimum. Specifically, when the share of stem wood is high, 
the oxygen-to-fuel ratio will be above the optimum value for the fuel mix 
(supraoptimal), leading to enhanced combustion and high yields of CO2 
and H2O. Conversely, the oxygen-to-fuel ratio will be below the optimal 
value (suboptimal) during periods with an increased share of needles in 
the fuel mix, resulting in high yields of CH4 and other products of 
incomplete gasification. This is important because the content of needles 
in logging residues (branches and tops) varies between 7.5% and 38.7% 
depending on the extraction conditions (Nilsson et al., 2015). Previous 
studies have shown that the gas-phase conversion of CH4 is kinetically 
limited at typical biomass gasification temperatures (Dupont et al., 
2007; Dufor et al., 2009; Jand et al., 2009). Therefore, the gas mixture in 
the gasifier may not reach thermodynamic equilibrium, in which case 
the syngas exiting the gasifier will contain elevated levels of CH4, as well 
as CO2 and H2O. If this happens, the maximum gasification efficiency 
based on the yields of CO and H2 (CGEfuel) will be lower than the 
theoretical results presented in Fig. 1d. 

The aim of this work was therefore to experimentally compare 
fractionated gasification of separated feedstock components (exempli-
fied by different tree components) to co-gasification of diverse feed-
stocks. Only a few previous studies have investigated how variation in 
the chemical composition of forest-based feedstocks influences ther-
mochemical biomass conversion. Werkelin et al. investigated differences 
in the inorganic composition of different tree parts (Werkelin et al., 
2005, 2010) and their influence on ash-related operational problems 
during combustion (Werkelin et al., 2011). Another study showed that 
the yield and quality of fast pyrolysis bio-oils depended on the choice of 
pyrolysis feedstock and which part of the feedstock was used (Oasmaa 
et al., 2016 and references therein). The effects of wood composition (i. 
e., the relative contents of bark, branches, and needles) and supercritical 
CO2 extraction on charcoal production have also been investigated 
(Surup et al., 2020), and it was shown that the microstructure of soot 
formed during high temperature (1100 ◦C) pyrolysis depends on which 
tree parts (i.e., needles or branches) are used as the feedstock (Tru-
betskaya et al., 2021). Other examples of co-gasifying are wood and 
algae (Zhu et al., 2016), wood and coconut (Sulaiman et al., 2018) and 
coconut and oil palm (Inayat et al., 2019). However, no previous studies 
have examined autothermal high-temperature gasification of different 
tree fractions, the possible benefits of fractional tree gasification, and 
the possibility of energy losses during co-gasification. This work 

therefore focuses on gasification of stem wood, bark, branches, and 
needles, using Norway spruce as a biomass source and model feedstock. 
Experiments were performed in a fixed bed oxygen blown gasifier whose 
gasification performance was previously shown to closely match that 
achieved in oxygen blown entrained flow gasification (Wiinikka et al., 
2017). 

2. Materials and methods 

2.1. Biomass model 

Gymnosperms, especially spruces, dominate the boreal forest of the 
northern hemisphere, so Norway spruce (Picea abies Karst. (L.)) was 
chosen as a model species capable of providing large quantities of 
lignocellulosic biomass. A selection of trees was cut at the stem base and 
branches were cut near the surface of the stem. The stems were then 
debarked. Each branch was divided into twigs (i.e., green needles and 
fine terminal shoots <5 mm in diameter), and other parts (i.e., coarser 
parts of the branch consisting of wood and bark), which were collected 
separately. Four tree components were thus collected: stem wood, 
branches, bark, and needles (including fine shoots), representing the 
main commercial forest-based feedstocks. Additional fresh Norway 
spruce bark was collected from the SCA Timber sawmill at Rundvik, 
Sweden. The materials were chipped, dried to about 10% moisture 
content, and then ground with a 4 mm sieve before pelletizing. A fuel 
mixture containing equal quantities of each of the four abovementioned 
fuel assortments (i.e. 25 wt% each of stem wood, bark, branches and 
needles) was also prepared. 

2.2. Pelletizer 

The collected biomass types were pelletized using a PP 150 pelletizer 
(Sweden Power Chippers) at the Biomass Technology Centre within the 
Swedish University of Agricultural Sciences in Umeå, Sweden. The press 
channel diameter and length were 8 and 55 mm, respectively. 

2.3. Gasifier 

Gasification experiments were performed in a pilot gasifier at the 
RISE Energy Technology Center in Piteå, Sweden. The gasifier and its 
operating procedure were previously described by Wiinikka et al. 
(2017). Briefly, the pilot plant features a feeding system, a ceramic-lined 
reactor, a gas cooler, a gas analysis system, and a furnace for final 
combustion of the resulting syngas. A schematic depiction of the gasi-
fication plant is provided in Fig. 2. 

Each pelletized fuel assortment was fed into the gasifier using a 
mechanical feeding system at a rate of 3.5 ± 0.2 kg dry weight h− 1. The 
pellets were fed from the top of the gasifier and fell to the bed under the 
influence of gravity. Pure oxygen was used as the oxidant and was 
supplied to the reactor through three different inlets, each of which was 
individually controlled by a mass flow controller. The process temper-
ature was controlled by adjusting the proportions of feedstock and ox-
ygen added to the reactor. Slipstreams of the syngas were sampled for 
analysis as described below. The remaining syngas was combusted in a 
furnace equipped with an oil burner as a continuous ignition source. 

2.4. Fuels and operating conditions 

Gasification experiments were conducted on a single experimental 
day for each of the five fuel assortments. Before each experimental day, 
the gasifier was heated to approximately 1200 ◦C overnight using an 
electric silicon carbide heater (8 kW). 

During the gasification experiments, the fuel feeding rate was kept 
relatively constant, aiming for a thermal load of approximately 18–20 
kW. Each fuel was gasified under three different operating conditions 
according to the experimental design shown in Fig. 3, meaning that the 
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flow rate of oxygen was varied to examine a wide range of practically 
relevant gasification stoichiometries. The oxygen stoichiometric ratio, λ, 
is defined as the mass ratio of the supplied oxygen to the oxygen 
required for stoichiometric combustion (Eq. (1)).  

λ = O2, supplied (O2, stoichiometric required)− 1                                             (1) 

The gasifier was operated at λ set points of 0.35, 0.425, and 0.50 for 
each fuel assortment. At each set point, the gasifier was allowed to 
operate undisturbed for at least 80 min before sampling the syngas to 
ensure that the char bed was thermally equilibrated and that its 
composition was representative of the fuel assortment under investiga-
tion. In between set points, the fuel feed was stopped to burn off residual 
char from the bed to avoid influencing the results obtained at the next 
operating set point. Residual ash was manually removed from the bed to 
prevent ash buildup in the burner from influencing the gasification 
experiments. 

2.5. Analytical procedures 

2.5.1. Fuel characterization 
Ultimate and proximate analysis (Table 1) of four separate 

Fig. 2. Schematic picture of the fixed-bed oxygen blown pilot gasifier (FOXBG).  

Fig. 3. Experimental design showing pyramids that represent the four materials used (stem wood, branches, bark and needles) in each separate corner (black dot) 
and a mix of all in the centre of the pyramid for settings of three different levels of oxygen stoichiometric ratio (λ: 0.35.0.425 and 0.50) in the gasification. 

Table 1 
Proximate and ultimate analysis of tree components (all values given on a dry 
matter basis).  

Analysis Stem wood (Sw) Branches (Br) Barka (Bk) Needles (Nd) 

GCV (kJ/g)** 20.33 20.73 20.33 21.20 
NCV (kJ/g)** 18.96 19.38 19.00 19.81 
C (wt.%) 50.8 51.7 51.8 51.6 
H (wt.%) 6.3 6.2 6.1 6.4 
O (wt.%) 42.0 40.5 38.5 36.8 
N (wt.%) <0.1 0.2 0.3 1.0 
S (wt.%) <0.01 <0.01 0.03 0.07 
Cl (wt.%) <0.01 <0.01 <0.01 0.03 
Ash (wt.%) 0.8 1.4 3.3 4.1 
Volatiles (wt. 

%) 
83.2 80.2 74.8 75.4  

a Rundvik; ** GCV: gross calorific value; NCV: net calorific value. 
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assortments from spruce trees were performed by two accredited labo-
ratories: Bränslelaboratoriet, Umeå, Sweden and Eurofins Environment 
Testing Sweden AB, Lidköping, Sweden. The gross calorific value (EN 
ISO 18125:17), ash content (EN 15403:2011), volatile matter content 
(EN 15148), and contents of carbon (C), hydrogen (H), nitrogen (N), 
sulphur (S) (EN ISO 16948:2015), oxygen (O) (EN ISO 18125:17), and 
chlorine (Cl) (EN ISO 16994:2016) were determined. The concentra-
tions and composition of ash forming elements were also analyzed (data 
not shown). The composition of the mixed fuel (Mx) was calculated 
based on the weight fraction and composition of its constituent materials 
(25% each). 

The moisture content and ash mass fraction of the pellets were 
analyzed in accordance with ISO 18134–2:2015 and 18122:2015, 
respectively. The pellets’ bulk densities were determined according to 
the ISO 17828:2015 standard and their mechanical durability was 
measured according to ISO 17831–1:2015. In addition to the variation in 
chemical composition between the tree components, their pellets varied 
in terms of their moisture content (which ranged from 7.7 to 9.2%), bulk 
density (551–698 kg/m3), and mechanical durability (91.4–97.5%). 
This variation in pellet quality is unlikely to have affected gasification 
performance given the low feeding rates and the operating conditions 
that were applied. 

2.5.2. Gas analysis 
Syngas was sampled from a sampling position upstream of the syngas 

cooler via a heated line to an FTIR spectrometer (MKS Multigas 2030; 
MKS Instruments Inc., USA) during periods when particle sampling at 
this position was not being performed (see Fig. 2). The FTIR spectrom-
eter was used to analyze the concentrations of NH3, HCN, and H2O in the 
syngas. Cooled syngas from a point downstream of the syngas cooler was 
also sampled using a micro-GC (Varian 490, Agilent Technologies Inc., 
USA) for analysis of He, H2, O2, N2, CH4, CO, CO2, C2H2, and C2H4. He 
was used as an internal standard to estimate the syngas yield. Particulate 
ash matter in the syngas was also sampled but no particle sampling data 
are presented or analyzed here. 

The cold gas efficiency (CGEfuel) for down-stream production (e.g. of 
liquid fuels) is a measure of gasification efficiency that was used as the 
overall response variable in the analyses. CGEfuel was calculated for each 
run as the output net calorific values for CO (283.2 kJ/mol) and H2 
(243.9 kJ/mol) in the syngas relative to the feedstock’s net calorific 
value. This dimensionless variable was used as a discriminator during 
multivariate modelling and simulation. 

2.6. Modelling and diagnostics 

Thermodynamic equilibrium calculations were performed using the 
FactSage database (Bale et al., 2009, 2016) to estimate theoretical 
adiabatic gasification efficiencies (CGE fuel) for the different pure and 
mixed tree fractions as functions of the oxygen to fuel ratio (see Fig. 1d). 
One of the main assumptions in this software is that equilibrium is 
reached by minimizing Gibbs free energy. In addition, other assump-
tions are about the same as those given by Habibollahzade et al. (2021) 
who simulated biomass gasification using various gasification agents. 

To obtain an overview of the gathered data, we used principal 
component analysis (PCA) (Jolliffe, 1986) to generate biplots showing 
the score and loading values for interesting principal components within 
the model space – typically the two components explaining the largest 
proportion of the observed variation. Using matrix notation, the PCA 
model has the following form:  

C = [F R Y] = TPT + E                                                                 (2) 

Here, C is a matrix of all collected observations with runs in rows and 
variables in columns, where the variables are the matrices of experi-
mental factors F, main atomic constituents (C, H, O) in each feedstock R, 
and responses Y. T is a matrix of vectors with score values, PT is a 

transposed matrix with vectors of loadings, and E contains the residuals. 
The PCA was performed using the SIMCA software package (Umetrics, 
Sweden). 

The experimental data for each run were modelled as follows:  

y = a + bi + bi× bk                                                                         (3) 

Here, y is response value, a is a constant, bi is the observed values of 
experimental factor i (i = 1, 2, 3 … n) and bk is the observed values of 
factor k (k = 1, 2, 3 … n). The bi× bk term thus corresponds to 2-factor 
interactions when i ∕= k and squared factor values when i = k. The factors 
were O2 (the oxygen supply in kg per kg of dry ash-free biomass, see 
Nomenclature), the observed gasification temperature, and the pro-
portions of the different feedstocks (Sw, Bk, Br, Nd and Mx) in the 
gasifier. 

The CGEfuel responses for all of the runs were then stored in the 
vector y. The corresponding constants, factor values, squared factor 
values, and 2-factor interaction values were stored in the matrix X. The 
lignocellulosic components of the feedstock were treated as dependent 
variables because they have many common structural characteristics at 
the molecular level. For example, lignins contain coniferyl, sinapyl and 
paracoumaryl units, while cellulose contains glucose. Furthermore, 
branches contain both wood and bark. Because the gathered data 
featured dependencies in both rows and columns, partial least squares 
(PLS) regression techniques (Wold et al., 1983) were used to model the 
CGEfuel response. The PLS regression model can be expressed as follows 
using matrix notation:  

y = Xb + f                                                                                    (4) 

Here, b is the vector of PLS regression coefficients and the residuals 
are collected in f. 

The metrics used to evaluate the PLS models were the variance 
explained (R2) and predicted (Q2) by the model and the variable 
importance in the projection (VIP):  

R2 = 1 – fc
Tfc(yc

Tyc)− 1                                                                       (5)  

Q2 = 1 – ft
Tft(yt

Tyt)− 1                                                                        (6)  

VIP = {[w2sT][yp,A
T yp,A(yTy)− 1)K− 1]− 1}0.5                                           (7)  

3. Results and discussion 

3.1. Overview – variation in tree components 

Data on sample trees included in the Swedish National Forest Survey 
during the years 2012–2016 were used to calculate the mass fractions of 
tree components from Norway spruce trees. A total of 26,833 Norway 
spruce trees from sample plots all over the Swedish boreal forest were 
represented in the sample set. Biomass functions (Marklund, 1988) for 
the different tree components (i.e., stem wood, branches, bark, and 
needles) were used to perform these calculations; for details, see the 
Supplementary Information. This made it possible to calculate compo-
nent fractions (i.e., the relative abundances of stem wood, bark, 
branches, and needles) for individual assortments (i.e. whole stems, 
green branches, green branches and tops, and whole trees), as shown in 
Table 2. 

3.2. Overview – parameters and variables in experiment 

As mentioned previously, the gasifier was operated at λ values of 
0.35, 0.425, and 0.50 for each fuel assortment. Since the stoichiometric 
oxygen demand differed between the fractions, the amount of oxygen 
supplied per kg of fuel depended on the chosen feedstock. For details of 
the gasifier’s operating conditions including the C, H, and O mass bal-
ances during the experiments, see the Supplementary material. 
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The process temperature during the experiments varied between 
1040 and 1200 ◦C, which is a normal range of reactor temperatures for 
pilot-scale (20–200 kW) oxygen-blown high-temperature gasification of 
feedstocks like black liquor (Carlsson et al., 2010) and solid biofuels 
(Carlborg et al., 2018; Ögren et al., 2018; Weiland et al., 2021; Wiinikka 
et al., 2017). Somewhat higher reactor temperatures (1100–1500 ◦C) 
have been reported during oxygen-blown pressurized entrained-flow 
gasification of stem wood powder (Weiland et al., 2015, 2016) and 
torrefied wood residues (Weiland et al., 2014) on larger scales (<1 
MWth). The elemental mass balances (C, H, and O; see the Supplemen-
tary Information) for each run were close to unity (average = 0.969, 
standard deviation = 0.044), validating the chosen experimental and 
analytical approach. 

Fig. 4 shows a biplot based on the first two principal components 
from the PCA. These two principal components collectively explained 
67.6% of the overall variation in the screening dataset. The main vari-
able contributing to the first principal component (PC1) is the λ value 
(which reflects the amount of oxygen in the gasifier), while variables 
contributing to the second principal component (PC2) are the constit-
uents of the syngas and the tree components. As λ increases (i.e., upon 
moving in the positive direction along PC1), so does the content of fully 
oxidized gases (CO2 and H2O) in the syngas. These syngas components 
correlated negatively with CH4, C2H2, C2H4 and C(s) because the former 

were to the right of the origin (0, 0) along PC1 while the latter were to its 
left. Additionally, the gases were separated into different groups along 
PC1 and PC2: CO2 and H2O form one group, CO and H2 form another, 
and CH4, C2H2, C2H4 and C(s) form a third. Collectively, these groups 
occupy the vertices of a triangle spanning the biplot surface. A similar 
triangular pattern is seen for the N-rich gases NO, NH3 and HCN (yields, 
see also Supplementary Information). As expected, the cold gas effi-
ciency calculated based on the H2 and CO contents of the syngas 
(CGEfuel) correlated strongly with the contents of CO and H2 but was 
negatively correlated with the other gaseous components of the syngas. 
If the CGE was instead calculated based on all combustible components 
of the syngas, then CH4, C2H2, and C2H4 all contributed to the calculated 
efficiency, as indicated by the double-headed arrow. Finally, the H (Hp) 
content of the fuel pellets correlated negatively with their C (Cp) and O 
(Op) contents. 

Within the biplot, the observations for needles (Nd) are clearly 
separated from those for other tree components. This appears to be 
related to the high H content of Nd pellets, especially in the case of Nd 
pellets gasified at the intermediate λ value (Nd2). The datapoints cor-
responding to the gasification of all five tree components at the lowest λ 
are located in the lower left quadrant of Fig. 4 in roughly the same place 
as the syngases CH4, C2H2, and C2H4 as well as soot (C(s)). Therefore, as 
expected, low λ values are associated with higher concentrations of 
these gasification products. 

3.3. Syngas composition 

The yields of major syngas species over λ recalculated to kg O2 per kg 
dry ash-free (d.a.f.) biomass for the four different individual spruce 
fractions and the fuel mixture are shown in Fig. 5. Complete oxygenation 
of Sw, Br, Bk, Nd and Mx was according to the analysis (Table 1) reached 
at a supply rate of 1.447, 1.490, 1.536, 1.604 and 1.519 kg O2 per kg d.a. 
f. biomass, respectively. The yields of H2 and CO showed curvature, with 
a maximum within the tested range of oxygen ratio. This was in accor-
dance with previous experiences using bark residues (Weiland et al., 
2021), stem wood (Wiinikka et al., 2017) and predictions when using 
thermodynamic equilibrium calculations. Increased addition of oxidant 
to the gasifier resulted in enhanced combustion illustrated by the higher 
yields of the combustion products H2O and CO2. At the same time 
decomposition of CH4 (Fig. 5) and other hydrocarbons (not shown here) 
increased. It was previously shown that the CH4 yield was also corre-
lated to the gasification temperature, and that a gasification tempera-
ture above 1400 ◦C was required to reach CH4 concentrations in the 
syngas below one mol-% (dry, N2-free syngas) for stem wood biomass 
(Weiland et al., 2015). Although the measured process temperature 
never exceeded 1200 ◦C in this work, the CH4 concentration was below 
one mol-% (dry, N2-free syngas) for the highest oxygen ratios during 
gasification of bark fuel and fuel mixture, respectively. The actual 
gasification temperature inside the flame above the fuel bed could of 
course have been much higher. Due to the curved nature of the CO and 
H2 yields described above, the CGEfuel also became curved with maxima 
within the tested range, Fig. 5. 

The yields of CH4, CO2 and H2O were among the highest for the fuel 
mix (Mx), and almost always higher than for the individual spruce 

Table 2 
Average, maximum, and minimum tree component fractions for four biomass types (C1–C4) from Norway spruce trees (>7 m in height; std denotes standard 
deviation).  

Assortment C1 Whole stems C2 Green branches C3 Green branches & tops C4 Whole trees 

Comp. wood bark needles branches needles branchesa wood bark branchesa needles 

Mean 0.900 0.100 0.366 0.641 0.321 0.679 0.581 0.062 0.224 0.133 
Std 0.023 0.023 0.037 0.037 0.057 0.057 0.105 0.004 0.057 0.048 
Max 0.954 0.225 0.462 0.735 0.374 0.853 0.858 0.076 0.587 0.340 
Min 0.775 0.046 0.265 0.538 0.147 0.626 0.135 0.037 0.070 0.030  

a Including tops for C3 and C4; wood refers to stem wood. 

Fig. 4. PCA biplot showing a) parameters (+) i.e. p: pellet concentration of C, H 
and O and λ: lamda; and b) responses i.e. Sw: x stemwood; Br: o branches; Bk: □ 
bark; Nd: ◊ needles; Mx: * mix of all; number: 1 (high λ) to 3 (low λ); CO, H2, 
CO2, H2O,CH4, C2H4, C2H2, NO, NH3 and HCN are gases; Cs: solid carbon; CGE: 
cold gas efficiency all gases; CGEfuel: cold gas efficiency CO and H2. Shaded area 
up to right is high λ (#1) and the one down to the left is low λ (#3). 
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fractions at corresponding oxygen-to-fuel ratio (Fig. 5). Consequently, 
the CGEfuel for the fuel mix was also low compared to the individual 
spruce fractions, and only slightly higher than the spruce bark at the 
corresponding oxygen-to-fuel ratio. 

3.4. Results of modelling CO and H2 as CGEfuel 

The multivariate CGEfuel model initially included 27 factors: 6 main 
factors plus the corresponding squared factors and two-way interactions. 
The correlation between the gasification temperature (an uncontrolled 
factor) and the oxygen supply was high (0.72), so the model was 

simplified by excluding the temperature factor and the associated 
squared and interaction factors. Several model terms were thus removed 
without reducing performance. All of the main parameters (O2, Sw, Bk, 
Br and Nd) influenced the model to an extent, but Nd and O2 had the 
greatest influence. Three of the five remaining squared terms had little 
influence and were therefore excluded, leaving only the squared terms 
for O2 and Sw. Six of the two-way interactions were excluded for the 
same reason, leaving only the two-way interactions of Nd with Bk, O2 
with Br, and Sw with O2. In total, only 11 terms pertaining to five PLS 
components were retained in the final model; Fig. 6 shows their relative 
influence on the model’s output. 

Fig. 5. Yields of H2, CO, H2O, CO2, CH4 and CGEfuel versus oxygen supply. Lines are 1.5 polynomial fittings (see Supplementary Information) for each tree 
component (stemwood: x solid black line; bark: □ dash-dot line; branches: o dash line; needles: ◊ dot line; mix; * solid grey line). 

T.A. Lestander et al.                                                                                                                                                                                                                            



Journal of Cleaner Production 369 (2022) 133330

8

The final model with five PLS components was significant (p < 0.05) 
with three degrees of freedom and explained 98.8% (adjusted R2

adj: 
94.2%) of the observed variation in CGEfuel. Its Q2 value was 0.862, 
indicating a high predictive ability. Fig. 7 shows the agreement between 
the CGEfuel values predicted by the model and experiment. 

Contour plots showing the variation in the predicted CGEfuel for the 
gasification of pure and mixed tree component feedstocks under various 
conditions are presented in Fig. 8. Briefly, each triangular plot shows 
how CGEfuel varies as the relative abundance of stem wood, needles, and 
branches in the feedstock is changed. The plots in the top (Fig. 8A-C) and 
bottom (Fig. 8D-F) rows show the predicted outcomes when the bark 
content of the feedstock is 3.7% and 7.6%, respectively; these values 
represent the minimum and maximum observed bark contents of indi-
vidual spruce trees. The plots in the left, middle, and right columns show 
predicted outcomes when the oxygen supplied per kg d.a.f. biomass is 
0.5, 0.65, and 0.8 kg, respectively. The areas enclosed within dashed 
lines in each plot correspond to the ranges of the mass fractions of the 
different components in whole trees (see Table 2). 

The contour plots clearly show that the highest CGEfuel values occur 
at the vertices. This is especially true for the plots in the middle column 
(Fig. 8B and E), which show the efficiency achieved when the oxygen 
supply is closest to optimal for each tree component. If the model space 
was modified such that the bark content of the feedstock was set to 0% or 
100%, it would be possible to estimate the optimal oxygen content for 
each pure feedstock component. The component giving the highest 
predicted cold gas efficiency based on the CO and H2 content of the 
syngas was needles, for which a CGEfuel of 0.749 was obtained. Spruce 
needles (Nd) contain energy-dense extractives (resins) that are low in 
oxygen but comparatively rich in hydrogen, which may partly explain 
their high CGEfuel value in the gasification experiments. The optimal 

quantity of oxygen for Nd gasification was 0.704 kg oxygen per kg d.a.f. 
needle biomass, while the oxygen supply optima (in kg oxygen per kg d. 
a.f. biomass) and maximum CGEfuel values for Sw, Br, and Bk were 0.585 
and 68.6%, 0.669 and 66.0%, and 0.672 and 70.1%, respectively. 

As expected, the CGEfuel values predicted by the model were lower 
than the theoretical maximum efficiencies calculated by assuming 
thermodynamic equilibrium within the gasifier. It has frequently been 
argued that this can be attributed to terminal losses and failure to reach 
thermodynamic equilibrium during experiments. Cold gas efficiencies of 
45–85% based on all combustible syngases (including CO, H2, and all 
hydrocarbons) were reported in a review by Emami Taba et al. (2012). 

The mixed feedstock (Mx) consisted of equal masses of all four tree 
components. The optimal amount of oxygen for this mixture was pre-
dicted to be 0.658 kg, giving a CGEfuel of 60.4%, which is lower than the 
maximum achievable CGEfuel for any pure component. According to the 
PLS model, Mx gasification using this optimal oxygen supply would 
result in CGEfuel losses of 2.9%, 0.2%, 0.2%, and 1.3% when compared 
to gasification of Sw, Bk, Br, and Nd separately using the optimal oxygen 
supply for each individual component. 

The experimental data made it possible to scan the entire PLS model 
space to predict the gasification efficiencies for all possible mixtures of 
the four tree components and their dependence on the oxygen supply. 
Doing so revealed that if the gasification conditions were optimized for 
Sw, the CGEfuel for each mass unit of co-gasified Bk, Br and Nd would be 
4.3, 4.1, and 8.1 percentage points lower, respectively, than the 
maximum possible values for these components. Similarly, if the gasi-
fication conditions were optimized for Nd, the model predicts efficiency 
losses of 7.9, 0.7, and 0.7 percentage points for Sw, Bk and Br, 
respectively. 

The stars in the plots presented in Fig. 8 indicate the composition of 
the average Norway spruce tree; based on the forest inventory data, this 
average tree contains 58.1% Sw, 6.2% Bk, 22.4% Br, and 13.3% Nd. The 
optimal oxygen supply for components mixed in these proportions is 
0.621 kg per kg d.a.f. biomass. Gasification under these conditions 
would give CGEfuel values of 66.9%, 66.8%, 64.7% and 68.7% for Sw, 
Bk, Br and Nd, respectively, corresponding to efficiency losses of 1.3–6.2 
percentage points when compared to gasification of the separated 
components using their individually optimized oxygen supply levels. 

Other simulations (see Supplementary Information) were performed 
assuming the use of commercial assortments such as tree stems or log-
ging residues (see Table 2). For simplicity, each such assortment was 
assumed to contain only two components. These simulations were based 
on a more rigid polynomial model as an alternative to the PLS model. For 
tree stems consisting of 90.0% stem wood and 10.0% bark, the loss in 
CGEfuel when compared to separate gasification of the two components 
were small (<0.5 percentage points) and comparable to variation in 
performance expected as a result of variation in the composition of in-
dividual components. This was because the optimal oxygen supply 
values for stem wood and bark are quite similar. Consequently, using the 

Fig. 6. The VIP value shows variable influence on the PLS projection for the terms in the model (VIP value > 1 indicates above average influence).  

Fig. 7. Observed and model predicted CGEfuel values.  
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optimal oxygen supply value for one of these components only reduced 
the efficiency for the other by 0.8–1.1 percentage points, although the 
PLS model suggested losses of 1.9–3.4 percentage points under the same 
conditions. For logging residues including tops, which consist of needles 
and branches (average contents: 32.1% and 67.9%, respectively), the 
predicted losses in CGEfuel relative to separate gasification of the two 
components were up to 1.0 percentage points. Optimizing the gasifica-
tion conditions for one of these components reduced the cold gas effi-
ciency for the other by 1.6–2.2 percentage points. These losses are larger 
than those for stems because the difference between the optimal oxygen 
supply levels for branches and needles is greater than that for wood and 
bark. Under the same conditions, the PLS model predicted efficiency 
losses of 0.7–9.6 percentage points. 

A few experimental studies have examined the use of biomass blends 
in gasification (Gomez et al., 2021; Mallick et al., 2020; Zhu et al., 2016; 
Sulaiman et al., 2018; Inayat et al., 2019) and a larger number have 
investigated co-gasification of biomass and coal (Brown et al., 2000; 
Collot et al., 1999; Thattai et al., 2016), coal with biomass and waste 
plastics (Pinto et al., 2003), or biomass and municipal solid waste (Cai 
et al., 2021; Pio et al., 2020). It would of course be possible to determine 
optimal oxygen supply levels for perfect mixtures of these feedstock 
blends. However, in reality the use of fuel blends tends to introduce 
considerable variation in feedstock composition due to imperfect mix-
ing. For example, Gomez et al. (2021) found that CGE declined as the 
content of rice husks in the fuel mixture increased. This was attributed to 
a substantial increase in the variability of the feedstock’s composition, 
which affected the equivalence ratio and thus caused gasification to be 
performed under non-optimal conditions. Similarly, Pio et al. (2020) 
reported high temperature fluctuations during co-gasification of 
biomass and refuse-derived fuel (RDF) due to the heterogeneity of the 
RDF. 

Given these findings, it seems important to ask whether co- 
gasification may cause unintended or unrecognized losses in CGEfuel. 
Although the efficiency losses predicted by the models presented here 
are generally modest, they do exist, so it is necessary to consider whether 
such losses are sustainable in the long term. The results obtained suggest 
that if the feedstock flow entering a gasification plant includes separated 
tree components, it would be best to gasify these components separately 

rather than mixing them and performing co-gasification, especially for 
components whose optimum oxygen supply levels differ markedly. 

If the composition of the feedstock entering a plant varies, it could be 
monitored so that the oxygen supply to the gasifier could be adjusted to 
maximize CGEfuel. Because gasification is a fast process, this would 
require continuous measurement of the fuel composition with a high 
time resolution and fast process control of the oxygen supply so that 
changes in composition could be identified and accommodated using 
feed-forward strategies. This could be done by using fast spectroscopic 
sensors for on-line measurement and real-time prediction of feedstock 
composition, possibly based on artificial intelligence (AI) modelling. In 
addition to continuous monitoring of feedstock composition, spec-
trometers operating in the NIR (Lestander et al., 2012a; Lestander and 
Rhen, 2005) and X-ray (Thyrel et al., 2013) wavelength ranges can be 
used to measure the feedstock’s moisture and ash content so as to 
determine its dry and ash-free biomass. 

To summarize, the components obtained from Norway spruce (i.e., 
wood, bark, branches, needles and their mixtures) were used as repre-
sentative diverse gasification feedstocks and it was experimentally 
demonstrated that each component generated different syngas compo-
sitions. The contents of NH3 and HCN in the syngas were significantly 
higher for needles than for other components, presumably due to the 
needles’ high N content. Furthermore, the O2 supply per kg of dry and 
ash-free (d.a.f.) biomass required to maximize the syngas yield and 
process efficiency (CGEfuel) depended on the type of fuel being gasified. 
Co-gasification of tree components such as stems or logging residues 
may lead to a lower gas quality than gasification of individual tree 
components. 

The strategy for optimizing CGEfuel in a high-temperature gasifier by 
separating feedstock into pure component streams (demonstrated here 
using spruce as a biomass model) is probably also applicable to other 
feedstocks with variable compositions such as wastes. Feedstock com-
ponents could be mixed upstream of the gasifier if they have similar 
optimal oxygen to fuel ratios with respect to CGEfuel but co-gasification 
will probably cause losses of efficiency if this criterion is ignored. This 
contradicts the common assumption that synergistic effects from mixing 
fuel streams lead to efficient co-gasification (e.g. Brown et al., 2000; Cai 
et al., 2021; Mallick et al., 2020). The efficiency losses due to 

Fig. 8. Contour plot with CGEfuel values according to color bar for A and D at 0.5, for B and E at 0.65 and for C and F at 0.8 kg oxygen supply per kg biomass d.a.f. 
when varying stemwood, branches and needles from 0 to 1 (0–100%) in the feedstock (bark set to 3.7% for A-C and to 7.6% for D-F; marked area is min and max; star 
is average for components in single trees). 
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co-gasification may be more severe in practice than the results presented 
here suggest because consistent perfect fuel mixtures are probably 
extremely rare in real industrial practice. It should however be noted 
that consistent ash chemistry is important to facilitate ash handling and 
discharge from the gasifier. Fuel blending can help in this respect but 
possibly at the cost of overall gasification efficiency. 

4. Conclusions 

The results obtained show that if the feedstock entering a gasifier 
consists of diverse separated components, they should not be mixed 
because co-gasification may reduce cold gas efficiency if the energetic 
gas species CO and H2 are used in downstream synthesis process to 
produce substances like jet fuels and electro fuels. This contradicts the 
common belief that fuel mixtures facilitate efficient co-gasification. 
Instead of simultaneous co-gasification it may be more resource- 
efficient to gasify the purest possible feedstocks separately, i.e., to 
perform co-gasification over time. Further research on large-scale gasi-
fication of biomass blends is needed to test this hypothesis. 
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