. fermentation

Article

Gasification of Woody Biomasses and Forestry Residues:
Simulation, Performance Analysis, and Environmental Impact

Sahar Safarian '*, Seyed Mohammad Ebrahimi Saryazdi 2, Runar Unnthorsson! and Christiaan Richter !

Citation: Safariana, S.; Ebrahimi
Saryazdi, S.M.; Unnthorsson, R.;
Richter, C. Gasification of Woody
Biomasses and Forestry Residues:
Simulation, Performance Analysis,
and Environmental Impact.
Fermentation 2021, 7, 61.
https://doi.org/10.3390/
fermentation7020061

Academic Editor: Emmanuel

Atta-Obeng

Received: 16 March 2021
Accepted: 9 April 2021
Published: 11 April 2021

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional
claims in published maps and insti-

tutional affiliations.

Copyright: © 2021 by the authors. Li-
censee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (http://crea-

tivecommons.org/licenses/by/4.0/).

1 Mechanical Engineering and Computer Science, Faculty of Industrial Engineering, University of Iceland,
Hjardarhagi 6, 107 Reykjavik, Iceland; runson@hi.is (R.U.); cpr@hi.is (C.R.)

2 Department of Energy Systems Engineering, Sharif University of Technologies,
Tehran P.O. Box 14597-77611, Iran; ebrahimi@energy .sharif.ir

* Correspondence: sas79@hi.is

Abstract: Wood and forestry residues are usually processed as wastes, but they can be recovered to
produce electrical and thermal energy through processes of thermochemical conversion of gasifica-
tion. This study proposes an equilibrium simulation model developed by ASPEN Plus to investigate
the performance of 28 woody biomass and forestry residues’ (WB&FR) gasification in a downdraft
gasifier linked with a power generation unit. The case study assesses power generation in Iceland
from one ton of each feedstock. The results for the WB&FR alternatives show that the net power
generated from one ton of input feedstock to the system is in intervals of 0 to 400 kW/ton, that more
that 50% of the systems are located in the range of 100 to 200 kW/ton, and that, among them, the
gasification system derived by tamarack bark significantly outranks all other systems by producing
363 kW/ton. Moreover, the environmental impact of these systems is assessed based on the impact
categories of global warming (GWP), acidification (AP), and eutrophication (EP) potentials and nor-
malizes the environmental impact. The results show that electricity generation from WB&FR gasi-
fication is environmentally friendly for 75% of the studied systems (confirmed by a normalized en-
vironmental impact [NEI] less than 10) and that the systems fed by tamarack bark and birch bark,
with an NEI lower than 5, significantly outrank all other systems owing to the favorable results
obtained in the environmental sector.

Keywords: gasification; woody biomasses; forestry residues; simulation; power production; envi-
ronmental impact

1. Introduction

To mitigate serious climate change, greenhouse gas (GHG) emissions must be re-
duced to net zero or even negative all over the world. Many experts indicate that we have
to completely phase out fossil fuels and replace them with local and renewable energy
sources such as solar, hydroelectric power, biofuels, and wind [1-3]. Among the various
renewable energy sources, biomass is one of the most promising optional energy carriers
that can be applied instead of conventional resources. Biomass is the only renewable en-
ergy source that can serve as the substitution for fossil fuels as it is widely available and
assures continuous power generation and the synthesis of different products such as
chemicals or transportation fuels [4,5].

Typically, biomass fuels are categorized into four main classes of agriculture: wood
and forestry residues, municipal solid wastes (MSW), and various types of biomass en-
ergy crops. As co-products, wood and forestry residues are wastes along with the pro-
cessing of forest products such as needles, prunings, bark, wood sawdust, and wood chips
[6]. Woody biomass is also a highly important energy sources, and it is currently the most
important source of renewable energy globally [7-9]. In 2010, the worldwide use of
woody biomass as an energy resource was about 3.8 Gm? (30 EJ/year), which consisted of
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1.9 Gm? (16 E]/year) for household fuelwood and 1.9 Gm? (14 E]/year) for the large-scale
industrial sector. During this period, global primary energy consumption and global re-
newable energy consumption were 541 EJ and 71 EJ, respectively. Hence, in 2010, woody
biomass comprised roughly 9% of the world’s primary energy consumption and 65% of
the world’s renewable primary energy consumption [10,11]. In addition, the potential of
the current forest bioenergy is appraised to be in the range of 0.8 to 10.6 E]J per year by
2050. Among woody biomass feedstocks, the utilization of forestry wastes has become a
practical option, especially in the countries of the European Union, where forest biomass-
derived energy accounts for approximately 50% of renewable energy [6].

To draw out energy from biomass fuels, gasification, an immensely efficient and
green conversion technology, is employed to convert various biomass feedstocks to a wide
range of products for different applications [4,12]. Biomass gasification systems produce
a much lower amount of air pollutants. The by-products of this system are also non-haz-
ardous and readily marketable. Importantly, biomass gasification units can be combined
with power generation units to allow for the installation of a more reliable energy supply
technology for places far from the central energy networks that need a district heat and
power system [13].

Gasification enables a versatile and feed-flexible means for the thermal decomposi-
tion of feedstocks at moderate-to-high temperatures while simultaneously reacting with
suitable gasifying agents such as oxygen, air, steam, or carbon dioxide into a syngas of
high calorific content (gases containing Hz, CO COz, CHs, C2Hs, and trace amounts of other
higher series of hydrocarbons) [14]. Moreover, gasification has the advantage of the com-
plete decomposition of various kinds of materials that may be present in the waste, in-
cluding pine bark, to provide clean energy from such wastes [15,16]. Biomass gasification
offers a sound method for mitigating irreversible fossil fuel depletion [17,18].

Performance analysis of biomass gasification systems has been studied in many re-
searches [17-28]. However, the authors are not aware of any reported paper about the
modeling of integrated downdraft biomass gasification with a power production unit. Li
et al. [29] proposed a non-stoichiometric equilibrium model to predict the performance of
a pilot circulating fluidized bed (CFB) coal gasifier. Other authors have developed other
equilibrium models to evaluate the effect of the equivalence ratio, moisture content and
reaction temperature in a downdraft gasifier, using different biomasses such as wood
chips, paper, paddy husk and municipal wastes [30] and cashew nut shells [31]. Dhanav-
ath et al. [32] used karanja press seed cake as a biomass feedstock to study the effect of
oxygen-steam as gasifying agents in a fixed bed gasifier, and the experimental data were
simulated with an equilibrium model developed with Aspen Plus. Other works per-
formed sensitivity analyses to evaluate the changes in syngas quality using various bio-
masses as a function of process conditions, i.e., the steam-to-biomass ratio, air equivalence
ratio and temperature [33,34]. Monir et al. [35] presented a simulation model to study the
impact of pressure and temperature on syngas production. The gasification process was
divided into four stages represented by four different blocks in the Aspen Plus model.
Experimental data were obtained in a pilot-scale downdraft reactor using a mixture of
empty fruit brunch and charcoal. Ramzan et al. [36] developed a steady state simulation
model for downdraft gasification by using Aspen Plus. The model can be used as a pre-
dictive tool for optimization of the gasifier performance. The gasifier has been modeled in
three stages. The gasification reactions have been modeled using the Gibbs free energy
minimization approach. In the simulation study, the operating parameters, such as the
temperature, equivalence ratio (ER), biomass moisture content and steam injection, have
been varied over a wide range and the effect of these parameters on syngas composition,
high heating value (HHV) and cold gas efficiency (CGE) has been investigated. Sha-
habuddin and Bhattacharya [37] investigated the gasification behavior of bituminous coal
using different reactants of CO2, steam and a mixture of CO:2 and steam under entrained
flow gasification conditions at temperatures of 1000 °C and 1200 °C with atmospheric
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pressure. Gonzalez-Vazquez et al. [38] developed two thermodynamic equilibrium mod-
els in Aspen Plus. Both models were validated with experimental data from a semi-pilot
scale gasifier using pine kernel shells (PKS) as feedstock. The influence of temperature,
stoichiometric ratio (SR) and the steam-to-biomass ratio (SBR) were analyzed.

From a literature review, it can be concluded that there is not any presented research
that has comprehensively performed both a performance analysis and environmental as-
sessment of the of integrated downdraft biomass gasification with a power production
unit. However, this system has been proved as a sustainable option for the treatment of
biowastes such as wood and forestry residues (WB&FR) as well as electricity generation.

In this work, we will study the potential of gasification for energy production and
woody biomass and forestry residue (WB&FR) treatment for small communities in Ice-
land. Most of Iceland’s municipalities, which are semi-autonomous administrative zones,
contain several disparate cities with a population less than 10,000 persons. In these very
distant areas, where a wide grid is not feasible, decentralized power generation by gasifi-
cation offers a viable option for meeting the electricity needs of the local population.

The primary aim of this work was to develop a steady-state computer model using
ASPEN Plus for a performance analysis of 28 WB&FR gasification processes in a
downdraft gasifier integrated with power production. The case study assesses the power
production in Iceland from one ton of each type of feedstock. The objective was to find
the most efficient WB&FR for power production. Then, an environmental impact analysis
containing global warming, acidification, and eutrophication potentials for the mentioned
WB&EFR is carried out in this paper. Finally, the normalized environmental impact (NEI)
for the integrated system of a gasification and power generation plant is compared and
interpreted for all considered systems. In this work, tar production and cleaning have not
been considered and this technical environmental assessment is a preliminary work; a
comprehensive environmental assessment considering tar production should be carried
out in future works.

2. Material and Methods
2.1. System Description

Figure 1 shows the system boundaries considered by this work containing the pro-
cess steps from the initial resources to the end products.

| Resources

| | Transport | | Pretreatment | | Conversion 1 | | Conversion 2

woody biomass and forestry
residues (WB&FR)

Liquid fuel

Electricity

Pressing, Cutting & Drying

[ (Densification and Milling)

1

Figure 1. System boundaries, technologies, and associated inputs.

In the resource step, WB&FR are the main input resources. Moreover, liquid fuel and
electricity are brought in as accessory inputs. Diesel fuel is consumed by trucks for trans-
portation, and electricity is supplied for driving force and heat generation over the pro-
cess. The electricity production in Iceland is derived from geothermal and hydropower,
which make up Iceland’s main source of clean energy. WB&FR are transferred from the
feedstock fields to the pre-treatment area next to the gasification and power generation
plant. The gasification process consists of drying, pyrolysis, combustion, and gasification
[39]. Typically, drying takes place at a temperature of 100 to 150 °C, and through this step,
the moisture in the biomass that is in the range of 5 to 60% is decreased to less than 5%.
Pyrolysis occurs around 200 to 700 °C; in this process, biomass is heated in the absence of
oxygen/air and then its volatile components are vaporized. The volatile vapor is com-
posed mainly of Hz, CO, CO2, CHs, hydrocarbon gases, tar, and steam. Finally, combustion
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occurs at 700 to 1500 °C, and gasification occurs at between 800 and 1100 °C. In this work,
the downdraft reactors operate at atmospheric pressure to gasify WB&FR, and air is used
as the gasification agent, resulting in CO:z and H20O, which subsequently undergo reduc-
tion upon contact with the char produced from pyrolysis. This reduction yields combus-
tible gases such as Hz, CO, and CHs through a series of reactions. Then the gas product
moves to the internal combustion engine that is modeled as a combustion chamber fol-
lowed by a gas turbine. The combination of these two modules represents the behavior of
a combustion engine in which the reaction with air occurs [40].

It is noteworthy that all analysis is directed based on a functional unit of 1 ton/h for
each input of feedstock under atmospheric pressure, 900 °C for the gasifier temperature
and air to fuel a mass flow rate of 2. A distance of 50 km was also taken into account for
biomass transportation from the field to the energy conversion plant. Other assumptions
regarding energy and efficiency inputs are listed in Table 1 [41].

Table 1. Some assumption for energy and efficiency inputs [41].

Step Unit Amount

Diesel fuel used in trucks L/km-ton 0.06

Electricity for pressing and cutting kWh/ton 5.48
Fuel oil used for gasifier (for start-up) L/ton 0.2
Electricity used for gasifier kWh/ton 83
Isentropic efficiency of compressor % 90
Mechanical efficiency of compressor % 99
Isentropic efficiency of gas turbine % 92

2.2. Simulation Model Implementation
2.2.1. Model Inputs

The inputs required for the model are as follows:

1. Feedstock composition (using ultimate and proximate analysis of biomass feed-
stocks)

2. Initial conditions of input feedstock (i.e., temperature: 25 °C, pressure: 1 atm, and the
mass flow rate: 1 ton/h)

3. Initial conditions of dryer (temperature: 150 °C and pressure: 1 atm)

4. Initial conditions and yield distribution through the pyrolysis (temperature: 500 °C,
pressure: 1 atm, and the yield distribution is described based on the ultimate and
proximate analysis of biomass feedstocks [24])

5. Initial conditions of input air to the gasifier (temperature: 25 °C, pressure: 1 atm, and
the mass flow rate is defined based on air-to-fuel ratio [AFR] of 2 [42])

6. Initial conditions through the gasifier (temperature: 900 °C and pressure: 1 atm)

7. Initial conditions in the combustion chamber (pressure: 11 atm and heat duty: 0 kW
by considering an adiabatic reactor)

8. Initial conditions in the gas turbine (Isentropic efficiency: 92% and pressure ratio: 0.5
[41))

9. Initial conditions of input air to the combustion chamber (temperature: 25 °C and
pressure: 1 atm)

10. Initial conditions in the air compressor (Isentropic efficiency: 90%, mechanical effi-
ciency: 99%, and pressure ratio: 10 [41,43])

11. Output temperature of flue gas: 200 °C
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2.2.2. Model Output

The model outputs are compositions and properties of the produced syngas as well
as the value of the power output from the system.

2.2.3. Model Implementation

A simulation model has been established for WB&FR gasification integrated with a
power generation unit based on an equilibrium approach by applying ASPEN Plus soft-
ware. To compute the physical properties of the components in the gasification, an equa-
tion of the state of PR-BM, Penge Robinson-Boston-Mathias alpha is applied. In addition,
for the modeling of the enthalpy and density of the biomass and ash as nonconventional
materials, HCOALGEN and DCOALIGT models are used. It is noteworthy that the
MCINCPSD stream includes three streams of MIXED, NCPSD, and CIPSD classes to de-
fine the biomass structure and ash streams that are not in the Aspen Plus database [43].

Figure 2 shows the flow chart of the system simulated in ASPEN Plus. The feedstock
stream has been described as a nonconventional material, and it was defined by the de-
termination of the elemental and proximate analysis of the feedstock. For a detailed study,
28 WB&FR were considered as feedstock for the gasifier. Table 2 shows the proximate and
elemental analyses of all these feedstocks [44-61]. The temperature through the drying
process is around 150 °C to reduce the moisture of the original biomass to less than 5 wt%.
This step is done by utilizing an RSTOIC stoichiometric reactor in Aspen Plus. The
RSTOIC module is practical for chemical reactions with known stoichiometry [62]. At the
next stage, the yield reactor, RYIELD, is simulated for feed pyrolysis. In this part, the stud-
ied biomass is transformed into volatile materials (VM) and char. VM include mainly car-
bon, hydrogen, oxygen, and nitrogen. Char also includes ash and carbon. After pyrolysis,
RGibbs is applied for the simulation of the biomass gasification. This reactor computes
the syngas composition by minimizing the Gibbs free energy based on a complete chemi-
cal equilibrium assumption. Input streams to the RGibbs are decomposed biomass and
air, then combustion and reduction reactions will occur inside the reactor. For the com-
bustion level, another RGibbs reactor needs to be simulated with minimum air mixing.
This process will also be based on the minimization of Gibbs free energy [63,64]. To gen-
erate power, the combustion chamber has to be connected with a gas turbine [40]. The
thermal content of the flue gas is achieved as the combustion heat is recovered to preheat
the input air to the combustion chamber as well as to supply the heat required in the dryer.
The recovered heat can also be utilized for the conversion of water to high-pressure steam
to be able generate extra power by steam driving a steam turbine [65,66] (this part was not
considered in this study). The solid lines and the dashed lines in Figure 2 present the mass
streams and heat streams, respectively. The system is also assumed to be auto-thermal,
meaning a part of the feedstock is combusted inside the gasifier to provide the heat re-
quired in situ. Heat is also obtained by the hot syngas and the combustion chamber, then
it is consumed wherever required.
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Figure 2. Diagram of gasification simulation in Aspen Plus.
Table 2. Ultimate and proximate analysis of 28 WB&FR [44-61], (M: moisture content, VM: volatile materials, FC: fixed
carbon, A: ash, C: carbon, O: oxygen, H: hydrogen, N: nitrogen and S: sulfur).
Proximate Analysis (wt%) Elemental Analysis (wt% - dry basis)
M VM FC A C (@] H N S
1 Alder-fir 526 766 192 42 50.9656 38.5116 5.8438 0.479 0
sawdust

2 Balsam bark 8.4 77.4 20 2.6 52.596 38.473 6.0388 0.1948 0.0974
3 Beech bark 8.4 73.7 18.5 7.8 47.3908 38.5396 5.532 0.6454 0.0922
4 Birch bark 8.4 78.5 194 2.1 55.803 34.9503 6.5593 0.4895 0.0979
5 Christmas trees  37.8 74.2 20.7 5.1 51.7205 36.7263 5.5991 0.4745 0.3796
6 Elm bark 8.4 73.1 18.8 8.1 46.7771 39.0575 5.3302 0.6433 0.0919
7 Eucalyptus bark 12 78 17.2 4.8 46.3624 43.1256 5.4264 0.2856 0
8 Fir mill residue  62.9 82 17.5 0.5 51.143 42.2875 5.97 0.0995 0
9 Forest residue 56.8 79.9 16.9 3.2 51.0136 39.7848 5.2272 0.6776 0.0968
10 Hemlock bark 8.4 72 25.5 2.5 53.625 37.83 5.7525 0.195 0.0975
11 La“jvcolsgrmg 92 697 138 165 42.3345 35.738 5.01 0.334 0.0835
12 Maple bark 8.4 76.6 19.4 4 49.92 39.648 5.952 0.384 0.096
13 Oak sawdust 11.5 86.3 134 0.3 49.9497 43.7683 5.8823 0.0997 0
14 Oak wood 6.5 78.1 21.4 0.5 50.347 42.6855 6.0695 0.2985 0.0995
15 Olive wood 6.6 79.6 17.2 3.2 47.432 43.4632 5.2272 0.6776 0
16 Pine bark 4.7 73.7 244 1.9 52.7778 39.1419 5.7879 0.2943 0.0981
17 Pine chips 7.6 72.4 21.6 6 49.632 38.07 5.734 0.47 0.094
18 Pine pruning 47.4 82.2 15.1 2.7 50.4987 40.1849 6.1299 0.4865 0
19 Pine sawdust 15.3 83.1 16.8 0.1 50.949 42.8571 5.994 0.0999 0
20 Poplar 6.8 85.6 12.3 2.1 50.5164 40.8243 5.9719 0.5874 0
21 Poplar bark 8.4 80.3 17.5 2.2 52.4208 38.4354 6.5526 0.2934 0.0978
22 Sawdust 34.9 84.6 14.3 1.1 49.2522 43.2193 5.934 0.4945 0
23 Spruce bark 8.4 73.4 234 3.2 51.8848 38.72 6.0016 0.0968 0.0968
24 Spruce wood 6.7 81.2 18.3 0.5 52.0385 40.994 6.0695 0.2985 0.0995
25 Tamarack bark 8.4 69.5 26.3 4.2 54.606 30.656 9.7716 0.6706 0.0958
26 Willow 10.1 82.5 15.9 1.6 49.0032 42.7056 6.0024 0.5904 0.0984
27 Wood 7.8 84.1 15.7 0.2 49.5008 44.0118 6.0878 0.0998 0.0998
28 Wood residue 26.4 78 16.6 54 48.6244 39.6374 5.7706 0,.73 0.0946

2.2.4. Model Convergence
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In fact, the convergence of the developed simulation model in Aspen Plus has been
analyzed for mass and energy balances of each unit blocks. In the process simulation, it is
necessary to set up the tearing flow, convergence method, convergence module, and con-
vergence order. These can be determined automatically by Aspen Plus or set by the user.
Checkup of convergence is important especially for the pyrolysis yield. It should give a
closed mass balance; 100% of biomass should be converted in output products from the
pyrolysis. It is achieved as a result of the correlations followed by the char mass yield
calculation by difference. In the simulation options of Aspen Plus, the mass balance error
around blocks was checked and its tolerance set at 0.0001. For energy balance, the error
tolerance (in the Flash convergence menu) was set at 107. The Newton method was chosen
as the convergence options method.

2.3. Environmental Impact Assessment

Generally, an impact assessment is categorized based on the following stages: classi-
fication, characterization, normalization, and weighting. In classification, items extracted
from the analysis are gathered along with their impact categories. In characterization, the
items are divided into impact categories, and the impact for each one is quantified. In
normalization, the environmental impact of each indicator is divided by the minimum or
maximum or total environmental impact of a specific period. Lastly, for weighting, the
relative advantage among the impact categories is identified [67]. In this subject, the clas-
sification and characterization stages are essential components, based on IPCC 2007 and
other research in this field [41,68], while the normalization and weighting steps can be
applied as optional components. Currently, as normalization and weighting factors cus-
tomized for biomasses are not yet developed, this study evaluated up to the characteriza-
tion and normalization stages. Environmental problems arising from this are global
warming, eutrophication, and acidification. Therefore, as shown in Table 3, based on the
reference material and impact index of the three environmental impact categories of
global warming potential (GWP), acidification potential (AP), and eutrophication poten-
tial (EP), the characterization values for each environmental impact of converting biomass
to power were determined.

Table 3. GWP, AP, and EP factors for different inputs [41].

GWP Factor AP Factor EP Factor

Input UMt (gCOg/unit)  (gSOzq/unit)  (gNOsegfunit)

Electricity generated from

kWh 0.058 1.95 2.8

geothermal
Transport by truck ton.km 0.3 2.1 42
Liquid fuel used in gasifier  lit 2.76 10.5 21

Global warming is a phenomenon that increases the Earth’s average surface temper-
ature. Primarily, greenhouse gases (GHGs) are atmospheric gas compounds (COz, CHs,
and NO) that trap heat through emitting radiation in the atmosphere, then the rise in the
amount of these gases results in keeping the surface of the Earth warmer by the absorption
of sunlight that passes through the atmosphere freely [69]. The standard substance for
GWP is CO2. Global warming causes changes in the terrestrial and aquatic ecosystems and
in coastlines due to rising sea levels. The category indicator of GWP is expressed by Equa-
tion (1) [67,70]:

GWP =" Load(i)x GWP(i) 1)

where Load(i) is the experimental load of the global warming inventory item (i), and
GWP(i) is the characterization factor of global warming inventory item (7).
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Acidification is an environmental problem caused by acidified rivers/streams and
soil due to anthropogenic air pollutants such as SOz, NHs, H25Os4, H2S, HCL, SOs, and NOx.
Acidification increases the mobilization and leaching behavior of heavy metals in soil and
exerts adverse impacts on aquatic and terrestrial animals and plants by disturbing the
food web. The standard substance for assessing AP is SO2. The category indicator of AP is
expressed by Equation (2) [67,71]:

AP =" Load(i)x AP(i) )

where Load(i) is the experimental load of the acidification inventory item (i) and AP(i) is
the characterization factor of inventory item (i) of the acidification category.

Eutrophication is a phenomenon in which inland waters are heavily loaded with ex-
cess nutrients due to chemical fertilizers or discharged wastewater, triggering rapid algal
grow and red tides. The standard substance for EP is NOs. The major substances with
impacts on eutrophication were found to be NOx, NHs, Nz, and NO:s in the case of air [71].
The category indicator of EP is expressed by Equation (3):

EP =Y Load(i)x EP(i) 3)

where Load(i) is the experimental load of the acidification inventory item (i), and EP(i) is
the characterization factor of inventory item (i) of the acidification category.

In this work, normalization is used to have a single environmental impact. For the
NEI, the environmental impact of each indicator is divided by the minimum impact value
(Equation (4)):

NEI=Y GWP() , APG) | EPG)

GWP(min) AP(min) EP(min) @)

3. Results and Discussion
3.1. Performance Analysis
The results for the simulation model of the 28 WB&FR alternatives have been ranked

regarding their contribution to output net power (W =W w ) in Figure

net gas turbine compressor

3. All cases rely on a functional unit of 1 ton/h for each biomass fuel under atmospheric
pressure, a gasifier temperature of 900 °C, and an air-to-fuel mass flow rate of 2. This or-
dering is based on a net power in the interval of 0 to 400 kW per feedstock ton, values
highlighting the lowest and highest efficient options, respectively. Class 1 includes five
woody biomass gasification systems containing land clearing wood, fir mill residue, forest
residue, eucalyptus bark, and alder-fir sawdust, which generate the minimum amounts
of output net power (their values are in the span of 0 to 100 kW per one ton of feedstock).
Many of the studied WB&FR gasification plants are located in class 2, whose output power
is in the range of 100 to 200 kW/ton. Class 3 includes seven WB&FR gasification systems
based on spruce wood, pine bark, spruce bark, balsam bark, hemlock bark, poplar bark,
and birch bark, which produce a relatively higher net power.

Apparently, the gasification technology derived by tamarack bark remarkably out-
ranks all other systems in regard to the aspect of power, with a production of 363 kW/ton,
owing to the favorable results obtained in the performance analysis. This could be because
tamarack bark has the highest percentage of carbon and hydrogen (Figure 4). The percent-
age shares depicted in Figure 4 are contributions of carbon and hydrogen, oxygen, ash
and nitrogen, and sulfur in the elemental analysis of each biomass feedstock.

Carbon and hydrogen are critical components in each input biomass. Thus, the
higher the C and H: content, the more carbon monoxide and hydrogen will be in the syn-
gas, which leads to the growth of the heating value (LHV) of syngas. In fact, based on
Equation (5) [72,73], the LHV of the gas product from the gasifier is strongly dependent
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on the mole fraction of carbon monoxide, hydrogen, and methane in the syngas. CO and
H: are combustible substances that are converted to flue gas (mainly CO: and H20)
through the combustion chamber. Therefore, improving the LHV of syngas leads to gases
at high temperatures entering the gas turbine. Raising the turbine inlet temperature ame-
liorates the output power from that, and also more net power will result.

HV,, . ( AI ) =4.2X(30X g +25.7%y,, +85.4% ;) 5)

where y is the mole fraction of gas pieces in the syngas (dry basis).
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Figure 3. Net output power from 28 WB&FR gasification systems.
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Figure 4. Percentage shares of composing elements for different WB&FR.

3.2. Environmental Impact Assessment

The environmental impact of the biomass gasification combined with the power gen-
eration unit is investigated relying on three categories of global warming, acidification,
and eutrophication potentials. This analysis is carried out based on a functional unit of
one ton for each input feedstock and under the optimum operating conditions.

The GWP values for the gasification systems derived by 28 WB&FR are ranked and
compared in Figure 5a. Regarding this impact category, the production of electricity from
WB&EFR releases greenhouse gasses in the interval of 43 to 62 kgCOzeq per ton, in which
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75 and 50% of systems have a GWP lower than 50 and 45 kgCOzeq/ton, respectively. The
major share of GWP for all feedstocks is due to the transport level through the use of diesel
fuel followed by drying, cutting, and handling in the pre-process stage. Of the process
chain, the second conversion containing the combustion chamber and gas turbine makes
up the smallest contribution of GHG emissions since while the biomass is burnt, carbon
dioxide releases to the atmosphere, but this biogenic CO: is not considered as a contribu-
tor to global warming.

Moreover, the values of the AP and EP indicators for the various WB&EFR gasification
systems are shown in Figure 5b. Regarding the AP index, the generation of power by the
gasification of one ton of wood or forestry material creates acidic gasses in the range of 23
to 74 kgSOzeq per ton of raw feedstock, where in 32% of the alternatives present, the great
statues regarding the impact category of AP have a release of less than 50 kgSOzeq/ton. In
fact, the emissions of acidic gases through the combustion process in the second conver-
sion stage account for a main share of the impact, leaving a relatively smaller quota to the
other steps.

As seen in Figure 5b, on a per-ton-of-raw-feedstock basis, the power production by
applying WB&FR gasification systems releases eutrophic gasses between 97 and 247
kgNOseq, in which only 25% of the systems have an EP less than 200 kgNOseq/ton. The
significant effective factor in this indicator could be the emissions of particulate matter,
N2, NO, NOs, and NHs, from the combustion step, whereas the other stages, such as prep-
aration, transport, and gasification, make relatively minor contributions.

As shown in Figure 5, the gasification systems fed by land clearing wood, fir mill
residue, forest residue, pine pruning, and alder-fir sawdust have the lowest amount of AP
and EP in comparison with other biomass feedstocks. However, the highest values of
GHG emissions belong to theses feedstocks. This can be because these biomasses have the
lowest amount of or even zero sulfur and nitrogen (based on Table 2), which leads to a
lower emission of acidic and eutrophic gasses. Nevertheless, these feedstocks have the
highest moisture content (their moisture content is in the range of 47 to 63%), so they re-
quire much more energy for drying, leading to higher GHG emissions released into the
atmosphere.

AP (kgSO2eq/ton)  HEP (kgNO3eq/ton)

AP (kg SO2eq/ton)
EP (kg NO3eq/ton)
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Environmental impact assessment of various WB&EFR gasifications: (A) GWP, (B) AP, and EP.

In this part, to have a more accurate comparison of the various feedstocks, the func-
tional unit has been changed to 1 kWh electricity production, and the environmental im-
pacts are assessed based on this function for the 28 considered gasification systems. In
addition, to have three environmental impact categories all together, the NEI is developed
as a single indicator for environmental evaluation. The model results for the 28 alterna-
tives, ranked according to their contribution to NEI based on 1 kWh power production,
are shown in Figure 6. This ordering is based on an NEI that it is between the interval of
3 to 69, values highlighting the highest and lowest environmental options, respectively.
As shown in Figure 6, the power generation systems derived from tamarack bark and
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birch bark, with an NEI lower than 5, significantly outrank all the other systems in terms
of NIE, owing to the favorable results obtained in the environmental sector. These results
for tamarack bark and birch bark are due to the fact that these kinds of biomasses contain
high levels of carbon and hydrogen (based on Table 2), which leads to high power gener-
ation. Moreover, they contain a low amount of moisture content, which requires lower
energy for drying in the pre-process stage, leading to only slight pollutant gas emissions
released into the atmosphere. Overall, 75% of WB&FR are beneficial from an energy and
environmental perspective by having an NEI less than 10.
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Figure 6. Environmental impact assessment of various WB&FR gasification per 1 kWh net power
production.

As mentioned above, the element percentage of carbon and hydrogen are the main
factors affecting the power production and environmental evaluation. The variation of
NEI versus the element percentage of C and H in dry basis and its exponential trend line
is presented in Figure 7. Obviously, by increasing C and H in the biomass, a higher
amount of power can be produced, and also lower values of pollutant gases are created.
As shown in Figure 7, the exponential curve with an R-square of 0.92 indicates a fairly
good fit for woody biomasses and forestry residues data (Equation (6)):

NEI =6740.5 exp (- 0.12x)
2 (6)
R =092

where x is the weight fraction of C and Hz in dry basis. By employing Equation (6), it
would be easy to confidently assess the overall environmental impact of the WB&FR gas-
ification systems integrated with power generation units.
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Figure 7. Variation of NEI versus element percentage of C and H.
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4. Conclusions

In this study, a gasification simulation model was established containing a series of
submodules that model the individual steps through the gasification of biomass (drying,
pyrolysis, combustion, and gasification) integrated with a power generation plant as a
post-process system. The developed model is based on thermodynamic equilibrium cal-
culations and was applied to 28 WB&FR.

The developed model is a useful tool for the prediction of several outputs, such as
net power in a wide range of operating conditions and for different types of biomass fuels
with a defined ultimate composition and proximate analysis. This simulation model is
able to direct the preliminary calculations, design, and operation of biomass gasifiers.
Moreover, the obtained results offer that to design policies to encourage the use of woody
wastes and forestry residues for energy production may appeal to decision-makers with
a diverse range of economic, environmental, and energy preferences. Finally, this type of
research can provide arguments to support decisions tending toward a more structured
and strategic approach in implementing sustainable energy policies.

The simulation model results for the 28 WB&FR alternatives show that the net power
generated from 1 ton/h of input feedstock to the system is in the range of 0 to 400 kW/ton,
and, among them, the gasification system derived by tamarack bark biomass significantly
outranks all the other systems by generating 363 kW/ton—favorable results were achieved
in the performance analysis.

The generation of electricity from WB&FR gasification integrated with a power unit
appears to be environmentally friendly for 75% of the studied systems (confirmed by NEI
less than 10). In fact, woody biomass gasification technology has a minor level of exhaust
emissions of air pollutants, and most of the carbon is retained in the ash. Moreover, the
power generation systems fed by tamarack bark and birch bark, with an NEI lower than
5, significantly outrank all the other systems, owing to the favorable results obtained in
the environmental sector.

It was also found that the element percentages of carbon and hydrogen have a major
effect on the power generation and environmental evaluation. Actually, by increasing C
and H in the biomass, a higher amount of electricity along with lower values of pollutant
gases could be produced. Finally, an exponential curve with an R-square of 0.92 has been
extracted, indicating a fairly good fit for WB&FR data. By employing this curve, it would
be easy to confidently assess the overall environmental impact of WB&FR gasification
systems for preliminary calculations.
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