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a b s t r a c t

Forest residue biomass can be used as bioenergy feedstock, however, issues associated with its properties
including low density and high moisture content constrains its valorization. Using mobile conversion
technologies that can operate in remote areas and are capable of converting forest residues into high
quality energy products can address the issues associated with its valorization for renewable energy
production. This study evaluated environmental sustainability of using an integrated novel system of
semi-mobile biomass conversion technologies (BCTs) to utilize low-value forest residue biomass as high
value bioenergy products. A cradle-to-grave life cycle assessment (LCA) and resource use assessment on a
unit-process level was conducted for two bio-products: nontorrefied briquettes (NTB) and torrefied
briquettes (TOB). Their use for production of useful thermal energy in wood stoves for domestic heating
and electricity at power plants were investigated along with their alternatives. The analyses were per-
formed with SimaPro 8.5 using the DATASMART database. The impact assessment results showed a
notable decrease in global warming (GW) impact when substituting fossil fuels with these two bio-
products. Specifically, for domestic heating on an equivalent energy basis, a 50% substitution of pro-
pane with NTB and TOB showed GHG emission reductions of 46% and 41%, respectively. For electricity
generation, 10% cofiring at coal power plant with NTB and TOB showed GHG emission reductions of 6%
and 8%, respectively. For the TOB supply chain, a large portion of the GW impact of the came from the
torrefaction process and followed by the drying process. This was due to the propane use in these
processes. Comparative analysis showed that near-woods biomass conversion for TOB production instead
of processing feedstock at an in-town facility with access to grid electricity found 48%e55% lower GW
impact for both electricity and heat generation scenarios, respectively. Resourced footprint analysis
showed that most exergy extraction from the natural environment came from the drying process for NTB
supply chain. In the TOB product system, torrefaction was the major contributor.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Bioenergy is considered a favorable alternative energy source
during transition from fossil fuels to renewable energy to mitigate
their adverse environmental impacts. Forest waste can be a viable
option for biomass-based renewable energy considering the po-
tential conflicts between land and water resource use of biomass
for energy versus for food. In the United States (US), removal of
post-harvest forest residues is encouraged to mitigate wildfire
.gov (S. Alanya-Rosenbaum),
frequency and intensity, and spreading of pests and diseases. In the
Northwest and Southeast US, frequent wildfires between 2008 and
2012 resulted in increased particulate matter (PM) levels posing
risks to human health (Dennison et al., 2014; Fann et al., 2018;
Giuntoli et al., 2015; Loeffler et al., 2010; USDA Forest Service,
2005). These adverse health impacts from poor air quality result-
ing from forest fires have a huge economic cost between 76 and 130
billion US dollars annually (Fann et al., 2018). Therefore, valoriza-
tion of low-value forest residues as biofuels can be used to increase
the supply of renewable energy to achieve a healthy natural envi-
ronment, reduce fire risk, and ensure environmental sustainability.

Forest residues have been an underutilized resource and is quite
abundant in thewestern US. Converting this resource to biofuel and
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bio-products offers a unique solution for certain problems facing
our forests but also feeds into renewable energy efforts. Forest
residues have been shown to be used as feedstock for higher-value
bioproducts and can contribute to achieving broad national energy
objectives (Jakes et al., 2016; Stokes et al., 2016). However, low bulk
density and low energy density are major barriers to valorization of
woody biomass residues as renewable energy, particularly forest
residues. Thus, transportation tends to be a limiting economic
factor when hauling woody biomass, as low bulk density results in
high transportation costs (Giuntoli et al., 2015; Kylili et al., 2016;
Ranta et al., 2016; Sahoo et al., 2019). Likewise, utilizing low-energy
density material such as woody biomass makes it less favorable
compared with fossil fuels. In this study, a novel near-woods sys-
tem of integrated biomass conversion technologies with new tim-
ber harvesting operation techniques are suggested to overcome
these barriers (Bergman et al., 2018). Applying this approach,
transportation of high moisture content woody biomass from the
forest is eliminated through field-drying and the fuel characteris-
tics of the biomass is further improved through the processes of
forced drying and densification. Although densification does in-
crease the bulk density of biomass feedstock which reduces long-
distance transportation costs, it remains an issue by contributing
tomore than half of the fuel cost (Goh et al., 2013). As an alternative
technology, torrefaction, which is a thermal pretreatment process,
can be used to achieve higher energy and bulk density. Proskurina
et al. (2017) reported that the use of torrefaction technology
resulted in a 9% decrease in supply chain costs resulting from
higher bulk density. Another study showed that about 5% cost
reduction was observed from transportation of torrefied product
compared with white briquettes and torrefied wood has lower
storage costs compared with wood biomass (Sahoo et al., 2018,
2019). In addition, the product is hydrophobic, has high energy and
bulk density and increased grindability which makes it a suitable
replacement fuel to coal because of its similar specifications (Nunes
et al., 2014; Proskurina et al., 2017; Thran et al., 2016). Replacing
coal with energy sources with lower environmental impacts has
been a global priority for many countries to mitigate greenhouse
gas (GHG) emissions and their resultant impact to climate change
(Oberschelp et al., 2019).

In the US, the process of generating electricity is the largest
source of CO2 emissions representing 34% of the US GHG emissions
(USEIA, 2018). The US Climate Alliance including seventeen states
are committed to achieve at least 26e28% reduction in GHG
emissions by 2025 compared with emission levels in 2005 in
accordance with the Paris Agreement where Oregon has proposed
to eliminate coal-fired power by 2035 (Milman, 2016). As a coal
substitute, non-torrefied pellets can be cofired with cofiring ratios
up to 10% without modifications and up to 30% with modifications
(IRENA/IEA-ETSAP, 2013; Proskurina et al., 2017). Conversely, tor-
refied wood can replace coal in power plants up to 25% with no
modification and 100% with minimal adjustments (Nunes et al.,
2014; Proskurina et al., 2017). This makes torrefied wood a viable
alternative to coal.

Life Cycle Assessment (LCA) is awidely acceptedmethod used to
quantify environmental impacts associated with a product or ser-
vice taking into account the overall life-cycle. Several studies
showed a decrease in GHG emissions from cofiring torrefied wood
at coal power plants using LCA (Arteaga-Perez� et al., 2015; Kabir
and Kumar, 2012; Thran et al., 2016; Tsalidis et al., 2014; Woytiuk
et al., 2017). Most torrefaction LCA studies consider only GHG
emissions thus were only partial LCAs. Simply put, these studies did
not take into account the other impact categories that the torrefied
wood production may have important contribution to. Moreover,
previous studies argued that transportation cost and high bulk
density are major barriers in post-harvest forest residue utilization.
As mentioned, this work considers an integrated system of semi-
mobile biomass conversion technologies to convert field-dried
forest residues to non-torrefied briquettes (NTB) and torrefied
briquettes (TOB) near where the timber harvest occurred (i.e., near-
woods). Use of semimobile systems in remote areas were compared
with nearby in-town operations with access to grid electricity. To
the best of our knowledge, a complete resource use assessment has
not yet been performed for a torrefied biomass supply chain.
Therefore, an in-depth resource use assessment was performed
using exergetic life cycle assessment (ELCA) to evaluate the
resource footprint of these systems. Cumulative Exergy Extracted
from the Environment (CEENE) method was used for natural
resource accounting (Dewulf et al., 2007). The use of an exergy-
based unit in ELCA allows for quantification of all resources, en-
ergy and non-energy flows, extracted from the natural environ-
ment using a single unit, MJex.

This research was part of a U.S. Department of Energy-funded
Biomass Research and development Initiative project called
Waste toWisdom (WTW) (http://wastetowisdom. com/) (Bergman
et al., 2018; Han et al., 2018) to investigate and solve the major
limitations on recovery of forest residues, a by-product of timber
harvest, into bioenergy products. The goal of this particular study
was to investigate the potential environmental benefits of utilizing
these forest residues using semimobile units for TOB and NTB
production for different energy applications using LCA and ELCA.

2. Materials and methods

Life cycle impact assessment (LCIA) and ELCA tools were used
for comprehensive environmental evaluation. Both environmental
impacts and resource consumption associated with two energy
carriers, NTB and TOB, were evaluated. The primary data collected
during the WTW project, in which tests on the woody biomass
feedstock logistics, near-woods biomass conversion, and product
end use were conducted. In this study, LCA guidelines ISO 14040
and ISO 14044 were followed (ISO, 2006a, 2006b). The analysis
were performed using SimaPro 8.5 LCA software package (PRe�
Consultants, 2017).

2.1. Scope

The scope of this LCA included cradle-to-grave life-cycle stages of
near-woods production of TOB and NTB starting at procurement of
post-harvest forest residues and ending at the use phase (i.e. com-
bustion). Torrefied briquette and NTB supply chains consisted of
feedstock procurement (processing, sorting and loading), hauling,
feedstock preparation (chipping, screening, and drying), biomass
conversion (densification and/or torrefaction), energy product dis-
tribution, and product use phase. Since the forest residues are
considered as a waste product generated as a result of commercial
harvest operations, harvesting processes were excluded from the
system boundary. Two alternative uses of the solid biofuels pro-
duced were considered: generating thermal energy for domestic
heating and generating electricity via cofiring at a coal-fired power
plant. For comparison, the thermal energy production frompropane
for domestic heating and electricity production at coal-fired power
plants were considered as the reference supply chains. In line with
the reference systems selected, two functional units were defined:
1MJ of useful heat produced for domestic heating and 1 kWh of
electricity generated at a power plant.

2.2. Description of the woody biomass energy product Systems
investigated

The system boundaries covered the procurement, preparation,
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and biomass conversion of forest residues to TOB and NTB, and
ended at the grave. The life-cycle level impacts associated with
cradle-to-grave supply chain of TOB and NTB were quantified. A
cradle-to-grave process flow diagram of TOB and NTB production
supply chains are provided in Fig. 1. The biomass preparation and
conversion processes were designed as semimobile units to operate
near-woods so that biomass conversion occurs close to the biomass
feedstock. Thus, units can be transported to other nearby harvest
sites. This allows processing of the low-density forest residues
closer to the primary landing, a cleared area where the trees are
processed before the high-density bioenergy product is shipped to
the user.

Near-woods processing required remote power generation
because the selected BCT site had no access to grid electricity. Using
the same feedstock to produce the biomass fuels, the Power Pallet-
PP20 biomass gasifier by All Power Biomass gasification generator
set (genset) with engine generator rated at 20 kWe was used for
remote power generation (All Power Labs, 2016; Palmer et al.,
2018).

2.2.1. Feedstock procurement
The feedstock procurement stage covers recovering pulp logs

and tree tops left at the landing after commercial harvesting op-
erations for biomass conversion. Collection of post-harvest residues
after forest operations consists of the following activities: pro-
cessing (delimbing), sorting, and loading along with hauling to the
secondary landing (BCT site) (Kizha and Han, 2016). In order to
improve the quality of the bioenergy product, tree tops and pulp
logs were delimbed for biomass conversion to generate the forest
residue feedstock. After air-drying in the forests about one year, the
post-harvest residues were collected at the primary landing and
loaded onto a dump truck for shuttling to the BCT site. Theoretical
BCT sites were designated for five commercial harvest regions in
thewestern US, whichwas located at the centroid of thewatershed.
Five scenario locations were used for the analysis: Port Angeles,
Washington; Warm Springs, Lakeview, and Oakridge, Oregon, and
Quincy, California. Hauling distance from the parcel to the theo-
retical remote BCT site was based on the weighted average of the
five sites and their forest residue availability. The average transport
distance traveled from the primary landing to the BCT site for the
five locations investigated was 18.8 km (Oneil et al., 2017). Forest
residues composed of pulp logs and processed tree tops were
transported using mule train (truck with trailer) with a maximum
capacity of about 25.9 tonnes.

2.2.2. Feedstock preparation
Feedstock preparation included chipping, screening and

(forced) drying in order to achieve the specifications required for
feedstock to be torrefied and/or briquetted into bioenergy products.
Feedstock was sourced from a common hardwood species in the
western US, tan oak (Notholithocarpus densiflorus) with a higher
Fig. 1. Torrefied and non-torrefied briqu
heating value (HHV) of 19.6MJ/kg (dry basis). In this study, the
logging slash, the by-product of timber harvesting and commonly
referred to as forest residues was left in the forest for air-drying for
one year before collection to a moisture content (MC) (wet basis) of
20± 3% (Kizha et al., 2018). Torrefaction and briquetting tests were
performed using various feedstock moisture contents to identify
the optimum MC for the highest quality product (Alanya-
Rosenbaum and Bergman, 2016; Severy et al., 2018). As a result,
the feedstock MC was further decreased from roughly 20% to 9.3%
at the drying process before bioconversion. For the NTB product
chain, propane was used to heat the dryer while torrefaction gas
(torgas) was used in the TOB supply chain. Yet, because of the low
energy content of the torgas, combustion was supplemented with
propane fuel to initiate and maintain optimum combustion.

The lubricant consumption data for chipping equipment that
consisted of hydraulic oils, general lubricants, and fuel consump-
tion of chipper and screener were based on tests performed by
Humboldt State University (HSU) generated as a part of the WTW
project (Bisson and Han, 2016). Details of forest operations model
and the equipment used for feedstock preparation are provided in
Oneil et al. (2017).

2.2.3. Woody biomass conversion
Torrefaction, a thermochemical conversion process is performed

by heating the biomass feedstock in an oxygen-free environment to
a temperature of approximately 200e300 �C (Tumuluru et al.,
2011). In this project, torrefaction data came from a semimobile
electrically-heated screw-type torrefaction unit (Biogreen, ETIA
Group, Compiegne,� France, and Norris Thermal Technologies, Tip-
pecanoe, Indiana, USA), which processed about 0.5 tonnes of wood
chips per hour. The small-scale torrefaction unit included
condensation and filtration, which were used to remove contami-
nants from the gases released during torgas that can potentially
damage combustion equipment when torgas is utilized (i.e. pro-
pane burner or thermal oxidizer). The by-products of condensation
and filtration units were condensate (bio-oil) and tar, respectively.
Bio-oil by-product generated, had a pH of about 2, was neutralized
using sodium hydroxide (NaOH), and then disposed to a municipal
sewage system. Torgas collected was assumed to be captured and
combusted in order to provide heat for the drying process.

Torrefied and non-torrefied wood chips were densified into
briquettes using a RUF lignummodel briquetter that uses hydraulic
cylinders for densification (RUF Briquetting Systems, Zaisertshofen,
Germany) (RUF Briquetting Systems, 2016). The produced briquette
had dimensions of 63mm width by 150mm length by 109mm
height. No binding agents were used in briquetting. The charac-
teristics of the TOB and NTB fuel after biomass conversion are
provided in Table 1.

2.2.4. Energy product use phase
Two pathways considered for the use (combustion) phase of
ette product systems process chain.



Table 1
Properties of torrefied briquette and non-torrefied briquette products.

Property Value

TOB NTB
Moisture Content, %, wba 0.6% 8.3%
Ash Content, (%) dbb 2.5% 3.4%
VMc, %, db 71% 71%
HHV, MJ/kg db 23.0 19.6

a Wet basis.
b Dry basis.
c Volatile matter.
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NTB and TOB produced were producing heat for domestic use from
wood stove and electricity generation from a coal-fired power
plant. Use phase data for domestic heating scenarios came from the
combustion test results provided by Schatz Energy Research Center,
(OMNI, 2017). Each test was conducted in a freestanding non-EPA
certified wood stove (Schrader Woodstove) using eight feet of
single-walled stove pipe followed by eight feet of insulated, double-
walled chimney pipe to replicate residential installation. Burn tests
were performed by modifying EPA Method 28eCertification and
Auditing of Wood Heaters (USEPA, 2017). Overall stove efficiency of
combusting TOB and NTB at the wood stove were 76% and 72%,
respectively (OMNI, 2017).

Data for the use phase of the torrefied biomass at the power
plant was retrieved from the data generated as a part of the Con-
sortium for Advanced Wood-to-Energy Solutions (CAWES) project
funded by the US Endowment for Forestry and Communities
(Endowment), USDA Forest Service. The experimental data gener-
ated by Western Research Institute (WRI), 2017 for combusting
torrefied briquettes at a power plant came from a 73 kW (250,000
Btu/hr) balanced-draft system. The system was designed to simu-
late a pulverized coal-fired utility boiler such as the Boardman
power plant (WRI, 2017). The Power Plant Flexible Model (PPFM)
model developed by the National Energy Technology Laboratory
(NETL) provided the emission profiles for the coal-power plant and
cofiring model (NETL, 2018). PPFM is an MS-Excel-based tool used
to model coal combustion and biomass cofiring-based power
generation. The data used in the model was based on a coal-fired
power plant with a net plant efficiency of 34.1% operating with
an 85% capacity factor, whereas cofiring with NTB resulted in 33.9%
net efficiency (NETL, 2018).
2.2.5. Transportation
Besides the feedstock hauling mentioned above, transportation

of materials to BCT sites and the final product to user (distribution)
were included in the analysis. It was assumed that the briquettes
were transported to the end-user in the closest town for use and
tractor trailers fueled by diesel were used for transportation. The
transportation distance of the product to the end-user for resi-
dential heating was about 90 km representing the average 2 h
transport time calculated based on the road quality in the region
(Oneil et al., 2017). Distribution to the power plant from BCT site
was about 211 km based on 4 h travel time.
2.3. Alternative System configurations investigated

Scenario sensitivity analysis was performed using alternative
system configurations for evaluation of effect on various changes in
the supply chain on the resulting environmental impact. The in-
fluence of the remote power generation technology used was
evaluated for a woody biomass gasifier generator set (genset) and
diesel generator. The biomass gasifier genset was the reference
scenario. In addition, the impact of transferring forest residues to
an in-town facility instead of performing near-woods bioconver-
sion was quantified. In-town scenarios used grid electricity as its
power source. The effect of the moisture content of incoming
feedstock was also examined as an alternative scenario. For the
alternative scenario, it was assumed that the feedstock received
was not air dried in the forest and had a 50% MC (wet basis) which
was far wetter than the base-line. Another scenario considered the
environmental savings from the avoided pile-and-burn emissions
by converting forest residues to solid biofuel instead. To be con-
servative, it was assumed that only 50% of the forest residue was
collected for energy products instead of burnt. The combustion
emissions profile from pile-and-burn was adopted from Pierobon
et al. (2014). For use phase of bioenergy products in power gener-
ation, different biomass co-firing ratios were investigated. The
cofiring ratio for NTB was 10% by energy input because biomass
cofire applications are generally limited to around 10% in most
commercial applications (Agbor et al., 2014; Basu et al., 2011;
Woytiuk et al., 2017). On the other hand, higher percentages were
evaluated for TOB where even 100% substitution is feasible using
torrefied biomass (Nhuchhen et al., 2014; Ndibe et al., 2015). These
results highlighted the most critical set of model parameters to
improve the interpretation of the environmental impacts found
and if data quality required improvement (ISO, 2006b; Wei et al.,
2015).

2.3.1. Description of the fossil based reference supply chains
The cradle-to-grave system boundary for the propane system

consisted of the extraction of crude oil, propane production, dis-
tribution, and heat production at the residential furnace to be used
for domestic heating. Propane combustion data was retrieved from
Johnson (2012). Details of the propane reference system is provided
in Alanya-Rosenbaum and Bergman (2016). Coal-power plant data
was generated using PPFMmodel developed by NETL (NETL, 2018).

2.4. Life cycle inventory

Data used for modelling was broken into two sections. One was
for producing the wood chips, and the second was for converting
the wood chips into the final products and their use. Table 2 shows
the environmental input and output data for one bone-dry metric
ton (BDT) of wood chips produced. Primary data for the feedstock
procurement, feedstock preparation, biomass conversion and use
phase were based on field-based data and experimental studies
performed as a part of the WTW project (Bisson and Han, 2016;
Kizha and Han, 2016; Kizha et al., 2018; Oneil et al., 2017; Severy
et al., 2018). The secondary data such as supply of electricity and
manufacturing, transport, and waste disposal came from DATA-
SMART database and peer reviewed literature (Long Trail
Sustainability, 2017). Torrefaction is an emerging technology.
Because of insufficient information on this technology, the
manufacturing, maintenance, and disposal of equipment used in
the systemwere considered outside the scope of the LCA. The mass
loss at the densification process was negligible. Therefore it is
assumed that there was no mass loss at the briquetter. At the dryer,
propane and torgas were assumed to be combusted with 95%
combustion efficiency (McNamee et al., 2016). In addition, heat
requirements of the drying process was assumed to be 5MJ/kg of
water removed (Adams et al., 2015). Volatile organic compound
(VOC) emissions, which occur during air drying of the fresh biomass
feedstock in forest floor and drying process were taken into ac-
count. It is assumed that 80% of the VOC emissions occurred in the
forest and the rest, 20%, was emitted at the drying process. Since
VOC emission data from tanoak were not available, white oak was
used as proxy (Beakler et al., 2007).

The environmental inputs and outputs for woody biomass



Table 2
Cradle-to-gate inputeoutput flow analysis for one bone-dry metric ton of wood
chips.

Process Units Value Source

Feedstock Procurement

Processing
Diesel L 1.0115 Oneil et al. (2017)
Lubricants L 0.0182 Oneil et al. (2017)
Sorting
Diesel L 0.346 Oneil et al. (2017)
Lubricants L 0.006 Oneil et al. (2017)
Loading
Diesel L 0.708 Oneil et al. (2017)
Lubricants L 0.013 Oneil et al. (2017)
VOC g 8.54 Alanya-Rosenbaum et al. (2018)
Hauling km 18.77 Oneil et al. (2017)

Feedstock Preparation

Chipper
Diesel L 0.5461 Oneil et al. (2017)
Lubricants L 0.0098 Oneil et al. (2017)
Screener L
Diesel L 1.5939 Oneil et al. (2017)
Lubricants L 0.0287 Oneil et al. (2017)
Dryer
Electricity kWh 7.14 Process data
Propane L 20.9 Engineering calculations
VOCa g 2.13 Alanya-Rosenbaum et al. (2018)
Torgas m3 212 Process data
Waste heat MJ 391 Engineering calculations

a Volatile organic compound.

Table 3
Input-output flows of non-torrefied briquette (NTB) and torrefied briquette (TOB) produ

Units TO

Biomass conversion
Torrefaction
Inputs
Dry wood chip kg db/MJ torrefied chips 0.0
Lubricants ml/MJ torrefied chips 0.0
Electricity kWh/MJ torrefied chips 0.0
NaOH gr/MJ torrefied chips 0.6
Outputs
Bio-oil L/MJ torrefied chips 0.0
Torgas m3/MJ torrefied chips 0.0
Briquetter
Electricity kWh/MJ TOB 0.0
Lubricants ml/MJ TOB 0.0
Packaging
LDPE packaging gr/BDT 0.6
Distribution to user km 90
Distribution to power plant km 21
Grinding Wh/MJ briquette 5.3
Combustion at wood stove (Use phase)
CO gr/MJ briquette 3.4
NOx gr/MJ briquette 0.0
SO2 gr/MJ briquette 0.0
CH4 gr/MJ briquette 0.0
VOC gr/MJ briquette 0.7
PM2.5 gr/MJ briquette 0.0
PM10 gr/MJ briquette 0.1
CO2 (biogenic) gr/MJ briquette 76
Combustion at power plant (Use phase)
CH4 gr/MJ briquette 0.0
N2O gr/MJ briquette 0.0
CO gr/MJ briquette 0.0
VOC gr/MJ briquette 0.0
NOx gr/MJ briquette 0.0
SO2 gr/MJ briquette 0.0
CO2 biogenic gr/MJ briquette 72
PM2.5 gr/MJ briquette 0.0
PM10 gr/MJ briquette 0.2

a LDPE, low-density polyethylene; BDT, bone-dry ton; VOC, volatile organic compoun
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conversion and product use phases are provided in Table 3. The
data showed were for biomass conversion processes of torrefaction
and briquetting (densification), distribution to user for domestic
heating and to the power plant for electricity generation, and use
phase at wood stove and at power plant. Use-phase data, including
stack emissions from combustion of TOB that were obtained from
WTW project combustion tests, were complemented by literature
data. It was assumed that the briquettes were stored and sold in 15-
kg-capacity plastic bags made from low-density polyethylene
(LDPE) for domestic heating (Laschi et al., 2016). No packaging was
used for the biofuel products distributed to the power plant.

2.5. Life cycle impact assessment modelling

For the life-cycle impact assessment (LCIA) the Tool for the
Reduction and Assessment of Chemical and Other Environmental
Impacts (TRACI) method was used (Bare, 2011; USEPA, 2012). TRACI
method was used because it is developed for the US and is
consistent with the US EPA regulations, guidelines and policies. All
impact categories covered in the TRACI method were considered.

2.6. Sensitivity analysis

Sensitivity analysis was performed using both parameter and
scenario-based uncertainty analysis. The parameter sensitivity was
tested via contribution to the GW impact for 25% variation in key
parameters including briquetter, torrefier and grinder electricity
demand, product distribution and feedstock hauling distances,
ction and use.a.

B NTB Source

63 e Operational data
02 e Operational data
19 e Operational data
67 e Operational data

11 e Operational data
43 e Operational data

037 0.0039 Operational data
002 0.0002 Operational data

32 0.686 Laschi et al. (2016)
90 Oneil et al. (2017)

1 211 Oneil et al. (2017)
93 17.989 Operational data

756 5.0638 Operational data
277 0.0375 Operational data
079 0.0073 Khalil et al. (2013)
023 0.0039 Khalil et al. (2013)
295 0.7638 Operational data
143 0.0354 Operational data
036 0.2175 Operational data
.873 85.43 Operational data

003 e Kabir and Kumar (2012)
021 e Kabir and Kumar (2012)
021 e Western Research Institute (WRI), 2017
013 e Kabir and Kumar (2012)
751 e Western Research Institute (WRI), 2017
161 e Western Research Institute (WRI), 2017
.870 e Western Research Institute (WRI), 2017
590 e Yani et al., 2015
000 e Yani et al., 20154

ds; PM, particulate matter.



Table 4
Environmental performance of 1MJ of useful heat produced from TOB and NTB.

Impact category Unit TOB at wood stove NTB at wood stove

Ozone depletion kg CFC-11 eq 1.64E-10 1.27E-11
Global warming kg CO2 eq 1.65E-02 7.44E-03
Smog kg O3 eq 7.44E-03 2.95E-03
Acidification kg SO2 eq 1.41E-04 9.04E-05
Eutrophication kg N eq 1.26E-05 6.33E-06
Carcinogenics CTUh 2.67E-10 1.15E-10
Non carcinogenics CTUh 2.73E-09 1.14E-09
Respiratory effects kg PM2.5 eq 2.40E-05 5.30E-05
Ecotoxicity CTUe 6.33E-02 2.91E-02
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dryer propane requirement, and propane supplement used for
torgas combustion.

MonteCarlo simulation isused to estimate theuncertaintyof LCIA
results associated with the LCI data and its effect on the LCIA. In this
project, Monte Carlo analysis was performed by running 10,000 it-
erations at the 95% confidence interval within SimaPro software.
Uncertainty ranges for unit processes were calculated based on the
standarddeviation fromprimarydata.Whenstandarddeviationdata
were not available, the pedigree matrix algorithm available in
SimaPro softwarewas used. Data quality is of the highest importance
when conducting environmental assessments such as LCA. Pedigree
matrix is a procedure proposed byWeidema and SuhrWeidema and
Wesnaes (1996) to assess data quality using five independent data
quality indicators: reliability, completeness, temporal, geographical,
and technological correlation. In pedigree method, uncertainty fac-
tors were calculated based on the scales selected for the pedigree
quality indicators. Parameters used for uncertainty analysis are
provided in the Appendix A Supplementary data.
2.7. Exergetic life cycle assessment

Cumulative Exergy Extraction from the Natural Environment
Fig. 2. Comparison of global warming impact results per megajoule of heat generated for
plemented by TOB and NTB (50% and 80%).
(CEENE) method was used to evaluate the resource footprint by
quantifying total amount of resources extracted from natural
environment in exergy units (MJex) (Dewulf et al., 2007). CEENE
method categorizes resource consumption under eight main
resource use categories; fossil fuels, metal ores, nuclear energy,
land occupation, renewable energy flows (wind, hydropower, so-
lar), minerals and mineral aggregates, atmospheric resources, and
water resources to calculate of the overall resource demand.
3. Results

3.1. Impact assessment of utilization of forest residues as fuel

The environmental LCIA results associated with generating heat
and electricity from TOB and NTB are presented in Table 4 for nine
impact categories. NTB showed better performance compared to
TOB in domestic heat generation with an exception of the respi-
ratory effects impact category. Higher environmental impact in the
TOB supply chainwas because of the additional processing required
to produce TOB. Note that wood stovewas used for the use phase to
represent the available technology used today. Yet, combustion of
the torrefied briquettes in wood stove was not efficient for using
this biofuel. Using advanced stove appropriate for TOB combustion
would likely lead to better environmental performance.

The global warming (GW) impact results per MJ of useful heat
generated from propane furnace and propane system supple-
mented with heat generated through combustion of TOB and NTB
at wood stove are presented in Fig. 2. Comparative results showed
that a 50% substitution of heat from propane with NTB and TOB
resulted in 46% and 41% reduction in GW, respectively. A large
portion of the GW impact of the TOB supply chain resulted from
torrefaction (59%) followed by the drying process (24%). This was
due to propane used for torgas combustion. Torgas combustionwas
supplemented with propane for ignition and steady burn. This was
necessary because torgas generated had low heating content. Even
domestic heating through a propane furnace (100% propane), a propane system sup-



Table 5
Environmental impacts of heat generated for domestic heating at propane furnace in comparison to impacts from propane furnace supplemented with 50% of heat from NTB
and TOB.

Impact category

Ozone depletion
Global warming
Smog
Acidification
Eutrophication
Carcinogenics
Non carcinogenics
Respiratory effects

Unit

kg CFC-11 eq
kg CO2 eq
kg O3 eq
kg SO2 eq
kg N eq
CTUh
CTUh

kg PM2.5 eq

Propane Furnace

1.81E-10
9.44E-02
3.52E-03
1.94E-04
3.11E-05
1.64E-09
1.62E-08
2.93E-06

Propane Supplemented by 50% NTB

9.70E-11
5.09E-02
3.23E-03
1.42E-04
1.87E-05
8.79E-10
8.67E-09
2.80E-05

�
�
�
�
�
�
�

% Change

46%
46%
8%
27%
40%
46%
46%

854%

Propane Supplemented by 50% TOB

1.72E-10
5.54E-02
5.48E-03
1.68E-04
2.19E-05
9.55E-10
9.47E-09
1.34E-05

�
�

�
�
�
�

% Change

5%
41%

56%
14%
30%
42%
42%

359%
Ecotoxicity CTUe 4.16E-01 2.23E-01 �46% 2.40E-01 �42%
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though the torrefaction process used an electrically-heated screw
system powered by wood gasifier genset, the GW impact was high
compared with other processes because of the torgas combustion.
Excess torgas was combusted to avoid VOC emissions. The dryer
process was the highest contributor to GW impact, about 64% of the
overall impact, in NTB supply chain.

Environmental impact assessment results associated with
generating heat from propane furnace supplemented by TOB and
NTB at wood stove are presented in Table 5 for the rest of the
impact categories considered. TOB and NTB supplemented propane
heating showed lower impact per useful thermal energy generated
in most of the impact categories except respiratory effects for NTB
supply chain. Particulatematter (PM) emissions have a high relative
contribution to the respiratory effects impact category. Briquette
combustion results in higher PM emissions, which were avoided
when propane was used. Similarly, use of TOB performed better
environmentally except for the respiratory effects and smog impact
categories. Higher smog impact at TOB supply chain resulted from
Fig. 3. Comparison of global warming impact per 1 kWh electricity generated from 100%
combustion phase. This might be due to TOB fuel properties where
combustion of TOB at an existing wood stove may require adap-
tations to achieve better combustion characteristics because of its
properties such as higher fixed carbon content (SECTOR, 2015).

Environmental impact assessment results associated with
cofiring with TOB and NTB are presented in Fig. 3 and Fig. 4.
Cofiring with biomass, leads to major reduction on the GW impact,
while it reaches 82% when coal is completely substituted with TOB.

With the exception of ozone depletion potential, smog, eutro-
phication and ecotoxicity impact categories, electricity generation
through cofiring with NTB and TOB led to a reduction in environ-
mental impact in comparison to electricity generation from coal.
For these impact categories, reductions for a 10% cofire ratio ranged
2e6% for NTB and 3e8% for TOB. Most ozone depletion potential in
TOB cofiring resulted from the grinding (55%) process. It is followed
by the torrefaction process (40%), due to NaOH used for neutrali-
zation of bio-oil before it is disposed to municipal sewer. Propane
use in the torrefaction process was responsible for the higher
coal, cofire with NTB (10%) and TOB (10%, 50% and 100%) at coal-fired power plant.



Fig. 4. Environmental impacts from cofiring with NTB and TOB for electricity generation at coal fired power plant.
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eutrophication and ecotoxicity impacts, because combustion of
torgas was supplemented with propane. The torrefaction process
was the key player in most impact categories for TOB supply chain
since it involved propane consumption. Substantial decrease in
respiratory effects occurred when avoided pile-and-burn emissions
were considered. This would be expected considering the conse-
quences associated with uncontrolled burning (Fann et al., 2018;
Reid et al., 2016).
3.1.1. LCIA of the scenarios investigated
The GW impact results per megajoule of heat generated from

TOB through various scenarios was compared (Fig. 5). Analysis
Fig. 5. Contribution of processes to overall global warming impact per megajoule of heat g
power; S2: near-woods operation with diesel power; S3: in-town operation (2-h travel dista
50% moisture content feedstock, near-woods operation with wood gasifier power; S6: near
showed that the near-woods operation using a wood gasifier as the
power source (S1) was the most favorable scenario, while remote
operation using diesel power was the worst alternative scenario
(S2). A 19% reduction in GW impact was achievedwhen the benefits
from avoided pile-and-burn emission (S6) were taken into account.
As suggested in this study, the near-woods operation had a higher
environmental performance compared with in-town operation
where feedstock was transported for 2-h (S3) or 4-h (S4) drive
(maximum) to an in-town facility with access to grid electricity. The
GW impact was 55% and 57% higher for S3 and S4 scenarios
compared with S1, respectively. High feedstock MC scenario
resulted in a 55% increase in total GW impact (S5) because of higher
enerated for six scenarios investigated. S1: near-woods operation with wood gasifier
nce) with grid power; S4: in-town operation (4-h travel distance) with grid power; S5:
-woods operation with wood gasifier power with pile-and-burn credit.



Fig. 6. Contribution of processes to overall global warming impact per 1 kWh of electricity generated for five scenarios investigated. S1: near-woods operation with wood gasifier
power; S2: near-woods operation with diesel power; S3: in-town operation with grid power; S4: 50% MC feedstock, near-woods operation with wood gasifier power; S5: near-
woods operation with wood gasifier power with pile-and-burn credit.
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heat demand at the dryer. The S6 scenario had the lowest GW
impact because it both used a wood gasifier gen-set in a near-wood
operation and considered the GHG reduction from avoiding the pile
and burning of 50% of the forest residues.

Fig. 6 shows the GW contribution of the various processes for a
given scenario for generating electricity. For example, total GW
impact of producing 1 kWh of electricity from TOBwas nearly 180 g
CO2 eq. for the base scenario (S1) but improved by 14% reduction
when pile-and-burn credits (S5) were taken into account. Analysis
showed that near-woods operation using diesel power for a remote
(off-grid) power generation source was the least favorable alter-
native (S2). Using diesel generator instead of wood gasifier gen-set
for remote power generation resulted in 61% higher GHG emis-
sions. Similarly, transporting feedstock maximum 2 h (S3) to an in-
Fig. 7. Summary of the comparative life cycle impact assessment results for fiv
town facility with access to grid electricity for processing increased
the GW impact by 48%. High feedstock MC scenario resulted in a
48% increase in total GW impact (S5), due to increased propane use
for drying. Transporting feedstock to an in-town facility (S3) for
processing increased global warming impact of hauling from1.82 to
8.75 g CO2 eq per kWh of electricity generated. Like S6 scenario
above for producing heat, the S5 scenario for generating electricity
had the lowest GW impact for the same two reasons.

Comparative results showed that the remote biomass conver-
sion using gasifier genset was favorable for the rest of the impact
categories over alternative options except for smog and respiratory
impact categories (Fig. 7). Yet, when pile-and-burn credit was
considered, it was the option with least environmental impact for
processing forest residues in all impact categories. With respect to
e scenarios for TOB production system for generating 1 kWh of electricity.
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smog impact category the nitrogen oxide emission at use phasewas
the major contributor.

3.2. Resource footprint of utilization of forest residues

Fig. 8 shows the results of the comparative CEENE analysis for
various fuels investigated. The total resource footprint of producing
heat for domestic heating using TOB and NTB with a wood stove
was about 0.23 and 0.10 MJex per MJ thermal heat generated,
respectively. Use of renewable fuel generated through utilization of
forest residues for domestic heating had a significant influence on
the overall resource footprint, where use of NTB and TOB resulted
in about 93% and 84% less exergy consumption, respectively. About
1.06 MJex reduction was achieved per kWh electricity generated
through substitution of coal with TOB at a coal-fired plant for
Fig. 8. Results of the comparative CEENE analysis for; a: per 1MJ of heat generated for dom
and TOB at power plant.
power generation.
The normalized results of the CEENE analysis are presented for

all scenarios for the seven resource categories in Fig. 9. The
contribution analysis showed that the torrefaction process in the
domestic heating scenario accounted for a considerable share of the
minerals, metal ores, water resources and land and biotic resources.
This was mainly due to NaOH use for bio-oil neutralization which
was unexpected. Similarly the torrefaction process was the second
major contributor to these resource categories in the electricity
generation from TOB in which the major contributor was the
grinding process. Most exergy extraction at the use of NTB at the
wood stove supply chain resulted from the dryer process due to
propane consumed, followed by other feedstock preparation pro-
cesses, screening and chipping.
estic heating from propane, NTB and TOB; b: 1 kWh of electricity generated from coal



Fig. 9. A relative contribution of unit processes to seven resource categories for heat generated from combustion of TOB and NTB at wood stove, and electricity production form TOB
at power plant (%).

Fig. 10. Sensitivity of key parameters on global warming impact.
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3.3. Sensitivity analysis

Parameter based sensitivity analysis was performed where the
sensitivity of the GW impact was examined for 25% variation in key
parameters including: briquetter and torrefier electricity demand,
product distribution and feedstock hauling distances, grinder
electricity use, dryer propane use and propane supplement used for
torgas combustion (Fig. 10). Sensitivity analysis showed that pro-
pane supplement used for torgas combustion was a key parameter
with large influence on variation in the GW impact at the torre-
faction supply chain. Propane consumption at the dryer was
influential on the resulting GW impact at NTB supply chain, while
the GW was not sensitive to other parameters.

Fig. 11 shows the 95% confidence intervals from the Monte Carlo
analyses on the ten impact categories. The error bars suggest that a
large degree of uncertainty was introduced into the eutrophication
and carcinogenic impact scores of the use of TOB at the power
plant. Nontorrefied briquette product system had higher uncer-
tainty in the respiratory effects impact. Global warming impact
scores showed relatively lower uncertainty interval compared with
other impact scores.

Monte Carlo analysis results showing the effect of the LCI on the
GW impact are presented in Fig. 12. The results showed that NTB for
the wood stove scenario had a lower GW potential compared with
TOB at the wood stove, where the 90% confidence interval of GW
impact was expected to be 6.9e8.1 g CO2 eq/MJ heat and the 25th to
the 75th percentile were between 7.2 and 7.7 CO2 eq/MJ heat. In
almost 100% of the cases, all the impact scores for the NTB scenario
except for the respiratory effects were lower compared with TOB
scenario (Fig. 12c). In 88% of the cases, the respiratory effects score
was higher for NTB scenario, meaning that it was almost certain
that the TOB scenario had a lower score in this impact category.

4. Conclusions

The environmental impacts and the resource footprint of NTB
and TOB production from post-harvest forest residues from timber
harvesting were quantified using cradle-to-grave LCA and exergetic
LCA. Consistent with previous studies use of NTB and TOB for
substitution of their fossil alternatives resulted in increased envi-
ronmental performance, particularly in GW impact (Arteaga-Per� ez
et al., 2015; Kabir and Kumar, 2012; Thran et al., 2016; Tsalidis et al.,
2014;Woytiuk et al., 2017). In addition, it is shown that reduction in
overall resource footprint was achieved. Therefore, production of
NTB and TOB ought not to be limited because of the environmental
performance has shown.

Alternative system configurations were investigated at the
cradle-to-grave level for evaluation of the effect of near-woods
versus in-town processing of forest residues, different remote po-
wer sources, feedstock MC and pile-and-burn credits on the GW
scores. The torrefaction process used an electrically-heated screw
system, therefore in-town scenarios using grid electricity, which



Fig. 11. Effect of parameter uncertainty on environmental impact assessment results for the ten impact categories for heat generation from NTB and TOB at stove and electricity
generation from TOB at power plant. Results from the Monte Carlo simulations are for 95% confidence interval.

Fig. 12. Monte Carlo results from heat generation from NTB (a) and TOB (b) at stove and electricity generation from TOB at power plant for the GW impact category. Upper and
lower borders of the box plot represent the 25th and 75th percentiles with error bars representing the 5th and 90th percentiles. Uncertainty comparison between 1MJ of heat
generation from NTB and TOB at wood stove scenarios per impact category (c).
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was mainly based on fossil fuel resources, had higher GW impact
compared with near-woods operation. Near-wood operations for
processing forest residues using a wood gasifier genset would be
the preferred environmental choice.

Global warming impact was highly dependent on the drying
process at NTB product system and torgas management and drying
at the TOB product system. The low heating content of the torgas
itself required torgas combustion to be aided by propane, which
increased the environmental impacts associated with propane use.
One reason for this was the separation of bio-oil from the torgas
resulting in decreased torgas heating content. In addition to
decreasing the heating value of torgas, disposal of bio-oil also
generated additional environmental burden for the product sys-
tem. For better environmental performance high-efficiency drying
systems, field-dried feedstock with lowmoisture content (MC), and
efficient recovery systems from displacing propane with torgas,
especially in the drying process are recommended. In addition,
eliminating the condensation step and burning torgas without
separating bio-oil would likely yield better overall environmental
performance. Obviously, these listed process improvements for this
novel integrated system of semimobile biomass conversion tech-
nologies to produce energy products would occur if the technology
itself moved into the commercial stage.
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