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A Life Cycle Assessment (LCA) of the production of poplar biomass grown under four
management conditions in the Pacific Northwest (PNW) of the U.S.A. was conducted.
While the extraction of fossil fuels and the subsequent generation of energy have
environmental impacts, the alternative of extracting poplar biomass also has impacts due
to electricity for irrigation, fuels for machinery, chemical application, and water
consumption. Two management conditions were short rotation and no irrigation (Site 1)
or irrigation with river water (Site 2). The others were long rotation and irrigation with

wastewater from a treatment facility (Site 3) or irrigation with landfill leachate (Site 4).

Questionnaires were used to obtain operating data for the production of cuttings and four
processes in each site. These were land preparation, plantation management, harvesting,
and land restoration. SimaPro v.8 and the USLCI and Ecoinvent v.3 databases were used
to create a Life Cycle Inventory and the TRACI 2.1 v 1.01/US 2008 model was used to
determine impact indicators. Biomass yield for future harvests was estimated using the
3-PG model.

Plantation management and harvesting had the greatest contributions to environmental
impacts due to fuel consumption. Utilization of chemicals during land preparation and
land restoration were also important contributors. Short rotations resulted in lower global
warming potential (79.5 and 54.5 kg CO eq- t'1) and energy consumption (1381.8 and
877.4 MJ -t) than long rotations (93.1 and 81 kg CO> eq- t* and 1406.9 and 1343.5 MJ-



t1). This was mainly due to diesel use during plantation management. Higher planting
density resulted in greater water consumption and electricity use due to irrigation when
cuttings are produced. Site 2 had the lowest environmental impacts compared to the other
sites due to a low planting density, no on-site irrigation, and low chemical and energy
consumption. Chemical use, such as applying pesticides and herbicides, strongly affected
ozone depletion and eutrophication while fuel consumption, such as diesel use, had
strong effects on global warming, smog and acidification. Increasing biomass yield

reduces impacts.

The biosolids applied in Site 3 reduced ozone depletion by 65% and other impacts by 19
to 24% compared to applying an equivalent amount of nitrogen fertilizer. The increased
proportion of hydroelectricity in the PNW results a reduction in almost all impact
categories compared to the typical electricity mix for the Western U.S. When the
electricity was all from biomass, ozone depletion, smog and eutrophication increased.

This research provides the opportunity for environmental impacts to be considered when

making decisions for plantation management.
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Chapter 1. INTRODUCTION

1.1 General context

Concern over national energy security, global increases in CO2 emissions, and local and
regional air and water pollution associated with fossil energy sources has promoted the

development of sustainably produced biomass as a feedstock for bioenergy.

Globally the use of hydroelectricity and other grid-connected renewable energy sources
are expected to increase from 10.6% in 2009 to 14.5% (a rate of 2.5% per year) until
2040 (EIA, 2014a). Most projections of global energy use predict that biomass will be an
important component of this, contributing 10% to 45% of the total primary energy in the

coming decades (Keoleian and Volk, 2005).

About 9.5% (2.71 EJ from hydropower and 7.1 EJ from all other sources of renewable
fuels) of all energy consumed in the United States in 2013 was from renewable sources.
Renewables accounted for about 12.9% of the nation’s total energy production. In 2013,
the distribution of U.S. renewable consumption by source was 28% hydropower, 23.5%
biomass wood, 22% biomass biofuels, 17% wind, 5% biomass waste, 3% solar, and 2%
geothermal. The contribution of renewable sources is expected to grow, spurred by State
and Federal legislation including the Energy Independence and Security Act of 2007
(EIA, 2014a). In fact, about 12.4% (13.88 EJ) of the projected 112.15 EJ of energy
consumption in 2040 is projected from renewable sources (EIA, 2014b). The increase of
renewable sources in the State of Oregon is mandated by a Renewable Portfolio Standard
(RPS) that requires the largest utilities to provide 25% of their retail sales of electricity
from newer, clean, renewable sources of energy by 2025. Smaller utilities have similar,
but lesser, obligations (ODOE, 2015)
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The majority of biomass research shows that short rotation woody crops (SRWC) may be
an important source of biomass (Berndes et al., 2003 cited by Keoleian and Volk, 2005).
SRWC systems utilize genetically improved plant material grown on agricultural land
with intensive site preparation, fertilization, and 3- to 4-year rotations, with multiple
harvests from a single root stock. In 2014, consumption of energy from renewable
sources was 10.07 EJ, of which 28% was from biomass (EIA, 2014a). A projection for
2025 shows an increment of 16.4% in total marketed renewable energy in the USA,
where biomass will show an increment of 3.6%, based on 2012 data (EIA, 2014b). The
cellulosic biomass consumption projected for 2035 is 2.32 EJ (Newell, 2011 based on
EIA, 2014c).

1.2 Research question or problem definition

Woody biomass can be obtained from sources such as manufacturing residues, forest
thinnings, forest residuals, and dedicated plantations. The latter source requires materials
such as herbicides, fertilizer, and pesticides and fuels such as diesel and electricity for
planting, managing, and harvesting. Hence, biomass from dedicated plantations with
species such as poplar will have associated environmental impacts when it is used as a
fuel or feedstock. Reducing the material and energy consumption at the plantation will

make the biomass more competitive on both economic and environmental bases.

1.3 Potential alternatives to fossil fuel

Sources other than biomass can displace fossil fuels for producing energy. Renewable
sources include hydro, solar, wind, geothermal, wave, and tidal energy (Demirel, 2012).
Nuclear is a nonrenewable energy source. Each of these alternatives carries with it some

environmental impact. Dams impact waterways, solar systems require large surface



areas, wind turbines can have adverse impacts on birds, geothermal power plants can
concentrate heavy metals in water, ocean-based energy devices can impact transportation

and aquatic life, and nuclear power plants have disposal issues.

Using a waste material, even if not renewable, is desirable because it reduces the need for
landfill space and creates a useful product. For example, electrical energy is often
produced by combusting municipal solid waste (UCAUSA, 2015): Covanta Marion, Inc.
in Marion County, Oregon has been producing electricity from municipal solid waste
combustion since 1986 (ODOE, 2015). However, the concept of using a waste material
does not have to be limited to directly converting the waste to energy. It is possible to
use waste streams to displace some of the materials used at a plantation. This thesis will
explore the life cycle impacts of using leachate from a landfill and biosolids from
wastewater treatment to reduce the use of ground- or surface water for irrigation and
offset fertilizer use. This also provides the potential for phytoremediation: allowing
plants to uptake contaminates in the applied waste, reducing the hazard to the
environment. As will be discussed in Chapter 2, poplar, willow, and some other species

have been shown to be capable of this.

1.4 Summary of work

In this work, the material and energy consumption associated with poplar biomass grown
under four management scenarios were determined. The four plantations, all located in
OR, USA, included management with no irrigation, irrigation with river water, irrigation
with water from a municipal water-treatment plant, and irrigation with leachate from a
landfill. The environmental impact for each plantation was determined using life cycle
assessment (LCA). The environmental burdens of materials, fuels, and electricity used in
the plantations were based on the U.S. Life Cycle Inventory (USLCI) database, and the
Ecoinvent v3 database. The Tool for the Reduction and Assessment of Chemical and

Other Environmental Impacts (TRACI) was used for life-cycle impact assessment
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(LCIA). The databases and TRACI were in the Simapro 8.0.3.14 simulation software (Pre
Consultants, 2013).

Ozone depletion, global warming, smog, acidification, and eutrophication were compared
among the four case studies. In addition to these comparisons, alternative methods of
plantation management were also considered. This included electricity from hydroelectric
power and biomass as alternatives to electricity from a grid. Finally, a comparison was
also made in which the equivalent amount of nitrogen was applied with fertilizer rather

than biosolids.

1.5 Research objective

1.5.1 General objective

Analyze the environmental impacts due to material and energy consumption for
producing poplar biomass for energy under different plantation management systems in
the Pacific Northwest of the United States.

1.5.2. Specific objectives

- Compare the material and energy consumption among the four irrigation scenarios for

the production of poplar biomass.

- Use life cycle assessment to quantify the environmental impacts due to material and
energy consumption for the production of poplar biomass without irrigation and with
irrigation from one of three sources: river water, water discharged from a municipal

wastewater treatment facility, and leachate collected from a landfill.

- Determine the changes in environmental impacts caused by changing the inputs to the
poplar plantations. Input changes include the methods of electricity used and the

replacement of biosolids with chemical fertilizer.



Chapter 2 LITERATURE REVIEW

2.1 Life Cycle Assessment

Life cycle assessment (LCA) is a detailed accounting from “cradle-to-grave” to document

and study the environmental impact of products or processes. LCA can be also developed
by “cradle-to-gate” (Curran, 2006; Crawford, 2008; PE International, 2010). LCA is an
environmental tool that follows 1ISO 14040 guidelines (ISO, 2006a). The methodology

includes four phases that are shown in Figure 2.1.
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Figure 2.1 Phases in a Life Cycle Assessment (ISO, 2006a)

The LCA begins with defining the goal and scope of the study. The scope includes the

system boundary and the level of detail for producing a product or service. These depend



on the subject and the intended use of the LCA. Life cycle inventory (LCI) is an
inventory of the materials and energy entering and leaving the system boundary. The
balances often incorporate burdens associated with the manufacture of inputs, use of the
product, and what happens at the end of life. Burdens of various inputs may be allocated

among more than one product.

An LCA uses the information from an LCI and weighted impact factors to characterize
the environmental impacts of the system. A complete LCA includes impact assessment
and sensitivity analysis. The life cycle impact assessment (LCIA) should provide
additional information to help assess a product system’s LCI results and understand the
magnitude and significance of its environmental impacts (Pré Consultants, 2013).
Impacts can include categories such as toxicity, global warming potential (GWP),
acidification, and carcinogenesis. A complete LCA that gives an accurate picture of the
differences in environmental impact between different products or the same product at
different times can be developed. The life cycle interpretation is the phase in which the
results of an LCI, LCIA, or both are summarized and discussed as a basis for conclusions,
recommendations, and decision-making in accordance with the goal and scope definition
(Baumann and Tillman, 2004; 1SO, 2006a).

According to methodological aspects of LCA there are six important decisions to make at
the beginning of the LCA process, in order to use time and resources effectively (Curran,
2006):

1) Define the goal(s) of the project

2) Determine type of information needed to inform the decision-makers
3) Determine the required specificity

4) Determine how the data should be organized and the results displayed
5) Define the scope of the study

6) Determine the ground rules for performing the work

The primary goal of LCA is to identify the product, process, or service with the least

effect on human health and the environment. Secondary goals of an LCA are diverse and



depend on the specific purpose of the project. These might be to support broad
environmental assessments, establish baseline information for a process, rank the relative
contribution of individual steps or processes, identify gaps, support public policy, support
product certification, provide information and direction to decision-makers, or guide

product and process development.
2.1.1 Categories of LCA

The information collected depends on the decision-makers’ specific purpose and are also
defined by the parameters of the study. Recently, LCA has been classified into two types:
attributional and consequential. Attributional LCA is applicable for understanding the
environmental impacts directly associated with the life-cycle of a product, using average
data for each unit process. Consequential LCA is used for describing the consequences of
a decision, taking marginal data for analysis (Poeschl et al., 2012a).

The information ideally is site specific. However, if the product or service is common in
the marketplace, data representing the common commercial practices may be more
appropriate. The required level of data accuracy for the project depends on the use of the
final results and the intended audience.

The organization of data (Decision 4) is based on a functional unit. The functional unit is
a common basis of calculation used to compare different systems (Goglio and Owende,
2009). Four types of functional units have been identified for bioenergy systems: input
unit related, output unit related, unit of agricultural land, and year (Cherubini

and Strgmman, 2011).

The scope (Decision 5) depends on the stage of a product or process life cycle. Stages
include raw material acquisition, manufacturing, use, reuse, recycling, and disposal. An
LCA for all stages is called cradle-to-grave or a full LCA. The goal of the study helps to

define the stages that must be included in the LCA. In a process study, the scope will
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include the following items: product system to be studied, function of the product system,
functional unit, system boundary, allocation procedure, impact categories selected and
methodology of impact assessment, and its subsequent interpretation, data requirements,
assumptions, limitations, and initial data quality requirement, among others (ISO, 2006a).

2.1.2 Allocation procedures

ISO 14040 defines allocation as partitioning the input or output flows of a process or a
product system between the product system under study and one or more other product
systems. The ISO standards propose that allocation should be avoided if possible either
through the division of the whole process into sub-processes related to co-products or by
expanding the system boundaries to include the additional functions related to the co-
products; this is called the “system expansion approach” or the “substitution approach.”
If allocation cannot be avoided, the environmental impacts can be partitioned according
to a physical relationship, such as mass, energy, or exergy! content, or according to other
relationships, including the economic value. However, the subdivision approach rarely
avoids allocation completely because most multiple-function systems include processes
that are common for some or all of its functional outputs (i.e., recovery of energy from
waste or cogeneration of electricity and thermal energy), so some type of allocation will
still be necessary. Finally, allocation procedures shall be uniformly applied to similar
inputs and outputs throughout the system (Curran, 2007; ISO, 2006a; Siegl et al., 2011).
Gonzalez-Garcia et al. (2013) described allocation as one of the most critical issues of
LCA for the production of energy from biomass. Multi-output processes and more than
one co-product require the selection of an allocation approach, which can have important
effect on the results. Economic allocation was suggested when the main product and

different co-products have large differences in market prices.

1 Exergy is a measure of how large a part of a quantity of energy can be converted into mechanical work
(World Energy Council, 2004).



2.1.3 Impact categories

There are two mandatory steps described in ISO 14044 for selecting impact categories.
Step 1 is the classification of impact categories based on their impact pathway, impact
indicator, and the elementary flows from the inventory, according to the substance
contribution. Step 2 is the characterization of impact categories by quantitative models
that report each impact in a common unit for all contributions within the impact category
(e.g., kg CO2-equivalents for greenhouse gases contributing to the climate change impact
category; 1SO, 2006a; 1SO, 2006b).

Decision 6, determining the ground rules, means to decide how assumptions will be
documented, what the procedures will be for quality assurance, and what the

requirements are for reporting.

2.1.4 Environmental Impact Assessment methodologies

LCIA methodologies (e.g., CML 2002, Eco-indicator 99, EDIP97 and EDIP2003, EPS
2000, IMPACT 2002+, LIME, LUCAS, ReCiPe, Ecopoints 2006, TRACI, and MEEup)
have been used to estimate midpoint and endpoint environmental impacts (ILCD, 2010).
TRACI (Tool for the Reduction and Assessment of Chemical and Other Environmental
Impacts) is a midpoint method developed by the U.S. Environmental Protection Agency
(EPA) in 1995 that represents environmental conditions in the U.S. (Bare et al., 2003).
Ten impact categories are measured by TRACI; a description of each of them is
presented below.

e Ozone depletion measures the potential to destroy ozone based on a chemical’s
reactivity and lifetime. It is measured in [kg CFC-11 eq] where CCI3F or
trichlorofluoromethane is the reference substance used to assess the importance of
the effect produced by various gases. The global impact of zone depletion is

increased ultraviolet radiation at the earth’s surface.
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Global warming measures potential global warming based on chemical radiative
forcing and lifetime. It is measured in [kg CO2 eq] where CO- or carbon dioxide
is the reference substance. The global impact of global warming is well

documented.

Acidification measures the potential to cause wet or dry acid deposition. It is
measured in [kg SO2 eq]. Acidification produces building corrosion and water

body acidification, and it affects vegetation and soils. It is a regional impact.

Eutrophication measures the potential for nutrients such as phosphorous and
nitrogen to enter bodies of water. The impact is local and results in excessive
plant growth and oxygen depletion. It is measured in [kg N eq].

Smog formation measures potential to cause photochemical oxidation. It is
measured in [kg O3z eq]. Smog produces decreased visibility and results in eye
irritation, respiratory tract and lung irritation, and vegetation damage. It is a

regional impact.

Cancer measures the potential of a chemical released into an evaluative
environment to cause human cancer effects. It is measured in [CTUh] or

comparative toxicity units for humans.

The noncancer impact category is a measure of the potential for a chemical
released into an evaluative environment to cause human (toxicological) noncancer
effects. It is measured in [CTUh].

The respiratory effects impact category is largely a measure of health effects due

to particulate matter (PM). Particulate matter in the size range of 2.5 microns is
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able to travel deeply into the respiratory tract, reaching the lungs. Exposure to fine
particles can cause short-term health effects such as eye, nose, throat, and lung
irritation, coughing, sneezing, a runny nose, and shortness of breath. Long-term
exposure to fine particulate matter may be associated with increased rates of
chronic bronchitis, reduced lung function, and increased mortality from lung

cancer and heart disease. It is measured in [kg PM2s eq].

e Ecotoxicity measures the potential of a chemical released into an evaluative
environment to cause ecological harm. It is measured in [CTUe] or comparative

toxicity unit for environment.

e Fossil fuel use measures potential to lead to the reduction of the availability of
low cost/energy fossil fuel supplies. It refers to a group of resources that contain
hydrocarbons. The group includes gases such as methane, liquids such as
petroleum, and solids such as coal. Fossil fuel depletion is measured in [MJ

surplus].

2.1.5 Sensitivity analysis

A sensitivity analysis or perturbation analysis is used to identify the parameters that have
the largest effects on the results of the study. It is a systematic procedure in which inputs
and assumptions are changed independently to assess impact on the results (Richard,
2011). Huijbregts et al. (2001) suggest using a single standard sensitivity range (e.g.,
+10%) for all parameters. It can be applied to the data, allocation methods, or calculation

of category indicator results.
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2.2 Biomass

Plant biomass is a product of photosynthesis. The components of biomass include
cellulose, hemicelluloses, lignin, simple sugars, starches, water, and ash, among other
compounds. The concentration of each class of compounds varies depending on species,
type of plant tissue, stage of growth, and growing conditions. Due to the carbohydrate
structure, biomass is highly oxygenated, compared to fossil fuels such as hydrocarbon
liquids and coals. Typically, 30% to 40% of the dry weight of biomass is oxygen. The
main constituent of biomass is carbon, making up from 30% to 60% of dry mass. Among
organic components, hydrogen is the third major constituent, comprising typically 5% to
6% of the dry matter. Nitrogen, sulfur, and chlorine can also be found in small quantities,
usually around 1%. Nitrogen is a macronutrient for plants and is critical to their growth.
Inorganic compounds can be found as well. Potassium and silica constitute over 1% in
wood and 10% to 15% of grains such as rice straw (Jenkins et al., 1998).

Biomass is derived from agriculture residues, short rotation crops (SRC) such as grasses,
short rotation woody crops (SRWC), forest residues, forest thinnings, and byproducts

from living organisms (Haefke, 2008).

2.2.1 Characteristics of biomass used for energy

Biomass is heterogeneous and usually has high moisture when it is collected. Higher
moisture content (MC) increases the energy and cost to transport (McKendry, 2002).
High MC reduces the energy value of biomass (Figure 2.2) by reducing the combustion

temperature. Wet fuel also increases air emissions, due to incomplete combustion.
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Figure 2.2 Relationship of heating value and moisture (Tsoumis, 1991). One kcal'kg™ is
equivalent to 4.187 kJ-kg™.

Klasdnja et al. (2002), working with P. deltoides and P. euroamericana, determined the
heating value to be between 16 and 24 MJ-kg*, where 2-year-old trees had a higher value
than 1- or 12-year-old trees. Blankenhorn et al. (1985) measured small but significant
differences in the higher heating value (HHV) (17.7 to 20.04 MJ-kg™) of seven hybrid
poplar clones. However, Strong (1992) measured 19.4 to 19.9 MJ-kg and detected no
significant differences for nine Populus clones. Similar results were reported by Geyer et
al. (2000) and Movessessian (2003). The later study further indicated that hybrid poplar
clones grown on different sites had different energy contents. Maranan (2006) studied 78
hybrid poplars at different ages (4, 5, 10, and 15 years old), parentages (16), and growing
sites (6) to show that age and growing sites had no significant effect on heating value;
however, in some cases, parentage had a significant effect. A heating value of 18.5
MJ-kg* for poplar from short rotation woody crops was reported by AIEL (2008), which
is between the values reported above.
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Properties that affect the heating value of wood are physical composition (density,
moisture content), chemical composition (lignin and extractives), anatomical composition
(ratio of juvenile to mature wood), and species (softwood and hardwood) (Francescato et
al., 2008; Jenkins et al., 1998; Klasnja et al., 2002; Maranan, 2006; Tsoumis, 1991;
White, 1987).

There are two heating values, lower heating value (LHV) and higher heating value
(HHV), also called gross heat of combustion (White, 1987). The HHV can be expressed

as shown in the following equation:
HHV =0.196 FC + 14.119 [MJ-kg}]

where FC is fixed carbon, expressed in weight percent. The correlation coefficient
heating value was 0.997, which was calculated using the equation above, and showed a
mean difference of 2.2% (Demirbas, 1996)

Other correlations of HHV can be based on proximate analysis and ultimate analysis.
Sheng and Azevedo (2005) reported a correlation for HHV based on proximate analysis

HHV = 19.914 — 0.2324 Ash [MJ-kg!] with a R?=0.625
HHV = -3.0368 + 0.2218 VM + 0.2601 FC [MJ-kg!] with a R?=0.617

where Ash is the ash, VM is volatile matter, and FC is fixed carbon, all measured as a

weight percent of the dry biomass.

The same authors reported a correlation HHV based on ultimate analysis is
HHV = 0.3259 C + 3.4597 [MJ-kg™*] with a R? = 0.758
HHV=-1.365+0.3137 C+0.7009 H+0.03180 O [MJ-kg™*] with a R? = 0.834

where C is carbon, H is hydrogen, and O is oxygen expressed as a weight percent of the

dry biomass.
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2.2.2 Biomass production

SRWC is an intensive cultivation system with fast-growing species at high planting
density and with an average rotation of less than 10 years (Rockwood et al., 2004). Poplar
is one of the three species adopted for SRWC cultivation based on its great adaptability
over a wide range of habitats.

2.2.2.1 Plantation establishment

Soil type, soil pH, water availability and drainage, microclimate, region of the state, pests
and diseases, and availability of suitable poplar clonal material should be taken into
account when deciding to establish a plantation. Some poplars perform better in
periodically flooded soils and can be used as riparian site species. Planting a mosaic of
poplar clones maintains diversity that can decrease plantation susceptibility to biological
(pests and diseases) or physical (wind) effects (Isebrands, 2007). Getting the highest
productivity with the lowest cost for management should be a goal.

Planting density is a key decision to ensure high production and high survival over time.
A single-row arrangement has a row spacing of 3 m between rows and 0.5-0.6 m within
the rows, for a planting density of 6600 haX. Double row plantings typically have 3 m
between twin-rows, 0.5 m between row-pairs, and 0.5 m along rows, for an average
planting density of 9500 ha™. Triple-row plantings require 3 m between triple rows, 0.4
between the triple rows, and 0.5 m along rows, for an average planting density of 17100
ha (Armstrong et al., 1999; Di Mateo et al., 2012; Kla3nja et al., 2008; Spinelli et al.,
2008; Tubby and Armstrong, 2002; Verani et al., 2008).

Rotation age is the age at harvest, commonly two years for willow. However, poplar
reaches a maximum yield later than willow, at an age between three to four years, which
may well represent the optimum rotation age (Kauter et al., 2003; Deckmyn et al., 2004
cited by Spinelli et al., 2011).
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2.2.2.2 Agricultural processes

SRWC are more suited to agricultural cultivation than forest plantations. The steps
include land preparation, plantation management, harvesting, and land restoration. Land
preparation is important to create a suitable rooting environment (growth); levelling the
land will facilitate future treatments that will have an impact in productivity (Keddy,
2012).

Plantation management occurs after planting. Weeds are managed with the application of
herbicides until canopy closure at the end of the second or third year. Pesticides are
applied to protect plants from insects and diseases (DOE, 2011). Fertilization and
irrigation of poplar are required to maintain maximum productivity. The goal of
fertilization is to maximize nutrient uptake by the poplar, while minimizing runoff
(especially nitrogen and phosphorous) into streams or groundwater (Isebrands, 2007).
Common N fertilizer doses are in the range of 56 to 150 kg-ha* (Gonzalez-Garcia et al.,
2012; Isebrands, 2007; Heller et al., 2003; Pertu, 1993 cited by Dimitroui, 2005; Keoleian
and Volk, 2005; Pontailler et al., 1999), with an average of 100 kg-ha™ . Adler et al.
(2007) and Williams (2011) reported 5.48 kg of fertilizer applied per dry ton over a 10-
year rotation and 0.056 kg NPK tree’ yrL.,

Poplar has a high water requirement (Monclus et al., 2006; Gasol et al., 2009a) and
performs best where soils are moist throughout the growing season and where the soil has
a high moisture-holding capacity coupled with adequate drainage. Irrigation is beneficial
where groundwater is below 10 feet. The quantity of water applied through irrigation
depends upon soil texture, soil drainage, clone, tree age, and planting design. Dickmann
et al. (2001) cited by Isebrands (2007) reported 11 to 15 L of water- hr-tree’ in mid-
day, with overall estimated water use of 19 to 57 L-day*-tree’?, depending upon tree size
and environmental conditions. For example, an irrigation rate of 1,750 m3-ha* yr! of
poplar was applied at Sonia, Spain (Gasol et al., 2009b), and only 400 m® ha* yr in the
Po Valley, Italy (Gonzalez-Garcia et al., 2012).
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Dimitroui and Robinson et al. (2000), Nixon et al. (2001), and Hall et al. (1998), all cited
by Aylott et al. (2008), reported that poplar and willow have a high tolerance to high
toxicity and waterlogging, and that differences in water use between the species are
negligible. Some flooding can be tolerated by poplar during the dormant season
(Isebrands, 2007). A water deficit can be detrimental to biomass production (Felix et al.,
2008). Water use efficiency (WUE) is defined as the amount of dry aboveground biomass
produced per unit of evapotranspired (ET) water (Berndes, 2002). WUE varied
significantly among 17 poplar clones, from 0.44 to 0.93 p/t x 10", where p is dry matter
production and t is unit transpiration (Blake et al., 1984). Evapotranspiration is a measure
of total water loss from the coppice system, including evaporative losses from soil and
plant surfaces and losses internally from the plant. Evapotranspiration in a short rotation
(SR) willow plantation equates to approximately 5,000 m®ha during a growing season
(Caslin et al., 2011). Average evapotranspiration of poplar is 588.3 mm- yr'*; or irrigated
poplar uses 750 mm-yr* for optimal growth (Deckmyn et al., 2004). Daily water use for
hybrid poplar can be as high as 14 mm per day. Average growing season water use for 3-
year-old and older hybrid poplar is 11,362 m® -ha"}(Shock et al., 2013)

The harvest method must be chosen based on cost and safety. The best method depends
on tree size, age, and planting density (DOE, 2011). A cut-and-chip system is common
for very short rotation (VSR) and SR biomass (Spinelli et al., 2009; Spinelli et al., 2011).
A modified forage harvester with a special SR head cuts, chips, and loads the biomass
into trailers. This system has very high productivity, ranging from 10 to over 40 green
tons per hour (gt-hr') with an average of 25 to 30 gt-hr. For longer rotations, a feller
buncher is used to cut and delimb the trees. Debarking and chipping may also be done, or
logs might be moved by a tracked harvester or grapple or cable skidder. These

approaches vary greatly in cost and energy use (Isebrands, 2007).

Land restoration is done after a harvest or multiple harvests to prepare for another crop or
to reestablish the plantation with new cuttings. Herbicide is used to kill stumps. The
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stumps may be removed with a bulldozer or they may be left if not problematic
(Isebrands, 2007).

2.2.2.3 Alternative nutrients for woody biomass production

Municipalities and industries treat wastewater before discharging. Table 2.1 shows the
allowable levels of contaminates wastewater (US EPA, 1972). Irrigation of nonfood
crops, such as biomass, with urban wastewater reduces fertilizer use and reduces
acidification and eutrophication due to runoff. It also can help abate the fossil energy and
emissions associated with manufacturing fertilizers (Gonzalez-Garcia et al., 2012;
Brentrup et al., 2000, cited by Gonzalez-Garcia et al., 2012; Di Candilo et al., 2010;
Keoleian and Volk, 2005).

Table 2.1 Wastewater treatment requirement after secondary treatment

Characteristic of discharge | Units | Average monthly value | Average weekly value
BOD5 mg/l 30 45
Suspended solids mg/l 30 45
Hydrogen ion concentration | pH 6.0-9.0

CBOD5 mg/l 25 40

(Source: U.S. Environmental Protection Agency, Public Law 92-500, 40 CFR?)

Poplar trees are very effective at taking up water for environmental remediation
(Isebrands, 2007). However, Dimitriou and Aronsson (2005) showed that sewage sludge
is not a balanced fertilizer and contains mainly organically bound nitrogen and high
amounts of phosphorous, but very little potassium. Nevertheless, sewage sludge was
suggested as an alternative for inorganic nitrogen fertilizers by Heller et al. (2003) and
Pertu (1993), cited by Dimitroui (2005). Other environmental effects regarding
nitrification and denitrification in fields were reported by Henry et al. (1999) and Wang
etal. (2012).

2 CFR: Code of Federal Regulation. Title 40. Protection of Environmental. Part 133. Secondary Treatment
Regulation.
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Biosolids are also a product from treating municipal wastewater. This product contains

nutrients that promote plant growth (Table 2.2), making it attractive as a fertilizer for

nonfood crops.

Table 2.2 Characteristics of representative sewage sludge biosolids from two New York

municipalities (Heller et al., 2003)

Syracuse, NY

Little Valley, NY

Calculated application rate* (tonnes ha™) 6.9 5.6

Nutrients (g kg™?)
NH4-N 5.6 2
NOs-N 0 0.05
Organic N 38.7 56.0
K 0.9 3.3
P 23.1 21

Trace metals (mg kg™)
Mercury - 4
Arsenic - 2
Cadmium 16 3.4
Chromium 63.8 22
Molybdenum 18.6 2.1
Lead 74.9 64
Nickel 20.9 22
Zinc 434 800
Copper 647 540
Magnesium 55 -
Calcium 33.4 -

* Calculated to provide 100 kg plant-available- N ha*

Plants with extensive perennial roots can effectively filter mineral nutrients and possibly

control the flow of heavy metals in the system (Aronsson and Perttu, 2001, cited by

Koeleian and Volk, 2005). Introducing organic matter to the soil can also increase soil
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carbon sequestration, which, along with a nitrogen source, can increase NO 3 production
(nitrification), resulting in higher ammonia volatilization (Beauchamp, 1997, cited by
Koeleian and Volk, 2005).

Correlation between tree phytoremediation (soil contaminant levels) capability and tree
productivity (tree yield by volume and biomass) was investigated by Zalesny and Bauer
(2007c¢). Populus and Salix genotypes were irrigated for the last 12 weeks of the 18
weeks of study with landfill leachate (pH = 6.3) or municipal water (pH = 8.4 outside of
optimal range of 5.0 to 7.5) and tested for differences in concentrations of elements (P, K,
Ca, Mg, S, Zn, B, Mn, Fe, Cu, Al, and Na) and volume and dry mass of leaves, stems,
and roots. The study showed negligible difference between irrigation treatments.
However, the treatment x clone interaction exhibited a broad variability among and
within genera (genera and clones within genera responded differently to leachate and
water treatment), that shows a great potential for the identification and selection of
specific genotypes with a combination of elevated phytoremediation capability and tree
yield.

A sanitary landfill permanently stores solid waste in a manner that limits impact on the
environment. A liquid effluent, leachate, from landfills is collected and recovered in a
wastewater treatment plant. An alternative is to utilize it for irrigation of plantation crops
that can survive in contaminated soil (Zaman, 2010). Previously aerated leachate has
been used to irrigate SR willow coppice in Italy, Sweden, Belgium, United Kingdom, and
USA ( Dimitroui, 2005; Keoleian and Volk, 2005; Lauryenses et al., 2004; Licht and
Isebrand, 2005). Poplar and willow have high evapotranspiration, which can reduce or

eliminate conventional leachate processing.

Complex physical, chemical, and biological reactions occur within a landfill. Landfill
leachate results from the percolation of water through, and the generation of water from,
decomposing putrefiable and organic fractions in the landfill. The quality of the leachate
produced is highly variable and depends on the composition of the solid waste, depth of
waste, site hydrology, compaction, waste age, interaction of leachate with the
environment, landfill design and operation, available oxygen, and temperature. Although
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landfill leachate contains a complex mixture of chemicals (Table 2.3), there are some
general underlying pollutants common to all landfill effluents. These include high levels
of BOD (biochemical oxygen demand), COD (chemical oxygen demand), NH4", Na, and
CI (Nixon, 2002; Jones et al., 2006). The leachate quality is site specific and frequently
varies even within a single landfill site. Variability of leachate components is also high;
examples of such components that affect growth of vegetation are methane, chloride, and
sodium (Ettala, 1988; Ettala and Lagerkvist, 1999; Dimitriou, 2005; Jones et al., 2006;
Nagendran et al., 2006).

Table 2.3 Typical chemical compositions of landfill leachates

Typical leachate range

Leachate range

Parameter

(Alker, 1999 cited by Dimitriou, 2005) (Jones et al., 2006)
pH 5.3-85 6.5-7.5
COD (mgl/l) 150-10,000 250-1,400
BODs (mg/l) 100 - 90,000 20-128
TOC (mg/l) 10- 25,000
NH4-N (mg/l) 1-1,500 80— 877 as NH4*
Total N (mg/l) 1-2,000
Total P (mg/l) 0.1-30 0.7-1.6
Cl (mg/l) 30-4,000 65-2,080
Na (mg/l) 50-4,000 50-2,421

COD = chemical oxygen demand.
BODs = biological oxygen demand after 5 days.

2.2.3 Phytoremediation as an alternative to conventional biomass production

Phytoextraction is the accumulation of contaminants from soil into harvestable plant

tissue and their subsequent removal. It is a way to clean mildly contaminated soils that do

not require quick remediation. Phytoremediation is a complex process that involves

physical and chemical reactions among the soil contaminants and microorganisms (US
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EPA, 2011). The difference between phytoextraction and phytoremediation is the

retention and reduction of contaminants, respectively.

Some of the advantages and disadvantages of phytoremediation are described in Table

2.4. Phytoremediation can be practiced on land irrigated with contaminated water, such

as biosolids from wastewater treatment or landfill leachate. Phytoremediation using

vegetation filters (in-situ treatment) is a more advanced treatment to reduce soil toxicity

in moderately contaminated sites caused by wastewater from landfills or heavy metals

coming from industrial waste (French et al., 2006, Witters et al., 2009).

Table 2.4 Advantages and disadvantages of phytoremediation (Green and Hoffnagle,

2004)

Advantages

Disadvantages

Cost reduced over traditional methods

Long remediation time

Low secondary waste volume

Effective depth limited by plant roots

Improved aesthetics

Phytotoxicity limitations

Habitat creation, biodiversity

Fate of contaminants often unclear

Green technology

Climate dependent/ variable

More publicly accepted

Seasonal effectiveness

Provide erosion control

Potential transfer of contaminants (i.e., to
animals or air)

Prevent runoff

Harvesting and disposal of metals in
biomass as hazardous waste may be
required, although generally not.

Reduce dust emission

Larger treatment footprint

Reduce risk of exposure to soil

Less destructive impact (applied in-situ)

Crop disposal is an important consideration following phytoremediation. Techniques

include composting, compaction, incineration, ashing, pyrolysis, direct disposal, and

liquid extraction. Among these, incineration (smelting) has been considered the most

economical and environmentally sound (Green and Hoffnagle, 2004).
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2.2.3.1 Phytoremediation sites in the U.S. Pacific Northwest

Municipal wastewater and landfill leachate are used to irrigate poplar plantations in the
Pacific Northwest (PNW). In Oregon, companies are using from 15 to over 100 ha of
poplar as a vegetative filter. For example, the Riverbend Landfill near McMinnville is
irrigating 20 ha with landfill leachate, and the Municipal Waste Treatment Plant and
Biosolids Management Facility near Eugene is irrigating 145 ha with water containing

biosolids.

2.2.3.1 Species used in phytoremediation

2.2.3.1.1 Populus

Poplar cultures have been used in riparian buffers and as vegetative filters for
phytoremediation. Populus trichocarpa x P. deltoides, P. deltoides x P. deltoides, P.
deltoides x P. maximowiczii, P. nigra x P. maximowiczii, P. deltoides x P. nigra, and P.
deltoides, with their genomic groups, have been tested for various phytoremediation
needs (Zalesny and Bauer 2007c). A list of genomic groups of hybrid poplars with their
clones has been developed for phytoremediation by the same authors.

Hybrid poplar have been used to uptake perchloroethylene (PCE), trichloroethylene
(TCE), nitrogen, tritium, chlorinated solvents, petroleum hydrocarbons, heavy metals,
and nitrates as contaminants (Rockwood et al., 2004). Poplar accumulates relatively high
levels of Al, Cd, and Zn in leaves and bark and has potential for phytoextraction of Al,
Cd, and Zn on slightly contaminated soils (Laureysens et al., 2004a; Laureysens et al.,
2004b). Pitman (2006) found that Ca is the main element present in wood ash from

poplar (Table 2.5) used in phytoremediation.
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Table 2.5 Element concentrations in wood ash from specified tree types in mg/kg
(Pitman, 2006)

Species Al Ca Fe K Mg | Mn | Na P S Si
Populus 14 | 212 | 26 |1125| 355 | 14 06 | 118 | 70 | 11
tremuloides

Populus sp. 35| 257 | 32 | 793 | 909 | 45 | 23.0 | 95 | 10.2 | ND
2.2.3.1.2 Salix

Salix species propagate well, achieve high annual biomass production, and generally
possess a high tolerance for metal pollution, all of which have resulted in their use for
phytoremediation. Stabilization of soils and removal of contaminants from soils are main
uses for Salix spp. Salix pupurea, S. eriocephala, S. ericephala 28 x S. eriocephala 24, S.
interior X S. eriocephala, S. discolor, S. x dasyclados, and S. sachalinensis, and S.
miyabeana, with their genomic groups, have been tested for various phytoremediation
needs (Zalesny and Bauer 2007c). Several studies have also demonstrated that many
species or clones of Salix have the capacity to accumulate elevated levels of Cd and Zn in
biomass above ground (Vyslouzilova et al., 2003). In Sweden, Salix plantations have
been shown to reduce the content of heavy metals in arable land, as the uptake of heavy
metals in Salix shoots is normally much higher than in other crops. The uptake of Cd in
Salix shoots is 35 to 70 times higher than in grass and straw (Abyhammar et al., 1993
cited by Boérjesson, 1999). This suggests that Salix may be sufficiently tolerant to
decrease the plant-available heavy metal load in contaminated soils, while still
maintaining high yields in a phytoremediation system. The obtained biomass might be
used for biofuel production (Meers et al., 2007).

2.2.3.1.3 Other species

Eucalyptus (E.grandis and E. amplifolia), Juniperus, Betula, Alnus, and Acer have also
been reported to reduce contamination in soils polluted with heavy metals (Pulford and
Watson, 2003; Rockwood et al., 2006; Gomes, 2012).
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2.2.4 Biomass yield

Biomass yield is the mass produced per area per time (ton-ha-yr?) and is the main
economic criterion when investing in a plantation. Yield is affected by many factors, such
as genetic background, geography, planting density, irrigation, fertilization, pest
management, rotation time, weed control, diseases, and animal browse. The wood
properties required in the final product are important and are also affected by plantation
management. For example, a long rotation time is required to produce lumber, while a
shorter rotation time is required for energy, fiber, environmental benefits (carbon storage,
prevention of soil erosion), and social benefits (inmediate cash flow for farmers, jobs for

rural workforce).

The growth profile of hybrid poplars with a rotation of 10 years at different planting
densities was reported by Fang et al. (2007; Figure 3.3). This shows a sigmoid relation
between biomass production and stand age, with yield at a maximum during years 3 and

4. Higher planting density resulted in greater yield prior to year 7.

Extensive research has been conducted to determine the yield of biomass from SRWC
(Tables 2.6 and 2.7). The effect of clones is often confounded with other factors.
Consistent with Fang et al. (2007), the highest biomass yield is not obtained in the first
two years. If all conditions are equal (genetic material, planting density, and site), then
biomass yield increases in the second rotation (Armstrong et al., 1999). Similar positive
annual increments in yield are expected in the following rotations, with a peak that
depends on genetic material, planting density, and site, among other factors. Moore
(1997) and Watters (1997, cited by Mitchell et al., 1999) show that the assumption that
yield increases after the first rotation is not borne out in over half of more than 100 data
sets. Lower yields in a second rotation might be ascribed to physiological stress due to
harvest, soil damage by harvesting machinery, timing of the harvest, poor establishment
technique, poor clonal selection, susceptibility to disease, or frost intolerance. Finally,

projections of yield from small experimental plots may be overly optimistic because of



more intensive management than in commercial plantations and because pest damage

was not adequately accounted for (Hansen, 1991, cited by Dickmann, 2006).

160
140

100
80
&0
40
20

Biomass production (t/ha)

25

22

19

16

13

10

Biomass productivity (thalyr)

120

Tatal biomass

—&— 1111 atams/ha
—&— B33 stems/ha
—&r— 625 stems/ha
—&— 500 stems_ha

S W I T N ——
4 b 5] ¥ 8 g 10 1M
Stand age (yr)

—&— 1111 stems/ha
—— B33 slemsdha
—— 625 stems/ha
e (OO slems! ha

Annual incramen

| [ 1 ] | | 1

4 5 6 7 8 a 10 1
Stand age (yr)
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Table 2.6 Yield of poplar cultivated at less than 5,000 cuttings per hectare

Source Genetic Planting density | Year of | Yield
material (Cutting/ha) harvest | (BDmT ha™ yr?
Armstrong et al. (1999) | Beaupré 2500
UK Boelare (2m x 2m) 2/4
Trichobel 2
Long Ashton (site 1) 6.6 and 7.5
(wettest) 5.0 and 6.7
4.0and 6.1
. 1.6 and 4.4; and
Mepal (site 2) 51 and 3.6
1.0and 4.1
Alice Holt (site 3) 1.1and 3.9
1.2and 4.1
DOE (2011), USA - 726 8 8.65-14.68
Fang et al. (2007),
Hanyuan Forestry Farm, 1-60 500 (4m x 5m) 17.4/13.7/11.7
Baoying County, 1-79 625 (4m x 4m) 4/6/10 20.3/16.4/13.1
Jiangsu Province, NL-8051 P 833 (3m x 4m) 22/18/13.9
(33°08’N, 119°19’E) 1111 (3m x 3m 23.4/19.6/14.6
China
NM2 2700 7
DN5 2700 5
Miller and Bender DN34 2700 5 2.84
(2012), USA NM6 2200 7.52
D105 2200 3
NE222 © 1900 3.6
Stanton, 2007
USA - - 6/10 13.5/10.1
James et al., 2010
USA - 2720 10 8.4

& Three poplar clones: Populus trichocarpa x P. deltoides “Beaupré”, Populus
trichocarpa x P.deltoides “Boelare”, and Populus trichocarpa “Trichobel”.

® Three poplar clones: Populus deltoides Bartr.cv. “Lux” (1-69), P. x euroamericana
(Dode) Guinier cv. “San Martino” (1-72), and P.deltoides Bartr.cv. “Lux” (1-69) x

P.deltoides Bartr. Cv. “Havard” (1-63).

¢ Six hybrid poplar taxa or clones: one taxon of Populus deltoides (D105), three taxa of
P. x P.canadensis (DN5, DN34, and NE222), and two taxa of P.nigra x P. maximowiczii

(NM2 and NM6).
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A high planting density is 5,000 to 20,000 cuttings or trees per hectare (Dickmann, 2006)

and has been recommended for 1- to 5-year rotations for bioenergy feedstock production.

Table 2.7 Yield of poplar cultivated at more than 5,000 cuttings per hectare

Planting density
Source #hal (planting | Yearof | Yield Genetic
design) harvest odt - hat yrt material
Beaupré
Armstrong et al. 10,000
2/4 Boelare
(1999) UK (Im x 1m) Trichobel
9.6 and 8.5
Long Ashton 3421 :23 éi
(site 1) 2.8 and 7.6; and
. 5.4 and 4.4
Mepal (site 2) 17and 72
. . 24 and 7.3
Alice Holt (site 3) 3.9 and 8.1
. Beaupre
Pontailler et al.
(1999), Orsay-France 15,625 2 19 pop'?‘f
species
Laureysens et al. P.nigra
(2005), Belgium in 10,000 2 9.7 clone
waste disposal site Wolterson
P. deltoides
Klansja et al. (2008), | 16,667 2 11.09 cl. B-229
Serbia 3.54 P. deltoides
cl. 181/81
Spinelli (2007), 2 (from Pegaso
Lombardy region, 6,000 to 7,000 | 2" 4.96 and 10.72 | (Alasia
Italy rotation) clone)
Manzone et al. (2009),
6,700 No
\I/;/;els;ern Po Valley, (3m x 0.4m) 2/416/8 10 every year oublished
. Populus
Di Nasso et al. (2010), .
Pisa (43°40°N, 10,000 3/6/9/12 24.6/19.3/16/7 | deltoides
on \s (2m x 0.5m) Bartr. (clone
10°19°E), Italy Lux)
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Pontailler et al. (1999) reports a biomass yield ranging from 4.96 to 19 ton-ha™yr?* with a
maximum of 19 ton-hayr?, while 5-20 oven-dry tons (odt)-ha™ yr* was reported by
Dickmann (2006). Headlee et al. (2013) reported 4.4 to 13 odt-ha yr! in Minnesota and
Wisconsin. This agrees with 2.2-13.5 odt-ha™ yr* given by Mitchell et al. (1995), cited by
Mitchell et al. (1999) for data from seven countries, five genera, 88 different clones, and

23 planting densities.

The same variety grown on different sites resulted in different yields (Armstrong et al.,
1999) (Table 2.8). The work of all of these authors indicates that matching species and
variety to site conditions is essential to maximize growth. Harper Adams (wet site)
showed an increase in yield in year 3 compared with Dunstall Court (dry site) in the East
Midlands of England (Tubby and Armstrong, 2002).

Table 2.8 Comparison of poplar yield at two sites in the East Midlands of England after
one 3-year cutting cycle (Tubby and Armstrong, 2002)

_ _ Standing biomass (odt ha)
Variety Site
Atyear 1 At year 2 At year 3
) Harper Adams 11.91 23.23 41.71
“Trichobel’
Dunstall Court 4.90 11.60 23.68
Harper Adams 15.87 24.70 36.54
‘Beaupre’
Dunstall Court 7.29 12.24 21.31
Harper Adams 14.62 22.89 35.89
‘Ghoy’
Dunstall Court 7.48 13.91 23.76

The Riverbend Landfill in McMinnville, OR obtained a yield of 7.73 dry ton-hatyr
from a thinned stand of 184-411 poplar clones irrigated with leachate. The yield from a
15-year-old stand of D-01 poplar clones was only 2.35 ton-hayr. The concentration of

boron in leaf tissue resulted in consequent yield decline.
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2.2.5 Estimation of biomass yield

For a given site and climate, biomass yields are determined by genetically controlled
physiological processes that regulate tree growth, site quality, and climate. Yield models
include FOREST-BGC (Running and Coughlan, 1998; Running and Gower, 1991);
BIOMASS (McMurtrie et al.1992); PnET (Aber and Federer, 1992); and TREGRO
(Weinstein et al., 1991). These models are tools for predicting biomass yield (Landsberg
and Waring, 1997). Recently, Wang et al. (2013) developed PEcAN-ED2 for similar

purposes.

FOREST-BGC (BioGeochemical Cycles) is an ecosystem-process model that calculates
carbon, water, and nitrogen cycles through a forest ecosystem. These elements can alter
the leaf to root to stem allocation for dynamic annual carbon partitioning controlled by
water and nitrogen limitations. This model has been used to simulate the annual
hydrological balance and net primary production (NPP) of a hypothetical forest stand in
different environments. The model includes the effect of fertilization in the determination
of carbon and nitrogen budgets (Running and Coughlan, 1998; Running and Gower,

1991). The model does not include regrowth.

BIOMASS is a process-based model of forest growth that includes sub-models for
radiation absorption, canopy photosynthesis, partitioning of assimilate between plant
organs, litter fall, and stand water balance. This model includes an assumption that all
crowns have identical dimensions, and this enhances its utility for long-term simulations.
This model can be used for any species (softwood or hardwood), but does not account for

plantation management and regrowth.

PnET is a set of models for estimating carbon, nitrogen, and water dynamics in forest
ecosystems. It uses climate and site variables and has a land use classification map for
New England. This includes grids of climate variables (e.g., monthly precipitation), and
annual N and S (sulfur) atmospheric deposition. The model outputs generally include

annual NPP, wood production, and runoff under current and climate change conditions.
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Climate change predictions are presented as ratios of future to current values. This model

does not include plantation management.

The TREGRO model evaluates the effects of air pollution stress on carbon allocation. It
models growth based on the mechanisms by which plants regulate their carbon, water,
and nutrient cycles to mitigate damage caused by pollutants such as ozone and acid rain
(Weinstein and Beloin 1990, cited by Weinstein et al., 1991). The model can estimate the

carbon allocation of an isolated tree. This model does not include plantation management.

The PEcAn-ED2 model (Predictive Ecosystem Analyzer, Ecosystem Demography 2) is a
process-based modeling approach to estimate the yield and carbon sequestration potential
of hybrid poplar for a given climate and soil (Wang et al., 2013). This model does not

include regrowth.

The 3-PG (Physiological Principles in Predicting Growth) model uses solar radiation,
temperature, and species-specific photosynthetic parameters to establish maximum
potential productivity (Landsberg and Waring 1997). From this, actual productivity is
estimated based on limiting factors, such as site fertility and water availability, and is
allocated among the stem, foliage, and roots based on an allometric relationship (Headlee
et al., 2013). The model can be applied over large regions and for multiple species, with
few modifications of the model parameters. Hart et al. (2014) adapted the 3-PG model to
SRWOC, including coppicing by adding a component that allows for a growth contribution
from root mass. Poplar species are propagated by cuttings or bare stems with the root
balls well established by the time of coppicing. This allows resprouting from the residual
root and stem biomass. The model specifies a relatively small contribution to
aboveground growth from the accumulated root mass after coppicing in order to initiate
the next cycle of production. It also incorporates root contribution, leaf area index target,
root conversion efficiency, weather, and month of harvest in the growth estimate (The 3-
PG Model, 2014). Categories and parameters of the 3-PG model are described in
Appendix A.
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Environmental impacts of producing biomass in plantations and the processing of forest

products are explained in the following sections.

2.3.1 LCA of woody biomass

Life cycle assessment has been conducted for biomass from agricultural, forestry, and

waste management systems. In a forestry system, dedicated biomass comes from areas

grown primarily for energy, but may also produce non-energy by-products. Research on

environmental impacts, listed in Table 2.9, shows that sources of CO2 emissions exist in

plantations and other greenhouse gases (GHG) such as NO» that also contribute to the net
GWP.

Table 2.9 Biomass LCA research

# | Year | Author Research Environment | Energy | Water
location

1 ]1992 | Graham etal. USA X

2 | 2003 | Heller et al. USA X

3 | 2003 | Lettens et al. Belgium X X

4 | 2005 | Keoleian and Volk USA X X

5 12007 | Adleretal. USA X

6 | 2007 | Fangetal. China X

7 | 2009a | Gasol et al. Spain X X X*

8 | 2009 | Manzone et al. Italy X

9 | 2010 | Butnaretal. Spain X

10 | 2010 | Cherubini Norway X

11 | 2010 | Di Nasso et al. Italy X

12 | 2011 | Borjesson and Tufvesson | North Europe | X X

13 | 2011 | Cherubini and Stromman | Global X X

14 | 2011 | Djomo et al. Belgium X X

15 | 2012 | Bacenetti et al. Italy X X

16 | 2012 | Fiala and Bacenetti Italy X X

17 | 2012 | Gonzalez-Garcia et al. Italy X X X

18 | 2013 | Dillen et al. Belgium X

19 | 2013 | Gonzalez-Garcia et al. UK X

20 | 2014 | Amponsah et al. UK X

* Water consumption, irrigated.
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Gasol et al. (2009a) reported 1,166 and 1,318 kg CO- eq per ha for GWP, 152 and 155
mg CFC 11 eq per ha for ozone depletion, 8.78 and 10.03 kg SO eq per ha for
acidification, and 1.79 and 2.09 kg PO4 eq per ha for eutrophication for packets of stems
and chips, respectively. The poplar plantation yielded 13.5 t-ha™yr? from three 5-year

rotations.

Bacenetti et al. (2012) reported GHG emissions for poplar for 2-year and 5-year rotations
as 5.7 and 5.3t CO: eq per ha, respectively, for a 10-year plantation life. These include
emissions for chip production. However, a calculated proportion was fixed for biomass
during its growth, which ended with a mitigation of GWP of 365.1 and 375.3 ton CO; eq
per ha in each respective system. In this study, the main contributors of GHG emissions

were mechanical weed control, fabrication of urea, harvesting, and biomass transport.

In a similar study for 2- and 5-year rotations, Gonzalez-Garcia et al. (2012) showed that
2-year rotations were favorable in all impact categories except ozone depletion (Table
2.10).

Table 2.10 LCIA results per ha of poplar plantation under 5-year and 2-year rotation
scenarios and cumulative energy demand

) ) 5-year 2-year % change, relative to
Categories Unit ] ) )
rotation rotation 2-year rotation
Acidification kg SO2 eq 108.87 140.08 -22
Eutrophication kg PO4 2 eq 25.89 32.99 21
Global warming kg COz eq -433,865 -374,787 -16
Ozone depletion | kg CFC-11eq | 7.41x10% | 7.13x 10 +4

Butnar et al. (2010) and Cherubini and Stromman (2011) indicate that some impact
categories decrease with yield. The intensity of farming operations, quantity of fertilizer,
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and use of irrigation, among others, increase productivity, but also increase GHG
emissions, which challenges the goal of sustainable production. Butnar et al. (2010)
found that GWP for poplar was 62% due to fertilizers, 3% to pesticides, 13% to
harvesting, and 22% other sources. A similar distribution of impact contribution was

observed for acidification, 65%, 3%, 15%, and 17%, respectively.

Heller et al. (2003) reported CO2 emissions resulting from diesel fuel combustion for
willow biomass production of approximately 11 kg CO2 per ton of biomass. The NO>
emissions, based on Intergovernmental Panel on Climate Change (IPCC) guidelines
(IPCC, 1996), were 0.29 Mg CO: eq per ton of biomass. However, IPCC guidelines do
not account for differences in fertilizer type, soil type/or drainage, or other site specific

parameters.

A recent review of life-cycle GHG emissions from renewable energy sources (Amponsah
et al., 2014) found potential to produce high GHG emissions. However, similar studies

also found higher GHG emissions for fossil fuel heat and electricity.

Fiala and Bacenetii (2012) reported specific GHGs emissions in a harvesting operation
for SR poplar plantations of from 15.7 to 18.2 kg CO2/tqm, with a yield of 60 twn/ha.

The production of electricity from woody crops has a small global warming potential (39-

52 kg CO: eq per MWh electricity), depending on the conversion technology.

Mattews (2001) and Heller et al. (2003, cited by Volk et al., 2004) indicate net ratios

from 1:29 to 1:55 for the energy to produce willow biomass, compared to that recovered.

Contrasts among environmental impact studies show that impacts are difficult to compare
when the parameters involved in biomass production are different. For example,
Bacenetti et al. (2012) reported higher GHG impact than the GWP reported by Gasol et
al. (2009a), which could be attributed to different elements taken into account, such as

timeframe of the plantations and growing conditions (weather and soil type), among
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others. Similarly, GWPs reported by Gasol et al. (2009a), Bacenetti et al. (2012), and

Gonzalez-Garcia et al. (2012) were completely different among each other.

The preceding discussion is in complete agreement with Cherubini and Stremman
(2011): “The use of different input data, functional units, allocation methods, reference
systems and other assumptions complicates comparison of LCA bioenergy studies.”

2.3.2 LCA in the Forest Industry

The Consortium for Research on Renewable Industrial Materials (CORRIM) has
measured the cradle-to-gate energy consumption for kiln-dried softwood lumber
(Puettmann et al., 2010), plywood (Wilson and Sakimoto, 2005), laminated veneer
lumber, LVL (Wilson and Dancer, 2005), oriented-strand board, OSB (Kline, 2005),
particleboard, PB (Wilson, 2008a), and medium-density fiberboard, MDF (Wilson,
2008b; Figure 2.4). The production processes for these materials involve breaking down
material, removing moisture, and, in some cases, reassembling with adhesives. The
energy inputs are wood energy, electricity, and fossil fuels. Drying consumes 72% to
86% of the energy required to produce for kiln-dried lumber (Puettmann et al., 2010;
Milota et al., 2005). Drying and sanding dominate energy consumption in glulam.
Plywood and LVL require less energy than glulam because drying is highly correlated to
the thickness of the member—more material equals more consumption of energy
(Puettmann and Wilson, 2005)
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Figure 2.4 Cradle-to-gate energy consumption for various wood products (Puettmann,
2009).

2.3.3 LCA of energy production

Electricity production from biomass has lower environmental impacts than does
production from current technologies based on fossil fuels (Mann and Spath, 1997). A
GWP of 4.9 g CO2 per kWh was reported from dedicated wood crops: 61.8% from the
feedstock, 12% due to transportation, and 26.2% from the energy conversion at the power
plant. Dinca et al. (2010) reported GWP for fossil fuels during their process of
production. For extraction and treatment of hard coal, natural gas, and oil, g CO2 eq per
kWh was 10.8, 72, and 25.2, respectively. The feedstock production contributions were
2.7%, 24%, and 6.6% for coal, natural gas, and oil, respectively, of the total GWP for
energy production. According to Curran (2013, cited by Amponsah et al., 2014) SR
coppice wood chips produced GHG emissions of 60 to 270 g CO:> eq per kWheiectricity-

Cogeneration is the simultaneous production of heat and electricity, commonly called
combined heat and power (CHP). CHP is used for producing electricity and steam for dry

kilns at sawmills. A biomass-fed, integrated-gasification combined cycle (IGCC) had a
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GWHP of 50 g CO2 eq per kwWh, compared to 1,020 g CO2 eq per kWh for coal (Haefke,
2008). The biomass system had lower GWP because of the absorption of CO2 during
biomass growth. On the other hand, the direct-fired biomass system had a negative rate of
GHG emissions due to the avoided methane generation associated with biomass
biodegradation. IGCC with natural gas had the lowest GWP among fossil inputs due to
higher efficiency.

2.3.4 LCA of energy and water consumption for biomass production

The fossil fuel energy consumption for growing, cutting, and transport of Miscanthus and
willow was 935.8 GJ- ha and 620.9 GJ- ha’l, respectively, each reported for 100-year

period, in order to make their performance comparable (Lettens et al., 2003).

An Ethiopian mustard (Brassica carinata) bioenergy system required 5.6 times more
energy input (482 GJ - hal), and a natural gas production and distribution system
required 8.5 times more energy input (721.93 GJ - ha!) than a poplar bioenergy system
(approximately 85 GJ- ha!), according to Gasol et al. (2009a). This increment in energy

also contributed to their environmental impacts.

An analysis of the cumulative energy demand of poplar grown with 5-year (SR) and 2-
year (VSR) rotations in a 10-year plantation time frame was performed that took into
account the entire energy demand for production, use, and disposal (Gonzalez-Garcia et
al., 2012). The demands were 3,700 GJ eq-ha* and 3,200 GJ eq-ha™* for SR and VSR,
respectively, with a poplar heating value of 18.5 GJ -odt™. The value was 15.6% higher
for the SRC than the VSRC because diesel consumption was different, due to technology
used in harvesting and biomass extraction. A pincer connected to a tractor was used to
harvest SRC and they were then chipped, which required 578.4 kg diesel. A combine

harvester was used for the VSR, which required 440 kg diesel for operation.
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The high difference of energy required among Lettens et al. (2003), Gasol et al. (2009),
and Gonzalez-Garcia et al. (2012) is due to different feedstock, processes, and energy

accountability.

Manzone et al. (2009) reported that about 7% of biomass energy production is based on
cultivation and management of irrigated SR poplar; that is 14.2 GJ *hayr. The highest
energy consumption is linked to plantation management (47%), followed by harvesting

and transport to farm storage (16%).

Borjesson and Tufvesson (2011) reported a total energy of 7.5 GJ-hayr for the
production of willow biomass. Diesel fuel contributed 38.67%, fertilizer 53.34%, and
other energy inputs 8%. The biomass yield was 180 GJ-ha'lyr?, and the willow heating
value was 17.6 GJ-odt™.

Bacenetti et al. (2012) reported the cumulative energy demand that represents the whole
energy demand (valued as primary energy) related to the production, use, and disposal of
an economic good. Poplar under VSR (2-year) and MRF (5-year cutting frequency)
cultivations required 84.6 and 59.7 GJ per throughout the 10-year plantation,
respectively. SR poplar had more energy demand, mainly due to the higher rate of
fertilizer and the more rigorous cycle management in terms of harvesting, fertilizing, and
pest-control events. The main contributions for energy demand were N fertilization,

mechanical weed control, and wood chip harvesting.

Energy input depends on yield, annual use of the machines, and scheduling of operations,
concluded Fiala and Bacenetti (2012) after their analysis of biennial poplar SR harvesting
operations. Energy input of from 212 to 228 MJ per ton dry matter was reported for
single- and twin-row poplar plantations at high planting density (over 5000 plants per

hectare) during harvesting operations that yield 60 ton (wet basis) per hectare.

Dillen et al. (2013) reported a 16-year timeframe study of poplar growing on degraded
land. They found that survival of a mixture of pure poplar species and hybrid Populus
spp. clones suggested that pure species might perform better than hybrids under
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suboptimal growth conditions, such as those found for poplar established on degraded
land with no irrigation, fertilization, and fungicides. That site, specifically, was a former
waste disposal site moderately polluted with heavy metals. The average dry biomass
yield during the fourth rotations and over the time frame of 16 years was 4.3 + 3.4
ton-ha* yr, which was low, compared to reported yields of 10-12 ton ‘hayr. Despite
the relatively low yields, the investigated system on degraded land had a positive energy
balance, producing 7.9 times more energy than it consumed from cradle to plant gate.
Since low inputs imply smaller environmental impacts and lower net carbon dioxide
emissions, the study poplar may be characterized by low environmental impacts and a
small contribution to GHG emissions. The energy ratio from cradle to farm gate (ERfarm)
was calculated by dividing the harvested biomass energy at the farm gate by the total
energy consumed in biomass production. The poplar SRC system yielded an ERfarm of
29.8 that fit the range of 13 to 79 reported by Djomo et al. (2011) in a review on the
energy ratios of these bioenergy plantations. Previous research developed by Keoleian
and Volk (2005) reported an energy ratio of 16.6 at the farm gate for agricultural
production of willow biomass after the first rotation. This ratio increases to 55.3 when
output and consumption over the full seven rotations is considered; this means that 55

units of energy stored in biomass are produced with one unit of fossil energy.

An environmental disadvantage of poplar is the high consumption of water needed for its
cultivation. For example, Gasol et al. (2009a) reported 28,000 m3-ha™* of water
consumption for irrigation over a 16 year period of cultivation at Soria (Spain); with a
mean rainfall of 30 mm per year, that is equivalent to 1,750 m*ha*yrt. However, only
400 m*ha'* was applied during a 10-year rotation at Po Valley (ltaly), with a mean
rainfall of 745 mm per year (Gonzalez-Garcia et al., 2012), which is equivalent to 40

m3-hatyrt,
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Chapter 3 METHODOLOGY

The environmental consequences of producing poplar woody biomass at four sites were
determined by measuring the mass and energy inputs and outputs, and then applying life
cycle assessment (LCA) methodology. The environmental impacts associated with the
production of cuttings were determined and carried forward into the plantations. The
intended application is to provide life cycle inventory (LCI) data related to biomass
production for use in life cycle analysis (LCA) of heat or electricity generation from
poplar biomass. The data also provides a useful comparison of the environmental impacts
of biomass production for companies or farmers that have similar growing conditions for
poplar. A second goal was to determine which LCA impact categories are most affected

by different management scenarios.

The scope of the study covered the production of poplar biomass production in
plantations that had different rotation ages, types of silvicultural management (irrigation
and fertilization), and harvesting techniques. It also covered the production of cuttings in
a nursery that were transported to and planted in plantations. The functional unit for the

study was 1 BDmT (bone-dry metric ton) of biomass for energy.

3.1 Production of cuttings

All study sites used poplar cuttings from the GWR Boardman Tree Farm near Boardman,
OR. This company is a major supplier of poplar cuttings in the Pacific Northwest. GWR
operates a section of their Boardman plantation to produce cuttings. Cuttings are
produced on a 3-year cycle that begins with site preparation. After three harvests, the
stumps are removed and the land is cleared. Branches are removed during each of the
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three harvest years, bundled into units of approximately 50 branches, and transported a
short distance to an on-site processing facility, where the branches are cut into 22-inch

cuttings. The cuttings are then stored under refrigeration.

The poplar cuttings had a small-end diameter of 1.27-cm and a large-end diameter of
2.54-cm. They were 0.52 m long, with a volume of 0.00015 m? per cutting. The dry mass
of the cutting was 0.0465 kg, based on a specific gravity of 0.31. The mass of a cutting
with moisture was 0.093 kg, if 100% moisture content is assumed.

3.2 Case study sites

There were four case studies for this research project. The case study sites consisted of
poplar plantations in Oregon, three in the Willamette Valley and one east of the Cascade
Mountain range (Figure 3.1). Site 1 had no irrigation, Site 2 was irrigated with river water
from the Columbia River, Site 3 was irrigated with treated water from a wastewater
treatment plant, and Site 4 was irrigated with landfill leachate. There were other

differences in management which are described in the following sections.
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Figure 3.1 Locations of the four study sites. Map adapted
from http://geology.com/county-map/oregon.shtml accessed May 25th, 2014.

3.2.1 Site 1: Poplar plantation without irrigation

Site 1 is a 34-ha (85-ac) demonstration farm located in the Willamette Valley near
Jefferson, OR. It is leased as a test site for the Advanced Hardwood Biofuels (AHB)
Northwest project, which is funded by the Agriculture and Food Research Initiative
(AHB, 2014), and managed by the Greenwood Tree Farm Fund (GTFF). Site 1 represents
the simplest situation among the four sites. It was planted in the spring of 2012, and no
irrigation or fertilization has been used since its establishment (Figure 3.2). Site 1
receives 43 inches of precipitation per year, which is ample for good poplar growth. It
contains 11 poplar clones planted in unequal amounts. The first harvesting operation was
in September 2013 (Figure 3.3), while the trees retained their leaves. The harvested

biomass was piled on the ground to compost.


http://geology.com/county-map/oregon.shtml
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The equipment used for land preparation consisted of a 3-wheel agricultural sprayer, a
large tractor, and a mid-size tractor. The equipment used during plantation management
included a semi-tractor trailer, a cooler/van, and a small tractor for applying herbicide.
For harvesting, a Case New Holland FR 6080 forage harvester for cutting, tandem axle
truck for off-loading, and a support truck were used. It is assumed that land restoration

will be done with a large tractor and a 3-wheel agricultural sprayer.

- Y 5 g L

Figure 3.2 Poplar in a demonstration site near Jefferson, OR. September 9™, 2013.
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Figure 3.3 (a and b) Harvesting operation with New Holland Series 9080 forage harvester
near Jefferson, OR on September 23, 2013; (c) stumps for regrowth; and (d)
transportation of woody chips from poplar SRWC.

3.2.2 Site 2: Poplar plantation irrigated with river water

The Boardman Tree Farm, owned by GreenWood Resources (GWR), covers
approximately 12,900 ha (31,800 ac) in the Columbia Basin in Oregon and Washington
(Figure 3.4). The farm is divided into 16- and 28-ha (40- and 70-ac) plots separated by
access roads. Site 2 is located in eastern Oregon, an area heavily influenced by the
Cascade Mountains to the west. The site receives around 10 inches of annual rainfall,

most of which occurs during the winter. The winter temperatures are slightly above
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freezing (BTF, 2011). Site 2 has the driest soil among the four sites and is irrigated with

river water.

An inter-cropping strategy has been in development since 2011. The poplar for biomass
is planted between rows of trees being grown for lumber. Hybrid poplar cuttings for this
study were inter-planted in the spring of 2013 in open strips between saw log trees. The
planting density is approximately 1,485 trees/ha (600 trees/ac). The intercropping project
received financial incentives from the Farm Service Agency of the U.S. Department of
Agriculture Biomass Crop Assistance Program (BCAP; USDA FSA, 2011).

Nine 1,000 motors powered pumps to bring 442,260 L/min (117,000 gal/min) of water
from the Columbia River for irrigation (Mohamed, 2011). The use of chemical pesticides
and herbicides is limited, as integrated pest management processes are employed.
Sawdust, tops, branches, and foliage from harvesting are ground and applied to the soil,

limiting the need for chemical fertilizers.

An average of approximately 63 truckloads per day are harvested and delivered to an
adjacent mill. About 25 of these loads consist of sawlogs, 25 of chips produced during
sawlog harvest, and the balance are chips from plant