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Chapter 3
Nutrient Cycling in the Bioeconomy: A Life Cycle Perspective
Robert Anex

3.1 Introduction

Concerns about declining reserves of petroleum resources in the face of increas-
ing demand, and the political and environmental costs of petroleum have led to
increased interest in fuels and chemicals derived from renewable sources. Biore-
newable chemicals, or chemicals derived from biomass, are seen to be promising
economically and in addition their production can potentially create markets for
agricultural commodities, reduce reliance on imported resources, and mitigate the
impacts of fossil resource use on climate and the environment. Relative to bioen-
ergy and biofuels, biorenewable chemicals are seen to be a more economically
and environmentally advantageous way to use limited biomass resources [1, 2].
As a result, multiple authors have predicted significant substitution of petroleum-
based commodity chemicals by biorenewable chemicals within the next decade
and the U.S. Department of Energy has the goal to replace 25% of industrial
organic chemicals with biorenewable chemicals by 2025 [3, 4].

Although there have been a few notable commercial successes, most biore-
newable chemicals today exist only in development laboratories and business
plans. The combination of keen business and governmental interest with very
limited commercial-scale production data has led to significant uncertainty and
vigorous debate about the preferred technology pathways for future biorenewable
chemical production and their likely economic and environmental impacts [5—8].
Important topics in the debate about the best pathways to biorenewable chemicals
have included the question whether there is a need to replace existing platform
chemicals directly or only functionally [9], and the relative advantages of conver-
sion through heterogeneous catalysis versus biocatalysis, or a combination of the
two [1, 10].

Assessing the economic viability and environmental impact of biorenewable
chemicals that are in the early stages of development can be very difficult due
to the lack of process data [11]. However, because the factors that motivate the
pursuit of biorenewable fuels and chemicals include the promise of higher ener-
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gy efficiency and environmental improvement relative to their petroleum-derived
counterparts, such assessment is important to prevent large investments in pos-
sibly undesirable technologies. The tool that has been most commonly used to
assess the impact and energy efficiency of biorenewable fuels and chemicals is
Life Cycle Assessment (LCA).

Inrecent years, LCA has been recognized as a useful decision-making frame-
work for reducing the environmental impacts of technology. The essence of LCA
is the identification and evaluation of relevant environmental implications of a
product, process, or system across its entire life span—from creation to disposal
as waste or recovery for re-use. By considering the entire life cycle, LCA can
avoid “problem shifting” between life cycle stages and receptors. Although LCA
techniques are still evolving, LCA has been used to guide public and private sec-
tor decisions for several decades [12, 13], and standard procedures for conducting
LCAs have been developed by the U.S. Environmental Protection Agency, SE-
TAC, and the International Standards Organization [14—18].

Life cycle assessment has been used to assess the few commercial or near-
commercial biorenewable chemicals, such as poly-lactide (PLA), 1,3-propanediol
(PDO), polyhydroxyalkanoates (PHA), and bio-polyethylene [19-22], as well as
biorefinery systems that produce both fuels and chemicals [23]. However, in the
earliest stages of development, when data about the relative environmental mer-
its of candidate conversion pathways is most valuable, very little information is
available. At this stage of development, when choosing between multiple po-
tential pathways can yield the greatest benefits, it is difficult to identify required
unit processes, much less conversion efficiencies, likely side products, and waste
streams. It is equally difficult to predict how future resource constraints may
change the cost of vital process inputs and the value of products.

This chapter continues with an overview of the LCA methodology, followed
by ways that LCA can be adapted to make it more useful for screening biore-
newable chemicals prior to their full development and commercialization. The
chapter proceeds with an examination of influences of resource sufficiency and
market fluctuations on the early assessment of biorenewable chemical candidate
products, and concludes with final thoughts about assessing biorenewable prod-
ucts during early development.

3.2 Life Cycle Assessment Methodology

The standard procedure for LCA is outlined in ISO 14040:2006 and ISO 14044:
2006 which describe the application LCA and define the key stages of analysis
as shown in Figure 3.1. The key stages are: setting the goal and scope; creating
an inventory of all life cycle uses of resources and environmental interventions
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(e.g., emissions to air and water); and assessing the impacts. Although the ISO
standards are very detailed, the standards also make clear that there is no single
method for conducting an LCA. Organizations have the flexibility to implement
LCA as established in the standard in accordance with the goal of the study and
the requirements of the entity undertaking the study. However, the goal of an
LCA shall be clearly defined and unambiguously state the intended application,
the reason for the study and the intended audience of the study.

Goal and |—
Scope |—
l I Direct applications:

» Product development
and improvement

Inventory | Interpretation _ _
Analysis — « Strategic planning

l I » Public policy making
» Marketing

Impact | —
Assessment —»|

Figure 3.1: Stages of Life Cycle Assessment (ISO 14040:2006)

The motivations for an LCA study are many and could be to compare pro-
cess alternatives, identify pollution prevention opportunities, identify resource
conservation opportunities or develop a recycling plan. The LCA methodology
was developed to inform decisions about improving existing products and pro-
cesses, and thus relies on an inventory of resource flows into and waste flows out
of the system under study. Products and processes that are still under develop-
ment, or are only conceptual, are difficult to assess, because there are no physical
flows to observe and the inventory must be inferred using past experience, en-
gineering judgment and models. This introduces uncertainty in the inventoried
flows and the type of interventions that are included in the inventory.

An LCA can be performed for an in-house audience, such as managers, en-
gineers or purchasing agents for the company contracting the LCA; or, for an
outside company such as suppliers, customers or regulators. The depth of detail
and time frame of an LCA may vary to a large extent, depending on the goal and
scope of the LCA. However, the ISO 14040 standard has specific guidelines de-
pending on the purpose of the LCA. Specific and more restrictive requirements
are placed on LCAs that are to be used in comparative assertions intended for dis-
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closure to the public. That is, LCAs that analyze two or more product systems,
inviting comparisons and judgments.

At the heart of LCA is the idea of a functional unit. The “function” is what is
to be accomplished by the product, process, or service under study. The functional
unit defines the magnitude of service, the duration of service and the expected
level of quality of the service provided by the product under study. For example,
holding a specific quantity and type of liquid is the function of a drink container.
The functional unit in this case encompasses the service of containing a specific
amount of liquid, the time over which the service is to be provided, the degree
of sterility that can be achieved, and other services such as labeling space on the
bottle. The container could be a plastic bottle, a glass bottle, or a multi-layer
aseptic carton.

When making comparisons between different products that have the same
use, it is critical to have a consistent framework for keeping track of flows of ma-
terial, energy and waste. The functional unit is the focus of LCA framework that
provides this consistency and also differentiates LCA and other analysis methods
such as environmental impact assessment and risk assessment. In the case of a
shopping bag used to carry groceries from a store, while paper and plastic bags
have the same volume, fewer groceries are generally placed in plastic bags then
in paper bags. Practices vary from place to place, but the number of plastic bags
needed to hold the volume of groceries usually held by a paper bag range from
1.2—3 [24]. This ratio of material, defined by the choice of functional unit, will
scale all subsequent aspects of the LCA and profoundly impact the study result
and conclusions [25]. For example, a 750 ml glass wine bottle weighs around 400
grams while the same size in PET weighs 54 grams, one-eighth of the weight. The
lower weight and volume of the PET container translates into lower energy use
and emissions during transport, but PET is more permeable to oxygen than glass,
so the contents will likely have a shorter shelf life and result in more spoilage.

LCA goal and scope definition also requires the identification of the refer-
ence flow associated with the functional unit. The reference flow is the set of
flows associated with the functional unit and defines all other flows in the prod-
uct system. Other steps in setting goal and scope include definition of the initial
system boundaries, criteria for inclusion of inputs and outputs, impact assessment
methodology and data quality requirements. The selection of inputs and model-
ing of the system shall be consistent with the goal of the study; and the system
should be modeled in such a manner that inputs and outputs at the system bound-
aries are elementary flows. In practice, inputs and outputs are defined by a cut-off
rule, based on a factor such as mass, energy or environmental impact. A mass-
based cut-off rule, for example, would eliminate from the inventory a material
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contributing less than a specified percentage of mass input to the product under
study.

Assessing and documenting the quality of data are important to the integri-
ty of the LCA. Data quality is described on the bases of data age, geographical
coverage, source, collection method, technology coverage, precision, uncertain-
ty, completeness and representativeness [26]. However, when incorporated into
a life cycle inventory, no differentiation is made between data of lower or high-
er quality. For example, data derived from a single personal communication are
incorporated in the same way as detailed data based on measurements across an
entire industry which are described by a complete set of statistical measures of
uncertainty. Various data quality scoring systems have been developed, and a
typical example is the data quality scoring of Ecolnvent [27] which rank data in
each data quality category with a score from 1 to 5 (with a score of 1 represent-
ing the highest data quality). These scores are a subjective choice of the LCA
practitioner and can vary widely. The quality of inventory data used to evaluate
a biorenewable chemical during the early stages of development will vary widely
depending on how the data were derived. Quantitative estimates of data uncer-
tainty should be developed whenever possible so that inventory uncertainty can
be estimated.

3.3 Life Cycle Inventory

The life cycle inventory (LCI) process entails estimating and recording the re-
source use, environmental flows, products and intermediate materials for all unit
processes within the boundaries of the product system. Figure 3.2 depicts the
cradle-to-grave product system. Each stage of the product system contains a set
of unit processes, each of which will have input and output flows from the envi-
ronment in the form of materials, energy and wastes as well as intermediate flows
of products among other unit processes.

A principal complication of the LCI is that few industrial processes yield
a single output. Most processes yield multiple products or recycle back inter-
mediate and discarded products for use as feed streams. For example, commer-
cial fermentation processes often capture carbon dioxide as a product along with
the fermentation product. Waste-to-energy plants provide a service of managing
waste but also produce electricity and sometimes heat. Such processes are re-
ferred to as multi-functional and their multiple products are called “co-products.”
A complication arises when the product system under study uses only one of the
“co-products,” but the inventory data represent the full multi-functional process.
Under such circumstances the objective is to separate the process into a series of
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mono-functional processes so that the inventory data can be distributed or “allo-
cated” among the co-products.

Materials
Energy
)

Process Other

T life cycles
' Wastes

Byproducts
Products l l

recovery
Material Material Design, Use,

extraction | | production [ |manufactering/[”’| maintenance-
construction upgrade N |

[ disposal

Figure 3.2: The cradle-to-grave product system includes recovery and recycling
back into the original system or into other product systems (other life
cycles). Recycled and recovered materials are co-products of the sys-
tem, and thus result in a multi-functional process that often requires
allocation of inventory flows among the products.

Biorenewable processing systems are usually multi-functional processes. For
example, as shown in Figure 3.3, the corn dry-grind ethanol process with grain
produces ethanol from the starch fraction of the corn grain, but also valuable prod-
ucts from the non-starch grain fraction, along with byproducts of the fermentation
process in the form of distillers' solubles, carbon dioxide, and distillers' dry grains
with solubles (DDGS) or alternately distillers' dry grains (DDG) or distillers' wet
grains (DWGQ). Although ethanol is the principal product, there are several cap-
tured product streams. The DDGS stream is used as a protein-rich animal feed
and the revenues it provides to the ethanol operation are essential to the economic
viability of the process. The way in which these co-product streams are handled
in analysis is one of the most significant differences among LCAs of corn grain
ethanol [28].

There are several ways to address the problem of multifunctional processes.
The ISO standards [14] suggest the following hierarchy of steps (1) Wherever
possible allocation should be avoided by (a) dividing the unit process to be al-
located into two or more sub-processes and collecting the input and output data
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related to these sub-processes (i.e., subdivide the process) or (b) expanding the
product system to include the additional functions related to the co-products and
then subtracting the equivalent product from main product inventory (i.e., system
expansion). (2) Where allocation cannot be avoided, the inputs and outputs of
the system should be partitioned between its different products or functions in
a way which reflects the underlying physical relationships (i.e., physical alloca-
tion). Allocation can be performed on the basis of mass, energy, or economic
relationships among the products or functions of the system. Kodera [29] exam-
ined allocation practice in the literature of bioethanol LCA and found that of the
studies examined, four types of allocation were used: 27 avoided allocation; 12
used mass allocation, 9 energy allocations and 11 market value allocations.
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Figure 3.3: The corn ethanol dry-grind process with fractionation produces mul-
tiple valuable products.

3.4 Impact Assessment

The last of the major stages of LCA is Life Cycle Impact Assessment (LCIA).
The LCIA is carried out in a two-step process:
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1. Classification is the process of assigning each component of the LCI in-
ventory to one or more impact categories. For example, impact categories
include human toxicity, acidification, eutrophication, and climate change.

2. Characterization is the process of translating inventory data into a common
metric to allow aggregation. The process generally uses equivalency fac-
tors that translate LCI data into impact descriptors. For example, climate
change is denominated in units of COq-equivalents and the IPCC models
have provided conversion factors that allow one to convert other GHGs into
these units. For example, the global warming potential of 1 kg of methane
over 100 years is 25 kg COs-equivalents and that of nitrous oxide is 298
kg COs-equivalents. Likewise, acidification is denominated in units of
SO4-equivalents, and human toxicity in units of benzene-equivalents.

LCIA is sometimes defined to have a third step, valuation, which involves
weighting and combining the impact data derived during characterization. This
step is no longer recommended under ISO standards of practice.

It is important to note that LCIA has not typically provided information about
economically-relevant end-points. LCA impact assessment has evolved, but was
originally developed not to tell us what sort of environmental or health impacts
will occur in a specific place and time, but rather to provide information about
what the impacts might potentially be. This type of LCIA is an assessment of
mid-points rather than end-points. Stopping at mid-points allows LCI data to be
aggregated across space and time to provide a concise measure of the environ-
mental performance of the product system, but in doing so it gives up precision
and can tell us little about actual impacts that may be relevant to our own local
conditions and decisions. There has been considerable effort in recent years to
move life cycle impact assessment toward measures of impact that combine mid-
point and end-point (i.e., damage) indicators, particularly related to human toxici-
ty and ecotoxicity [30]. Recent efforts in this direction include the IMPACT 2002
method [31] and the ReCiPe database of characterization factors in 20 categories
[32].

3.5 LCA of Biorenewable Chemical Systems

Compared with the number of LCAs that have been performed for biofuels and for
conventional chemicals, the number of LCA studies of biorenewable chemicals
is rather limited. In addition, the majority of LCAs of biorenewable chemicals
tend to focus on a few energy-related impact categories such as fossil fuel dis-
placement and greenhouse gas emissions [20, 33]. In many cases this is because
the production processes are still conceptual or commercial-scale production data
are not available.
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The need to be able to differentiate between candidate biorenewable chemi-
cal pathways early in the development process when data are scarce is a challenge
for LCA. Indeed, the perceived need for data from existing production processes
or well-defined processes in the final stages of the development process has led
some to reject LCA as inadequate [34, 35]. However, the limitations are not as
severe as they may appear.

In the production of biorenewable chemicals, as with petrochemicals, there
are some steps that are common to many production processes. For example,
the primary feedstock for most biochemical conversion pathways will be a sim-
ple sugar such as glucose. For all processes that utilize sugar from a particular
source, such as sucrose from sugar cane or glucose derived from corn starch, the
life cycle inventory will be the same. A thorough life cycle inventory for the
biorenewable feedstock is a good start to the overall study because from an envi-
ronmental perspective, biomass production is often the dominant step in the life
cycle of a biorenewable chemical [36].

If the biorenewable chemical product under study is a functional replacement
for an existing petrochemical product, the inventory during the use and end-of-life
stages will be very similar to its petrochemical counterpart, although adjustments
may be required to account for different amounts of material used per functional
unit or different end-of-life impacts. In cases where the biorenewable chemical is
a direct replacement for a petrochemical, the inventories will be the same from the
point in the life cycle where the replacement is made through to the end-of-life.

If the goal of the LCA is to compare a biorenewable chemical with a similar
petrochemical in a limited number of categories, a relatively rough estimation of
the production process inventory data may be sufficient. Because production of
feedstock tends to dominate biorenewable chemical inventories, the combination
of rough estimates of production data with more complete feedstock, product use
and end-of-life inventories will in many cases allow the rejection or acceptance of
the hypothesis that the biorenewable chemical is superior in certain environmen-
tal categories. The strength of such a conclusion can be tested using sensitivity
analysis to ensure that the higher quality data available dominate the inventory.
However, if one is trying to differentiate between multiple, candidate biorenew-
able pathways, among which the principal difference is the chemical production
process, more accurate production inventory data will be required.

The synthesis of any type of chemical is a complex and diverse procedure
and production data are often scarce or incomplete, even for petrochemicals that
have been produced in large quantities for many years. Detailed inventories of
chemical synthesis processes are expensive and time consuming, so relatively
few chemical inventories exist. A variety of models have been developed for the
purpose of estimating the mass and energy flows in the production of chemicals
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and to fill in gaps in life cycle inventories. For example, Ciba AG (now BASF
Schweiz AG after a 2010 takeover by BASF) developed for internal use an LCI
database library called ECOSYS, compiled from both internal process data and
external data including tools for estimating missing data [37]. Similarly, LCI esti-
mation methods drawing on similar chemical processes and process models have
been developed for in-house use by GlaxoSmithKline [38].

Process-based inventory estimation approaches, however, require a very large
amount of data that often is not available during early stages of pathway devel-
opment. One alternative that has been developed uses molecular structure-based
models and extant LCAs of chemicals. The basis of these methods is the idea
that the molecular structure of a chemical provides a wealth of information about
the energy and resource requirements of its production. Molecular weight, com-
position, functional groups, chiral centers and similar descriptors are correlated
with the specific reaction steps of the chemical synthesis and can thus provide
the basis to estimate mass and energy flows during production. Wernet et al. [39,
40] developed models using inventories for around 100 organic chemicals and
molecular structure information to train neural networks and in linear regressions
in order to estimate life cycle inventories and environmental indicators. They
were able to predict a range of output parameters of inventories not included in
the training sets with between 10% and 30% relative error. The models devel-
oped by Wernet et al. [39, 40] did not, however, include chemical products that
included biosynthesis steps in their production due to a paucity of quality data
and the diversity of processes and reactions in these pathways.

For many biorenewable chemicals, during the early stages of development
only rudimentary process flow sheets and partial mass and energy balances will
be available. This level of life cycle uncertainty must simply be tolerated in the
effort to screen candidate processes. However, another attribute that may be use-
ful for differentiating between pathways is the environmental risk that is inherent
in the intermediate and final products. Even when mass flow rates of products and
wastes cannot be estimated with accuracy, pathways that involve less hazardous
materials may be preferred. Properties such as toxicity, ecotoxicity, mutagenic-
ity, and biodegradability can be estimated fairly accurately based on chemical
structure [41-43]. Likely biodegradation breakdown products and side products
can also be predicted using models such as the UM-BBD Pathway Predication
System developed at the University of Minnesota [44]. These measures of hazard
combined when available with engineering judgment regarding expected quanti-
ties and chance of release, can be used along with life cycle assessment data to
differentiate between candidate pathways at the earliest stages of development.
For such an assessment, it is important to take into account as much quantita-
tive and qualitative information as is available—an approach that is applicable at
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early stages of process development and takes into account costs, environmental
impacts and human health hazards has been proposed by H. Sugiyama [45].

3.6 Prospective, Consequential, and Attributional LCA

As previously mentioned, most LCAs are performed for existing products that
are produced and marketed in relatively constant quantities. In this sort of LCA,
the inventory and impact assessments are “snapshots” of production of a product
such as a chemical at a given time. Although there are variations among plants
or processes, inventory data are averages of those available for the relevant prod-
uct. For example, inventory data for electricity production represent the average
of the generation plants feeding the relevant electricity distribution grid. LCAs
performed in this manner are termed attributional because they describe the en-
vironmental attributes of existing products or services in an average sense.

Attributional LCA is essentially an environmental accounting method that
has clear parallels to the methods of managerial cost accounting used to manage
production operations in most commercial firms. Attributional LCA meets the
same sorts of needs as managerial accounting tools, providing at a reasonable
cost a rapid measure of the performance of a product system at a specific time.
Such LCA measures are as vital to environmental management as managerial
accounting tools are to business management.

In contrast to the attributional approach, which focuses on the direct impact
of the product life cycle activities, one may be interested in the broader impacts of
a product system that occur through interactions with economic markets. This sort
of analysis is known as a consequential LCA. The consequential method recog-
nizes that industrial systems are part of larger economic systems which respond
to changes in demand or supply. Economic markets respond with substitution
between capital and labor, or products and services, in ways that may be quite
unexpected and which have environmental and resource implications. The con-
sequential LCA modeling approach seeks then to describe the consequences of
a production decision. The relevant inventory data are marginal and the product
system includes many processes that have no direct physical relationship to the
product system under study. An example would be that increases in biofuel and
biorenewable chemical production could drive up the price of sugar, which would
lead some farmers to bypass traditional food and feed markets in order to produce
sugar, and as a result farmers on the other side of the planet might then plow up
grasslands or cut down forests to plant crops to fill the gap. The desire to capture
such “indirect,” market-driven environmental impacts creates a need to incorpo-
rate in the analysis economic models such as partial equilibrium or computable
general equilibrium models.
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Theoretical dimensions of performing consequential LCA have been par-
tially addressed [46, 47], but many practical issues and concerns about the com-
plexity of such analyses remain. Consequential LCA is most applicable to the
same sorts of problems that require economic analysis. Many policy questions
require an understanding of marginal impacts and impacts mediated by market
forces. However, the sorts of models required are not yet fully developed. Most
economic models were designed for specific purposes and they will be difficult
to adapt to consequential LCA. These models are often complicated as well, and
their complexity creates opportunities for non-experts to misuse them.

Both attributional and consequential LCA can be useful in evaluating biore-
newable chemical production systems. If one is interested in assessing the direct
impacts of a biorenewable chemical, that is, to measure its “environmental foot-
print” in order to compare it with alternatives, an attributional LCA is appropri-
ate—if production volumes are not expected to be large enough to significantly
shift current markets for inputs or products. If instead, one is also interested in
the indirect impact of biorenewable products, and production volumes are large
enough to shift the markets involved, a consequential analysis is appropriate. It is
important that LCA analysts and the consumers of LCA results recognize when
each type of LCA is appropriate, and when interpreting results, to draw con-
clusions that stay within the constraints of the methodology employed. Just as
erroneous conclusions are drawn by managers that mistake accounting data for
economic data, LCA results are often misinterpreted by decision-makers who are
unaware of the underlying assumptions of the different types of LCA.

3.7 Resource Constraints on Biorenewable Chemical Production

One of the consequences of increased production of biorenewable fuels and chem-
icals that is of keen interest to firms developing new biorenewable processes is
how the future availability and cost of resources, particularly feedstock, will be
affected by future demand. The feedstocks of most current and proposed biore-
newable chemical processes are polysaccharides or sugars. World sugar prices
soared to a 29-year high of nearly 30 cents a pound in early 2010 and then fell
to around half that level by early summer [48]. The causes of this increase were
several: production disruptions due to weather, policy changes, as well as in-
creased sugar consumption which were aggravated by increased industrial sugar
use for biorenewable fuels and chemicals. The result has been both price increas-
es—average raw sugar price in 2009 was almost double the long-term average of
11 cents per pound—and price volatility.

The technological uncertainty associated with candidate biorenewable chem-
ical production processes is naturally high due to the difficulty of predicting fac-
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tors such as yields and separation costs. This technological uncertainty translates
into one source of financial uncertainty. Another important source of financial
uncertainty is that introduced by the volatility of sugar or other feedstock costs.
This uncertainty is particularly significant because raw material cost is typical-
ly of the order of 75% of product value of commodities [49]. The challenge for
firms considering commercializing a new biorenewable product then, is to antic-
ipate how much input prices may change due to increasing demand and resource
limitations. In this regard sugar may be considered The New Oil but oil is actually
less subject to production disruptions because it needs only to be extracted, not
grown in a field that can be ravaged by pests, disease, or weather.

In addition to being vulnerable to weather and the like, the production of
biomass feedstock is dependent on fertilizers, such as nitrogen, phosphorous and
potassium, in order to maintain or increase crop yields. Increasingly, the fer-
tilizers that agriculture depends upon are imported. In 2009, the United States
imported more than 55% of nitrogen and 81% of potash (i.e., potassium) fertiliz-
er used [50]. Fertilizers are derived from nonrenewable resources which is why in
the long-term their prices will likely increase as supplies of nonrenewable inputs
dwindle.

For example, modern agriculture is dependent on synthetic nitrogen fertiliz-
er that is produced primarily from natural gas. Phosphorous fertilizer is derived
from phosphate rock and current global reserves may be depleted in as little as 50—
100 years [51]. The quality of remaining phosphate rock reserves is decreasing
and production costs are increasing. As we seek to scale-up biorenewable fuel
and chemical production to several times current levels as targeted by the U.S.
Renewable Fuels Standard (RFS) and suggested by the U.S. National Research
Council [52], very large increases in crop production will be required to provide
the necessary feedstock while maintaining food and feed production. Yield in-
creases can come through increasing crop acreage, but the magnitude of this op-
tion is limited by a dwindling amount of uncropped fertile land; or by increasing
the intensity of production, including irrigation and fertilization. Increased fertil-
izer use will hasten the depletion of these finite resources, and also aggravate the
considerable environmental impacts of fertilizer use.

The use of fertilizers in large quantities across the globe has already sig-
nificantly perturbed the biogeochemical cycles of the Earth. Rockstrom et al.
[53] have identified thresholds in nine Earth-system processes that if crossed can
generate unacceptable environmental change. Two of these processes are the ni-
trogen and phosphorous cycles, and the nitrogen cycle boundary is one of three
boundaries judged to already have been exceeded, as represented graphically in
Figure 3.4. Rockstrom et al. [53] have suggested that a sustainable rate of human
fixation of nitrogen would be 25% of the current value.
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Figure 3.4: The circular boundaries identified for nine planetary systems. The
inner circular shading represents the proposed safe operating space
and the wedges represent an estimate of the current position for each
variable. The boundaries on the level of human interference with the
nitrogen cycle, as well as the rate of biodiversity loss and climate
change, are deemed to have already been violated.

Through human processes nitrogen is fixed from the atmosphere into reac-
tive forms at a rate of around 120 million metric tons per year of N,. This large
flow of reactive nitrogen fertilizes crops and then continues through other ecosys-
tems, altering species diversity, accumulating in soils, and forming atmospheric
gases that lead to pollution and climate change. Nitrogen impacts are particularly
difficult to assess because nitrogen moves through the compartments of environ-
mental systems causing a cascade of impacts [54]. Because in many ecosystem
compartments nitrogen is naturally in short supply, it can accumulate there for ex-
tended periods of time before being transported to new compartments and causing
additional impacts. In this fashion, certain consequences of nitrogen released in-
to the environment can happen many years after the initial release and after the
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nitrogen has already produced a long chain of other negative environmental im-
pacts.

Phosphorous is a mineral that is mined from locations where it has accumu-
lated naturally through geological processes. The mined phosphate rock is used
for a variety of purposes but around 90% is used as fertilizer [S1]. Around 20
million metric tons of phosphorous are produced each year and this is estimated
to be approximately eight times the natural background flux rate [53]. The im-
pacts of this are large zones of hypoxia in the world's oceans in the regions where
agricultural systems drain.

Although the environmental consequences of fertilizer use are already seri-
ous and growing more so, there are a variety of ways to reduce the use of fertiliz-
ers in agriculture as well as technologies for recycling nutrients that are removed
from agricultural fields. Fertilizer use can be made more efficient through preci-
sion application that puts the fertilizer on the field at specific times and locations
to improve utilization by plants, thus requiring lower application rates per crop
yield [55]. There are also opportunities to recover nutrients from human urine,
waste treatment, and emerging biorenewable conversion processes [S1, 56].

In addition to fertilizers, other limited resources may be impacted by large
increases in demand for crop production to provide industrial feedstock. Many of
the less productive lands that have been targeted for biomass feedstock production
are marginal lands due to limited soil depth, soil quality, and rainfall. Increased
biomass production will require more water for the increased crop growth because
plant transpiration is directly related to carbon fixation [57]. Many parts of the
world are already experiencing severe water stress. Around 1.2 billion people, or
almost one-fifth of the world's population, live in areas of physical water scarcity
and another 1.6 billion live where infrastructure and economic systems are unable
to deliver sufficient water [58].

Worldwide, agriculture is responsible for around 70% of annual freshwa-
ter withdrawals for human use. Agriculture is responsible for generating water
scarcity and also for degrading high quality surface and groundwater for marginal
output [59]. Impacts of increased water extraction for agriculture include ground-
water depletion, reduced river flow, worsening water pollution, reduced habitat,
and imperiled human health. It will be increasingly difficult to satisfy the de-
mands for food, feed, and water of a growing global population and protect nat-
ural aquatic ecosystems while at the same time meeting large new demands for
industrial biomass production.

Resource use is closely coupled to environmental health and the impacts of
resource use become more pronounced as resources become scarcer. Natural sys-
tems become less resilient and able to absorb disturbances as resource constraints
bind more tightly. It is important to consider how increased use of biorenewable
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products will impact the supplies of resources that are critical for meeting fun-
damental human needs. LCA doesn't handle resource limits explicitly as it is
commonly practiced because it reports resource use on a specific (i.e., per func-
tional unit) basis, and does not account for the size, location, or nature of resource
reserves.

3.8 Conclusion

LCA was developed as a tool to provide information on the full life cycle impact
of our consumption choices. To accomplish this at reasonable cost, LCA takes a
snap-shot of the product system at a specific time and combines a wide range of
impacts into a few measures, often aggregated over time and space. LCA is not
intended to be a perfect analysis that reflects the minute details of environmen-
tal processes, but rather to introduce environmental considerations in decision-
making processes where they are often missing.

As we seek to address ever more complicated environmental questions, we
ask more of LCA. We have extended LCA techniques and created specialized
LCA tools to meet particular needs. Evaluating candidate biorenewable chemical
pathways, such as is required to choose between alternative conversion processes,
requires new LCA methods that can provide meaningful results despite highly
uncertain process, inventory, and impact data.

LCA is a powerful tool that can inform many important decisions faced by
society today. However, as we extend and diversify LCA techniques, we must
also train practitioners to understand which tools are appropriate for which ques-
tions. Along with our LCA results we must also carefully communicate their
limitations and proper use in order to enable society to make better choices and
move toward a more sustainable future.
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