















































































































































































































































































































































































































































































































































































































































































































































8 LCA through Example
from Ato Z

Treating Urban
Sewage Sludge

Gregory Houillon, Olivier Jolliet,
Shanna Shaked, and Myriam Saadé-Sbeih

This chapter provides a concrete and complete example of a life cycle assessment
(LCA) application. It compares alternative treatments of sewage sludge from munici-
pal wastewater, as addressed in a detailed study (Houillon and Jolliet 2005) car-
ried out in collaboration with a group of French and Swiss industries. Following a
short introduction, this example illustrates the four phases of LCA: goal and scope
definition, inventory of resource extractions and emissions, impact assessment, and
interpretation. For each of these phases, the calculations will be detailed for each
considered scenario. The analysis of environmental impact is calculated using two
methods: IMPACT 2002+ (Jolliet et al. 2003) and Eco-indicator 99 (Goedkoop et al.
1998).

This study is based on the Ecosludge project carried out at the Swiss Federal
Institute of Technology Lausanne (EPFL), in partnership with Bonnard &
Gardel (BG) Consulting Engineers, Ondéo Degrémont, Omnium de Traitement et
Valorisation (OTV), Stéreau, and the Interdepartmental Syndicate for the Sanitation
of Greater Paris (STAAP). The authors gratefully acknowledge the inputs of the
steering committee from this Ecosludge project.

8.1 INTRODUCTION

8.1.1 OverviEw OF CASE STUDY APPLICATION:
URBAN WASTEWATER AND SEWAGE SLUDGE TREATMENT

Before describing the study objectives and the system studied, we first provide a
basic understanding of sewage sludge treatment.

8.1.1.1 Urban Wastewater Treatment

Due to domestic usage and runoff, wastewater becomes loaded with organic and
inorganic substances, either dissolved or suspended. Key substances found in
wastewater include organic carbon, nitrogen, and phosphorus compounds, as well
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as traces of heavy metals and organic compounds. Wastewater is then transported
to the wastewater treatment plant, where it is treated with physicochemical and
biological processes. The most basic plants eliminate organic pollution (carbon,
nitrogen, and phosphorus compounds), while the more sophisticated ones also
capture micropollutants. The plant capacity is defined in terms of equivalent
habitants (eq-hab), where 1 eq-hab represents the daily wastewater produced by
a person.

8.1.1.2 Urban Sewage Sludge Treatment
The process of treating wastewater results in sewage sludge that can be one of two
types.

1. Primary sludge is obtained by simply decanting wastewater. The solids that
are thus separated from the water are generally rich in minerals (such as
microsands and dirt) and also contain volatile organic materials.

2. Biological or secondary sludge results from biologically treating wastewa-
ter and is made up of bacterial bodies and their secretions.

Since wastewater treatment results in a substantial amount of sewage sludge, the
sludge must undergo various treatment steps. Such treatment first reduces the sludge
volume (e.g., by gravity thickening, in which the sediments are deposited), and at
times a secondary volume reduction is needed (such as dehydration or centrifuga-
tion). Depending on the sector, the sludge may then undergo stabilization (such as
through direct drying, liming, or anaerobic digestion), followed by case-specific
treatments. Section 8.2.3 describes the different sludge treatments accounted for in
this study.

Urban sewage sludges differ from industrial sewage sludges, which come from
the treatment of industrial wastewater and have different characteristics. This study
focuses on the treatment of urban sewage sludge for a wastewater treatment plant
of an equivalent capacity of 300,000 inhabitants. These results may thus have to be
adapted for different sizes or types of wastewater treatment plants.

8.1.2 REeviEw OF ENVIRONMENTAL ASSESSMENT OF WASTEWATER
SLUDGE: TREATMENTS AND KEY CHALLENGES

Treatment of urban wastewater sludge is an environmentally sensitive problem
due to the energy, costs, and pollutants involved. Laws concerning agricultural
spreading of sludge (Spinosa 2001) and thermal oxidation processes are becoming
increasingly restrictive. Controversy over the use of sludge is ongoing, and scien-
tific arguments, as well as stakeholder values, need to be considered (Bengtsson
and Tillman 2004). New treatment processes, such as pyrolysis and wet oxidation,
have been introduced on to the market, but it is not yet clear which alternatives
effectively reduce overall environmental impacts. The present study compares
the life cycle environmental impacts of 12 wastewater sludge treatments, focusing
on alternative processes and identifying key parameters to reduce environmental
impacts.
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A number of studies have been published comparing various sludge treatment
processes, all of which add to the state of knowledge while leaving unanswered
the question of which treatment processes reduce overall environmental impacts.
Bridle and Skrypski-Mantele (2000) accounted for some additional processes (gas-
ification) and demonstrated the benefit of phosphorus recovery, but only consid-
ered input—output methods, without including metal transfers. Hwang and Hanaki
(2000) presented energy and CO, balances of sludge incineration processes using
input—output methods, but did not consider other substance emissions. AERM
(1999) included social aspects in their analysis of sludge treatment, but excluded
alternative processes such as wet oxidation and pyrolysis and did not account
for micropollutants, dioxins, and related human toxicity. Moreover, energy and
coproduct recovery are not clearly described, though they can be very important
for a comparative LCA (Lundin et al. 2000). Miiller et al. (1999) presented a site
analysis in Switzerland that cannot be used to analyze treatment processes on a
general basis. Benz et al. (1995) carried out an LCA on sludge treatment processes,
but using an outdated LCA methodology. Neumayr (1999) only considered digested
sludges. Suh (1999) and Suh and Rousseaux (2002) performed a detailed analysis
demonstrating the advantages of anaerobic digestion and the importance of heavy
metals, but only compared agricultural spreading with fluidized bed incineration
and landfilling. Huybrechts and Dijkmans (2001) accounted for many processes,
but did not include the full life cycle approach. Lundin et al. (2004) discussed the
potential advantages and drawbacks of recycling phosphorus in sludges compared
with incineration scenarios, but performed no comparison with other thermal pro-
cesses. Houillon and Jolliet (2005) presented preliminary results of this chapter’s
case study, but focused only on energy and greenhouse gas impacts of digested and
undigested sludges.

Several scientific challenges must therefore be addressed to provide a clearer
understanding of environmental impact pathways and key parameters:

1. How well do alternative technologies for sludge treatment, such as pyrolysis
or wet oxidation, perform from an environmental point of view? Are they
significantly better than high performance incineration?

2. What is the importance of avoiding energy use and emissions by using
coproducts? How should the substitutions of fertilizers, natural gas, coal, or
methanol be consistently compared in different treatments?

3. What are the environmental advantages of digesting sludges before land-
spreading or thermal treatment?

4. How important are the human health and ecosystem impacts of indirect
emissions due to transport and to the production of auxiliary inputs relative
to the impacts of direct emissions of respiratory inorganics and heavy met-
als during treatment?

This chapter addresses these questions by quantifying environmental impacts of
alternative processes applied to wastewater sludge treatment (wet oxidation, pyroly-
sis, incineration in cement kilns) compared with processes typically used in Europe
(agricultural spreading, fluidized bed incineration, landfilling). This work improves
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on previous studies in the following ways: Most data are provided from existing
industrial plants; and substitutions, sensitivity analysis, and micropollutant trans-
fers have been taken into account, which constitutes an important step forward for
sound decision-making in this very sensitive domain. Going through each phase
of an LCA, we first define the functional unit, system boundaries, and considered
scenarios. Results of the inventory analysis and of the impact assessment are then
presented, comparing the 12 scenarios. In the interpretation and discussion section,
each reference scenario is discussed in detail, and a sensitivity analysis finally identi-
fies key parameters leading to policy recommendations.

8.2 GOAL AND SCOPE DEFINITION
8.2.1 OBJECTIVES

The goal of this study is to evaluate several systems to treat wastewater sludge
from a treatment plant for 300,000 equivalent inhabitants and to determine the
key parameters influencing the environmental performance. This study quanti-
fies the environmental impacts of six treatment processes applied both to undi-
gested and digested mixed sludge, where each process is described in more detail
in Section 8.2.3:

1. Agricultural landspreading of limed pasty sludge (AGRI)
2. Incineration in fluidized beds of pasty sludge (INCI)

3. Wet oxidation of liquid sludge (WETOX)

4. Pyrolysis of dried sludge (PYRO)

5. Incineration in cement kilns of dried sludge (CEME)

6. Landfilling of limed pasty sludge (LANDF)

Processes applied to digested sludge are noted by adding a “d” to each acronym.

8.2.2 FuncTtioNAL UNIT

The function considered in all scenarios is the treatment of urban wastewater sludge
at the output of the wastewater treatment plant (WWTP) before sludge thickening
has occurred. The chosen functional unit used as the basis for comparison is the
sludge resulting from 1 t of disposed dry matter (tDM), so all emissions, mate-
rials, and energy consumption are expressed relative to this functional unit (ISO
2006). The considered sludge is composed of 60% primary sludge and 40% bio-
logical sludge. The WWTP water is treated for organics, nitrogen, and phosphate
compounds.

8.2.3 Svystem DEFINITION

8.2.3.1 Description of Studied Scenarios

This study considers 12 scenarios of sewage sludge treatment, where the first 6 treat-
ments are without digestion and defined as follows.
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1. Agricultural landspreading of limed pasty sludge (AGRI): Sludges are
thickened, dehydrated, and stabilized (limed) in the WWTP, thus becom-
ing limed pasty sludge (30% dry solid content). They are then stored an
average of eight months in a controlled and deodorized storage area, since
spreading over agricultural land can only take place at given periods in the
year. The sludge is transported by 40 t trucks to the field, where it is then
stored for an average of one month at the edge of the agricultural land,
before being distributed over the land using a tractor. This spreading takes
advantage of the fertilizing elements in the sludge, but micropollutants in
the sludge are also spread on to the agricultural land.

2. Incineration in fluidized bed of pasty sludge (INCI): Incineration is a ther-
mal process that leads to the destruction of the sludge organic matter. The
process considered here is incineration at the WWTP, in a fluidized bed fur-
nace at 850°C. The pasty sludge (25% dry solid content after dehydration)
is burned and releases combustion gases that experience dry gas treatment
before their emission into the atmosphere. The fly ash and other residues
are then sent to a final waste storage center, where they may be stabilized in
cement. The incineration process destroys pathogens and organic matter, so
that transportation is limited to residues.

3. Wet oxidation of liquid sludge (WETOX): This WWTP process consists
of using oxygen for aqueous oxidation of thickened sludge (6.8% dry solid
content), at a temperature of 235°C and a pressure of 40 bar (Luck 1999).
Operating at a higher pressure than fluidized bed incineration, this process
generates a mineral residue that is then transported to a waste storage center.
Wet oxidation breaks down the organic matter into carbon dioxide and water
vapor that are emitted to air, along with other organic materials (aqueous
effluent) that are then reprocessed by the WWTP. The carbon load in the
effluent can be used in place of methanol for the WWTP, but this is not a stan-
dard substitution and has thus only been considered in a sensitivity analysis.

4. Pyrolysis of dried sludge (PYRO): Sludge is thickened, dehydrated to 95%
dry solid content and thermolyzed at 500°C. Pyrolysis (or thermolysis) is
thermochemical decomposition of organic matter without oxygen. This
reaction produces a thermolysis gas, which can be reused for other applica-
tions (such as drying and heating), and a carbonaceous residue that is trans-
ported to a waste storage center. This process reduces flue gas treatment.
The carbonaceous residue can be burned on or off the WWTP site. The
thermolysis gas produced can be transported over longer distances than the
heat recovered from the incineration process described in (2), thus decou-
pling production from recovery in both space and time.

5. Incineration of dried sludge in cement kilns (CEME): In this process, sludge is
dried at the WWTP to 95% dry solid content and transported to the cement fac-
tory. Then, sludge is burned in an oven at 1400°C, with other fuels, to destroy
organic matter and produce clinker (a type of cement). After use of the cement
produced with sludge ash, it is deposited into an inert waste storage center. The
mineral component of the sludge thus becomes valuable as building material.
Some micropollutants are emitted into the air during sludge combustion.
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6. Landfilling of limed pasty sludge (LANDF): After liming (described in 1.),
sludge is stored in a deodorized building for 15 days at the WWTP. Then,
the limed pasty sludge (30% dry solid content) is transported to an organic-
waste storage center. Landfills generally only require that sludges must be
at least 30% dry solid content. But, French and Swiss legislation trends are
restricting the amounts of such landfills (those with organic matter, since
this is not considered a final residue). 60% of the landfill methane is col-
lected and flared off to reduce methane emissions.

The incineration (INCI), wet oxidation (WETOX), pyrolysis (PYRO), and cement
kiln (CEME) scenarios all use thermal oxidation processes, the impacts of which are
discussed in Section 8.4.

The next six scenarios use the same treatments as the first six, with the addition of
anaerobic digestion prior to the treatment process. Through this process, the organic
materials present in the sewage sludge are degraded by bacteria in the absence of
oxygen, thus producing biogas. The scenarios using digested sewage sludge are rep-
resented by a lowercase letter d:

7. AGRI d: Spreading of digested, limed paste-like sewage sludge.
8. INCI d: Fluidized bed incineration of digested paste-like sewage sludge.
9. WETOX d: Oxidization of digested, thickened sewage sludge.
10. PYRO d: Pyrolysis of digested, dried sewage sludge.
11. CEME d: Incineration in cement kiln of digested, dried sewage sludge.
12. LANDF d: Landfilling of digested, limed paste-like sewage sludge.

Details of each scenario, the sludge composition, and the main characteristics of
the WWTP are given in Houillon and Jolliet (2005).

8.2.3.2 System Boundaries and Flow Chart

Along with the extraction, transport, and use of materials and energy, the system boundar-
ies include: site infrastructure, sludge thickening, main sludge treatment processes, mat-
ter losses, sludge and residue transport, and solid waste treatment. The sludge treatment
systems consist of different substeps for each type of treatment, ordered by their position
in the treatment chain (Figure 8.1), which enables identification of common modules
among the different scenarios. These modules can be structured into seven treatment
steps common to most scenarios, which are indicated by the left integer in each module
number of Figure 8.1, corresponding to each row. The right integers indicate different
ways of performing this treatment step. The input quantities and specific aspects of each
module differ for each scenario:

. Primary volume reduction (thickening)

. Secondary volume reduction (dehydration, centrifugation, etc.)
. Stabilization (direct drying, liming, anaerobic digestion)

. Storage (dried sludge, paste-like sludge, etc.)

. Sludge and residue transportation (40 t truck)

. Main sludge treatment (spreading, incineration, etc.)

. Treatment of by-products (e.g., storage)

e L R O R S
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The treatment processes of the digested sludge, represented by d, take into account
the digestion module, indicated in a dashed box.

8.2.4 SvsteM MoDELING: RerereNce FLows, DIRecT
EmissiONs, SUBSTITUTIONS, AND DATA QuALITY

Table 8.1 summarizes the main reference flows for each scenario, showing that
electricity and fuel are used in all disposal routes. Drying before pyrolysis and

TABLE 8.1
Main Reference and Intermediary Flows for the Treatment of the Undigested
and Digested (in Italics) Sludges

Unit AGRI INCI WETOX PYRO CEME LANDF
AGRId INCId WETOXd PYROd CEMEd LANDFd
Acid kg/tDM 1.8 — — 5.4 5.4 1.2
(hypochloric,
nitrous,
sulfuric)
kg/tDMd 1.8 — — 54 5.4 1.2
Active coal kg/tDM — 2 — — — —
kg/tDMd — 2 — — — —
Copper sulfate kg/tDM — — 14 — — —
kg/tDMd — — 14 — — —
Electricity kWh/tDM 233.7 400.4 796.8 944.3 336.8 159.8
kWh/tDMd 236.6 284 490.9 488.2 305.9 186.4
Fuel kg/tDM 11.1 144 1.8 374 38 143
kg/tDMd 6.5 10.3 1.8 37.4 37.7 8.8
Lime kg/tDM 400 30 — 30 — 400
kg/tDMd 185.6 20.3 — 20.3 — 185.6
Natural gas Nm3/tDM — 65 — 314.5 314.5 —
Nm3/tbMd — 131.6 — 212.3 212.3 —
Nitrogen kg/tDM — — — 0.4 — —
kg/tDMd — — — 0.2 — —
Polymer kg/tDM 7.1 7.1 0.1 7.1 7.1 7.1
kg/tDMd 4.9 4.9 0.1 4.9 4.9 49
Oxygen Nm3/tDM — — 810 — — —
Nm3/tDMd — — 270 — — —
Weld kg/tDM — — 355 6 — —
kg/tDMd — — 23.9 1 — —

Note: tDM(d) represents tons of dry matter (digested) and Nm? represents normal cubic meters. Dashes
indicate that data is not relevant to that scenario.
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incineration in cement kilns requires substantial amounts of natural gas (315 Nm?/
tDM, where Nm? is a normal cubic meter) and electricity (166 kWh/tDM). Wet oxi-
dation demands most electricity for oxygen production and the actual wet oxidation
process. For agricultural spreading and landfilling, lime is needed for stabilization
(400 kgCaO/tDM).

Resource extractions and pollutant emissions associated with the supply chains of
each reference flow are then calculated by multiplying each flow by emission factors
from standard LCA databases, as described in Section 8.2.4.3.

8.2.4.1 Direct Emissions and Micropollutant Transfers

In addition to the indirect emissions associated with intermediary flows, there are also
direct emissions of substances contained in the sludge. For carbon-based emissions,
CO, is emitted during combustion, and methane is emitted by landfilling. Human and
ecosystem toxicity is impacted by emissions due to dry matter losses, heavy metal
transfers, and wastewater treatment generated by sludge treatment processes. Table 8.2
characterizes the amount of micropollutants in the sludge, which are then multiplied
by transfer factors based on measurements and literature data (Carpi and Lindberg
1997). These transfer factors describe, for each scenario, the fraction of each micro-
pollutant transferred from the sludge to air, water, and soil, summed over all treatment
steps (Figure 8.2). We consider here 6 organic and 16 metallic micropollutants.

8.2.4.2 Substitutions

To account for the coproducts of the various sludge treatments, we first identify
for each scenario the type and amount of product substituted in the technosphere
(Table 8.3). Emissions and resource use associated with these substitutions are
avoided and thus subtracted from the inventory of each scenario, following the sys-
tem expansion approach described in Section 4.5.3. Sludge treatment can lead to
scenario-specific substitutions of both matter and energy.

For matter substitution, agricultural spreading (AGRI) decreases the need for N-,
P-, and K-fertilizers due to the presence of nitrogen, phosphorus, potassium, and

TABLE 8.2

Micropollutants Contained in Sludge (kg/tDM)

Metallic  kg/tDM  Metallic  kg/tDM Organic kg/tDM
Ag 0.01 Mn 0.3 Benzo[b]fluoranthene 0.0006
Al 0.01 Mo 0.005 Fluoranthene 0.0015
As 0.005 Ni 0.05 Benzo[a]pyrene 0.0006
Cd 0.01 Pb 0.3 Dioxins 0.00005
Co 0.005 Sb 0.01 Furans 0.000005
Cr total 0.1 Se 0.003 PCBs 0.0005
Cu 0.5 Sn 0.01

Hg 0.005 Zn 1.4
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FIGURE 8.2 Fraction of each type of sludge micropollutant that is transferred to the envi-
ronment (air, soil, or water) for the different scenarios. All values are normalized relative to
the agriculture scenario.

limestone in sludge. Wet oxidation (WETOX), on the other hand, produces an easily
degradable effluent, which can substitute methanol in the process of denitrification
in the WWTP. This methanol substitution is addressed in the sensitivity analysis of
the energy use in each scenario (Section 8.4.1). Finally, sludge incineration in cement
kilns (CEME) substitutes the use of limestone by providing mineral matter for clin-
ker production (Obrist and Lang 1986).

Fluidized bed sludge incineration (INCI) leads to energy substitution by recover-
ing heat from the flue gas, and therefore substituting natural gas used for heating.
For wet oxidation (WETOX), heat is recovered from the processed wastewater, also
reducing natural gas needs. For pyrolysis (PYRO) and cement kilns (CEME), the
pyrolysis gas and heat recovered from the direct sludge drying system both replace
natural gas use. The cement kiln sludge treatment also replaces fuel and coal by
producing heat for the cement production process.

Finally, adding the process of sludge anaerobic digestion prior to any treatment
allows for the substitution of natural gas and reduction in organic matter. Digested
sludges, however, reduce substitution capabilities of subsequent thermal oxidation
processes due to the lower calorific value.

8.2.4.3 Data Sources and Quality

Thanks to the direct involvement of industries in the study, most reference and inter-
mediary flows and direct emission factors come from measurements on industrial
plants or plant design models (Houillon and Jolliet 2001), reducing uncertainties
by making them as close as possible to real conditions. Additional emission factors
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TABLE 8.4
Nonrenewable Primary Energy Use and CO, and CH, Emissions per Unit of
the Main Inputs in Sludge Treatment, Based on Ecoinvent 1.0 Data

Nonrenewable

Products Primary Energy Unit Cco, CH, Unit
Active coal 70.5 Ml/kg 52 1.2x 1072 kg/kg
Ammonium nitrate 494 Ml/kg 1 9.2x 1073 kg/kgN
Chemical organic 41.8 Ml/kg 1.8 3.0x 1073 kg/kg
Coal 33.85 Ml/kg 122.7 0.4 kg/GJ
Copper sulfate crystallized 89 Ml/kg 0.8 1.8 x 1073 kg/kg
(36% wet)

Electricity 13.6 MIJ/kWh 150.4 0.3 kg/GJ
Fuel 46.7 Ml/kg 93.5 0.1 kg/GJ
Hydrochloric acid 22.5 Ml/kg 0.8 1.6 x 103 kg/kg
Lime 2.8 MIJ/kgCaO 1.4 1.3x 1073 kg/kgCaO
Limestone 0.11 Ml/kg 6.0E-3 1.0 x 10-3 kg/kg
Marl 0.11 Ml/kg 6.1E-3 1.0x 1073 kg/kg
Methanol 35 Ml/kg 0.9 Not available kg/kg
Natural gas 39.25 MIJ/Nm? 64.4 0.2 kg/GJ
Nitric acid 11.8 MlJ/kg 0.56 1.6 x 1073 keg/kg
Nitrogen 6.8 Ml/kg 0.3 52x 10+ keg/kg
Oxygen 10.5 Ml/kg 0.3 5.2x 10+ kg/kg
Polymer 41.8 Ml/kg 1.9 Not available kg/kg
Potassium 11.8 MJ/kgK,O 0.63 1.7x 1073 kg/kgK,O
Sulfuric acid 5.22 Ml/kg 0.2 5.1x10 keg/kg
Superphosphate triples 46 MI/kgP 2.46 3.8x1073 kg/kgP
Transport by 40 t trucks 2.6 MJ/tkm 0.1 2.6 x 10~ kg/tkm
Weld 22 Ml/kg 0.8 1.6 X103 kg/kg

Note: For future studies, we recommend instead using the latest ecoinvent data for these factors.

come from OFEFP (1998) and Suter et al. (1996a,b). Table 8.4 presents a sample of
emission factors for CO, and CH, emissions associated with each input in sludge
treatment.

Sensitivity studies comparing these original data with those from the ecoinvent
database (Frischknecht et al. 2005) do not show major differences for the considered
processes and did not justify a full update in the final study stage. For a selection of
the same flows, ecoinvent 2.2 data are available in Appendix 3.

To check that emissions are reasonable, we calculate and check the mass balances
for carbon, nitrogen, and phosphorus. Figure 8.3 shows the carbon mass flows in the
agricultural landspreading scenario, with the carbon that starts in the sludge eventu-
ally all being accounted for. A ton of dry sludge matter contains 338.7 kg carbon,
which leaves the system as suspended matter in wastewater and as gases (CH,, CO,
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Remaining carbon Exchange with environment
338.7 Carbon Air CO, —-338.7
in sludge (kg C)

Wastewater . MeS -7.0
306.9 Module 11 Wastewater MeS -4.5
Thickening Wastewater  MeS -20.3

306.9 Module d

Digestion
292 4. Module 21 Wastewater MeS -14.5

Dehydration
292.4 Module 31
Liming
292.4 Module 42
Storage of pasty
sludge before landspreading
292.4 Module 51
Transport by 40 t truck
Wastewater  MeS —-0.003
0.0 Module 61.a Air CH, -10.5
—

Storage + landspreading co, _281.9

FIGURE 8.3 Carbon balance of sludge for agricultural landspreading of limed pasty sludge
scenario (expressed in kg carbon per ton dry matter).

CO,, and volatile organic compounds) during sludge digestion and combustion. The
amount of carbon remaining in the system after the last process is zero and thus
closes the balance. Carbon dioxide emissions linked to fossil fuel consumption are
added in a second step.

Uncertainties arise for various reasons, including data quality, as well as approxi-
mations in the inventory data, transfer coefficients, and substituted flows. Moreover,
since the net inventory flows are the differences between the large flows associated
with treatment emission/consumption and the large substituted flows, the relative
uncertainties over these net flows are high. This LCA methodology is also limited
in the types of impacts it considers; pathogenic and sanitary risks are not taken into
account, and neither are noise, odors, or visual impacts.
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8.3 INVENTORY RESULTS

8.3.1 INTERMEDIARY FLows AND DETAILED CALCULATION OF THE
ENERGY CoONSUMPTION OF THE INCI D SCENARIO

We first illustrate the inventory calculation by presenting a detailed determination
of the energy consumption for the incineration scenario that includes digestion. The
INCI d scenario contains seven unit processes (Figure 8.1): thickening, digestion,
dehydration, storage, and sludge recovery, followed by fluidized bed incineration,
transportation of residue by 40 t truck, and incineration residue storage. The inter-
mediary flows for each unit process are presented in Figure 8.4. They correspond to
the flows of matter and energy required per functional unit, namely per ton of treated
dry matter sludge. For example, to digest 1 t of dry matter sludge, 65 kWh of electric-
ity and 38 Nm?3 of biogas are necessary, whereas 59 Nm?® of excess gas are produced.

These intermediary flows are determined from various sources, with preference
for values obtained or calculated from data supplied by wastewater treatment plant

Combined sludge
1t DMS (dry matter sludge)
Electricity 42 kWh/FU — Module 11
Polymer 0.13kg/FU — Thickening
1tDMS
Electricity 65 kWh/FU —> Module d +—> 59 Nm?/FU biogas
Biogas 38 Nm¥/FU — Digestion
0.675 t DMS
Electricity 47 KWh/FU —> Module 21
Polymer 5kg/FU — Dehydration
0.675 t DMS
Module 43
Electricity 20 kWh/FU —| storage of pasty
sludge before incineration
0.675 t DMS
Electricity 176 kWh/FU —
Biogas 132 Nm3/FU —>| Module 62
Whitewash 20 kg/FU > fluidized bed incineration
Active coal 1kg/FU —
Diesel Okg/FU — 336 kg ashes
45 kg residue
Module 51
Transport 45 tkm/FU —] transport by 40 t truck

336 kg ashes
45 kg residue

Diesel 1kg/FU —» Module 71
Electricity 0.2 kWh/FU —> storage of
Heating oil 0.06 kg/FU — incineration residues

FIGURE 8.4 Intemediary flows of the INCI d scenario.
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operators and by project industrial partners. Other data has been taken from previ-
ous studies.

It is possible to calculate the nonnewable primary energy consumed per ton of
dry sludge matter in the INCI d scenario (Table 8.5) by multiplying each interme-
diary flow in Figure 8.4 by the required energy consumed to make each unit of
these flows available. For the thickening module (11), 41.6 kWh of electricity and
0.13 kg of polymers are required for thickening 1 t of dry sludge; 1 kWh requires
the consumption of 13.6 MJ of nonrenewable primary energy, and 1 kg of polymer
consumes 41.8 MJ of nonrenewable primary energy. The energy consumption of the
module is thus given by: 41.6 kWh/FU x 13.6 MJ/kWh+0.13 kg/FU x41.8 MJ/kg =
566+5=>571 MJ of nonrenewable primary energy.

The substituted energy part of Table 8.5 corresponds to the various processes that
can be used to replace other energy sources. The biogas production during digestion
can be substituted for natural gas used to generate hot water. Moreover, heat gener-
ated by the incineration fumes can also be recovered to heat water. These two types
of substitutions generate energy savings of 9227 MJ nonrenewable primary energy
per ton of dry sludge.

In this scenario, the nonrenewable primary energy consumed (10,768 MJ) exceeds
the 9,227 MJ saved. The largest energy consumption occurs during incineration
(8000 MJ), but the incineration module also allows for the substitution of 3257 MJ
for heating hot water. The net consumption would thus be higher if the various sub-
stitutions were not actually realized.

8.3.2 OvEerALL INVENTORY RESULTS

The process described to inventory energy use in Section 8.3.1 is applied to
inventory-pollutant emissions across all scenarios, and presented in Table 8.6. The
analysis of the different transfer rates of heavy metals (Figure 8.2) shows that results
are similar for the different thermal oxidation processes (incineration, wet oxidation,
pyrolysis, and cementary incineration), representing 25% of the significantly higher
transfers in case of agricultural application. For cadmium, mercury, and zinc, the
landfill scenario transfers amount to approximately double the thermal oxidation
transfers.

8.4 IMPACT ASSESSMENT

Two methods were used for impact assessment: Eco-indicator 99 (Goedkoop et
al. 1998; Goedkoop and Spriensma 1999) and Impact 2002+ (Jolliet et al. 2003).
Since Eco-indicator 99 did not have factors available for some sludge micropol-
lutants, complementary factors were developed for these substances. The present
analysis focuses on four impact categories: nonrenewable primary energy, global
warming, human toxicity, and ecotoxicity. Impacts in other impact categories,
such as acidification and resource use, are highly correlated with nonrenewable
primary energy (Huijbregts et al. 2010) and are therefore not reported separately
here.
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TABLE 8.5
INCI d Nonrenewable Primary Energy Assessment Calculations

Intermediary Energy per Unit

Energy Consumption Flows per FU Flow? Energy per FU
11 Thickening

Electricity 41.6 kWh/FU 13.6 MJ/kWh 566 MJ/FU

Polymer 0.13 kg/FU 41.8 Ml/kg 5 MJ/FU
33 Digestion

Electricity 65 kWh/FU 13.6 MJ/kWh 884 MJ/FU
21 Dehydration

Electricity 46.6 kWh/FU 13.6 MJ/kWh 633 MJ/FU

Polymer 4.7 kg/FU 41.8 Ml/kg 198 MJ/FU
44 Storage and pasty sludge recovery prior to incineration

Electricity 19.8 kWh/FU 13.6 MJ/kWh 269 MJ/FU
62 Fluidized bed incineration

Electricity 175.5 kWh/FU 13.6 MJ/kWh 2,387 MJ/FU

Natural gas 131.6 Nm*FU 39.25 MJ/Nm? 5,166 MJ/FU

Whitewash 20.3 kg/FU 2.8 MJ/kgCaO 57 MI/FU

Active coal 1.4 kg/FU 70.5 MJ/kg 99 MIJ/FU

Diesel 7.2 kg/FU 46.7 Ml/kg 336 MJ/FU
51 Residue transport by 40 t truck

Transport 45.3 tkm/FU 2.6 MJ/tkm 118 MJ/FU
71 Incineration residue storage

Diesel 1 kg/FU 46.7 Ml/kg 44 MJ/FU

Electricity 0.2 kWh/FU 13.6 MJ/kWh 3 MJ/FU

Heating oil 0.06 kg/FU 44.4 Ml/kg 3 MJ/FU
Total 10,768 MJ/FU

Substituted Energy Substituted Fuel  Energy per Unit  Energy per FU

33 Digestion biogas production

Produced biogas 234 Nm*/FU

Substituted natural gas® 152.1 Nm3/FU 39.25 MJ/Nm3 5,970 MJ/FU

62 Fluidized bed incineration: Heat recovery

Energy savings 2 390 MJ/FU

Substituted natural gas 83.0 Nm?*/FU 39.25 MJ/Nm? 3,257 MI/FU
Total 9,227 MIJ/FU
Balance 1,776 MJ/FU

2 Nonrenewable primary energy.

b The substituted energy is calculated by multiplying the volume of biogas produced by the lower heat
value of 23.4 MJ/Nm? for biogas. The volume of natural gas substituted is then calculated by dividing
this energy by the heat production efficiency of 0.8, then by assuming a natural gas substitution (lower
heat value of 36 MJ/Nm?).
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8.4.1 ENERGY CONSUMPTION

As illustrated in Section 8.3.2 for the INCI scenario, the nonrenewable primary
energy consumption in each scenario (Figure 8.4) is obtained by multiplying the
intermediary flows of Tables 8.1 and 8.3 by the nonrenewable energy per unit input
of Table 8.4. Energy consumption includes the feedstock energy in the product, along
with the energy needed to extract, transform, and transport it. Avoided energy use
due to substitutions is then subtracted, yielding the net primary energy consumption
for each scenario (Figure 8.5).

Main contributions to the energy consumption include the wet oxidation sludge
treatment process (20.7 GJ/tDM), drying (16.4 GJ/tDM) used in pyrolysis and cement
kilns, and the pyrolysis sludge treatment process (8.9 GJ/tDM). Since the sludges
are dehydrated in these scenarios, transport energy consumption is relatively low,
as observed by Neumayr (1999). Energy for pure industrial water treatment, site
infrastructure, dry matter losses, and wastewater treatment from sludge treatment
processes are negligible. Substitutions are important in the nonrenewable energy
category, since they can compensate for more than 50% of the energy consumption,
especially for the wet oxidation, pyrolysis, and cement scenarios. The introduction of
anaerobic digestion substantially reduces energy consumption for each process (by
6 GJ/tDM), but its total influence varies with each scenario, because it also reduces
the lower calorific heating value of the sludge and therefore also reduces the substi-
tuted energy (see Figure 8.6 for the ultimate energy balance of all scenarios, includ-
ing ones that account for digestion).

As might be expected, agriculture spreading with digestion (AGRI d) has the most
favorable energy balance, as it provides more energy than it consumes. If digestion
is not included, however, the agriculture scenario (AGRI) requires more energy than
high-quality incineration with heat recovery (INCI) (Figure 8.6). Considering all 12
scenarios, AGRI d, LANDF d, and CEME d have the lowest net energy consump-
tions as long as the sludge is used to effectively replace fossil fuels in cement kilns;
if sludge is used to replace other types of waste, cement kiln incineration becomes
the worst scenario. Wet oxidation has the highest energy consumption (14 GJ/tDM),
with a net consumption of 8 GJ/tDM even after substitution. For digested sludges,
thermal oxidation scenarios (incineration [INCI d], pyrolysis [PYRO d], wet oxida-
tion [WETOX d], and cement [CEME d]) have very similar and relatively limited
net energy consumptions.

To put into context the amounts of energy involved for sludge treatment in
these scenarios, we can compare them with the primary energy required for
pumping drinking water. According to Crettaz et al. (1999), 0.43 kWh of Swiss
average electricity are needed per cubic meter pumped freshwater, correspond-
ing to 3.7 MJ of nonrenewable primary energy per cubic meter. About 0.27 kg
DM of sludge is produced per cubic meter of treated water. Since the various
scenarios range in net energy balance from —4 to +14 MJ/kg DM, this corre-
sponds to between —1.1 and +3.8 MJ/m? treated water and is thus of the same
order of magnitude as the energy needed to pump the corresponding amount of
freshwater.
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8.4.2 GLoBAL WARMING

Global warming scores are calculated by multiplying the intermediary flows of
Table 8.1 by the emission factors of carbon dioxide and methane per unit input of
Table 8.4. The direct methane emissions from organic matter degradation are then
added to yield the total emissions for each greenhouse gas, which are then multiplied
by the IPCC global warming potentials for a 500-year time horizon (to account for
long-term effects). Nitrous oxide (N,0) emissions due to input processes are negli-
gible, and direct N,O emissions in the sludge treatment processes were not included
due to lack of available data. The avoided emissions associated with substitutions
(such as production and spreading of fertilizers) are subtracted. The same amount
of 1241 kg.,,/tDM biogenic CO, is subtracted from the treatment emissions in all
scenarios, to account for the CO, fixed prior to wastewater treatment (e.g., during
the agricultural production of food consumed by humans). Figure 8.7 presents the
contributions of each scenario to the greenhouse effect.

Methane emissions are substantial in the landfill scenarios for both digested
and undigested sludge (56% and 76%, respectively), leading these scenarios to have
the highest global warming scores. The undigested agricultural spreading scenario
(AGRI) also has a high climate change impact due to carbon dioxide emissions in
lime production (72%) and methane emissions (21%). In contrast, the agriculture
spread of digested sludge (AGRI d) results in quite low greenhouse gas impacts,
since the produced biogas increases the substituted energy, and the amount of
sludge—and therefore lime—is reduced. In the case of the thermal oxidation sce-
narios, digested sludges have close to equivalent greenhouse gas impacts, where
incineration in cement kilns is slightly better than other scenarios if fossil fuels are
effectively substituted.

Other impact categories such as acidification and respiratory inorganics were not
analyzed by Houillon and Jolliet, but the emissions of associated substances, such
as NO,, SO,, and particulate matter, are generally correlated with greenhouse gas
emissions, except for the landfill scenarios.

8.4.3 Human Toxicity AND Ecotoxicity

Human and ecosystem toxicity scores were calculated based on pollutant emissions,
the transfer rates of organic and metallic micropollutants, and the corresponding
characterization factors for Eco-indicator 99 and IMPACT 2002+. Due the high
uncertainties over these characterization factors, results must be considered as com-
parative rather than absolute values, as presented in Table 8.7.

LANDEF and AGRI lead to higher human toxicity scores than the thermal oxida-
tion scenarios. For agriculture use, this is due to the micropollutant emissions on
agricultural lands, leading to their partial transfer into the food chain. This food
chain exposure is important, as Bennett et al. (2002) demonstrated that intake frac-
tions of persistent pollutants can be significantly higher through food ingestion than
through water ingestion or inhalation. The landfill scenario also results in exposure
to micropollutants, but a fraction is stored in the ground, resulting in lower effects
on human toxicity. Both the IMPACT 2002+ and Eco-indicator 99 methods show
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TABLE 8.7
Relative Impact Assessment Scores for Human and Ecosystem Toxicity

Thermal Oxidation (INCI,

Scenario WETOX, PYRO, CEME) AGRI  LANDF
Average percentage of micropollutants transferred 25% 100% 30%
Human toxicity (relative to thermal oxidation) 1 8 4
Ecotoxicity (points) (relative to thermal oxidation) 1 8 2

that all scenarios involving thermal oxidation lead to similar and better results. The
ranking of scenarios for ecotoxicological impacts is similar to human toxicity, with
all scenarios involving thermal oxidation also scoring best.

When looking at overall impact on human health and ecosystems, accounting
for all other impact categories of the IMPACT 2002+ method, the scenario rank-
ing remains similar to the results expressed for human toxicity and ecotoxicity in
Table 8.7.

8.5 INTERPRETATION AND RECOMMENDATIONS

Energy consumption and carbon emission results for each reference scenario are
discussed in more detail and compared with other literature values in Section 8.5.1,
and sensitivity studies are carried out in Section 8.5.2, leading to the final recom-
mendations in Section 8.5.3.

8.5.1 REFERENCE SCENARIOS

8.5.1.1 AGRICULTURAL LANDSPREADING OF LIMED PASTY SLUDGE

The energy consumption of potassium chloride in this scenario is negligible com-
pared with that of ammonium nitrate (1 GJ/tDM) and superphosphate triples (1.3 GJ/
tDM). Liming and storage require substantial amounts of energy (Figure 8.4), which
is confirmed by Kobayashi and Sago (2000). The minor energy consumption of
dehydrated sludge transport is confirmed by Neumayr (1999), whereas transport can
play an important role for sludges with higher water content and greater transport
distances (Rebitzer et al. 2003). Digesting sludge reduces the amount of dry matter
and thus also limits the impacts of liming and transportation. Compared with undi-
gested sludge, the energy saved from fertilizer substitution of digested sludge is simi-
lar, while digestion enables an additional substitution of natural gas. The total energy
balance of agricultural landspreading of digested sludge (—3.8 GJ/tDM in Figure 8.5)
is close to the value of —3.5 GJ/tDM obtained by Remelle (1995).

In terms of greenhouse gas emissions, lime production emits a significant amount
of CO, (583 kgn,/tDM), whereas lime substitution avoids the emission of 270 kg¢q,/
tDM. Methane is emitted due to anaerobic digestion of organic matter during storage
and spreading. Similar to energy consumption, the transport contributions to CO,
emissions are low (32.6 kg tDM), as also observed by Miiller et al. (1999).
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8.5.1.2 Incineration in Fluidized Bed of Pasty Sludge

Fluidized bed incineration energy consumption is mainly due to electricity con-
sumption and the burning of natural gas, as also observed by Ministerium fiir
Umwelt und Naturschutz (2001; 2.65 GJ/tDM). Heat recovery reduces the primary
energy requirements by a factor of three and avoids the emission of 335 kgq,/tDM.
The net balance of 42 kg.,/tDM for the incineration of digested sludge is close to
the results obtained by Suh (1999), Suh and Rousseaux (2002), with 50 kg.,/tDM.
For this sludge treatment process, there is little difference between the digested and
undigested scenarios (Figure 8.5). This is due to the need for additional natural gas
to burn digested sludges, thus reducing the benefit of the recuperated gas during the
digestion process. In France, according to Prouve (1994), most fluidized beds treat
undigested sludges.

8.5.1.3 Wet Oxidation of Liquid Sludge

The main energy consumption and carbon emissions during wet oxidation arise from
the use of electricity (405 kgqn,/tDM) and the energy-intensive production of oxy-
gen (281 kgq,,/tDM). The avoided energy and emissions linked to heat recovery
(7.5 GJ/tDM and —356 kg,/tDM) are similar to those of fluidized bed incineration
(7.1 GJ/tDM). Digestion allows for a large reduction of energy consumption, due to
greatly reduced organic matter and thus electricity and oxygen consumption.

Methanol recovery is considered a viable option for only the undigested sludge
(175 kg methanol/tDM), as it is rather low for digested sludge (20 kg methanol/tDM).
Such a methanol recovery substantially reduces the energy consumption from 14
down to 7.9 GJ/tDM and enables the greenhouse gas balance to become close to zero
by avoiding the emission of 154 kg.,/tDM (dashed lines in the WETOX scenarios
of Figures 8.5 and 8.6).

8.5.1.4 Pyrolysis of Dried Sludge

The energy demand and greenhouse gas emissions of pyrolysis are dominated by
electricity and natural gas consumption in the drying process (6.8 GJ/tDM and
997 kg.o,/tDM). Pyrolysis gas substitution is essential to this treatment, in that it
replaces 75% of the process consumption (—17.7 GJ/ADM and —835 kgq,/tDM),
making it important to have it fully recovered. Heat recovery during the drying pro-
cess results in another smaller reduction in CO, emissions (—148 kgq,/tDM). For
digested sludge, drying still requires a substantial amount of energy.

8.5.1.5 Incineration of Dried Sludge in Cement Kilns

Although the direct drying system of incineration requires substantial energy con-
sumption, dried sludge enables fuel and coal substitution in the cement factory.
This leads to a better energy and greenhouse gas balance than for pyrolysis, as also
observed by Chassot and Candinas (1997). Applied to digested sludge, even more
energy is substituted, leading to a net avoidance of energy (—0.5 GJ/tDM) and CO,
emissions (negative balance of —132 kg,/tDM), as also found by Sasse et al. (1999).

Substitutions compensate for about 72% of the energy consumed in this dis-
posal option, making it essential to know the types of fuel that are substituted. This
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scenario assumes a substitution of coal and fuel in the cement factory, but the cement
industry also uses waste (such as tires and plastics) as substitution fuels. If sludges
are not substituting other waste rather than fossil fuels, no bonus should be credited
in the LCA methodology. This would increase energy consumption to 16 GJ/tDM for
undigested sludge and 6 GJ/tDM for digested sludge, making it the worst scenario in
terms of greenhouse gas emissions and energy consumption. Benz et al. (1995) also
noticed this problem, indicating that cement kiln incineration is better than fluidized
bed incineration only if coal is chosen as a substitution. Using coal has such a high
impact that some may propose simply eliminating the use of coal rather than credit-
ing the sludge substitution.

8.5.1.6 Landfilling of Limed Pasty Sludge

The energy demand for landfilling is substantial (4.9 GJ/tDM), being about double
that for incineration in fluidized beds or agricultural spreading. This is due to dehy-
dration, liming, and transport, and to the lack of substitutions for undigested sludges.
Both energy consumption and greenhouse gas emissions are strongly reduced by
sludge digestion, due to its reduction in liming, storage, and transport. Another draw-
back to landfilling is that biogas burned in the landfill is generally not recovered, in
contrast to biogas produced at the WWTP. Figure 8.6 shows how important it is for
landfill disposal to burn methane emitted into the air by the organic fermentation to
convert it into carbon dioxide. This operation is considered in the study by assuming
that 60% of the methane is burned in a flare (Suh 1999). The remaining 40% of the
methane still provides a substantial contribution of about 50% of the landfill global
warming balance, leading to the worst score of all disposal routes. Landfilling undi-
gested sludge cannot therefore be recommended.

8.5.2  SENSITIVITY ANALYSES

8.5.2.1 Transport Distances

Changing transport distances affects each scenario differently. For the agricultural
spreading of sludge, multiplying transport distances by a factor of two increases
energy consumption by about 0.6 GJ/tDM and CO, emissions by 32 kgq.,/tDM.
So, although AGRI and INCI have similar energy uses in their reference scenarios,
doubling the transport distance leads to a 50% higher energy consumption for the
agricultural spreading of undigested sludge compared with undigested sludge incin-
erated in a fluidized bed (Figure 8.8). The energy consumption of the landfill scenario
also increases by 0.9 GJ/tDM when transport distances are doubled. Otherwise, the
transport distance does not greatly influence the energy balance, because the sludge
has become dried or pasty before being transported (decreasing its weight). This
conclusion may be different with liquid sludge, as observed by Dennison et al. (1997)
and Rebitzer et al. (2003). The influence of transportation is even lower for digested
sludge, due to the decrease in organic matter.

8.5.2.2 Residue Stabilization

The residue of incineration, wet oxidation, and pyrolysis can be stabilized instead
of being directly landfilled, so we consider the influence of cement stabilization
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FIGURE 8.8 Sensitivity analyses of the nonrenewable energy balance of the six sludge
treatment scenarios without digestion, including residue stabilization and doubling of trans-
port distance.

here. Cement stabilization only moderately increases the energy balances by about
1.2 GJ/t for the three scenarios (INCI, WETOX, and PYRO) to which it is applied
(Figure 8.8). Residue stabilization has a greater influence on greenhouse gas emis-
sions, increasing these emissions by 185 kg.,/tDM for the incineration and wet
oxidation scenarios. Consequently, stabilization can only be justified by a substantial
reduction in toxicity impacts associated with leachate, which need further studies.

8.5.3 RECOMMENDATIONS AND OUTLOOK

As aresult of the preceding interpretation and sensitivity studies, we have identified
several key processes and areas of improvement:

1. Substitutions (e.g., heat recovery for digestion and thermal oxidation pro-
cesses and fertilizer replacement) play an important role in all 12 treat-
ments, emphasizing the importance of these flows being recovered and
carefully considered in any environmental assessment.

2. Anaerobic sludge digestion should likely be integrated in all processes
except incineration, as it simultaneously recovers natural gas while reduc-
ing sludge mass, thereby decreasing energy consumption and greenhouse
gas emissions during treatment. Digestion also limits the increase in energy
consumption if heat is not fully recovered in subsequent processes.

3. Energy and greenhouse gas balances for agricultural spreading are only
favorable compared with thermal oxidation processes if sludges are digested.
Sludges for agricultural spreading must be stabilized using the minimum
amount of lime to limit related carbon dioxide emissions. Micropollutant
emissions and their impacts on human and ecosystem toxicity remain sub-
stantially higher for spreading than for all other treatments. The removal of
heavy metals from sludge could be one solution to improve this scenario,
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as well as measures to reduce heavy metal emissions into wastewater at
source.

4. Sludge landfilling is unfavorable for most impacts, especially for undi-
gested sludges. If carried out, it is strongly recommended to treat biogas
by burning it in a flare, as this dramatically decreases the greenhouse gas
emissions by avoiding additional methane releases, thus reducing green-
house gas emissions from 2381-1302 kgcq,_o/tDM.

5. The environmental impacts of the different thermal processes (INCI,
WETOX, PYRO, and CEME) are approximately equivalent, but high-
quality incineration in a fluidized bed remains one of the most promising
scenarios. Wet oxidation and pyrolysis do not provide significant impact
reductions compared with incineration and require specific conditions
to remain competitive; wet oxidation requires the recovery of effluent as
methanol and pyrolysis requires the recovery and use of pyrolysis gas. For
cement kiln incineration, a drying system at the cement factory site could
improve the energy savings and greenhouse gas balance. But, in practice,
fresh sludge transport is difficult because of odor, transport, and handling
problems. The results obtained by cement kiln incineration are only valid
if sludges are used to substitute coal and fuel. Otherwise, this scenario
would be the worst of all thermal options; moreover, the less stringent legal
requirements for cement kiln emissions compared with incineration plants
could also lead to higher human health effects. There are other potential
substitutions of by-products resulting from thermal processes, but these
require improved residue quality. Roads can be constructed using incinera-
tion ashes and wet oxidation mineral residue, and coal can be substituted by
the carbonaceous residue from pyrolysis. For future studies, further meth-
odological developments are needed to increase the assessment reliability,
especially to account for micropollutant speciation as a function of soil
characteristics. As this LCA focuses only on environmental issues, these
also have to be balanced against economic costs and social criteria.
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One can produce a large variety of products from biomass, including energy (heat
and power), biofuels, chemicals, lubricants, surfactants, solvents, and biopolymers.
Often, expected environmental benefits can induce a designer, manufacturer, or
industry to switch from a conventional, petrochemical-based product to one derived
from biomass. While use of bioproducts often leads to important environmental ben-
efits, there is the potential for negative repercussions, and this balance needs to be
better understood. This chapter illustrates the systematic use of life cycle assessment
(LCA) for meta-analysis, reviewing the LCA state of the art for a wide range of bio-
based products. Such metastudies are usually commissioned by agencies or sponsors
that are primarily interested in obtaining a broad overview of the field, rather than
detailed results for a single product.

9.1 INTRODUCTION

Bio-based raw materials (e.g., agricultural and forest resources) and products derived
from them (e.g., biofuels) have received attention of late as potentially environmen-
tally friendly substances, due to their renewable nature and their ability to substi-
tute for fossil fuels in various applications (Perez-Garcia et al. 2005; Malga and
Freire 2006; Gabrielle and Gagnaire 2008; Kim and Dale 2008; Schmehl et al.
2008). Indeed, unlike the case of their fossil-based counterparts, the materials and
renewable energies produced from biomass (agriculture, silviculture) can potentially
reduce energy consumption and greenhouse gas emissions, and lessen deleterious
impacts on air, water, and soil (e.g., Perez-Garcia et al. 2005; Kim and Dale 2008).
It is commonly hoped that their use would preserve fossil resources while promoting
the adoption of sustainable agricultural practices (Clift 2007; Goldemberg 2007).
However, bio-based products can also generate additional environmental impacts
that can vary widely from one supply chain to another. Therefore, environmental
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assessments that quantify these impacts must be conducted to identify the most
promising alternatives.

Quantitative analytical tools such as LCA contribute to such assessments, helping
to replace preconceived ideas with data-driven findings. One of the challenges and
limitations of LCA is to create meaningful comparisons across products and studies,
because of variability of assessments, even with the International Organization for
Standardization (ISO) framework.

The environmental impact of some classes of bio-based products has been exten-
sively studied using LCA methods, showing important variation depending on the
product and the study. Though individual analyses may show positive results—for
example, for polylactic acid-based products (Vink et al. 2003, 2004)—broader
reviews have not proved a systematic advantage with respect to reduced emissions
and energy consumption (Meyer-Aurich et al. 2008). Patel et al. (2005) reviewed
bio-based polymers and natural fibers, evaluating the available LCA studies using
comparisons based on weight and functional unit (FU). Quirin et al. (2004) and
Von Blottnitz and Curran (2007) reviewed the environmental impacts of bioethanol,
which is made from varying feedstocks for use as a transportation fuel, in com-
parison with conventional fuels. However, these reviews usually focus on a single
application of biomass and do not allow for comparison across different uses of
biomass. Since bio-based material resources are also limited by available land areas,
it is of great interest to compare application, identify tendencies, and provide recom-
mendations that may lead to efficient use of biomass. The present chapter therefore
addresses the following challenges, aiming at

¢ The qualitative and quantitative analysis of the environmental impact of a
wide range of bio-based products, based on a meta-analysis of LCA studies

¢ The development of a method to compare nonrenewable energy consump-
tion and greenhouse gas emissions, as well as eutrophication and acidifica-
tion across various biomass supply chains

e The application of the method to 10 nonfood plant supply chains, helping
identify general tendencies in environmental performance

* The identification of key parameters, strengths, and limitations of the LCA
approach applied to this field

To address these needs, a meta-analysis was carried out to improve the evalu-
ation of possible environmental gains resulting from switching to plant resource
supply chains. This work was adapted from a study initially carried out for the
French National Agency for Environmental and Energy Management (Houillon
et al. 2004a, 2004b) that reviewed the state of the art in LCA of bio-based products,
updating it and extending it to a second stage to additional studies on bioethanol
and biodiesel. Rather than presenting data on each supply chain, a comprehensive,
quantitative, qualitative, and critical inventory of all available data was created
and used to select the most appropriate studies for detailed analysis. Second, we
present a unique approach to compare both the absolute and relative gains offered
by 10 categories of bioproduct applications (agrimaterials, bioethanol, biodiesel, and
agricultural biomass for energy production, biopolymers, surfactants, lubricants and
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hydraulic fluids, solvents and intermediate chemical products) compared with their
fossil counterpart. The metastudy specifically compares the nonrenewable primary
energy use and environmental impacts (greenhouse gas emissions, acidification, and
eutrophication) of various uses of biomass. Finally, we give recommendations for the
development of biomass resource supply chains and suggest avenues for improving
LCA knowledge.

9.2 METHODS: META-ANALYSIS OF LCA STUDIES
9.2.1 OverviEw ofF LCA STUDIES

The following approach was developed to compare the results of available LCA stud-
ies on bio-based products. Based on criteria including completeness, system bound-
aries, data consistency, year of publication, and ISO 14044 compliance, a number of
LCA studies on 10 nonfood plant supply chains (agrimaterials, bioethanol, biodiesel,
and agricultural biomass for energy production, biopolymers, surfactants, lubricants
and hydraulic fluids, solvents and intermediate chemical products) were selected for
detailed analysis for the different product applications. The meta-analysis was car-
ried out as a stepwise procedure (Table 9.1). Based on a large number of more than
900 LCA references, a first subset of LCA studies was collected. A critical analysis
was carried out on these collected studies and only the most relevant in each sec-
tor were selected, leading to a limited number of studies of high interest that were
analyzed in further detail (see Table 9.1 and CRC Press website, Meta compari-
son). The supply chains were divided into two groups (Group 1 =more commonly
studied areas; Group 2 =Iless-studied areas) based on the number of LCA studies.
The number of available LCA studies varied strongly from one field of application
to another. In general, there are many LCA studies on biofuels, energy crops, and
timber that have been performed according the ISO 14044 norms. However, fewer

TABLE 9.1
Summary of Biomass Supply Chains and LCA Studies Analyzed

LCA References LCA Studies  LCA Studies

Group Bio-Based Product Collected Collected Analyzed
1 Agrimaterials (fiber/wood) 36/132 17/82 517
1 Ether alcohols (bioethanol) 216 148 12
1 Ester oils (biodiesel) 203 127 10
1 Forest biomass 114 75 8
2 Agricultural biomass 76 55 5
2 Biopolymers 40 27 9
2 Surfactants 26 13 6
2 Hydraulic oils and lubricants 27 11 4
2 Solvents 9 3
2 Chemicals and other 11 2

intermediate products
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studies have been carried out on chemical bioproducts and biomaterials following
the ISO standards.

9.2.2 ANALYsIS OF QUALITY AND SELECTION OF STUDIES ANALYZED IN DETAIL

These selected studies were then systematically evaluated according to a set of
specific criteria: range of scenarios, reliability of studies, technological sensitivity,
geographic sensitivity, consistency of results, and additional needs. A qualitative
indication of the literature available for the 10 biomass supply chains is shown in
Figure 9.1. These criteria are briefly discussed in the following paragraphs.

The diversity of scenarios shows a trend according to the end point for biomass;
there is a wider range of scenarios represented in the literature for those applications
with a solid product (e.g., fiber and wood), while those applications with a liquid
end product (e.g., surfactants) have a lower diversity of scenarios represented in the
literature. The available literature contains relatively few studies that are compli-
ant with ISO standards, except in the case of agrimaterials (particularly solid wood
materials), biofuels, and forest biomass (bioenergy; heat and electricity). As a result,
many LCA results have not been subject to external review, particularly in the case
of biopolymers, surfactants, hydraulic oils and lubricants, solvents, and chemical and
other intermediates.

In terms of technological development, many biomass supply chains are still in
the prototype stages; in contrast, conventional fossil fuel supply chains have been in
development for decades. Therefore, the continued development and optimization
of biomass supply chains will likely result in higher efficiency and improve their
environmental performance, resulting in medium to high sensitivity to technologi-
cal developments (Figure 9.1). Unlike the technological sensitivity, the geographic
sensitivity is largely moderate for plant supply chains as a whole. Geographic effects
are most notable in the agricultural production stage, due to climatic differences, and
are more rarely seen in the conversion and processing stages.

The consistency of results is highly variable, depending on the supply chain and
impact categories. The variations observed are due to the following: differences in
LCA methodology among the various studies (boundaries of the system studied,
methods of impact assessment, etc.), uncertainties (related to specific pollutant emis-
sions data, knowledge of the agricultural production stage, and biomass conversion
processes), and technological knowledge of the supply chains. The exception to the
latter is in the case of surfactants, for which technological knowledge is satisfactory,
but LCA knowledge is limited. Finally, additional data needs have been identified.
These fall broadly into the following categories of difficulty in characterizing sup-
ply chains (e.g., changing supply chains and processes) and lack of complete LCA
studies (e.g., failure to take all impact categories into account, problems with the
selection of appropriate FUs, and failure to take the complete life cycle into account).

9.2.3 QUANTITATIVE COMPARISON OF VARIOUS SuPPLY CHAINS ACROSS STUDIES

The comparison of biomass supply chains requires a new methodology. The objec-
tive is not to provide typical, specific values for each chain (the state of current
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knowledge does not always allow for this), but to reveal certain trends based on
available LCA studies. The nonrenewable primary energy consumption and envi-
ronmental impacts of bio-based products may be compared with conventional,
petrochemical-based products on three levels. One metric is per kilogram of prod-
uct, but this is possible only if the mass per FU is the same, which is rarely the
case. Secondly, products with the same functional unit can be compared in a classic
LCA, that is, per functional unit. Such a comparison provides an analysis of gains or
emission reduction per functional unit, identifying supply chains and products that
require less energy for product manufacture.

However, in a meta-analysis, functions between compared products differ widely
when comparing across the various uses of products; furthermore, energy gain or
reduction in emissions per functional unit cannot be directly compared between
different biomass supply chains. Therefore, a new approach is needed to bring all
biomass uses to a similar comparative metric valid across different supply chains.
We propose two metrics, an absolute (A) and a relative (B), which are presented in
the following subsection (Houillon et al. 2004).

9.2.3.1 (A) Absolute Gain per Hectare of Cultivated Land

First, if the use of available agricultural area is considered, a comparison of absolute
gains per hectare of cultivated land is carried out, while taking into account that the
biomass is replacing a reference fossil product with a consistent functional unit (e.g., bio-
fuels produced on all available farmland in France could not replace all the fossil fuels
used in that country). This absolute comparison pertains to the use of biomass in terms
of agricultural production, addressing the question of what kind of biomass and which
products make best use of the limited area available for agriculture and lead to the
highest environmental benefits, as compared with conventional products. Equation 9.1
represents this metric, namely the gain (or reduction) in impact per biocultivated hectare
and year for a given study (Gperhabioculivated-year [ e g MJ/ha-year]):

per biocultivated ha-year __ per FU _ QperFU per biocultivated ha-year
G - Sconvemional fossil Sbio-based X NFU (91)

where:

Sher Iy ol fossil (MI/FU) indicates the total impact per FU of the considered study
for the conventional fossil scenario of reference

Sperty o (MJ/FU) indicates the total impact per functional unit of the bio-based
scenario

Ny Plocultivaied hayear (B{J/ha-year) is the annual production of functional units per
cultivated hectare in the bio-based scenario

The studied impacts are the nonrenewable primary energy (in MJ) as well as the
global warming impact (in kgcq,..4), the eutrophication impacts (in kgpg,_,), and the
acidification impacts (kggo,.cq)-

A similar metric was also developed independently and used by Dornburg et al.
(2004), comparing the land requirements, energy savings, and reduction in green-
house gas emissions of bio-based polymers and bioenergy.
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9.2.3.2 (B) Gain Relative to the Substituted Part

A more classical metric is to calculate the relative gain due to the bio-based product,
relative to the conventional product. However, care must be taken when comparing
in a consistent way products that are entirely substituted by the bio-based product
and those in which only a part is substituted. In the case where only a part of the total
product is substituted, we only divide by the part of the conventional product that is
substituted by the biomass, as shown in Equation 9.2.

( per FU _ Spcr FU )
conventional fossil bio-based
G% = subsituted part per FU x100% (92)

(Sconvemional fossil )

. : subsituted part per FU __ gper FU per FU :
In Equatlon 92’ the denomlnator Sconvemional fossil - Sconventional fossil — Scommon parts (ln

e.g., MJ/FU) is the impact score per functional unit associated only with the part of
the conventional fossil product that is substituted by the biofuels. For example, if a
bio-based circuit board is to be compared with a conventional circuit board, the non-
board components (chips, transistors, solder, etc.) that are common to the fossil and
the biofuel scenarios must not be included in the denominator. These common parts
can be kept in the numerator of both the total fossil and the total bio-based scenario,
since these cancel when calculating the difference.

9.3 RESULTS AND DISCUSSION
9.3.1 CoMPARISON OF THE ENVIRONMENTAL IMPACTS OF Bio-BAsep ProbucTs

9.3.1.1 Comparison across the 10 Categories of Bio-Based Products

Figures 9.2 and 9.3 show comparisons of the environmental benefits for 10 bio-based
products categories using the two metrics discussed in the previous subsection: (A)
Figure 9.2 per hectare-year of land cultivated and (B) Figure 9.3 for relative environ-
mental efficiency per FU. The CRC Press website provides the detailed references
and data used. Data are presented as modified boxplots. Minimum and maximum
values for each category are represented by horizontal bars connected to the main
box body by vertical lines. The main box body indicates the twenty-fifth and sev-
enty-fifth percentiles of the data, and the middle line indicates the median value, to
look at general tendencies. In cases of product categories with few data points, some
of these statistical descriptors may be nonexistent. Since the data are not necessar-
ily a representative sample of any of the considered product categories, and because
each application leads to individually potentially valid results, it is important to also
account for the full ranges of variation in the interpretation.

For energy consumption and global warming (panels a and b of Figures 9.2
and 9.3), almost all of the bioproduct LCAs show significant benefits over conven-
tional fossil products (positive gains). However, eutrophication impacts (Figures 9.2c
and 9.3c) are often increased due to emissions, mainly of phosphate or nitrogen
applied as fertilizer, during the agricultural production stage of the bioproduct. As
far as acidification impacts (Figures 9.2d and 9.3d) are concerned, reported data on
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of 100%), based on common functional units, for (a) nonrenewable primary energy, (b) global warming, (c) eutrophication, (d) acidification impact

changes.
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biomaterials, lubricants, and surfactants tend to show environmental benefits, while
LCAs for biofuel and energy crops tend to report a higher acidification potential
than petrochemical products. For correct interpretation, it is important to note that
the availability and reliability of data on primary energy consumption and global
warming are significantly greater than eutrophication and acidification, for which
data are limited.

In terms of the gain in nonrenewable primary energy and in global warming
potential per cultivated hectare, the following general tendency can be observed
(Figure 9.2a and b): Reported gains may be high (>300 Gl/ha-year, > 20 tcgy. o/
ha-year) for certain agrimaterials and highly variable—from negative to high for
biopolymers. The two biomass categories (agriculture and forest) lead to moderate
(100-300 GJ/ha-year, 10-20 tcq,.,/ha-year) gains per cultivated hectare. These
gains are more limited for biofuels and other uses of biomass (< 100 GlJ/ha-year,
<10 tcgyeq/ha-year), with a few individual exceptions. These gains are compa-
rable with those obtained by Dornburg et al. (2004) for bio-based polymers and
bioenergy.

For the relative gain in nonrenewable primary energy and in global warming
potential, the following general tendency can be observed (Figure 9.3a and b): As
was the case with the comparison per cultivated hectare, reported gains may be high
for some agrimaterials yet highly variable—from limited to moderate for biopoly-
mers. Agriculture and forest biomass are associated with high relative gains due to
limited use of energy in their supply chain. These relative gains are moderate for the
biofuels and other uses of biomass.

The reason for these differences and the limitation for these categories is further
discussed in the following subsections for each specific group of bioproducts.

9.3.1.2 Agrimaterials

Transportation applications often show strong relative and absolute gains that are
possible with agrimaterials, because plant-source products (e.g., pallets, car parts
with natural vs. glass fibers) can be much lighter than their conventional fossil
counterparts. When a bio-based replacement is used, the energy gain linked to less
energy-intensive material can result in an energy gain of up to 200 GJ of primary
nonrenewable energy per hectare of fiber crop. In addition, in transportation, the
reduced weight of the agrimaterial allows for indirect gain and a corresponding
reduction in vehicle fuel consumption during the use stage, with a gain of sev-
eral hundred gigajoules per hectare of crop. This additional gain is only valid if
the change in weight of the considered part is reflected in the final weight of the
vehicle.

Across all applications, useful lifetime and end-of-life recovery options are
important factors for the agrimaterials sector.

Although interesting results are seen in the agrimaterials supply chain, great
potential exists for improvement. This is particularly true in the case of fiber materi-
als, because this is a relatively young technology that has not yet been optimized.
Uncertainty is relatively low for certain types of agrimaterials: The supply chain for
wood products is fairly well understood in terms of LCA data needs, but fiber sub-
supply chains have not been as extensively studied.
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9.3.1.3 Biopolymers

The gains achieved from biopolymers are highly variable, because this supply chain
is highly variable and depends strongly on the application and the material that is
being substituted. Life cycle inventory knowledge of the biopolymer supply chain
is moderate (i.e., strong diversity of scenarios, with uncertainties). In addition, end-
of-life recovery of biopolymers and the choice of products replaced are important
parameters for the supply chain. Biopolymer biodegradability can be an asset or a
liability, depending on the end-of-life option chosen for the product. Given the rapid
development of the biopolymer supply chain, future environmental gains may be
more significant thanks to mass production and improved production technologies.

9.3.1.4 Agricultural and Forest Biomass

The relative gains achieved from bioenergy derived from agricultural and forest
biomass are strong (Figure 9.3: from 85% to close to 100%) because their supply
chains offer strong relative gains associated with the low energy requirements for
product manufacture. The absolute gain, normalized by cultivated area, is moderate.
This gain per cultivated area is slightly higher in the case of bioenergy from agri-
cultural biomass because of greater crop yield. However, combustion technology
must be improved to lessen the impact of these two supply chains on human health.
Although not included in the analysis, particulate emissions from the combustion of
biofuels can have significant human health implications and need to be mitigated.

9.3.1.5 Biofuels

Similar positive gains achieved from bioethanol and biodiesel are observed for
energy and greenhouse gases in Figures 9.2 and 9.3. However, the relative gain is
moderate, and the absolute gain is weak. This trend is because, in the case of bio-
fuels, the upstream supply chain is sometimes longer and more complex than in the
case of fossil resources.

Reviewed studies show that the ether alcohol sector is fairly well understood in
terms of the cereal (wheat, corn) and sugar (sugar cane and sugar beet) subsupply
chains. However, the lignocellulose (wood, straw, grass, etc.) subsupply chains have
been far less well studied. Of note is that environmental gains in the lignocellulose
subsupply chains appear promising, since this chain can make use of coproducts that
are not yet well utilized (e.g., forest waste, pulp and paper, agricultural and munici-
pal coproducts). Therefore, improvement in the environmental performance of ether
alcohols may be possible through pairing with other plant supply chains (agricultural
biomass, etc.). Because data are contradictory, this gain remains to be validated.

9.3.1.6 Other Uses

Variable positive gains achieved from surfactants, lubricants, solvents, and other
chemicals are observed. However, knowledge of the supply chain of those products is
poor, so these positive gains should be interpreted with caution. Results show the fol-
lowing trends: (1) the conditions of use, allocation of coproduct emissions, and quan-
tities needed are important parameters for the lubricants supply chain; (2) the impact
of fossil solvents can be reduced through the use of other solvents not derived from
the plant resources supply chain (e.g., water-based paints instead of paints containing
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organic solvents); (3) for other chemicals, not enough information is available to
permit identification of general trends or trends associated with individual subsupply
chains. For the small sample of products studied, the environmental impact in the
various impact categories seems to follow trends similar to those of the other plant-
based supply chains. As far as the other impact categories are concerned, results are
not sufficiently reliable or well documented to permit identification of trends.

9.3.2 Kty PARAMETERS AND COMPARATIVE METRICS

One of the outcomes of this study is the characterization of key factors that contribute
to the environmental benefits of different bio-based applications. The parameter most
directly associated with bio-based products is biodegradability. However, biodegrad-
ability is only an advantage when there is a need and opportunity for it. For instance,
chainsaw lubricants are completely lost during use and directly emitted into nature,
so biodegradability is an important benefit. Another example is waste bags that are
composted together with their contents (Heyde 1998) or biodegradable films used in
agriculture that can be left on fields after use and degrade into the soil. Such products
save the time and resources normally needed to remove conventional films and avoid
the need for the disposal of plastic waste. In most of the LCA studies analyzed, the
selected end-of-life options are crucial to the outcomes. Other factors to consider
when evaluating and comparing environmental impacts of bio-based products are the
type and yield of the biomass, the allocation of environmental impacts to coproducts
(e.g., straw), the definition of the FU, the amount of product necessary to fulfill the
FU, the technology for the production, and the lifetime of the product.

As shown in the preceding sections, metrics to compare absolute change per hectare
of cultivated land (metric A) and change relative to a substituted part (metric B) allow
a comparison across studies and constitute an interesting basis for analyzing different
supply chains. Table 9.2 summarizes these metrics and shows their relation, as well as
inherent advantages and limitations, to comparisons possible for specific products or
applications. The quality of the land and the substitutability of the land is also impor-
tant and deserves further attention. Energy gains per hectare are especially interest-
ing when the considered area cannot easily be used for food production (e.g., forest),
avoiding competition between food and bio-based product or bioenergy.

When land is readily available, cost often becomes the main limiting factor. In
that case, combining environmental and economic analyses is key, considering the
energy substituted per dollar of additional cost. The combined application of envi-
ronmental LCA and life cycle costing (as discussed in Section 6.8.1) may be used for
such analyses.

9.4 CONCLUSIONS

9.4.1 CoMPpARISON OF BiopProDUCTS

Results show that almost all of the bioproduct LCAs indicate significant positive
benefits over conventional products with respect to energy savings and reduced
global warming impacts, both per hectare of cultivated land and in terms of impact
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per FU. However, acidification and especially eutrophication often show increases in
impact. Results point out those products with the highest environmental benefits per
hectare of cultivated land: Natural fibers may exceed 300 GJ/ha-year, agricultural
and forest biomass achieve between 100 and 200 GJ/ha-year, and biofuel production
less than 100 GJ/ha-year. This comparison suggests that, given the limited areas
available for biomass production, applications such as bioethanol are of secondary
priority when land area is the limiting factor. For all bio-based products, the differ-
ent stages of development and optimization of production processes must inform the
interpretation of results.

Overall, the use of biomass for bio-based materials and as energy crops offers a
higher potential for energy savings and greenhouse gas reduction than biofuels or prod-
ucts based on vegetable oils (e.g., lubricants and surfactants). As agricultural and forest
biomass require little processing when used for energy, their relative environmental
efficiency is very high. Although a similar trend is observed when comparing the envi-
ronmental impact per hectare of cultivated land, uncertainty increases somewhat due
to additional parameters such as yield, biomass content, and data on the environmental
impacts of the coproducts and their economic value. Despite these uncertainties, this
land-based metric can be used to compare possible uses of limited arable land.

In addition, the comparison of plant and fossil resource supply chains illustrates
several important lessons that are generalizable to all the supply chains studied.
(I) No one plant resource supply chain stands out above all the others in all impact
categories. (2) The replacement of fossil fuels by plant supply chains reduces impacts
related to nonrenewable primary energy consumption and the global warming poten-
tial, except in the case of bacterial polymers and certain applications that involve the
use of other biopolymers. (3) With regard to the eutrophication impact category,
plant resource supply chains are often higher in impact than their fossil counterparts,
as they may require significant amounts of fertilizer. Plant resource supply chains
based on the use of coproducts may have lower eutrophication impacts. (4) Most of
the studies reviewed show that plant supply chains that produce chemicals have a
weaker acidification impact than fossil fuel chains. Conversely, these same studies
indicate that plant supply chains that produce energy have a greater acidification
impact than the reference fossil fuel supply chains. (5) The lack of data or poor data
reliability, and the variety in units used, prevent a meta-analysis of the supply chains
in terms of the following impact categories: destruction of the ozone layer, photo-
chemical pollution, terrestrial and aquatic toxicity, and human health.

9.4.2 PLANT Resource Suppry CHAINS

The following recommendations are intended to optimize the benefits from plant
resource supply chains, based on environmental considerations alone. However, con-
straints other than those of an environmental nature may create other priorities.

* Focus on supply chains where the potential energy and global warming
benefits are moderate to high (agrimaterials, biopolymers, agricultural bio-
mass for bioenergy, and forest biomass for bioenergy), while taking excep-
tions into account.
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* Emphasize supply chains in which the intrinsic characteristics of materials
or energy from plant resources are superior to those of their fossil counter-
parts (resistance, weight, useful life, biodegradability, quantities required to
perform the same function, etc.), and look for both:

e Direct advantages (low energy requirement for product manufacture,
less than or comparable with that of fossil resources, longer useful life
for materials, etc.).

¢ Indirect advantages (fuel economy resulting from vehicle weight reduction
giving the plant resource supply chain a greater than 100% advantage over
fossil supply chain).

e Promote synergies among supply chains (through the use of coproducts,
etc.).

* Support technological improvement in all supply chains. With the excep-
tion of surfactants, plant resource supply chains are much less developed
than their fossil counterparts, from both a technology and market share
perspective. The gains to be achieved here are manifold. For example,
advances in energy conversion technology will significantly impact supply
chains for agrimaterials (fibers), biopolymers, forest biomass for bioenergy,
and agricultural biomass for bioenergy.

Consistent integration of other factors that currently limit the development of
plant resource supply chains, including market potential and economic viability, is
also desirable.

9.4.3 IMPROVEMENT OF LCA KNOWLEDGE

The following gaps in LCA knowledge are to be addressed in priority order to better
evaluate the environmental impacts of plant resource supply chains:

* Broadening LCA knowledge in growth areas (strong potential in limited
markets or moderate potential in larger markets or both) and improving the
quantification of environmental gains associated with the supply chains in
question: collect missing LCA data and update obsolete data. Integration
of logistic chains (long-distance transportation) receives little attention in
LCA studies and must also be a priority.

» Using LCA approaches in R&D to investigate and invest in the most prom-
ising plant supply chains.

* Extending LCA to other limiting factors; for example, to a link to an eco-
nomic study (or life cycle cost analysis) and to a study of the potential for
substitution on a market scale.

9.4.4 MeTHODOLOGICAL OUTLOOK

Bio-based products and conventional, petrochemical products have associated
environmental impacts. This study has not attempted to highlight a product or class
of products as “preferable,” for any such conclusions would depend on the weighting
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of the different impact categories within a sustainability framework. Rather, this
meta-analysis used two main cross-product and cross-supply chain metrics to indi-
cate that bio-based products, in general, present benefits in terms of nonrenewable
energy consumption and global warming impacts relative to conventional products.
However, when agricultural production is involved, the eutrophication potential is
usually higher for bio-based products than for petrochemical products. These con-
clusions might not hold when non-bio-based materials are lighter or have better
characteristics (e.g., for transport applications). Furthermore, technological advances
may have large influences on the production—and hence impacts—of bio-based
products, as many of these processes supply chains are still relatively young in com-
parison with comparable petrochemical systems.

In terms of methodology development, such metastudies provide interesting
insights to compare different uses of a given resource or different processing or
treatment alternatives (e.g., waste treatment strategies). A thorough analysis of the
background hypotheses of each individual study and a selection of the best avail-
able studies is key for providing useful insights. Another crucial point is to define
a common metric that puts studies on a comparable basis across different types of
application, such as the change in impact per hectare of cultivated land between
the biomass and fossil scenarios. The present metastudy has focused on data for
the period 2000-2008. Since the number of LCAs of food and agriproducts have
substantially increased in recent years, an update to this metastudy would be of
high interest, whereas the general trends are expected to be robust. Metastudies do
not lend themselves to updates or to following the evolution in the environmental
performances of a given technology (here, additional data were collected for the
biodiesel five years after the initial study). Variations of hypotheses and background
data across different LCA studies make it difficult to identify gradual changes in
emissions and impacts per FU, unless there are dramatic changes. For this purpose
of trend analyses, scenario analysis within one consistent study is likely better suited
to follow up incremental changes in the performance of a given technology.
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WEBSITES

ADEME—French EPA (Life Cycle
Assessment—ACV)

American Center for Life Cycle
Assessment (ACLCA)

BEA (U.S. economic matrix)

Brightway2

Carnegie Mellon University (EIO-LCA
model)

CEDA (I/0 software)

CIRAIG (Quebec LCI database)

CML (characterisation factors for the
Dutch handbook on LCA)

DynCO, (dynamic carbon footprinter),
CIRAIG

E3IOT database

Eco-indicator (characterisation factors for
Eco-indicator 1999)

ecoinvent (database, updates ...)

EDIP (characterisation factors for EDIP
1997)

EORA MRIO database

EPA (U.S. Environmental Protection
Agency)

EPS (characterisation factors for EPS
2000)

EXIOPIOL (development of European
economic matrices)

GTAP (compilation matrices
économiques)

IMPACT 2002+ (characterisation factors)

IMPACT World+

Korea National Cleaner Production Center

LCA Digital Commons

Life Cycle Initiative

Life Cycle Strategies. Australian Inventory
database. Also available for SimaPro
users.

Open LCA

Personal website of G. Doka; links to
LCA-related sites

http://www.ademe.fr/expertises/consommer-autrement/
passer-a-laction/dossier/lanalyse-cycle-vie/quest-lacv
http://Icacenter.org/

http://www.bea.gov/
brightwaylca.org
www.eiolca.net/

http://cedainformation.net/
http://www.ciraig.org/http://www.ciraig.org/fr/bd-icv.php
http://cml.leiden.edu/software/

http://www.ciraig.org/en/dynco2.php

http://www.cml.leiden.edu/software/data-e3iot.html
http://cpmdatabase.cpm.chalmers.se/StartlA.asp

http://www.ecoinvent.org/
http://cpmdatabase.cpm.chalmers.se/StartIA.asp

http://worldmrio.com/
http://www.epa.gov/nrmrl/std/Ica/lca.html

http://cpmdatabase.cpm.chalmers.se/StartIA.asp_

www.feem-project.net/exiopol/index.php
www.exiobase.eu
https://www.gtap.agecon.purdue.edu/databases/v7/

http://www.quantis-intl.com/impact2002.php

www.impactworldplus.org/

http://www.kncpc.or.kr/en/main/main.asp

https://www.lcacommons.gov/discovery/

http://www.lifecycleinitiative.org/

http://www.lifecycles.com.au/#!australasian-database/
cbm5

http://www.openlca.org/web/guest;jsessionid=E054C17A

4DF836D95EF2FD52078 A40EC
http://www.doka.ch/Ica.htm
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Plastics Europe, Association of Plastics
Manufacturers

Quantis Suite 2.0 (Quantis software)

ReCiPe

RMIT

Social Hotspots Database

SETAC, Life Cycle Assessment Global
Advisory Group

TRACI

United Nations Environment Programme,
resource efficiency

University of Michigan (iMod laboratory)

USEtox
WIOD
World Food LCA Database

Appendix |

http://www.plasticseurope.org/plastics-sustainability/
eco-profiles.aspx

http://www.quantis-intl.com/

http://www.lcia-recipe.net

http://www.rmit.edu.au/research/research-institutes-
centres-and-groups/research-centres/centre-for-design-
and-society/research-areas/life-cycle-assessment/

http://socialhotspot.org

http://www.setac.org/group/AGLCA

http://www.epa.gov/nrmrl/std/traci/traci.html
http://www.unep.org/resourceefficiency/

https://sph.umich.edu/research-projects/group.
cfm?deptID=2&grouplD=7
http://www.usetox.org
http://www.wiod.org/new_site/data.htm
http://www.quantis-intl.com/microsites/wfldb/



Appendix Il

MAJOR LCA SOFTWARE

This appendix details the main software currently available for LCA such as SimaPro
(Goedkoop et al. 2003), GaBi (GaBi 2003), Quantis Suite® (http:/www.quantis-
intl.com/en/offer/software-and-it-services/), CMLCA (Heijungs and Frischknecht
2005), openL.CA Open-IO (Ciroth et al. 2007), Earthster (Sylvatica 2010), Umberto
(IFU Hamburg GmbH 2003), and TEAM (ECOBILAN 2004) (Table A2.1).

SimaPro is appropriate for environmental design of products and for detailed
environmental assessment of the contribution of system processes. It also easily
allows analysis of the contribution of different pollutants in different impact cat-
egories. SimaPro 6 allows the study of the propagation of uncertainties using Monte
Carlo analysis/assessment (Section 6.5.2) and to combine the life cycle assessment
(LCA) process approach and input—output (I/O) approach (Chapter 4). The ecoinvent
database (Section 4.3.2) is available and it is possible to access all of the unit pro-
cesses of the database.

GaBi has the advantage of introducing nonlinear relationships programmed by
the user. It also offers the opportunity to purchase additional data for the automo-
tive and telecommunications sectors. The ecoinvent database is available and pre-
sented in an aggregate manner. GaBi is less flexible in terms of interpretation: The
determination of the contribution of each pollutant requires a separate worksheet
and the tool does not provide details on each unit process that composes the data.
English and German versions are currently available, but compatibility is limited at
the moment.

Quantis Suite applies the principle of product LCA to a whole enterprise, taking
into account the supply and user chain. Developed by Quantis, a spin-off from the
Swiss Federal Institute of Technology, Lausanne (EPFL), this tool takes into account
the direct and indirect impacts as required by ISO 14000. The consideration of com-
bined costs also allows the calculation of the economic gain derived from a decrease
in impact for each life cycle stage. One of the advantages of this approach is to offer
a wide circle of companies the opportunity to evaluate their performance throughout
the life cycle, taking into account their specific structure.

CMLCA (Chain Management by Life Cycle Assessment) is a software support-
ing the technical steps of LCA. Although CMLCA does not provide a very flexible
user interface, its analytical possibilities are rich (full matrix inversion, integrated
methods for sensitivity analysis, and uncertainty analysis). The program also allows
the creation of hybrid inventories, consisting of process data and I/O data. However,
the complete I/0 database is not free.

The OpenLCA project is a modular software for life cycle assessment and sus-
tainability evaluations. The software will be available free of charge as open source.
It is an LCA calculator, with a format converter and an uncertainty module. The
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Open-I0 (www.open-io.org) has already produced an I/O database specific to the
United States.

Earthster aims to provide to all businesses the means to conduct evaluations of and
publications on the life cycle, in order to document and publish their environmental
and social performance. This “open source” software is available on the Internet free
of charge. Producers have the possibility of downloading and using the free software
to quickly assess their performances and compare them with the industry averages.

The scope of Umberto is broader than the other tools, LCA representing one of
the possibilities offered by the software.

TEAM offers some processes which are not available in other databases but it
does not always provide a clear description of the sources and unit processes at the
origin of the data.






Appendix I

LCI DATA: ECOINVENT

This appendix presents extracts from the ecoinvent 2.2 database. The comprehensive
database provides more than 650 emission and extraction factors (1200 when includ-
ing subcompartments such as low and high population densities) for close to 4000
processes, covering

* Energy supply, including all of the electric mixes (coal, gas, cogeneration,
nuclear, wind, etc.) and energy carriers (extra light oil, fuel oil, kerosene,
steam, coal, high- and low-pressure natural gas, heat pump, etc.), for a wide
range of countries in Europe and worldwide

* Materials and construction processes (bricks, glass packaging, primary and
secondary aluminum, lead, nickel, stainless steel, all the most common plastics
[polypropylene, polystyrene, etc.], wood construction materials, etc.)

¢ Chemicals (oxygen, nitrogen, etc.)

e Detergents

* Papers (graphics, recycled, etc.)

* Waste treatment services (household waste, sewage sludge, plastics, solvents,
etc.)

* Most common agricultural products and processes (potato, sugarbeets, etc.)

* Transportation (trucks, cargo, trans- and transoceanic freight, air, short-
and long-distance passenger airplanes, trams, buses, short- and long-dis-
tance trains, etc.)

* Computers, printers, and related accessories

Table A3.1 provides the values of nonrenewable primary energy, air emissions of
fossil CO,, the ratio of CO, emissions/nonrenewable primary energy, the CO,_, (100
and 500 years) emissions and scores for four damage categories of IMPACT 2002+
for 50 process values. The full database also provides impact scores calculated by
other impact assessment methods (IMPACT 2002+, ReCiPe, TRACI, etc.).
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Appendix IV

LCA FORMS

This appendix describes the LCA Tables A4.1 through A4.8 forms used to define the
objectives and the system, perform the first calculations by hand and quickly check
some points of the LCA.

A4.1 GOAL AND SCOPE DEFINITION

TABLE A4.1
Description of the Study

General objective (information or product development, strategy, policy, regulation)
Target audience (internal/consumer/government/nongovernmental organization, etc.)
Practitioner and stakeholders (sponsor, LCA practitioner, steering committee, peer reviewer, stakeholders,

etc.)
TABLE A4.2
Product/System Function and Description of Scenarios
Products Primary Function Secondary Functions
Scenario 1
Scenario 2
Scenario 3
TABLE A4.3
Production and Functional Unit
Reference Flows Key Parameters Linking
Functional Unit (What Is Purchased Reference Flows to
Product or System  (Service Offered)*  per Functional Unit)" Functional Unit
Scenario 1
Scenario 2
Scenario 3

4 Provide the number of functional units considered (e.g., 1 person-km, 1000 persons-km).
b Provide the amount or fraction of each reference flow to be purchased per functional unit (e.g.,
1/200,000 or 1 car per person-km, 4 L gasoline per person-km).
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A4.2 INVENTORY

TABLE A4.4

Flowchart

Start from the Functional Unit and the Reference Flows and Add or Rename the Relevant Unit Processes
and Intermediary Flows Until They Can Be Linked to a Database.

Raw
materials Manufacturing Transport Use Disposal

Interm. flow 1

xxx unit/FU Ref. flow 1 Interm. flow 4
xxx unit/FU xxx unit/FU
Interm. flow 2
xxx unit/FU v
Ref. flow 2 _ | Main function Interm. flow 6
. > Y
xxx unit/FU xxx FU xxx kg /FU
7'y
Interm. flow 3 > Ref. flow 3 »| Interm. flow 5
xxx unit/FU xxx unit/FU xxx unit/FU
Avoided burden - | Avoided flow 1
xxx unit/FU

TABLE A4.5
Energy Balance (Hand Calculation)
Intermediary Nonrenewable Primary Nonrenewable Primary
Life Cycle Stages Flows (unit/FU) Energy per Unit (M)/unit)  Energy per FU (MJ/FU)
Raw material
Manufacturing
Use
Transport
Packaging
Waste
Avoided burden
Total
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TABLE A4.6
CO, Balance (Hand Calculation)

Intermediary Emitted CO, per
Life Cycle Stages ~ Flow (unit/FU)  Unit (g CO,/unit)
Raw material
Manufacturing
Use
Transport
Packaging
Waste
Avoided burden
Total

Emitted CO, per  Ratio Check
FU (g CO,/FU) (g CO,/M))

TABLE A4.7

Classification of The Different Types of Product

Position your Product in this Classification Scheme. Lifetime and Amount of Material are Key for
Passive Products, Efficiency for Active Products, and Weight for Mobile Products.

Fixed

Passive

Active (use stage dominant)

Mobile (Transport Dominant)

A4.3 LIFE CYCLE COSTING (LCC, OFF LCA)

TABLE A4.8
Calculation of Life Cycle Costs

Functional Unit Reference Flows
Product or System  (Service Offered)  (What Is Purchased)  Costs (off LCA)?

Scenario 1
Scenario 2
Scenario 3

2 Remember that the costs are not included in the environmental life cycle assessment.
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allocation: Attribution of some environmental emissions and resource use among the
product studied and the other coproducts; used in the case of multiproduct
systems.

anaerobic digestion: Waste treatment process during which organic matter reacts to
produce biogas without oxygen.

aquatic acidification: Phenomenon corresponding to an increase of the concentration
of protons (H*) in the water, which causes a decrease in pH. These addi-
tional protons come primarily from nitric acid (HNO,) or sulfuric acid
(H,S0,), derived from gases such as NO, and SO,. Freshwater acidification
also results in the dissolution of some toxic metals such as aluminum.

aquatic ecotoxicity: Toxicity with respect to living aquatic organisms, excluding
human beings.

aquatic eutrophication: Excessive enrichment of an aquatic environment by
nutrients (e.g., nitrogen, phosphorus) and organic matter, especially strong
if the water is stagnant or its circulation is reduced. This causes overabun-
dant development of plant biomass, whose subsequent decomposition
consumes, partially or entirely, dissolved oxygen in water and reduces the
aquatic environment biodiversity.

bioconcentration: Phenomenon by which living beings absorb substances naturally
present in their habitat, which accumulate in their bodies to sometimes
higher concentrations than those at which they occur in the natural
environment.

bioconcentration factor: For a given substance, the ratio of the concentration in the
body to the concentration in water.

bonus: See “System expansion.”

by-product: Secondary/side product generated during the production process. This
by-product has an economic value, but does not match the studied function
or is used outside the system being studied.

chlorofluorocarbons: Chemicals consisting of carbon, fluorine, and chlorine,
known by their commercial name Freon, partly responsible for the destruc-
tion of the stratospheric ozone layer.

classification: Step of the environmental life cycle impact assessment in which a set
of midpoint environmental impact categories are defined; emissions and
extractions are then classified into any relevant midpoint categories.

climate change: Global phenomenon of climate equilibrium modification due to
increased concentrations of greenhouse gases in the atmosphere.

cost—benefit analysis: Analysis to determine the investment that yields the largest
environmental improvement, to promote the scenario where environmental
improvement margin is the largest per unit of investment.

critical review: Critical study of a life cycle assessment aimed at ensuring its quality
by checking that the assumptions, methods, and data are consistent with
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the objectives of the study and that the results are comprehensive enough
to support a conclusion based on the objectives listed in the goal and scope
definition phase.

damage (end point) category: Category addressing the damage to different areas of
protection (such as human health or ecosystems), represented by a damage
indicator.

damage (end point) characterization: Step of the environmental life cycle impact
assessment, evaluating the contribution of midpoint categories to one or
more damage categories corresponding to different areas of protection.

damage (end point) characterization factor: Estimates the damage to the area
of protection d caused per unit of the midpoint reference substance of cat-
egory m.

damage (end point) impact score: Sum of each damage category of the damages
caused per unit of the midpoint reference substances multiplied by the mid-
point impact scores.

dematerialization: One of the ecodesign principles, aimed at designing services
rather than products.

distance to target: Method defining weighting factors in environmental impact
assessment. Links the weighting factors with political, administrative, or
environmental objectives.

dryness: Ratio of dry mass to total mass.

ecodesign: Integrates environmental aspects into the design or redesign of products.

ecolabeling: Identification of products which, based on their production and dis-
posal, have a minimal impact on the natural environment.

ecosystem: Dynamic set of living organisms (plants, animals, and microorganisms)
that interact with each other and with the environment (soil, climate, water,
light) in which they live.

ecotoxicity: Toxicity with respect to living organisms, excluding human beings.

effect concentration 50: Concentration of a substance for which 50% of individuals
of a given species are affected in terms of mobility, reproduction, or mor-
tality. This value is obtained by ecotoxicological tests on living organisms.

effect factor: Factor characterizing the potential risks and severity of each risk.

electricity mix: Electricity mix from different sources (fossil, nuclear, hydraulic,
etc.) and different technologies.

elementary flow: Flow linking a unit process to the environment; input elementary
flows correspond to the use of natural resources, and elementary flows exit-
ing a unit process are emissions to air, water, or soil.

end of pipe: Approach aimed at decreasing pollution by the implementation of
technologies for treatment of waste and anything else emitted to the
environment.

energy carrier: Element carrying energy, such as fuel.

environmental audit: Assessment of the environmental performance of an indi-
vidual business, including follow-up suggestions.

environmental efficiency: Ratio of impact reduction to cost increase.

environmental impact assessment: Study focusing on predicting the impact of a
planned installation at a precise location.
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environmental system management: Tool for the management of a company to
reduce and compensate for its environmental impacts.

exposure factor: Equivalent fraction of the medium n (air, water, soil, or food)
ingested daily by the general population (inhaled or ingested orally).

fate factor: Factor characterizing the transport and diffusion of pollutants in the
environment.

final energy: Energy provided and purchased by user.

financial allocation: Allocation based on economic causality, assuming that a
product is primarily made for its mercantile value. Emissions and resource
use are allocated among coproducts according to their respective economic
values.

flowchart/flow diagram: Diagram of the processes required for a certain product or
function and the relationships of these processes; depicts each unit process
considered within the system and quantifies the intermediary flows linking
these unit processes.

fossil carbon dioxide: Carbon dioxide emitted during combustion or degradation of
petroleum products.

functional boundaries: System boundaries describing the same functional reality
in the various scenarios studied.

functional unit: Quantifies the function of a system in terms of the service offered,
and is the same for all scenarios compared in an LCA.

geographical correlation: Estimation of the difference between the area defined in
the study and the area of which the data is representative.

global warming potential: Conversion factor characterizing the contribution of
each greenhouse gas to the change in radiative forcing, thus representing
the relative greenhouse contribution of each gas relative to CO,.

goal and scope definition: First phase of the life cycle assessment, describing the
study, its objectives and scope; analyzing the function of the system studied;
defining the functional unit; and specifying the boundaries of the system
and its limitations.

greenhouse effect: Natural phenomenon of atmospheric temperature increase, due
to certain “greenhouse” gases absorbing and reemitting infrared radia-
tion emitted by the earth. The international scientific consensus is that the
anthropogenic release of greenhouse gases that are normally stored in the
earth increases this greenhouse effect, and thus increases climate change.

greenhouse gases: Gases that absorb and reflect terrestrial radiation. The anthropo-
genic increase in atmospheric concentration of some of them (carbon diox-
ide, methane, nitrous oxide, HCF) is causing climate change.

grouping: Qualitative or semiquantitative process that helps prioritize results by
sorting or ranking.

higher heating value: Amount of energy that would be released by the complete
combustion of a unit mass or volume of fuel (gas, oil, coal, etc.), assuming
the water formed during combustion is returned to a liquid state and the
other products are in a gaseous state.

human exposure: Concentration or amount of a substance that reaches the human
being.
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human toxicity (carcinogenic): Midpoint impact category representing the
carcinogenic effects of substances on human beings.

human toxicity (noncarcinogenic): Midpoint impact category representing the
noncarcinogenic effects of substances on human beings.

hydrofluorocarbons: Fluorinated gases, replacing chlorofluorocarbons (CFCs),
which have a significant greenhouse potential.

hydrogen to carbon ratio: Ratio of hydrogen to carbon for fuel molecules. The
larger the hydrogen to carbon ratio (H/C ratio) of combustible molecules,
the less CO, will be produced.

impact pathway: Encompasses all the environmental processes from the substance
emission to its final impact.

industrial ecology: Interdisciplinary science aimed at optimizing the use of energy,
resources, and capital of a technological system by minimizing its environ-
mental impacts. The technological system in this case is defined as a living
system that interacts with natural systems.

input: Matter or energy flow entering the system.

input-output method: Method to calculate the inventory of emissions and extrac-
tions based on the economic flows generated by the product or service
rather than on the basis of physical flows.

intake fraction: Fraction of a pollutant emission to the environment that ends up
ingested by the population.

intermediate product flow: Flow linking one unit process to another unit process,
expressing the quantity of each unit process needed for the subsequent unit
process.

internalization of external costs: Expression of environmental impacts in financial
terms, to combine them directly with economic costs.

International standard ISO 14000 : Series of norms produced by the International
Organization for Standardization on environmental management systems
for businesses to manage the environmental impact of their activities and to
measure their environmental performance.

interpretation: Fourth phase of the life cycle assessment; identifies the life cycle
stages at which intervention can substantially reduce the environmental
impacts of the system or product and analyzes the uncertainties involved.

inventory of elementary flows/inventory of emissions and extractions: Quantitative
description of flows of matter, energy, and pollutants crossing the system
boundary. This includes the emissions of polluting substances to the environ-
ment, as well as the amounts of extracted resources from the environment
(minerals, energy carriers, soil surface area, etc.) throughout the life cycle of
the analyzed product or service.

ionizing radiation: Very high energy radiation capable of ionizing substances
through which it passes, which can cause genetic mutation, cancer, and
other negative outcomes. It often originates in radioactive substances with
unstable nuclei, which emit ionizing radiation during the decay process.

key parameter: Parameter linking reference flows to the functional unit. It often
measures environmental performance as a ratio of material needed per
function, whereas the functional unit itself is additive and not a ratio.
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life cycle assessment: Tool assessing and comparing the environmental impacts of
products and services related to their function.

life cycle costing: Analysis of the financial flows of a product or a service over its
life cycle.

life cycle impact assessment: Third phase of an LCA, linking data on raw material
extractions and substance emissions associated with a product’s life cycle
with their environmental impacts. It consists of three steps: classification of
emissions in different impact categories, characterization of the midpoint
impacts, and damage (end point) characterization.

life cycle impact assessment method: Method modeling the impact pathways of
substances to link, as accurately as possible, each inventory flow to its
potential environmental damage.

Life Cycle Initiative: Launched by UNEP and SETAC, initiative aimed at develop-
ing and disseminating practical tools for evaluating solutions, risks, advan-
tages, and disadvantages associated with products and services throughout
their life cycle.

life cycle inventory: Second phase of the life cycle assessment, quantifying the
different flows through the system.

life cycle management: Integrated approach aimed at minimizing environmental
burdens associated with a product or service throughout its life cycle.
Applied to company management, it aims to integrate environmental
aspects into industrial processes by considering the impacts and costs of
the supply chain.

life cycle stage: One of the following steps: resource extraction and preparation,
provision of infrastructure and inputs, transportation, manufacturing, use
and maintenance of products, disposal and recycling of waste.

life cycle thinking: Approach taking into account all life cycle stages of products
and services in management decisions. It applies to environmental, eco-
nomic, and social decisions and includes other concepts such as industrial
ecology, risk analysis, ecolabels, environmental management systems,
ecodesign, and life cycle management.

lower heating value: Effective heat released during combustion, determined by
subtracting the heat of vaporization of the water vapor from the higher heat-
ing value.

marginal variations: Allocation method applicable when we can vary at will the
ratio of coproducts in a way that corresponds to actual practice.

midpoint category: Category grouping the inventory results having similar effects
(e.g., all the substance emissions that contribute to the greenhouse effect).

midpoint characterization: Step of the environmental life cycle impact assessment,
weighting emissions and extractions to represent their contribution to each
midpoint impact category.

midpoint characterization factor: Expresses the relative importance of substance
emissions or extractions in the context of a specific midpoint environmental
impact category.

midpoint impact score: Sum of each midpoint category of the masses emitted or
extracted multiplied by the midpoint characterization factors.
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module: Schematic representation of a process, used for system modeling.

Monte Carlo analysis: Data-intensive statistical analysis estimating the uncertainty
of the final results of a model due to input parameter uncertainties; also
determines the significance of a difference between two scenarios.

multifunctional product: Product with multiple functions.

nonrenewable primary energy: Energy contained in the energy carriers at the point
of extraction from the environment that is either irreplaceable or replaced
very slowly through natural processes.

normalization: Optional step of the environmental life cycle impact assessment,
expressing a given impact per functional unit relative to the total impact
in that category to better understand the magnitude of the damage. It thus
compares the respective contribution of the considered product or service to
the current total effect on a global, continental, or regional level for a given
category (midpoint or damage).

normalization value: Reference value to which the results of the impact character-
ization results are compared for normalization.

normalized score: Damage score reported relative to a normalization value, thus
giving the respective contribution of the product or service considered to
the current total effect on a global, continental, or regional level for a given
category.

octanol-water partition coefficient: Ratio between the equilibrium/steady-state
concentration of a chemical substance in octanol and the concentration
of that substance in water; used to estimate the bioconcentration factor
indirectly.

output: Matter and energy flows leaving the system.

ozone layer depletion: Destruction of ozone in the stratosphere due to certain mol-
ecules, such as CFCs. The stratospheric ozone layer is crucial to terrestrial
life because it absorbs harmful ultraviolet radiation.

peer reviewer: Normally, an independent expert performing the critical review.

photochemical oxidation: Impact category related to the formation of ozone in the
troposphere (lower atmosphere) from volatile organic compounds and NO,.
This ozone is a strong oxidant, causing respiratory problems and limiting
plant growth.

physical allocation: Allocation based on physical causality, namely, a property or
parameter representative of the causality relationship between production
and emissions. This method applies if there is a direct causal relationship
between the physical parameter and the amount of emissions or resource
used (i.e., emissions proportional to the physical quantity considered).

process subdivision: Detailed description of a system that results in multiple prod-
ucts, examining if certain subprocesses may only be relevant to one of the
coproducts.

product flow: Flow linking a unit process to the economy.

reference flow: For a given functional unit, amounts of goods or services purchased
to fulfill the function and generate this functional unit.

reference substance: Substance on which impact scores are based within a given
impact category.
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reliability: Data quality indicator, based on the measurement method and the
verification procedures.

respiratory effect (inorganics): Respiratory diseases (asthma, chronic bronchitis,
etc.) due to inorganic substances such as particulates, SO,, and NOx.

risk assessment: Studies the risk or probability of severe impacts occurring from an
installation (such as a nuclear power plant) or the risks of using a chemical
substance.

robustness: Insensitivity to small differences in the assumptions. The robustness
generally reflects the resistance of the estimate to aberrant data/outliers.

scenarios: Alternatives studied that are compared with one another during a life
cycle assessment.

screening: Quick and simple analysis, evaluating the order of magnitude of each life
cycle stage contribution.

sensitivity analysis: Tests the robustness of the results and their sensitivity to data,
assumptions, and models used.

substance flow analysis/mass balance analysis: Quantifies the flow and accumula-
tion in the environment of either a single substance, such as mercury, or a
group of substances, such as inorganic nitrate compounds.

substitution: Replacement of a product from the market whose production is avoided
by that of a coproduct from the studied system.

supply chain: Set of processes, upstream of the production site, that provide what is
needed for the considered product or service.

sustainable development: Global and comprehensive approach aimed at addressing
the needs of the present generations without compromising the ability of
future generations to meet their own needs.

system: Group of dynamically interacting elements, organized to achieve one or
more functions. It is identified by the elements it contains, called processes,
the links between these elements, and the boundaries that delineate it from
the surroundings (environment and economy).

system boundaries: Delimitation of the processes to be considered for model-
ing the system studied, including all the processes necessary to fulfill its
function.

system expansion: Method of accounting for coproducts by avoiding allocation.
Resources and emissions associated with substituted product(s) are avoided
and subtracted from those of the main system.

technological correlation: Correlation between the technology and materials under
study and those of which the data is representative.

temporal correlation: Time difference between the study and the period of which
the data is representative.

terrestrial acidification: Natural phenomenon amplified in recent years by an
increase in certain atmospheric pollutants (mainly NOx and SO,), resulting
in a loss of mineral nutrients for trees and vegetation.

terrestrial ecotoxicity: Toxicity with respect to living terrestrial organisms, exclud-
ing human beings.

terrestrial nutrification: Excessive enrichment of a terrestrial environment by
nutrients (nitrogen, phosphorus).
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unit process: Smallest elements of the system, each corresponding to a unique
activity or group of operations, for each of which inputs and outputs are
quantified.

useful energy: Energy actually used by the consumer, taking into account the energy
efficiency of equipment involved.

wastewater sludge: By-product of wastewater treatment.

wastewater treatment plant: Infrastructure for the treatment of wastewater.

weighting: Optional step of the environmental life cycle impact assessment, defining
the relative importance of characterization scores, based on the relative
social value attributed to the various midpoint or damage categories.

weighting factor: Relative importance of characterization scores, based on the rela-
tive social value given to various midpoint or damage categories.

willingness to pay: Most-used approach for monetization, consisting of defining
weighting factors based on the amount of money an organization or indi-
vidual would be willing to pay to avoid a given damage.

win-win situation: Case with reduction of both environmental burdens and costs.
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absolute gain per hectare, 248
gain relative to substituted part, 249
overview, 245-246
quality analysis, 246
quantitative comparison of, 246-249
selection of studies, 246
Metacomparison of bioproducts, see bio-based
products, metacomparison of
Midpoint category/characterization, 107
IMPACT World+, 117
life cycle impact assessment (LCIA),
107-110
Model uncertainty, 162
Monte Carlo analysis, 171-173
application of, 174-178
Multifunctional products, 32-34
Multiregional I/0 databases, 78

N

NMVOCs, see nonmethane volatile organic
compounds (NMVOCs)

Nonlinear modeling, 170

Nonmethane volatile organic compounds
(NMVOCs), 68

Nonrenewable primary energy, 55-56
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Normalization
IMPACT World+, 120-121
life cycle impact assessment (LCIA), 112-113

o
Open-loop recycling, 86, 96-98

P

Parameter uncertainty, 160-163
data variability, 163
due to choices and assumptions, 163
model uncertainty, 162
Photooxidant formation, 118
Physical allocation, inventory analysis, 92
Plant resource supply chains, 256-257
Primary energy, 51
Probability distribution, 163
Process-based life cycle inventory, 49-64
classifying products, 56-57
CO, assessment, 54
of electric light bulbs, 56
databases for, 6471
data quality and uncertainties, 71
ecoinvent, 6671
existing databases, 64—66
energy consumption
assessment of, 50-53
of electric light bulbs, 54
example, 57-62
generalization and process matrix approach,
62-64
nonrenewable primary energy, 55-56
step-by-step procedure, 49-50
Processes, defined, 34
Process matrix approach, 62—64
Process subdivision, inventory analysis, 88—89
Product categories, inventory analysis, 85-86
Product comparisons, and LCA, 206
Product flows, 34

Q

Quality analysis, of bio-based products, 246
Quality control, 156—160
comparing CO, and energy, 158
critical or peer review, 159-160
energy and CO, balances, 157-158
mass balance, 157
rules for project documentation, 159
rules for proper use of LCA software, 158—159
system modeling, 157
toxicity check, 158
unit control, 157
use of spreadsheets, 159
Quantitative comparison, of bio-based products,
246-249
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R

Rebound effect, 187-188

ReCiPe 2008, 133-135

Recycled waste and by-products, 86—87
Risk assessment, and LCA, 13-14

S

Satellite environmental matrix, 72
Scenario analysis, uncertainty, 170
Sensitivity analysis

inventory analysis and, 95

uncertainty, 169-170
Shadow price, 95
Socioeconomic evaluation, see environmental

and socioeconomic evaluation
Spatial variability, 163
Step-by-step procedure, for process-based life
cycle inventory, 49-50

Substance flow analysis, and LCA, 11-13
System boundaries, 37-44

exercises, 44—45

importance of, 38—40

principles of, 37-38

rules to define, 40-44

stages, 38
System definition, 34-37

description of scenarios, 37

flowchart, 36-37

principles of system modeling, 34-36
System expansion, and inventory analysis, 89-92
System function, 26
System modeling, principles of, 34-36

T

Taylor series, 173—174
application of, 174178

Index

Technological variability, 163

Temporal variability, 163

Tool for the Reduction and Assessment of
Chemical and other environmental
Impacts (TRACI), 129-130

TRACI, see Tool for the Reduction and
Assessment of Chemical and other
environmental Impacts (TRACI)

Tracking environmental impacts of consumption
(TREIC) project, 78

U

Uncertainty
assessment and mitigation of, 166—179
comparison to measurements, 178—179
dynamic or spatialized modeling,
170-171
expert judgment, 169
LCA standardization, 166—168
Monte Carlo analysis, 171-173
nonlinear modeling, 170
scenario analysis, 170
sensitivity analysis, 169-170
Taylor series, 173—174
in LCA phases, 160
parameter, 160-163
data variability, 163
due to choices and assumptions, 163
model uncertainty, 162
principles and types of, 160
Unit processes, 34
USEtox model, 140-142

w

Waste, 86

Weighting
IMPACT World+, 121
LCIA, 114-115





