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Abstract

The enhanced use of biomass for the production of energy, fuels, and materials is one of the key
strategies towards sustainable production and consumption. Various life cycle assessment (LCA)
studies demonstrate the great potential of bio-based products to reduce both the consumption of
non-renewable energy resources and greenhouse gas emissions. However, the production of biomass
requires agricultural land and is often associated with adverse environmental effects such as eutrophi-
cation of surface and ground water. Decision making in favor of or against bio-based and conventional
fossil product alternatives therefore often requires weighing of environmental impacts. In this arti-
cle, we apply distance-to-target weighing methodology to aggregate LCA results obtained in four
different environmental impact categories (i.e., non-renewable energy consumption, global warm-
ing potential, eutrophication potential, and acidification potential) to one environmental index. We
include 45 bio- and fossil-based product pairs in our analysis, which we conduct for Germany. The
resulting environmental indices for all product pairs analyzed range from −19.7 to +0.2 with negative
values indicating overall environmental benefits of bio-based products. Except for three options of
packaging materials made from wheat and cornstarch, all bio-based products (including energy, fuels,
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and materials) score better than their fossil counterparts. Comparing the median values for the three
options of biomass utilization reveals that bio-energy (−1.2) and bio-materials (−1.0) offer signifi-
cantly higher environmental benefits than bio-fuels (−0.3). The results of this study reflect, however,
subjective value judgments due to the weighing methodology applied. Given the uncertainties and
controversies associated not only with distance-to-target methodologies in particular but also with
weighing approaches in general, the authors strongly recommend using weighing for decision finding
only as a supplementary tool separately from standardized LCA methodology.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The application of biomass1 used to substitute fossil resources for the production of
energy, fuels, and materials is a widely accepted strategy towards sustainable development.
Many studies have proven the great potential of bio-based energy, fuels and materials for
reducing both non-renewable energy consumption and fossil carbon dioxide (CO2) emis-
sions compared to their fossil counterparts (e.g., Dornburg et al., 2004; Patel et al., 2003;
Reinhardt and Zemanek, 2000). However, production and processing of biomass is also
associated with negative environmental impacts. Agricultural biomass production might
cause adverse environmental effects such as soil erosion, eutrophication of ground and sur-
face waters, or fragmentation of habitats. Cultivation, extraction and processing of biomass
consume fossil fuels and involve the application of artificial fertilizers and hazardous chem-
icals. In view of current efforts to produce bio-energy, -fuels, and -materials in bulk, the
availability of farmland for non-food purposes deserves special attention. In the medium
and long term, agricultural land available for biomass production might become scarce in
Western Europe also due to demand for other purposes such as infrastructure, housing,
recreation, or nature conservation. In the year 2000, the land use equivalent of the total
domestic consumption of agricultural goods in the European Union (EU) already exceeded
the actual agricultural land used within the EU by nearly one fifth (Bringezu and Steger,
2005). Thus, additional land use and biomass production for non-food purposes will have
to be most efficient in order to serve the various purposes, including the relief of envi-
ronmental pressure. It is, therefore, important to quantify and evaluate all the advantages
and disadvantages associated with the use of biomass along the whole life cycle of bio-
based products. To this end, life cycle assessment (LCA) has been applied as a common
tool by many authors (e.g., Müller-Sämann et al., 2002; Corbière-Nicollier et al., 2001;
Reinhardt et al., 2000; Dinkel et al., 1996). The results of these studies show a relatively
uniform picture: while bio-based energy, fuels, and materials often yield better results with
respect to non-renewable energy consumption and greenhouse gas emissions, fossil-based
products generally score better regarding eutrophication, acidification, and stratospheric
ozone depletion. These results call for a thorough comparison and evaluation of all envi-

1 In this article, we define biomass as the sum of all organic products from agriculture and forestry, which are
used for non-food applications.
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ronmental impacts associated with both bio-based and conventional products in order not
to compromise environmental benefits with major environmental drawbacks.

Comparing and evaluating different environmental impacts is, however, by no means
straightforward because scientific knowledge and subjective value judgments have to be
combined in order to develop transparent evaluation criteria. The decision process in favor of
or against comparable product alternatives often involves weighing different environmental
impact categories within a sustainability framework (Kaenzig et al., 2004). Weighing always
implies value judgment and is therefore to some extent subjective. For this reason, the ISO
standard on life cycle impact assessment (LCIA) recommends “weighing [. . .] shall not be
used [in LCA] for comparative assertions disclosed to the public” (CEN, 2000).

Weighing is generally seen as a task for economic, environmental and political decision
makers. However, these decision makers often lack a rationale for decision finding.
Therefore, various methods for weighing environmental impacts were developed within
the LCA community.2 Weighing usually results in so-called ‘weighing factors’, which
express the contribution of one particular environmental impact category to the total
environmental impact of a particular product (Finnveden et al., 2002). Within a large
variety of different weighing methods such as proxy, technology abatement, monetization,
and panel approaches, distance-to-target methodology3 can be applied to evaluate the
various environmental impacts of bio-based and conventional products. Distance-to-target
approaches evaluate different environmental impact categories depending on the distance
between a current level of environmental pollution and a future environmental target value.

In this article we apply distance-to-target weighing methodology to evaluate and compare
the environmental performance of energy, fuels, and materials produced from biomass and
conventional fossil resources. The distance-to-target weighing methodology applied focuses
thereby on the environmental situation in Germany. This country is chosen because (i)
scientific studies are available proposing environmental standards and sustainability targets
for several environmental impacts, (ii) there is a huge interest in enhanced biomass utilization
in Germany, and (iii) there is still strong controversy among stakeholders, scientists and
politicians regarding the question, which options of biomass utilization (production of
energy, fuels, or materials) should be favored in the future.

The research presented in this article is based on earlier comparisons of bio-based and
conventional products as published by Weiss et al. (2004) and Weiss and Patel (in press).
The purpose of this article is, therefore, not only to assess the relative environmental impacts
of bio-based products with respect to four separate environmental impact categories but (i)
to apply distance-to-target methodology in order to analyze the environmental performance
of bio-based products by using a new technique in life cycle assessment and (ii) to study
the effect of the applied weighing methodology on the outcome and interpretation of the
analyzed life cycle assessment studies. To our knowledge, such an analysis has not been
performed so far. By applying distance-to-target weighing methodology, we furthermore
present a case study for one possible tool used for assisting the decision making process

2 For a comprehensive review of alternative weighing methodologies (see Finnveden et al., 2002).
3 The distance-to-target methodology applied here includes two steps, impact normalization and weighing.

For reasons of simplicity we refer in this article to distance-to-target weighing when describing the applied
normalization and weighing methodology (see Section 2.2).
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regarding the environmental performance of bio-based energy, fuels and materials, and their
conventional counterparts.

Following the introduction, we give a detailed description of the methodology applied to
compare the environmental performance of bio-based and conventional products (Section
2). We show the most important results of our research in Section 3. Special attention is,
thereby, paid to the question of which alternative for biomass use (production of energy,
fuels, or materials) is generally most favorable from an environmental point of view, as far
as generalized statements can be made. The results obtained and methodologies applied in
this article are critically discussed in Section 4. In the final Section 5, we draw conclusions
and discuss the relevance of our findings for bio-based energy, fuels, and materials.

2. Methodology

2.1. Comparison of life cycle assessment publications

In this article, we analyze the results of eleven LCA publications, which cover a total of
45 bio- and fossil-based product pairs (including energy, fuels, and materials) (Corbière-
Nicollier et al., 2001; Diener and Siehler, 1999; Dinkel et al., 1996; Dinkel and Waldeck,
1999; Gärtner et al., 2002; Müller-Sämann et al., 2002; Reinhardt et al., 2000; Reinhardt and
Gärtner, 2003; Reinhardt and Zemanek, 2000; Wötzel et al., 1999; Würdinger et al., 2002).
All selected studies compare bio-based energy, fuels, and materials with their conventional
fossil-based counterparts on a cradle-to-grave basis, i.e., they cover the entire process chain
from biomass production or the extraction of fossil resources, via processing of intermediate
and final products, up to the disposal of wastes. One important criterion for the selection of
the LCA publications for use in this analysis was that the respective studies assess more envi-
ronmental impacts than non-renewable energy consumption and fossil CO2 emissions alone.

The analyzed LCA publications refer to the situation in Europe and represent the state
of technology until the year 2002. The LCA publications analyzed in this article differ
considerably regarding the amount of background data published and the detail of expla-
nations given on methodology and results. Furthermore, the LCA studies vary from each
other regarding assumptions made on agricultural yields, treatment of agricultural residues,
allocation methods for high-value by-products, and waste treatment options. We did not
correct for all of these differences, instead, we compared bio-based and fossil products
based on the assumptions made in each respective LCA publication.4 The most important
assumptions made in the LCA publications analyzed are described in greater detail in Weiss
and Patel (in press).

From the various environmental impacts considered in the LCA publications, we select
four categories for our analysis in this article. The selection criteria are based on data avail-
ability and the quality of published background information. In this article we evaluate the
environmental performance of 45 product pairs made from renewable and fossil resources

4 This approach differs from the analysis done by Dornburg et al. (2004). There, the regional and producer-
specific LCA data are harmonized by (i) assuming identical average yields for agricultural crops, by (ii) assuming
waste incineration without energy recovery as the only waste treatment option, and by (iii) using life cycle data
for fossil-based polymers from one single source, i.e., APME (1999).
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by means of the following four environmental impact categories:

(i) non-renewable energy consumption5;
(ii) global warming potential;

(iii) eutrophication potential;
(iv) acidification potential.

We assume that the carbon dioxide originating from biomass is equivalent to the amount,
which was previously withdrawn from the atmosphere during the growth period of crops.
These CO2 emissions do, therefore, not contribute to the anthropogenic greenhouse effect.6

Fossil fuels required for biomass transport and processing as well as the production of aux-
iliaries (e.g., mineral fertilizers) are, however, accounted for. Furthermore, several LCA
publications differentiate between terrestrial and aquatic eutrophication potential (e.g.,
Würdinger et al., 2002). Others chose a different methodology and give the eutrophica-
tion potential in totals only (e.g., Corbière-Nicollier et al., 2001; Müller-Sämann et al.,
2002). We follow the latter approach and consistantly calculate eutrophication potential
as sum of terrestrial and aquatic eutrophication, expressed in phosphate (PO4) equivalents.
Acidification potential is uniformly expressed in this analysis in sulphate (SO4) equivalents.
While analyzing bio-based energy, fuels and materials, and their fossil counterparts, land is
only allocated to the production of bio-based products. This means that no reference land
use was defined for fossil-based products because quantities required producing the latter
are comparatively small (Weiss and Patel, in press).

We obtained the data for this analysis from the respective LCA publications. In a second
step, we recalculated the environmental impacts consistently for one hectare (1 ha) of
agricultural land. In the case of bio-based energy, fuels, and materials, this means that the
results refer to the amount of energy, fuel or material that can be produced from the yield
or a specific crop grown on one hectare of agricultural land (e.g., a yield of 38 tonnes of
potatoes per hectare used to produce a certain amount of starch based loose-fill packaging
material). For the petrochemical counterparts the equivalent amount of final product was
chosen as a reference.7 Specific crop yields and data on biomass processing were taken
from the respective LCA publications. In cases where agricultural yields are not reported,
we used data from Katalyse (1998) as estimates. The relative environmental impact of
bio-based and conventional product alternatives was calculated for each environmental
impact category separately:

REI(i,k) = EIbio-based(i,k) − EIfossil-based(i,k)

5 In this article, the term ‘non-renewable energy consumption’ refers to the consumption of non-renewable
primary energy resources.

6 The global warming potential of fossil-based greenhouse gas emissions is most likely calculated in the analyzed
LCA studies on the basis of 100 years (see e.g., Corbière-Nicollier et al., 2001or Würdinger et al., 2002). However,
the LCA publications included in this analysis differ greatly with respect to the given background information.
Therefore, we are not able to assess whether global warming potential is calculated consistently throughout all
studies included in this analysis. The resulting differences from this possible methodological inconsistency are,
however, minor with respect to the final results.

7 Especially bio-based fuels and materials have slightly different properties (e.g., different heating values or
densities) than their fossil counterparts. Equivalent amounts do, therefore, not necessarily mean similar mass or
volume of products but equivalent use value or consumer satisfaction.
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with REI(i,k) being the relative environmental impact equivalent of the bio-based versus
fossil product alternative, expressed in gigajoule per hectare and year [GJ/(ha a)] or
kilogram-equivalent per hectare and year [kg equivalent/(ha a)], EIbio-based(i,k) being the
environmental impact equivalent of the bio-based product alternative and EIfossil(i,k) the
environmental impact equivalent of the fossil product alternative, with i as index for the
environmental impact category and k as index for the product pair analyzed. As result of
this approach, negative values indicate advantages of bio-based energy, fuels, and materials
whereas positive values stand for environmental advantages of fossil product alternatives
per hectare of agricultural land.8

2.2. Weighing and aggregation of environmental impacts

The distance-to target weighing methodology applied in this article consists of three
steps, (i) normalizing the relative environmental impacts of bio-based and conventional
products, (ii) weighing environmental impact categories, and (iii) aggregating the product
specific values in each environmental impact category to one single environmental index.
These three steps are explained below.

As distance-to-target we define the difference between the current level of an environ-
mental pressure indicator and a future target value of the same indicator:

DTT(i) = CEB(i) − FET(i)

with DTT(i) being the distance-to-target value in [GJ/(ha a)] or [kg/(ha a)], CEB(i) the current
environmental burden and FET(i) the future environmental target for the environmental
impact category i. We relate the current environmental burden and the future environmental
target to the total agricultural land available in Germany.9 We chose this particular approach
because bio-based products only have the potential to reduce environmental impacts to the
extent that agricultural land is available for biomass production.

In the first step we normalize the relative environmental impacts of bio-based and con-
ventional product alternatives by dividing them by the distance-to-target value:

DNDTT(i,k) = EIbio-based(i,k) − EIfossil-based(i,k)

DTT(i)

with DNDTT(i,k) being the normalized relative environmental impact of a bio-based and fossil
product alternative k in the respective environmental impact category i. The goal of this
normalization is two-fold: (i) to determine the specific contribution of a particular product
alternative to reach a certain environmental target value and (ii) to obtain indices, which do
not have a physical dimension. In this way, the normalized relative environmental impacts
can be added to form one single environmental indicator. Based on the DNDTT(i,k) values,
however, this would imply that all environmental impact categories and all environmental
targets are per se equally important. In this analysis, however, we include additional specific

8 The results obtained by this approach imply that we assume full substitution of fossil-based products by their
bio-based counterparts.

9 The available agricultural land in Germany is 17.041 million ha based on Destatis (2003).
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weighing factors for each environmental impact category. The problem with weighing is
that it is always subjective and only scientifically justifiable to a limited extent. As criterion
for the importance of a particular environmental impact category we chose the ratio of
the current environmental burden to the future environmental target value. This way, an
environmental impact category is ranked higher, the greater the ratio between the current
environmental burden and a future target is:

WF(i) = CEB(i)

FET(i)

with WF(i) being the weighing factor for an environmental impact category i. The combined
environmental index value for each pair of bio-based and conventional energy, fuel, and
material is then calculated by the following formula:

CEI(k) =
∑

i

WF(i) × DNDTT(i,k)

with CEI(k) being the cumulative environmental index of a particular product pair k (con-
sisting of a bio-based product and its conventional counterpart). The general methodology
applied in this article is summarized in Fig. 1.

To define both the current environmental burden and future environmental targets, we
refer to the situation in Germany (Table 1). The environmental targets in Germany represent
benchmarks of sustainability, which were identified by scientific studies issued by the Fed-

Fig. 1. Overview of the methodology applied to analyze the environmental performance of bio-based and con-
ventional product pairs.
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Table 1
Current environmental burden and environmental target values for Germany

Environmental impact category Current
environmental
pressure (year)

Environmental
target

Distance-to-target
value

Weighing
factor

Source

Non-renewable energy consumption (GJ/(ha a)) 817 (2000) 251 566 3.2 UBA (2002a,b)
Global warming potential (Mt CO2/(ha a) 48.8 (2000) 14.3 34.5 3.4 BMU (2002), UBA (2002b)
Eutrophication potential (kg PO4/(ha a))a 78.4 (1999/2000b) 17.5 60.9 4.5 UBA (2005)
Acidification potential (kg SO2/(ha a))a 442 (1999) 134 308 3.3 UBA (2005)

a For terrestrial eutrophication and for acidification, the current environmental pressure and the future environmental target values base on critical load data (UBA,
2005). These data also refer to the area of one hectare. However, the values in Table 1 are recalculated for one hectare of agricultural land, on which potential reduction
of environmental impacts of products can be realized. The data in Table 1 are therefore not identical with the critical loads of ecosystems as stated by UBA (2005). For
a more detailed description of the recalculation method chosen, the reader is referred to Weiss (2004).

b Data for aquatic eutrophication are available for 2000 whereas data for terrestrial eutrophication are only available for the year 1999 (UBA, 2005).
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eral Environmental Agency of Germany and can therefore be used for the assessment of envi-
ronmental priorities and their integration into product and production related decisions.10

A sensitivity analysis is conducted to identify the impact of different weighing factors
on the final result of our analysis (Table 2). The chosen scenarios for the sensitivity analysis
are based on the qualitative evaluation of impact categories by UBA (1999) (Sensitivity-I)
and the assumption that all categories are equally important (Sensitivity-II). In the other two
scenarios we take a global perspective (global warming potential most important impact,
Sensitivity-III) and a regional perspective with eutrophication and acidification being most
important (Sensitivity-IV). Weighing factors for the sensitivity scenarios III and IV are
chosen to reflect extreme cases. They therefore reflect explorative choices made by the
authors and are not based on scientific evidence.

For final characterization, we divide the various options for biomass use into three cate-
gories, i.e. energy (power and heat), fuels, and materials. Median values11 of the cumulative
environmental indices are calculated separately for each of the three utilization options and
tested for statistical differences with the Mann–Whitney U-test.12

3. Results

In this section, we first present the results for the normalized relative environmental
impacts of bio-based products and their conventional counterparts in each of the four impact
categories. Afterwards, we give the cumulative environmental indices for each product pair
and we show results of the comparative analysis for the three options for biomass utilization.

3.1. Normalized environmental impacts

The normalized relative differences between bio-based and conventional products show
large variations, both between single product alternatives and among the different environ-
mental impact categories (Fig. 2).13

10 Defining the current environmental burden, we refer to the years 1999 and 2000 in order to assure consistency
because the most recent data for eutrophication and acidification in Germany are only available for these years
(UBA, 2005).
11 We chose the median here and not the arithmetic mean because the former is more resistant against statistical

outliers. This is of special importance for this analysis because the sample sizes are small and do not conform to
a Gaussian distribution.
12 The Mann–Whitney U-test is a non-parametric test suitable to compare test samples, which are typically small

and which do not show Gaussian distribution (Kottegoda and Rosso, 1997).
13 The normalized relative environmental impacts as presented in Fig. 2 have no physical unit and represent the

specific contribution of a product pair for reaching the future environmental target in one particular environmental
impact category. A value of −1, for example, indicates that the environmental target could be reached, if biomass
used to manufacture a particular bio-based product were grown on the total agricultural land available in Germany
(i.e., 17 million ha). By analogy, −2 means that using 50% of the total farmland for a particular biomass option
would be sufficient for reaching the environmental target, while −0.5 indicates that twice as much farmland as
available would be required tom future environmental targets. A positive value of 1, on the other hand, indicates
that the target value could be reached, if the quantity of bio-based products manufactured from the biomass, grown
on all German agricultural land, would be substituted by a conventional, fossil-based product equivalent.
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Table 2
Weighing factors applied in the sensitivity analysis

Environmental impact category Standard
scenarioa

Sensitivity-scenario
Ia

Sensitivity-scenario
IIa

Sensitivity-scenario
IIIa

Sensitivity-scenario
IVa

Non-renewable energy consumption (GJ/(ha a)) 3.2 1.8 3.6 4.8 0.8
Global warming potential (Mt CO2/(ha a)) 3.4 5.4 3.6 7.2 1.5
Eutrophication potential (kg PO4/(ha a)) 4.5 3.6 3.6 1.2 7.5
Acidification potential (kg SO2/(ha a)) 3.3 3.6 3.6 1.2 4.6

a The totals of all weighing factors have to be equal in order to assure compatibility of the results obtained for the different sensitivity scenarios.
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Fig. 2. Normalized relative environmental impacts of bio-based and conventional product alternatives ([1]
Corbière-Nicollier et al., 2001; [2] Diener and Siehler, 1999; [3] Dinkel et al., 1996; [4] Dinkel and Waldeck, 1999;
[5] Gärtner et al., 2002; [6] Müller-Sämann et al., 2002; [7] Reinhardt et al., 2000; [8] Reinhardt and Gärtner,
2003; [9] Reinhardt and Zemanek, 2000; [10] Wötzel et al., 1999; [11] Würdinger et al., 2002).
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3.1.1. Non-renewable energy consumption
All bio-based product alternatives consume less non-renewable energy resources than

their fossil counterparts during their entire life cycle. The values range from around −2.33
for the miscanthus-fibre/polypropylene (PP)14 transport pallet to −0.01 for polylactic acid
(PLA) packaging material produced from cornstarch. The outstandingly high value of the
miscanthus-fibre/PP transport pallet can possibly be explained by (i) the relatively high
hectare specific yield of miscanthus, (ii) the large proportion of the crop (70%) that is usable
for fibre-composite production but also by (iii) the high resource and energy requirements
for the production of the conventional glass fibre/PP pallet.

Substantial savings of non-renewable energy can also be achieved with disposable
plates, cups and polymer films made from potato and potato/corn starch (−0.51 to −1.02).
Ethyl-tertiary-butyl-ether (ETBE) produced from sugar beet and used as a substitute for
the anti-knock additive methyl-tertiary-butyl-ether (MTBE) scores best among all fuels
included in this analysis (−0.68). The substitution of conventional packaging materials
by corn or wheat based bio-materials and also the replacement of conventional diesel by
rape-seed methyl-ester (RME), sunflower methyl-ester (SME) or rape-seed oil offers com-
paratively minor savings of non-renewable energy (−0.06 to −0.10). Regarding RME and
SME, principally the energy intensive chemical conversions from raw oil to final fuel prod-
ucts prevent better performance of the bio-based product alternatives compared to their
conventional counterparts. The relatively poor performance of packaging materials pro-
duced from corn or wheat (−0.01 to −0.08) is caused by the relatively low specific yields
of crops used as starch source.

3.1.2. Global warming potential
The results for this category vary from −1.95 for the miscanthus/PP transport pallet to

+0.03 for loose-fill packaging material made from wheat starch. The results are strongly
correlated with the outcome in the category of non-renewable energy consumption because
energy production is the main source of fossil CO2 emissions. Consequently, products that
consume the least non-renewable energy sources throughout their entire life cycles offer
also the greatest reduction potential of CO2 emissions.

3.1.3. Eutrophication potential
The total results in this category range between −0.16 for the transport pallet and around

+0.73 for polymer films made from corn and potato starch. In general, bio-based energy,
fuels, and materials increase the environmental burden compared to their fossil counterparts.
Exceptions are, among others, the miscanthus/PP transport pallet and the fibre-reinforced
composite for cars (−0.09). The poor performance of bio-based products in this category is
largely caused by biomass production using conventional farming practices. Here, nitrate
leaching and particulate transport of phosphate to surface and ground waters from fertilizer
application as well as ammonia emissions from manure can be identified as the main sources
of eutrophication. However, improved soil cultivation practices, e.g. extensive and low- or
non-tillage farming, can reduce fertilizer losses substantially by (i) reducing the total amount

14 For this product alternative, only the fibres are produced from biomass, i.e., miscanthus. The polypropylene
(PP) part is made from conventional fossil feedstock.
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of fertilizers applied, (ii) improving the seasonal management of fertilizer application, and
(iii) reducing overall soil erosion from agricultural farmland. Precision farming may also
contribute to reduce the share of fertilizer losses, e.g., by leaching.

3.1.4. Acidification potential
The results in this category range from −1.45 for the miscanthus/PP transport pallet to

+0.15 for heat produced from wheat versus fuel oil. Relative to their fossil counterparts,
disposable plates and cups made from potato/corn starch as well as loose-fill packaging
materials produced from potato starch have the potential to reduce acidification consider-
ably. By contrast, the generation of heat from wheat or china reed and the production of
RME and especially ETBE produced from sugar beet (+0.11) increase acidification com-
pared to their fossil product alternatives. In general, the use of biomass for manufacturing
materials (polymers and fibre composite products) can help to reduce acidification. By
contrast, acidification is increased, if biomass is used to replace fossil resources used for
the production of energy (power/heat) and transportation fuels. The specific acidification
potential for energy, fuels, and materials is largely caused by sulphur and nitrogen oxide
emissions resulting from incineration processes. This holds for both bio-based and conven-
tional products. In addition, ammonia emissions from manure application are typically a
source for acidification caused by bio-based products.

3.2. Cumulative environmental indices

In the next step of our analysis, we weigh the normalized environmental impacts and
aggregate the results to one cumulative environmental index (Fig. 3). The values range
from −19.72 for the miscanthus/PP palette to +0.25 for packaging materials produced from
cornstarch. Apart from three options of starch-based packaging materials manufactured
from corn and wheat, all products show negative values, hence indicating the potential
of bio-based products to reduce environmental impacts compared to their conventional
counterparts. Relatively low environmental impacts are related to single-use cups (−7.57),
hemp fibre reinforced car composites (−4.49), and bio-ethanol (−2.69).

The median values for energy (−1.16) and materials (−1.02) are clearly below the one
for fuels (−0.32). The environmental index for materials shows the highest variation among
the three options for biomass use (Fig. 4). The results of the Mann–Whitney U-test indicate,
that differences between energy and materials on the one hand and fuels on the other are
significant, while the differences between energy and materials are not significant (at a
significance level of α = 0.05).

Both medians and individual values vary depending on the applied weighing factors
for each impact category (see also Table 2). The two extreme scenarios in the sensitivity
analysis are scenarios III and IV. Given the current environmental discussion with a focus
on climate change and the depletion of non-renewable energy resources, impact weighing
as it is done in the sensitivity Scenario-III reflects the priorities on mitigation of global
environmental impacts especially through anthropogenic greenhouse gas emissions. For
that purpose, global warming potential is weighted six times higher than eutrophication and
acidification. The sensitivity scenario IV takes a local/regional perspective while assuming
eutrophication and acidification to be more relevant than, e.g., global warming potential
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Fig. 3. Cumulative environmental index for bio-based energy, fuels, materials, and their conventional counterparts
(for references see caption of Fig. 2).
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Fig. 4. Results and sensitivity of medians and value ranges for the cumulative environmental indices.

(see also Table 2).15 In all sensitivity scenarios, bio-fuels score on average worse than
bio-energy and bio-materials. While bio-based products are favourable compared to their
conventional counterparts in the sensitivity scenarios I–III, this is not the case for scenario
IV where fossil-based energy, fuels, and materials score better than their bio-based product
equivalents. This is because eutrophication, an impact category where bio-based products
are generally inferior to fossil-based ones, is attributed with the highest weighing factor.
The results of the sensitivity analysis demonstrate that weighing of impact categories has a
profound impact on the final outcome of the analysis (see also Section 4.2).

4. Discussion

In the first part of the discussion, we focus on methodological aspects and uncertainties
related to our analysis. In the second part, we discuss the main results and their implication
for future research as well as for decisions regarding the promotion of bio-based products
in greater detail.

4.1. Discussion of distance-to-target weighing methodology

The results presented in this article are based on the most important comparative LCA
studies on bio-based energy, fuels, and materials published. The studies analyzed, however,
vary considerably regarding system boundaries, allocation methods, waste management,
and the treatment of agricultural residues. Uncertainties related to both methodological
choices as well as errors resulting from data collection may have a significant effect on the
outcome of individual life cycle assessment studies. For a more detailed discussion of the
effect of these parameters on the primary results of our analysis, i.e., direct environmental

15 An example could be the Erzgebirge region in southern Saxony, Germany where (i) dramatic damage of spruce
forests occurred in the 1980s due to deposition of acidifying substances emitted by large scale lignite and briquette
combustion (Bitter et al., 1998) and (ii) eutrophication of surface waters continues to be a problem due to run-off
from agricultural land along side mountain slopes.
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impacts of product alternatives in the respective impact categories, we refer to Weiss et al.
(2004) and Weiss and Patel (in press).

The normalized results obtained for each product pair in the respective environmental
impact category strongly depend on the level of both the current environmental burden and
the future environmental target. The reference year chosen for the current level of environ-
mental burden is critical for the results of the normalization, especially for the categories of
eutrophication and acidification, where environmental impacts were reduced substantially
in the last years. It is therefore likely that the values from 1999/2000 used in our analy-
sis overestimate current levels of eutrophication and acidification in Germany to a larger
extent than they overestimate greenhouse gas emissions and consumption of non-renewable
energy resources. These findings might also have a significant impact on the weighing fac-
tors applied for the respective environmental impact categories. While the weighing factors
chosen for this analysis range between 4.5 for eutrophication and 3.2 for the consumption
of non-renewable energy resources (see Table 2), a substantial decrease of eutrophying and
acidifying emissions might have resulted in much lower weighing factors for these impact
categories. This is considered in the sensitivity analysis (scenario III), where a lower weight
assigned to the categories of eutrophication and acidification leads to lower average values
of the environmental index (see Fig. 4) and hence to a better overall performance of bio-
based products compared to their fossil counterparts. An increased production of biomass
for non-food purposes may, however, also lead to large-scale, intensive biomass cultivation
and reduced attention to avoid higher residuals of contaminants in the harvested biomass,
soil and groundwater. This could lead to increased eutrophication and local environmen-
tal pressure, which is reflected in the scenario IV. In this weighing scenario, bio-based
substitutes on the average are no longer preferable to fossil based products.

Furthermore, normalization with distance-to-target values may lead to biased results
because small distances between current environmental pressures to future targets lead to
relatively high normalized values for the respective environmental category. Conversely,
large distance-to-target values, cause relatively small normalized differences as it is shown
below:

lim
(CEB(i)−FET(i))→0

(
EIbio-based(i) − EIfossil-based(i)

CEB(i) − FET(i)

)
= ∞

lim
(CEB(i)−FET(i))→∞

(
EIbio-based(i) − EIfossil-based(i)

CEB(i) − FET(i)

)
= 0

This feature is problematic because the values resulting from normalization will be
highest for environmental categories where the distance-to-target is smallest, i.e., where
the environmental target value is almost reached. To partly compensate for this effect, we
introduced weighing factors for each environmental impact category as follows:

lim
(CEB(i)−FET(i))→0

(
CEB(i) × (EIbio-based(i) − EIfossil-based(i))

FET(i) × (CEB(i) − FET(i))

)
= ∞

lim
(CEB(i)−FET(i))→∞

(
CEB(i) × (EIbio-based(i) − EIfossil-based(i))

FET(i) × (CEB(i) − FET(i))

)
= 0
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However, the general mathematical characteristics of the cumulative environmental index
are identical to those of the normalized difference values.

While the current environmental pressures studied are measurable environmental param-
eters, this is not the case for the future target values. The latter are only to a certain
extent scientifically based because they also reflect subjective value judgements and express
political priorities. The environmental targets used for this analysis are only valid for Ger-
many. This implies that other countries may define different environmental targets than
the ones chosen here. The regional scope of distance-to-target weighing methodology is
also important because large parts of the environmental impacts of agricultural biomass
production have a local or regional impact (e.g., surface and ground water eutrophica-
tion). Substantial changes in either the environmental targets or the distance-to-target
values between countries or regions will certainly affect the environmental indices cal-
culated in this article. As the sensitivity analysis demonstrates, different priorities on a
regional scale can lead to different weighing factors for each environmental category and
might ultimately lead to different conclusions regarding the superiority of one product
alternative over another. The cumulative environmental index reflects all of these charac-
teristics.

Finnveden et al. (2002) developed a set of criteria for the evaluation of weighing methods.
One main argument stated against distance-to-target methodology is that this method usually
assumes equal importance of different environmental impact categories. We account for
this argument and weigh the different impact categories with a quotient of the current
environmental pressure and its future environmental target.

Furthermore, and this seems to be the most important reservation for the interpretation
of the results, the environmental categories considered in this analysis reflect only a part
of the potential environmental impacts caused by bio-based and conventional products.
Other important effects such as eco- and human-toxicity, stratospheric ozone depletion,
degradation of biodiversity, and implications on global land use are not addressed in this
analysis. This is not only due to the weak data situation in the individual LCA publications,
it also reflects that there is still a considerable lack in the provision of harmonized LCA
impact categories. Moreover, some impact categories such as eco-toxicity, biodiversity and
land use seem to be hardly accessible with the LCA methodology and call for a widening
of the analytical framework.

The results presented in this article, therefore, highly depend on the selection of impact
categories, which seem to be somewhat biased towards issues related to fossil energy
consumption (which cause also acidification) and they are also influenced by the specific
distance-to-target methodology chosen. A different weighing methodology would have most
likely resulted in different outcomes than the ones presented here. For example, Daniel et
al. (2004) studied the effect of various environmental impact assessment methods on LCA
results for two alternative end-of-life scenarios of used starter batteries. Using the same
life cycle inventory data, they found tremendous differences in the results depending on
the assessment method chosen. This finding reflects the dilemma of weighing in general
because it shows the variability of the final result depending on factors, values, and standards
chosen for final evaluation.

As a consequence, the result of a weighing procedure must always be seen in close
conjunction with the basic assumptions and meaning of the valuation procedure. In this
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analysis, the comparative assessment of substitutive effects of bio-based energy, fuels, and
materials are evaluated on the basis of only four impact categories for which environmental
targets exist. If these are taken as indicators of political priorities, the outcomes do provide
some orientation.

4.2. Discussion of the results

The results show the environmental potential of biomass replacing conventional fossil
resources for the production of energy, fuels, and materials. The cumulative environmental
index for the various product pairs shows relatively small variation for energy and fuels
but large value ranges for materials. The median values calculated for the different options
of biomass utilization, i.e., energy (−1.16), fuels (−0.32), and materials (−1.02) show
that bio-energy and bio-materials offer greater potentials to reduce negative environmental
impacts than bio-fuels.16 These results are largely caused by the relative energy intensive
conversion of plant oils into final fuel products. The direct consumption of rape-seed or
sunflower oils for transportation and the increased utilization of bio-ethanol would certainly
reduce negative environmental impacts associated with bio-fuels.

Compared to all other product alternatives studied, the result for the transport pallet (mis-
canthus/PP versus glass-fibre/PP) is exceptional. The extreme index of −19.7 demonstrates
the importance of the chosen fossil product equivalent on the final results of a compar-
ative LCA. A less energy and material intensive product alternative than glass-fibre/PP
(e.g., conventional PP pallets or even wood pallets) would have, most certainly, reduced the
environmental benefits of the miscanthus/PP pallet compared to the fossil counterpart. In a
positive sense one may conclude that the substitution of bio-based products for fossil ones
make more sense the higher the energy intensity of conventional products is.

For the interpretation of the final environmental index values it is important to note that
energy and fuels can be produced from biomass by using largely conventional technologies
(e.g., co-firing of biomass in conventional coal/lignite fired power plants, transesterification
of rape-seed oil to rape-seed methyl-ester). This is only to a much lesser extent the case
for materials produced from biomass. As a consequence, bio-materials are still in their
infancy and LCA data are often based on small plants operating in the pilot phase. Hence,
further reductions of negative environmental impacts of bio-materials can be expected from
technological improvements and scale effects of mass production of bio-materials in the
future.

Regarding the reduction potential of negative environmental impacts it is, furthermore,
important to note that bio-materials (especially the ones included in this analysis) are
niche products compared to bio-energy and bio-fuels. Even the market volumes of con-
ventional loose-fill packaging materials, polymer-films or car panels are small compared to
the markets for energy and fuels. While the potential to reduce the environmental impacts is
relatively high for materials on the level of individual products, the overall societal reduction
potential of environmental impacts depends on the future total demand for bio-materials

16 However, the results in Fig. 3 indicate the relatively high environmental potential of bio-ethanol compared to
RME produced from rape-seed. The conclusion stated here might change, if this analysis had included more LCA
studies on bio-ethanol.
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and still needs to be explored. The current development is characterized by a subsidization
of energy and fuel production from biomass. The technologies for bio-fuel production may
be used as an interim step towards the implementation of bio-refineries, which in the long
run may primarily produce bio-materials (with the energy content being recovered after the
end of the life cycle of the resulting products).

The most important limitation to the wide application of biomass in the medium and
long term arises from the availability of agricultural land. Most of the agricultural land
is currently used for the production of food and feed. Set-aside land in the EU represents
only a small proportion (below 10% of total agricultural land) and is already used for the
production of non-food biomass (Bringezu and Steger, 2005). The global agricultural land
use of the EU exceeds the domestic agricultural land by nearly 20% (Bringezu and Steger,
2005). The situation in the new member states is not significantly different from the EU-
15 in terms of land availability for non-food purposes (Kavalov et al., 2003). Significant
potentials for biomass production exist in the tropics, however, the expansion of arable land
for products such as sugar cane or soy beans often comes at the expense of natural forests and
grasslands. A rising demand of bio-fuels or bio-materials in the EU will probably contribute
to the expansion of global arable land and the degradation of natural ecosystems (Bringezu
and Steger, 2005). In addition, long distance transportation of raw biomass, intermediate
and final products from continents such as South America to consumers in Europe would
partly reduce the energy and emission reduction benefits of bio-based products.

The results of the different weighing scenarios underline a fundamental trade-off
between local and regional environmental impacts on the one hand and global impacts
on the other. If local and regional targets for environmental improvement were to be
given highest priority (as in scenario IV), then bio-based products should not be pre-
ferred against fossil based conventional products.17 However, the existing policy tar-
gets strike a certain balance in reaching environmental quality targets for local and
regional as well as global environmental relief (which is reflected by similar weighing
factors, see Table 2). Nevertheless, the use of biomass for mitigating global environmen-
tal problems can to date only be realized if significant local and environmental effects
are accepted such as land use for biomass production and the associated environmental
pressure.

The ecological disadvantages of bio-based products in the impact categories of eutrophi-
cation and acidification mainly arise from biomass production with conventional agricultural
practices. Würdinger et al. (2002) have shown in their LCA study on loose-fills produced
from wheat starch that extensive farming practices offer great potential for reducing envi-
ronmental impacts compared to conventional farming practices in all four environmental
categories. These results demonstrate that bio-based products do not score per se worse than
conventional products with respect to eutrophication. Future biomass production should,
therefore, aim (i) to reduce losses of fertilizer, manure and pesticides to the environment
by improved management and application and (ii) to reduce on site soil erosion by, for
example, non- or low-tillage cultivation practices. A reduction of eutrophication potential
associated with biomass production remains, however, doubtful, if farming practices will

17 This statement holds considering the four environmental impact categories analyzed in this article. The inclu-
sion of other categories might, however, change this conclusion.
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not be changed. At the same time, additional environmental impacts may arise from the
use of genetically modified crop varieties. These impacts, especially on human health and
biodiversity, are to date subject to ongoing research activities (e.g., Rischer and Oksman-
Caldertey, 2006; Thompson et al., 2003; Myhr, 2002).

While considerable attention is paid in LCA studies and ongoing research to issues
related to agricultural production and waste management, relatively little is known about
the total environmental impact and improvement potentials for the conversion of bio-based
feedstock to new fuels, materials and chemicals. This holds, in particular, for biotechno-
logical processes as, for example, applied for the production of PLA and ethanol (note that
all other products shown in Figs. 2 and 3 imply conventional chemical conversion, sim-
ple blending or incineration). In view of substantial progress being made in biotechnology,
major opportunities for reducing environmental impacts are expected. To exploit them fully,
technological as well as logistical shortcomings need to be overcome (Weiss and Patel, in
press).

5. Conclusions

The ecological evaluation of bio-based products is complicated by the fact that these
products have both positive and negative environmental effects compared to their fos-
sil counterparts. Weighing of different environmental impacts, therefore, always requires
decisions regarding the priorities of impact assessment in order to evaluate the overall
environmental performance of a particular product. The information available for this deci-
sion finding consists in most cases of a mixture of scientific knowledge, assumptions and
subjective value judgements. In the current environmental debate, the focus is clearly on
savings of non-renewable energy resources and greenhouse gas emissions. However, this
one-sided emphasis is often driven by a global perspective and disregards environmental
impacts relevant on a regional level such as eutrophication or acidification. In this arti-
cle, we introduce distance-to-target methodology as an attempt to comparatively evaluate
the environmental performance of bio-based energy, fuels, and materials. The results of
this analysis demonstrate that the potential of bio-based products to reduce negative envi-
ronmental impacts compared to their fossil counterparts strongly depends on the value
assumptions.

Given the uncertainties and the subjectivity associated with the applied methodology,
we do, however, not recommend applying distance-to-target weighing as an inherent step
of LCA. Rather, we emphasize that weighing can be used as an additional step at the level
of practitioners and stakeholders aiming for decisions based on LCA results. As such, this
article goes beyond conventional LCA methodology and demonstrates a certain rationale (in
a real case example for bio-based products and their conventional counterparts) for decision
support in business, society and policy. The discussion of the results of the applied distance-
to-target methodology reflects the related uncertainties and problems associated with the
approach chosen. Despite the methodological shortcomings discussed above, we conclude
that this analysis gives not only valuable insights into the environmental performance of
bio-based energy, fuels, and materials but also into the boundaries and potentials of distance-
to-target weighing methodology.
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Diener J, Siehler U. Ökologischer Vergleich von NMT-und GMT-Bauteilen. Die Angewandte Makromolekulare
Chemie 272. Seiten; 1999. p. 1–4.
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Weiss M. Flächenbezogener Vergleich von Umweltbelastungen durch Produkte auf Basis nachwachsender und
fossiler Grundstoffe. Master thesis. TU Bergakademie Freiberg. Freiberg, Germany; 2004.

Weiss M, Patel M. On the environmental performance of bio-based energy, fuels, and materials—a comparative
analysis of life cycle assessment studies. In: Miertus S, Graziani M, editors. Renewable resources and renewable
energy: a global challenge. C.R.C. Press; in press.

Weiss M, Bringezu S, Heilmeier H. Energie, Kraftstoffe und Gebrauchsgüter aus Biomasse: Ein flächenbezogener
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