Cumulative energy demand as predictor for the environmental
burden of commodity production
Mark, A.J. Huijbregts*†, Stefanie Hellweg‡, Rolf Frischknecht§, Harrie W.M. Hendriks┴, Konrad
Hungerbühler††, A. Jan Hendriks†

† Department of Environmental Science, Institute for Wetland and Water Research, Faculty of
Science, Radboud University Nijmegen, The Netherlands
‡ Institute of Environmental Engineering, ETH Zurich, Switzerland
§ ESU Services, Kanzleistrasse 4, 8610 Uster, Switzerland;
┴ Department of Mathematics, Faculty of Science, Radboud University Nijmegen, P.O. Box
9010, NL-6500 GL Nijmegen, The Netherlands;
†† Institute for Chemical- and Bioengineering, ETH Zurich, CH-8093 Zürich, Switzerland
* Corresponding author phone. ++31 24 3652835, fax. ++31 24 3553450; E-mail:
m.huijbregts@science.ru.nl

This document is the unedited Author’s version of a Submitted Work that was
subsequently accepted for publication in Environmental Science & Technology, copyright
© American Chemical Society after peer review. To access the final edited and published
work see http://pubs.acs.org/doi/abs/10.1021/es902870s.

Brief
Cumulative energy demand is a good screening indicator for the overall life cycle environmental
impact of many non-agricultural goods.
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Abstract
Cumulative energy demand has been used as a methodology to assess life cycle environmental
impacts of commodity production since the early seventies, but has also been criticized because it
focuses on energy only. During the past 30 years there has been much research into the
development of more complex single-score life cycle impact assessment methodologies.
However, a comprehensive analysis of potential similarities and differences between these
methodologies and cumulative energy demand has not been carried out so far. Here we compare
the cumulative energy demand of 498 commodities with the results of six frequently applied
environmental life cycle impact assessment methodologies. Commodity groups included are
metals, glass, paper and cardboard, organic and inorganic chemicals, agricultural products,
construction materials, and plastics. We show that all impact assessment methods investigated
often provide converging results, in spite of the different philosophies behind these
methodologies. Fossil energy use is identified by all methodologies as the most important driver
of environmental burden of the majority of the commodities included, with the main exception of
agricultural products.We conclude that a wide range of life cycle environmental assessment
methodologies point into the same environmental direction for the production of a wide range of
commodities.
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Introduction
Changing society in the direction of large-scale application of more sustainable production
technologies and life styles is one of the most challenging tasks faced by humanity. To evaluate
the environmental performance of human activities and to identify improvement potentials, a
large number of assessment methodologies and corresponding indicators have been proposed (13). One distinct group of methodologies assesses the resource extractions and emissions caused
by the making, use and disposal of products, also called life cycle assessment (LCA)
methodologies. The underlying philosophy is to take into account all relevant pressures during
the complete life cycle of a material, product or service (4-6).
For the interpretation of resource use and emissions of commodities, a large number of LCAmethodologies are used to assess the environmental performance. These methodologies can be
subdivided into two classes (7-15). The first class of assessment methodologies produces
relatively simple resource-oriented indicators, such as demand of energy or area. Resourcerelated methodologies considered here are, apart from Cumulative Energy Demand (CED; 8), the
Ecological Footprint (EF; 9, 10) and the Cumulative Exergy Extraction from the Natural
Environment (CEENE; 11, 12). The CED represents the direct and indirect energy use, including
the energy consumed during the extraction, manufacturing and disposal of the raw and auxiliary
materials (8). EF quantifies the demand of humans on natural capital in terms of biological
productive area (9). CEENE depicts total exergy deprived from nature to provide a material,
summing up the exergy of all energy resources, non-energy resources and land required (11).
Exergy accounts for the maximum amount of work when bringing the resource's components to
its reference state (12).
The second class of assessment methodologies aims at analyzing emissions and resource
extractions related to the life cycle of a product in terms of environmental impacts, producing
‘impact-related’ indicators (7). For instance, the climate footprint is a measure of the total amount
of carbon dioxide equivalent greenhouse gas emissions over the life cycle of a material, assessing
the impact of a product to global warming (16-18). Methodologies that address a wide range of
different stressors are the Environmental Priority Strategy (EPS), Ecological Scarcity (ES) and
Eco-Indicator 99 (EI) (13-15). These three methodologies differ with regard to the types and
number of resources and emissions they assess as well as to the underlying environmental
models. Moreover, the final weighting step between the various impact categories considered
(e.g. acidification, climate change and abiotic resource depletion) is based on different principles:
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EPS uses a Willingness-to-Pay monetarization approach, Ecological Scarcity measures the
“distance to political targets” (e.g. regulatory thresholds or political goals) and Eco-indicator uses
expert enquiries to set up a weighting scheme.
As the various assessment methodologies have fundamentally different starting points and
require different data input, it is not known how the results relate to each other. There is also no
agreement on which methodology should be considered as the ‘golden standard’, as every
environmental assessment methodology has its own strong and weak points. Here we analyze the
outcome and the underlying relationships between CED and the six environmental assessment
methodologies mentioned above based on the results for production life cycles of 498
commodities. We selected CED as a benchmark, as it is the life cycle methodology with the
longest scientific history, the lowest number of environmental interventions required (see Table
S3) and the lowest data uncertainty involved.

Methodology
Inventory database. To allow for a meaningful method comparison, quality-controlled emission
and extraction data for the production of commodities are required. The ecoinvent database v1.3
combined with up-to-date inventory data from the European Plastics Industry was used for this
purpose (19-21). Ecoinvent applies consistent system boundaries with coherent background
processes, such as transport, electricity, heat and infrastructure, for all commodities included. The
database also includes a relatively large set of environmental interventions: 148 resources and
844 emissions to soil, air, and water (19). A large coverage of environmental interventions was
necessary to adequately compare different types of environmental assessment methodologies, of
which some assessed a wide range of emissions and resources. Table 1 provides an overview of
the total number of resource extractions and emissions taken into account in the various
environmental assessment methodologies included in the comparison.
We defined two inventory sets to be used in the method comparison. The first set includes the
complete supply chain for the commodity life cycles considered. This is the standard selection,
called “default scenario” in the following, and resembles all emissions and extractions of the
production of the commodities. A second inventory set was developed to demonstrate for every
assessment method the importance of fossil fuel use. In this dataset, we systematically excluded
processes from the supply chain that are fuelled by fossil energy, i.e. transport, electricity and
heat production processes. Fossil feed stocks, as applied in the production of organic chemicals
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and plastics, were excluded in this database as well. The difference between this and the first
inventory dataset resembles the impact of fossil fuel use for all commodities investigated. Two
ways to exclude fossil-related process data were employed. First, the underlying processes of
electricity production, heat production and transport based on fossil energy carriers, included as
specific processes, were removed from the database. This also included the infrastructure
connected to these processes, such as the plant for electricity generation and the truck for road
transport. Second, for 88 commodities the process sheets were adapted by removing fossil heat
related emissions, as in these cases the emissions for heat production were directly assigned to
the commodity production process (Table S1).
The inventory data for a number of commodities was available in ecoinvent on a fully
aggregated level only. In these cases, the emissions and extractions could not be directly
subdivided in fossil-related and non fossil-related emissions and extractions as mentioned above.
For 40 commodities, mainly organic chemicals and plastics, we were able to update the ecoinvent
database with inventory data from the European Plastics Industry (20). This new dataset sample
enabled us to subdivide the inventory outcomes of these commodities in respectively fossil and
non-fossil related interventions. The single scores for the remaining commodities with aggregated
data only were excluded from further analysis but maintained as background processes in the
database. Because of the inter-linkage between the process data in the inventory analysis, the
aggregated data can also indirectly influence the results of other commodities. For this reason, we
also excluded commodities from the statistical analysis in the case that the remaining fossil CED
in the non-fossil scenario was larger than 1% compared to the fossil CED in the default scenario.
For commodities that have unit processes that hardly differ from one another, such as the
production of the pesticide Glyphosate in respectively Switzerland and Europe, only the product
with the largest geographical coverage was further included in the analysis. This minimizes the
interdependency between the production processes. Ultimately, we performed the statistical
analysis with inventory data for production life cycles of 498 commodities (Table S2).
Cumulative energy demand. The Cumulative energy demand (CED) of a product
represents the direct and indirect energy use throughout the life cycle, including the energy
consumed during the extraction, manufacturing and disposal of the raw and auxiliary materials
(8, 22-23). The total CED is comprised of the fossil cumulative energy demand CEDfossil in
units of MJ (i.e. from hard coal, lignite, peat, natural gas, and crude oil) and the CED of nuclear,
biomass, water, wind and solar energy in the life cycle. Typical upper heating values for the
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primary energy resources required in the CED calculations were taken from the ecoinvent
database (24) and are listed in Table S3
Ecological footprint. The Ecological Footprint (EF) is a method for estimating the
biologically productive area necessary to support human consumption patterns (9). The EF
deliberately includes activities that are potentially sustainable only, i.e. the use of potentially
renewable functions and services of nature. Contamination of nature by persistent compounds,
for instance, is excluded from the analysis (25, 26). In the context of LCA, the ecological
footprint is defined as the sum of direct land occupation and indirect land occupation, related to
fossil and nuclear energy use, over time by human society. For the products included in the
analysis, direct land occupation over time (m2-Eq.yr) is defined by (i) built-up area, (ii) forest,
(iii) cropland, (iv) pasture and (v) hydropower area. Equivalence factors (EqF), taken from
Wackernagel et al. (26), adjust each type of land for bioproductivity. One global area unit (m2) is
equal to one area unit with productivity equal to the average productivity of all the bioproductive
area on Earth. High-productivity lands, such as cropland, have a high EqF, and low-productivity
lands, like pastures, have a low EqF (26). The fossil energy footprint estimates the additional
biologically productive area required to sequester atmospheric fossil CO2 emissions through
afforestration (26). Following Wackernagel et al. (26), the nuclear energy footprint is calculated
as if it were fossil energy. More details about the characterization factors used can be found in
Huijbregts et al. (10) and Table S4
Cumulative exergy extraction. Exergy analysis assesses the quality and quantity of a
resource, representing the upper limit of the portion of the resource that can be converted into
work, given the ambient environmental conditions (12). The cumulative exergy extraction from
the natural environment (CEENE) quantifies the exergy “taken away” from natural ecosystems
over the life cycle of a commodity. The CEENE method sums eight categories of resources
withdrawn from the natural environment: renewable resources, fossil fuels, nuclear energy, metal
ores, minerals, water resources, atmospheric resources and land resources (11). Exergy data on
reference flows were all taken from Dewulf et al. (11) and listed in Table S5
Climate footprint. The climate footprint is a measure of the total amount of carbon dioxide
equivalent emissions over the production life cycle of a commodity (27), using the Global
Warming Potential for a 100 year time horizon (kg CO2-Eq/kg), as a weighting factor. Global
Warming Potentials were taken from Forster et al. (28) and can be found in Table S6.
Ecoscarcity. The EcoScarcity 97 method (ES) is based on the “distance-to-target” principle
(14). It compares the existing flow of a substance with the critical flow defined by political
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targets. The ecofactors calculated from the current and critical flows are a measure of the
ecological relevance of the emission and resource use concerned and permit the calculation of a
single product-specific environmental score. The types of emissions and resource use included in
the ES-method can be found in Table S7.
Environmental Priority Strategy. The Environmental Priority Strategy method (EPS)
addresses the environmental impacts related to the development of products (13). For the
weighting of environmental effects a monetary approach is chosen, based on the principle of
Willingness to Pay (13). The EPS-method defines overall environmental impacts in terms of
environmental load units (ELU), equal to the monetary unit ‘Euro’. The types of impacts
included in the EPS-method are specified by Steen (13) and listed in Table S8
Ecoindicator. The EcoIndicator 99 method (EI) calculates damages towards a small set of
comprehensive protection targets, i.e. human health, ecosystem quality and resources. These
damages can be further aggregated to obtain an overall impact score for a product. Weighting
factors for the three protection targets are defined by a panel procedure (15, 29). The types of
impacts included in the EI-method can be found in Goedkoop and Spriensma (15). Fundamental
uncertainties in the methodology are quantified by calculating scores for three different world
perspectives (Egalitarian, Hierarchist, and Individualist). The Ecoindicator method based on the
hierarchic perspective and average weighting set, recommended by Goedkoop and Spriensma
(15) as the default method, is used here (see Table S9).
Statistical analysis. Log-linear regression analysis was performed to correlate cumulative
energy demand to the impact scores of the other six methodologies included. The regression
analysis was performed using the standard and non-fossil inventory set, respectively. Results are
provided for all commodity groups together as well as per individual commodity group. All
results were normalized to 1 kg commodity to avoid distortions in the statistical analysis due to
largely different (and arbitrary) sizes of the functional units. Furthermore, for each commodity
group and method we calculated the average reduction for the score of all materials included in
that group after excluding fossil energy from the inventory analysis. For the non-fossil part of the
scores, we derived which fraction of the remaining impact was caused by respectively (i) the
emission of pollutants, (ii) the use of resources and (iii) the occupation and/or transformation of
land.

Results
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Figure 1 indicates that cumulative energy demand correlated well to other indicators (R2 = 0.610.83; P < 0.001) in the default scenario. The uncertainty in the predictability of the regression
equations of the cumulative energy demand is +/- a factor of 3 to 4 covering all commodity
groups (Figure 1; 90% confidence interval), except for the EPS methodology. For the EPSregression the uncertainty is higher (+/- a factor of 11; 90% CI) due to the relatively high EPS
impact scores for particular metals, such as mercury, platinum, rhodium and palladium
production. For metal production, resource scarcity of minerals has a prominent contribution to
the EPS-scores. Further note that the CF-score of the plastic tetrafluoroethylene and the ES-score
of liquid mercury production are relatively high compared to the CED of these commodities
(respectively Figure 1C and 1D). HCFC-22 emissions in the production of tetrafluoroethylene
and mercury emissions to air in the production of liquid mercury explain the relatively high
indicator scores. In contrast, the indicator scores of the construction material cob are found to be
relatively low compared to the CED of this commodity. This commodity has a relatively high
biomass CED, while the underlying production processes cause relatively low environmental
impacts.
Table S10 in the Supporting Information shows that the explained variance of the
commodity-specific CED regressions is high for all commodity groups and methods included (R2
> 0.6), except for agricultural products for all methods included (R2 = 0.36-0.47), paper and
cardboard for EPS and CF (R2 < 0.05) and plastics for EF (R2 = 0.21). For agricultural products,
the low explained variance by CED can be explained by the fact that for this commodity group
the CED is dominated by the biomass feedstock CED which is rather constant per unit of
commodity produced. Environmental impacts, however can substantially differ between the
various agricultural practices due to differences in land use intensity, nutrient emissions and
pesticide application. For paper and cardboard, the CED is generally dominated by the use of
biomass feedstock as well. The EPS scores within this commodity group are, however, mainly
determined by a combination of fossil fuel related impacts and depletion of mineral resources.
The CF scores for paper and cardboard production are mainly determined by CO2 emissions
caused by burning fossil fuels. As the use of biomass feedstock has no specific relation with the
use of fossil fuels and mineral resources, this difference clarifies the low explained variance of
the CED towards EPS and CF for paper and cardboard production. For plastics, the low
explained variance by the CED for the EF can be clarified by the fact that the CED of this
commodity group is mainly determined by the use of fossil feedstock, while the EF is mainly
explained by CO2 emissions caused by burning fossil fuels.
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Figure 2 shows that in the non-fossil energy scenario the explained variance of the CEDbased regression equations is much higher for the resource-oriented methodologies (CEENE, EF)
compared to the impact-oriented methodologies (CF, EPS, EI and ES), i.e. R2 = 0.73-0.84 versus
R2 = 0.23-0.47. These regression results indicate that non-fossil CED has relatively little
connection to non-fossil related environmental impacts with regard to the methods CF, EPS, ES
and EI, while non-fossil exergy extraction and non-fossil ecological footprints are more closely
related to the non-fossil CED. This finding implies that the life cycle use of fossil energy is an
important explaining variable for the correlation between CED and the impact-related
methodologies CF, EPS, EI and ES.
Figure 3 indicates that within all methodologies assessed fossil energy use is dominant (>
50% contribution) for the majority of the commodity groups included, with a small number of
exceptions. For agricultural products, the use of fossil resources is classified as less relevant than
other interventions, according to the majority of methods applied. This is primarily due to
nutrient emissions for ES, emissions of non-fossil related greenhouse gases in the case of CF, i.e.
methane (CH4) and nitrous oxide (N2O), and land use for CEENE, EF, and EI. A similar picture
is seen for paper and cardboard, though the importance of fossil resources tends to be higher than
for agricultural products. Furthermore, for the impact-oriented methodologies (ES, EPS, EI),
fossil-related impacts make up less than 50% of the weighted impact for metals and inorganic
chemicals, except for the EI evaluation of inorganic chemicals. Figure 3 also indicates that the
relative importance of the remaining non-fossil impacts between the stressor categories pollution,
resource use and land use widely differs between the methodologies. For instance, in the
Ecoscarcity methodology pollution of nutrients and metals is weighted rather strongly. On the
contrary, according to Ecological Footprint, Cumulative Exergy Extraction and Ecoindicator,
land use is the most important non-fossil stressor.

Discussion
In the present paper, cumulative energy demand accounting was compared with six other singlescore environmental assessment methodologies. A coherent comparison of the methodologies has
been assured by applying a consistent life cycle inventory dataset sample consisting of 498
materials. Although we applied state-of-the-art life cycle inventory and environmental assessment
methodologies in our analysis, there are inherent uncertainties connected to the information
employed. First, cradle-to-gate interventions in commodity production are inventoried, excluding
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emissions during the use phase and disposal phase of the commodity life cycles. Emissions
during commodity application and disposal may, however, be relevant in some cases, particularly
for construction materials (30). Second, lacking information on toxic emissions and
corresponding impact factors is a common problem in LCA studies (31). Trace emissions may
not always be known for all production facilities and not all toxic emissions have an impact
factor within the impact-oriented assessment methodologies employed. Another shortcoming in
the current study is that we evaluated the usefulness of CED with the environmental impacts
assessed by other single-score methodologies, but not with observed environmental impact. This
implies that in the current work, impacts that are generally missing in LCA have not been tested
with regard to the CED either. For instance, water scarcity, thermal pollution and indoor exposure
to chemicals are neglected by the single-score methodologies included in the comparison (32,
33). Whether these impacts have a good correlation with the CED remains to be tested. Finally,
our analysis is based on a process-based life cycle inventory database that contains potential
errors associated with the truncation towards higher-order upstream data requirements.
Combining process-based data with input-output-data in a hybrid LCA environment has been
suggested to obtain accurate and complete results (e.g. 34, 35). Whether the correlation structure
between CED and other assessment methodologies, as found in the current study, will change by
increasing the completeness of the current dataset with input-output data, remains to be tested.
With regard to the portfolio of environmental assessment methodologies, we were not able to
include all single-score methodologies available. For instance, indicators focusing on total mass
flows (36) and emergy flows (37) were not included in this analysis due to the lack of compatible
inventory information. Further broadening the scope towards the inclusion of socio-economic
indicators may also give new insights (38). Including such other methodologies in the
comparison is possible and recommendable, but requires the inclusion of extra physical and
financial inventory flows in the database employed here.
The high correlation between the various methodologies included and cumulative energy
demand reveals that, in spite of the fundamentally different philosophies and complexity of the
assessment methodologies compared, they produce a comparable ranking of commodity
production impacts. The results of the regression analysis clearly demonstrates a tendency that
cumulative energy demand as well as other simplified indicators are often representative
indicators of overall environmental impact, as based on best available life cycle inventory and
impact information. The uncertainty range reported for the regression equations is well within the
uncertainty estimates provided for the more complex impact assessment methods, such as the
10

Ecoindicator (15). Comparisons between specific environmental impacts and energy (39), exergy
versus energy (40), and Ecoindicator versus ecological footprint (10) also point into this
direction. It appears that fossil-energy related impacts are weighted strongly by all seven
methodologies for the majority of the commodities included, although the motivation for doing
so varied between the methods used, such as resource scarcity versus greenhouse gas emissions.
This finding confirms the results of other studies, suggesting that the burning of fossil fuels is a
major contributor to various environmental problems (41-43). It also stresses that increasing
energy efficiency and switching to renewable energy sources should be a top priority in
environmental policy.
There are, however, a number of exceptions. First, for agricultural products non-fossil energy
related impacts dominate in six out of the seven methodologies included, but for different
reasons. For CED it is the biomass energy stored in the agricultural products itself that
dominates, while in the EF it is the requirement of bioproductive land, in CEENE the amount of
exergy that nature is deprived of by land use, and Ecoindicator the loss of biodiversity by the use
of agricultural land. The Ecoscarcity methodology showed high importance of nitrogen and
phosphorus emissions for agricultural products, while for the climate footprint N2O emissions
from the use of fertilizers are important contributors for agricultural products (44). Second, the
resource-oriented indicators (CED, CEENE, and EF) indicate that renewable energy demand and
land use are typically most relevant for paper and cardboard production. Third, with respect to the
impact-oriented indicators (ES, EPS, and EI), non-fossil environmental impacts are important in
the case of metals and inorganic chemicals. Mineral resource depletion, toxicity by metal
emissions, and fine particulate matter impacts were considered important by the Ecoindicator for
these product groups. In the Ecoscarcity methodology, a relatively high impact of metal
emissions has been found, while the Environmental Priority System assigned high importance to
the depletion of mineral resources for these product groups. The differences in prioritizing the
importance of underlying drivers of non-fossil environmental interventions imply that
recommendations for impact reductions within these product categories may indeed depend on
the impact assessment methodology employed.
Following best available life cycle inventory and impact information, the overall evidence
suggests that for the majority materials included in the present study, the environmental
assessment methodologies provide similar results and that the use of fossil energy is a major
driver of environment impacts. In this context, cumulative energy demand, the methodology with
the lowest data requirements, can serve as a screening indicator for environmental performance.
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This information is particularly relevant in LCA studies focusing on early product development
for which generally only little information is available on environmental interventions.

Supporting Information Available
Additional information on commodities which are specifically adapted in the ‘without fossil
energy scenario’, commodities included in the method comparison, environmental interventions
and related impact factors for all the methodologies assessed, and regression results for the
individual commodity groups applying the default life cycle inventory selection. This material is
available free of charge via the Internet at http://pubs.acs.org.

References
1. Azar, C.; Holmberg, J.; Lindgren, K. Socio-ecological indicators for sustainability. Ecol.
Econ. 1996, 18, 89-112.
2. Robèrt, K.H.; Schmidt-Bleek, B.; De Larderel, J.A.; Basile, G.; Jansen, J.L.; Kuehr, R.;
Thomas PP, Suzuki M, Hawken P, Wackernagel M. Strategic sustainable development selection, design and synergies of applied tools. J. Clean. Prod. 2002, 10,197-214.
3. Hertwich, E. G.; Pease, W. S.; Koshland, C. P. Evaluating the environmental impact of
products and production processes: A comparison of six methods. Sci. Tot. Environ. 1997,
196, 13-30.
4. Thomas, V. M.; Graedel, T. E. Research issues in sustainable consumption: towards an
analytical framework for materials and the environment. Environ. Sci. Technol. 2003, 37,
5383 – 5388.
5. Guinée, J. B., Ed. Handbook on Life Cycle Assessment; Kluwer Academic, Dordrecht, 2002.
6. Rebitzer, G.; Ekvall, T.; Frischknecht, R.; Hunkeler, D.; Norris, G.; Rydberg, T.; Schmidt,
W.-P.; Suh, S.; Weidema, B.P. Life cycle assessment - Part 1: Framework, goal and scope
definition, inventory analysis, and applications. Environ. Int. 2004, 30, 701-720.
7. Pennington, D.W.; Potting, J.; Finnveden, G.; Lindeijer, E.; Jolliet, O.; Rydberg, T.; Rebitzer,
G. Life cycle assessment Part 2 : Current impact assessment practice. Environ. Int. 2004, 30,
721-740.
8. Hirst, E. Food-related energy requirements. Science 1974, 184, 134-138.
9. Wackernagel, M.; Schulz, N.B.; Deumling, D.; Linares, A.C.; Jenkins, M.; Kapos, V.;
Monfreda, C.; Loh, J.; Myers, N. Tracking the ecological overshoot of the human economy.
Proc. Nat. Acad. Sci. USA 2002, 99, 9266-9271.
12

10. Huijbregts,M. A. J.; Hellweg, S.; Frischknecht, R.; Hungerbühler, K.; Hendriks, A. J.
Ecological footprint accounting in the life cycle assessment of products. Ecol. Econ. 2008,
64, 798-807.
11. Dewulf, J.; Bosch, M. E.; De Meester, B.; Van der Vorst, G.; Van Langenhove, H.; Hellweg,
S.; Huijbregts, M. A. J. Cumulative Exergy Extraction from the Natural Environment
(CEENE): a comprehensive Life Cycle Impact Assessment method for resource accounting.
Environ. Sci. Technol. 2007, 41, 8477-8483.
12. Szargut, J.; Morris, D.R.; Steward, F.R. Exergy Analysis of Thermal, Chemical, and
Metallurgical Processes; Springer, Berlin, 1988.
13. Steen, B. A Systematic Approach to Environmental Priority Strategies in Product
Development (EPS). Version 2000 – General System Characteristics; CPM report 1999:4;
Centre for Environmental Assessment of Products and Material Systems: Stockholm, 1999.
14. Brand, G.; Scheidegger, A.; Schwank, O.; Braunschweig, A. Weighting in Ecobalances with
the Ecoscarcity Method: Ecofactors 1997; Environmental Series No. 297; Swiss Federal
Agency for the Environment, Bern, 1998.
15. Goedkoop, M.; Spriensma, R. The Eco-Indicator 99, a Damage-oriented Method for Life
Cycle Assessment; Pré Consultants, Amersfoort, 2000.
16. European Platform on Life Cycle Assessment. Carbon Footprint - What it is and how to
Measure it? European Commission – Joint Research Centre Institute for Environment and
Sustainability, Ispra, 2007.
17. Senior, K. UK business embraces carbon footprint reduction. Front. Ecol. Environ. 2007, 5,
288.
18. Schiermeier, Q. Climate credits. Nature 2006, 444, 976-977.
19. Ecoinvent Centre. Ecoinvent Data v1.3. Final Reports Ecoinvent 2000 No. 1-15; Swiss
Centre for Life Cycle Inventories, Dübendorf, 2004.
20. PlasticsEurope. Ecoprofiles of the European Plastics Industry; Downloaded 20 August, 2007;
lca.plasticseurope.org.
21. PR÷. Simapro 7.1; PR÷, Amersfoort, 2007.
22. Chapman, P.F.; Leach, G.; Slesser, M. The energy cost of fuels. Energy Policy 1974, 2, 231243.
23. Frischknecht, R.; Heijungs, R.; Hofstetter, P. Einstein’s Lessons for Energy Accounting in
LCA. Int. J. Life Cycle Assess. 1998, 3, 266-272.

13

24. Frischknecht, R.; Jungbluth, N. Implementation of Life Cycle Impact Assessment Methods.
Data v1.3; Swiss Centre for Life Cycle Inventories: Dübendorf, 2004; pp 31-38.
25. Holmberg, J.; Lundqvist, U.; Robert, K. H.; Wackernagel, M. The ecological footprint from a
systems perspective of sustainability. Int. J. Sustain. Dev. World Ecol. 1999, 6, 17-33.
26. Wackernagel, M.; Monfreda, C.; Moran, D.; Wermer, P.; Goldfinger, S.; Deumling, D.;
Murray, M. National Footprint and Biocapacity Accounts 2005: the Underlying Calculation
Method; Global Footprint Network, Oakland, 2005.
27. Wiedman, T.; Minx, J. A definition of carbon footprint; Research Report 07-01; ISAUK
Research and Consulting, Durham, 2007.
28. Forster, P.; Ramaswamy, V.; Artaxo, P.; Berntsen, T.; Betts, R.; Fahey, D. W.; Haywood, J.;
Lean, J.; Lowe, D. C.; Myhre, G.; Nganga, J.; Prinn, R.; Raga, G.; Schulz, M.; Van Dorland,
R. Changes in Atmospheric Constituents and in Radiative Forcing. In Climate Change 2007:
The Physical Science Basis. Contribution of Working Group I to the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change; Solomon, S., D. Qin, M.
Manning, Z. Chen, M. Marquis, K.B. Averyt, M.Tignor and H.L. Miller, Eds.; Cambridge
University Press, Cambridge, United Kingdom and New York, NY, USA, 2007.
29. Goedkoop, M.; Hofstetter, P.; Müller-Wenk, R.; Spriensma, R. The Eco-Indicator 98
Explained. Int. J. Life Cycle Assess. 1998, 3, 352-360.
30. Meijer, A.; Huijbregts, M. A. J.; Reijnders, L. Human health damages due to indoor sources
of organic compounds and radioactivity in life cycle impact assessment of dwellings. Part 2:
damage scores. Int. J. Life Cycle Assess. 2005, 10, 383 – 392.
31. Dreyer, L. C.; Niemann, A. L.; Hauschild, M. Z. Comparison of three different LCIA
methods: EDIP97, CML2001 and Eco-indicator 99. Does it matter which one you choose. Int.
J. Life Cycle Assess. 2003, 8, 191-200.
32. Hellweg, S.; Demou, E.; Bruzzi, R.; Meijer, A.; Rosenbaum, R. K.; Huijbregts, M. A. J.;
McKone, T. E. Integrating Human Indoor Air Pollutant Exposure within Life Cycle Impact
Assessment. Environ. Sci. Technol. 2009, 43 (6), 1670-1679.
33. Pfister, S.; Köhler, A.; Hellweg, S. Assessing the environmental impacts of freshwater
consumption in LCA, , Environ. Sci. Technol. 2009, 43 (11), 4098 – 4104.
34. Suh, S.; Lenzen, M.; Treloar, G.J.; Hondo, H.; Horvath, A.; Huppes, G.; Jolliet, O.; Klann,
U.; Krewitt, W.; Moriguchi, Y.; Munksgaard, J.; Norris, G. System Boundary Selection in
Life-Cycle Inventories Using Hybrid Approaches. Environ. Sci. Technol. 2004, 38, 657-664.

14

35. Lenzen, M.; Crawford R. The path exchange method for hybrid LCA. Environ. Sci. Technol.
2009, 43, 8251–8256.
36. Schmidt-Bleek, F. Wieviel Umwelt braucht der Mensch? MIPS – Das Maß für ökologisches
Wirtschaften; Birkhäuser Verlag, Basel, 1994.
37. Odum, H. T. Self-organization, transformity, and information. Science 1988, 242, 1132-1139.
38. Cleveland, C. J.; Kaufmann, R. K.; Stern, D. I. Aggregation and the role of energy in the
economy. Ecol. Econ. 2000, 32, 301–317.
39. Huijbregts, M. A. J.; Rombouts, L. J. A.; Hellweg, S.; Frischknecht, R.; Hendriks, A.J.; Van
de Meent, D.; Ragas, A.M.J.; Reijnders, L.; Struijs, J. Is cumulative fossil energy demand a
useful indicator for the environmental performance of products? Environ. Sci. Technol. 2006,
40, 641-648.
40. Bösch, M. E.; Hellweg, S.; Huijbregts, M. A. J.; Frischknecht, R. Applying cumulative
exergy demand (CExD) indicators to the ecoinvent database. Int. J. Life Cycle Assess. 2007,
12, 181-190.
41. Pacala, S.; Socolow, R. Stabilization Wedges: Solving the climate problem for the next 50
years with current technologies. Science 2004, 305, 968-972.
42. Wuebbles, D. J.; Jain, A. K. Concerns about climate change and the role of fossil fuel use.
Fuel Process. Technol. 2001, 71, 99-119.
43. Krewitt, W.; Heck, T.; Trukenmuller, A.; Friedrich, R. Environmental damage costs from
fossil electricity generation in Germany and Europe. Energy Policy 1999, 27, 173-183.
44. Crutzen, P. J.; Mosier, A. R.; Smith, K. A.; Winiwarter, W. N2O release from agro-biofuel
production negates global warming reduction by replacing fossil fuels. Atmos. Chem. Phys.
2008, 8, 389-395.

15

Table 1. Overview of the environmental assessment methods analyzed in this paper and number of
resource extractions and emissions assessed by the various methods from the elementary flows reported
in the ecoinvent database (v1.3).
Method

Unit

Key characteristic

Number of

Number of

Total number

resource

emissions

of

extractions
Cumulative Energy

MJ-eq

interventions

Life cycle total energy use

11

0

11

m .yr

Life cycle area use

23

1

24

MJex-eq

Life cycle total exergy use

112

0

112

CO2-eq.

Life cycle greenhouse gas

0

20

20

13

156

169

67

60

127

94

161

255

Demand (CED)
Ecological Footprint

2

(EF)
Cumulative Exergy
Extraction in the Natural
Environment (CEENE)

Climate Footprint

emissions

(CF)
Ecological Scarcity (ES) UBP

“Distance-to-political target”
weighing; resource and
emission oriented

Environmental Priority

ELU

Strategy (EPS)
Eco-Indicator (EI)

Monetarization of life cycle
impacts; damage oriented

Ecopoints

Panel weighing of life cycle
impacts; damage oriented.
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Cumulative Exergy Extraction (MJex-Eq.kg-1)

1.0E+06

1.0E+07

Ecological Footprint (m 2.yr.kg-1)

logEF = 0.9⋅logCED – 0.6
R2 = 0.81; SE = 0.31

1.0E+03

logCEENE = 0.9⋅logCED + 0.4
R2 = 0.83; SE = 0.30

1.0E+04

1.0E+00

1.0E+01

1.0E-03
1.0E-02

1.0E+01

1.0E+04

1.0E+07

1.0E-02
1.0E-02

1.0E+01

1.0E+04

-1

Cumulative Energy Demand (MJ-Eq.kg )

A

B
1.0E+09

logCF = 1.0⋅logCED – 1.3
2
R = 0.82; SE = 0.33

logES = 0.9⋅logCED + 1.9
R2 = 0.75; SE = 0.38

EcoScarcity (UBA.kg-1)

Climate Footprint (CO2-Eq.kg-1)

1.0E+05

1.0E+02

1.0E+06

1.0E-01

1.0E+03

1.0E-04
1.0E-02

1.0E+01

1.0E+04

1.0E+00
1.0E-02

1.0E+07

1.0E+01

1.0E+04

-1

Cumulative Energy Demand (MJ-Eq.kg )

C

Cumulative Energy Demand (MJ-Eq.kg )

1.0E+04

logEPS = 1.1⋅logCED – 1.4
R2 = 0.61; SE = 0.63

EcoIndicator (ecopoints.kg-1)

Environmental Priority Strategy (ELU.kg-1)

1.0E+07
-1

D

1.0E+08

1.0E+05

1.0E+07
-1

Cumulative Energy Demand (MJ-Eq.kg )

logEI = 0.9⋅logCED – 2.1
R2 = 0.81; SE = 0.33

1.0E+01

1.0E+02

1.0E-01

1.0E-04
1.0E-02

1.0E+01

1.0E+04

1.0E-02

1.0E-05
1.0E-02

1.0E+07
-1

Cumulative Energy Demand (MJ-Eq.kg )

1.0E+01

1.0E+04

1.0E+07
-1

E

F

Cumulative Energy Demand (MJ-Eq.kg )

Figure 1: Linear regression plots with 90-percentile confidence intervals (dotted lines) for the default
scenario, based on 65 agricultural products (x); 42 construction materials (■),11 glass materials (+); 121
inorganic chemicals (♦); 146 organic chemicals (•); 33 plastics (-); 51 metals (▲); and 29 paper and
cardboard materials (∗) for the Cumulative Energy Demand and respectively Ecological Footprint (A),
Cumulative Extraction of Exergy from the Natural environment (B), Climate Footprint (C), EcoScarcity (D),
Environmental Priority Strategy (E), and EcoIndicator (F).
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Cumulative Exergy Extraction (MJex-Eq.kg-1)

Ecological Footprint (m 2.yr.kg-1)

1.0E+05

1.0E+07

logEF = 0.7⋅logCED – 0.3
R2 = 0.73; SE = 0..40

1.0E+04

1.0E+02

logCEENE = 1.0⋅logCED + 0.5
R2 = 0.84; SE = 0.39

1.0E+01

1.0E-01

1.0E-04
1.0E-03

1.0E+00

1.0E+03

1.0E+06

1.0E-02

1.0E-05
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1.0E+00

1.0E+03
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Cumulative Energy Demand (MJ-Eq.kg )

A

B
1.0E+08

1.0E+07

logCF = 0.5⋅logCED – 1.2
2
R = 0.24; SE = 0..83

logES = 0.6⋅logCED + 2.6
R2 = 0.47; SE = 0.60

EcoScarcity (UBA.kg-1)

Carbon Footprint (CO2-Eq.kg-1)

1.0E+06
-1

Cumulative Energy Demand (MJ-Eq.kg )

1.0E+04

1.0E+05

1.0E+01

1.0E+02

1.0E-02

1.0E-05
1.0E-03

1.0E+00
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1.0E-03
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1.0E+03

1.0E+06

-1

Cumulative Energy Demand (MJ-Eq.kg )

D
1.0E+05

1.0E+08

1.0E+05

logEPS = 0.7⋅logCED – 0.8
R2 = 0.35 SE = 0.93

EcoIndicator (ecopoints.kg-1)

Environmental Priority System (ELU.kg-1)

C

-1

Cumulative Energy Demand (MJ-Eq.kg )

1.0E+02

1.0E+02

1.0E-01

1.0E-04

1.0E-07
1.0E-03

1.0E+00

1.0E+03

logEI = 0.7⋅logCED – 1.9
R2 = 0.44; SE = 0.70
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1.0E-07
1.0E-03

1.0E+06
-1

Cumulative Energy Demand (MJ-Eq.kg )

1.0E+00

1.0E+03

1.0E+06
-1

E

F

Cumulative Energy Demand (MJ-Eq.kg )

Figure 2: Linear regression plots with 90-percentile confidence intervals (dotted lines) for the non-fossil
energy scenario, based on 65 agricultural products (x); 42 construction materials (■),11 glass materials
(+); 121 inorganic chemicals (♦); 146 organic chemicals (•); 33 plastics (-); 51 metals (▲); and 29 paper
and cardboard materials (∗) for the Cumulative Energy Demand and respectively Ecological Footprint (A),
Cumulative Extraction of Exergy from the Natural environment (B), Climate Footprint (C), EcoScarcity (D),
Environmental Priority Strategy (E), and EcoIndicator (F).
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Figure 3: Fossil (

EF

CEENE

CF

H

) and non-fossil contribution to the total impact. The non-fossil impact is subdivided

into three categories: pollution (

), resource use (

), and land use (

). The commodity groups

included are agricultural products (A, n = 65); metals (B, n = 51); paper and cardboard (C, n = 29);
inorganic chemicals (D, n = 124); construction materials (E, n = 39); glass (F, n = 11); plastics (G, n = 33);
and organic chemicals (H, n = 146). CED = Cumulative Energy Demand; EF = Ecological Footprint;
CEENE = Cumulative Exergy Extraction from the Natural Environment; CF = Climate Footprint; ES =
Environmental Scarcity method; EPS = Environmental Priority System; EI = Ecoindicator.
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