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Abstract
These days, sustainability is a key issue for many private companies that address their sustainable corporate
performance (SCP). The perspective is essential for their license to operate and forms the basis for business principles
and practices. The lack of internationally accepted reporting standards on what, when and where to report makes it
difficult to assess sustainability, however. Moreover, measuring tools providing information on SCP are only the first
step towards sustainability. To prevent negative effects of operations being transferred from one company to another,
the second step is the development of a system-based approach for all companies that contribute to an end product.
This paper presents the findings of a study about the use of environmental indicators for food production and proposes
a measuring method for environmental sustainability in food production systems. The study shows that environmental
SCP often focuses on events at a local level. The enormous number of indicators found in the literature generates too
much data that often provide no additional knowledge on the environmental sustainability of a system. Moreover,
although environmental research has addressed many aspects of sustainability, it has often ignored interactions. Overall
environmental implications of food production are therefore poorly understood. The proposed measuring method uses
three indicators that address global environmental issues: the use of energy (from both fossil and renewable sources),
land and water. The systemic approach can calculate trade-offs along supply chains that make up a production system.
The use of the method implies an extension of environmental SCP towards the overall performance of a production
system. The final outcome is expressed in three performance indicators: the total land, energy and water requirement
per kilogram of available food. For companies, the data generated can be used to compare trends over time, to compare
results with targets and to benchmark a company against others. For consumers, data can be used to compare the
environmental effects of various foods. The method is also applicable to other business sectors. The study is part of a
multidisciplinary project on the scientific modeling and measuring of SCP involving economic, social and
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environmental dimensions. Acceptance of the measuring methods developed may be a powerful contribution towards
creating sustainable business practices.
# 2003 Elsevier B.V. All rights reserved.
Keywords: Corporate responsibility; Corporate performance; Environment; Food; Indicators for sustainable development; Production
systems; Sustainability

1. Introduction
During the last decades, environmental issues
have evolved from pollution and depletion of
natural resources towards global issues, such as
climate change. Three important milestones have
been: the identification of chlorinated pesticides as
major pollutants in ‘Silent spring’ (Carson, 1962),
the notion that non-renewable natural resources
can become depleted (Meadows, 1972) and the
introduction of the sustainability concept in the
‘Brundtland report’ (World Commission on Environment and Development, 1987).
Private companies have attempted to respond to
environmental issues. Nowadays, the economic
performance of business is often seen in conjunction with its social and environmental performances (Steg et al., 2001). Environmental
sustainable corporate performance (SCP), defined
as ‘Good housekeeping’ through prevention of
pollution and waste and efficient use of scarce
resources, is considered important for every company. For many companies, this new perspective is
essential for their license to operate and forms the
basis for business principles and practices. The
perspective meets societal demands for responsible
business behavior and it fits into a modern culture
requesting accountability and transparency from
powerful institutions. The increasing influence of
companies on societies all over the world should
go along with their own increasing responsibility
and accountability (SER, 2001). In some countries, however, regulations are sometimes less
developed than the standards of companies.
Therefore, proactive management is sometimes
needed because regulatory compliance is not always sufficient to manage the negative environmental or social impacts of business operations
effectively. Failure to manage these impacts raises
three serious risks: the threat of increased regula-

tory control by national governments and international organizations, financial risks caused by
pollution and large resource use, and damage to
the corporate image (Rondinelli and Berry, 2000).
Important developments for the issue of sustainability were the foundation of the World Business
Council for Sustainable Development (1997), the
foundation of the GRI (Global Reporting Initiative, 2000) and the development of standards for
environmental management systems, such as the
ISO and EMAS standards (Organisation for
Economic Co-operation and Development;
OECD, 2001). However, the lack of internationally accepted reporting standards on what, when
and where to report makes it difficult to assess
sustainability.
For the manufacture of a final consumption
item, many processes take place in several companies that form a production system. These processes generate a large variety of impacts. Existing
sustainable business practices tend to focus on
company performance rather than on the performance of the production system as a whole. This
has two important disadvantages. First, if companies center on impacts generated by their own
activities, large company efforts may still result in
small improvements in the production system.
Second, the focus on company performance often
implies that impacts on a local level of scale, for
which the company is responsible, are addressed.
Impacts on a global level of scale, for which all
companies in a production system are responsible,
require a systems approach resulting in a shared
responsibility. An important step towards sustainable business practices is the design and development of a system-based measuring tool providing
information on the sustainability of all companies
that contribute to an end product. A technique for
assessing the potential environmental impacts
associated with the manufacture of a product is
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life cycle assessment (LCA) (Heijungs et al., 1992).
The systems approach considers all the companies
involved, follows products, materials and substances from cradle to grave, and assesses relevant
physical flows (Moll, 1993). The approach prevents that the negative effects of operations being
transferred from one company to another or to
consumers. A systems approach implies that
companies not only focus on their own performance, but also state what they expect of business
partners. For example, some companies demand
that their suppliers refrain from child labor or
create good working conditions (OECD, 2001).
While companies have often focused on their own
performance, sustainability related scientific research has mainly addressed isolated issues such
as, for example, climate change and related fossil
energy use. Scientific research should also address
sustainability issues in an integrated way, identify
interplay and avoid ‘problem shifting’. At present,
it is not possible to measure sustainability from a
system perspective because an integrated measuring method addressing the three aspects of sustainability */economic,
social
and
environmental */has not yet been designed and
developed.
There are many different and often rather
complex production systems manufacturing an
enormous variety of consumer items. This study
focuses on one complex system: the production of
food. Food production requires the input of
natural capital, such as land and water, but also
of energy provided by the natural capital. A
doubling of global food demand is expected in
the next 50 years. This poses huge challenges for
the sustainability of food production (Tilman et
al., 2002). Environmental impacts of agriculture
often remain unquantified and therefore do not
influence farmer or societal decision-making about
production methods. This paper presents the
findings of a study about the use of environmental
indicators for food production. It proposes a
measuring method based on a small set of
system-based indicators for the assessment of
sustainable, environmental performance in food
production systems.
The study is part of a multidisciplinary research
project on the definition and measuring of SCP.
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The project defines sustainability in three dimensions: economic, social and environmental. It
focuses on the definition of SCP and on the
development of a practical measuring system.
SCP is defined in relation to the potential addition
of economic, social and environmental value to the
society through corporate activities. These three
‘added values’ are the components of the ‘sustainability value added’ of a company. SCP develops
activities that increase the economic and social
capital in society without affecting its natural
capital. The general findings of the SCP project
are reported elsewhere (e.g. Steg et al., 2001). The
specific aims of this paper are:
/ to identify and analyze the methods used so far
to describe and improve environmentally sustainable business practices for food production;
/ to identify the key global issues relevant for
food production from the perspective of the
main functions of the natural capital needed for
the proper function of society;
/ to design and develop a measuring method
based on a small set of system indicators that
address the main environmental impacts of
food production.
The measuring method proposed here considers
the entire production system and addresses global
environmental issues. It calculates the use of
resources for food production, but it is also
applicable to other production systems. Acceptance of the measuring methods developed in the
SCP project may make a powerful contribution
towards creating sustainable business practices.

2. System description
Food constitutes an important and indispensable group of consumer items. In the Netherlands in
2002, for example, households spent 17% of their
budgets in this category (CBS, 2002). Food items
are produced in a complex system made up of
many processes in several supply chains. To
manufacture a cake, for example, various commodities from agriculture are needed, including
wheat, sugar beet, milk and eggs. The food
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industry processes some commodities to produce
basic ingredients for cakes: sugar, flour and butter.
Finally, using ingredients from different supply
chains, bakeries make cakes. Transportation by
airplane, boat, train or truck provides the global
availability of commodities and foods. The food
system encompasses production, consumption and
final waste handling. Fig. 1 shows a raw materials
production chain of the system, the system
boundary of this study and the network of
supporting business sectors. The purpose of this
paper was to design and develop a measuring
method for environmental sustainability in food
production systems. Consumption, waste handling

and the supporting network, therefore, fall beyond
the scope of the study because the application of
the method is targeted to company performance.
The food production system consists of a huge
number of processes. A process is defined here as
an activity with an identifiable beginning and end
that takes place at a certain location, with a fixed
ratio of input and output flows. The output of one
process is the input of the next one. Processes can
sometimes be broken down into discrete subprocesses or unit operations as defined in the
chemical process industry. The baking of a cake,
for example, consists of several sub-processes, such
as mixing the ingredients and putting the cakes

Fig. 1. Overview of the food production system, the system boundary, the output to consumers and the network of supporting
business sectors that also provide their services to other production systems. Production processes take place in several business sectors
represented by the boxes. A series of processes forms a production chain. The arrows show transportation of physical streams between
the links of the chain. Closed arrows represent transportation in one direction at level 2, open arrows represent physical streams in the
opposite direction at level 3.
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into an oven. This study distinguished three scale
levels for the food production system: the first
level is the raw materials process level, the second
level is the raw materials chain and the third level
is the food production web. At level one, processes
for the manufacture of raw materials take place.
At level two, a series of processes form a linear
production chain and provide raw materials. In
contrast to processes, production chains have
variable input and output flows. At level three,
raw materials originating from several chains join
and form a complex production web. Physical
streams sometimes flow in the opposite direction.
At this level, the process of the manufacture of a
final food item requiring input from more than
one chain takes place. Fig. 1 shows a raw materials
production chain at level two and two return flows
at level three. Private companies are defined here
as business units in which production and transportation processes take place that contribute to
the manufacture and availability of a final food
item. Some companies are responsible for only one
process while others control complete production
webs.
The complexity of the food system is demonstrated by an example, the manufacture of a Dutch
cake. Processes take place in several companies in
various sectors: a French farm grows wheat, a
Dutch flour manufacturing company processes the
wheat, a bakery manufactures the cakes and
several transportation companies bring raw materials from supplier to producer. At level one,
processes and sub-processes contributing to the
manufacture of raw materials, like sowing wheat
and processing sugar beet, take place. At level two,
the production of flour is an example of a raw
materials production chain. First, the wheat is
grown. Second, the wheat is transported to the
Netherlands. Third, the wheat is processed to
make flour. At level three, the web level, the
chains necessary for the raw materials for cakes
are joined, such as production chains for eggs,
sugar, milk and butter. At this level, the process of
baking the cake, the final food item, takes place.
Sometimes physical flows in the opposite direction
occur; for example, waste streams from the sugar
industry can be reused for livestock fodder. Fed to
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cows, these waste streams contribute to butter
manufacture for cakes.
In a production web, all chain links and
transportation activities between links contribute
to the overall environmental impact of a food
item. For the production of a package of frozen
French beans at level two, for example, vegetables
are grown, processed, packed, transported and
stored. These processes require the input of scarce
natural resources, such as land, energy carriers and
water, and contribute to pollution (Tilman et al.,
2002). The environmental impacts of processes in
chain links or of transportation between links
often differ considerably. This is illustrated by an
example taken from energy studies (Kok et al.,
2001). Table 1 shows the energy requirements for
processes and transportation in production chains
of Dutch vegetables.
Table 1 reveals large differences among the
specific energy requirements for production processes and for transportation modes (MJ per kg, or
MJ per 1000 kg per km). The final energy
requirement of 1 kg of vegetables varies by a
factor of 15. Fresh vegetables produced in Africa
and transported by airplane to the Netherlands
require 88 MJ per kg, whereas locally produced

Table 1
Overview of energy requirements in production chains of
vegetables available in the Netherlands (source: Kok et al.,
2001)
Process

Agriculture
Open air production
Greenhouse production

Energy requirement (MJ per kg vegetables)

0.7
26.2
Energy requirement (MJ per 1000 kg/
km)

Transportation
Ship (inland shipping)
Ship (sea, bulk)
Lorry
Train
Airplane

0.6
0.1
1.7
0.6
9.0
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open air vegetables require only 6 MJ per kg
(Kramer et al., 1994). In 1990, an average Dutch
household consumed 162 kg of vegetables with a
related energy requirement of 2500 MJ (GerbensLeenes, 1999). The example shows the necessity of
a system-based approach for the assessment of
sustainability related to food production. Not only
the performance of an individual company or
business sector is important, but also the overall
performance of all companies in a production
chain or web. Differences among production
methods, transportation modes and distances
heavily influence the environmental pressure of a
final food.

3. Methods

3.1. Analysis of existing measuring methods and
scientific research issues
Business mainly addresses sustainability issues
using a bottom-up approach and focuses on the
performance of individual companies. Scientific
research, on the other hand, often focuses on
sustainability issues on a global level using a topdown approach. This study inventoried and analyzed these two approaches. It performed a
literature search of scientific publications on items
concerning sustainability from the perspective of
sectors involved in food production. These sectors
were agriculture, transportation, manufacturing
and retailing. Environmental status reports of
individual companies fell beyond the scope of
this study. A recent OECD report (2001) provided
additional information. The results give an impression of the efforts made so far to measure and
report on sustainability issues for food production.
This study identified existing environmental sustainability indicators and clustered them according
to their level of scale. These levels were the local,
regional and global level. The analysis of the topdown approaches focused on the identification of
global issues relevant for food production identified by environmental researchers. Section 4 presents the results of the literature search.

3.2. Design and development of an environmental
measuring method
To design and develop a system-based measuring method for food production, this study used a
combination of top-down and bottom-up approaches. The starting point was the selection of
a small set of environmental sustainability indicators addressing issues on a global level relevant for
food production. The bottom-up approach implies
that actual measurements take place in companies.
The measuring method provides information on
three system levels: the process level, the raw
materials production chain level and the production web level. For a company, information about
environmental performance becomes available for
benchmarking or for the improvement of performance over time. At the production chain level,
information about the environmental pressure of
suppliers becomes available. At the web level, the
combination of the performances of all companies
reveals the total environmental pressure related to
the production of a final food. Section 5 presents a
detailed description of the method.

4. Results
4.1. Environmentally sustainable business practices
The literature search revealed a large number of
publications on the relationship between sustainability and business. The following presents the
main results that apply to all company types. Some
studies have identified consumer demand for
quality products that includes environmental requirements (Stauffer, 1997; Boudouropoulos and
Arvanitoyannis, 1999). Societal demand has led
companies to recognize that proactive environmental management leads to profitable results
(Stauffer, 1997). A study on environmental supply
chain dynamics (Hall, 2000) has shown that
environmental change within a supply chain can
be stimulated by a so-called ‘channel leader’ with
sufficient power over suppliers. These ‘channel
leaders’ must be under specific environmental
pressure themselves. A number of studies have
found that one of the most significant pressures
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forcing firms into addressing environmental concerns was the emergence of the ‘green consumer’
(Williams et al., 1993; Steger, 1993; Drumwright,
1994; Elkington, 1994). Consumer pressure, however, is almost entirely focused on recognizable
consumer goods, often associated with large multinationals (Hall, 2000). Firms that operate far from
the end consumer and are hidden within a supply
chain are under little environmental pressure. For
example, it is unlikely that airline passengers fully
understand the environmental impacts of aircraft
manufacturing and would therefore exert little
pressure on airlines to purchase ‘green aircraft’.
Other studies have demonstrated that the economic, social and environmental impacts of multinationals cause concern (OECD, 2001). Many
firms have responded to these concerns with
managerial innovations, including codes of conduct. This study found three important steps
towards the measuring and reporting of sustainability. The first step was in the 1970s. Companies
started to issue policy statements or principles
(OECD, 2001). These principles are codes of
conduct, stating commitments on business ethics
and legal compliance. The first corporate code of
conduct was the 1977 ‘Issuance of guidelines on
conducting business in South Africa’ by an automobile manufacturer. Later, many other companies adopted these ‘Sullivan Principles’ or began to
issue corporate codes dealing with business ethics.
The second step was the development of management systems or practices that refer to action
strategies and programs. More recently, the third
step formulated the outcomes , standards providing
guidance for business reporting on non-financial
performance. The literature search showed, however, that many companies mainly focus on their
own performance and that only some firms feel
responsible for their suppliers’ activities (Hall,
2000).
At the end of the 20th century, many multinationals certified their environmental management systems (EMS) under ISO 14000 standards
and many others were in the process of doing so
(Rondinelli and Vastag, 2000). Nowadays, an
increasing number of companies publish information on environmental impacts of their activities,
the outcomes. According to the OECD study
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(2001), however, the absence of internationally
agreed reporting standards on sustainability results in a range from rudimentary reporting to fullscale reporting. For example, only 17% of European companies and 41% of European high
environment impact (HEI) companies reported in
some way on their environmental performance.
Moreover, companies made their own choices
regarding the scope and depth of reporting. Of
all the companies that reported on environmental
performance, 62% provided some quantitative
data while only 15% of these companies reported
on all key issues.
4.2. Sustainability indicators from the perspective
of companies
The study found many attempts to develop tools
to measure sustainable business performance. This
is in line with the OECD report (2001). For
example, the International Standards Organisation
(ISO) (Boudouropoulos and Arvanitoyannis,
1999; ISO World, 2000), the EU’s Eco-Auditing
Management System (EMAS) (Kolk, 2000;
OECD, 2001) and the Lowell Center for Sustainable Production (LCSP) (Veleva and Ellenbecker,
2001) have developed indicators for sustainable
production. The LCSP has presented 22 indicators
on five levels of scale that can be calculated as
totals or per unit of a product. To operationalize
business principles and to measure performance,
business sectors and scientists have developed
many environmental indicators. Table 2 is an
overview of frequently used indicators for environmental sustainability in food production. First,
Table 2 shows indicators according to the business
sector they apply to. Second, it ranges indicators
according to three levels of scale: the local level,
the regional level and the global level.
For the agricultural sector, Table 2 shows
indicators proposed by agricultural researchers,
the Dutch government, and the EU. Many of these
indicators address issues at a local or regional
level, such as pollution and the quality of resources. This results in a large number of indicators. At a global level, indicators address the use of
phosphorus, land, energy and emission of greenhouse gasses. Although sustainability concepts
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Table 2
Overview of frequently used indicators for environmental sustainability in food production
Local level

Regional level

Global level

Transportation
Quality of urban environment: congestion, deterioration of streets, public Depletion of resources: land use (a, b, c)
places and architectural heritage (a, b); noise (a, b, c, d); malodor (c)
Pollution: emission of: lead (a); NOx; volatile organic compounds (VOC), Pollution: oil spills, loss of cargo, operational pollution from
particulates (a, b, c, d); CO (a, c, d); hydrocarbons (HC) (a, b, d); SO2 (a, shipping activities (a)
c, d); mean values of ozone (a, d); soil pollution by petroleum product
disposal, sulphuric acid leaks, heavy metal sludges (d)
Manufacturing industry
Waste treatment: reuse, recycling, incineration, deposition (I, a)

Environmental management system performance: performance total
system, organization of product development/design
Production planning: rejects and material waste performance (I)
Production: environmental performance of processes, number and
consequences of environmental incidents (I, a)
Pollution: emission of VOC’s, dioxins, heavy metals, SO2, NO2,
particulates, O3, CO, development of cleaner technologies (a)
Retailing
Pollution: pesticide and herbicide emissions, water quality (a, b, c, d)

Procurement planning: supplier selection, surveillance of
supplier’s performance (I)

Depletion of resources: material use (c); natural
resource degradation (d)
Climate change: burning of fossil fuels and related
emission of CO2 (a, b, c, d); emission of N2O, CH4,
HFK’s, PFK’s, SF6 (c)

Energy planning: total energy consumption, energy
mix, consumption of non-renewable energy sources,
energy efficiency (I)

Transport planning: transport media selection, environmental
performance of transport media in use (I)
Pollution: emission of SO2, water quality (a)
Depletion of resources: protection of habitats, corridors, and
endangered species; water use (a)
Other issues: reduction of animal experimentation (a)

Depletion of resources: reduction of biodiversity, water
depletion (a); forest depletion (a, b, c, d)
Quality of urban environment: noise and traffic congestion, aesthetics (a) Other issues: animal welfare, biotechnology (a, b, c, d);
inefficient agriculture (a)

Pollution: ozone depletion (a)
Depletion of resources and climate change: oil and
gas depletion, use of fossil fuels (a)

The table shows indicators according to the business sector they apply to: agriculture, transportation, manufacturing industry and retailing. Indicators are ranged
according to three levels of scale: the local level, regional level and global level. Agriculture: I. Scientists, e.g. a: Giupponi (1998); b: Bockstaller et al. (1997); c: Halberg
(1999); d: Kramer et al. (1999); e: Gerbens-Leenes (1999) Wackernagel et al. (1997). II. The Netherlands government (Source: Nationaal Milieubeleidsplan 3, (Boer et al.,
(1998)). III. The EU (Source: EUR-Lex, 1993). Transportation: a: EU (Source: European Community (1993)); b: the Netherlands government (Source: Netelenbos et al.
(1999)); c: environmental scientists (Source: (Bouwman (2000)); d: business scientists (Source: Rondinelli and Berry (2000)). Manufacturing industry: I Source: Thoresen
(1999); a: EU (Source: European Community (1993)). Retailing: a: Bansal and Kilbourne (2001); b: Drumwright (1994); c: Steger (1993); d: Williams et al. (1993).
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Agriculture
Pollution: emission of NH3, NOx (I: a, b, II, III); SO2 (II); pesticides (I: a, Depletion of resources: ecological structures (I: b);% unsprayed Depletion of resources: phosphorus use (I: b); land
b, c, II); N, P (I: a, b, c, II); heavy metals (a, c)
area (I: c);% uncultivated area (I: c); land use (I: e, f); water use use (I: e, f); energy use (I: b, c, II)
(II); crop diversity (I: b)
Efficiency: N efficiency (I: c)
Climate change: emission of methane (I: d, III);
N2O (I: d); CO2 (I: b, d, II, III)
Depletion of resources: concentration soil organic matter (I: b); alteration
of ion balance (I: a); salinization (I: a); alteration of biological cycles (I: a);
soil cover (I: b); % weeds in grain crops (c)
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exist for agriculture, they do not necessarily imply
a measurable set of indicators for their characterization. Some concepts are philosophical by their
very nature (Hansen, 1996) and therefore difficult
to measure. In his overview article, Hansen (1996)
described these philosophical approaches to sustainable agriculture. Approaches are often contrasted with conventional agriculture that is
characterized as capital-intensive, large-scale,
with the extensive use of artificial fertilizers,
herbicides and pesticides, and intensive animal
husbandry. Environmental values associated with
sustainability include mimicry of nature and an
ecocentric ethic. That overview has also shown
that some other concepts interpret sustainability as
a set of strategies providing useful, measurable
indicators.
For the transportation sector, indicators have
not only been proposed by the EU, governments
and environmental researchers, but also by business researchers. Table 1 shows that most indicators address pollution and the related quality of
the urban environment on a local level, whereas
relatively few indicators address issues at regional
or global levels. For the manufacturing industry,
business researchers, among others, have described
the relationship between companies and the environment. Here, indicators mainly address emissions by the company on a local level.
Furthermore, energy use and climate change
have been recognized as environmental problems.
In order to control performance, some companies
developed environmental performance indicators
and recognized the importance of the environmental performance of suppliers (Thoresen, 1999).
The EU in particular recognizes many environmental issues related to the manufacturing industry. For the retailing sector, environmental issues
in preceding links in the food chain are very
important (Bansal and Kilbourne, 2001). Retailers
pay less attention to environmental impacts related to their own activities, such as distribution,
choice of location and merchandising and pay
more attention to environmental effects in preceding links in the supply chains, such as agriculture.
Table 2 shows that further down a production
chain, the environmental performance of the
whole chain becomes more important than the
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performance of an individual company. In the first
chain link, agriculture is mainly concerned with
the environmental effects of their own performance. Transportation also focuses on own performance. Although the manufacturing industry
mainly focuses on own performance, suppliers’
performance is also important. In the last chain
link, retailing is mainly concerned with the environmental effects of upstream activities.
4.3. Sustainability issues from the perspective of
environmental research
Environmental research recognizes the importance of chain management for the sustainability
of food production. Life cycle assessment (LCA),
for example, is a technique for assessing the
potential impacts associated with a product, by
compiling an inventory of relevant environmental
exchanges of the product throughout its life cycle
(‘cradle to grave’) and evaluating the potential
environmental impacts associated with those exchanges (Heijungs et al., 1992; Weidema, 1999;
Weidema and Meeusen, 2000). It is argued that in
order to make food systems more sustainable, it is
important to avoid trade-offs between chain links.
Many studies have addressed energy and some
have developed concepts like indirect energy use
(e.g. Wilting, 1996; Wilting et al., 1999; CarlssonKanyama and Faist, 2000; Kok et al., 2001). In
these concepts, all energy use in and between chain
links contributes to the final energy intensity (MJ
per financial unit), or the final energy requirement
(MJ per physical unit) of a product. These studies
formed the basis for a large number of studies
addressing energy reduction strategies in food
chains (e.g. Kok and Kramer, 1995; CarlssonKanyama, 1997, 1998; Gerbens-Leenes, 1999;
Andersson, 2000; Dutilh and Kramer, 2000; Gerbens-Leenes, 2000).
Several studies have recognized the importance
of land use for food production. For example,
Wackernagel et al. (1997) developed the concept of
the ecological footprint that evaluates human land
use. Some authors have shown the importance of
food consumption patterns on land requirements
(Gerbens-Leenes, 1999; Van Vuuren and Smeets,
2000; Gerbens-Leenes et al., 2002), while agricul-
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tural studies have demonstrated the relationship
between food security and land use (Penning de
Vries et al., 1995; Bouma et al., 1998; Groot et al.,
1998). Andersson (2000) has proposed the application of LCA to food production systems, and has
recognized the importance of energy, land, water,
and nutrients for the sustainability of these systems.

5. Design and development of a measuring method
The measuring method proposed here is part of
a multidisciplinary project on the scientific modeling and measuring of SCP aimed at the development of a three-dimensional model involving
economic, social and environmental dimensions.
Some environmental effects of individual companies become manifest at local and regional scales.
Examples are noise, malodor and emissions of
locally polluting substances. The overall project
considered these effects to be indicators of social
SCP and addressed them in the social part of the
SCP project. This study focused on the integral
environmental effects of operations of all companies that contribute to the manufacturing of a final
food on a global scale leading to the concept of
shared responsibility. It designed and developed a
measuring method in three steps. First, this study
integrated bottom-up and top-down approaches,
second it selected relevant indicators and third it
designed a flow chart of calculations and inputs
thereby adopting the life cycle approach and
allocation methodology from LCA.
5.1. Integration of bottom-up and top-down
approaches
Table 2 demonstrates that environmental corporate performance mainly focuses on local
events, such as pollution by emissions. This leads
to an enormous variety of indicators that are often
not in line with general constraints for indicators,
that focus on company rather than production
system performance and that generate too much
data. As a result, too much information is
generated that in many cases provides no additional knowledge on the environmental sustain-

ability of the production system as a whole.
Therefore, the environmental effects on the web
level, to which all companies contribute, as well as
global issues, are paid too little attention.
Environmental research has addressed many
aspects of sustainability, such as energy use and
global warming. It has calculated the trade-offs
between chain links for the environmental effects
of production, but has often ignored the interactions between aspects of sustainability. When
calculating the energy reductions for food, for
example, environmental studies have not considered the effects of these strategies on other
resources (e.g. Kramer, 2000). Overall environmental implications of food production, therefore,
are poorly understood. A measuring method for
environmental sustainability in food production
systems should also addresses these interactions.
LCA has already developed methods to evaluate
the environmental impacts related to the manufacturing of products. The basis for the calculations is the life cycle approach. Environmental
effects caused by processes that generate more
than one output are assessed by the method of
allocation (Heijungs et al., 1992). In general, LCA
is independent of the location of a production
system and assumes a linear relationship between
the amount of product manufactured and the
environmental impacts (Wegener Sleeswijk et al.,
1996). This study proposes a measuring method
that integrates top-down and bottom-up approaches, using the strengths of both. It adopts
the methodology of the life cycle approach and
allocation from LCA. First, it identifies main
environmental issues on a global level. Second, it
proposes a small set of indicators to measure these
issues. Third, it upscales measurements in companies for individual processes to the total production system.
5.2. Selection of indicators
Natural capital is a key concept in ecological
economics (Costanza and Daly, 1992) and refers to
the possibility of the natural environment to
provide products and to perform functions essential for human existence (Ekins et al., 2003). There
are four types of natural capital, air, water, land
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and habitats (Ekins and Simon, 2003) that perform four important functions for society. These
are the ‘source function’, the ‘sink function’ (Daly,
1990), the ‘life support function’ (Van Dieren,
1995; Ekins and Simon, 2003) and the ‘human
health and welfare function’ (Ekins and Simon,
2003). The ‘source function’ refers to the delivery
of natural resources to the economy, such as
energy carriers, agricultural land or biological
resources. The ‘sink function’ implies the possibility to dispose of waste. The ‘life support function’
addresses a set of functions performed by land,
water and air essential to sustain life. The ‘human
health and welfare function’ refers to services that
maintain health and contribute to human wellbeing. According to Daly (1990), the sustainable
use of natural resources has three implications: (i)
renewable resources should not be exploited at a
greater rate than their regeneration level; (ii) nonrenewable resources should not be depleted at a
greater rate than the development rate of renewable substitutes; and (iii) the absorption and
regeneration capacity of the natural environment
should not be exceeded. The four types of natural
capital are all essential for the production of food,
while the four functions are all important for food
production and consumption.
For the selection of sustainability indicators for
the food production system, this study used three
criteria: general functions and constraints of
indicators, essential natural resources for food
production and the functions of the natural capital
to society. For the selection of indicators, the study
used four constraints: (i) indicators provide relevant information about the sustainability of the
system; (ii) reliable and accurate measurement is
possible; (iii) data are available; (iv) information
can change management choices and optimize
production. For the selection of essential resources,
the study addressed three important requirements
for food production: agricultural land, fresh water
and energy input. For land and water input, the
human use of these resources is mainly dominated
by food production; for energy input, the use for
food production is substantial. Globally, 38% of
the total land area is used for food production
(FAO, 2002). Due to industrialization, urbanization, infrastructural development, land degrada-
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tion and desertification, however, arable land is
becoming an increasingly scarce resource. It is
estimated that the global agricultural land area is
decreasing at a rate of 7% per decade (Oldeman et
al., 1991). Land is needed for food, but in the near
future, probably also for the generation of renewable energy. The area to be set aside for renewable
energy, such as energy generated by wind, biomass,
photovoltaic cells and water, is substantial. The
study therefore proposes the quantity of land use as
an indicator for the use of scarce natural resources
of the ‘source function’, as an indicator for the ‘life
support function’ and as an indicator for the
potential competition among agricultural interests,
energy production capacity and the requirement of
natural areas for biodiversity.
The second essential requirement for food
production is the availability of sufficient fresh
water of adequate quality. In large parts of the
world, interaction among plants, land and water
sometimes causes irreversible environmental effects that threaten food production (Falkenmark,
1989). In some parts of the world, water is a scarce
resource in a highly competitive context. Water for
urban supply or for industrial activities then
competes with the large quantities needed for
agriculture. In many countries, there is already a
scramble for land (Falkenmark, 1989). If a ‘water
scramble’ is not to follow, extremely wise consideration of technical, financial, economic, political, legal and administrative issues is needed.
This study therefore proposes the quantity of fresh
water use as an indicator for the use of scarce, high
quality, fresh water resources of the ‘source
function’ and of the ‘life support function’.
The third essential requirement for food production is energy, generated either by fossil energy
carriers or by renewables, such as biomass. The
consumption of food has a considerable impact on
household energy use (Kramer, 2000). An average
EU household, for example, requires 19% of its
energy use for food (Nonhebel and Moll, 2001).
This study therefore proposes the quantity of fossil
energy use as an indicator for the depletion of nonrenewable resources of the ‘source function’
(IPCC, 1996) and for possibilities of the ‘sink
function’ to neutralize climate change and acidification. The quantity of renewable energy use is
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also an indicator for the ‘life support function’ and
for the potential competition among agricultural
interests, energy production capacity and the
requirement of natural areas for biodiversity.
An important criterion for the selection of the
indicators land, energy and water for the measuring method for environmental sustainability in
food production systems is the interaction among
these indicators. For example, ‘high external input
farming’ (HEI) requires large energy input in the
form of fertilizer and pesticides to reach high
production levels. As a result, land use is relatively
low. On the one hand, irrigation in agriculture
results in higher yields and thus lower land use, but
on the other hand, in larger energy and water
requirements. The use of the three indicators
proposed in this study also addresses interactions
among aspects of environmental sustainability.

where DRx is the total direct input per indicator x
per company (MJ, m2, m3) per year; Ix,s , the direct
input per indicator x per proces s (MJ, m2, m3) per
year; ERE, the energy required for energy /
amount of primary energy per proces s needed
for the production of the energy used (MJ per MJ).
Step two:
TRx 

n
X

Rx;i +Ai DRx

i1

where TRx is the total input per indicator x per
company (MJ, m2, m3) per year; Rx,i , the specific,
indirect requirement for indicator x per kg of
physical input i (MJ, m2, m3) per kg per year; Ai is
the total amount of input i needed for the
production (kg per year).
Step three:

5.3. Flow chart of calculations and input
Ro 
For the assessment of the environmental sustainability of food production, a step-by-step
approach, in which the output of one step forms
the input of the next one, calculates total environmental system performance. Fig. 2 shows an
overview of the three levels of scale, three calculation steps, and the required input. At level one,
processes take place in companies; at level two,
processes for the manufacture of one raw material
take place in chains; at level three, production
chains join and form a web in which a final food
item is produced. The outcome of the combination
of direct company input with indirect chain and
web input is the total land, energy and water
requirement per kilogram of available food.
The total energy, land, and water requirements
for a specific food item are calculated in three steps
as follows:
Step one:
DRx 

n
X

Ix;s +EREx;s (xenergy)

s1

DRx 

n
X
s1

Ix;s (xland or water)

or

Eo =to +TRx
Oo

where Ro is the specific requirement for indicator
x per kilogram of physical output o (MJ, m2, m3)
per kg; Eo, the economic value of output o; Et, the
economic value of the total output; and Oo is the
amount of output o (kg per year).
Step one calculates direct energy, water, and land
use for a specific company per year. Energy use is
converted into primary energy use, or in the case of
renewable energy, into land and water use. Data on
basic materials used and on energy and water inputs
are taken from the economic data of the companies
concerned. A method to assess land requirements is
presented in Gerbens-Leenes et al., (2002). Step two
combines direct resource use per company per year
with resource use in the preceding chain links.
Information on indirect requirements must be
obtained from the suppliers in the preceding links.
Step three adopts an allocation methodology from
LCA. It assesses resource use per kilogram of a
specific food by dividing total direct and indirect
resource use over end products according to their
economic value. The quantity of land use, water
use, and energy use can be calculated for any
company along a food production chain. In this
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Fig. 2. Overview of the three levels of scale, three calculation steps and required input for the calculation of the environmental
sustainability of a food item. Level one is the raw materials process level; level two is the raw materials chain level; and level three is the
food production web level. Step one calculates direct resource use per company, step two calculates resource use per production chain
and step three calculates resource use for the final food item. Required inputs are: energy (E), water (W) and land use (L) per company,
per chain, and per combination of chains contributing to a final food. The allocation of resource use to food items is carried out
according to economic value.

respect, attention must be paid to the energy use
indicator. A shift in energy use from fossil sources
to energy from renewable sources brings with it a
requirement for more land, or, in the case of the use
of biomass, a need for agricultural land and water.
These requirements should also be included in the
calculations.
Box 1 shows an example of the calculation
method taken from the energy studies assessing
the energy requirement of 1 kg of French beans in
a jar (Kramer et al., 1994). It shows how the
calculation method works. The example demonstrates that differences in resource use in links of a
production chain may have important impacts on
the final resource use of a specific food.

6. Discussion
6.1. Present situation: type of information
generated and utility
Our contacts with business (e.g. Royal Ahold),
our studies in the economic, social and environ-

mental fields, and a presentation of our work held
at an international workshop in Groningen in 2001
(Steg et al., 2001) confirmed the general idea that
there are large numbers of conceptual frameworks
for SCP, but that a generally accepted measuring
and reporting system is lacking. Many companies
address the sustainability issue, but use an enormous variety of indicators to assess environmental SCP. For three reasons, this generation of
large information streams provides hardly any
additional knowledge on SCP or on the environmental sustainability of a production system.
First, indicators differ among companies and
therefore generate incompatible information. Second, companies differ, sometimes even in the same
business sector. Outsourcing of specific processes
to other companies, for example, is very common.
Sustainability, therefore, cannot be assessed at a
company level because the type and number of
processes performed differ per company. Third,
interactions among aspects of sustainability are
very important but are often ignored.
LCA has developed methods to assess the
impacts associated with the manufacture of agri-

244

P.W. Gerbens-Leenes et al. / Ecological Economics 46 (2003) 231 /248

cultural products (Weidema, 1999; Weidema and
Meeusen, 2000). It uses large indicator sets and
provides information on differences of agricultural
production systems. LCA assumes a linear relationship between the amount of product manufactured
and environmental impacts, and neglects spatial
and temporal variation. If only few products are
compared, LCA is the appropriate tool. For the
assessment of environmental sustainability of
complex food production systems, however, it is
important to select only few indicators and take
non-linear relationships and natural variation into
account. The measuring method proposed here can
assess sustainability from a systems perspective
because it addresses all the processes in a system in
an integrated way and can calculate trade-offs.
6.2. The measuring method: type of new
information and utility
The method presented here is, as far as we
know, the first attempt to measure the environ-

mental sustainability issue in food chains and
systems in an integrated way from a global
perspective. It is part of a three-dimensional model
of SCP involving the social, economic, and environmental dimensions of sustainability. It is
stressed that the SCP project considered local
environmental effects as indicators of social sustainability and addressed these effects elsewhere.
There are three important constraints for a measuring method: it must be simple, it must be easy
to use and it must lead to relevant information on
sustainability. The small set of core indicators,
land, water and energy use, is in line with these
requirements and can be calculated for all companies in the food system. The final outcome is the
total land, energy and water requirement per
kilogram of available food.
Bottom-up approaches have already developed
methods to assess environmental SCP on a local
level of scale. In our opinion, the proposed
indicator set should complement the indicator
sets used so far. In this way, companies can also
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address sustainability issues on a global level of
scale. For companies, the utility of generated
information is to compare trends over time,
compare results with targets, benchmark a company against others and assess the relative contribution of the company to a final product. Time
trends, for example, provide information on the
effects of changes in production methods or the
effects of financial investments. On the one hand,
environmental pressure is determined by production systems, for example efficiency in the food
industry, but on the other hand by food consumption patterns. The influence of consumption on
resource use is large. Land requirements for
existing European food patterns, for example,
differ by a factor of two (Gerbens-Leenes and
Nonhebel, 2002). For consumers, the utility of the
information is to enable them to compare the
environmental effects of various foods and to
make well-founded choices.
An individual process in a chain link shows little
variation over time. For the manufacture of an end
product, however, the collective behavior of several processes combined in a production chain can
show large variation because very often there are
several ways to make a final food item. An
important advantage of the systems perspective is
that these differences among production chains
become visible. The consequence of the use of
system indicators is that the sustainability issue is
no longer restricted to the performance of a single
company, but is extended towards the performance of others. This implies a difference between
corporate performance and shared corporate responsibility. The former focuses on the relationship between the company and its stakeholders.
These stakeholders are often well known, while
methods to assess corporate performance have
already been developed. Shared responsibility is
related to the place of the company in the
production system and the responsibility of a
company for the performance of other companies
contributing to that system. For the sustainability
of production systems, there are relatively few
stakeholders. Moreover, the sustainability of these
systems is difficult to assess and requires other
measuring methods.
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6.3. Future research: type of additional information
required
At the moment, it is important to start measurements in companies willing to cooperate and
bridge the existing gap between theoretical scientific knowledge and practical company knowledge.
This will take great effort from both sides. In
addressing the sustainability issue, research emphasizes the need for accuracy and completeness;
business, on the other hand, wants to have an easy
to handle, practical and cheap tool to assess their
SCP. The development of such a tool will therefore
take some time and adjustments from both sides.
At present, there is a relatively small group of
companies that are innovative and willing to take
the lead in sustainable entrepreneurship (Vollenbroek, 2002). Food companies should realize that
proactive, environmental management leads to
profitable results. This will become possible when
companies start reporting on the set of indicators
proposed so that data become available. These
data will provide insight on the use of natural
capital in specific chain links and will form the
basis for optimization strategies.
The information generated might lead to differences in reduction strategies because the availability of natural capital shows temporal and spatial
variation. This implies that sustainability indicators should not be minimized but rather optimized
within environmental constraints. For example,
energy reduction strategies in agriculture require
larger land inputs. Environmental pressure also
differs strongly among business sectors. The emission of wastes, for example, can be a useful
indicator for the food processing industry, but is
less appropriate for the retailing sector. Future
research should further elaborate the core indicators proposed in this paper into sets of supplemental indicators that are only used for relevant
business sectors.
Conventionally, the three central objectives of
sustainable development are environmental, social
and economic in nature (World Commission on
Environment and Development, 1987). In terms of
the contribution of private sector companies to
sustainable development, the use of the sustainability concept implies that environmental, social
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and economic indicators have to be optimized
within existing constraints. Future studies should
develop methods that address the trade-offs and
interplay between the three aspects of sustainability. However, what is considered important and
what is not is a political choice that can be
addressed using weighing factors that differ both
in time and among regions. Wide acceptance of the
environmental measuring method together with
methods to measure economic and social dimensions, as proposed in the SCP project, will make a
powerful contribution towards creating sustainable business practices. It can drive towards the
decoupling of economic growth and environmental and social degradation.

onmental constraints varying among regions
and in time rather than reduction strategies
addressing only one sustainability characteristic.
. Future research should develop supplemental
indicators derived from the core indicators
proposed here. This additional set can be used
for relevant business sectors.
. Although the method to assess environmental
sustainability was developed for food production, the concept has a much wider applicability.
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