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EXECUTIVE SUMMARY
This document presents a review of existing resource efficiency indicators used in academic
literature, public policy documents, international standards and sustainability reports of industrial
companies. The objective of this review is to analyse the current practices regarding the
measurement of resource efficiency in industrial processes.
There exist a wide variety of resource efficiency indicators that can be used with different
objectives: measure consumption of natural resources; calculate environmental, social and
economic impacts of processes; assess the benefit obtained per burden created on the
environment or society, etc. Moreover, some of these indicators can be used at different levels of
scope: economy-wide level, sector-specific, company or process level, and include all resources
consumed and environmental impacts caused or selected resources and impact categories.
A first screening of literature showed some 166 resource efficiency indicators existing in the
literature. Some of these identified indicators are variations of similar concepts, such as
consumption of materials, waste and emissions generation, energy use, water use, etc., expressed
at different levels of detail (e.g. including one or several resources or environmental impacts) or
different scales of scope (e.g. business level, economy-wide level).
However, some significant differences can be found between indicators that measure direct flows
(e.g. consumptions or emissions at process or site level) and indirect flows (e.g. consumptions or
emissions of all processes through the life cycle of the service). Furthermore, the indicators can
quantify flows (e.g. consumptions and emissions of different substances); characterise the flows
(e.g. different substances measured as equivalents of a normalised substance, such as CO2
equivalent emissions for greenhouse gas emissions and global warming potential); or analyse the
effect of the quantified flows (e.g. effects on human health measured in Disability-Adjusted Life
Years). The choice of one type of indicator will highly depend on the needs of the user. Indicators
of direct flows are simple to measure or calculate and give clear information about the
performance of a process, whereas indicators of environmental impacts may be more complex for
use but offer more detailed information of the environmental, social or economic impacts of an
activity.
The analysis of the identified resource efficiency indicators resulted in a shortlist of 41 indicators
based on their relevance for the industrial sectors and processes studied in the TOP-REF project.
These selected indicators are described in detail in the present document. This work will serve as
input for the next task of the TOP-REF project, which consists in defining the most suitable
resource efficiency indicators to be included in non-invasive monitoring and control tools for
industrial processes.
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GLOSSARY
This glossary complements the document “Definition of terms” produced in the frame of the
project TOP-REF.
Environmental aspect: element of an activity, product or service that can interact with the
environment during its life cycle.
Environmental impact: any change to the natural environment, natural resources or human
health, whether adverse or beneficial, wholly or partially resulting from socio-economic activities.
Indicator: a quantifiable, qualitative or descriptive measure 1.
Metric: a defined measurement method and the measurement scale 2.
Key Resource Indicator (KRI): variable that represents an index for evaluating the resource
efficiency of a process and/or impacts associated with their consumption.
Life cycle: Consecutive and interlinked stages of a product system, from raw material
acquisition or generation from natural resources to final disposal.
Material Input: all materials that are necessary for the manufacture of a good or for the provision
of a service. Material Input covers directly used, indirectly used and unused materials. Directly
used materials are those materials that enter into the process or system studied. Indirectly used
materials are those materials that are used in processes in the value chain but outside the system
or process studied. Unused materials are sub-products of any process in the value chain, such as
mining, excavated soil for constructions or soil erosion in agriculture 3.
Material Flow Analysis (MFA): quantification method to monitor and analyse physical flows of
materials. It can be applied to a wide range of economic, administrative or natural entities at
various levels of scale (whole economy, regions, industries, firms) and can be applied to materials
at various levels of detail (individual materials or substances, groups of materials, all materials) or
products.
Economy-Wide Material Flow Accounts (EW-MFA): established framework 4 for documenting and
analysing an economy’s material resource use. MFA keeps track of all materials that enter and
1
2

Source: ISO 15392:2008
Source: ISO/IEC 14598-1:1999

3

Based on Schütz H. and Bringezu S. (2008) Resource consumption of Germany – indicators and definitions. Federal
Environmental Agency (Umweltbundesamt), Dessau-Rosslau/Germany. UBA-Texte 08/08
4

Bringezu, S. & Bleischwitz, R. (editors) (2009) Sustainable Resource Management. Global trends, visions and policies.
Greenleaf Publishing.
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leave the economy within one year by applying the mass balance principle. MFA therefore
provides a biophysical account of the level of material flow in national economies analogue to the
concept of GDP in national economic accounting. These flows incorporate extracted or imported
materials to be used within the national economy, and all material released to the environment as
wastes, emissions or exports to other economies or added to societal stocks.
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1 INTRODUCTION
The project TOP-REF aims to develop and validate specific indicators, methodologies and noninvasive tools devoted to the improvement of resource efficiency in energy intensive continuous
industrial processes in the chemical, refining and fertilizer sectors.
To achieve these goals, specific Key Resource Indicators (KRI) will be developed and standardized to
promote the greening and the competiveness of the European process industry. These indicators
will help measure the decoupling of environmental impacts and resource use from economic
growth. Furthermore, TOP-REF aims to develop a method and standard for providing environmental
performance information based on the Key Resource Indicators.
Resource efficiency is understood as the relationship between the benefit obtained from the use
of natural resources, the amount of resources used and their associated environmental impacts.
In this theoretical equation, benefits can be represented by economic goods, services provided,
social gains, etc.; whereas the use of natural resources can be accounted for as the quantity of
resources consumed (materials, water, energy) or used (land, ecosystems), or the impacts derived
from the use of resources. Indicators of resource efficiency can therefore measure the use of
natural resources, the environmental impacts, the benefits created, or a combination thereof.
The first step of the development of specific Key Resource Indicators is a review of existing
relevant indicators of resource efficiency in industry and in the academic and grey literature. The
present document is the output of this work. This task comprises two different aspects:
• An analysis of existing performance and resource indicators, and
• An analysis of the current monitoring and control tools used in the industry.
This work shows the available Key Resource indicators and existing methods for assessing the
resource efficiency of industrial processes. This analysis is based on the latest scientific
developments, best practices within industry, and indicators used in public programmes and
policies.
The screening of the existing indicators provides a general picture of what can be measured with
the current practices, as well as the possibility of developing some new environmental
performance indicators, if needed and feasible. An in-depth comparative analysis of the selected
indicators, as well as the possibility of developing new indicators for TOP-REF will be assessed in
the following step of the project: Task 2.3 Development and definition of Key Resource Indicators,
as summarised in Figure 1.
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Figure 1: Task structure to define Key Resource Indicators for TOP-REF
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2 METHODOLOGY
2.1 Overview
The objective of this task was to identify the existing indicators in the literature and used in the
industry and select the most suitable ones for the industrial sectors involved in TOP-REF.
Following the objectives of this research, a three-step approach was applied for determining the
indicators relevant for improving resource efficiency in the chemical, refining and fertiliser
sectors:
1. Identification of indicators of resource efficiency in international standards, public policy
documents, academic work, grey literature and Corporate Sustainability Reports
published by industrial companies, in the EU and worldwide.
2. Grouping of indicators for an easier handling and description
3. Selection of indicators related to the scope of resources and industrial sectors included in
TOP-REF project.
The selected indicators were investigated in detail and described in the present document. These
were completed with a review of existing tools used in the industry for monitoring resource use in
industrial processes, and the indicators included within those tools. This review will form the basis
for the proposition of key resource indicators in the following task of the project TOP-REF.

2.2 Identification of existing resource efficiency indicators
The research in this task is based on a review of existing literature using qualitative methods. A
broad search was conducted for relevant literature on resource efficiency indicators used in the
industry, academia and grey literature, in the EU as well as outside of the EU.
The search strategy for literature was developed by identifying relevant data sources based on the
knowledge of the project team. The literature items were mostly academic (peer-reviewed)
journal papers, conference papers, PhD theses and books, as well as other grey literature. The
majority of the grey literature was from governmental organisations (e.g. UNEP, the European
Commission, the European Environment Agency and national agencies).
The literature review covers published work mostly from the year 2000. Occasionally, if any older
literature was found relevant to the study, this was also included in the literature review. Only
literature in English language was considered, mostly focused or produced in the EU, or part of
widely recognised initiatives on resource efficiency, such as the Global Reporting Initiative or the
UNEP. The list of literature was populated by contributions of the members of the project team
and completed by internet research.
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A number of Corporate Sustainability Reports issued by industrial companies was also reviewed.
The sustainability reports were selected from some 40 companies relevant for the three sectors
included in the project TOP-REF, and that are members of the Spire Network 5 or listed within the
RobecoSam Industry Leaders 2014 6. These selection criteria had as objective to shortlist those
companies with extensive experience in sustainability reporting and resource efficiency issues.
Although this simple method does not guarantee that all the possible existing indicators in the
industry are identified, it can give an idea of what type of information do industrial companies use
regarding resource efficiency. The full list of literature reviewed is presented in Table 12 in the
Annexes.
A project team composed by four members screened the literature sources to identify the
resource efficiency indicators used or proposed in them. In this task all types of indicators related
to resources, environmental impacts, economic sectors and industries were considered, with the
aim of covering a wide range of indicators that could be used for measuring the efficiency of
resource use. Some 166 indicators were found in total. The list of all the indicators identified is
presented in the spreadsheet in Table 13 in the Annexes.
This first identification of indicators in the literature was intentionally wide, in order to capture a
high number of different resource efficiency indicators. However, there exist a number of
indicators of resource efficiency that are applicable only at economy-wide level, or to some
specific resources that are not within the scope of the TOP-REF project. Thus, it is necessary to do
a selection of those indicators that may be usable in the three industrial sectors studied in this
project.

2.3 Grouping of identified indicators
Resource efficiency indicators can be used at different levels, and measure different aspects:
indicators at national, company, product, or process level; indicators that quantify material flows,
indicators that assess environmental or socio-economic impacts, etc. For example, the indicators
of resource use quantity different resources consumed by an activity, whereas the indicators of
environmental impacts measure the effect on the environment of the activity, either due to the
consumption of resources or to emissions to the environment. On the other hand, the indicators
of socio-economic benefits would give information about the benefits obtained from the use of
natural resources, such as the added value created for the company and the society.
The indicators found in the literature review were classified in groups related to the resources or
aspects of efficiency that are measured by the indicator. The indicators of resource use were
classified per type of resource measured, and an additional group was created for indicators that
measure the efficiency of material use. The indicators of environmental impacts were classified
per type of impact category.

5

http://www.spire2030.eu/
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This grouping gathered similar indicators together and allowed double entries to be eliminated, as
well as presenting the indicators in a more concise and structured way. Table 1 shows the
classification used for this grouping:
Table 1: Categories of resource efficiency indicators

Indicators of resource use

Indicators of environmental impacts

Indicators of material use
Indicators of energy use
Indicators of water use
Indicators of waste generation
Indicators of abiotic depletion
Indicators of GHG emissions
Indicators of other environmental impacts

These groups of indicators comprise a broad number of resource efficiency indicators that
measure a specific resource or environmental impact of a socio-economic aspect. Some of these
indicators can be combined to produce “relative” indicators such as material productivity (€/kg),
material intensity (kg/€), environmental impacts per economic benefit (e.g. CO2-eq/€), etc. All
these types of indicators are initially useful for the TOP-REF project.

2.4 Selection of relevant indicators
Three criteria were used for the first selection of suitable indicators of resource efficiency for TOPREF. Only the parameters that fulfil these three criteria were retained for a further analysis in the
next task of this project:
• the applicability at process level (i.e. those indicators that can only be used at national or
regional level were not further analysed in this project);
• the applicability to the resources included in the scope of TOP-REF, namely 7:
o Energy (renewable and non-renewable)
o Fuels (fossil and biotic)
o Minerals
o Biomass
o Water
• the applicability to the industrial sectors involved in TOP-REF, i.e.:
o Chemical
o Refining, and
o Fertiliser industries.
The screening of the identified indicators against these criteria is shown inTable 13 in the Annex.

7

As defined in the document “Definition of terms” produced in the frame of the project TOP-REF
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2.5 Identification of resource efficiency sectorial tools
As presented in section 2, the aim of the project TOP-REF is to provide a robust and cross-sectorial
methodology in order to increase the efficiency of resource use, which will be demonstrated by
the implementation of three different monitoring and control tools.
Hence, in this section we focused on the identification of the monitoring and control tools
currently used for industrial processes. In particular, we analysed whether there is a dedicated
resource control package. This is a very wide field and there are many different
providers/equipment.
Due to the number of existing commercial tools, and as an accepted guide for a noncommercial/generic point of view, we structured our analysis according to the IEC 62264-3
standard which is based on ANSI/ISA 95, in order to identify the different enterprise-control
system integration levels where TOP-REF will interact.
Secondly, and for each TOP-REF enterprise-control system identified level, an analysis of the
current tools from a multi-sectorial perspective was done.
Section 3.3 describes in greater detail the resource efficiency sectorial tools identified in this task.

2.6 Identification of existing resource efficiency indicators in
monitoring and control tools
The monitoring and control tools to be developed within the TOP-REF project are focused on
control of industrial processes. If the indicators of resource efficiency are not required for the
purpose of process control, they are generally not considered within these systems. In order to
identify the resource efficiency indicators currently used in the industry, we have based our
analysis in the information provided by the end-users of the project TOP-REF as part of the Work
Package 2.1: “Definition of processes and their boundary conditions” and on a review of existing
literature on this topic for the sectors involved in the present project according to the structure of
the IEC 62264-3 standard.
Additionally, during some visits conducted by the project team to the different industrial facilities,
the team reviewed the monitoring and control tools used and identified the providers of the tools
for a deeper analysis of their functionalities.
Section 4 describes in detail the resource efficiency indicators and references reviewed in this
task.
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3 RESULTS
3.1 Overview of selected resource efficiency indicators
The resource efficiency indicators were shortlisted based on the three-step screening explained in
section 2.4. The indicators that do not affect any of the sectors and resources in TOP-REF, or
cannot be applied at process level will not be further analysed in the present Work Package. Thus,
from the initial 84 indicators identified in the literature, only 41 indicators were shortlisted as
suitable for the objectives of the project TOP-REF. The shortlist of indicators is presented in the
following table:
Table 2: Selected resource efficiency indicators

Categories

Material flows

Energy use

Water use

Waste generation and management

Indicators
Material consumption
Material cost
Material Input per Service Unit (MIPS)
Material Intensity
Recycled Content
Material efficiency / Specific consumption
Cumulative Energy Demand
Direct energy consumption / Energy consumption within
the organisation
Indirect energy consumption / Energy consumption
outside the organisation
Energy Cost
Energy Intensity Factor
Exergy Indicators (Cumulative exergy consumption,
Exergy Accounting - Exergy Cost Accounting, Exergy
replacement costs)
Specific Energy Consumption (SEC)
Use of contact cooling water
Use of non-contact cooling water
Water use / Water abstraction / Water withdrawal
Water cost
Water Footprint of products
Water recycled or reused
Generation of Hazardous Waste
Generation of waste
Share of waste treatment and disposal
Waste management cost
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Categories
Abiotic depletion

GHG emissions

Other environmental impacts

Date: 22/08/2014

Indicators
Abiotic Depletion Potential (CML)
Abiotic Depletion Potential – elements (CML)
Abiotic Depletion Potential – fossil fuels (CML)
Fossil Depletion Potential (ReCiPe endpoint)
Mineral Depletion Potential (ReCiPe endpoint)
Carbon Footprint of a product
Emissions of GHG
Indirect GHG Emissions
Acidification (Accumulated Exceedance - AE)
Cost effectiveness (Keff)
Eco-efficiency indicator
Ecotoxicity (freshwater) (USEtox)
Eutrophication, terrestrial (Accumulated Exceedance - AE)
Eutrophication, freshwater and marine (ReCiPe)
Human toxicity, cancer effects (USEtox)
Human toxicity, non-cancer effects (USEtox)
Ionizing radiation (Human Health effects model)
Ozone depletion potential
Particulate matter / respiratory inorganics (RiskPoll)
Photochemical ozone formation (ReCiPe)

Section 3.2 describes in greater detail the resource efficiency indicators identified in this task.
The search of literature showed 41 indicators of resource efficiency currently used in industry,
academic work or policy documents that may be relevant for the objectives of the TOP-REF
project. These cover a wide range of resource efficiency aspects such as material consumption,
emissions of greenhouse gases or economic benefits.

3.2

Description of selected existing resource efficiency
indicators

3.2.1 Indicators of material flows
There exist a number of indicators that measure material flows in absolute values that can be
used to evaluate the consumption or use of materials. If a sector only transforms a material, and
does not consume it (e.g. by burning it), we refer to it as ‘use’. On the other hand, if a material is
consumed and it cannot be used again, we refer to it as ‘consumption’.
The use or consumption of materials can be measured as the total consumption of all materials in
the process or per specific material. The origin of the materials can also be an important indicator
of resource efficiency, since it can give information about the pressure on the resources
consumed.
Benchmarking of current sectorial tools and indicators
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As explained in section 1, resource efficiency can also be measured by a ratio of benefits obtained
from the use of natural resources. The benefits can be expressed as products, process outputs,
economic value, etc. whereas natural resources use can be expressed as absolute values,
environmental impacts, etc. There exist in the literature a number of indicators that express
resource efficiency as a ratio, mostly between material used over economic value, output of a
process, etc.
Table 3 shows the indicators related to material flows identified in the literature.
Table 3: Indicators of material flows (in alphabetical order)

Unit of measurement 8

Indicators
Material flow;
Material consumption
Material cost
Material Input per Service Unit
(MIPS)
9

Material Intensity
Recycled content
Specific consumption
Material efficiency

kg
€
kg/functional unit
kg/product

Source
EC (2009)
ISO 14051:2011
Herva (2011)
Ritthof (2002)

kg/€
%

Schmidt-Bleek (1993)
UN (2007)
UNEP (2011)

kg/kg

UNEP (undated)

3.2.1.1 Main definitions and concepts
Some indicators of material flows include concepts that may lead to ambiguous interpretations if
they are not clearly defined. Terms such as “recycling” or “material inputs” are commonly used in
the industry, although not always with the same meaning. For this reason, some definitions of
terms related to the different indicators are presented hereafter:
• Material Flow Analysis (MFA) is a methodology used for quantifying flows of substances
or materials passing through a defined natural, industrial and/or economic system. The
prerequisite for the system diagnosis is the counting of the flows entering and exiting the
system. It can be used at national, company and process level. For the national level it
bases its calculations on national and international statistical data. It gives information
regarding the extraction of resources and physical imports and exports and is already part
of the official environmental statistics reporting system. For the industrial level, there are
many indicators that can be calculated from the information obtained from a MFA. These
indicators will help monitor, control and optimize the process and they need to cover all
8

The units have been harmonised to the International System of Units, where possible
The UN refers to Material Intensity as “Material intensity of the economy”. However, the same definition
could be applied to company level or process level. In the present document we refer to material intensity
at process level.
9
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important categories of incoming and outgoing material flows. Material Consumption is
one of the indicators that can be calculated from a MFA and refers to the amount of raw
materials that are consumed per year in a process or industry.
• Material costs quantify the economic costs for the material inputs of the process,
including material losses. This indicator can be used to monitor the performance of a
process or a company over the time, but does not allow to compare the efficiency of the
process between different companies.
• Material intensity is the opposite of resource productivity, measures the amount of
materials used per economic value created.
• Material Input per Service Unit (MIPS) measures all materials moved (i.e. extracted,
consumed or not) in order to produce a good or a service from cradle to grave. It allows
comparing products. It can be used in product or process level.
• Recycled content can be defined as the part of a material derived from recycling (i.e.
secondary material) in a final product.
• Recycled input materials can be defined as the input of materials into a system or
economy from recycling (i.e. secondary material).
• Specific Consumption, also called material efficiency, refers to the amount of raw
materials used to produce an amount of product.
There exist other specific indicators of material use, such as catalyst replacement, quantity of
chemicals used, materials used by type of material, etc. These specific indicators are considered
variations of the indicators reviewed and therefore they are not included in the present
document.

3.2.1.2 Resources and substances measured
The Material Flow Accounting indicators of a process or industry need to cover the most
important categories of incoming and outgoing material flows. Some of the most commonly used
units are kilograms (for raw materials, production output, residues, wastes, packaging, etc.), m3 or
litters (for water use, residual water and emissions to air) and kWh for energy flows, among
others.
MIPS includes biomass, non metallic minerals, metal ores, fossil energy materials, soil, water and
air in its accounting.
Recycling content indicator measures the proportion of recycled/reused materials that are
incorporated into the product or production chain and helps quantify the reduction in the use of
new materials.
Specific consumption indicator measures the use of a particular material in a process or industry.
It can measure the amount of any material that is used and is part of the material flows.
Likely, the material costs can also be calculated to any resource or substance consumed in the
process.

Benchmarking of current sectorial tools and indicators

17

Document: Deliverable 2.2. Benchmarking of current sectorial tools and indicators
Author: BIO IS

Version: 3

Reference: DLV 2.2 TOP-REF ID 604140

Date: 22/08/2014

Most of these indicators measure the material consumption in mass units and give information
about the material use, which can be a proxy for the environmental burden caused by the
intensity of use of materials.

3.2.1.3 Calculation methods
One of the most important indicators related to material use and applicable to the industry is the
Material Input per Service Unit. This indicator is expressed as Mass/Service provided or product,
and is calculated as follows:

MIPS =

¿ Used
Resources
production
quantity
of the product

This indicator divides the materials into five categories: biotic and abiotic materials, earth
movements, water and air. The resources used and the output of the process can be directly
measured in the process or indirectly calculated based on the company’s accounting systems.
The recycled content of a product and the recycled input of materials can potentially be
calculated, but depends on the kind of material and the information available regarding its origin.
In the case of metals, basic metals are composed of both virgin and recycled material, and it is
rarely possible to determine the percentage of each.
The Specific consumption indicator is calculated for a material of interest and for a specific year.
It is calculated as follows.

Specific consumption, material A, 2009 =

Material input, raw material A in kg in 2009

kg of product produced
The economic costs of the technologies can be estimated by the organisation, but the emissions
and environmental impacts of the different technologies are not directly measurable. These
would have to be calculated by using standardised methods such as PAS 2050, GHG Protocol and
ISO 14067, or tools for environmental impact assessment such as LCA tools. These include the use
of databases of environmental impact factors for average materials, processes and products.
Material costs can be quantified in a number of different ways, e.g. historical costs, average costs,
real costs. The economic costs for each material flow are quantified by multiplying the physical
amount of the material flow by the unit cost of the material over the time period.

3.2.1.4 Usability of the indicators
Material Consumption indicator is a general indicator that gives information about the amount
of materials consumed by an industry or process.
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Material Input per Service Unit is an indicator that can be used for the corporate level, but can
also be applied at national level. However, this indicator is not very spread in the EU industry, and
remains of marginal use. It gives information about the amount of materials used to produce a
product taking into account its whole life cycle. This indicator can be used as a resource efficiency
measurement to compare products or services.
Recycled content is a usable indicator for some specific processes in which the input materials can
have a recycled origin without altering the quality of the output, and in which the percentage of
recycled content can be measured or calculated at company or process level.
Specific Consumption indicator is useful for tracking the use of a specific material in a process
and to validate improvements in resource efficiency use.
The indicator of material costs is usable at process or company level. This indicator can be useful
to analyse the relative economic importance of each material consumed by an industrial process.
The inclusion of the economic costs per quantity of material gives valuable information about the
productivity of the materials used, but does not relate to the efficiency of the resources
consumed or the environmental impacts caused. Therefore, this indicator should be
complemented with other indicators related to efficiency of resources.

3.2.2 Indicators of energy use
The main indicators to measure energy consumption of an activity can be expressed as an
absolute magnitude in Joules or in relation to other parameters: per production unit, per mass,
economic value, etc. Table 4 shows the resource efficiency indicators identified in the literature
related to energy use.
Table 4: Resource efficiency indicators related to energy use (in alphabetical order)

Indicators
Embodied Energy;
Cumulative Energy
Demand
Energy consumption
within the organisation
Direct energy
consumption
Energy consumption
outside the organisation
10

Unit of

J

J

J

Definitions

Source

Energy needed to
manufacture a product or
provide a service using the

Sciubba (2009)
Valero (2006)
KPI Library

Life Cycle Approach.
Energy (fuel, electricity,
heating, cooling, and steam)

database 10

consumed directly within the
process or organization.
Energy (fuel, electricity,

Initiative (2013)

heating, cooling, and steam)

Initiative (2013)

Global Reporting

Global Reporting

www.kpilibrary.com accessed in July 2014
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Indicators

Unit of
measurement8

Indirect energy
consumption

Energy Cost

Energy Intensity Factor
Economical energy
efficiency
Exergy Indicator; Exergy
Accounting; Exergy Cost
Accounting;
Cumulative Exergy
Consumption

Exergy replacement costs

Specific Energy
Consumption (SEC);
Energy Efficiency ratio;
Total energy used per unit
of production;

Date: 22/08/2014

Definitions

Source

consumed in processes and
activities throughout the life
cycle of the service or
product.
€/cycle,
€/output
€/Total Cost

Economic cost of the energy
consumed per cycle, unit
output or total cost of the
process.

J/€ turnover
J/€ turnover

Ratio of the energy used to a
financial value, such as
business turnover, value
added, GDP, etc

J

Exergy is a general indicator
that includes the analysis of
energy and material
resources, waste and
emissions in terms of
depletion of natural
resources.

J

Valero and Valero
(2014)
Gaudreau et al.
(2009)
Valero (2006)
Szargut and Morris
(1987)

Resources (measured in
exergy terms) required to
replace non-fuel mineral
resources from a completely
degraded state (the grave) to Valero and Valero
the situation of composition
and concentration in which
they were originally found in
the mines, by using current
technologies.

(2014)

Energy consumed per time,
J/output

product output or value of
the output.

EC (2009b)
KPI Library database

3.2.2.1 Main definitions and concepts
Regarding the use of energy as a product obtained from resources, there are several concepts
that describe the different impacts that economic activities can have on the use of energy:
• Embodied Energy and Cumulative Energy Demand include the sum of those energy
expenditures valued as primary, which result from all the steps in the value chain of a
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product or service, including auxiliary materials, the consumables, production facilities
and demands for transport.
Indirect energy consumption, on the contrary, includes the energy used throughout the
value chain of the process, except the direct energy consumption11.
Exergy Indicators are calculated using methodologies that provide a quantitative basis to
measure the quality of any resource (including fuels, raw and processed materials or
water). These indicators help detect inefficiencies and irreversible processes. These
can also be used to assess the resources that would be required to mitigate possible
emissions or wastes.

3.2.2.2 Resources and substances measured
The energy characterisation of industrial processes requires the measurement of a set of variables
of each flow entering and exiting the system. According to the state postulate, if any two state
variables of a simple compressive substance 12 are specified, the third is determined. This implies
that the state of a system is characterised by two independent properties such as pressure,
temperature, specific volume, specific enthalpy, etc. Accordingly and neglecting kinetic, potential
and chemical components, the energy and exergy of a flow are usually obtained by measuring its
temperature and pressure (as these are the easiest variables to measure).
Exergy measures the increased scarcity due to the extraction of mineral resources (including fuels
and non-fuels) required to produce a certain good. There exist datasets of exergy costs for about
40 resources (Valero et al., 2013).

3.2.2.3 Calculation methods
The variable measured with the energy indicators is the amount of energy required to produce a
product or service. The calculation method for these indicators is very similar among each other.
The main aspect that differentiates them is the boundary definition of the analysed system. Some
indicators only consider the energy consumption from a limited part of the production chain,
some others consider the energy consumption in the entire life cycle from raw material extraction
to consumption.
At an industrial level, energy balances are used to characterize the system under analysis. The
following equations apply either for open or closed systems:

E2

E1

Q W (closed system)

Where,
E is energy;
Q is heat;
and W is work.
11
12

Global Reporting Initiative, “G4 Sustainability Reporting Guidelines,” Global Reporting Initiative, Amsterdam, 2013.

Most of the substances used in industry fall under this category.
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dE
dt

. v
C2
Q. W. + m 1 1 h1 1 + gz1 1
1
1
2
J
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. v
C2
m 2 1 h2 + 2 + gz 2 1 (open system)
1
1
2
J

Where,
Q is heat flow rate;
W is power;
m is mass flow rate;
h is enthalpy;
C is kinetic energy;
g is gravity constant;
z is height.
In order to calculate the embodied energy or cumulative energy demand of a process, the energy
consumption of all the stages of production, as well as the energy demand to supply the materials
needed to run the process and the energy consumed for the use and disposal of the product,
needs to be determined13. All material and energy flows of the system are identified and
quantified in mass, volume and energy units. After this has been done, all inputs are multiplied by
the amount of commercial energy that has been needed to produce them (so called embodied
energy intensity factors) 14.
For the calculation of the indicator Energy Consumption outside the Organisation, the
boundaries of the system analysed need to be defined. The organization needs to be able to track
which of its activities cause energy consumption outside of the organization itself, and assess the
amounts involved15.
Other indicators like the Exergy Cost Accounting Indicator use more complicated methodologies
(e.g. thermoeconomics) but they are able to evaluate complex production systems giving more
detailed information about the quality of resources and the inefficiencies that cause an increment
in energy or resource consumption. Exergy replacement costs uses a grave-to-cradle approach, in
which fuel resources are accounted for through their chemical exergies (as once used, are lost
forever and cannot be returned to their original state).
The specific Exergy b of a system is characterised by a set of thermodynamic parameters that
define its quality. It is calculated as the sum of the thermo-mechanical exergy, the kinetic exergy,
the potential exergy and the chemical exergy as it is shown next:

13

S. Gössling, Entropy production as a measure for resource use, Hamburg: Hamburg University, 2001
F. Agostinho and L. Pereira, “Support area as an indicator of environmental load: Comparison between
Embodied Energy, Ecological Footprint, and Emergy Accounting methods,” Ecological Indicators, vol. 24, pp.
494-503, 2012
15
Global Reporting Initiative, “G4 Sustainability Reporting Guidelines,” Global Reporting Initiative,
Amsterdam, 2013.

14
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Where,
u is specific energy;
p is pressure;
v is specific volume;
b.Gf is gibbs free energy of the given substance;
rj,i is the number of moles of each chemical species in the given substance;
bchj is the chemical exergy of the substance; and
Subindex 0 means the reference conditions (usually ambient conditions)

3.2.2.4 Usability of the indicators
The resource efficiency indicators related to energy measure the use of this resource, in a
process, an activity or in a country or region. All the energy indicators mentioned in Table 4 are
closely linked to each other and they are all suitable for use at company level.
Cumulative Energy Demand and Embodied Energy indicators allow to quantify the direct and
indirect energy use of a product throughout its lifecycle 16. It helps to have an idea of the
ecological burden of the product analysed.
Indirect Energy Consumption allows tracking and observing energy consumption outside of the
organization and may help improve the overall life-cycle performance. This indicator is the basis
for calculating other relevant indicators such as the indirect GHG emissions generated by an
industry. The sum of direct and indirect energy consumption is equal to the embodied energy.
The exergy indicator gives information about the quality of the resources under analysis. Exergy is
able to quantify the quality of all types of resources including mineral commodities or water.
Exergy Accounting methodology also allows connecting energy with its economic value through
Thermoeconomics. The input-output thermodynamic analysis is a methodology that combines
exergetic cost theory and input output analysis. Its objective is to obtain general equations that
relate the behaviour of the individual processes of a system with its global behaviour and to
analyse its cost formation process 17. Moreover, the Exergy Cost Accounting indicator, used as a
unit of measure in Thermoeconomics, is a unifying methodology that brings many energy analysis
methodologies together including embodied energy, exergy, cumulative exergy consumption

16

M. Herva, A. Franco, E. F. Carrasco and E. Roca, “Review of corporate environmental indicators,” Journal
of Cleaner Production, vol. 19, no. 19, pp. 1693-1694, 2011
17
Valero D., A. (2011) Ecología Industrial: cerrando el ciclo de los materiales.
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(Szargut, 1978), Emergy (Odum, 1996), Life Cycle and Leontief´s Input Output Analysis among
others 18.
As regards to the Exergy Replacement Cost method, its strength relies on that it is solidly rooted
on thermodynamics and hence it is not based on the context of economic availability.
Additionally, it does not mix scarcity as such with the difficulty of extraction, which can be viewed
as double counting. This approach clearly differentiates the grave-to-cradle path from the cradleto-gate path. As opposed to other methodologies, the mining of highly concentrated minerals is
penalized since they have associated greater replacement costs. However, high-grade mines do
not need so much energy in the mining and concentration steps. The opposite occurs with lowgrade mines, whose replacement costs are lower (as they are closer to depletion), but the
extraction costs are very high. Hence both concepts complement each other and no double
counting occurs. This indicator can be used to monitor the performance of a process or a
company over the time, but does not allow to compare the efficiency of the process between
different companies.
All these indicators provide clear information about the efficiency in energy consumption and
allow understanding and measuring changes made to the operation of production systems.

3.2.3 Indicators of efficiency of water use
The main indicators that measure the efficiency of water use of an activity are based on absolute
water consumption, which can be expressed as absolute magnitude or in relation to other
parameters, such as time, economic value, output of a process, etc. Table 5 shows the resource
efficiency indicators found in the literature related to water use.
Table 5: Resource efficiency indicators related to water use (in alphabetical order)

Indicators
Water
consumption
Water
abstraction
Water
withdrawals
Water cost
Water footprint
of products

18

Unit of
measurement8

m3/cycle

€
m3/cycle,
m3/t
m3/unit produced

Definition

Source

Water taken from a source
such as ground or surface
water and used in a

EC (2009) Regulation
1221/2009
BIO (2012)

process, either
incorporated into a
product or released.
Economic costs of water

Global Reporting Initiative
(2013)

consumption.
Total volume of global
freshwater consumed,
considering the life cycle of
products or services.

ISO 14051:2011
Galli et al. (2011)
Hoekstra et al (2011)
KPI Library database

Valero, A. (1998) Thermoeconomics as a conceptual basis for energy–ecological analysis
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Indicators

Water recycled
or reused

Date: 22/08/2014

Unit of
measurement8

Definition

%

Amount of water that has
been previously discharged
as wastewater and is
reused.

Source
World Resource Institute
(2012)
European Water
Partnership (2011)
Global Reporting Initiative
(2013)

3.2.3.1 Main definitions and concepts
There exist some variations of these indicators of water use, such as water discharge by quality
and destination, number and volume of significant spills, contact and non-contact cooling water,
among others. These are not included in the present document because they are considered to be
variations of the indicators reviewed.

3.2.3.2 Resources and substances measured
The resource efficiency indicators related to water measure the consumption or use of water, but
some indicators can also give information about the availability of water resources, the output of
the process or activity or its economic value. The additional parameters included in these
indicators are:
• Period of time
• Mass of product output
• Economic value of product or process
The type of water measured by these indicators can usually include all types of water (e.g.
surface, ground, municipal, rainwater, external, green, blue, grey), although for most of the
indicators this is not specified. Companies can adapt the calculation of the indicator to their
specific scope.

3.2.3.3 Calculation methods
Most of the indicators related to water measure the absolute value of water consumed or used in
a period of time. These can be easily calculated for industrial processes, either by direct
measuring tools or by using the water bills or other internal accounting systems in the company.
The disaggregation of the total water consumed in a company into the different production
processes may present more difficulties if the company does not monitor the water consumption
by process.
The water footprint of a product is expressed as volume/mass and calculated as follows:

Water footprint =

volume of
water consumed
relevant
processes
production
quantityinofallthe
product

Benchmarking of current sectorial tools and indicators

25

Document: Deliverable 2.2. Benchmarking of current sectorial tools and indicators
Author: BIO IS
Reference: DLV 2.2 TOP-REF ID 604140

Version: 3
Date: 22/08/2014

3.2.3.4 Usability of the indicators
It is possible to measure or calculate the absolute quantity of water used at company level or
industrial process level. The level of detail of these magnitudes will depend on the monitoring
methods used in the organisation. In the same way, it is possible to measure or calculate the
volume and value of the output of the process. Therefore, those parameters that relate to
absolute consumption and process output, such as the water footprint and the water intensity,
are suitable parameters that can be calculated for industrial processes.
Other valuable indicator for the process level is the water reused or recycled indicator. The rate
of water reuse and recycling can be a measure of efficiency and can demonstrate the success of
the organization in reducing total water withdrawals and discharges. Increased reuse and
recycling can result in a reduction of water consumption, treatment, and disposal costs. The
reduction of water consumption through reuse and recycling can also contribute to local,
national, or regional goals for managing water supplies 19. The indicator water cost can be used to
monitor the performance of a process or a company over the time, but does not allow to compare
the efficiency of the process between different companies.

3.2.4 Indicators of waste generation and management
The resource efficiency indicators related to waste are based on the amount of material in mass
units that is treated, generated or managed in a process or country per capita, per economic
value and per GDP. Other cases have been found where waste treatment is measured in
percentages and a special case, where it is measured in a particular scale of values. Waste related
indicators can be found in Table 6.

19

https://www.globalreporting.org/resourcelibrary/G3.1-Environment-Indicator-Protocols.pdf
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Table 6: Resource efficiency indicators related to waste (in alphabetical order)

Indicators

Unit of
measurement8

Definition

Generation of
hazardous
waste

kg
kg/€

Amount of hazardous waste
produced per year, cycle or
turnover.

Generation of
waste

kg
kg/€

Total amount of waste generated
per year, cycle or turnover.

Share of waste
treatment and
disposal

%

Waste
management
cost

€

Percentage of waste recycled,
composted, incinerated and land
filled, over the total waste
generated.
Economic cost of handling the
waste generated, including air
emissions, wastewater, solid
waste, for onsite activities and
outsourced activities.

Source
EC (2009) Regulation
1221/2009
UN (2007)
UN (2007)
EC (2009) Regulation
1221/2009
UN (2007)

ISO 14051:2011

There exist other variations of waste generation indicators, e.g. weight of waste by type and
disposal method, number and volume of significant spills. These and other variations of the
indicators already reviewed are not included in this document.

3.2.4.1 Resources and substances measured
The indicators identified related to waste generation and management include all types of waste
generated. Only the indicators Generation of hazardous waste specifies the type of waste
measured. Some of the indicators of waste generation are defined for use at regional or national
level and therefore measure the waste in total waste generated per capita, which would not be
applicable to industrial processes.
The waste management costs also include the emissions into air and into water, which are not
usually included within the waste indicators.
Each waste related indicator gives specific information about waste management, generation,
treatment and the improvements that have been made over time. The main physical unit used for
these indicators is mass of waste, expressed as a ratio per economic value created or process
output.

3.2.4.2 Calculation methods
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The indicators related to wastes such as Generation of Waste, Waste treatment and disposal and
Generation of Hazardous Waste are all intended for policy making and for a country perspective.
These indicators are reported per weight, and can also be calculated in units of per capita or
turnover.
Waste management costs are associated with handling material losses in a process. The waste
management costs associated with step of the process should be quantified. The costs for
handling the waste and emissions should be attributed to each flow of losses leaving the process
system. In the case of internal costs, these can be calculated based on the internal accounting
systems of the company. Outsourced waste treatment costs can be estimated by using the costs
of the waste treatment service suppliers and taxes paid to public services for waste handling.
As explained above, some of these indicators are used at regional and national level, and based
on waste statistics made from surveys, mandatory reporting by companies, statistical estimation
procedures on the basis of samples, etc. However, all these indicators can be used at organisation
or process level. The amount and type of waste generated can be measured on-site, and the
economic indicators such as economic benefit can be calculated by using the organisation’s
accounting systems.

3.2.4.3 Usability of the indicators
Generation of Waste is an indicator that gives information about the amount of hazardous and
non-hazardous waste generated by an industry or sector of the economy. By calculating the
amount of waste generated per unit of value added it is possible to measure the inefficiency of
the use of resources to generate economic value. Another important indicator is Waste
Treatment and Disposal. This indicator shows the share of waste recycled, composted,
incinerated, or land filled and is usually calculated for countries and regions, but it can be applied
at processes or organisations. The indicator of waste treatment and disposal, as well as waste
management cost are indicators related to the management of the organisation, and do not
relate directly to the efficiency of the industrial process. Waste management cost can be used to
monitor the performance of a process or a company over the time, but does not allow to compare
the efficiency of the process between different companies.
In the literature, all the above mentioned indicators are intended for the national level, but they
could be adapted to the industry level, by developing procedures to measure the amounts and
types of waste generated per product output or economic benefit.

3.2.5 Indicators of abiotic depletion
The impact category resource depletion can be described as the “decrease of availability of the
total reserve of potential functions of resources, due to the use beyond their rate of
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replacement” 20. Resource depletion is mainly associated to minerals and fossil fuels consumption
since biotic resources such as wood are only assessed if regeneration rate is exceeded by
extraction.
As for the environmental impacts, there is a wide range of existing abiotic depletion
characterisation models. In Table 7, the indicators which received the best evaluations in the ILCD
are presented. None of the endpoint indicators are sufficiently robust for use but they are
presented as well since they are directly related to the main objectives of the TOP-REF project –
results on these indicators may represent interesting insight even if their robustness is
questionable. Lastly, the exergy replacement cost indicator proposed by Valero and Valero (2013)
is shown, which is a recent proposal that tries to overcome the deficiencies presented by the
currently in use abiotic resource depletion indicators.
Table 7: Resource efficiency indicators related to abiotic depletion

Indicators
Abiotic depletion
potential (CML)
Abiotic depletion
potential - elements
(CML)
Abiotic depletion
potential – fossil fuels
(CML)

Unit of

kg Sb eq.

kg Sb eq.

J

Fossil Depletion
Potential (endpoint)
(ReCiPe)

$

Mineral Depletion
Potential (endpoint)
(ReCiPe)

$

Definition
Extraction rate of a substance
in relation to the total existing
resources (or reserves) of this
substance.
Extraction rate of chemical
elements in relation to the
total existing resources (or

Source
Van Oers et al.
(2002)
Van Oers et al.
(2002)

reserves) of these elements.
Sum of fossil resources used
in the life cycle of a product.

Van Oers et al.
(2002)

Marginal cost increase
(additional efforts society has
to pay) as a result of fossil

Goedkoop et al.
(2009)

fuels extraction.
Marginal cost increase
(additional efforts society has
to pay) as a result of mineral

Goedkoop et al.
(2009)

extraction.

20

Van Oers, L., De Koning, A., Guinée, J.B., Huppes G. (2002). Abiotic resource depletion in LCA - Improving
characterisation factors for abiotic resource depletion as recommended in the new Dutch LCA Handbook.
Published by Road and Hydraulic Engineering Institute of the Dutch Ministry of Transport, Public Works and
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3.2.5.1 Main definitions and calculation methods
Abiotic depletion potential (CML) is calculated as follows:

Where,
DR is extraction rate (kg/yr);
R is Total resources (kg);
i is substance;
ref is antimony.
Abiotic depletion potential – elements (CML) is calculated as follows:

Where,
DR is extraction rate (kg/yr);
R is Total resources (kg);
i is substance;
ref is antimony.
Mineral Depletion Potential (endpoint) (ReCiPe) is calculated as follows:

Where,
MCI is Marginal cost of extraction ($/kg2);
P is Annual consumption in year t (kg);
d is discount rate;
T is number of years.
Fossil Depletion Potential (endpoint) (ReCiPe) is calculated as follows:

Where,
MCI is Marginal cost of extraction ($/kg2);
P is Annual consumption in year t (kg);
d is discount rate;
T is number of years.
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3.2.5.2 Resources and substances measured
Abiotic depletion potential (CML) – CML recommends using the total resources of a substance.
The use of total reserves (representing the portion of the resources that can be economically
extracted) would be an interesting alternative as well. This indicator covers both minerals
(chemical elements in general) and fossil fuels, which are detailed below.
Abiotic depletion potential – elements (CML) – 49 chemical elements are covered by this
indicator (Aluminium, Antimony, Beryllium, Brome, Chlorine, Gallium, Magnesium, Silicon,
Sodium, Uranium, etc.)21. It does not take into account resources available in the technosphere
(wastes, etc.)
Abiotic depletion potential – fossil fuels (CML) – Covers petroleum, natural gas, bituminous coal
and lignite. However, there is no distinction among the different fossil resources – they are
treated as a whole.
Mineral Depletion Potential (endpoint) (ReCiPe) –20 mineral resources covered: Silver,
Aluminium, Gold, Cobalt, Chromium, Iron, Manganese, Molybdenum, Nickel, Osmium,
Phosphorous, Lead, Palladium, Platinum, Rhodium, Ruthenium, Tin, Uranium and Zinc.
Fossil Depletion Potential (endpoint) (ReCiPe) – Covers petroleum, natural gas, bituminous coal
and lignite. Only the marginal cost for oil is calculated and for the other fossil resources, they are
derived based on their Lower Heating Value (LHV).

3.2.5.3 Usability of the indicators
Some of the available impact assessment methods in LCA have midpoint characterisation factors
for resource depletion, such as the quantity of resources extracted (presented in kg of antimony
equivalent in CML). The environmental relevance of these indicators is relatively low but their
quantification is robust. Figure 3 shows the cause-effect chain for resource depletion where the
aim is to measure damages to human health and ecosystems due to future provision needs of
resources. Endpoint characterisation factors, aiming to cover this entire environmental
mechanism represented in the figure, rely on the future consequences of resource extraction.
For some models such as Abiotic Depletion (CML), minerals and primary energy carriers are
assessed together based on ultimate reserves or economically exploitable reserves and yearly
extraction rates. In the ReCiPe model, there are separate endpoint indicators for minerals and
fossil fuels based on the marginal cost increase (additional efforts society has to pay) as a result of
their extraction. In this case, the damage is presented in monetary values (dollars). It focuses on
the depletion of deposits (not commodities consumption) in order to cover also the minerals

21

Full list is available at http://www.leidenuniv.nl/cml/ssp/projects/lca2/report_abiotic_depletion_web.pdf
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extracted as co-products 22 . The coverage of different types of materials (e.g. wood, minerals and
metals) varies in the different resource depletion calculation methodologies. Some methodologies
/ indicators only use a limited set of minerals and metals.

Figure 2: Flow diagram for resource depletion environmental impacts (Source: ILCD Handbook)

3.2.6 Indicators of GHG emissions
The main indicators used to measure the contribution to climate change by a country or industry
are the Greenhouse Gas (GHG) emission indicators or CO2-equivalent indicators. Table 8 shows
the GHG emission indicators found in the literature.

22

Goedkoop, M., Heijungs, R., Huijbregts, M., De Schryver, A., Struijs, J., van Zelm, R. (2009) ReCiPe 2008 –
A life cycle assessment method which comprises harmonized category indicators at the midpoint and the
endpoint level – Report I: Characterisation. Ministry of Housing, Spatial Planning and Environment (VROM)
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Table 8: Resource efficiency indicators related to GHG emissions

Indicators

Carbon
Footprint of a
product

Emissions of
GHG
to air

Indirect GHG
emissions

Unit of measurement8

kg CO2 eq.

Definition
Anthropogenic
emissions of carbon
dioxide directly and
indirectly produced by
an activity or that are

Source
Herva, et al. (2011)
Galli et al. (2011)
Wiedmann and Minx
(2008)

accumulated during the
life stages of goods and
services.

kg CO2 eq.

kg CO2 eq.

GHG emissions under
the Kyoto Protocol from
anthropogenic sources.
Issues related to land

EC (2009) Regulation
1221/2009
BIO (2012)
IPPC (2007)

use change can be
included.

UN (2007)

Emissions that are
consequences of the
activities of the
company but occur
throughout the life
cycle of the product or
service.

Global Reporting
Initiative (2013)
WBCSD and WRI (2004)
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3.2.6.1 Resources and substances measured
The resource efficiency indicators that measure GHG emissions quantify the environmental
impact of the industry, product, system or country analysed, by giving the amount of emissions of
CO2 or CO2 equivalent in kilograms or tonnes.
The impact of the GHG is converted to CO2 equivalents through the global warming potential of
the specific gas. Some of these values are shown in Table 9.
Table 9: Global Warming Potential of some Green House Gases 23

Indirect GHG emissions can be divided into two groups1: those that result from the generation of
purchased or acquired electricity 24, heating cooling and steam consumed within the organization
(scope 2) and those emissions that occur outside of the organization, including upstream 25 and
downstream 26 emissions (scope 3).

3.2.6.2 Calculation methods
The Carbon Footprint indicator takes into account the contribution of CO2, CH4, N2O, HFC 27,
PFC 28 and SF6 gases, caused by human activity, it is measured in mass units. The kilograms of CO2
equivalent of other GHG different from CO2 are obtained by multiplying the mass of the analysed
gas with its global warming potential.
For the calculation of this indicator, there are two main methodologies used, the bottom-up
approach, based on process analysis and the top-down approach based on Environmental Input
Output analysis. The bottom-up approach is used to calculate Carbon Footprint of products from
cradle to grave whereas the Environmental IO analysis is used for calculating the Carbon Footprint
of nations or regions. Nonetheless, the combination of both methodologies is recommended.
23

https://www.ipcc-wg1.unibe.ch/publications/wg1-ar4/ar4-wg1-errata.pdf
Excludes emissions from electricity purchased for resale
25
Purchased goods and services, capital goods, fuel- and energy-related activities (those that are not included in Scope
1 or Scope 2 emissions), upstream transportation and distribution, waste generated in operations, business travel,
employee commuting, upstream leased assets, and other upstream.
26
Downstream transportation and distribution, processing of sold products, use of sold products, end of life treatment
of sold products, downstream leased assets, franchises, investments, and other downstream.
27
Hydrofluorocarbons (HFCs): Among the six greenhouse gases to be curbed under the Kyoto Protocol. They are
produced commercially as a substitute for chlorofluorocarbons. HFCs largely are used in refrigeration and
semiconductor manufacturing. Their Global Warming Potentials range from 1,300 to 11,700.
28
Perfluorocarbons (PFCs): Among the six greenhouse gases to be abated under the Kyoto Protocol. These are byproducts of aluminum smelting and uranium enrichment. They also replace chlorofluorocarbons in manufacturing
semiconductors. The Global Warming Potential of PFCs is 6,500–9,200 times that of carbon dioxide.
24
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There are three main standards used worldwide for the Carbon Footprint of products, these are:
PAS 2050, GHG Protocol and ISO 14067. They all provide guidelines when doing a carbon footprint
study. GHG emissions and CO2 emissions for countries or regions can be obtained from national
and international statistics. In the case of processes and organisation, the calculation of the GHG
emissions usually cannot be directly measured, and has to be done by following one of the
standards mentioned above. This includes the use of standardised databases and conversion
factors for estimating the emissions of each activity.
Scope 2 Indirect GHG emissions can be calculated by identifying indirect emissions of GHGs that
result from the generation of the electricity, heating, cooling, and steam which is purchased or
acquired for own consumption by the organization. It is important to exclude other indirect
(Scope 3) emissions and any GHG trades, such as purchases, sales, or transfers of offsets or
allowances1.
Some methodologies to calculate this indicator are:
• Direct measurement of energy source consumed (coal, gas) or losses (refills) of cooling
systems and conversion to GHG (CO2 equivalents)
• Mass balance calculations
• Calculation based on site-specific data (such as for fuel composition analysis)
• Calculation based on published criteria (emissions factors and GWPs)
• Estimations. If estimations are used due to a lack of default figures, the organization
indicates the basis and assumptions on which figures were estimated.
• Direct measurement of the GHG (such as continuous online analyzers)
For the calculation of Scope 3 Indirect GHG emissions it is important to assess which of the
organization’s activities cause indirect emissions, and to calculate the amounts involved1. This
indicator requires a full GHG life cycle analysis of all products and operations 29.
One of the most important steps in the accounting of corporate GHG emissions is to define the
organizational boundaries. These boundaries will define how and where emissions will be
consolidated. There are three options for this accounting:
• Equity share
• Financial Control
• Operational Control

3.2.6.3 Usability of the indicators
The Carbon Footprint measures the amount of GHG emissions emitted to the environment and
due to the fact that emissions come mostly from fossil fuels it gives an indication of the intensity
in its use. Emissions to the environment can be reduced through the implementation of mitigation
technologies such as end of pipe techniques but also optimizing and increasing the efficiencies of
29

World Bussiness Counsil forSustainable Development and World Resource Institute, “The Greenhouse Gas Protocol,”
World Resources Institute and World Business Council, Conches-Geneva and Washington DC, 2004
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the processes or by using alternative energy sources. This indicator gives useful information to the
industries.
GHG and CO2 emission indicators are usually used as indicators at company and national level.
They work as measuring tools, allowing comparing climate impact between countries and regions
or any industrial activity. Thanks to the available data, it is possible to measure changes in GHG
emissions throughout the years. GHG emissions indicators provide insight into an organization’s
environmental footprint and performance. Having this information may be necessary for GHG
programs.

3.2.7 Indicators of other environmental impacts
The environmental impact indicators presented here are commonly used in Life Cycle Assessment
(LCA). LCA is a methodological tool used to quantitatively analyse the potential environmental
impacts occurring within the life cycle (from the extraction of resources, over production, use and
recycling up to disposal of the remaining waste) of products and services30. A number of methods
are used in life cycle impact assessment (LCIA) to convert the emissions of substances from the
technosphere (i.e. the economy) to the ecosphere (i.e. the natural environment) as well as
extractions of natural resources into impact indicators. Results can be presented at the endpoint
level (corresponding to damages in the main areas of protection: human health, natural
environment and natural resources) or at a midpoint level (impact modelled using an indicator
located somewhere along the pathway from its origin to the actual damage).
There is a wide range of existing and frequently used impact characterisation models31. For
example: CML 2002, Eco-Indicator 99, EDIP 2003, Impact 2002+, LUCAS, ReCiPe, TRACI, etc. These
offer generic characterisation factors associated to average conditions for a specific area. As the
number of methodologies for the different potential environmental impacts (eutrophication,
acidification, human toxicity, ecotoxicity, ozone depletion, etc.) is very high, we have chosen to
present in Table 10 only those recommended by the ILCD for use in a European context 32. These
indicators are also those listed in the “European Commission Recommendation on the use of
common methods to measure and communicate the life cycle environmental performance of
products and organisations” – known as the product and organisation environmental footprints
(PEF and OEF) serving, among others, as a basis for the EU Green Public Procurement practices.
Table 10: Resource efficiency indicators related to environmental impacts

Indicators

Unit of
measurement8

Definition

Source

30

EC – JRC – Institute for Environment and Sustainability (2010). International Reference Life Cycle Data System (ILCD)
Handbook – General Guide for LCA – Detailed Guidance.
31
EC – JRC – Institute for Environment and Sustainability (2010). International Reference Life Cycle Data System (ILCD)
Handbook – Analysis of existing environmental impacts assessment methodologies for use in LCA
32
EC – JRC – Institute for Environment and Sustainability (2010). International Reference Life Cycle Data System (ILCD)
Recommendations for Life Cycle Impact Assessment in the European context – based on existing environmental impact
assessment models and factors
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Indicators

Acidification
(Accumulated
Exceedance - AE)

Date: 22/08/2014

Unit of
measurement8

Definition

mole H+ eq. accumulated
exceedance

Processes that increase the acidity of
water and soil systems by hydrogen
ion concentration. It is caused by
atmospheric deposition of acidifying
substances generated largely from
emissions of NOx, SO2 and ammonia
(NH3)

Source

Seppälä et al.
(2006)

Cost
effectiveness
(Keff)

kg/€

Changing efficiency and associated
increment in cost of a given
technology related to a reference
technology.

EC (2003)

Eco-efficiency
indicator

€/environmental
impact

Value of a product or output of a
process against the environmental
impacts generated by the process.

EC (2013)

Ecotoxicity
(freshwater)
(USEtox)

Eutrophication,
terrestrial
(Accumulated
Exceedance - AE)

Eutrophication,
freshwater
(ReCiPe)

Comparative
toxic unit for
ecosystems
(CTUe)

Factors for toxicity effects on the
environment are based on models
that account for a chemical‘s fate in
the environment, species exposure,
and differences in toxicological
response (likelihood of effects and
severity).

Rosenbaum et al.
(2008)

mole N eq. accumulated
exceedance

The addition of nutrients may change
the species composition of the
vegetation by favouring those species
which benefit from higher levels of
nutrients to grow faster than more
nutrient efficient plants. is caused by
deposition of airborne emissions of
nitrogen compounds like NOx from
combustion processes and ammonia,
NH3 from agriculture.

Seppälä et al.
(2006)

kg P eq. Fraction of
nutrients
reaching
freshwater end
compartment

The addition of nutrients has a
number of consequences: species
composition of the plant community
changes to more nutrient-demanding
species; algal blooms create
shadowing, filtering the light
penetrating into the water mass,
changing life conditions from the
macrophytes, which need the light for

Struijs et al.
(2009)

Benchmarking of current sectorial tools and indicators

37

Document: Deliverable 2.2. Benchmarking of current sectorial tools and indicators
Author: BIO IS

Version: 3

Reference: DLV 2.2 TOP-REF ID 604140

Indicators

Unit of
measurement8

Date: 22/08/2014

Definition

Source

photosynthesis, and for predatory fish
which need the light to see and catch
their prey; oxygen depletion near the
bottom of the water body where
dead algae deposit and degrade.
Human toxicity,
cancer effects
(USEtox)

Human toxicity,
non-cancer
effects (USEtox)
Ionizing
Radiation –
human health
effects (human
health effect
model)

Comparative
toxic unit for
humans (CTUh)

Carcinogenic effects on humans
related to a chemical‘s fate in the
environment, human exposure, and
differences in toxicological response
(both likelihood of effects and
severity)

Rosenbaum et al.
(2008)

Comparative
toxic unit for
humans (CTUh)

Toxic (non-carcinogenic) effects on
humans related to a chemical‘s fate in
the environment, human exposure,
and differences in toxicological
response (both likelihood of effects
and severity).

Rosenbaum et al.
(2008)

Kg U235 eq.
(to air)

Effects on human health (fatal and
non-fatal cancers, severe hereditary
effects) related to the routine
releases of radioactive material to the
environment.

Dreicer et al.
(1995)

WMO (1999)

Ozone depletion
potential (WMO)

kg CFC-11 eq.

Destruction of the stratospheric
ozone layer by anthropogenic
emissions of ozone depleting
substances (ODS).

Particulate
matter /
respiratory
inorganics
(RiskPoll)

kg PM2.5 eq.
(particulate
matter 2.5 ¡..m}

Ambient concentrations of particulate
matter (PM) by emissions of primary
and secondary particulates.

Rabl and Spadaro
(2004)

Photochemical
ozone formation
(ReCiPe)

kg C2H4 eq.

Photochemically generated pollutants
that react to oxidise organic
molecules in the atmosphere.

Van Zelm et al.
(2008)

Eutrophication,
marine (ReCiPe)

kg N eq. Fraction of
nutrients
reaching marine
end

In aquatic systems (freshwater and
marine), the addition of nutrients has
a number of consequences: species
composition of the plant community
changes to more nutrient-demanding

Struijs et al.
(2009)
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Indicators

Unit of
measurement8
compartment

Date: 22/08/2014

Definition

Source

species; algal blooms create
shadowing, filtering the light
penetrating into the water mass,
changing life conditions from the
macrophytes, which need the light for
photosynthesis, and for predatory fish
which need the light to see and catch
their prey; oxygen depletion near the
bottom of the water body where
dead algae deposit and degrade.

Only the midpoint indicators are considered in this analysis. There are no recommended endpoint
indicators for damages in resource use. The listed indicators can be further explored through
narmalisation and weighting optional steps. Therefore, many other indicators may be derived
from the ones presented above but this depends on the goal of the study and the author’s
preference for presenting the results – these complementary indicators may also be relevant for
the TOP-REF project. Normalisation is not required, but recommended for PEF studies. This step
allows the comparison of the results for one impacts category with a reference unit (typically the
pressure related to that category caused by the emissions over one year of a whole country or an
average citizen). Note that one of the relevant methods for normalisation is monetisation of
environmental impacts (express impacts in monetary values). Weighting is another optional step
in which the normalised results are multiplied by a set of weighting factors reflecting the
perceived importance of the impact categories considered.

3.2.7.1 Resources and substances measured
The resources and substances measured in each impact indicator differ depending on the
environmental impact being quantified. As the indicators presented here are the ones
recommended by the ILCD for application in Europe, they are the most representative in terms of
resources and substances covered.
The cost effectiveness measures the reduction in environmental impacts of a product or process
and the associated costs. This can be applied to any resource and substance used in the product
or process. The eco-efficiency measures the reduction in environmental impacts of a product or
process and the associated costs. This can be applied to any resource and substance used in the
product or process

3.2.7.2 Calculation methods
All of these indicators are calculated based on the elementary flows from the life cycle inventory
(exchanges between the ecosphere and the technosphere), which are assigned to impact
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categories according to the ability of the substances to contribute to an environmental impacts.
Each flow may contribute to several impact categories. Each elementary flow is quantified and
multiplied by an associated characterisation factor (modelled according to the mechanism of the
environmental impact). The result for an indicator is the sum of the contributions from the
different emissions and resource consumptions – is expressed as a potential environmental
impact in a common unit.
The cost effectiveness can be calculated as the reduction of environmental impacts of a technique
or product divided by the cost of the technique or product.
Keff = (B - A)/C
Where,
B: emission reduction for technique considered [kg]
A: emission reduction for technique already installed [kg]
C: costs for technique considered
The eco-efficiency indicator is calculated as the eco-efficiency of the evaluated product divided by
the eco-efficiency of the benchmark product.
value of evaluated product
environmental impact of evaluated product
Factor =
value of Benchmark product

environmental impact of Benchmark product
The economic costs can be estimated by the organisation, but the emissions and environmental
impacts of the different technologies are not directly measurable and would have to be calculated
by using standardised methods such as PAS 2050, GHG Protocol and ISO 14067, etc. These include
the use of databases of environmental impact factors for average materials, processes and
products.

3.2.7.3 Usability of the indicators
All of these indicators have been extensively used for the environmental evaluation of products in
different industrial sectors. They represent the best available environmental impact
characterisation methods by 2010. Their applicability should, however, be reviewed at the
beginning of each LCA based on the data availability for a specific process – if the most relevant
flows for an indicator do not appear in the life cycle inventory, the use of this indicator may be
compromised.
The cost-effectiveness and the eco-efficiency indicators can be used in any product and sector to
measure the environmental improvement and the associated costs of a technology or product.
This can therefore be possible only when two options are available to be compared and the
environmental impacts and the costs of the two technologies are known.
The emissions or environmental impact categories can be selected depending on the industrial
process and its main impacts, in order to simplify the calculations and the indicators to be used.
Benchmarking of current sectorial tools and indicators
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However, these indicators are only useful to compare different processes or technologies, but
would not serve to monitor the resource efficiency of the process over time.
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3.3 Description of identified existing sectorial tools
As per the IEC 62264 international standard for enterprise-control system integration, the
different monitoring and control tools at each business level have been reviewed focusing on
their capabilities with regards resource efficiency.
Although the analysed systems have the capacities to monitor this information, only when it is
relevant to the process or manufacturing control this information is considered. There are no
dedicated tools to resource monitoring as there could be for Life Cycle Assessment or Life Cycle
Cost calculations.
According to the project team’s analysis, this is a field not yet integrated in process control, and
this project is an opportunity to demonstrate that the use and integration of this info in process
control will boost resource use optimization.
The majority of the work done on this field relates to the optimization of particular
equipment/processes, but not as a “holistic” point of view as this project is suggesting. Hence, the
project team substantially based the work on academic articles.
Based on the final resources to be measured and/or the calculation methods, there will be more
or less difficulties in order to include some indicators in the final system. Anything that has a
sensor, or can be calculated as a result of indirect measured/measurable variables, can be
considered in the final system.
Under this consideration, the project team have reported the work as follows:
•

•
•

Section 3.1: As per IEC 62264, based on ANSI/ISA-95, this section provides a common
ground for understanding the different control and monitoring tools and the different
business levels.
Section 3.2: For each level, the project team identified dedicated tools related to resource
monitoring.
Section 3.3: As per the work conducted, conclusions and findings for this section are
provided

3.3.1 IEC 62264 Standard
The International Electro technical Commission defines in IEC 62264 the functional hierarchy
levels of an enterprise related to manufacturing, as shown in Figure 3: Functional hierarchy
according to IEC 62264-3 33.
33

Manufacturing Execution Systems (MES);
www.zvei.org/Publikationen/MES-englisch.pdf
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Figure 3: Functional hierarchy according to IEC 62264-3

The different levels are listed below 34 :
• Level 0 defines the actual physical processes.
• Level 1 defines the activities involved in sensing and manipulating the physical processes.
Level 1 typically operates on time frames of seconds and faster.
• Level 2 defines the activities of monitoring and controlling the physical processes. Level 2
typically operates on time frames of hours, minutes, seconds and sub-seconds.
• Level 3 defines the activities of the work flow to produce the desired end-products. It
includes the activities of maintaining records and coordinating the processes. Level 3
typically operates on time frames of days, shifts, hours, minutes and seconds.
• Level 4 defines the business-related activities needed to manage a manufacturing
organization. Manufacturing-related activities include establishing the basic plant
schedule (such as material use, delivery and shipping), determining inventory levels and
making sure that materials are delivered on time to the right place for production. Level 3
information is critical to Level 4 activities. Level 4 typically operates on time frames of
months, weeks and days.
According to this classification, and as per the TOP-REF objectives, the project will mainly focus on
Levels 0, 1, and 2, considering level 3 as an additional outcome of the project as a consequence of
the new available data.
Nevertheless, as Level 3 is probably one source of very valuable information on the current tools
and practices related to resource utilization, it has been decided to keep it as part of this analysis.
As it can be seen, the Energy (Resource) Management Systems (EMS) are not currently part of the
manufacturing levels, as they are included in a different standard, “whose purpose is to enable an
34

IEC 62264-3:2007 ; Enterprise-control system integration -- Part 3: Activity models of manufacturing
operations management; http://www.iso.org/
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organization to follow a systematic approach in achieving continual improvement of energy
performance, including energy efficiency, energy use and consumption” 35.

3.3.2 Identified monitoring tools
The purpose of this section is to analyse the monitoring and control tools, clustered by hierarchy
levels.

3.3.2.1 Level 0, process
Level 0 refers to the process itself. There is not a unique methodology to achieve an optimization
of resources consumption because it depends on the use case. Particularly, new research shows
examples of tools that have been implemented in real situations of reducing energy consumption
in batch processes36. The strategies used include: make-span reduction, process measurements,
freshwater and wastewater minimization through the exploitation of inter- and intra-process
water reuse, reduction of waste generation, environmental impact assessment 37 and the
potential energy recovery from hot and cold sources.
Methodology described in the literature37 embeds principles from Life Cycle Analysis within a
general multi-objective formulation for the design of multipurpose batch plants, with process
economics and environmental impact as distinct design objectives by optimal batch processes
scheduling and design.
TOP-REF project will address Level 0 related aspects in Work Package 3: “Process performance
diagnosis” and Work Package 4: “Characterization and optimization of the process by modelling
and simulation”. After this analysis, new resource efficiency control strategies should be identified
and implemented, impacting levels 0, 1 and 2.

3.3.2.2 Level 1, sensoring
Level 1 refers to sensors (i.e. devices that detect or measure a physical property) and actuators
devices responsible for moving or controlling a mechanism or system) used to monitor and
control the process.
There are not dedicated sensors to monitor or control any of the pre-identified KRI. Thus, any
information related with resource utilization should be newly added. The elements to measure
the final set of KRIs identified should be included in one of the main following sub-categories,
depending on the type of characteristic to measure:
• Flow, Pressure and Level of Fluidic Systems.
• Temperature and Humidity
• Electrical Measurement
35

ISO 50001:2011 ; Energy management systems -- Requirements with guidance for use.
Renewable and Sustainable Energy Reviews; Volume 16, Issue 4, May 2012, Pages 2260–2277; A review:
Energy recovery in batch processes
37
S.K. Stefanis, A.G. Livingston, E.N. Pistikopoulos; Environmental impact considerations in the optimal
design and scheduling of batch processes; Comput Chem Eng, 21 (1997), pp. 1073–1094
36
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Analytical Instrumentation of materials composition.
Metrology and Test Equipment
Inspection and Monitoring

In 2009, Honeywell (one of the most known automation systems providers) acquired the RMG
GROUP (RMG Regel + Messtechnik GmbH), specialized in the design and manufacture of natural
gas control, measurement and analysis equipment including flow metering technology, regulating
products and safety devices for oil and gas companies, to supports Honeywell’s strategy to offer
solutions that enhance energy efficiency. These efforts are focused in measuring, evaluation and
data logging capacities of these units, but as a dedicated work to improve in the areas of natural
gas transportation, storage, distribution and industrial consumption. 38
For the project purpose, and in order to save installation costs, it will be feasible to analyse the
use of wireless sensor network to collect the necessary meter and environmental sensor data and
enable control of energy consumption (Electricity, Gas, Oil and or Water) 39. Other data for nonmetered carbon emission should be manually added.

3.3.2.3 Level 2, supervisory control
Level 2 refers to supervisory and automatic control, which serves to enhance product quality,
master the whole range of products and improve process safety and plant availability. Mass
production is the main motivation for applying process automation tools such as DCS 40, PLC41 or
SCADA 42. Definition of the variables to monitor and control is done as per the Process and
Instrumentation Diagrams (P&ID) as a consequence of level 0 process definition. The variables to
be monitored do not necessarily include resource utilization unless it is required for process
control. These supervisory systems have the following main functionalities:
• Function Blocks to process sensor data
• Module Templates to coherently display operational information
• Human Machine Interface
• Alarm Management System
• Event Chronicle
• Historical Data
• Advance Control Suites
The majority of all business decisions in a continuous process facility are implemented by
changing the signal to a control valve almost always through the action of a regulatory controller.
Thus regulatory control performed by these supervisory systems has a profound impact on key
performance indicators and ultimately business value.

38

www.arcweb.com, accessed July 2014
For example, http://www.dcsenergysavings.com/offering_overview.html
40
Distributed Control System
41
Programmable Logic Controller
42
Supervisory Control and Data Acquisition of industrial processes
39
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Regulatory system performance metrics fall into three broad domains 43:
• Business metrics: These metrics help to indicate if the supervisory system is meeting
business objectives.
• Operational metrics: These metrics help to indicate if the operator is interacting with the
system in a way that helps to fulfil the business objectives.
• Engineering metrics: These metrics help to diagnose engineering deficiencies within the
supervisory system.
Being the relevance of these metrics not the same for the process plant stakeholders, none of
these tools are designed to focus or report metrics on the resource utilization but in the
productivity. Hence, there is no a dedicated installation for monitoring resource utilization unless
it is required for process control or explicitly requested.
On the other hand, the awareness of resource efficiency use is highlighted in several academic
and private companies’ research. Yet since 1999, the American Petroleum Institute expected the
petroleum industry of the future will be environmentally sound, energy-efficient, safe and simpler
to operate, completely automated, operate with minimal inventory, and use processes that are
fundamentally understood44. There will be higher expectations on control systems to reduce
process variability that influence emissions and waste.
In a study conducted by Honeywell45, although it was concluded that business, operational and
engineering metrics are the relevant for the process performance analysis, it is highlighted that
several profound changes are expected to influence control performance expectations and
challenge industry’s ability to meet those expectations. The trend of tighter environmental
regulations will continue, as evidence of the effect of CO2 emissions on climate grows, creating
new constraints layered on new economic objectives.
More particularly focused on the optimization of resource use and environmental impact for a
potential decoupling, there are recent works46 to determine the optimal operating conditions that
can optimize simultaneously both economic and environmental performance of the network. In
this article, the operation of each process unit is defined by a set of key process variables (such as
temperature and pressure) that can be modified to meet the production targets from the
standpoint of quantity and quality. The developed optimization model is comprised of four main
sets of equations:
1. mass-balance constraints,
43

L. Desborough, R. Miller, Increasing customer value of industrial control performance monitoring Honeywell's experience, In Preprint of Chemical Process Control, CPC-6 (January 2002), pp. 153-186 Key:
citeulike:985131
44
American Petroleum Institute, Technology Vision 2020: A Technology Vision for the US. API (1999)
45
L. Desborough, R. Miller, Increasing customer value of industrial control performance monitoring Honeywell's experience, In Preprint of Chemical Process Control, CPC-6 (January 2002), pp. 153-186 Key:
citeulike:985131
46
Sabio, N., Pozo, C., Guillén-Gosálbez, G., Jiménez, L., Karuppiah, R., Vasudevan, V., Sawaya, N. and Farrell,
J. T. (2014), Multiobjective optimization under uncertainty of the economic and life-cycle environmental
performance of industrial processes. AIChE J., 60: 2098–2121. doi: 10.1002/aic.14385
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2. utility consumption constraints,
3. equations describing the operation of the process units, and
4. objective function-related equations that determine economic and environmental
performance
In the above mentioned project, the environmental impact of the industrial network is assessed
using the Life Cycle Assessment methodology. The Life Cycle Inventories necessary for the Life
Cycle Analysis are calculated from the flows of energy and mass associated with the main process.
These are obtained from the consumption rates of utilities (e.g. electricity, steam, etc.) and raw
materials, and the amount of direct emissions and waste generated. The impacts per unit of raw
material and utility generated were retrieved from Ecoinvent 47.
Although there are no dedicated or specific monitoring tools for a “generic” resource
management at supervisory control level as is the purpose of TOP-REF project, there are some
applications developed by the main automation systems providers which specifically address
some environmental and resource (energy) use issues USA 48. In both cases, there is a generally
not particular tool but process knowledge. One example of this on iron and steel process, is the
one presented by Honeywell 49 to reduce CO2 emissions in gas mixing stations, water treatment
plants, and pump house operations. This method monitors and controls the supply, consumption,
and network of industrial gases (Oxygen, Argon, Nitrogen, CO), compressed air, instrument air,
turbo blast air, blast furnace gas, converter gas, propane, steam boilers, clarified water and gas
booster.

3.3.2.4 Level 3, manufacturing operations management
Level 3 refers to the manufacturing operations management, mostly known as Manufacturing
Execution Systems (MES), which are based on the management of the work flow to produce the
desired end products, maintaining records and optimizing production process.
MES typically interfaces with the automation and control systems (Level 2) and the enterprise
resource planning (ERP) system (Level 4), which is the software that manages business resources
across the entire company. MES focuses on reducing non value-added activities, drives effective
plant operations and processes improving the return on operational assets as well as on-time
delivery, inventory turns, gross margin, and cash flow performance. MES provides mission-critical

47

Althaus H, Doka G, Dones R, Heck T, Hellweg S, Hischier R, Nemecek T, Rebitzer G, Spielmann M, Wernet
G. Ecoinvent Report No. 1. Technical Report, Swiss Centre for Life Cycle Inventories, Dübendorf
(Switzerland), 2007
48
For example, used in municipal wastewater treatment plant servicing the Borough of Ridgway Municipal
Wastewater
Treatment
Plant,
located
in
Ridgway,
USA
(http://www2.emersonprocess.com/siteadmincenter/PM%20Power%20and%20Water%20Documents/PWS
_001899.pdf)
or
in
the
Waste
Water
Plant
applications
from
Yokogawa
(http://www.yokogawa.com/industry/water/img/Appli-waste-01_R1.jpg)
49
Automation & Control Solutions, Process Solutions Honeywell International Inc., Honeywell Partners with
TATA Steel for their Energy Management Center for Gaseous & Liquid fuels, August 2011
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information about production activities across the enterprise and supply chain via bidirectional
communications 50.
Since their inception, MES have been implemented to improve resource utilization and efficiency.
However, the final objectives of these implementations typically focus on plant-specific goals,
such as reducing waste of valuable inputs and increasing machine uptimes, or achieving
competitive business advantage. The most significant disconnect between sustainability
requirements and existing MES functionality is that sustainability has not been a factor in the
design and implementation of MES.
At this level the indicators are usually ratios describing the relationship between an activity and
the required resources. As the aim of TOP-REF project is to develop the tools to increase resource
efficiency by means of process control optimization based on process data rather than ratios or
operations scheduling, this Level 3 tools will not be part of TOP-REF project.

3.3.2.5 Level 4, business planning and logistics
Level 4 refers to the business levels tools, mostly known as enterprise resource planning (ERP)
system, which integrates resource planning and business process of the entire company.
Companies in the ERP-sector already launch initiatives to include analyses on resource and energy
efficiency as well as carbon emissions in their software 51,52. This level is clearly out of the scope of
TOP-REF project, since these tools are oriented to control the resources at company level rather
than at process level.

3.3.2.6 Energy Dashboard
Not easily to classify within one of the previous levels, an interesting tool which combines levels 2
and 3 aspects is the Energy Dashboard from Honeywell, a customizable portfolio of hardware,
software and services to help improve energy efficiency and reduce greenhouse gas (GHG)
emissions in energy intensive industrial processes. Users benefit from better energy management
throughout their operations and increased profitability.
With regards the calculation method and indicators, with this tool Honeywell provides a set of
analytical tools to develop mathematical models to describe the relationships between process
operating conditions (e.g. throughput, yield, operating parameters) and process energy and
emissions. These are derived from a combination of historical data and the use of first principles
simulation tools to represent process across a range of operating points53.
50

MESA, “MES explained: A High Level Vision,” MESA International, White Paper 6, 1997.
Karnouskos, S., Colombo, A.W., Martinez Lastra, J.L., Popescu, C., 2009. Towards the energy efficient
future Factory. In: Institute of Electrical and Electronics Engineers, 7th IEEE International Conference on
Industrial Informatics (INDIN 2009). IEEE, Piscataway, NJ.
52
SAP, 2010. Excelling at Enterprise Carbon Management and Sustainability-An Executive Business
Framework for Sustainability 2.0. SAP White Paper.
53
Automation & Control Solutions Process Solutions, Honeywell 2009
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These models provide targets for process operations and planning groups to measure against
actual performance, and to identify deviations. Actual performance is monitored in real time and
compared against targets from planning systems, and against target models based upon current
operating conditions. However, there are no specific indicators, as they need to be defined in a
process-by-process manner.

3.3.3 Specific resource efficiency indicators in the refinery, petrochemical
and fertiliser sectors
There are two indicators found in refinery industry related to environmental performance of
processes 54. These indicators are related to environmental impacts, specifically toxicity, and are
not directly indicators of resource efficiency:
• Volatile organic compounds: measures or calculates in kg/year the emissions of volatile
organic compounds (VOCs) from the Oil Refinery75.
• Benzene emissions: measures or calculates in kg/year the emissions of benzene from Oil
Refinery75
There are some indicators used by the petrochemical industry to measure the sustainability of
the operations 55. These indicators have been already described in 3.2 above:
• Resource efficiency indicators used in petrochemical processes related to material use
o Materials used by weight or volume
o Percentage of input materials used which are reprocessed materials
• Resource efficiency indicators used in petrochemical processes related to energy
o Direct energy consumption by primary energy source
o Indirect energy consumption by primary energy source
o Energy saved due to efficiency improvements
o Energy reduction due to renewable energy-based sources
• Resource efficiency indicators used in petrochemical processes related to water
o Total water withdrawal by source
o Water consumption per output produced
o Percentage and total volume of water recovered and reused
• Resource efficiency indicators used in petrochemical processes related to emissions and
waste
o Total direct and indirect greenhouse gas emissions per output produced
o Reductions in GHG achieved as a result of initiatives to reduce the corresponding
sources
o Emissions of ozone-depleting substances by weight
54

Journal of Cleaner Production; Volume 18, Issue 8, May 2010, Pages 791–798; Introduction of cleaner
production in the tank farm of the Pancevo Oil Refinery, Serbia; Jovan Jovanovic, Mica Jovanovic, Ana
Jovanovic and Vedrana Marinovic
55
Ecological Indicators; Volume 24, January 2013, Pages 392–402; Indicators for assessment of sustainable
production: A case study of the petrochemical industry in Malaysia; Vijayalakshmi B. Samuel, P. Agamuthu
and M.A. Hashim,
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NOx, SOx, and other significant air emissions by type and weight
Total water discharge by quality and destination
Total weight of waste by type (scheduled and not scheduled) and disposal
method
Total number and volume of significant spills
Weight of transported, imported, exported, or treated waste deemed hazardous
under the terms of the Basel Convention Annex I, II, III, and VIII
Percentage of transported waste shipped internationally

There is limited academic work on resource efficiency particular to fertiliser processes. At the
time of writing no specific indicator of resource efficiency in the fertiliser sector has been found.
The resources used in fertiliser processes to introduce thermal energy in the process are¡Error!
Marcador no definido.
:
• Natural gas
• Electricity
• Steam/ hot water
The most important product processes in fertilisers plan are listed below 56:
• Ammonium Sulphate
• Calcium Ammonium Nitrate
• Nitrogen Magnesia
• Urea
• Mixed Nitrogen fertilisers
• Mono-Ammonium Phosphate
• Di-Ammonium Phosphate
• Liquid Ammonia
• Ammonium Nitrate
• Nitrogen,
Therefore, the project team will explore in work package 2.3 some possible indicators of resource
efficiency in the fertiliser sector, based on those indicators identified in the present document.

3.3.4 Final remarks on resource efficiency indicators for monitoring and
control tools
As a summary/ of the findings on the analysis and as also concluded by IMS2020 57 project team,
the analysis shows that most of the present production planning and control ICT systems do not
integrate energy and resource efficiency as a relevant performance criterion. Companies express
the need for software supporting visualization of energy efficiency KPIs and simulation tools that
integrate energy efficiency performance. Benchmarking for energy efficiency indicators may be
56

The fertiliser industry and its energy use; Prospects for the Dutch Energy Intensive Industry; 1999
Katharina Bunse, Matthias Vodicka, Paul Schönsleben, Marc Brülhart, Frank O. Ernst, Integrating energy
efficiency performance in production management e gap analysis between industrial needs and scientific
literature, Journal of Cleaner Production, November 2010.
57
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implemented for specific industry sectors and at country level, but for plant and process level only
a few indicators for benchmarking exist. The specification of suitable energy efficiency KPIs,
practical implementation of decision support tools or adjustment of ICT systems have to be
accomplished on a company-specific case-to-case basis.
IMS2020 initiative, conducted by an international consortium from Europe, Japan, Korea,
Switzerland and the USA, focuses on the creation of roadmaps towards Intelligent Manufacturing
Systems (IMS) in the year 2020. As per the article published with project conclusions, and with
regards the gap between literature approaches and industry needs in the area of energy
management in production, the following schematic illustration was provided:

Figure 4: Schematic illustration of the gap between literature approaches and industry needs in the area
of energy management in production

The gaps identified in the sections “Measurement” and “Control and Improvement” would be
applicable to the TOP-REF project.
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4 CONCLUSIONS
A number of resource efficiency indicators have been identified in the literature and assessed
against their applicability for measuring resource efficiency in industrial processes. Based on the
results of this analysis, the project team has outlined a shortlist of indicators to be further
analysed in following steps of the project.
In addition, a number of existing methodologies, tools and indicators used in the industry for the
measuring and control of resource use has also been presented in this report. This will also feed
into the analysis in the following steps of the project
The objective of this analysis is to develop the most suitable indicators of resource efficiency for
industrial processes in the sectors of chemical, petrochemical and fertiliser production.
The selected indicators listed in Table 2 are considered as the most relevant ones to assess
resource efficiency in the chemical, petrochemical and fertiliser production sectors, based on the
applicability at process level and the resources measured. These indicators can measure a number
of aspects of resource efficiency: consumption of resources, economic value created,
environmental impacts generated, etc. Some indicators measure direct flows and effects of
resources, whereas other indicators also quantify indirect or “hidden” flows related to the supply
chain or the life cycle of the product. Furthermore, this measurement can be a direct
quantification of resources used, emissions or waste generated, or this can be evaluated in order
to calculate the final effect or environmental impact of the use of resources.
Regarding the usability of the indicators in monitoring and control processes, some indicators are
related to the process itself, whereas other relate to the management of the organisation and
may not give valuable information about the resource efficiency of industrial processes. In
addition, some process-related indicators are closely linked to organisational parameters or
aspects related to the local economy or environment that the comparability between different
companies would not be meaningful. In any case, some of these indicators could be used to
monitor the evolution of the efficiency of the process over the time. The table below shows a
summary of the different characteristics of the indicators reviewed in this report.
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Indicator comparable
between different
companies or processes

Measurement of
company performance

Measurement of
process performance

Qualitative evaluation
of flows

Characterisation/normal
isation of flows

Quantification of
nominal flows

Quantification of
indirect flows

Quantification of direct
flows

Table 11: Characteristics and usability of the indicators reviewed

Material consumption
Material cost
Material Input per Service Unit (MIPS)
Material Intensity
Recycled Content
Material efficiency / Specific consumption
Cumulative Energy Demand
Direct energy consumption / Energy consumption within
the organisation
Indirect energy consumption / Energy consumption
outside the organisation
Energy Cost
Energy Intensity Factor
Exergy Indicators (Cumulative exergy consumption, Exergy
Accounting - Exergy Cost Accounting, Exergy replacement
costs)
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Indicator comparable
between different
companies or processes

Measurement of
company performance

Measurement of
process performance

Qualitative evaluation
of flows

Characterisation/normal
isation of flows

Quantification of
nominal flows

Quantification of
indirect flows

Quantification of direct
flows

Date: 22/08/2014

Specific Energy Consumption (SEC)
Use of contact cooling water
Use of non-contact cooling water
Water use / Water abstraction / Water withdrawal
Water cost
Water Footprint of products
Water recycled or reused
Generation of Hazardous Waste
Generation of waste
Share of waste treatment and disposal
Waste management cost
Abiotic Depletion Potential (CML)
Abiotic Depletion Potential – elements (CML)
Abiotic Depletion Potential – fossil fuels (CML)
Fossil Depletion Potential (ReCiPe endpoint)
Mineral Depletion Potential (ReCiPe endpoint)
Carbon Footprint of a product
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Indicator comparable
between different
companies or processes

Measurement of
company performance

Measurement of
process performance

Qualitative evaluation
of flows

Characterisation/normal
isation of flows

Quantification of
nominal flows

Quantification of
indirect flows

Quantification of direct
flows

Date: 22/08/2014

Emissions of GHG
Indirect GHG Emissions
Acidification (Accumulated Exceedance - AE)
Cost effectiveness (Keff)
Eco-efficiency indicator
Ecotoxicity (freshwater) (USEtox)
Eutrophication, terrestrial (Accumulated Exceedance - AE)
Eutrophication, freshwater and marine (ReCiPe)
Human toxicity, cancer effects (USEtox)
Human toxicity, non-cancer effects (USEtox)
Ionizing radiation (Human Health effects model)
Ozone depletion potential
Particulate matter / respiratory inorganics (RiskPoll)
Photochemical ozone formation (ReCiPe)
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Some of these indicators are expressed as absolute values of resources used, environmental
impacts created or economic value created. As such, these indicators do not contain information
of the efficiency of the process, but these indicators can be combined to build relative indicators
of resource efficiency, such as material input per output value; environmental impact per weight
of product; or value generated per weight of resource consumed. The possibilities of combining
resource efficiency indicators will be assessed in the following Task 2.3 of TOP-REF project.
This study has proven that there exist a number of resource indicators in the literature, but also a
number of barriers that prevent these indicators to be widely applicable in industrial processes.
Some of these indicators are theoretical indicators issued from scientific work, and require a
significant amount of data collection (e.g. “hidden flows”, life cycle inventories) for being
calculated for a process. On the other hand, these indicators provide valuable information on the
overall environmental burdens of the processes considered with a life-cycle perspective. Other
indicators are not directly quantifiable and verifiable, and depend on statistics at national level
that make them not suitable for industrial process control.
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5 ANNEXES
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Resource Value or Waste Impact
Giljum (2010) A comprehensive set of resource use indicators from the micro to the macro level
Global Reporting Initiative (2013) “G4 Sustainability Reporting Guidelines,” Global Reporting
Initiative, Amsterdam.
Goedkoop, M., Heijungs, R., Huijbregts, M., De Schryver, A., Struijs, J., van Zelm, R. (2009) ReCiPe
2008 – A life cycle assessment method which comprises harmonized category indicators at the
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and Environment (VROM)
Guinée (2002) Handbook on life cycle assessment. Operational guide to the ISO standards
GRI Guidelines (2013) Oil and Gas sector disclosure
Herva, M., A. Franco, E. F. Carrasco and E. Roca, “Review of corporate environmental indicators,”
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HSB Solomon Associates (2010) EII Analysis Methodology
Intergovernmental Panel on Climate Change, “Climate Change 2007. The Physical Science Basis,”
IPCC, Geneva, 2007.
ISO 14051:2011 Environmental management — Material flow cost accounting — General
framework
Kovanda et al (2013) The importance of raw material equivalents in economy wide material flow
accounting
KPI Library database, www.kpilibrary.com accessed in July 2014
Kummel R (2011) The second law of economics. Energy, entropy, and the origins of wealth
(Springer, 2011) (ISBN 1441993649)
Mitsubishi Chemical Holdings (2014) Environmental data
Monsanto Sustainability Report 2012
PotashCorp (2014) Integrated reporting centre
Rabl, A. and Spadaro, J.V. (2004). The RiskPoll software, version is 1.051 (dated August 2004).
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Ritthof, M., H. Rohn and C. Liedtke, (2002) “Calculating MIPS. Resource Productivity of products
and services,” Wuppertal Institute for Climate, Environment and Energy, North Rhine-Westphalia
Reisemann (2008) What is resource consumption and how can it be measured
Rocco et al (2013) Advances in Exergy Analysis. A novel assessment of the Extended Exergy
Accounting Method
Rosenbaum, R.K., Bachmann, T.M., Gold, L.S., Huijbregts, M.A.J., Jolliet, O Juraske, R., Köhler, A.,
Larsen, H.F., MacLeod, M., Margni, M., McKone, T.E., Payet J.. Schumacher, M., van de Meent, D.,
Hauschild, M. Z., (2008) USEtox - The UNEP-SETAC toxicity model: recommended characterisation
factors for human toxicity and freshwater ecotoxicity in Life Cycle Impact Assessment.
International Journal of Life Cycle Assessment, 13(7): 532-546, 2008
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Table 13: list of identified indicators in the literature
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