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Summary 

Life-Cycle Assessment (LCA) covers a set of tools and techniques that aim to estimate the 
environmental impacts generated by a product or service all along its life-cycle including: raw 
material extraction, production steps, transportation, use phase and end-of-life scenarios.  

The Life-Cycle Inventory (LCI) is a key step in LCA. It focuses on quantifying all physical 
and/or monetary flows involved in the life-cycle of the product/service considered. These 
flows are named as ‘elementary flows’ in ISO terms. After having dealt with the main issues 
of the ‘Goal and Scope definition’ step, that is giving a clear definition of the ‘functional unit’ 
to consider, setting clear boundaries between elements to count in and those to disregard, 
practitioners need a coherent framework to quantify elementary flows and estimate missing 
elements. Several methodologies have been developed, each of them with both clear 
advantages but also distinct disadvantages, depending on the purpose of the study: process-
based methods, Input-Output based methods (IO-based methods), and also hybrid methods. 

In 2004, Suh suggested a method known as IHA (Integrated Hybrid Analysis) that appears to 
wipe out the strict boundary between process-based and IO-based methods, taking advantages 
of both methods as complementarities. Previous hybrid models were found incomplete 
regarding end-of-life scenario, especially with open-loop recycling. 

However, Suh admits that there remain several drawbacks in the IHA model, such as the 
treatment of international trade and flows of products and services. They are usually 
considered as a single, homogeneous commodity despite their huge variety. This is a 
persistent limitation, already known by process-based and IO-based LCA practitioners. In a 
globalized economy, where most products are manufactured in one place and consumed on 
the other side of the world, this serious limitation cannot hold any longer. 

In this thesis, a review of both process-based, IO-based and hybrid methods for LCI is 
presented, in terms of principles, advantages and limitations. It is followed by an explanation 
and demonstration of the mathematics underpinning the IHA model. Then, a model is 
proposed that would enable the model to take international trade into account. This is enabled 
thanks to the inspiration provided by a multi-regional framework proposed for ecological 
footprint calculation. A numerical example supports this suggestion. 

The outcomes of this improved model are thought to go beyond its initial aims: the multi-
regional IHA model could act as a variable geometry model where strongly affected regions 
are efficiently focused on, without disregarding the others. This could prove efficient in 
avoiding side-effects of policy-making. Also, it would enable the development of more 
region-specific environmental impact coefficients, thus putting less pressure on fragile 
ecosystems. The IHA model is a robust model: it is simple to handle – provided a user-
friendly interface exists – but with a complex and evolutionary engine. It is compatible with 
an iterative progress in data collection. User-friendly software development could prove 
efficient to spread LCA practice and increase information exchange among industries, 
database builders and researchers. Using a multi-region framework would help industries 
customize impact assessment according to both the regional environmental condition and 
specific geographic distribution of the supply chain, thus enriching their toolbox for strategic 
planning. 

 
Key words: LCA, LCI, IHA, IOA, hybrid method, globalized impacts, international trade 
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1 Introduction 

Background 
Life-Cycle Assessment (LCA) is a tool designed to quantify potential1 environmental impacts 
of products throughout their “life cycle”, including raw material extraction, manufacturing, 
transportation, use phase and treatment of generated waste at the End-of-Life stage (ISO, 
2006). This is commonly known as a ‘cradle-to-grave’ approach (figure 1). A key step in 
LCA is the inventory of physical flows involved in the product life-cycle: Life-Cycle 
Inventory or LCI (ISO, 2006). Two early approaches for LCI were based on:- 

1) The physical processes directly involved in the product life-cycle (namely process-
based LCI), 

2) The macroeconomic relationships in which supply chains are embedded (namely 
Input-Output Analysis or IOA-based LCI) (Proops, 1977; Rebitzer et al, 2004; Reap 
et al, 2008a). 

Due to the inherent limitations of these two approaches, a new method that combines them 
into an integrated framework was developed, named the Integrated Hybrid Analysis (IHA) 
(Suh, 2004). However, one of its major shortcomings, inherited from IOA, is that input-
output Tables are based on national statistics. In the course of globalization and with 
increases in international trade, the importance of supply chains in foreign countries has 
never been greater, thus decreasing the value of IHA applications based on national IO 
Tables. This is due to fact that Multi-Region models are developed separately from official 
national IO Tables. 

Therefore, a model that embraces both international trade and process-based information is 
necessary in order to address the increasing share of foreign supply-chains in modern 
product life-cycles. 

Problem formulation 

The current thesis proposes an answer to the following question: 

How can the IHA model be enhanced so that foreign supply-chains via 
international trade can be included in the model? 

To address the issue, it is necessary to acquire a deeper understanding about mathematical 
modeling aspects of LCI methodologies. Then, proposals to introduce international trade into 
IHA will be justified with mathematical reasoning. 

The approach of this thesis remains at the theoretical level, though it is illustrated with a 
numerical example. 

                                                 
1 The term ‘potential is important since environmental impacts are not actually measured but estimated thanks to 
models, frameworks and databases. 
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Fig. 1: Schematic representation of a generic life cycle of a product; the full arrows represent material and 

energy flows, while the dashed arrows represent information flows (from Rebitzer et al., 2004) 

Structure of the document 
In the introduction (section 1), some background elements that have lead to the research 
question are presented, concluded by the problem formulation and the present description of 
this document’s structure and its extent. 

Process-based LCI (P-LCI) and Input-Output LCA (IO-LCI) are two well-known approaches 
for LCI. Section 2 starts with a discussion of the two models (Sections 2.2 and 2.3), from 
which hybrid models were developed (section 2.4.1). A deeper presentation of one of them, 
the Integrated Hybrid Analysis, is performed in section 2.4.2. Introducing the mathematical 
formulation of IHA (section 2.4.3) helps understanding of the improvements brought by this 
model, and persistent shortcomings are discussed, as summed-up in sections 2.4.4 and 2.4.5. 
A parenthesis to the Multi-Region Input/ Output Analysis (MRIO) model as used in territory 
footprinting in section 2.5 finishes introducing the necessary mathematical elements. 

Mathematical models are investigated more in depth in section 3.1, in order to prepare the 
background for the Multi-Region Integrated Hybrid Analysis (MRIHA) model. To do so, 
literal transcription of the core equations are proposed (section 3.1.1), followed by a thorough 
mathematical decomposition (section 3.1.2) as well as a fictitious numerical example adapted 
from recent studies in IHA (section 3.1.3). Then, the mathematical model is adapted to a 2-
region context system in section 3.2. Section 3.3 briefly assumes how the model can be 
adapted to more regions, while section 3.4 discusses the potential outcomes and some 
persistent limitations of the model. 

Finally, conclusion in section 4 presents a summary of this contribution and proposes next 
steps towards the model’s applicability. Section 5 is dedicated to references and section 6 is 
an appendix showing the calculation steps in the application example of section 3.2.2. 
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Extent of the study 
This study is intended to investigate mathematical models of P-LCI and IO-LCI. As a 
consequence, the translation of LCI results into environmental impact is not investigated, 
even though they are mentioned in various places in the document. 

The purpose of this study is neither to investigate economic costs of the proposed solution, 
nor the various outcomes of performing an LCA. Rather it is intended to propose a new 
approach to hybrid modeling, and does not assess the entire feasibility of its practical use by 
LCI practitioners. More emphasis is put on explaining why such a path may have a high 
potential in improving the quality of LCI results. 

The case study used could be enriched further with real examples, for instance in areas and 
industries where Multi-Regional IO and environmental data is available in reasonable quality. 
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2 A review of methodologies for LCI 

2.1 Definition of the LCI stage within LCA process 

Life-Cycle Assessment is a method used to investigate the potential environmental impacts of 
products and services during their whole life-cycle, i.e. from material extraction to the end-of-
life stage (ISO, 2006). According to ISO standards, LCA is composed by four stages, shown 
in figure 2: 
• Goal and scope definition includes the definition of the functional unit under study, the 

boundaries of the studied system, the different methods adopted in later stages for cut-offs 
and allocation, impact categories and calculation; 

• Life-Cycle Inventory (LCI) is the stage where material and energy flows running into, 
within and exiting the system boundaries are identified and quantified (ISO, 2006); 

• Life-Cycle Impact Assessment (LCIA) calculates the environmental impact from the 
results of the LCI stage; 

• The interpretation stage is the concluding part of the study, where all assumptions and 
methodologies are reviewed and there is a discussion of the advantages that justify their 
choice and their limitations. Recommendations based on the LCIA phase are also 
mentioned for external applications (such as product design, strategic planning, public 
policy making, marketing purposes, etc.) and feedbacks for further improvements in LCA 
methodology. 

 
Fig. 2: Phases of an LCA study 

Figure 2 shows the interdependence between all stages in LCA. An LCA study is necessarily 
an iterative process, for instance, elements included in the Life-Cycle Inventory depend on the 
goal and scope of the definition phase, but the latter will have to be updated according to the 
quality and quantity of available data – which cannot be fully assessed before proceeding to 
the LCI phase. Assumptions adopted during the LCI step are mentioned in the interpretation 
phase and combined with other assumptions adopted in earlier and later stages. 

This figure also highlights the central position of LCI in the LCA process. 
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As illustrated by the following example, boundary-setting faces fundamental issues. Let us 
imagine a factory dedicated to the manufacturing of plastic pens. The Life-Cycle Inventory of 
a plastic pen includes material inputs such as plastics, ink and metals incorporated into the 
product, but it should also include the use of the factory, since it was built especially to 
produce pens. This factory was built with material and energy, and the energy was extracted 
from natural resources (e.g. fossil fuels) with the use of dedicated machinery, which in turn 
must have been manufactured in another factory, and so on. A comprehensive Life-Cycle 
should also include fuel and transportation steps necessary to run all these activities. By 
extension, one could argue that the relevant perimeter of study should be the whole techno-
sphere as all the mentioned processes have participated in the production of this pen: they 
should thus be part of its life-cycle. 

Two questions can be raised: 

1) Where should boundaries be set and data collection cut off?  

and 

2) In what proportion was each activity dedicated to the ultimate manufacture of the pen?  

While the first question refers to boundary setting criteria, the second refers to the allocation 
issue. Obviously, these two questions are intimately related to each other. One could argue 
that they actually are a declination of the very same issue, which is: the system under study is 
embedded into a technological and economical surrounding environment, which indirectly 
contributes to the delivery of the functional unit; but it contributes only partly and indirectly, 
and rules must be set to quantify this partly participation. 

For cut-off methods2, ISO standards recommend to consider mass, energy and environmental 
impacts as key criteria: material and energy flows that represent less than a given percentage 
of input flows could be disregarded (ISO, 2006). However, practical application of these 
recommendations is necessarily iterative. Some iterative loops are represented in figure 3. 
(Suh et al, 2004) and summarize persistent issues in boundary setting:  

• How to ensure that a material flow considered as physically small does not involve a 
severe environmental impact? For instance, leaks of halocarbons in cooling systems may 
be physically small, but their global warming potential should not be systematically 
disregarded. 

• How to ensure the total sum of cutoffs is not significant, even though each individual 
cutoff can be considered as insignificant? 

• How to assess environmental impacts of services if they are based only on mass and 
energy balance? 

ISO recommends the following steps to avoid and deal with allocation issues (ISO, 2006):  

• Set or reconsider the system boundaries criteria so that allocation issues are avoided as 
soon as possible, by dividing the process into sub processes. 

• Expand the system to include co-products and functions. 
• Use physical relationships between products and co-products to allocate the different 

material flows and thus the environmental impact. 
• Use other relationships between products if physical relationships cannot be assessed (for 

instance monetary relationships). 
                                                 
2 In this document, the term ‘cut-off’, or ‘cutoff’ will refer to an elementary flow that is crossing the delimited 
system boundaries. It can be quantified in relevant physical units and/or in monetary units. Cut-off methods are 
the different ways to consider an elementary flow as neglectible or important to account in the system modelling. 



Globalized impacts - International trade accounting in a hybrid LCI method 

 14

Reap et al. (2008) provide a recent review of all persistent issues that remain unsolved during 
boundary definition and allocation. 

 
Fig. 3: The Life-Cycle Inventory stage in the LCA process. 

LCI is considered a key step in LCA methodology but low quality results, erroneous 
assumptions and suspect methods may lead to serious mistakes in the overall results of an 
LCA. Issues faced by LCI are regularly documented in review papers (e.g. Rebitzer et al 2004 
or Reap et al, 2008), or investigated in more detail (see e.g. Suh et al, 2004; Strømman et al, 
2008). Data collection for LCI is very time-consuming. Poor criteria used in setting the scope 
of the study – the definition of perimeters – may involve unnecessary data collection. Lack of 
reliability and completeness in the LCI step is one of the main shortcomings in LCA, although 
it is recognized to be the most appropriate tool for the assessment of environmental impacts of 
a particular product or service. 

There are two complementary ways to collect data. The first focuses on the micro-level 
system of the associated process (namely process-based LCI) while the second embraces the 
whole economic system and delves into details (namely IO-based LCI). Most practitioners 
use both, although their interconnection is often blurred and can lead to problems of double-
counting or on the other hand total omission. This has led to the emergence of hybrid 
approaches (Suh et al 2004). Sections 2.2, 2.3 and 2.4.1 are dedicated to the presentation of P-
LCI, IO-based LCI and hybrid models, respectively. 

LCI is mostly represented by linear relationships for the different flows under investigation  
Most LCI software uses linear systems based on matrix calculations since pioneer works such 
as Heijungs (1994): for example and Simapro 6, CMLCA. The Ecoinvent database is one of 
the most known comprehensive databases for LCI (Frischknecht and Rebitzer, 2005). Other 
databases are country and/or sector specific – see e.g. (Skone et al 2005) for various LCI 
database providers. 
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2.2 Process-based LCIs 

Process-based LCI and graphic representation 
LCA was initially designed for the study of environmental impacts involving the 
manufacturing, consumption and disposal of a product or service. The inventory of incoming 
and outgoing flows of material is usually represented by a flow chart, and so it is historically 
based on local data and on process-flow analysis. This is relatively straightforward for linear 
systems and perhaps a useful exercise might be to consider the life-cycle of a pair of jeans.3 

This includes the following (simplified) steps: 

• Cotton farming (from field to harvest) 
• Thread manufacturing (from harvest to thread) 
• Fabric manufacturing (from thread to fabric) 
• Cloth shaping (from fabric to garment) 
• Packaging 
• Transportation steps 
• Use / maintenance of the pair of jeans (washing, ironing) 
• Disposal of jeans 

This linear process is shown in figure 4: 

 
Fig. 4: Simplified Life-Cycle description of a pair of jeans 

The (non-exhaustive) list of various inputs required and outputs generated for each step is: 

• Cotton farming requires agricultural chemicals such as pesticides, fungicides, fertilizers, 
water withdrawal, machines, energy sources for machines and irrigation, land use 
immobilization etc. It also generates outputs, such as organic chemicals released into soils, 

                                                 
3 It would be more accurate to express the functional unit fulfilled by the pair of jeans, that is: ensuring 
protection and warming of legs during a given period; this definition would be more accurate to define the use 
phase of the pair of jeans. This functional unit however excludes some social functions, such as fashion-fitting, 
which could highly influence the duration of use phase and add more complexity in the manufacturing process. 
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groundwater and water streams; air emissions due to energy sources used in machines; 
plant residues; land use change. 

• Thread manufacturing inputs are: energy; machinery; chemicals dyeing; water etc; 
Outputs are: air emissions due to energy use; wastewater; cotton residues 

• Fabric manufacturing inputs are: energy; machinery and outputs are air emissions due to 
energy use; thread residues etc. 

• Garment manufacturing inputs are energy; machinery, and outputs are solid waste (fabric 
residues); emissions due to energy use and so on… 

• Packaging requires material inputs such as plastics and cardboard and energy, as well as 
capital goods (machinery). Outputs are material residuals; emissions due to energy use. 

• Transportation steps require capital goods such as trucks/trains/ships; energy (fuel or 
electricity); and infrastructure; outputs are emissions due to energy use, leaks, land 
fragmentation. 

• Use/ maintenance of the pair of jeans require the following inputs: electricity, capital 
goods (washing machine and iron), water, chemicals (washing powder); outputs are: 
emissions due to energy delivery, wastewater 

• Disposal of jeans inputs are energy and machinery required to process disposed waste; 
outputs are residual chemicals inside the former clothes, if end-of-life scenarios include 
material recycling and energy recovery, then outputs are energy or fresh material, with air, 
water and soil emissions. 

Previous chart is completed with inputs and outputs in figure 5: 

 
Fig. 5: Inputs and outputs of each stage of the pair of jeans’ life-cycle 
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Graphic representation helps practitioners set the system boundaries. It also facilitates 
quantification of material flows into, within and outside system boundaries. In these cases, 
process-based LCI are modeled with linear equations, with respect to the principle of material 
conservation. 

Advantages of matrix representation of a linear system 
Although straightforward for linear systems, process-based inventory is limited to the level of 
complexity of processes and the extent of their interaction.  

In the previous example, plant and fabric residues are typical examples of probable loops 
inside the processes: plant residues can be used to feed the soil with organic content, thus 
lowering the amount of required fertilizers; more frequently, plant residues, as well as fabric 
residues may be burnt out to produce energy, thus reducing the need for external energy 
supply; loops appear here in the graph (fig 6). Other loops may appear in the end-of-life 
scenario of energy upgrading, from plant residues to chemicals production (organic-based 
fertilizers or washing powder, for instance), from wastewater outputs to chemical and energy 
production: 

 
Fig. 6: Processes in the life cycle of a pair of jeans; some internal loops are included 
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As long as there is no internal loop within the studied system, describing each flow with a 
single, linear equation results in a readily-solvable mathematical group of equations (such as 
in figure 5). However, difficulties arise when internal loops appear, such as in figure 6.  

Matrix algebra is convenient to analyze more complex patterns. (Xue et al 2007) and provides 
a method of process-based analysis based on an Input-Output mathematical model (use of 
matrices). Such a framework is convenient because it is applicable to various scales: from the 
single process to a network of interdependent complex processes. One of the main advantages 
is to give more value to current data for the concerned company, since it is based on the 
inventory of flows of materials at the process level. However, this algebraic system is not 
relevant when relationships are not linear (Xue et al, 2007). This limitation is due to the use of 
a matrix representation. Matrix algebra is based on linear relationships only.  

 

Examples of non-linear processes are, among others:  

• The use of fuels to produce energy (electricity or movement). In this case, a threshold 
occurs, where burning more fuel does not produce as much energy. For instance, the 
amount of oil burnt to transport a ton of jeans between the factory and the shop will 
depend on the driving style of the driver, the road traffic, the age of the truck etc. Another 
example is the amount of fuel used to produce energy in countries where renewable 
electricity sources and nuclear energy are widely developed and fossil fuel-based power-
stations are used for marginal energy demand only. The amount of input required to 
produce each kWh of electricity will change each day and with the season. 

• Agricultural processes are not especially linear: doubling the amount of fertilizers in the 
same area will not necessarily double the amount of cotton produced, seasonal variations 
and dependence on climate are also very strong influencing factors.  

• Ultimately, industrial processes are not linear: producing simultaneously a million of pairs 
of jeans will require less energy than starting and stopping the machines multiple times to 
produce the same million pairs of jeans. Both hypotheses are unrealistic and reality lays 
between. Finally, some chemical processes are not linear: catalytic and inhibitive reactions 
are two mechanisms widely used in the chemical industry. In theory, they cannot be 
described with linear, input-output processes only. A catalyst, by definition, actively 
participates in the chemical reaction but is not consumed or produced and inhibitors, in 
biochemical processes or in the plastic industry, also play a key role in chemical reaction 
without being necessarily produced or consumed during the reaction. 

However, these limitations are overcome by using data averaged over a relevant period of 
activity and thus time-variations are smoothed out by the use of such averages, Non-linear 
processes still require regular inputs, i.e. materials, energy, catalysts (even catalysts have a 
limited lifetime and must be regularly replaced), and they produce regular outputs, that is the 
desired products or substances, co products and ultimate waste or emissions. Furthermore, 
non-linear reactions are high points and difficult to monitor, and industrial processes that use 
these reactions are conducted nearer the steady state. For this reason, they can be assimilated 
in linear, input-output, flow-based schemes. Near the steady-state, and considering a relevant 
time frame, linearity is a suitable assumption (Gwak et al, 2003). The use of matrix algebra in 
LCI models does not face serious limitations that matter. But recommendations formulated 
after Life-Cycle Assessment should keep these specific cases in mind. 

Truncation in P-LCI 
Depending on time available to perform the study, boundaries can be set further and instead 

of a linear process one could draw a tree-shaped boundary in which each node is the 
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manufacturing step of a component (listed as in figure 5). In that case, one could integrate 
more upstream steps such as the production of agricultural chemicals, materials for water 
withdrawal, the production of capital goods involved all along the life cycle, electricity 
production, etc. In figure 7, some of these upstream inputs are represented with black arrows; 
grey boxes on the left of the chart represent upstream processes. 

 
Fig. 7: Upstream flows and processes in the pair of jeans’ life-cycle. 

It is possible to extrapolate the integration of upstream processes to second or third-tier 
levels although there is a practical limit to this calculation. Some data may not be available or 
would take too much time to gather. Other flows can be considered as negligible in the overall 
study. The question is how to determine those that should be disregarded and those that can 
included; however, it can be argued that there is no reason to leave out any flow and cut-offs 
should be determined with at least rough estimation.  

Process-based LCI is a convenient way of modeling internal flows within a system, but it 
faces fundamental problems of truncation (Suh et al, 2004). Whatever the system under study, 
it is always linked to, and dependent on the surrounding economic environment. Material 
exchanges that cross the system boundaries belong partly to that system and partly to the 
context. ISO recommends extending the boundaries of the system under study as far as 
possible (ISO, 2006). This description has both advantages and drawbacks: from the practical 
viewpoint, it clearly means that one should collect as much system-specific data as possible 
and design the system boundaries according to access to this data. Practitioners can thus 
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deliver concrete results, analyses and recommendations to client organizations and publish 
results. 

On the other hand, such practices bring fundamental issues of results reproducibility. 
Comparing results of a similar functional unit but within two separate systems mainly 
depends on the extent of system boundaries. They should be deemed as comparable, with 
thorough and credible arguments. Even with a transparent, objective and fully-described 
methodology, external communication of the results and comparisons between studies 
becomes extremely difficult. Results should be confined to a circle of experts on LCA, thus 
inhibiting possible alienation of public opinion and involvement of political decision makers 
at this stage. In reality results of LCA are diffused among the non-expert population from 
actors who promote environmental awareness and by client organizations to promote 'greener' 
products. Study limitations and assumptions with boundary criteria are often disregarded and 
thus not available to decision-makers and consumers. The risk here is of distortion of actual 
results leading to unreliable, incomplete and often erroneous information being widely 
disseminated. . 

Determining which flows should be taken into account and which ones can be cut off - 
because their relative importance is considered as negligible - is a systematic step in 
LCI. Most common criteria are based on physical units, monetary units or environmental 
impact units. The three systems have serious shortcomings in practice and lead to arbitrary 
choices by practitioners (Reap et al, 2008a): there is no reason to cut off small physical flows 
of dangerous substances just because they are small or cheap. Environmental impacts should 
act as reference, but estimating them requires inclusion of these flows in the preliminary 
inventory; and once they are calculated, there is no reason to leave them out. Only experience 
and iteration can help optimize the definition of cut-off flows. 

Although this issue can be dealt with in comparative LCA studies, provided relevant 
assumptions are expressed in the interpretation phase, it may become a fundamental issue for 
the LCA of a single product or service. Some studies demonstrate that an extensive process-
based LCI cannot achieve the completeness of a system and need additional information from 
the macroeconomic context (Bullard et al, 1978; Crawford, 2007). Capital inputs such as 
machinery, infrastructure and buildings, transportation of persons, administrative functions 
inside a company are typical examples of cut off flows for a single process, although they 
may have some relative environmental importance (see Crawford, 2007 for a study on capital 
goods). Other truncated flow may also include electricity production and distribution, site-
based non-related waste, external services such as insurance, consultancy, finance, provisions 
for workers. When duplicated the numerous processes involved in LCA along the supply 
chain may input biased data but truncation may widen the gap between models and actual 
environmental impacts of a product / service life-cycle. 

In order to take into account induced material flows, i.e. those on which the studied system is 
dependent but that are outside the system boundaries, process-based LCIs need a 
complementary source of data. This source should provide quantitative information on the 
requirements for the surrounding context to produce the incoming flows, and quantitative 
information about the fate of outgoing flows. These cut-off flows should be secondary in LCI 
(though it does not mean they should be disregarded). Otherwise, credibility of the LCA study 
can be questioned. The system boundaries should be logically extended to integrate 
predominant flows. The source of data for indirect flows in the surrounding economic system 
(in which the studied system is embedded) should provide a quantitative representation of the 
economic system as a whole, from a macroscopic viewpoint. 
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2.3 Input-Output Analysis in LCA: complement to P-LCI 

Input-Output Analysis (IOA) was been first used to depict macroeconomic systems and the 
interdependency of economic sectors within a nation or a region. The development of this 
technique is at the origin of modern national accounting. Wasilly Leontief was awarded the 
Nobel Prize in 1973 for his theoretical work on IOA. Applications include the relationship 
between monetary and material flows in a closed system and its consequences in terms of 
environmental impact (Proops, 1977). Applications of economic-environmental analyses 
started with a framework development in the 1970s (see e.g. Cumberland, 1966; Daly, 1968; 
Ayres and Kneese, 1969). IOA is represented by a table in which economic accounts are 
disaggregated into industries. Monetary inputs and outputs in industries are represented in this 
table, thus depicting the relationships of interdependence inside a closed economic system. 
Table representation enables matrix-based mathematical formulation and the use of both 
straightforward calculation and sophisticated tools for a deep analysis of the system, such as 
Power Series Expansion for Structural Analysis (see e.g. Suh and Heijungs, 2007).  

2.3.1 Mathematical background for Input-Output Analysis 
Introducing the mathematical model of IOA is very important to further understand how the 
IHA model is build. Indeed, it shows a relatively simple model of matrix equations based on 
supply-demand balance, as it is the case for IHA. 

Mathematical model 
The following presentation of the mathematic model of IOA is based on Turner et al (2007) 
and (Suh and Huppes 2005). All studied papers present slightly different notations. The basic 
mathematical matrix equation of IOA economic modeling in a closed economy is: 

 
yAxx += , (1), 

 

where: 

• x is a N*1 vector of gross outputs, with elements xi and representing the gross outputs of 
the ith economic sector (out of N), in monetary units. 

• y is a N*1 vector of final demand, with elements yi representing the final demand of 
output of the ith economic sector, in monetary units. 

• Element Aij of N*N matrix A represents the amount of intermediate demand of output 
from the ith domestic sector used by the jth domestic sector, per unit of output xj.  

In other terms, the ith row of Equation (1) represents the economic balance of sector i, xi being 
the total gross output, equal to the final demand yi plus the sum of intermediary demands from 
all economic sectors (sum of all Aijxj). Matrix A is square since rows and columns of same 
index represent the very same economic sector; the row represents its inputs required from 
other sectors to produce 1 monetary unit, the column represents the repartition of its output to 
the other sectors for 1 monetary unit produced. 

A is named the technical coefficient matrix. 

Using matrix algebra 
Equation (1) can be then written as follows, for an invertible (I-A) matrix: 
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yAIx )( 1−=
−

, (2). 

 

Equation (2) represents the economic relationship between gross output vector x and final 
demand y for each economic sector. 

Now let us introduce: 

• a K*N matrix B where element bki is the average linear environmental impact k per unit of 
gross input sector i, 

• a K*1 column-vector q that represents total environmental impacts of the studied 
economic system, with qk the total environmental impact k of the system. 

We get the equation binding environmental impacts with the final demand: 

 

yAIBBxq 1)( −−== , (3). 

 

Matrix algebra enables deep analyses, especially with the use of power series expansion to 
perform structural path analyses (Suh and Heijungs, 2007) in order to highlight the most 
important components of a system in relation to a given property. In (Suh and Heijungs 
2007), it is used to identify the inputs of a system that generates the highest amount of CO2. 
(Peters 2007) demonstrates that such tools can be time and resource-efficient when performed 
with relevant algorithms for I/O matrices as big as 3225 rows and columns. (Suh and 
Heijungs 2007 and Strømman et al 2008) use power series expansion to perform a structural 
path analysis of a system in order to highlight the most important components regarding a 
given property, i.e. the process that involves the costliest part of a product or the highest 
amount of a given environmental impact. The use of IOA for environmental accounting has 
involved a better understanding of macroscopic economic processes and their environmental 
consequences. 

2.3.2 Assumptions and limitations of IOA 
It is important to highlight all assumptions and limitations that have been formulated during 
the development of IOA. 

• The relationships inside the studied techno-economic system and with the induced 
environmental impacts must be considered as linear. 

• Data must be reliable, that is, well informed, complete and up-to-date. 
• Production and environmental factors must be considered constant in time and space. 
• IO Tables assume that there is only one type of output per industrial sector. 
• Imports and exports must be neglected. 
• Non-economic outputs that have environmental costs must be neglected. 
• Matrix (I-A) must be invertible. 

Key assumption: linear system 
Any economic system is a set of relationships between inner elements. For this system to be 
eligible for description by an input-output matrix, all relationships must be based on 
linear equations, i.e. only additions of elements to which constant coefficients are affected. It 
is the case in IOA, as described in the previous section. 
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When the system represents a closed economy composed of numerous activity sectors (there 
is no import or export), mathematical representation of relationships literally transcript the 
trade between all activity sectors. What a sector produces is the sum of the other sectors' 
demand plus ultimate consumption (final demand). Economic accounting only requires 
addition and multiplication. This is why it is easily represented with a set of linear equations. 

Linearity is a key assumption when using IO techniques because of mathematical constraints. 
But it can be turned to advantage for the sake of simplicity in model description and results 
calculation without discredit. Furthermore, matrix algebra enables the use of powerful tools, 
as described below. 

This issue is in strong relationship with an important point about the purpose of LCA studies, 
as stressed by Rebitzer et al (2004): some studies aim to investigate the actual impacts of a 
product’s life-cycle, while others’ purpose is to estimate the potential impacts of a future 
product’s life-cycle. While the earlier is dedicated to actual environmental footprinting, the 
latter is more relevant for ecodesign and process optimization. This can lead to very different 
results: for instance, if a process optimization study recommends switching from coal-based 
process to electricity-driven process, potential benefits could be lost because the regional 
electricity production structure is poorly adapted to a marginal increase in electricity demand 
(eg renewable energy-based electricity production structure). This example points out an 
important limit of linear assumption, where marginal increase does not affect the overall 
technico-economic structure of the context that surrounds the system under study but rather 
reinforces it with supposed instantaneous adjustment in the whole context structure, which is 
of course unrealistic. 

Data reliability 
IO Tables are compiled by economists. LCI practitioners may have little knowledge about the 
way they are compiled; thus, they might misuse IO Tables. For example, it may be little 
known that IO Tables provide information on average cost – not on marginal. They provide 
data based on passed transactions – not on previsions (Wiedmann et al, 2007). 

IO Tables may be the result of compilation from different sources, different periods and 
different spatial validity thus resulting in different economic contexts. The actual point is to 
decide whether available information is actually representative of the economic system it 
strives to represent. For instance, the interrelationships between economic sectors in Texas or 
in California are not representative for all the US. And the interrelationship at the country 
level is not representative of the economic structure in California. 

Furthermore, it is probable that the agents in charge of compiling data in California, Texas 
and at the US level do not use the same assumptions to deal with the disparity between 
sources they have access to. They are likely to consider differently questions such as: how to 
include local taxes; national taxes; how to account for divergences in local definitions of 
industrial sectors; how about severe disparities inside the territory or contradictory sources of 
information? 

Effort procedures for data compilation and content should be increased. Related 
information should be more available. Harmonized frameworks of input-output accounting 
are under development and constantly updated (see for instance Frischknecht and Rebitzer, 
2005; Skone et al, 2005). Combined with new information technologies, they will ultimately 
help shrink these approximations. Since IO Tables are not compiled only for LCI purposes, 
merging interests may drive significant progress in that matter. However, data reliability may 
be inhibited by diverging assumptions and also, unfortunately, by lack of transparency from 
administrative sources. Delivering too many details on economic data may be seen as a 
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strategic threat to a territory. Because of protection policies some data may never be available, 
for instance the research and development sector of weaponry and military defence is likely to 
stay confidential forever. This is far from being easily disregarded: investments on military 
technology have led to the emergence of large industrial sectors, such as medical 
improvements, information technology, simulation systems, mechanics, nuclear energy and 
others emerging in the 21st century. On the other hand, the economy of many local areas 
strongly depends on the area’s proximity to military camps or scientific bases. The army 
budget is highly embedded in the national economy and represents a significant part of 
national expenditure. National-based IO accounting has to deal with these data gaps. 

Other economic flows such as corruption, informal trade, and illegal trade will never be 
represented in an IO Table. There is no relevant argument that could claim for a systematic 
cut-off of these flows. There are some places in the world where these flows can lead to 
significant environmental impacts, where IO modeling cannot be reliable. 

Evolution in time 
The macroscopic model of IOA requires the assumption that economic and technology 
coefficients are constant in time and in currency value (Wiedmann et al, 2007, Suh and 
Huppes, 2005, Xue et al, 2007), although it is evident that there are huge spatial disparities. 
The fast pace at which technology evolves means that the average five-year based update of 
data distorts actual reality. The economic interest in faster updates and higher resolution in 
macro IOA Tables can be questioned. Furthermore, aggregation of data by database builders 
lowers their level of resolution and wipes out inequalities (Suh and Huppes, 2005) especially 
when some data are directly available while others can only be estimated. 

The evolution in time of a local economy merits two sets of considerations. On one hand, 
regular evolution in demand and production and relationships between activity sectors 
requires regular updates. On the other hand, local specific events, such as the opening or 
closing of an important industrial site may drive significant, immediate changes and less 
stability in the near evolution of local economic structure. This may prevent previous IO 
Tables from being reliable information sources. Date and sources of data should be 
systematically detailed and referenced in order to raise awareness of their use by IOA 
practitioners. Are the data still relevant? What has happened in the studied territory since the 
last available data were compiled? 

This factor can become a key issue when LCA is used for integrated policy purposes or 
short-term decision-making. How to anticipate the technological and societal evolution if 
relationship coefficients must be left as constant? Taking into account future technology 
evolution can prove to be a key element in decision-making (Hondo et al, 2006). Further, 
upcoming societal changes and trends will undoubtedly improve decision-making by 
preventing side-effects. For instance, financing road infrastructure, airport construction and 
the automobile sector is likely to generate severe side-effects on carbon emissions in the near 
future as well as more stress on access to fossil fuel resources. But depriving these sectors of 
financial backing may lead to severe and immediate social side-effects on the regional 
economy. 

Using economic and technology coefficients that are constant in time can be seen as a strong 
limitation of IOA for policy planning. Some mathematical models provide frameworks that 
may help anticipate future evolution (Hondo et al, 2006). However, these models can only be 
based on strongly supported assumptions. 
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A single output for each sector 
A basic issue for use of IOA for non-economic applications such as environmental accounting 
is that industries and economic sectors are considered to have one unique output in the 
Leontief model (i.e. a monetary value - Suh, 2004). 

For economic simulations, this assumption is not especially inconvenient. Interdependent 
relationships between industries or even organizations are best represented by economic flows 
from and between each other. However, there is no linear relationship between monetary 
flows and physical flows, nor between monetary flows and their environmental impacts. 

For instance, a monetary flow from the banking industry to a manufacturing industry may be 
significant, while associated physical flows almost nil. On the contrary, monetary flows 
between agricultural sector and tourism on a local area may be relatively low, while 
associated physical flows are massive. 

Additionally industrial sectors in reality have many individual outputs as well as an output 
category that may come from several industries. The agriculture sector produces both 
vegetables and meat but several studies show that the environmental impacts are totally 
different. There is no reason to consider agriculture as an activity with only one output. 
Manufacturing industry can be subdivided into numerous sectors and tourism also presents 
extremely diverse outputs. This limitation has already been thoroughly investigated and 
convenient solutions were adopted: instead of representing activities broken down by 
industrial sectors, consideration is proposed in terms of separate commodities. An industry 
may produce several commodities, while the same commodity can be produced by several 
industries. Commodity-by-commodity IO Tables were suggested and developed from the 
80s onwards (ten Raa et al., 1984; ten Raa, 1988; Kop Jansen and ten Raa, 1990; Steenge, 
1990). 

Non-economic flows 
IOA is based on interdependent relationships between activities. Should they be regrouped 
into industrial sectors or providers of commodities? Since IOA is based on a monetary unit, 
only physical flows that have an economic counterpart are represented. One could argue that 
this definition involves truncation in IOA flow inventory. Particular attention should be given 
to waste treatment commodities, for which economic flows and material flows have the same 
direction (the case is very specific, since material is usually traded against money). The 
production of a given commodity thus involves downstream environmental impacts (use 
phase and End-of-Life phase), which are not attributed to the studied commodity. 

For example let us consider the commodity of textile production. Textile production requires 
energy, machinery, chemical products, water infrastructure, and the association of trades with 
distribution and transportation commodities. All these steps are included within the 'cradle-to-
gate' phases. Materials are exchanged against money, so that all these monetary flows are 
compiled to generate the economic coefficients of the IO Table. 

However, ‘gate-to-grave’ stages are not explicitly mentioned in this IO Table: when 
purchased by consumers (final demand for textile production), textiles are left out of the 
economic sphere. But the use phase of textiles requires energy, materials (washing-machine, 
dryer, iron...), chemicals etc, and this stimulates the final demand for other commodities 
(washing powder, domestic electricity,). There is a strong link between final demand for 
energy and washing powder and final demand for textile production. But these links are not 
represented in IOA Tables, even though from a macroeconomic viewpoint all flows of 
material and energy are taken into account. Similarly, ‘End-of-Life’ stages made by other 
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commodities are not represented directly, since there is no monetary flow between e.g. the 
textile production commodity and domestic waste treatment (where most textiles end…). 

Non-economic Inputs and Outputs that have significant environmental costs is a serious 
issue for environmental accounting in microeconomics (Giljum et al, 2004; Suh and Huppes, 
2005). Physical Input-Output Tables (PIOTs) provide information about transactions of 
physical flows between commodities. They can be coupled with Monetary Input-Output 
Tables (MIOTs) in order to ensure that most flows that have environmental impacts are 
incorporated into MIOT, provided that they are based on the same classification as 
commodities and that recorded physical flows are environmentally sound (Hoekstra, 2006; 
Strømman et al, 2008). 

Imports and exports 
In traditional IO database, imports are not included in the amount of intermediary commodity 
production, but exports are. Imports are thus generally included considered to be of the very 
same structure of domestic production. Although this assumption could have been considered 
relevant at the early development of IOA, it cannot hold any longer in a globalized economy. 
This issue is further investigated in section 2.5. 

Linearity of environmental impacts 
The Leontief model requires that the relationship between inputs and outputs and their 
environmental impacts can be modeled with linear equations (van der Voet et al, 2004; 
Reap et al, 2008b): Although material and economic flows can be fairly considered as linear, 
the effects on the environment are not especially linear. Indicators like toxicity or land use are 
theoretically not eligible: threshold effects are not linear by nature (Goedkoop and Spriensma, 
2000). However, current data are results of statistical analyses, which results can be 
considered as eligible to solution through linear applications. 

Evolution of environmental impacts 
Another assumption is that environmental impacts generated by a given economic sector 
are constant in time and space. This statement is similar to the constancy of technical 
coefficients in IOA model. 

Spatial resolution of environmental impacts 

If the latter assumptions may be considered as the best available alternative, the question of 
disparities in quality of environmental data among sectors and countries is also important 
(Suh and Huppes, 2005). Ultimately, only a range of indicators are eligible, like CO2 
emissions or embodied energy (see e.g. Bullard et al, 1978; Potting and Hauschild, 2006; 
Crawford, 2007) for case studies. 
The  purpose  of  this  paper  is  to  focus  on  Life‐Cycle  Inventory  techniques,  while 
translation of LCI results into environmental impacts is referred as the next stage in LCA, 
namely Life‐Cycle Impact Assessment (LCIA). Therefore, issues related to LCIA models 
are not further investigated in this document. 

Use of matrix algebra 
To be eligible for mathematical tools such as matrix power series expansion form, a linear 
system must fulfill some mathematical conditions that are detailed, for example in Suh and 
Heijungs (2007) and Peters (2007): the associated matrix must be invertible and have a 
specific norm (defined as the maximum value reached by the sum of all elements in a given 
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column, ie. ||A|| = max(∑jaij) ). The same authors provide solutions to convert any 
macroscopic system so that it is eligible. Xue et al (2007) provide a method for the adaptation 
of process-based systems modeled to these mathematical tools. When being normalized, the 
matrix becomes dimensionless, which makes it homogeneous. Although it is trivial for 
monetary IO Tables – the original matrix is already in monetary terms – it is of key 
importance for the use of emerging Physical IO Tables, which are compiled with physical 
units instead of monetary flows thus reflecting better the reality of exchanges between 
industries and do not lead to results dependant on financial fluctuations (Giljum et al, 2004; 
Hoekstra, 2006; Suh and Heijungs, 2007). 

2.4 IHA approach in LCI 

The IHA approach was not the first hybrid model proposed. It seemed important to start going  
through two other examples of hybrid models to understand how the process-based level in P-
LCI and the macroscopic level in IO-based LCI were used complementary (section 2.4.1). 
Some would say the IHA model is the most sophisticated one as it achieved a consistent 
mathematical formulation. The IHA framework can be then fully developed (sections 2.4.2 to 
2.4.5) 

2.4.1 Hybrid models 
While process-based LCIs face fundamental problems of truncation (Suh, 2004; Crawford, 
2007), IO Tables provide low-resolution, monetary-based exchange figures at the 
macroscopic scale. Both are expressed with different units (physical or monetary) and contain 
different data, at different scales. Both express flows between different parts of a studied 
system and thus require the same mathematical language (matrix algebra). The IOA database 
is a relevant, cheap and complementary source of data to be used in LCI in order to address 
the issues of system boundary definition, truncation and allocation issues. 

As mentioned in Crawford (2007), however, IO Tables are often used as ‘black-boxes’ with 
little knowledge of all assumptions required for the reliability of their content; system 
boundaries are unclear, which can frequently cause double-counting or omissions when 
combining both process-based database and IOA Tables. More generally, mathematical 
frameworks are necessary to ensure a rationale use of IO database in LCI. Hybrid models are 
mathematical frameworks that enable the integration of IOA database into LCI. 

Suh and Huppes (2005) study three hybrid models that link process-based and IO-based LCIs 
(figure 8): Tiered-hybrid Analysis, IO-based hybrid Analysis and Integrated Hybrid Analysis. 
Each model is briefly described in the following sub-sections. 

 

 
Fig. 8: Three models of LCI hybrid analysis (Suh and Huppes, 2005) 
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Tiered-hybrid Analysis 
Tiered-hybrid Analysis combines both advantages of process-based LCI data resolution and 
IO-based LCI system boundaries: once the system boundaries are set, inputs are classified 
into a commodity list thus building the y vector ‘commodity final demand’ as described in the 
previous section. They are then ready to be processed into a classical IOA. Strømman et al 
(2008) investigate a framework of tiered-hybrid analysis that is based on LCI database 
providers and completed by I/O Tables when necessary. A thorough software treatment is 
required to avoid double-counting, which is a frequent issue in tiered-hybrid analysis (Suh 
and Huppes, 2005). 

In practice, a tiered-hybrid LCI is broken down into the following steps: 

• A process diagram is drawn, so that inside flows can be visually identified and quantified. 
A matrix representation can be of great help for complex processes. To do so, elementary 
sub-processes are listed with elementary flows between each other. 

• Calculations will show the amount of required inputs to provide the studied functional 
unit, and the amount of outputs, including the functional unit, co-products and non-desired 
waste. Then, the list of required inputs are classified according to available IO Tables: if 
local IO Tables are industry-by-industry Tables, such classification should be used; if 
local IO Tables are commodity-by-commodity Tables, inputs should be classified 
accordingly. 

• A classical IOA is then performed separately; tools like the Missing Inventory Estimation 
Tool or MIET (Suh, S., 2001) make this step much quicker. This tool is now integrated 
into commonly used software such as SimaPro. 

Tiered-hybrid LCI presents several advantages, both from the methodology and the practice 
point of view: 

• The main advantage is that Tiered-hybrid LCI prevents distortion from upstream 
truncation issues. This is true only if the process modeling is correctly performed: 
boundaries should be extended as far as possible; that is not only covering the most 
important steps of the life cycle but also secondary steps. However, a stepped method 
should enable practitioners to save time in data collection since the relative importance of 
upstream cut-offs are correctly estimated. Therefore, with some experience, one can 
expect time optimization. 

• On the other side of the Life Cycle, the use phase and the End-of-Life phase can be 
handled the same way as with process-based LCIs, thus avoiding issues related to IO-
based LCIs. Therefore, all stages of the life-cycle of a functional unit are taken into 
account. 

There are however draw-backs to be aware of when using Tiered-hybrid LCI: 

• Depending on the quality of boundary selection significant errors may occur. As process-
based LCI rely on actual data and physical flows resolution is much higher than IO-based 
upstream estimation, for which available data are compiled from national statistics (their 
reliability can be questionable) and based on trade flows. Trade flows are convenient to 
represent interdependence between different sectors in society but there is no direct 
relationship between the monetary value and the physical importance of an exchange (see 
Giljum et al, 2004). For example, the monetary value of the same physical exchange may 
fluctuate according to market evolution and stock prices. However, if the system boundary 
is conveniently set, upstream cut-offs only include the least important flows. In addition, 
IO-based LCI can be combined with tiered-hybrid LCI if the studied systems need a better 
resolution of commodities / industries categories. 
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• Another methodological limitation is that flows represented inside the system boundaries 
that are between different industries (or commodities) and with a monetary value are also 
counted within the IO Table. This issue might lead to a relatively small deviation since 
only negligible upstream flows should be cut off, but this limitation needs comprehensive 
treatment. Methods for IO Table treatments are investigated by (Suh 2004) in Integrated 
Hybrid Analysis. 

• If upstream cut-offs can be conveniently modeled with a tiered-hybrid LCI and a manual 
treatment of data, it is more difficult for downstream cut-offs. Tiered hybrid LCI is a 
framework that considers the use phase and the End-of-Life phase (gate-to-grave stages) 
as being operated completely out of the economic system. It is not able to investigate the 
impacts of Use and End-of-Life scenarios on the economy. In other words, Tiered-hybrid 
LCI works well if the materials not consumed in the process (for example by-products) 
are not sent back to other industries. If end-of-life materials and by-products are recycled 
inside the process (closed-loop recycling), then the matrix representation of the studied 
process brings the formal solution: nothing actually leaves the system. But open recycling, 
that is using disposed materials or by-products for other purposes is widely practiced in 
recycling, (and likely to develop in the short term). Demand and supply of recycled 
materials rises due to increasing issues of waste management in western countries that 
oblige local authorities to promote the re-use of materials usually disposed of in land fill. 
Although direct outcomes are not necessarily visible, recycling may become a secondary 
source of revenue and of operational cost reduction, while reducing environmental and 
social issues of waste management (local air, soils and water stream pollution, human 
toxicity of released pollutants such as PCBs, visual and odor disturbances). In the mean 
time anticipated rising prices of fossil energy oblige industries to reduce their dependence 
on the supply chain of fossil energy as recycling or upgrading may be more energy-
efficient than raw material extraction from ores. Provided recycled material quality is 
good-enough. For example, the use of organic waste to produce energy may be a 
competitive source (ultimately dependant on the price of oil). 

However, it was suggested that downstream cut-offs back into the economic system may be 
disregarded in a first approach (Peters and Hertwich, 2006a), although there is no reason to 
exclude them in a systemic way (Suh, 2006). 

IO-based hybrid Analysis 
IO-based hybrid Analysis consists of combining IOA-based LCI results with additional 
information on use phase and End-of-Life scenarios of the studied functional unit. The cradle-
to-gate, IO oriented approach is extended to the full cradle-to-grave assessment. Crawford 
(2007) compares an IO-based hybrid approach with conventional approaches regarding the 
inclusion of capital inputs such as infrastructure and building into the inventory of flows. His 
conclusion is that although the hybrid approach is more comprehensive than the others, there 
is no guarantee that it is fully comprehensive, mostly due to the low quality of currently 
available IOA Tables. 

IO-based hybrid Analysis may be helpful to obtain a case-specific higher resolution in the 
commodity IO Table. An example can be found in Joshi (2000). This is a top-down approach, 
which consists of disaggregating the commodity where the functional unit belongs into sub-
commodities; then relevant sub-commodities can be disaggregated again into sub parts. The 
ultimate step occurs when the functional unit can be independently displayed. Each 
disaggregation requires extensive research in order to estimate the economic interactions 
between the newly-created sub-commodities and other commodities. Since IO-based 
approaches can only help investigate cradle-to-gate stages, an additional process-based flow 
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diagram is necessary to model the gate-to-grave stages; both parts are modeled independently, 
as for Tiered-hybrid Analysis. 

This model is quite straightforward to understand and use since it is composed of a single 
repetitive, iterative method. It enables enhancement of IO-Tables resolution, which is usually 
considered of low quality or even unreliable. Furthermore, like any IO-based model, there is 
no problem of upstream truncation and no overlap is actually possible.  

However, this method has its own limits: stepped IO Table disaggregation requires extensive 
research on economic relationship between sub-commodities and commodities and this 
research ultimately must be completed by assumptions on data. Thus, reliability of final data 
can still be questioned: are the various sources of information compatible with each other? 
Which authority validates complementary assumptions? These issues can be addressed, with 
data processing in order to avoid data sources overlap and peer-reviewed assumptions in order 
to ensure a good quality in gap-filling where information is lacking. However, such a process 
may become more and more complex to manage after a couple of iterations, both because of a 
need for extensive research and because of queries about the compatibility of various sources 
of information and assumptions. 

As for conventional IO-based LCIs, this model prevents practitioners from taking closed-loop 
and open-loop recycling into account: this would require a linkage between end-of-life steps 
of the process and commodities as discussed for a tiered-hybrid approach. 

IO-based hybrid LCI remains a top-down, macroeconomic approach and uses macroeconomic 
commodity-by-commodity IO Tables, which still face issues of data quality and reliability 
when no formal relationship between monetary values and physical flows is evident. 
Therefore, IO-based hybrid approach is based on questionable data and does not address most 
limitations of IO-based conventional LCIs. 

IO Tables should stay as complementary sources of information for process cut-offs. 
Therefore tiered-hybrid analysis seems a more reliable solution while the IO-based hybrid 
approach can be useful for a better resolution of upstream cut-offs. However, while upstream 
cut-offs of context flows lack formal links with the studied process, links between 
downstream cut-offs cannot be integrated into the analysis, which may be a strong limitation 
in some cases (Suh, 2006. The Integrated Hybrid Analysis (IHA) removes that limitation. 

Integrated Hybrid Analysis LCI 
The IHA model originates from a research aimed to formalize mathematically the integration 
of the studied process and the external context. The purpose if this short presentation is to 
summarize a comparison with other hybrid models; a more comprehensive presentation of the 
IHA model, from the conceptual viewpoint and with mathematical formulation, is available in 
sections 2.4.2 and 2.4.3.  

While the tiered-hybrid approach is convenient in modelling upstream cut-offs, this link must 
be done ‘by hand’. Furthermore, in cases where open-loop recycling is important in the 
studied process, links between downstream cut-offs cannot be taken into account. Using a 
matrix model adapted from IOA and formal techniques to model cut-offs (i.e. links between 
the studied system and in context), IHA is the most comprehensive existing model: 

• Its use is stepped. First, as for any process-based approach, a diagram of process is 
necessary in order to list the inventory of flows inside and across the system boundaries. 
Then cut-offs flows are modelled in hybrid units: monetary value per unit of physical flow 
for upstream cut-offs, physical flows per monetary unit for downstream cut-offs. 
Elementary cut-off flows can now be linked with context commodities. As for tiered-
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hybrid methods, cut-off flows should be envisaged only when more accurate information 
is not available. 

• Advantages are numerous: cut-offs flows can be easily quantified with sales / purchase 
records, which are generally rather fully monitored; the process can be fully integrated 
into its context, thanks to both the formalized system, and the inclusion of downstream 
cut-offs in the model; the system also formalizes the mix between commodity trades (in 
monetary units) and process included into the studied system (in physical units). If 
correctly done, truncation issues are wiped out. 

However, the system is rather long and complex to get in hand, and requires full practical 
skills and knowledge from practitioners to be used. Furthermore, the risk of overlap between 
process and system is still present (as for tiered-hybrid analysis), and needs IO Table 
treatment; such treatment is formally modelled in Suh, 2004. 

Peters and Hertwich (2006a) questioned the actual advantages of IHA compared to tiered-
hybrid LCI, since downstream cut-offs are generally quite difficult to quantify and are often 
not significant. However, Suh replies that there is no formal reason to disregard them (Suh, 
2006), and that a stepwise approach excluding downstream cut-off at the beginning should be 
favoured. Some examples where IHA would be advantageous are detailed in the tiered-hybrid 
LCI limitations. 

Strengths and weaknesses of hybrid models 
The following Table summarizes differences and similarities between hybrid models 
described above: 
 

 Tiered-hybrid IO-based Hybrid Integrated 
Hybrid 

Process-based data 
resolution Yes No Yes 

IO-based system 
boundaries Yes Yes Yes 

Closed-loop flows (inside 
process) Yes No Yes 

Open-loop flows (back to 
the economic system) No No Yes 

Quality of IO-data Low Low to High 
(incremental) Low 

Formalized model 
No (manual 

linkage process – 
IO Tables) 

Yes ( IOA) Yes 

Time requirements Low Low to High 
(incremental) High 

Data requirement Low (process) High (IO data) High (cut-off 
flows) 

Table 1: Differences and similarities between hybrid models 
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Using hybrid models must be done carefully with awareness of existing limitations and 
fundamental assumptions of process-based LCIs and IOA models stated in sections 2.2 and 
2.3.  

LCIs based on analyses of process-flow diagram enabled practitioners to assess the material 
required and emissions produced at each life-cycle step of a product; calculation has been 
simplified with matrix modelling (Heijungs, 1994). However, this method was limited for 
integrating the fact that each process is embedded into an open economic pattern. The main 
issue in hybrid models is to define a systemic mathematical representation of the embedding 
of process-flows into the macroscopic IO Table. Integrated Hybrid Analysis (IHA) provides 
the framework for a consistent system boundaries definition that can be adjusted with the 
level of resolution that is applied (Suh and Huppes, 2005). More details concerning other 
authors suggesting or using IHA can be found in Suh and Huppes (2005). 

(Suh, 2004) details the mathematical demonstration of the construction of IHA. The 
mathematical modelling briefly presented below is directly adapted. A key change with 
common LCI is the modification of entity under study: while LCA deals with the analysis of a 
product’s or service’s life cycle, this new framework is based on the definition of functional 
flow. 

Figure 9 summarizes the way IHA combines advantages of P-LCI and IO-based LCI into an 
integrated, sophisticated framework. Next sections will be dedicated to a deeper analysis of 
the IHA model. 

 

 
Fig. 9: Graphical comparison between conventional and hybrid LCI models. 

2.4.2 Functional flows and commodities as cornerstones for IHA 
The concept of functional unit is still often related to the main product it requires. Suh (2004) 
introduces the concept of functional flow in order to integrate the concept of functional unit, 
commonly used in LCA, into the ‘supply-demand relationship’ between commodities. This is 
a fundamental change for the inter-operability of microscopic and macroscopic levels of 
analysis: it provides a common framework for both ecological and economical studies since 
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the purpose of a product is its functions – not the product itself (Rebitzer et al, 2004). This 
change of paradigm may be considered as the first step for dematerialization of economics 
(van der Voet et al, 2004). 

A commodity can be defined as a function delivered by an industry (Steenge, 1990). This 
concept is increasingly used in LCA – instead of ‘industrial sector’. ISO recommends using 
physical flows in priority in allocation procedures (ISO, 2006), before monetary exchanges – 
thus implicitly recognizing that commodities are more suitable than industrial sectors to 
perform environmental analyses. 

Shift in functional unit 
Suh (2004) considers that the functional unit under study in LCA can be depicted as a 
combination of functional flows. A functional flow is produced or consumed by a process; it 
has a relevant, natural physical units instead of monetary unit in IOA so that is cannot be 
altered by price fluctuations. A studied system in LCA is a combination of several processes, 
which altogether deliver a given functional unit. To be successfully operated, a process also 
requires the intervention of secondary external, functional flows (such as upstream flows in 
Fig. 7). Therefore, defining a studied system by processes and functional flows directly shows 
its embedding in the surrounding technosphere. 

Functional flows can be aggregated depending on the level of resolution required for the 
purpose of the study. Some examples of functional flow are given in (Suh, 2004): a household 
process like “use of TV” could have an output functional flow defined as “hour of TV 
watching”, while an input in this process would be “kWh of electricity”. Within this 
framework, process-based LCIs describe and quantify the flows of commodities exchanged 
by processes. Note that a product may have several functions. This viewpoint is comparable 
with traditional LCAs: a comparative LCA aims to compare the environmental impacts of 
similar functions delivered by several products or services while an LCA focusing on a single 
product/service aims to assess as comprehensively as possible the environmental impacts of a 
function –not of the item. 

From the process Input-Output viewpoint, production of a functional flow is assigned a 
positive value whereas consumption is assigned a negative value. Therefore, a functional flow 
may have the opposite sign of the associated physical or monetary flow, depending on the 
definition of the functional flow. This is the case for instance when either waste is purchased 
by treatment service or the treatment plant unit sells its service of waste treatment. In this 
case, physical and monetary flows have opposite signs. Therefore a functional flow must be 
stated with care although in most cases there is no ambiguity. In order to keep soundness, a 
basic but important assumption is done by the authors: functional flows are in a steady state 
for a period long enough to avoid distortion by punctual disparities. Since this time-period 
may be different for each functional flow, this assumption is included into the mathematical 
model, although it is not mentioned below. 

Shift in IO Tables 

In reality, industrial sectors have many outputs and an output category may come from several 
industries. IO Tables can however be drawn with only one kind of output for each industry 
sector. The use of monetary data is convenient for it as long as IOA is performed for 
macroeconomic purposes. However this pattern presents a major drawback for environmental 
accounting: the level of aggregation is too high for environmental purposes. Aggregation of 
data lowers the resolution of IOA; it dilutes the heterogeneity among an aggregated sector, 
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thus reducing their inequality (Suh and Huppes, 2005). In order to reach the necessary 
precision for LCI purposes, industrial sectors need to be broken down further. 

This problem has triggered the development of IOA Tables based on commodity-by-
commodity Input-Output Tables (ten Raa et al., 1984; ten Raa, 1988; Kop Jansen and ten Raa, 
1990; Steenge, 1990). Industrial sectors may be represented as composed of several 
commodities where each commodity has a single type of output. According to Suh (2004), 
commodity-by-commodity matrix is the suitable level of aggregation of the technical 
coefficient matrix for IHA. 

2.4.3 Mathematical modeling of IHA 
This mathematical model is described in much higher details in Suh (2004). The objective of 
this section is to present it as clearly as possible – not to investigate the whole mathematical 
reasoning. 

The industry-by-industry matrix A described in the IOA modeling is improved into a 
commodity-by-commodity input-output matrix Ac.  

It includes all assumptions about import-export and price distortion upon space and time. It is 
expressed in monetary units per output unit of commodity.  

Ap is the process-based matrix that relates each functional flow included within the functional 
unit, expressed in relevant physical units per unit of time for each process, and corrected with 
mathematical adds-on in order to be eligible for matrix inversion. 

Completing this “general context” matrix (I-Ac) and this process-based matrix Ap, cut-off 
matrices make up the link between both scales; upstream cut-off matrix expresses details of 
“the total bills of goods for the inputs that are not covered in the process-based matrix” (Suh, 
2004). The matrix element (Cu)ij is the amount of cut-off input-output commodity i to process 
j included in process-based matrix, in monetary terms. Similarly, a downstream cut-off 
process matrix expresses details of the “total sales of functional flows per production of each 
commodity”. (Cd)ij represents the amount of cut-off flows of functional flow i to input-output 
commodity j per monetary value of its output, in relevant physical unit. 

The integrated matrix is defined as such: 

 

Ap −Cd

−Cu I − Ac

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ , 

 

where columns of Ap and Cu are processes taken into account in the process-based matrix, 
rows of Ap and Cd are functional flows produced “within” the process-based matrix – they 
may be consumed within the process (Ap) or after the process (Cd). Other columns and other 
lines are the commodities of the surrounding environment as defined in the Ac matrix. Figures 
10 and 11 provide a graphical representation of key elements of the IHA model. 

If y is the column vector showing the final demand of the functional unit of an LCA study 
(detailed in the various functional flows yj, Bp the environmental impacts matrix of process 
matrix and Bc the environmental impacts matrix made by the IO commodity-by-commodity 
matrix, the equation binding environmental impact vector q and final demand vector y is then: 
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q = Bp B
c[ ] Ap −Cd

−Cu I − Ac

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ 

−1
y
0

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥  (4), 

 

The notation used in (4) is slightly different from the notation used in Suh (2004) for reasons 
of writing simplifications. Similarly as for the technical coefficient matrix, the environmental 
impacts-by-industry matrix B should be adjusted into an environmental impacts-by-
commodity matrix Bc. Section 3.1 provides a more detailed assessment of the model. 

 

 
Fig. 10: Graphical presentation of the IHA model, functional flows, processes and commodities. 

 
Fig. 11: Graphical description of process flows, cut-offs and integration of IO elements in the IHA model. 
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2.4.4 Notable improvements thanks to IHA model 
Regarding the mathematical conditions for matrix calculations, Suh (2004) provides 
literature that deals with possible problems that the method may face. For instance, the issue 
of matrix inversion must be here completely reassessed. Combined with extra information 
available in Suh and Heijungs (2007) and Xue et al (2007), all mathematical issues are 
overcome and open a path towards the use of powerful mathematical tools for system analysis 
(Suh and Heijungs, 2007). 

The use of commodity-by-commodity matrix provides enough resolution for efficient 
performing of LCI in terms of data resolution and of soundness. 

IHA also enables the integration of non-economic outputs in a general framework since it 
uses physical units at the process level and cut-off matrices. This problem has been 
thoroughly discussed (Suh, 2004; Peters and Hertwich, 2006a; Suh, 2006). Peters and 
Hertwich (2006a) discuss the interpretation of the Cd matrix, arguing that most of times 
downstream cut-offs are either negligible or require too much efforts to be compiled. Suh 
(2006) replies that this assumption is often true, but there are cases where it is not; therefore, 
it should not be neglected automatically. Downstream data must be considered according to 
their relative importance in order to meet time and data level of requirement for the specific 
study. 

Regarding upstream cut-offs, the problem is different since all upstream cut-offs can be easily 
retraced within the economic system described in IOA Tables. Using crude, tiered-hybrid 
analysis will help users focus on what information about upstream cut-offs needs further 
investigation. The main advantage of IHA here is to provide a consistent and systemic 
framework for the allocation and boundaries definition in an LCI. 
Depending on available time and money, Suh and Huppes (2005) propose a step-wise method 
with a carefully performed tiered-hybrid analysis (especially regarding the double-counting 
issue), which is efficient to integrate upstream cut-offs and direct downstream cut-offs (i.e. 
only those produced by the product in question), whilst the next step of completeness would 
also integrate indirect downstream cut-offs created by the interdependency of industries. This 
step-wise method is consistent about the relationship between allocated time and data 
resolution.  

IHA is also recommended for comparative LCA, where functional flows are well defined. As 
defended by Suh, this mathematical modeling allows the interconnection between “a 
physical, functional-flow based micro-level system with a monetary, commodity-based 
broader economic system” (Suh, 2004). For this, the model structure of LCA has been 
reformulated as a functional flow-by-process framework so that the “function” of a 
“commodity” is the core of an LCA study. It is the first step for the integration of the studied 
system into its economic surrounding. 

2.4.5 Assumptions 

Data quality and resolution 
• The relationships inside the studied system and with the induced environmental impacts 

must be considered as linear. 

Since IHA model uses matrix algebra, assumptions about linearity still stand.  

• Data must be reliable, that is, well informed, complete and up-to-date. 
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As well as for other hybrid models, however, some data must be estimated while others are 
directly available, e.g. some technical coefficients or environmental impact coefficients (Suh 
and Huppes, 2005). As stated earlier, the advantage of IHA compared to other hybrid models 
is to propose a harmonized framework for commodity matrix and its linkage to process 
matrix. Therefore, a broader use of IHA may lead to a more consistent and reliable database. 

• Production and environmental factors must be considered constant in time and space. 

This assumption is particularly important since IHA model requires more data than other LCI 
models. Practitioners should be careful with the use of existing database, since their age may 
differ. 

• Extra attention must be given to data compilation for cut-off matrices 

Suh and Huppes, 2005 mention several attempts on using hybrid approaches in LCA (see e.g. 
LCA of fuel tanks, Joshi, 2000). The main issue to the use of the IHA model is the lack of 
data for cut-off matrices, since their introduction in IO accounting is very recent. However, 
LCA database developers recently started to integrate the IHA framework (Suh, 2006) and 
thus compiling data for cut-off matrices. It is also used within the framework of Integrated 
Public Policy (IPP) in Europe. 

As stated earlier, extra attention must be paid to downstream cut-off data, whereas upstream 
cut-off data are more straightforward to get: contrary to downstream cut-off information 
(generally about use phase and End-of-Life phase), upstream information is generally about 
the supply chain and thus better recorded. 

Import-export data 
• Imports and exports in the commodity matrix must be neglected. 

As stated in Suh (2004), each element of the commodity-by-commodity matrix must be 
considered as the sum of 4 elements: direct requirement for domestic products, direct 
requirement for domestic assets (domestic capital goods), imported products and imported 
capital goods. The assumption that the macroeconomic structure of imported products and 
capital goods is exactly the same as the domestic ones is explicitly formulated (Suh, 2004). 

This assumption stands for the environmental matrix as well. 

Although this assumption could have been acceptable at the time Leontief developed his IO 
model, international trade has taken more and more importance in the recent decades. Western 
economies are now highly dependent on the global market, such that it is very difficult to find 
a product whose Life Cycle is restricted to a national area. Suh et al (2007) considers this 
issue as one of the top limitations in applicability of the IHA model, along with the lack of 
uncertainty. 

Non-modeled geographical disparities both in the economic context, cut-off and inside system 
boundaries data can lead to misinterpretation of results and wrong recommendations: in the 
case that the use phase of a functional unit requires energy in a country where fossil-fuel 
based electricity has a small part of a market, like in France, Sweden, or Switzerland, 
convincing energy-intensive industries to switch from direct fossil combustion to non-fossil 
derived electricity (which would logically lead to a direct reduction of national Greenhouse 
Gas emissions) may lead to a lack of electricity production from non-fossil fuel sources. Since 
both nuclear power plants and hydro-electric dams are quite long to build and since other 
renewable energy sources cannot play a significant role in the short term, an increase in 
electricity production is likely to raise a need for additional running of coal-based power 
plants. 
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As IOA is used for many other purposes, the extent of this issue goes beyond the scope of 
LCI. A mathematical framework that has been recently developed provides the basis for a 
Multi-Regional Input-Output Analysis (Turner et al, 2007; Wiedmann et al, 2007). Before 
assessing its compatibility with IHA, a brief overview is presented in the next section. 

2.5 Multi-Region Input Output model 

This section is a parenthesis in LCI models, shortly developed in order to present a multi-
region model used in territory footprinting that includes interregional dependence eg 
international trade. 

2.5.1 Purpose of MRIO 
IO Tables were first developed at a time economies were more self-dependent. When taken 
into account, imports were considered just as another commodity – another column in the IO 
Table (see e.g. Bicknell et al., 1998). Otherwise, LCI studies that include IO Tables are forced 
to assume that imported flows have exactly the same economic structure as domestic flows, as 
well as the same environmental impacts. It is referred to as a severe limitation in LCI. 
Today’s globalization strengthens the interdependence between national economies. This 
limitation, both for hybrid LCI and for Input-Output Analysis, could not be left as such any 
longer (Reap et al, 2008a; Wiedmann, 2008). 

In order to highlight the importance of correctly modeling international trade, one can take 
example of clothes manufacturing: a typical piece of textile retailed, bought and used in 
Europe or the US is originally made of cotton fiber grown in India or western Africa, which 
has been manufactured in China or North Africa in textile factories. Using single-region IO 
models may lead to severe distortion of real interdependence between commodities. Applying 
the same environmental impact coefficients to all ‘foreign’ commodities would lead to 
another type of bias: there is no reason to apply similar environmental load to retail logistic 
commodities in China, India or Europe; agricultural practices involve soil and water impacts 
that are far from worldwide homogeneous; and textile factories do not process with similar 
controls and regulations for air and water emissions. 

It is recommended to be careful when using single-region input-output models (see e.g. Office 
for National Statistics in the UK, 2002). More details in the economic interdependence of 
geographical areas must be taken into account. Previous studies show an important variation 
in the results of environmental accounting, when the studied area is considered either as a 
closed or an open economy (e.g. Proops et al., 1999). 

A mathematical model for MRIO is summarized in the next subsection. 

2.5.2 Mathematical model 
The mathematical model of MRIO is presented here when applied to a two-region world in 
equations (5), (6) and (7) (see Allan et al., 2004 for an extension to more regions): 

 

x11 x12

x21 x22

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ =

I − A11 −A12

−A21 I − A22
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⎣ 
⎢ 

⎤ 

⎦ 
⎥ 

−1 y11 y12

y21 y22
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⎣ 
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⎤

⎦
⎥(5), 
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where: 

• xij is a column vector corresponding to final production of commodities in region i for 
consumption in region j,  

• yij is a column vector corresponding to the final demand in region j of commodities 
produced in region i.  

• Elements aij of sub matrices Akl show the transactions from sector i in region k to sector j 
in region l, per unit of output of sector j in region l (see Miller and Blair, 1985 mentioned 
in Turner et al, 2007 for originating demonstration). 

Applying environmental impact matrix can be done in two different ways as shown in 
equations (6) and (7): 

 

q11 q12

q21 q22
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⎣ 
⎢ 

⎤ 

⎦ 
⎥ =

B1 0
0 B2
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⎣ 
⎢ 
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⎦ 
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x11 x12

x21 x22
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⎣ 
⎢ 

⎤ 

⎦ 
⎥ (6), 

 

q1 q2[ ]= B1 B2[ ]
x11 x12

x21 x22

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ (7). 

 

• In (6) qij is a column vector corresponding to the environmental impacts involved by 
production activities within region i to support region j final demand. 

• In (7), q1 corresponds to the sum of q11 and q21 of Equation (6), thus it is the column 
vector representing the final environmental impact caused by final demand in Region 1. 

• Bi in (6) and (7) is the direct relationship matrix between outputs in each production sector 
and environmental impacts within region i. 

With this model, it is possible to split production (x vectors) into production for local 
consumption (x11 and x22) and production exported for foreign consumption (x21 and x12). 
Final demand (y vectors) is broken down the same way. Hence Equation (5) shows that 
production in regions 1 and 2 are dependent on final demand in regions 1 and 2 and trade 
relationships between regions 1 and 2. 

Equation (6) shows that applying different environmental impact matrices (B matrices) to 
regions 1 and 2 is possible, thus enabling a higher spatial resolution in environmental impact 
assessment. Here, combining equations (5) and (6) provides a higher resolution in the sources 
of environmental impacts generated in a given region and assess whether it is for a local final 
demand or for a foreign final demand. 

Combining equations (5) and (7) will highlight the total environmental impacts generated by 
the final demand in Region 1 and in Region 2, their macroeconomic relationships being taken 
into account. 

Taking back the example of clothing commodity, using the MRIO model will make it 
possible to emphasize on the geographical repartition of environmental impacts along the 
production stages: clothes purchased in western countries will need water consumption in 
agrarian countries where cotton is produced, say India and Africa, while manufacturing will 
require energy in manufacturing countries such as China and Northern Africa, which energy 
mix and efficiency is different from western countries. However, in western countries, 
important commodities will be in logistics and retail. Obviously, this example may prove the 
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efficiency of the mathematical model, but requires relevant and reliable information. To be 
useable, MRIO is strongly dependent on data quality and accessibility. 

2.5.3 Usability of MRIO 
As stressed by Wiedmann et al (2007), using such a model would not have been feasible a 
decade ago, due to the lack of consistent data to run the model. Several studies have now used 
Multi-Region IOA, which demonstrates that it is now practical (e.g. Peters and Hertwich, 
2006b; other examples in Wiedmann et al, 2007). For instance, McGregor et al (2004) use 
MRIO and show that the trade balance and environmental support between Scotland and the 
rest of the UK run in opposite ways. Their study opens a discussion about the respective 
responsibilities in terms of emission reduction and demonstrates the need for an international, 
coordinated environmental policy. Further, Yi et al (2007) show that using a regional database 
instead of world averages can lead to an important change in the results. 

Empirical studies and applications of MRIO demonstrate that this model is useful both to 
better simulate the interaction between national economies but it also enables the possibility 
of breaking down national IO Tables into more local Tables provided the interest is proven – 
it can be the case when two regions of a same country present very different environmental 
impact matrices. In the latter case, the spatial resolution could be highly enhanced if necessary 
(Turner et al, 2007). 

Turner et al (2007) warn that other combined or short-cut approaches should be used for 
empirical studies because of a resilient strong heterogeneity in data quality and accessibility, 
both for inter-sectoral, inter-regional and inter-national accountancy. This issue seems 
gradually overcome thanks to improved modeling (Pain et al., 2005), improved databases 
(Yamano and Ahmad, 2006) for many countries (Hertel and McDougall, 2003 (GTAP); 
Wixted et al., 2006; Yamano and Ahmad, 2006), standardized process (United Nations, 
1999). Using this model with empirical data will help contribute to fill out the blanks in 
Multi-Region IO Tables. 

Provided that the hopes for better inter-operability in national IO data are realistic, MRIO 
proposes a consistent and straightforward data framework to address the issue of import-
export data in IOA; as we have seen, this issue is particularly persistent in environmental 
accounting and may lead to serious errors in the results. The IHA model presented above, like 
any other models based on IOA, faces the same problem (Suh and Nakamura, 2007). The next 
chapter of this thesis is dedicated to incorporating MRIO into the IHA model, thus opening a 
new field of possibilities in LCI, as suggested in Wiedmann (2008) quoting Minx et al (2008):  
 

“The ideal model for the analysis of individual traded products would be an 
integrated hybrid approach using process as well as input–output analysis, 
something that has been suggested for eco-labelling and carbon footprinting of 
products.” 
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3 Combining MRIO and IHA; reasoning with a 2-region world. 

As it was investigated in the previous section, the IHA model developed by Suh faces 
serious limitations for the assessment of actual environmental impacts, due to a lack of spatial 
resolution. This chapter is dedicated to propose an extended model that enables to include 
geographical facts into the IHA model. However, prior to the presentation of this extension, a 
deeper insight of the IHA model construction is required, in order to join previously-presented 
Equation (4) with available data in a real LCA exercise. 

3.1 More details about IHA 

The purpose of this section is to decompose central Equation (4) in order to reach data and 
parameters directly available in real case studies. This mathematical disaggregation will help 
understanding the reconstruction of the model in the Multi-Region context. First, a literal 
translation of Equation (4) is proposed; then, scale-intensive elements are decomposed into 
extensive data sets, showing all intermediary steps to build these scale intensive sub-matrices. 
Finally, a numerical example, adapted from Suh (2004) is proposed and built from extensive 
data. This full analysis will enable the mathematical demonstration of the same model in a 
Multi-Region context. 

3.1.1 Literal translation of the central equation 
Let us recall Equation (4): 
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with: 

• Bp and Bc respectively the environmental impact matrix of the studied process and the 
context,  

• Ap and Ac respectively the technological coefficient of the studied process and the context 
(resp. functional flow-by-process and commodity-by-commodity matrices),  

• Cu and Cd cut-off matrices representing resp. upstream and downstream flows into and 
from the studied process,  

• y is a column vector. It represents the arbitrary utility of the studied functional unit, each 
row of y being a functional flow as defined in section 2.4.3. All these matrices have 
different columns, rows and units. Equation (4) is the aggregation of two equations: 
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in which: 
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• xp and xc are column vectors representing resp. the amount of functional flows and of 
commodities required to fulfill the arbitrary demand of the studied functional unit y 
during a given operation time. 

In Suh (2004), Equation (9) is basically elaborated on the linearity assumption, i.e. N times 
the demand of commodity or functional flow is equivalent to one time the demand of N times 
the same commodity or functional flows. This assumption is the core of a linear matrix 
system. Equation (9) originates from: 
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with: 

• gc representing the total production of the context, without the commodity flows already 
covered by the process, including domestic production and imports of consumption and 
capital goods, with prices updated from the reference year during which Ac has been 
compiled. 

• fc representing the final demand of the context, without the commodity flows already 
covered by the process, including domestic production and imports of consumption and 
capital goods, with prices updated from the reference year during which Ac has been 
compiled. 

• gp represents a vector of time ratio by process, necessary to define an operation time unit 
for each process so that the steady-state assumption is fulfilled.  

• fp represents the final demand of functional flows produced by the process.  

The change of scale between (10) and (9) highlights the importance of the linearity 
assumption and the previous definition of the steady-state assumption. The change between 
(11) and (10) requires that the central matrix is invertible. 

From (11), two equations can be extracted so that it helps understand the model: 
 

c
d

ppp gCgAf ⋅−⋅=
 (12) and p

u
cccc gCgAgf ⋅−⋅−=

 (13). 

 

Each line k in matrix Equation (12) represents the supply-demand balance of functional flow 
k. They can be literally translated as follows: 

• (12): “the final demand for functional flow k produced within the studied system” equals 
“the total consumption of functional flow k in the studied system” minus “the sum of 
functional flow k produced within the studied system and consumed elsewhere 
(downstream cut-offs)” 

Each line k in matrix equations (13) represents the supply-demand balance of commodity k. 
They can be literally translated as follows: 

• (13): “the final demand for commodity k in the context (studied system excluded)” equals 
“the total production and import of commodity k” minus “the total amount of commodity 
k used in the context (for the production of all commodities)” minus “the sum of 
commodity k used by each process inside the studied system”. 



Globalized impacts - International trade accounting in a hybrid LCI method 

 43

In (12) the assumption of steady-state is necessary for the constancy of matrix Ap. In (13) 
vectors fc and gc include domestic consumption and imports of both consumption and capital 
goods, with prices updated and exclude the commodity flows already covered by the studied 
process-based system. 

3.1.2 Decomposition of scale-intensive elements into extensive data 
sets. 

This section is highly important since it helps processing actual, collected information into 
matrices already mentioned in the previous section. It describes intermediary steps, further 
illustrated in the numerical application in section 3.1.3. 
 
Let us recall definitions of the various matrices mentioned in Equation (4): 
• Ap is the process-based matrix that relates each functional flow included within the 

functional unit, expressed in relevant physical units per unit of time for each process, and 
corrected with mathematical adds-on in order to be eligible for matrix inversion. 

• Cu is the upstream cutoff matrix, such that each matrix element (Cu)ij is the amount of cut-
off input-output commodity i to process j included in process-based matrix, in monetary 
terms. Cu expresses details of “the total bills of goods for the inputs that are not covered in 
the process-based matrix” (Suh, 2004). 

• Cd is the downstream cutoff matrix, such that (Cd)ij represents the amount of cut-off flows 
of functional flow i to input-output commodity j per monetary value of its output, in 
relevant physical unit. Cd expresses details of the “total sales of functional flows per 
production of each commodity”. 

• Ac matrix is the commodity-by-commodity matrix, from which processes and monetary 
flows already covered by process and cutoff matrices are subtracted, with prices updated. 

• Bp matrix is the environmental intervention-by process matrix. It shows the amount of 
environmental impacts generated by one unit of output of each process. 

• Bc matrix is the environmental intervention-by-commodity matrix. It represents the 
amount of environmental impacts generated by one unit of output of each commodity. 
Compilation of Bc includes subtraction of environmental impacts already covered in Bp. 

• y is a vector representing the final arbitrary demand of functional flows delivered by the 
process under study. 

Clearly, each matrix described here is scale-intensive, since it represents various flows per 
unit of a process or a commodity. Independently, the definition of Ac and Bc shows that raw 
data sets need to be process in order to remove monetary and physical flows already covered 
in Ap and the cutoff matrices.  

In order to build these matrices from raw data sets, two steps are necessary: first, subtract 
process data from context data, in order to avoid double-counting. Then, switch to scale-
intensive matrices. This step is important in order to ensure the matrix system eligible to 
mathematical inversion. 

They are fully described in the annex part of Suh (2004). The elements described here 
remind the overall thread. Readers are encouraged to read the above-mentioned document for 
technical questions. 

Let us now introduce Zp, Zu, Zd, Zc, Wp, Wc, m, Zp’, Zc’, Pp, Pf: 

Zp is the extensive functional flow-by-process matrix, such that each element (Zp)ij represents 
the amount of functional flow i produced (positive value) or consumed (negative value) by 
process j, during the conventional operation time representative of a steady state. It is built 
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directly from the process chart. Ap is calculated through dividing each element of Zp by 
diagonalized vector gp that represents the total outputs of processes: 

 

( ) 1ˆ −⋅= ppp gZA
 (14), 

 

where ^ symbolizes a diagonalized vector. 

It is important to precise that (gp)j is compiled during the same unit operation time as (Zp)·j 
vector. 

Zu is the extensive upstream cutoff matrix, such that each element (Zu)ij represents the 
amount of monetary value of commodity i used by process j, during the conventional 
operation time representative of a steady state. It is built directly from the total bill of goods 
purchased during the unit operation time. Cu is calculated through dividing each element of Zu 
by diagonalized vector gp that represents the total outputs of processes: 

 

( ) 1ˆ −⋅= p
uu gZC

 (15). 

 

Zd is the extensive downstream cutoff matrix, such that each element (Zd)ij represents the 
amount of functional flow i (in physical units) produced by within the system and sold outside 
the system, to commodity j, during the conventional operation time representative of the time 
frame used to build the I/O Table. Zd is built directly from the total amount of sales of each 
process. Cd is calculated through dividing each element of Zd by diagonalized vector gc that 
represents the total outputs of commodities, in monetary units: 

 

( ) 1ˆ −⋅= c
dd gZC  (16). 

 

Zc is the extensive Input-Output commodity-by-commodity matrix, with prices updated. 
Each element (Zc)ij represents the total demand of commodity i, by producers of commodity j, 
in monetary unit, during the conventional operation time representative of the time frame used 
to build the I/O Table. It is important to notice that the sum of all (Zc)·j elements is lower than 
(gc)j because the I/O Table does not include other primary inputs such as labor and profits. 
Calculation of Ac requires several steps:  

Fisrt, Zc’ is calculated, by subtracting elements already covered by process and cutoff 
matrices: 

ppf
d

fp
u

cc PZmPZmPPZZZ ⋅⋅⋅−⋅⋅−⋅−= 'ˆˆ'
 (17), 

 

where Zp’ is the functional flow-by-process matrix from which processes covered by the I/O 
Table are removed; Pp is a process-by-industry permutation matrix, which relates which 
process of the studied system are covered by which industry in the I/O Table4; Pf is a 
                                                 
4 The difference and relationship between industries and commodities needs clarification: industries use 
processes to produce commodities; thus, an industry can produce various categories of commodities, and 
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commodity-by-functional flow permutation matrix, which relates which functional flow of the 
studied system is covered by which commodity in the I/O Table; and m is the price vector of 
functional flows used or produced in the studied system5. 

• Zp’ is compiled as following: (Zp’)ij = (Zp)ij if the consumption of functional flow i by 
process j represents a monetary transaction between two operators of different 
commodities (eg consumption of electricity by steel producers). Elsewhere, (Zp’)ij = 0. 

• Pp is compiled such that (Pp)ij  = 1 if process i belongs to industry j; otherwise, (Pp)ij = 0. 
• Pf is compiled such that (Pf)ij  = 1 if functional flow j belongs to commodity i; otherwise, 

(Pf)ij = 0. 
• m is compiled such that (m)j is the average price of functional flow j, during the unit 

operation time representative of steady-state conditions. 

Then, Ac is calculated through dividing each element of Zc’ by diagonalized vector gc that 
represents the total outputs of commodities, in monetary units: 

 

( ) 1ˆ' −⋅= ccc gZA  (18). 

 
• Wp is the extensive environmental intervention-by-process matrix, such that each element 

(Wp)ij represents the total amount of environmental intervention i generated by process j, 
during the conventional operation time representative of a steady state. It is built directly 
from measurements or estimations. Bp is calculated through dividing each element of Wp 
by diagonalized vector gp that represents the total outputs of processes: 

 

( ) 1ˆ −⋅= ppp gWB  (19). 

 
• Wc is the extensive environmental intervention-by-commodity matrix, such that each 

element (Wc)ij represents the total amount of environmental intervention i generated by 
commodity j, , during the conventional operation time representative of the time frame 
used to build the I/O Table. It is compiled directly from statistical macroeconomic data. Bc 
is calculated first by subtracting environmental interventions already covered in Bp, then 
by dividing each element by corresponding elements of vector gc, that represents the total 
outputs of commodities, in monetary units: 

 

( ) ( ) 1ˆ −⋅⋅−= cppcc gPWWB  (20). 

 

Thanks to this deeper analysis of the IHA model, key elements required for a LCA study can 
be listed: 

                                                                                                                                                         
commodities can be produced by different industries. Procedures to switch from industry-classification to 
commodities are called allocation. They are not expressed here, for the sake of simplification; it is here 
considered that a strong correlation takes place between industry and commodity, i.e. each industry produces a 
single commodity and each commodity is produced by only one industry. 
5The difference between consumer’s prices and producer’s prices may affect reliability of LCA results. 
Practitioners should take care of the definition of prices in the I/O Table, and use conversion Tables to 
homogenize price definition. Tools such as MIET can help price translation (Suh, 2001). For the sake of 
simplification, this issue is excluded from the scope of this study. 
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• Process chart and related array representing the different functional flows produced and 
consumed by the processes; 

• The list of other inputs of each process within the system, classified by commodities, in 
monetary units; 

• The list of other outputs of each process within the system, classified by commodities, in 
physical units; 

• The list of prices of each functional flow included in the system; 
• The classification of functional flows into commodities, of processes into industries, the 

connection between commodities and industries. 
• The I/O Table of commodities in the context that surrounds the studied system 
• The environmental interventions per process and commodity. 

Next chapter is dedicated to a case study, directly adapted from Suh (2004); it aims to 
provide a numerical illustration of the previous equations. 

3.1.3 Numerical application in a single-region context 
The studied system here can be defined as the study of the functional unit “deliver 1,000 cups 
of coffee”. Processes taken into account are production of steel, production of electricity, 
production of a coffee machine, use of a coffee machine, disposal of the coffee machine; 
context is represented by 6 categories of commodities: agricultural products, mining products, 
manufacturing products, construction products, financial products, other products and 
services. The study is restricted to a single dimension of environmental intervention, i.e. CO2 
emissions. 

Starting with process chart, cutoff data and environmental impacts 
The studied system can be represented by the following chart (figure 12): 

 

 
Fig. 12: Process diagram of the studied system 

 
The process diagram can be completed with following figures of total productions of 
functional flows by processes in the studied system during their unit operation time, with the 
corresponding amount of CO2 emissions and the price of each unit of produced functional 
flow (Table 2): 
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Process kg CO2 
emissions

Produced 
functional flow 

Total 
production 

Unit 
price ($) 

Production of steel 25,000 kg of steel 25,000 0.12 
Production of electricity 24,000 kWh of electricity 6,000 0.03 

Production of toaster 100,000 units of toaster 50,000 1 
Use of toaster 50,000 pieces of toasts 50,000,000 0 

Disposal of toaster 37,500 kg of waste 
disposal service 75,000 0.06 

Table 2: Total production of processes, corresponding emissions and unit prices 

The surrounding context is best represented by a I/O Table (Table 3) showing monetary 
transactions, in k$ between commodities (from raw commodity to column commodity) 

 

Commodity Agricultural 
products 

Mining 
products 

Manufacturing 
products 

Construction 
products 

Financial 
products 

Other 
products 

and 
services 

IN
PU

TS
 

Agricultural 
products 2,100,000 1,500,000 0 0 0 1,300,000 

Mining 
products 700,000 3,002,000 2,800,000 1,600,000 0 2,600,000 

Manufacturing 
products 1,400,000 3,003,000 4,200,000 3,200,000 1,400,000 10 

Construction 
products 700,000 1,500,000 2,805,000 1,600,000 2,800,000 2,600,000 

Financial 
products 700,000 0 0 3,200,000 2,800,000 2,600,000 

Other products 
and services 700,000 3,000,000 1,405,000 3,200,000 2,800,000 1,309,000 

Total outputs (k$) 7,000,000 15,000,000 14,000,000 16,000,000 14,000,000 13,000,000 
Total CO2 emissions 
(kg) 3,500,000 45,025,000 28,124,000 1,600,000 1,400,000 13,037,500 

Table 3: Context commodity-I/O Table, in k$ 

Linkages between process within the studied system and the surrounding context can be 
displayed over previous chart, as in figure 13. 

In figure 13, blue arrows from a commodity category to a process represent the upstream 
cutoffs; blue arrows from a process to a commodity category represent downstream cutoff 
functional flows. 

Finally, following table shows the classification of functional flows into commodities and 
processes into industries producing commodities (table 4): 
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Fig. 13: Process diagram of the studied system, extended by linkages with surrounding context 

 

Functional flow Commodity  

kg of steel Mining products 

kWh of electricity6 Manufacturing products 

unit of toaster Manufacturing products 

piece of toast - 

kg of disposal service Other products and services 

Process Industry Commodity 

Production of steel Primary material production Mining products 

Production of electricity Energy production Manufacturing products 

Production of toaster Household electric device 
production 

Manufacturing products 

Use of toaster - - 

Disposal of toaster Waste services Other products and services 

Table 4: Linkages between functional flows, processes, industries and commodities 

Building extensive tables – process, cutoffs and I/O Table 
The process chart (figure 12) is used to build the following functional flow-by-process table 
(table 5), in which positive values represent the amount of functional flow produced by the 
                                                 
6In reality, there are many more categories of commodities; electricity wouldn’t be necessary classified into 
“manufacturing products”. The example here is just a numerical support of a mathematical model. 
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process, while negative values represent the amount of functional flow consumed by the 
process during its unit operation time:  
 
 

 Production 
of steel 

Production 
of electricity 

Production 
of toaster 

Use of 
toaster 

Disposal of 
toaster 

kg of steel 25,000 - 3,000 - 100,000   
kWh of electricity -12,500 6,000 - 5,000 - 50,000  

units of toasters   50,000 - 50,000  
pieces of toast    50,000,000  

kg of waste 
disposal service    - 50,000 75,000 

Table 5: Functional flow-by-process table, with extensive data sets 

For instance, column 4 indicates that the use of toaster has generated 50,000,000 pieces of 
toast, while it has consumed 50,000 kWh of electricity, 50,000 toasters, and 50,000 kg of 
waste disposal service, when toasters reached their end-of-life stage. Zp can be now compiled 
from table 5: 
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Column vectors m, gp and Wp are compiled from table 2 (respectively, from columns 5, 4 and 
2): 
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Zc matrix, gc and Wc vectors are compiled from table 3: 
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000,600,20000,600,1000,800,2000,002,3000,700
000,300,1000000,500,1000,100,2

cZ  (25),  
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⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜

⎝

⎛

+
+
+
+
+
+

=

073.1
074.1
076.1
074.1
075.1
077.0

E
E
E
E
E
E

g c
 (26), and 
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⎟
⎟
⎟
⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜

⎝

⎛

=

500,037,13
000,400,1
000,600,1
000,124,28
000,025,45

000,500,3

cW  (27). 

 

Cutoff tables can be compiled from figure 13 (tables 6 and 7); Zu and Zd can be then written 
as follows: 

 
 Production of 

steel 
Production of 

electricity 
Production of 

toaster 
Use of toaster Disposal of 

toaster 
Agricultural products (k$)      

Mining products (k$) 2,500 60    
Manufacturing products 

(k$) 
2,500 600    

Construction (k$)   5,000   
Financial services (k$)      

Other products and 
services (k$) 

  5,000  7,500 

Table 6: Upstream cutoff table, extensive data 

 

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜

⎝

⎛

=

500,70000,500
00000
00000,500
000600500,2
00060500,2
00000

uZ  (28). 

 
 

 Agricultural 
products 

Mining 
products 

Manufacturing 
products 

Construction Financial 
services 

Other 
products and 

services 
kg of steel  225,000 140,000 800,000   

kWh of 
electricity 

 750,000 1,120,000   130,000 

units of toasters       
pieces of toast       

kg of waste 
disposal service 

  700,000   390,000 

Table 7: Downstream cutoff table, extensive data 
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⎟
⎟
⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜
⎜
⎜

⎝

⎛

=

000,39000000,70000
000000
000000
000,13000000,120,1000,7500

00000,800000,140000,2250

dZ  (29). 

 
Table 3 is used to create permutation tables and permutation matrices Pp and Pf, as in table 8 
and 9: 
 

 Production of 
steel 

Production of 
electricity 

Production of 
toaster 

Use of toaster Disposal of 
toaster 

Agricultural products (k$) 0 0 0 0 0 
Mining products (k$) 1 0 0 0 0 

Manufacturing products (k$) 0 1 1 0 0 
Construction (k$) 0 0 0 0 0 

Financial services (k$) 0 0 0 0 0 
Other products and services 

(k$) 
0 0 0 0 1 

Table 8: Process-to-commodity permutation table7 

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜

⎝

⎛

=

10000
00000
00000
00110
00001
00000

pP  (30). 

 
 

 Agricultural 
products 

Mining 
products 

Manufacturin
g products Construction Financial 

services 

Other 
products and 

services 
kg of steel 0 1 0 0 0 0 

kWh of electricity 0 0 1 0 0 0 
units of toasters 0 0 1 0 0 0 
pieces of toast 0 0 0 0 0 0 

kg of waste disposal 
service 

0 0 0 0 0 1 

Table 9: Functional flow-to-commodity permutation table 

⎟
⎟
⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜
⎜
⎜

⎝

⎛

=

100000
000000
000100
000100
000010

fP  (31). 

 
                                                 
7 See definition of Permutation matrix Pp about the distinction between industry and commodity (previous 
section). 
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Data processing into scale-intensive matrices 
Using Equations (14 - 16) and number from Equations (21, 23, 26, 28, 29), scale-intensive 
matrices Ap, Cu and Cd can be calculated: 
 

⎟
⎟
⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜
⎜
⎜

⎝

⎛

−

−−
−−

=

1001.0000
01000
0001.0100
0001.01.015.0
0025.01

pA  (32),  

 

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜

⎝

⎛

=

1.001.000
00000
001.000
0001.01.0
00001.01.0
00000

uC  (33), 

⎟
⎟
⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜
⎜
⎜

⎝

⎛

=

03.00005.000
000000
000000
01.00008.005.00
0005.001.0015.00

dC  (34). 

 

Calculation of Ac requires intermediary steps, according to equations (17) and (18): 

The fraction of monetary flows already covered in the upstream matrix is calculated in 
Equation (35) and displayed in table 10: 

 

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜

⎝

⎛

=⋅

500,700000,500
000000
000000,500
000600500,20
00060500,20
000000

p
u PZ , (35). 

 
 

 Agricultural 
products 

Mining 
products 

Manufacturing 
products 

Construction Financial 
services 

Other products 
and services 

Agricultural 
products (k$) 

0 0 0 0 0 0 

Mining products 
(k$) 

0 2,500 60 0 0 0 

Manufacturing 
products (k$) 

0 2,500 600 0 0 0 

Construction (k$) 0 0 5,000 0 0 0 
Financial services 

(k$) 
0 0 0 0 0 0 

Other products 
and services (k$) 

0 0 5,000 0 0 7,500 

Table 10: Part of the I/O Table already covered by upstream cutoffs 
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The fraction of monetary flows already covered in the downstream matrix is calculated in 
Equation (36) and displayed in table 11: 

 

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜

⎝

⎛

=⋅⋅

4.23004200
000000
000000
9.3006.335.220

00968.16270
000000

ˆ d
f ZmP , (36). 

 
 

 Agricultural 
products 

Mining 
products 

Manufacturing 
products 

Construction Financial 
services 

Other products 
and services 

Agricultural 
products (k$) 

0 0 0 0 0 0 

Mining products 
(k$) 

0 27 16.8 96 0 0 

Manufacturing 
products (k$) 

0 22.5 33.6 0 0 3.9 

Construction (k$) 0 0 0 0 0 0 
Financial services 

(k$) 
0 0 0 0 0 0 

Other products 
and services (k$) 

0 0 42 0 0 23.4 

Table 11: Part of the I/O Table already covered by downstream cutoffs, in monetary units. 

In order to identify elementary flows of the studied system that are also included in the I/O 
Table, Zp is transformed into Zp’, by switching to absolute values – monetary transaction is 
always positive in a I/O Table – and removing elementary flows that are not accounted in the 
I/O Table; that is, elementary flows that occur within the same commodity category and 
elementary flows that are not related to a monetary transaction, as shown in table 12: 
 
 

 Production 
of steel 

Production 
of electricity 

Production 
of toaster 

Use of 
toaster 

Disposal of 
toaster 

kg of steel 0 3,000 100,000   
kWh of electricity 12,500 0 5,000 0  

units of toasters   0 0  
pieces of toast    0  

kg of waste 
disposal service    0 0 

Table 12: Functional flow-by-process table, from which elements not covered in the I/O Table are 
excluded, with extensive data 

⎟
⎟
⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜
⎜
⎜

⎝

⎛

=

00000
00000
00000
00000,50500,12
00000,100000,30

'pZ  (37). 



Globalized impacts - International trade accounting in a hybrid LCI method 

 54

The fraction of elementary flows already covered in the functional flow-by-process matrix is 
calculated in Equation (38) and displayed in table 13: 

 

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜

⎝

⎛

=⋅⋅⋅

000000
000000
000000
00015.0375.00
00036.1200
000000

'ˆ ppf PZmP  (38). 

 
 

 Agricultural 
products 

Mining 
products 

Manufacturing 
products 

Construction Financial 
services 

Other products 
and services 

Agricultural 
products (k$) 

0 0 0 0 0 0 

Mining products 
(k$) 

0 0 12.36 96 0 0 

Manufacturing 
products (k$) 

0 0.375 0.15 0 0 0 

Construction (k$) 0 0 0 0 0 0 
Financial services 

(k$) 
0 0 0 0 0 0 

Other products 
and services (k$) 

0 0 0 0 0 0 

Table 13: Part of the I/O Table already covered within the studied system, in monetary units. 

Using Equation (17), Zc’ is calculated by subtracting each above-mentioned table from Zc; 
then, Ac is calculated thanks to Equation (18): 

 

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜

⎝

⎛

=

1.02.02.01.02.01.0
2.02.02.0001.0
2.02.01.02.01.01.0
0.01.02.03.02.02.0
2.001.02.02.01.0
1.00001.03.0

cA  (39). 

 

Similarly, scale-intensive environmental intervention matrices Bp and Bc are compiled, using 
Equations (19) and (20): 

 

⎟
⎟
⎟
⎟
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⎠

⎞

⎜
⎜
⎜
⎜
⎜
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⎝

⎛

=

5.0
001.0
2
4
1

pB  (40) and 

⎟
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⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜

⎝

⎛

=

1
1.0
1.0

2
3
5.0

cB  (41). 
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Results 
It is now possible to use central IHA Equation (4) to assess the overall CO2 emissions of the 
studied system, with a arbitrary final demand y identified as 1,000 times the elementary 
demand of functional flow “use of toaster”: 
 

⎟
⎟
⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜
⎜
⎜

⎝

⎛

=

0
1000

0
0
0

y  (42). 

 

It is found that q = 30.015 kg CO2. 

One should notice an important difference between the above-presented matrices and those 
used in Suh (2004): each element related to the process “use of toaster” was divided by a 
factor 1,000. Since both process matrix and environmental intervention matrix are concerned, 
it does not affect the overall results. It does not affect the overall reasoning of the IHA 
method, since the change affects only scale-intensive matrices. 

Further disaggregation of results show the following distribution of CO2 emissions (table 
14): 

 

kg CO2 emissions 

St
ud

ie
d 

sy
st

em
 

kg of steel 3,696
kWh of electricity 12,764
units of toasters 2
pieces of toast 1

kg of waste disposal service 0,567

C
on

te
xt

 

Agricultural products (k$) 0,195
Mining products (k$) 4,478

Manufacturing products (k$) 3,899
Construction (k$) 0,117

Financial services (k$) 0,065
Other products and services (k$) 1,234

Table 14: Disaggregation of CO2 emissions generated by the arbitrary demand 

These results are to be compared in a similar context, but divided into 2 regions (see section 
3.2.3 for comparison of results). Prior to that, the overall model needs adaptation, as described 
in chapter 3.2. 
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3.2 Adapting the IHA model to a 2-region world 

3.2.1 Literal adaptation 
In order to adapt the mathematical modelling to a 2-region world, it is necessary to adapt 

literal transcriptions of equations (12) and (13) and change the definition of fc and gc so that 
they do not include imports anymore (the rest of their definition remains unchanged). Indices 
c1 and c2 will replace indices c for context matrices, demand and production vectors and 
environmental impact matrices, indices 1 and 2 will be added to cut-off matrices. Naturally, 1 
and 2 respectively refer to Region 1 and Region 2, which form altogether a closed economy. 
The studied process-based system is supposed to be embedded in both regions. Therefore, 
(12) and (13) literally become (43) and (44): 

• (43): “the final demand for functional flow k produced in the studied system” equals “the 
total consumption of functional flow k in the studied system” minus “the sum of 
functional flow k produced in the system and consumed in Region 1” minus “the sum of 
functional flow k produced in the system and consumed in Region 2”. 

• (44): “the final demand for commodity k produced in Region 1 (excluding the studied 
system)” equals “the total production of commodity k in Region 1” minus “the total 
amount of commodity k produced in Region 1 that are consumed by intermediary demand 
in Region 1” minus “the total amount of commodity k produced in Region 1 that are 
consumed by intermediary demand in Region 2” minus “the sum of commodity k 
produced in Region 1 and consumed in the studied system”. 

Similarly, (44’) can be obtained by substituting 1 by 2 in (44). 

Let us now introduce the different variables necessary for the mathematical formulation of 
new equations: 

• The interregional commodity-by-commodity matrix Ars can be defined as in (Turner et al, 
2007), i.e. element (Ars)ij representing the amount of commodity i from region r required 
to produce a unit of commodity j in region s, in monetary value. Therefore Ars is the 
commodity-by-commodity matrix showing the relationship of producing region r with 
consuming region s. 

• Ap represents the technological coefficient matrix of the studied system (functional flow-
by-process matrix). 

• fp represents the final demand of functional flows produced by the process. 
• gp represents a vector of time ratio by process, necessary to define an operation time unit 

for each process so that the steady-state assumption is fulfilled. 
• fc1 represents the final demand for production of commodities of Region 1, without the 

commodity flows already covered by the process, including domestic production and 
capital goods, with prices updated from the reference year during which Ars are compiled. 

• fc2 represents the final demand for production of commodities of Region 2, without the 
commodity flows already covered by the process, including domestic production and 
capital goods, with prices updated from the reference year during which Ars are compiled. 

• gc1 represents the total production in Region 1, without the commodity flows already 
covered by the process, including domestic production and capital goods, with prices 
updated from the reference year during which Ars are compiled. 

• gc2 represents the total production in Region 2, without the commodity flows already 
covered by the process, including domestic production and capital goods, with prices 
updated from the reference year during which Ars are compiled. 
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• Cu
1 is the upstream cutoff matrix in Region 1. It represents the upstream flows from 

Region 1 into the studied process. 
• Cu

2 is the upstream cutoff matrix in Region 2. It represents the upstream flows from 
Region 2 into the studied process. 

• Cd
1 is the downstream cutoff matrix in Region 1. It represents the downstream flows from 

the studied process into Region 1. 
• Cd

2 is the downstream cutoff matrix in Region 1. It represents the downstream flows from 
the studied process into Region 2. 

It is now possible to translate into mathematics (43), (44) and (44’): 

 

2211 c
d

c
d

ppp gCgCgAf ⋅−⋅−⋅=
 (43), 

 

p
u

cccc gCgAgAgf ⋅−⋅−⋅−= 121211111  (44), 

 

p
u

cccc gCgAgAgf ⋅−⋅−⋅−= 212122222  (44’). 

 

It is important to note that the demand fc is now defined as the “final demand for production 
of commodity”, instead of “final demand of commodity”, which is ambiguous if the demand 
is for production or consumption: whilst it does not really matter in a 1-Region world, the 
place of consumption and of production can be different in a 2-Region world.  

This model bridges the gap with the MRIO system as defined in Equation (5): Multi-Region 
IO Tables are the same in both models. In Equation (5), the level of detail required to 
calculate the distinct ecological footprints of each region and to emphasize regions’ 
interdependency, as shown by Equation (7), needs production and final demand vectors split 
into local and import/ export vectors. Those are represented with xij and yij vectors, which 
represent respectively production of commodities in region i for consumption in region j and 
final demand in region j of commodities in region i. The MRIO model was built precisely to 
stress out the need to incorporate international trade in IOA, and the rising importance of 
interdependence between regions. It was then necessary to split production and final demand 
vectors into local and external production / demand. 

LCI, however, is interested in IO Tables for their interaction of context commodity sectors 
with the studied system. Final production and demand in the context in not used, as it can be 
seen in Equation (4). In Equations (43), (44) and (44’), final demand vectors (fc1 and fc2) do 
not stress out on where the commodity is produced (locally or imported); similarly, 
production vectors (gc1 and gc2) do not stress out where the commodity is consumed (locally 
or exported). 

Equation (5) can be adjusted in order to get column vectors for production and final demand:  
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Equation (5) becomes (5’): 
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(5’), 

 

In MRIO, y vectors correspond to f vectors in IHA model. Both represent the total final 
demand vectors. x vectors correspond to g vectors in the IHA model, that is the total amount 
of production required to fulfill the total final demand. This is the reason why x and y vectors 
of Equation (5’) are renamed respectively f and g vectors in following equations (45) and 
(46). (45) is the matrix representation of Equations (43), (44) and (44’): 
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 (45),  
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 (46), 

 

provided the central matrix is invertible.  

Contrary to MRIO, IHA model stays focused on the relative final demand for functional 
flows produced within the studied system and the relative amount of commodity production 
in the context. Total final demand and production in Regions 1 and 2 are not necessary to 
estimate. Equation (47) can be ‘extracted’ from (46), using linearity assumptions, in order to 
keep only final demand and production involved in the studied system: 
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(47) 

 

xc1 and xc2 are the amount of commodity produced in Region 1 and 2 required to supply the 
arbitrary demand of the defined functional unit y. 
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It is now possible to get a higher level of information for the environmental impact matrix of 
the context:  
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(48), 
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(49), 

 
where: 
• Bc1 and Bc2 are the environmental impact matrix respectively defined similarly as B1 and 

B2 in Equations (6) and (7) 
• qp, qc1 and qc2 are resp. the row vectors of environmental impacts generated by the process 

itself, and regions 1 and 2 for the production of arbitrary demand y. In (20), vector q is the 
sum of these three vectors. 

This model requires splitting cut-off matrices in two parts so that they represent the repartition 
of cut-offs between Regions 1 and 2. The schematic illustration provided in figure 8 can be 
also updated as in figure 14: 

 

 
Fig. 14: Comparison between IHA and Multi-Region IHA. Red circles from top to bottom represent 

examples of cut-offs respectively to be included in Cu
1, Cu

2, Cd
2 (two times) and Cd

1. 

The next section is dedicated to the adaptation of the numerical example developed in section 
3.1 in order to enable comparison between single-region IHA model and Multi-Region IHA 
model (MR-IHA). 

3.2.2 Adaptation in the numerical example 
We assume now that some processes occur in Region 1, while the others occur in Region 2. 

In order to track the differentiation, tables and equations developed in section 3.1 are updated 
with the following color code: 
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• Processes and flows occurring in Region 1 are displayed in green. 
• Processes and flows occurring in Region 2 are displayed in red. 

In order to avoid repetition, this section focuses on changing assumptions in the numerical 
example. Calculation steps are similar; deeper details are available in Appendix. 

We assume that the processes ‘production of electricity’ and ‘production of steel’ are located 
in Region 1 and ‘production’, ‘use’ and ‘disposal of toaster’ are located in Region 2. We also 
assume that the Multi-Region context represents the same reality as in the single-region 
scenario, but with a disaggregation of I/O Table into sub-regions. 

Figure 13 is updated according to the color code, highlighting changes both in the process 
but also in cutoffs (Fig. 15): 

 
Fig. 15: Extended process diagram, with cutoff flows, in a 2-region context; green arrows and values are 

assigned to elements belonging to Region 1, while red arrows and values are located in Region 2. 

Tables 2, 3 and 4 are updated according to the color code (tables 15, 16 and 17): 

Process kg CO2 
emissions 

Produced 
functional 

flow 

Total 
production 

Location of 
the process 

Unit price ($) 
in Region 1 

Unit price ($) 
in Region 2 

Production of 
steel 25,000 kg of steel 25,000 Region 1 0.12 0.06 

Production of 
electricity 24,000 kWh of 

electricity 6,000 Region 1 0.03 0.6 

Production of 
toaster 100,000 units of toaster 50,000 Region 2 5 1 

Use of toaster 50,000 pieces of toasts 50,000,000 Region 2 0 0 
Disposal of 

toaster 37,500 kg of waste 
disposal service 75,000 Region 2 0.045 0.06 

Table 15: Total production of processes, corresponding emissions, geographical location and unit prices in 
both regions 
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Multi-Region modeling has also an impact on the price vector: in a Multi-Region situation, 
purchaser prices can considerably vary from one region to another. Price vector m is compiled 
depending on the geographic location of processes: if process occurs in Region 1, then the 
recorder unit price should be of Region 1 – eg recorded price in the current situation for 1 kg 
of steel: $0.12 (see Equation (51)). 
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Agricultural 
products 100,000 175,000 0 0 0 360,000 

Mining products 25,000 52,000 80,000 150,000 0 265,000 
Manufacturing 
products 250,000 6,000 700,000 400,000 180,000 0 

Construction 
products 60,000 15,000 400,000 60,000 400,000 180,000 

Financial products 150,000 0 0 190,000 570,000 450,000 
Other products and 
services 311,000 301,000 600,000 480,000 60,000 22,000 

Total outputs (k$) 3,000,000 9,000,000 7,000,000 7,000,000 6,000,000 7,000,000 
Total CO2 emissions (kg) 3,300,000 42,025,000 26,024,000 800,000 900,000 2,007,500 
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Agricultural 
products 1,000,000 890,000 0 0 0 190,000 

Mining products 500,000 920,000 810,000 300,000 0 1,000,000 
Manufacturing 
products 400,000 700,000 1,400,000 1,500,000 480,000 0 

Construction 
products 340,000 260,000 1,400,000 792,000 1,600,000 100,000 

Financial products 282,000 0 0 1,600,000 150,000 1,150,000 
Other products and 
services 50,000 1,490,000 210,000 540,000 2,100,000 887,000 

Total outputs (k$) 4,000,000 6,000,000 7,000,000 9,000,000 8,000,000 6,000,000 
Total CO2 emissions (kg) 200,000 3,000,000 2,100,000 800,000 500,000 11,030,000 

Table 16: Multi-Region I/O Table, in k$ 

Table 16 shows both regional transactions between commodities, but also interregional 
transactions. Notably, summing all four sub-tables will generate the data set presented in table 
3; it is consistent with the assumption that the context in the Multi-Region scenario is the 
same as for the single-region scenario; it is simply disaggregated into 2 sub-regions. 

Commodity 

REGION 1 

Agricultural 
products 

Mining 
products 

Manufacturing 
products 

Construction 
products 

Financial 
products 

Other 
products and 

services 

IN
PU

TS
 F

R
O

M
 

R
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N

 1
 

Agricultural 
products 400,000 130,000 0 0 0 330,000 

Mining products 100,000 1,760,000 1,100,000 300,000 0 855,000 
Manufacturing 
products 700,000 2,200,000 1,800,000 850,000 660,000 10 

Construction 
products 75,000 1,160,000 880,000 560,000 600,000 2,280,000 

Financial products 190,000 0 0 1,350,000 1,800,000 250,000 
Other products and 
services 239,000 964,000 565,000 1,600,000 440,000 400,000 

Commodity 

REGION 2 

Agricultural 
products 

Mining 
products 

Manufacturing 
products 

Construction 
products 

Financial 
products 

Other 
products and 

services 

IN
PU

TS
 F

R
O

M
 

R
EG

IO
N

 1
 

Agricultural 
products 600,000 305,000 0 0 0 420,000 

Mining products 75,000 270,000 800,000 850,000 0 480,000 
Manufacturing 
products 50,000 97,000 300,000 450,000 80,000 0 

Construction 
products 225,000 65,000 125,000 188,000 200,000 400,000 

Financial products 75,000 0 0 60,000 280,000 750,000 
Other products and 
services 100,000 245,000 30,000 580,000 200,000 0 
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Functional flow Commodity  

kg of steel Mining products 

kWh of electricity Manufacturing products 

unit of toaster Manufacturing products 

piece of toast - 

kg of disposal service Other products and services 

Process Industry Commodity 

Production of steel Primary material production Mining products 

Production of electricity Energy production Manufacturing products 

Production of toaster Household electric device 
production 

Manufacturing products 

Use of toaster - - 

Disposal of toaster Waste services Other products and services 

Table 17: Linkages between functional flows, processes, industries and commodities with processes and 
functional flows affected to regions they occur. 

Zp is compiled with figure 15 and table 15; Zu and Zd from figure 15; Wp, m and gp vectors 
from table 15; Zc, gc and Wc from table 16; Pp and Pf from table 17. In order to keep similar 
matrix labeling, previous matrices are cut down into region-specific sub-matrices with indices 
1 and 2: 
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Clearly, the sum of sub-matrices is equal to the matrix compiled in the single-region 
scenario8. 

 

Results 
Calculation details are available in Appendix. Using the same arbitrary demand y (Equation 

(42)), and central equation of Multi-Region IHA model (Equation (48)), it is found that in this 
situation overall CO2 emissions is q = 34.437 kg CO2. 

Using a similar disaggregation technique as in table 14, distribution of CO2 emissions among 
process and commodity demand are displayed in table 18: 

 

 

                                                 
8 For instance, the sum of Zu

1 and Zu
2 is equal to matrix Zu in the single-region example, except for permutation 

matrices that are Boolean matrices. 
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kg CO2 emissions 

St
ud

ie
d 

sy
st

em
 

kg of steel 3,753
kWh of electricity 13,120
units of toasters 2
pieces of toast 1

kg of waste disposal service 0,551

R
eg

io
n 

1 

Agricultural products (k$) 0,183
Mining products (k$) 5,562

Manufacturing products (k$) 6,096
Construction (k$) 0,079

Financial services (k$) 0,061
Other products and services (k$) 0,159

R
eg

io
n 

2 

Agricultural products (k$) 0,009
Mining products (k$) 0,174

Manufacturing products (k$) 0,141
Construction (k$) 0,045

Financial services (k$) 0,023
Other products and services (k$) 1,482

Table 18: Disaggregation of CO2 emissions generated by the arbitrary demand in a 2-region scenario 

3.2.3 Comparison between the 2 numerical examples 
Previous sections have led to two identical scenarios, with two levels of analysis in the 

indirect impacts of the studied system. This section is dedicated to results comparison and 
analysis. 

 

Single-region situation 2-region situation Deviation9 

St
ud

ie
d 

sy
st

em
 

3,696 kg of steel 3,753 + 1,55 % 
12,764 kWh of electricity 13,120 + 2,79 % 

2 units of toasters 2 0 % 
1 pieces of toast 1 0 % 

0,567 kg of waste disposal service 0,551 - 2,87 % 

C
on

te
xt

 

0,195 Agricultural products (k$) 0,191 - 1,23 % 
4,478 Mining products (k$) 5,736 + 28,07 % 
3,899 Manufacturing products (k$) 6,237 + 59,97 % 
0,117 Construction (k$) 0,124 + 5,47 % 
0,065 Financial services (k$) 0,084 + 28,67 % 
1,234 Other products and services (k$) 1,641 + 32,99 % 

30,015 Total 34,437 + 14,73 % 

Table 19: Results summary and comparison between the two scenarios. 

Results show an important difference in the indirect emissions: they rise up to a + 60 % 
deviation for the manufacturing products commodity, with an average 40 % deviation for the 
total indirect emissions (table 19 and figure 16). 
                                                 
9 Deviation is calculated relatively to the single-region situation 
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Fig. 16: Graphical representation of results comparison 

This deviation is in accordance with raw data: for instance, in the Multi-Region context 
mining products commodity generates more CO2 emissions per monetary unit of output in 
Region 1 than in Region 2 (table 16); since demand in mining products from Region 1 is 
higher than mining products from Region 2 (see figure 15), and since interregional trade of 
mining products is relatively low (table 16), the difference can be explained qualitatively. 

Differences in the direct, process-based emissions can be explained by a deviation in the 
downstream cutoff of the studied system: functional flows produced inside the system but 
used outside the system (downstream cutoff flows) are consumed in regions that have 
different CO2 emission intensities for similar commodities. This analysis highlights the 
potential of IHA model to show producers the downstream environmental impacts of their 
whole production. It raises awareness on the way their business is embedded into the whole 
economic system, displays risks and opportunities, and facilitates accountability-sharing. 

Qualitative analysis can be complemented by quantitative techniques such as structural path 
analysis. Structural path analysis could provide effective comparisons, which would need 
further investigations that went beyond the scope of this thesis. Because of a higher resolution 
in the commodity I/O Table, paths are broken down more precisely, requiring more complex 
analysis and leading to sharper results. 

Multi-Region IHA can, however, enable practitioners to formulate new recommendations, 
such as changing the location of suppliers of mining products. Such decisions might also be 
coordinated by local authorities seeking to reduce direct and indirect environmental impacts 
of the relevant companies. 

This example was built with factitious data. It aimed to highlight the potential importance of 
using a Multi-Region framework in the hybrid LCA models; by extension, it demonstrates the 
importance of accurate I/O data with the best available resolution. 

Before deepening the discussion about these results, the following section is dedicated to a 
formal extension of the model to a n-region world. 
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3.3 Extension to a n-region world 

The mathematical model presented is this document was illustrated by an example taken 
from Suh (2004) and adapted for a 2-region context. Following the same logic as MRIO 
model construction (Allan et al, 2004; Turner et al, 2007; Wiedmann et al, 2007), this model 
is straightforwardly extendable to a n-region world model; Equations (48) and (49) 
respectively become: 
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where n is the number of regions considered. 

The n-region model does not bring any more computational complexity: as for the 2-region 
model, cutoff flows must be geographically identified, and price vector adapted. However, an 
increased number of identified regions (either by extension or by spatial disaggregation) will 
require bigger interregional I/O Tables. One should notice that commodity categories need not 
necessarily to be the same in the various regions. 

3.4 Discussion: potential outcomes 

While some of potential outcomes have emerged gradually during the elaboration of the 
MRIHA model, they are aggregated in this section and related to each other. 

Increased precision in indirect impacts 
Adding the geographical dimension of indirect impacts is a potential lever for increased 

precision in the results. It can even help avoid errors because of too low a level in context 
resolution. 

Because of its potential for higher resolution and its additional geographical dimension, the 
Multi-Region framework provides a better representation of reality. Today’s exchanges are 
international, but high disparities occur in terms of environmental stewardship, resource 
preservation and process efficiency. Former frameworks can take these disparities into 
account, but with no consistent, formal integration of the spatial dimension; results are 
adversely affected: for instance to estimate the total environmental impacts of raw materials 
for which the geographical origin was not specified. 
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As a general fact, when data sets are crunched at intermediary consolidation steps, as with 
current practices for I/O Table building, results may face severe distortions. Unless 
uncertainty is bound to each calculation step, these distortions cannot be identified and traced. 
Unfortunately, current practices do not systematically include uncertainty measurement or 
sensitivity analysis. 

The development of a Multi-Regional version strengthens the IHA model in its position as a 
potential basis for an integrated framework to include supply chain and industrial client – e.g. 
for producers of intermediary goods that are consumed by other industries. Here, simple 
mentioning of the geographical location – provided interregional I/O Tables are consolidated 
– is a path to enrich this framework and reduce errors. 

New possibilities of recommendations for Life-Cycle Improvement 
As the previous example has demonstrated, changes in downstream cutoffs lead to relatively 

important changes in the results. Such features enable modeling the share of responsibility of 
co-products in a product’s LCA through increased resolution in IHA models. Without high 
precision, decision-making cannot be grounded on solid facts and responsibility is not 
possible to assign. With the Multi-Region framework, it is possible better to identify new 
sources of indirect reduction, reduce risk and vulnerability to environmental constraints, and 
reduce dependence on customers at risk. 

Since today’s organizations evolve in an interdependent, globalized world, decision-makers 
need tools that take into account indirect effects of policy change. The IHA framework 
already enables higher quality analysis and, as a consequence, better efficiency in action. 
However, simple initiatives such as purchasing from non-polluting regions tend not be 
possible. With the Multi-Region extension, new types of recommendations can be highlighted 
and illustrated with figures. 

For instance, decision-makers can favor market-development or supply chains in regions 
with stronger environmental policies and lower environmental impacts, which would have a 
double-effect: a direct impact on the studied process, by shifting to clean processes, and an 
indirect, macroeconomic impact, in favoring development of sustainability-oriented regions 
and supporting the demand in clean technologies, thus favoring investment, local policies, etc. 
In parallel, local authorities could more easily measure the outcomes of implementing 
environmental-friendly policies on territory attractiveness, economic health and dynamism. 

Application to geographical-specific issues 

MRIHA frameworks enable a geographical analysis of social and environmental impacts –
provided social footprinting techniques also use I/O models and Leontieff matrices. The 
illustrative example developed earlier was designed with a single kind of impact, CO2 
emissions, for the sake of simplicity, since the focus was on the Inventory stage of LCA. 
Although CO2 and global warming is a homogenous, global issue, Multi-Region 
disaggregation may prove much more relevant for multi-criteria Impact Analyses: identifying 
the impacts on local pollution such as water stress in an ecologically-fragile region, or urban 
pollution, local social effects of different policy scenarios, … are spatially-confined issues. 
The MRIHA framework can help integrate them correctly into the surrounding, globalized 
economic context. 

One should notice that the need for homogenized commodity categories among concerned 
regions was no requisite for the MRIHA model formulation. Using different commodity 
classifications does not affect the model at all. This point is important to mention, since 
finding an international consensus in commodity classification may be rather difficult. 
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Higher needs to use the MRIHA framework? 
Some would argue that adding complexity to the IHA model, which is already a 

breakthrough by itself, might lead to more confusion, less interest, and, consequently, be 
counter-productive. True, a Multi-Region framework requires a larger amount of data, from 
interregional IO to high-resolution environmental intervention data; it would also require 
more frequent updates, and this might become a complicated task if data are considered as 
strategic for a region. 

But as it was demonstrated in the previous example, using macroeconomic I/O Tables 
requires extra-attention, results should be accompanied with uncertainty estimations and 
sources of aggregated I/O Tables should be thoroughly investigated. With a Multi-Region 
framework, I/O Tables do not need to be aggregated into a single national or worldwide I/O 
Table. Data can be used as such, without prior treatment, thus reducing the risk of distortion 
and improving the auditing process. 

Using the global warming issue, international targets proposed by the IPCC are a critical 
example of the importance of the accuracy in the models and database: for instance, French 
government targets of a reduction of GHG emissions by 75% by 2050 – compared to 1990 
emission level –, which means a reduction by 3 % every year for every organization based in 
the country. The numerical example developed here shows that a change in the methodology 
may involve a higher change in the figures, which may not be acceptable for decision-makers. 
Although it remains possible to keep comparing successive years with the very same 
methodology and database, regular updates are unavoidable and reduce the reliability of data 
on a longer run. 

This fact stresses the need for higher data quality even in current models, frequent updates 
and a high transparency in Table consolidation and use. A more direct framework to integrate 
local, up-to-date IO data, such as the MRIHA, can be a simple and efficient solution. 

Compared complexity 
The IHA model does not actually require a complex level of inputs for front-end users; in the 

developed numerical example, required inputs were a graphical representation of the system 
under study, including processes and flows; a quantification of flows in physical units for 
internal and downstream cutoffs and in monetary terms for upstream and downstream cutoffs 
(price vectors), origins and destinations of cutoff flows, and measured environmental impacts 
of each process. With the Multi-Region extension, the only extra information required is 
geographical location.  

These pieces of information are actually factual and most of them are recorded – the few 
remaining ones can be estimated. There is no need to perform deep data processing or data 
aggregation. As a result, perceived complexity mostly depends on user interface and software 
computation. 

The actual central question about diffusion of the MRIHA model is whether macroeconomic, 
interregional I/O Tables are ready-to-use. In that matter, although there is a high disparity in 
worldwide current practices, MRIO practitioners record significant progress, as mentioned in 
section 2.5.3. 

Persistent limitation: linearity and constancy of environmental coefficients 

This issue remains unchanged and unsolved within all IOA models: thresholds effects and 
non-linear impacts cannot be correctly modeled with linear mathematics. They must still be 
considered from a macroscopic viewpoint, where statistical analysis ‘linearizes’ 
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environmental impacts. However, MRIHA can enhance time and space resolution (just like 
MRIO), therefore revealing the importance of local environmental intervention coefficients. 
This may lead to a better monitoring of environmental local conditions, which may itself turn 
into a faster update of environmental coefficients, thus gradually shrinking this issue. A more 
consistent, fundamental improvement would be about including non-linear models. 

Suggestions for model improvement: use of ICT 
Operability of an LCI model strongly depends, as mentioned earlier, on software adaptation: 

the amount of required data for a study, connection to a compiled database and flexibility 
constraints – in order to adapt most situations – indicate the need to work with powerful 
calculation systems. On the other hand, mature methodologies and formal frameworks make 
possible the use of computer programs. 

The IHA model, with its Multi-Region extension, would be best suited to machine-based 
software with regular updates of MRIO Tables and price vectors. Thus the computational 
potentials of personal computers should be enough, and up-to-date databases would ensure 
reliability of results. Ideally, such software could gather user data anonymously for 
researchers in order to help them improve their models, and for database builders to gradually 
enhance the quality of their data. 

Comments in this study have pointed out the importance of binding uncertainty with input 
data and results. This is a key prerequisite to enable continuous data quality improvement  and 
clearer results exploitation, both for communication purposes and decision-making. 

Since commodity I/O Tables are nowadays extensive, cutoff flow inventory needs adaptation 
for non-experts: the level of I/O T disaggregation might not be appropriate for novice 
practitioners to set up a first assessment. Using uncertainty functions and gradual 
disaggregation techniques could be a feature well-suited to cope with this issue. For instance, 
first levels of assessment would classify an upstream cutoff to ‘US > Mining products’ 
commodity, with a high level of uncertainty in the economic relationships with other 
commodities; then, a second level of precision would lead to a deeper classification such as 
‘US > Mining products > Metal Ore > Alumine extraction’, with lower uncertainties about 
related economic IO data. This feature would be of great help in the diffusion of such tools 
among potential users, who could be discouraged by too high a level of details as early as the 
first use. Similarly, disaggregation features within the studied system could help modeling 
rough LCA, and uncertainty results would enable users to know directly where to improve the 
quality of their information. 

Another interesting feature to implement would be the gradual extension of the system 
boundaries, so that first assessments would be limited to directly available data, and the value 
of various cutoffs would help finding which previously-excluded important process should be 
included within the system boundaries, i.e. which data lack precision. 

In the longer term, a network-based tool would be appropriate to gradually integrate 
suppliers and customers in the study. Users would benefit from a better quality of data from 
each other. Prerequisites for this long-term vision are preventing users from being identified, 
secured data and data accountability: users would be able to enable information-sharing with 
their suppliers/purchasers, without being able to access data. One potential outcome is the 
empowering of communities against a business partner who declines cooperation: for 
instance, if 1,000 customers anonymously gather to require engagement of a specific 
company – or need more detailed IO data from a specific region –, their regrouped claim is 
more likely to achieve a result than a 1,000 individual, unsynchronized requests. However, a 
thorough investigation on acceptability would be necessary to develop such a project. 



Globalized impacts - International trade accounting in a hybrid LCI method 

 71

4 Conclusion: a new dimension in environmental analysis 

Summary of IHA breakthroughs 
As it has been detailed it this thesis, IHA addresses several shortcomings of traditional LCI 

methodologies: 

IHA provides a consolidated framework for mathematical formulation; the shift from 
functional unit to functional flow enables a better integration of cutoffs into commodity-based 
I/O Tables; IHA combines physical flows and monetary transactions; it deals elegantly with 
system boundary definition issues with the consolidation of the notion of cutoff flows; 
depending on time and budget, step-wise techniques can be used to gradually improve the 
quality of the study. IHA also enables the inclusion of business partners – suppliers, 
customers – into LCA study, provided appropriate software is developed. 

To sum up, IHA is a consistent framework to embed a micro-level system of processes into 
its surrounding economic environment. As its basis is a core set of mathematical equations, it 
is capable of gradual improvements and allows useful complementary features. 

Contributions of this study 
During this study, several critical issues about using IHA were raised and discussed, and an 

extension to this model was proposed. 

The range of examples discussed showed that current LCI techniques do not formally 
integrate the geographical dimension of environmental impacts and of the studied-system 
contexts. Logically, one should expect that a process located in China or in Germany would 
present different environmental profiles. Numerical analysis of a theoretical application 
example, aimed to compare a system embedded into a context modeled either by a single 
region or multiple regions leads to a 14% overall difference in CO2 emissions. 

An increased resolution into economic contexts and cutoff modeling (either with a Multi-
Region framework or with a higher resolution in commodity classification) may thus prevent 
error-ridden analyses. More generally, the quality of I/O context data becomes increasingly 
important in LCI. Ecodesign techniques need to embrace the largest impacts of process 
optimization; decision-makers need to take into account consequences to all direct and 
indirect economic partners; policy-makers need to adjust their strategies taking particular 
notice of interdependence between private sectors, globalized economy and local authorities. 

Multi-Region IHA can prove useful in improving data quality. It enables spatial-specific 
analysis, enhances modeling and scenario assessment, it improves overall quality of LCA 
studies, and it makes it possible to include local I/O Tables – whatever their geographical 
extent and the quality of resolution in commodity classification – into a single framework that 
gathers all breakthroughs made available by the IHA model. Furthermore, its adoption by 
users should be easy, since only one additional parameter is required – i.e. the geographical 
location of each cut-off and process. As a consequence, it should facilitate bottom-up 
consolidation of I/O Tables and thus shorten time needed for updates, by avoiding 
consolidation steps – which previously lowered the quality of data. 

Of course an actual study case would most welcome to compare both models. 

This study also highlighted persistent shortcomings and suggested directions for further 
research. 
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Openings and recommended further research 
A scientific framework that does not include uncertainty analysis cannot be comprehensive. 

This study highlighted the need for reliable, precise data in the surrounding context (and of 
course even more precise data for the studied system). Without incorporating uncertainty 
estimates in the numerical results the results will not be reliable. Short-term recommendations 
are to formalize uncertainty modelling into the IHA framework. 

A mathematical model needs to be based on actual facts: this stands especially in LCA 
science, since methodologies have been being under constant improvement for more than two 
decades, thanks to model applications to real case studies. Today’s methodologies, such as 
IHA, have reached a certain level of maturity that enables a larger diffusion. If LCA tools 
remain in hands of a confined circle of experts, collective awareness of environmental 
diseases and threats cannot trigger the significant change our civilization needs urgently. 
Decision-makers need the scientific community to deliver tools that help take action. 
Diffusing such a tool to a larger community can be achieved through user-friendly software 
development leaving the user with a simplified, interactive interface, and providing useful 
tools for result analysis. Some features present clear pedagogic advantages, such as gradual 
improvements of model resolution to shrink uncertainty and improve results, since it enables a 
quick understanding of basic principles of LCA techniques while seeking best precision. 

In the long run, research on building interactive, dynamic communities of users would entail 
a great shift in environmental stewardship, from a restricted group of experts and policy-
makers to a living, open dialogue between all stakeholders: private companies, citizens, 
scientists of different fields, database builders, local and regional authorities. It would also 
catalyze benchmark production and achievement, and competition in terms of green business 
and sustainable management, thus contributing to the virtuous circle of ecological economics. 

Spatial disaggregation, combined with information and communication technologies, opens 
a new field for environmental monitoring and management. It formalizes assigning 
responsibilities and improves decision-making, enabling new paths for LCA based on a 
community of organizations sharing information on to an independent, web-based platform. 
Thanks to IHA, improved connections between local areas and macroeconomic, global 
policies can be confidently modeled. Geographic resolution opens the way for possible 
interactions between Input-Output Analysis, Life-Cycle Assessment, Geographical 
Information Systems and measurement of local environmental impacts. Altogether, they can 
benefit from each other to improve accuracy in system modeling and analysis. 

One could question whether this model will be ever implementable, due to the enormous 
amount of information required to run it. Today’s practices in LCA are to collect available 
data to a certain extent, and estimate the rest of missing information. Such a problem was also 
faced by Joshi in his IO Table disaggregation experiments (Joshi, 2000). However, the use of 
Information and Communication Technologies were exponentially developed throughout the 
last decade, and scientific data collection as well as environmental monitoring could benefit 
from this technology breakthrough. To the opinion of the author, such a global project would 
require standardisation of models, techniques, accounting framework and database format. In 
this field, the mere role of the scientific community is to test models and improve them, from 
theory to data collection formats, through mathematical framework, standards and tools. 
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6 Appendix 
Calculation details for the numerical example in a 2-Region 

context 

This appendix contains calculation details for the numerical example developed in section 
3.2.2. to illustrate the MR-IHA model. It shows intermediary results of the path between 
extensive matrices compiled in Equations (50 – 60) and results displayed in table 18. 

Data processing into scale-intensive matrices 
Using Equations (14 – 16) and data from Equations (50 – 60), scale-intensive matrices Ap, Cu 

and Cd are calculated in a 2-Region world context: 
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Ap remains unchanged compared to in Equation (32). 

Calculation of Ac requires intermediary steps, according to equations (17) and (18): 

The fraction of monetary flows already covered in the upstream matrix is calculated in 
Equation (D): 
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The fraction of monetary flows already covered in the downstream matrix is calculated in 
Equation (E): 
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Similarly as for in the 1-Region model, Zp matrix is transformed into Zp’ in order to substract 
from Zc monetary flows already accounted in the process matrix Ap. Zp’ remains unchanged 
between this numerical example and the 1-Region model example (Eq. (37)): 
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The fraction of elementary flows already covered in the functional flow-by-process matrix is 
calculated in Equation (G): 
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Using Equation (17), Zc’ is calculated by subtracting each above-mentioned Table from Zc; 
then, Ac is calculated thanks to Equation (18): 
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Similarly, scale-intensive environmental intervention matrices Bp and Bc are compiled, using 
Equations (19) and (20): 
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Bp remains unchanged compared to in Equation (40). 

Results 
Using the same arbitrary demand y (Equation (42)) and central MR-IHA Equation (48), 

overall CO2 emissions are found to be q = 34.437 kg CO2. 


