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Abstract

Purpose Since the implementation of the European direc-

tive (EC/2001/42) on strategic environmental assessment,

an ex ante evaluation has become mandatory for plans and

programs. This requirement could have significant conse-

quences for the environment. Local authorities, who are in

charge of land planning issues, must therefore conduct such

assessments. However, they are faced with lack of uniform

methodology. The aim of this paper is thus to propose a

methodological framework for the required environmental

assessment stages in land planning.

Methods Life cycle assessment (LCA) has been identified

as a promising tool to perform environmental assessment at

a meso-level (i.e., territories). Yet, the standardized LCA

framework has never been used for assessing the environ-

mental impacts of a territory as such, which can be

explained by the complexity that its application would

involve. Four major methodological bottlenecks have been

identified in this paper, i.e., (1) functional unit definition, (2)

boundary selection, (3) data collecting, and (4) the refine-

ment of the life cycle impact assessment phase in order to

provide useful indicators for land planning. For each of

these challenges, recommendations have been made to adapt

the analytical framework of LCA.

Results and discussion A revised framework is proposed to

perform LCA of a territory. One of the major adaptations

needed concerns the goal and scope definition phase.

Henceforth, the association of a territory and the studied

land planning scenario, defined by its geographical bound-

aries and its interactions with other territories, will be des-

ignated as the reference flow in LCA. Consequently, two

kinds of indicators will be determined using this approach,

i.e., (1) a vector of environmental impacts generated (con-

ventional LCA) and (2) a vector of land use functions

provided by the territory for different stakeholders (e.g.,

provision of work, recreation, culture, etc.). This revised

framework has been applied to a theoretical case study in

order to highlight its utility in land planning.

Conclusions This work is a first step in the adaptation of the

LCA framework to environmental assessment in land plan-

ning. We believe that this revised framework has the potential

to provide relevant information in decision-making processes.

Nonetheless, further work is still needed to broaden and

deepen this approach (i.e., normalization of impacts and func-

tions, coupled application with GIS, uncertainties, etc.).

Keywords Environmental impacts . Land planning . Land

use functions . Life cycle assessment . Territory

1 Introduction

As stated during the Rio Summit in 1992, the involvement

of local authorities is essential for meeting the challenges of
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sustainable development, and this is particularly true for the

management of resources and for the mitigation of human

activities impacts on the environment (United Nations

1992). Local authorities are notably responsible for strategic

issues like developing plans and programs related to spatial

planning. During this decision-making process, main guide-

lines on human activity distribution and organization are set

(Chanard et al. 2011). As the implementation of these plans

and programs can have significant environmental impacts,

they may be subject to an ex-ante environmental assessment

as required in the European Union following the implemen-

tation of the European directive (2001) on strategic environ-

mental assessment. However, the European Commission

(2009) reported that the Member States, when implementing

environmental assessment, are faced with incoherency

concerning content definition, scope, and baseline analysis.

Different analytical tools can be used to perform such

assessments (e.g., Material Flow Analysis, the Ecological

Footprint, emergy). Among them, life cycle assessment

(LCA) has been identified as a promising tool as it can be

used to perform a comprehensive assessment of a territory

as a whole (Loiseau et al. 2012). Indeed, LCA has been

developed to assess the environmental impacts and re-

sources used throughout a product’s life cycle, i.e., from

raw material acquisition to waste management, via produc-

tion and use phases (ISO 2006a). Its ability to avoid

problem-shifting between life cycle stages, territories, and

environmental impacts is a significant asset (Finnveden et

al. 2009). Few studies perform LCA at a territory scale to

assess the impacts of specific human activities. Siqueira

Lemos (2011) or Goldstein (2012) assessed the impacts of

consumption activities on a Portuguese territory or on big

cities (Beijing, London, and Toronto) respectively.

Similarly, an approach based on LCA has been developed

to provide macro-level life cycle indicators so as to monitor

the consumption of the EU-27 and Germany (European

Commission 2012a). Azapagic et al. (2007) and Yi et al.

(2007) studied activities in a city or in a regional context

(e.g., transportation or industrial activities). Finally, LCA

has been applied to evaluate different energy resources

management scenarios as in Sweden municipalities

(Björklund 2012) or for water systems like in Sydney

(Lundie et al. 2004). Nevertheless, the standardized LCA

framework has never been applied as such to study a terri-

torial system (Loiseau et al. 2012). The presence of meth-

odological bottlenecks (e.g., functional unit definition) can

partly explain the reluctance to apply LCA in such contexts.

Consequently, one of the aims of this paper is to review

the methodological issues involved in the application of

LCA for the environmental assessment of a territory. As

defined by Moine (2006), a territory can be described as a

complex, dynamic, and open system, which associates a

geographical space on the one hand, and a local society

made up of decision makers, stakeholders, and citizens

who manage, use, and develop it on the other. The system

studied will be defined by the association of a geographical

space and an administrative organization in charge of land

planning questions. The scale of the system is a function of

local territory dimensions. In France, this corresponds to a

community of municipalities, which cooperate through a

joint development project. The total area of this community

can range from 100 to 1,000 km2.

The main purpose of our work was to adapt the LCA

framework to environmental assessment dedicated to land

planning. We propose a methodology designed to provide

relevant information on environmental issues involved in

decision-making processes using (1) a global approach

which encompasses the cumulative effects of the overall

activities occurring on a territory; (2) the identification of

environmental burden shifting from one impact category to

another, but also from the territory to other territories, in

relation to the land use functions provided by the land use

planning scenario; and (3) the determination of the most

harmful territorial activities for local environmental and

which may require a complementary environmental risk

assessment.

Finally, the revised framework is applied on a theoretical

case study to highlight its utility for local authorities ad-

dressing land planning issues.

2 Methodological proposals

The aim of an LCA on territorial systems is to provide

relevant information about the potential environmental im-

pacts of scenarios for the decision-making process involved

in land planning. Nonetheless, the application of life cycle

assessment to land planning raises specific methodological

issues. Guinée et al. (2011) pointed out the need for further

research in this area in order to define and propose appro-

priate models and methods. Our approach has been to list

the specific characteristics of a territory and to analyze to

which extent they were compliant with LCA or, on the

contrary, generate methodological issues. A territory is a

multifunctional, open, dynamic, and complex system as

well as a system embedded in a local context (geographic

and societal) (Moine 2006; Wiggering et al. 2003). The

multifunctionality involved can make the functional unit

definition step problematic. The terms “open” and “dynam-

ic” raise questions about the boundary selection. Moreover,

the complexity of the system can make the data collection

difficult to compile. Finally, local context has to be taken

into account when providing indicators for decision-

making. These four bottlenecks are classified according to

the four methodological phases defined by ISO standards

(ISO 2006a, b) (Fig. 1).
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We were able to identify four main bottlenecks. All of

which will be discussed hereafter and proposals will be

made to adapt the LCA framework to make it more relevant

for the environmental assessment of territories in decision-

making process.

2.1 Functional unit and reference flow

2.1.1 A revised approach

A functional unit is a “quantified performance of a product

system for use as a reference unit” (ISO 2006a). Its purpose

is “to provide a reference to which the inputs and outputs are

normalized (in a mathematical sense)”. Its definition is

therefore crucial for further analysis as it ensures that alter-

natives are comparable on a common basis (Cooper 2003).

However, it can be a source of potential errors when han-

dling, for example, different kind of functions (Reap et al.

2008). According to ISO (1998), the functional unit defini-

tion phase can be divided into four stages (e.g., see the

example for a watch in Fig. 2). The last stage consists in

determining the reference flow which specifies the amount

of product necessary per functional unit under assessment

(ISO 2006a).

In the case of territorial assessment, the studied system is

by definition multifunctional. It is hence necessary to adapt

the LCA framework to account for this specificity. This

issue of multifunctionality is quite similar to the one en-

countered in agriculture for farm level assessments. Haas et

al. (2000) proposed to define several functional units includ-

ing the farm itself. Baumgartner et al. (2011) went further by

defining and assessing simultaneously a set of functional

units at the farm level (e.g., a land management function, a

financial function, and a production function). In the case of

a territory, whatever the land planning scenario, the subject

of the study will be the territory defined by its geographical

boundaries. The territory with a specific land planning sce-

nario is thus called the reference flow. Despite this modifi-

cation, we still need to determine and to assess the different

functions provided by the territory for each studied land

planning scenario. This is a crucial measure as it provides

relevant information for the interpretation step. It is essential

for decision-making to be able to assess the environmental

impacts of scenarios regarding their performances (e.g., the

number of citizens housed, the annual agricultural production,

the number of tourist overnights, and so on). Consequently, in

our revised approach, we propose to replace the functional

unit definition by the identification and selection of appropri-

ate functions related to a pre-determined reference flow

(Fig. 3).

The use of a pre-determined flow is close to the ap-

proach recommended by the ILCD handbook (European

Commission 2010) for a multifunctional product. Yet, the

difference stems from the fact that the product has been

designed on purpose to fulfill a number of functions, whereas

the land use functions are a result of the implementation of a

land planning scenario and need to be quantified as the

environmental impacts.

2.1.2 Identification of land use functions

A territory can be defined as a multifunctional system.

Originally, the concept of multifunctionality was coined

and discussed from an agricultural perspective by three

Phase 2: LCI 

(Life Cycle 

Inventory)

Phase 3: LCIA 

(Life Cycle Impact 

assessment)

Phase 4: INTERPRETATION

Phase 1: GOAL And 

SCOPE DEFINITION

OUTPUTS 

for land 

management

BN4
LCIA 

refinement
BN1

Functional 

unit definition

BN2
Boundary 
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BN3
Data 
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Fig. 1 Identification of the

major bottlenecks (BN) linked

to the LCA of territories in each

of the four LCA phases
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Fig. 2 Functional unit

definition and its related

reference flow (adaptation of

the ISO 1998 framework with

an example of a watch)
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major organizations: the FAO (the Food and Agriculture

Organization), the OECD (the Organization for Economic

Co-operation and Development), and the European Union

(Wiggering et al. 2003). It was an economic concept that

provided the different outputs produced by the agricultural

sector (i.e., commodities but also other externalities like

environmental and social services) (Helming et al. 2011a).

Later on, attempts were made to adapt this concept to the

process of sustainable land development. One of the first

steps involves the definition of the various environmental,

social, and economic functions of land use (Wiggering et al.

2003). Figure 4 illustrates the potential functions, which

may be aggregated to a certain degree, that have been

attributed to a territory in the literature. Some of these

functions are mainly environmental. As such, they include

provision of resources and a set of ecosystem services as

defined by Costanza et al. (1997). Their assessment may

provoke a double-counting issue as impacts on resources

and ecosystem services due to human activities can also

be quantified in LCIA. However, little attention has

been paid to biotic resources in LCIA (Finnveden et

al. 2009) and, to date, no life cycle impact assessment

method includes impacts on ecosystem services as a

whole (although the new LCIA methodology, Impact

World+1, should address this by using economic valua-

tion to aggregate midpoint indicators into a single area

of protection representing ecosystem services loss; Cao

et al. 2012). Therefore, when no characterization factors

are available for ecosystem services, we recommend

assessing them as a part of environmental functions.

From a territorial perspective, it may be more valuable

to differentiate the environmental impacts incurred by

human activities from the environmental functions ful-

filled by a territory and used to meet human needs.

Among the propositions of potential land use functions, the

land use function (LUF) framework defined by Pérez-Soba et

al. (2008) in the SENSOR project (Sustainability impact as-

sessment: Tools for Environmental, Social and Economic

Effects of Multifunctional Land Use in European Regions)

and further developed by Paracchini et al. (2011) has been

taken up in other land planning studies (Banski et al. 2011;

Helming et al. 2011a, b; Reidsma et al. 2011). LUFs can be

defined by private and public goods and services produced by

the multiple land uses at a territorial level. We have adopted

this framework to propose a set of land use functions (and

corresponding goods and services) (Table 1). In addition, to

illustrate how these land use functions may be analyzed, we

have selected a set of indicators commonly used by stake-

holders when studying their territory, based on a work previ-

ously conducted in the European project SENSOR. However,

the choice of indicators and their links to land use functions

requires further work.

To enhance the assessment of the land use functions,

additional data may be added such as the stocks of re-

sources or the total wastewater treatment capacities. Such

information will provide a sort of territory scorecard.

2.1.3 Selection and evaluation of land use functions

The above list of functions and related indicators (see

Table 1) is not exhaustive and can be adapted to each study.

Other indicators could also be defined and assessed such as

landscape value or well being indicators. Stakeholders are

the ones able to choose the relevant functions in relation to

their values when defining the objectives of the study.

Moreover, it may be beneficial to involve, from the very

beginning, stakeholders throughout the environmental as-

sessment process. Their involvement can lead to more com-

prehensive assessments and can favor consensus among

them (Thabrew et al. 2009).

The evaluation of the selected functions is an integrant

part of the adapted framework we propose. Some of these

indicators can be directly quantified from the description of

the activities located on the territory (e.g., number of in-

habitants). For others, additional data are required to quan-

tify them (e.g., provision of work). Lastly, some indicators

are not quantified, and only a qualitative assessment could

be carried out based on expert judgments or stakeholder

perceptions (e.g., well being).

To further improve the assessment, a sort of normaliza-

tion step could be performed. As for environmental impacts,

indicators on land use functions could also be normalized. It

would permit to highlight the specificities of the terri-

tory under study (e.g., low provision of works, high

provision of dwellings, etc.) by comparison with another

territorial reference. As local territories are embedded

within different systems, several references, such as a

region or a nation, could be chosen.1 http://www.impactworldplus.org/en/methodology.php

Land 

planning 

scenarios 1 

and 2

Stage 1:

Determine 

reference flow (= 

[territory & 

studied 

scenario])

Stage 2:

Identify 

functions

Stage 3:

Select a set of 

appropriate 

functions

Evaluate functions

qualitatively or 

quantitatively

Phase 1: Goal and scope definition

Fig. 3 A revised approach

which replaces the functional

unit definition phase
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2.2 Boundary selection

With regard to the reference flow in a conventional LCA, “the

system boundary determines which unit process shall be in-

cluded within the LCA” (ISO 2006a). Concerning territorial

assessment, the issue at stake is how to allocate responsibility

of environmental impacts to various territorial scales (local,

regional, and global). It is particularly relevant for developed

countries which tend to transfer their environmental loads to

developing countries (Muradian et al. 2002). Consequently,

different principles of responsibility can be established

(Eder and Narodoslawsky 1999): a territory can be

responsible for impacts caused by its final consumption,

by its production, or by both. The consumption-based

approach includes all goods and services required for

the residential consumption of a defined territory. On

the other hand, the production-based approach focuses

on goods and services produced by production activities

located in a defined territory (Ferng 2003).

Eder and Narodoslawsky (1999) put forward that the

concept of total responsibility (including consumption and

production), which they maintain should be implemented

even if it generates a double counting at a global scale. In

our approach, we have decided to implement this principle

of responsibility for boundary selection by including all unit

processes related to domestic production as well as final

domestic consumption in our assessment. However, other

principles of responsibility can also be adopted.

2.3 Data collecting

Owing to the boundary choice, system modeling should

include consumption activities of residents (permanent res-

idents, i.e., inhabitants; and temporary residents, i.e., tour-

ists) and production activities. As proposed by Kaenzig and

Jolliet (2006), consumption activities can be partitioned into

five groups: (1) housing, (2) transport, (3) food, (4) goods,

and (5) services. Moreover, as end-of-life activities are an

important issue at a local scale, we suggest assessing them

separately regardless of whether they are located or not on

the territory. Production activities are dealt with using the

European Union official classification of economic activi-

ties, called NACE (Rev. 2) (Eurostat 2008) (see Electronic

supplementary material 1, S.1).

Two main steps have been identified for modeling human

activities from a life cycle perspective. The first, i.e., the

Mainly Societal Mainly Environmental 

Mainly Economic 

Recreational and touristic [1] 
Environmental [1] 

Residential, 

Production [1] 

Residential and land-independent production, 

Land based production, Transport [2] 

Provision of work, Human health and recreation, 

Cultural [2] 

Provision of abiotic resources, Support and 

provision of biotic resources, Maintenance of 

ecosystem processes [2] 

Production, Consumption, Distribution [3] 

Cultural, Self-development [3] 
Fundamental, Regulation [3] 

Primary production, Manufacturing activities, Life [4] 

Strategic resources, Ecosystem protection [4] 
Recreational,  Political sovereignty [4] 

Economic,  Residential [5] 

Leisure and recreational [5] Environmental [5] 

Fig. 4 The multifunctionality

of territories: literature review

of potential functions. [1] Datar

2003, [2] Pérez-Soba et al.

2008, [3] García et al. 2009, [4]

Jean 2009, [5] Gómez-Limón

et al. 2012

Table 1 Example of a set of land use functions and their related goods and services adapted from Pérez-Soba et al. (2008) and Banski et al. (2011)

and proposals for associated indicators of evaluation

Functions Examples of goods and services Some examples of indicators of performance

Provision of work Employment provision, job security, job quality Employment rate (%), number of jobs

Human health, recreation and culture Access to health services, access to recreational

services, landscape aesthetics and quality

Number of tourists

Land-based production Provision of food, wood, renewable energy Area harvested

Residential, transport, and land

independent production

Industrial and residential settlements, public

transport services

Number of inhabitants, gross domestic

production (GDP, €), equipment density

Provision of abiotic resources Regulation of the supply and the quality of air,

minerals, and water

Share of dwellings connected to sewage

Provision of biotic resources Preservation of biodiversity Area protected
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activity inventory, consists in collecting detailed infor-

mation on the activities located on the territory. The

second step is to connect this information to existing

LCA database in order to obtain a life cycle inventory

of all activities (Fig. 5).

2.3.1 Activity inventory

Local data (e.g., local statistics, land cover maps, and reg-

isters of polluting industries) are used to identify the main

activities that take place on the territory. Next, detailed de-

scriptors must be developed for each activity (e.g., for a

given manufacturing plant, the descriptor of activity will be

its annual output). These descriptors will help us to make a

connection with existing LCA databases (see Electronic

supplementary material 2, S.2, for examples of descriptors).

Two approaches can be adopted to obtain data about

activity descriptors. On the one hand, top-down approaches

use national data such as national statistics. To obtain data

for local scales, a downscaling process is run (Minx et al.

2011). This adjustment is performed using proxy factors

which estimate local or regional data on the basis of a scaled

ratio (Browne et al. 2011). Their use could induce bias as

territories can have their own specificities and could differ

from average national characteristics (e.g., an employment

rate different from the national average) (Browne et al.

2011). On the other hand, bottom-up approaches are based

on local data (i.e., local statistics, surveys, interviews, etc.).

Bottom-up approaches provide more accurate estimates, but

local data are not always available and can be costly to

produce (Browne et al. 2008).

2.3.2 Connection to LCA database

Depending on the kind of data collected for the activity de-

scriptors, i.e., physical flows or monetary flows, two kinds of

life cycle inventory databases can be used. For physical flows,

a LCA based on physical processes will be performed thanks

to the direct connection of activity descriptors to existing LCA

databases such as Ecoinvent (Swiss Centre for Life Cycle

Inventories2). It is seen as a bottom-up approach. On the other

hand, for monetary flows, top-down modeling may be carried

out through environmental input output tables (EIOT). They

can account for the quantities of pollutants emitted and of

natural resources consumed for each monetary unit of produc-

tion for a given sector (Suh and Huppes 2005).

Process LCA can be used to compile detailed data about

the process under study and is easy to implement. However, it

can be time consuming and certain upstream processes could

be missing if cut-off criteria are not properly implemented. On

the contrary, EIOT does not require cut-off criteria (Suh and

Huppes 2005), but the inventory can still be incomplete as

some activities (e.g., small and medium-sized enterprises) are

poorly represented and the coverage of elementary flows is

more limited (Suh et al. 2004). Then, it is frequently assumed

that imported products are made through the same technolo-

gies as the ones used by the domestic economy (Wiedmann et

al. 2007), which can lead to inaccurate estimations (Weidema

et al. 2005). Besides, EIOT focus on the production stage and

so the use and the end-of-life stages are not included (Suh and

Huppes 2005). Finally, errors may occur due to allocation

uncertainties as the impact of any production output from a

sector is understood to be proportional to the product’s

market price. This assumption ignores product diversity

and joint production between industries (Lenzen 2001).

In addition, small and medium-sized enterprises are

poorly represented.

2.3.3 The double-counting issue

The production and consumption approaches we propose here

may generate double-counting issues. As highlighted in

Lenzen (2008), life cycle inventories of both consumer items

(purchases at the end of supply chain) and producer items

(intermediate inputs in the supply chain) may be added to-

gether when these approaches are used. This can lead to

“supply-chain overlap” as the production activities within

the territory can be directly or indirectly linked to consump-

tion of its inhabitants (Wilting and Ros 2006). For instance, a

part of agricultural production could be locally re-injected for

local consumption. If domestic consumption is high in the

studied territory, supply-chain overlap may be significant and

can lead to undesirable double counting. As data on the

percentage of products consumed locally is scarce, we will

not take into account potential direct local use of items pro-

duced in the territory. This may lead to double counting which

is unavoidable in first approximation. In the approach we

propose, the results will be provided separately for (1) pro-

duction and (2) consumption for the same territory. If the aim

of the study is to perform an accurate environmental baseline,

a better modeling of the intra-territorial flows will be needed

to avoid double counting.

2.4 LCIA refinement

For better decision-making, it is useful to know which

impacts are directly linked to territorial activities and which

are indirectly induced by these activities (Wilting and Ros

2006). This involves “foreground” and “background” pro-

cesses in LCA. Moreover, in the context of land manage-

ment, the need for spatial differentiation in life cycle impact

assessment (LCIA) is crucial as decision makers want to

know their local potential impacts (Finnveden and Nilsson

2005). Both concepts are addressed below.2 www.ecoinvent.ch
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2.4.1 Territorial foreground and background systems

and associated direct and indirect environmental burdens

The terms “foreground” and “background” systems were

used for the first time by Udo de Haes et al. (1994)

concerning data quality. They differentiated “foreground

data” which are specifically related to the studied product

system (such data need to be as real as possible) and “back-

ground data” which are required for, but not specifically

linked to, the product system (such data may be average

values). The “foreground system” refers to processes under

the influence of the decision makers that have commis-

sioned the LCA, whereas decision makers have no direct

influence on “background” system (Frischknecht 1998).

This definition has been adopted in several studies

(Tillman 2000; Spielmann et al. 2004; Ekvall et al. 2005).

Azapagic et al. (2007) proposed a definition suited to the

study of an urban environment. Here, the “foreground sys-

tem” refers to a set of activities or processes of direct interest

that deliver the defined functional unit (i.e., from activities

located on the territory). Meanwhile, the “background sys-

tem” supports the activities in the foreground system by

supplying it with the required goods and services. In this

framework, the foreground system includes all pollution

sources of primary interest in an urban environment. These

pollution sources are responsible for direct burdens whereas

indirect burdens occur elsewhere in the life cycle. We pro-

pose to adapt these definitions to make a distinction between

the set of activities which take place on the territory, here-

after called the “territorial foreground system”, and the

activities induced by this “territorial foreground system”

and which occur elsewhere in the life cycle, hereafter called

the “territorial background system”. These concepts are

summarized in Fig. 6. Ultimately, when assessing results

of LCA in land planning, a distinction between direct bur-

dens, or “in-site” burdens (induced by the territorial fore-

ground system), and indirect burdens, or “off-site” burdens,

will be made.

For each inventoried activity, proposals to differentiate

direct and indirect burdens are provided (see Electronic

supplementary material 3, S.3).

2.4.2 Spatial differentiation

In LCIA, the inventory data are converted into contributions

to environmental impacts (Rebitzer et al. 2004), but as

emissions from processes carried out in different sites are

combined, the spatial information is lost (Owens 1997).
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This leads to poor correlation between the predicted poten-

tial environmental impacts and the expected occurrence of

actual environmental impacts, except for global impacts

such as climate change or ozone depletion (Potting and

Hauschild 1997). The inclusion of spatial differentiation in

LCA has been widely debated in the 1990s and has been

identified as a priority research (Udo de Haes 1996). Initial

works were carried out in the early 2000s such as those

concerning acidification (Potting et al. 1998), eutrophication

(Huijbregts and Seppälä 2000; Huijbregts et al. 2000), or

human health (Krewitt et al. 2001). Over the last decade,

modeling approaches for spatial differentiation of non-

global impacts have been widely developed and have been

integrated in current LCIA methods such as EDIP2003

(Scandinavia) (Hauschild and Potting 2003), TRACI

(USA) (Bare et al. 2003), Impact 2002+ (Europe) (Jolliet

et al. 2003), or LUCAS (Canada) (Toffoletto et al. 2006).

The new LCIA method, Impact World+, will propose re-

gionalized characterization factors for the entire planet.

Impacts occur at different scales (Owens 1997). Potting

and Hauschild (2005) proposed three levels of spatial differ-

entiation, (1) site-generic level which represents global im-

pacts, (2) a site-dependent level which covers regional impacts

(tens to hundreds or thousands of square kilometers), (3) and a

site-specific level which represents local impacts (0 to

10 km2). However, in practice the distinction between region-

al and local is not straightforward. As a result, we will only

consider two categories of impacts, i.e., global (climate

change, ozone depletion, fossil depletion, andmetal depletion)

and non-global impacts (photochemical oxidant formation,

human toxicity, particulate matter formation, ionizing radia-

tion, eutrophication, acidification, ecotoxicity, and land use)

(Owens 1997; Udo de Haes et al. 2002; Bare et al. 2003;

Toffoletto et al. 2004; Curran 2006).

2.4.3 LCIA indicator classification

In order to propose relevant indicators for the decision-

making process, we suggest classifying environmental im-

pacts according to the two preceding criteria: (1) direct or

indirect impacts, and (2) global or regional/local impacts.

For instance, GHG generated by local transportation is a

direct/global impact, whereas eutrophication generated in a

pork-producing country providing sausages consumed in

the territory is an indirect regional impact. It is crucial for

a decision maker to know to which extent regional/local

direct impacts are generated on the territory under his au-

thority. Identifying the direct local or regional impacts due

to territorial activities allows us to highlight activities which

need special attention in a local decision-making context.

One way to deepen the analysis is to conduct an environ-

mental risk assessment (ERA) of these activities, which

better integrate site-specific characteristics, in order to

quantify the impacts. Consequently, this screening process

can browse all human activities and their related potential

impacts before conducting an ERA on a specific activity as

it is current practice.

2.5 Conclusion: main methodological advance

Applying LCA to land planning is not straightforward as we

are operating outside standard process-oriented LCA

schemes. Adaptations made to the conventional LCA pro-

cedure (see Fig. 1) for “territorial LCA” are shown in Fig. 7.

One of the major modifications we propose concerns the

functional unit definition. In “territorial” LCA, the reference

flow is defined a priori by the association of a territory and

of a studied land planning scenario. Unlike cradle-to-grave

LCA, the starting point is therefore the reference flow and

no longer the functional unit. The functional unit results

from the choice of the reference flow, i.e., the territory and

its associated land use scenario. In other words, the services

provided (FUs) by two land planning scenarios on a same

territory will be different and should be assessed as well as

the associated impacts. It means that, unlike with conven-

tional LCA, two outputs are provided by our approach, i.e.,

not only environmental impacts but also goods and services,

which are both related to the human activities located on the

territory. These outputs are in the form of two vectors: one

vector of potential environmental impacts and one vector of

land use functions grouping together the selected goods and

services provided by the territory.

Below, we will apply this conceptual framework to a

theoretical case study, to highlight its inherent strengths

and weaknesses.

3 Case study

3.1 Materials and methods

3.1.1 Application to a theoretical case study

A theoretical territory has been defined as the subject of our

case study. It is located on the French Mediterranean coast.

It covers an area of 200 km2 and hosts a population of

approximately 92,000 inhabitants that is divided into nine

municipalities. It is characterized by significant sprawl

around the municipal centers (Fig. 8).

There are two major sources of income: tourism (princi-

pally based on outdoor accommodation, i.e., campgrounds)

and viticulture. The coast is also home to oyster and mussel

farming. In addition, there is an industrial zone comprised of

specific plants such as a fertilizer production plant and a

biodiesel production unit. Two major communication routes

(i.e., a highway and a railway track) cut through the territory.
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3.1.2 Inventory, data, and sources

To obtain accurate data on activity descriptors, bottom-up

approaches are best suited. However, when such data are

lacking, top-down approaches will be used. In the case

study, descriptors of production activities will be defined

using bottom-up approaches. A LCA based on physical

processes will then be performed.

For consumption activities, a top-down approach can be

used by downscaling national data on household consump-

tion through the use of the number of inhabitants as a proxy

factor. However, to improve the robustness of this approach,
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several proxy factors such as the number of workers, the

purchasing power of inhabitants (Niza et al. 2009), gross

domestic product, waste generation (BBF 2002), or the

family’s average income (Bagliani et al. 2008) can be used

concurrently in order to compare results.

Combining consumption activity descriptors to life cycle

inventory is complex as it covers a wide range of production

activity sectors (i.e., food, durable goods, non-durable

goods, services, and so on). Moreover, the study of such

complex products is made more difficult due to the absence

of data. Tukker and Jansen (2006) compared two different

approaches to study the life cycle impacts of total societal

consumption in a European context. The first one consists in

bridging LCA data gaps with the use of proxy data sets (e.g.,

the LCA of carrots will be used to assess the impacts of the

consumption of all vegetables). It is seen as a bottom-up

approach. On the other hand, top-down modeling may be

carried out using EIOTs. Tukker and Jansen (2006)

recommended the use of top-down approaches as they are

more comprehensive, consistent, and systematic in allocat-

ing environmental impacts to final consumption, whereas

bottom-up studies are liable to exclude certain consumption

activities due to data gaps. However, progress has been

made recently concerning LCA data gaps, and several ap-

proaches have been proposed to address this issue (Milà i

Canals et al. 2011), including for a wide range of imported

and exported products (European Commission 2012b).

These two approaches have been applied concurrently to

develop Canadian normalization factors based on consump-

tion activities instead of the production-based normalization

factors currently used for LCA studies (Lautier 2010). The

results are quite heterogeneous and a hybrid approach is

therefore recommended. Lautier (2010) applied a bottom-

up approach for housing and transport activities, and a top-

down approach for food, goods, and services (using the US

Input Output database).

We chose to adopt this portioning approach for consump-

tion activities. This enables the use of site-specific data in

housing and transport. Besides, it is not necessary to tweak

the EIOTs to include the use stage. For the same reasons, the

end-of-life stage has been also assessed through a bottom-up

approach. This hybrid approach, which is similar to the

tiered hybrid analysis, is quite easy to implement. Yet, it is

important to keep in mind that this hybrid approach has

some drawbacks. There is no consistency between data

sources as data from the bottom-up approach come from

European processes, whereas data from the top-down ap-

proach come from the USA. The use of US data is conve-

nient for the theoretical case study. Yet, in practice, data

should come from the studied area or a similar one. The data

geographical origin is not the only methodological incon-

sistency between these two data sources. Process and EIO

data may differ in terms of their level of resolution, their

base year, the inclusion of capital goods, the treatment of

imports, and the applied principles of allocation (Udo de

Haes et al. 2004). Moreover, the combination of process and

EIO data through a tiered hybrid analysis can lead to

double-counting issues as stressed by Suh et al. 2004.

All data on this case study as well as key elements for

their inventory are summarized in the Electronic supplemen-

tary material 4 (see S.4).

The last step of data collection, i.e., the distinction between

direct burdens and indirect burdens, is simplified with the use of

Ecoinvent database as it supplies two kind of processes, i.e.,

unit processes and system processes (Goedkoop et al. 2010).

Unlike with system processes, which cover only elementary

flows, unit processes contain resource and emission inputs from

the process step under study as well as references to input from

other unit processes. Consequently, unit processes have been

used to distinguish direct burdens (all resource and emission

inputs in the territory from the activity under study) from

indirect burdens (all the inputs from other unit processes and

outside the territory). Concerning data from input–output tables,

it has been assumed that all food, goods, and services were

imported and that their impacts will therefore be only indirect.

4 Results and discussion

4.1 Land use functions

Five indicators of services provided by the territory have been

considered for this case study: (1) the number of employees,

related to the function “provision of work”, (2) the total area

covered by the territory to host its population related to the

function “residential, transport, and land independent produc-

tion” as well as (3) the gross domestic production (GDP), (4)

the number of tourists related to the function “human health,

recreation and culture”, and (5) the share of dwellings

connected to sewage which covers the function provision of

abiotic resources. For the first four indicators, data have been

gathered from the activity descriptors as well as from National

statistics3 for the South of France. The indicator on area has

been directly quantified thanks to the activity descriptor. To

get an order of magnitude, the results have been compared to

“an average territory” which is built by the downscaling of

French average data4 to a theoretical territory that hosts the

same population as for the case study (Fig. 9).

The results show that the case study has a high residential

function as it is a densely populated territory. The other

indicators are quite well balanced, except for the number

3 http://www.insee.fr/fr/
4 See data on http://www.insee.fr/fr/ for the number of employees, the

number of inhabitants, the GDP, and the number of tourists, and

www.statistiques.developpement-durable.gouv.fr for the share of

dwellings connected to sewage.
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of tourists, which is high. It points out the touristic vocation

of this territory.

4.2 Environmental impacts

The method chosen to assess the potential impacts is ReCiPe

described inGoedkoop et al. (2009). The impacts are quantified

at an endpoint level from the hierarchist perspective (Fig. 10).

As a general rule, the impacts from production activities are

greater than those related to consumption activities. This is

essentially due to impacts incurred by industrial activities.

However, there are exceptions for impacts linked to land use

and to freshwater ecotoxicity, which are mainly caused by

consumption activities. The impacts due to the production of

imported foodstuffs can partly explain these results. Besides,

it should be noted that the impacts due to consumption activ-

ities are underestimated for metal depletion, ionizing radia-

tion, and natural land transformation as they are not taken into

account in the US databases of the input–output approach.

Consequently, although the indicators of land use func-

tions suggest that residential and recreational functions pre-

vail, environmental impacts are mainly related to production

activities. This finding highlights the needs to provide two

categories of outputs for the interpretation phase, i.e., land

use functions and environmental impacts, as well as the

importance of assessing a set of land use functions in order

to grasp its multifunctionality.

A secondary yet significant result is the prevalence of

indirect impacts. This means that most impacts due to
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territorial activities occur elsewhere. Only a small fraction is

due to local resource consumption or local releases of pol-

lutant substances. However, these findings should not be

misinterpreted. Indeed, at first sight, it is tempting to con-

clude that little can be done at a local level to decrease the

environmental impacts with land planning. At least two

arguments can be put forward to counter this hasty interpre-

tation. Firstly, land use plans can both contribute to reduce

direct and indirect environmental impacts according to the

land use functions they provide. This reduction will be

assessed thanks to the territorial LCA framework with the

advantage of not hiding environmental burden shifting be-

tween territories. Secondly, regional and local direct impacts

should be analyzed more in detail. In the case study, only

site-generic characterization factors have been used with the

ReCiPe method. To perform a more accurate assessment, it

would be worthwhile to use site-dependent factors when

they will be available in upcoming LCIA methods (such as

Impact World+) at least for the prevailing local impacts.

According to the local sensitivity of the environment, re-

gional or local actual impacts can differ from several orders

of magnitude (Reap et al. 2008). Consequently, regional or

local direct impacts can be important issues in a local

context. It is thus recommended to identify the main contrib-

utors to these impacts in order to complete their assessment.

Two steps are proposed to identify these contributors. The first

is to identify the most important direct regional/local impacts.

It is done by assessing their respective contribution to

each of the three endpoints, i.e., human health, ecosys-

tem quality, and resources (see the example for ecosys-

tem quality in Fig. 11).

Concerning ecosystem quality, the main regional/local

direct impacts are linked to land use and to a lesser

extent to freshwater eutrophication (see Fig. 11). As a

result, this assessment is useful to identify the main

environmental issues at stake on the territory. The

second step is to determine what human activities gen-

erate these impacts (Fig. 12).

For instance, two main activities are responsible for ag-

ricultural land occupation, i.e., agriculture but also tourism

with the establishment of numerous campgrounds on the

territory. Concerning pollution-oriented impacts, direct

freshwater eutrophication can be linked to both consump-

tion activities (inhabitant-wastewater treatment) and produc-

tion activities (industry). The minimal contribution of

agriculture can be explained by the fact that the main pro-

duction is vine growing which uses low levels of fertilizers.

Once these activities have been identified, site-specific data

can be used to take into account the local environment

specificities in the characterization of their impacts. It will

permit to assess more accurately the potential environmental

risks incurred by territorial activities and to determine what

the main contributors are. This will support decision-making

in a local context by identifying the main drivers that could

be used to reduce the environmental risks that can occur on

a territory.

5 Discussion

5.1 Integration in the decision-making process

A methodological framework has been developed in order

to perform territorial assessments. With the implementation

of the European directive on Strategic Environmental

Assessment, there is an urgent need for formalized tools

which can provide quantitative indicators when assessing a

territory and selecting land use planning scenarios. The SEA

procedure can be divided into seven steps, i.e., (1) the

scoping, (2) the situation assessment (a baseline study), (3)

the formulation of alternatives, (4) the environmental

analysis of these alternatives, (5) the valuation, (6) the

decision, and (7) the management plan (including mon-

itoring) (Nilsson et al. 2005). Based on these stages,

territorial assessments can be performed for the situation

assessment as well as for the environmental analysis of

these alternatives. Territorial LCA can provide a com-

prehensive diagnosis of the territory, based on a global

assessment of all human activities located on the terri-

tory. Besides, it will determine the main environmental

issues on the territory while identifying burden shifting

between environmental impacts and other territories.

The use of territorial LCAs in order to compare scenar-

ios is also supported by the assessment of the land use

functions. This set of indicators allows comparing sce-

narios which by definition will provide different land

use functions.

Consequently, territorial LCAs should be used early in

the decision-making process in order to provide transparent
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information to the stakeholders and to support a broader

acceptance of SEA.

5.2 Attributional or consequential LCA

The aim of a “territorial LCA” is to provide relevant informa-

tion for decision-making process. In order to determine

whether an attributional or a consequential LCA should be

performed, the recommendations of the ILCD Handbook

(European Commission 2010) have been followed by study-

ing the “extent of changes” due to the decision. As the meth-

odological framework is dedicated to a sub-national territory

level, i.e., a community of municipalities, the land use plan-

ning scenario is expected to have large consequences on the

territory itself, but only small-scale and non-structural conse-

quences on other territories. The studied territory is not big

enough to put pressure on other territories via market mecha-

nisms. Therefore, the decision support tool is for “micro-

level” as defined by the ILCD handbook and an attributional

modeling is thus recommended. Nevertheless, further work

could be undertaken to assess under which conditions such an

assumption is relevant and to explore consequential scenarios

at larger scales (effect at neighboring, nation, and regional

scales). For example, if the territory supports a strategic activ-

ity such as the provision of a significant part of the national

energy mix, a consequential approach could be considered.

The identification of these activities as well as their assess-

ment through a consequential modeling can be performed in

an additional step.

5.3 Dealing with multifunctionality

The proposed framework is based on the joint assessment of

impacts and land use functions, which can vary depending on

land use planning scenarios. As a result, the functions between

scenarios are not kept equal. The approach adopted in the

methodological framework is to assess a set of land use

functions for each land use planning scenarios. An alternative

way of dealing with the issue of multifunctionality would be

to compensate for the differences of land use functions be-

tween a reference land use planning scenario and the alterna-

tives. This other approach has the advantage of maintaining

the criterion of comparability between the studied alternatives

and allows comparisons. However, this would require addi-

tional work for data collecting and for compensation scenario

assessment. Moreover, this could increase data uncertainty as

several data would need to be approximated. Consequently,

assessing compensation scenarios linked with provided func-

tion shifts can be considered rather as an extra step of territo-

rial LCAs that could be performed once function changes

have been identified between land planning scenarios.

5.4 Addressing uncertainties

The issue of uncertainty is common to all kinds of LCA

studies. Yet, it is particularly relevant in land planning

studies as we must examine prospective scenarios where

additional sources of uncertainties can be multiple (data

quality, modeling choices, and so on), and this signifies
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even further research (Hojer et al. 2008). One of the main

issues is to connect a quantitative LCA with a prospective

scenario which often rely on qualitative descriptions com-

bined with a GIS-based land use planning. The qualitative

descriptors must be turned into quantitative functions. One

possible approach is to make assumptions on the levels of

human activities from a prospective scenario (e.g., the num-

ber of inhabitants, the number of tourists, etc.). This can be

discussed with the stakeholders in charge of defining the

different land use planning scenarios. Thereafter, a sensitiv-

ity analysis could be conducted in order to estimate the

consequences of these assumptions on the results.

5.5 Links with GIS (Geographic Information System) tools

The use of GIS (Geographic Information System) tools can

prove very useful in environmental assessment in land plan-

ning, as stressed by Azapagic et al. (2007). They can pro-

vide two main improvements. The first one is to enhance the

inventory phase by developing a “spatialized” inventory.

For each activity, it will associate inventory data to spatial

data on their location. The second would be to use spatial

analysis tools to provide valuable information for site-

specific assessment. It would be particularly relevant if an

environmental risk assessment needs to be performed for

activities identified in the screening step.

6 Conclusions

Methodological advances have been proposed to adapt the

LCA framework to land planning issues. One of the main

transformations of this “territorial LCA” framework is that

the functional unit would no longer be “the geographical

territory”, but a set of indicators, i.e., a vector grouping a set

of land use functions which is the counterpart of the

vector of potential environmental impacts, which is the

output of conventional LCA. This adapted framework

intends to pave the way for providing quantitative tools

to land planning managers when assessing the environ-

mental effects of plans or programs. The aim of this

paper was not to meet all the SEAs needs but to

contribute to improve it by (1) providing an environ-

mental baseline of a territory and (2) comparing quan-

titatively different land planning alternatives.

A first attempt has been made to determine and classify

goods and services according to land use functions (see

Table 1). This approach requires further work, i.e., should

we retain all the goods and services of this list, or only some

of them, based on stakeholder interest? Should we add other

goods and services which are relevant for stakeholders? The

values to be assigned to each variable should be determined

in the scenario building phase. This evaluation is crucial for

the task of measuring the eco-efficiency of a territory as

developed by Seppälä et al. (2005).

Although the path is still long until a fully integrated

methodology becomes operational, this revised approach

provides food for thought on how to best integrate the two

categories of indicators. In terms of usability, it will be

beneficial for decision makers to get all these indicators on

a same dashboard (e.g., environmental but also economic

and social indicators). This is in line with ongoing research

work on life cycle sustainability assessment (Guinée et al.

2011) and the challenges related to the extension of the

environmental life cycle thinking to economic and social

aspects (Hunkeler and Rebitzer 2005).
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