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ABSTRACT 
The environmental impact of land and water use in agriculture is highly variable on a global scale. Generally, 
these aspects dominate impact results of single score assessment methods such as eco-indicator 99 (EI99). 
Currently, no regional inventories have been provided on a global scale, and also regionalized, comprehen-
sive impact assessment methods are lacking. We combined major land use approaches in LCA using EI99 as 
baseline, and applying spatially resolved factors based on ecosystem vulnerability and net primary productiv-
ity on a spatial resolution of 5 arc-minutes (<10*10km2). Application of the resulting characterization factors 
in combination with water-use impact assessment reveals the global variability of regionalized inventories 
and impacts for crops in relation to global averages. In most cases, the impacts of land use outweigh those of 
water use. The results indicate locations of special environmental concern and are thus valuable to decision 
makers, such as producers, retailers, and consumers. 
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1. Introduction 

 
Water and land use are key elements for environmental impact assessment of agricultural 

production (Köllner 2000; Pfister et al. 2009). In traditional LCA studies of agro-products 
using established methods such as Eco-indicator 99 (EI99), land use generally dominates the 
aggregated environmental impact (Pfister et al. 2009). However, recent development of 
LCIA methods for water use and their application have shown that water consumption is also 
highly relevant and may, depending on the location, even outweighs land use in importance. 
Spatial variability is a crucial feature in water and land use LCIA, and therefore regionalized 
methods are needed. While water-use impact methods are commonly regionalized, promi-
nent methods for assessing land use are not spatially differentiated. We therefore developed 
geographically explicit land use impact factors. Currently, one of the mostly commonly em-
ployed methods assesses ecosystem quality through the indicator “potentially disappeared 
fraction of plant species” (Köllner 2000) and is implemented in the EI99 methodology 
(CFLU,EI99, [PDF]) (Goedkoop et al. 2001). Factors are provided for different types of land 
use. Other methods assess biotic productivity of the ecosystem as a function of net primary 
productivity (NPP, [gC/(m2*year)]) or its derivatives, and some are based on soil quality 
(Mila I Canals et al. 2007). Integration of NPP values implicitly covers additional biodiversi-
ty aspects such as vertebrate diversity or rainforest hotspots (Pfister et al. 2008). Other au-
thors focused on vulnerability and scarcity of the ecosystem to improve the ecosystem quali-
ty assessment (Weidema et al. 2001). In spite of all these approaches, a consistent and 
compatible regional model for both land and water use impacts in LCA is still missing. Such 
a method is needed to appropriately assess and compare the environmental performance of 
agricultural goods.  
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2. Methods 
 
Our regionalized LCIA approach is targeting impacts on ecosystem services and is therefore 
complementary to the plant species biodiversity metric. We adjusted the land use characteri-
zation factors provided in EI99 (CFLU,EI99) based on NPP values of the potential natural vege-
tation (NPPo,i) in each location (on a 5 arc-minutes resolution) and integrate regional vulnera-
bility factors to adjust the regional impacts (ecoregion-specific). We also provide 
regionalized factors for the carbon sequestration potential (CSP) of land transformation and 
occupation (Müller-Wenk et al. 2010) and its climatic impact. 

The final step is the combination of our LCIA scheme for land and water use with global 
land occupation and water consumption inventory data of the most relevant energy crops for 
analyzing optimization potentials and the land water trade-off. 

 
2.1. Land use method 
 
In order to capture the most significant impacts from land use we include land occupation, 
land transformation and the related impact on climate change, biodiversity and productivity 
of the ecosystem as depicted in Figure 1. Biodiversity is included on a local and regional 
level. Impacts of land use on climate change are modeled as prevented CSP and regionalized 
on biome level. The impacts are given as damage on ecosystems in units of PDF*m2*year 
and CO2-eq., respectively, and finally compared on the single score level of EI99. Soil-
quality related impacts (Mila I Canals et al. 2007) are not specifically addressed here but im-
plicitly captured by CSP and NPP0,i considerations.  

 
Figure 1: Regionalized impact assessment scheme for land use based on EI99, consisting of land occu-
pation and transformation impacts. PDF is regionally adjusted by NPP0 for each pixel (NPP-factor) and 
by ecosystem vulnerability (z/LI-factor) for each ecoregion. CSP factors are included on biome level. 

 
Land occupation 
The most obvious intervention of land use is occupation. For impacts on ecosystem quality, 
we combined the species-based and NPP approaches, using the land occupation characteriza-
tion factors provided in EI99 (CFLO,EI99) as baseline and applying spatially resolved NPP val-
ues of the potential natural vegetation (NPP0,i) from Haberl et al.  (2007), for deriving regio-
nalized characterization factors of land occupation (CFLO,i) for each location i. The values are 
normalized with the average NPP0 of Swiss lowlands (NPP0,SLL = 650 gC/(m2*year)), as the 
CFLO,EI99 factors are developed for this region. Thus, the ratio of NPP0,i and 
NPP0,SLL,functions as a weighting factor for regionalization. 

LO, LO,EI99 0,i  0,SLLCF  CF *NPP / NPPi =       (1) 
Using NPP0 for the spatial differentiation is an objective measure for the productivity of 

the land, which is crucial for life supporting functions. As productive land is limited on glob-



al scale, the most productive lands are also most attractive for human activities and should 
therefore also be assigned higher weights from a resource-competition perspective. 

In addition to the local impact, we also developed a regional impact describing the ecosys-
tem vulnerability (zLIj) for each ecoregion j:  
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where HFIj is the human footprint index quantifying the disturbance of natural ecosystems 
by humans (Sanderson et al. 2002), z the species-area accumulation factor, γ the standard z-
factor of forest habitat (0.35), pj,k  the area share of habitat k, and σk the LU change sensitivi-
ty factor of habitat k for species in the ecoregion. We differentiate two habitats per ecore-
gion: σforest (1.0) and σgrass-shrub (0.6). The combined local and regional characterization factors 
for ecosystem quality (CFEQ,occupation,i,j) is described as follows: 
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where zLIPA0445 is zLI of ecoregion PA0445 (comprising Swiss lowlands). AtLO is the area-
time occupied. Impacts on climate change (CSP [CO2]) are assessed applying the occupation 
factors of Müller-Wenk et al. (2010) in the respective biomes. 
 

Transformation 
Land transformation is commonly treated as an inventory parameter (elementary flow) of 

processes. However, land transformation should be treated as a separate process, i.e. clearing 
land. Due to the lack of reliable regionalized inventory data, a factor for average transforma-
tion might be related to land occupation. The allocation of transformed land to subsequent 
land uses is so far not consistently included in LCA and is a question of the system boundary 
choice. Concerning crop production, the system boundaries should include the global agri-
cultural system: Due to international trade and an increasing population, land transformation 
is inevitable to satisfy food, fibre and energy demands of humanity. This view also matches 
the consequential perspective which tries to assess the effect of an action on the relevant 
market and its consequences instead of allocating damage to different outputs of the system.  
Globally, fertile land is a limited resource. Hence, if global demand for agricultural goods 
increases, the occupation of productive land will eventually lead to transformation of natural 
ecosystems such as rainforests in other parts of the world - even if the studied production site 
is not directly implying land transformation.  

The transformation of land should be attributed among agricultural production systems 
and other causes such as logging or peat harvesting. To take a conservative approach we at-
tributed all damage to crop production and pastures: The amount of the annual global trans-
formation from natural land and pastures to agricultural land is attributed to the reference 
agricultural area using the total land occupied by agriculture in 2007 as denominator. We 
used the land use changes from 1907-2007 and 1987-2007 and averaged the results to calcu-
late annual global impacts of transformation (IMPACTglobal,year) based on data from Raman-
kutty (2010). The transformation impact factor (CFtransformation,i) attributes the damage based 
on the NPP0,i of each pixel i: 

Global,year 0,i
transformation, i

agri.year 0,global

IMPACT NPP
CF = *

area NPP       
(4) 

where NPP0,global is the global average NPP0 on croplands: 611gC/(m2*year). The currently 
used restoration time for ecosystem quality in EI99 of 30 years has been adapted to updated 



data by Schmidt (2008) for different vegetation types and adapted based on the geographical 
position (elevation and latitude) as suggested by Weidema et al. 2001. 

The reference system is based on the biomes forest and grasslands, respectively, and 
represents the latitude and altitude of the Swiss lowlands. Grasslands have restoration times 
of 50 years leading to a transformation time (duration of the transformation impact) of 25 
years while for forests and shrublands, the restoration time is estimated to 500 years 
(Schmidt 2008). We split the latter restoration time curve, based on the fact that a managed 
forest will be restored in 50 years and having about 80% of the original quality according to 
EI99. As described in Figure 2 this leads to a two-phase restoration with a relevant transfor-
mation time (ttransform) of 75 years (shaded area) for forests and shrublands. 

For CO2-emissions (CSP), we used the transformation factors of Müller-Wenk (2010). 

 
Figure 2: Two-phase restoration for forest and shrub biomes (dark area): a fast recovery of quality in 
the first 50 years (t0-t1) and a slow recovery to the original quality in the remaining 450 years (t1-t2). 

The corresponding transformation time (ttransform) is consequently 75 years (light area). 
 
Aggregated impact (transformation + occupation) 

The aggregated impacts for each pixel i are derived as follows: 
, , , , ,CSP i CSP occupation i CSP transformation iCF CF CF= +

     
(5) 

, , , , , ,EQ landuse i EQ occupation i EQ transformation iCF CF CF= +

     
(6) 

 
2.2. Impact assessment of energy crops 

 
The resulting regionalized factors require spatially differentiated inventories, as e.g. 

growth periods vary substantially with climate. We used inventories of important energy 
crops (Table 1) on a spatial resolution of 5 arc-minutes from the year 2000, provided by Pfis-
ter et al. (unpublished) for land and water use. Water impacts are assessed by the regiona-
lized LCIA method of Pfister et al. (2009). National and global average impacts of each crop 
are derived based on the relative production in each modeled cell in order to provide the im-
pact of the average produced product.  
 
3. Results 
3.1. Damage factors for land use 

 
Figure 3: EI99-points per m2year land use regarding ecosystem quality (left) and climate change 

change impacts on human health (right). Ecosystem quality impacts are significantly higher.   

Ecosystem quality Climate change 



3.2. EI99-scores per kg energy crop 
 
Land use impacts are generally higher than water use impacts (Table 1). However, region-

al aspects are crucial among as well as within countries as illustrated by the example of 
wheat in Figure 4. Spatially explicit results might therefore contradict country or global av-
erages. Table 1 lists the global average impacts of land use and freshwater consumption for 
all energy crops investigated, measured as both, impacts on ecosystem quality and in EI99 
aggregated single scores. Water consumption contributes significantly to the EI99-scores al-
so through resource depletion and impacts on human health, increasing the relative relevance 
of freshwater consumption. Land use impacts on climate change with consequences on hu-
man health are not relevant on the EI99 single-score level. Still, land use causes higher im-
pacts on global average than water consumption for the analyzed energy crops, except for 
rapeseed, soybean and sunflower. 

 

 
Figure 4: EI99-scores per kg wheat produced: Water use (left), land use (right). The ratio of water to 

land use impact is given in the bottom map indicating the relative importance of water and land in LCA 
of wheat. 

 
Table 1: Global, production-weighted average impacts of land use (including transformation) and wa-
ter consumption for different energy crops measured as impact on ecosystem quality and aggregated 
Eco-indicator 99 single-scores (EI99-pts).  
 

  Ecosystem quality [PDF*m2*yr/kg] EI99-pts / kg 
 Land Water Water/land ratio Land Water Land+Water Water/land ratio
 wheat  3.30 0.42 13% 0.26 0.07           0.33  27% 
 rice  2.66 0.21 8% 0.21 0.04           0.25  19% 
 barley  4.11 0.22 5% 0.32 0.03           0.35  9% 
 maize  2.00 0.18 9% 0.16 0.03          0.19  19%
 rye  4.35 0.07 2% 0.34 0.01           0.35  3% 
 millet  10.38 0.54 5% 0.81 0.1           0.91  12% 
 sorghum  6.67 0.65 10% 0.52 0.08           0.60  15% 
 buckwheat  6.09 0.17 3% 0.48 0.04           0.52  8% 
 quinoa  12.46 0.1 1% 0.98 0.08           1.06  8% 
 potato  0.51 0.05 10% 0.04 0.01           0.05  27% 
 cassava  1.38 0.01 1% 0.11 0           0.11  0% 
 sugarcane  0.26 0.05 20% 0.02 0.01           0.03  41% 
 sugarbeet  0.26 0.03 12% 0.02 0.01           0.03  41% 
 soybean  0.37 0.21 57% 0.02 0.05           0.07  205% 
 oilpalm  0.17 0.02 12% 0.01 0           0.01  0% 
 sunflower  0.78 0.4 51% 0.06 0.08           0.14  131% 
 rapeseed  0.57 0.32 56% 0.05 0.08           0.13  164% 



4. Discussion 
 

Our results clearly show the importance of regionalized inventory and impacts assessment 
as compared to global average values generally used in LCA. While biomes and ecoregions 
are suitable for regional ecosystem aspects and carbon emissions for land use, only the high-
ly regionalized data for NPP0 allows capturing the productivity of land, which is crucial to 
assess the relative importance of an area regarding major ecosystem services relevant for 
humanity and nature. Starting from the highest available relevant spatial resolution facilitates 
optimization of agricultural practice by identifying hotspots of environmental concern and by 
identifying potential areas of relatively low environmental harm. Based on local production 
amounts, national or global averages can be derived and, in combination with markets and 
trade information, the proper production mix can be attributed to a specific regional activity. 

The wheat example shows clearly the trade-off between land and water use: the least land 
use impact is found in areas with high water impacts such as north-west India and south-west 
USA (Figure 4). And although water on global average only causes a quarter of the land im-
pact, in these regions water use is by far more damaging than land use.  

Among energy crops, we found large differences. For instance, the impact scores of maize 
and millet differ by almost a factor 5 on global average (Table 1). In the case of millet, poor 
agricultural management and low yields might contribute significantly to high impacts.  

Future method development should include more taxons for species diversity and further 
analysis of ecoregion features and vulnerability measures as well as soil-related impacts. In-
tegration into other methods such as RECIPE or IMPACT2002 might change the results if 
climate change impacts on ecosystem quality are included or different weighting are applied. 
Furthermore, allocation of transformation damages to biomaterial harvesting needs to be ex-
amined on a regional and ecoregion scale, including driving market mechanisms. 
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