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Abstract: Costa Rica’s annual mean precipitation is above 3300 mm, but this precipitation is not evenly
distributed in time or space, producing clear differentiated wet and dry seasons in most of the country.
Droughts are also common phenomena which greatly affect the availability of water resources.
Managed aquifer recharge (MAR) schemes are being taken into consideration to enhance the
underground water storage capacity of the country. The present study constitutes the first assessment
for the identification of suitable sites for the implementation of MAR technology spreading methods
(SM) in Costa Rica. The suitable sites are identified by means of a geographic information system
multi-criteria decision analysis (GIS-MCDA) based on four criteria: hydrogeological aptitude, terrain
slope, top soil texture and drainage network density. Four steps are performed in order to identify
these sites: problem definition, screening for suitable areas, suitability mapping, and sensitivity
analysis. The suitability map was divided in two zones after the screening: suitable and unsuitable,
the first zone was further divided in five classes according to the weighted linear combination (WLC)
ranking. The results indicate that 61% of the country is suitable for conducting SM. This map is a tool
for future implementation of MAR techniques in the country.

Keywords: Costa Rica; managed aquifer recharge; spreading methods; geographic information
system multi-criteria decision analysis; suitability mapping; multi-influence factor

1. Introduction

Costa Rica is located in the Central America isthmus in the northern hemisphere tropical
zone, between the Pacific Ocean and the Caribbean Sea with a total surface area of 51,100 km2 [1].
The country’s climate is tropical, dominated by trade winds and its mountain systems [2]. This leads
to a mean annual rainfall of over 3300 mm—of which two-thirds become runoff [3]. This amount of
water is not equally distributed, neither in time nor space. In the Pacific and Central regions there is a
marked difference between the wet and dry season, the latter with almost no rain during four months
of the year [2].

The country presents a complex geology [4] and topography [5]. The mountain ranges are
composed mainly of volcanic formations, while the Northern and Tortuguero lowlands and the
coastal areas are mostly alluvial depositions from eroded material transported from the elevated steep
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mountain areas [4]. The spatial distribution of these features is shown in Figure 1 while a detailed
description of the country’s geological formations is given elsewhere [4,6,7].

Topographically, the country presents lowland plains, valleys, plateaus, and mountains over
3000 m in height; that favors the development of different climatic regions. Three mountain ranges
(Guanacaste, Central, and Talamanca cordilleras) cross the country from northwest to southeast which
is the principal orographic feature [5]. The river discharge variations are driven by the seasonal
rainfall differences, especially in the Pacific watersheds, where the relatively short distances from the
Guanacaste and Aguacate cordilleras to the oceans limit the length of river system and triggers the
quick response to rain events [4].

             

                         
                                 

                     
                     

                             
                       

                               
                           

                               
           

 
                               
             

                                   
                             

                             
                                 
                                     
                           

                           

Figure 1. Main geomorphic features of Costa Rica based on Bundschuh and Alvarado [4] with base
digital elevation model by the USGS [8].

The abundance of water in the wet season, the fast runoff into the oceans, and the touristic
high season coinciding in time with the dry season, make managed aquifer recharge (MAR) a viable
approach to overcome the drought issue, especially for the water supply systems in Costa Rica.
According to Dillon [9], MAR is defined as the intentional banking and treatment of water in aquifers;
moreover, it may also be applied for the recovery of falling water levels in the aquifer as well as
preventing saline water intrusion or land subsidence [9]. MAR methodologies are classified in five
main categories: (a) spreading methods; (b) induced bank infiltration; (c) well, shaft, and borehole
recharge; (d) in-channel modifications; and (e) rainwater and run-off harvesting; these are subdivided
in specific MAR types [10,11]. This study aims to identify and rank the suitable sites for applying the
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MAR category spreading methods (SM), which aim to recharge an unconfined aquifer at or near the
ground surface by infiltration through permeable materials at the surface [10].

The main objective of this work is to identify the areas in Costa Rica that present the best intrinsic
conditions (environmental and physical criteria) to conduct further research on MAR—rather than
sorting out the unsuitable sites for it. Other factors (land use, existing infrastructure, water sources,
and economics, among others) are not taken into account as these factors can change with time, while
the intrinsic factors tend to be more or less constant. Nevertheless, for the implementation of specific
MAR schemes, socioeconomic variables should be analyzed.

This study uses the methodology proposed by Rahman et al. [12]. The MAR suitability map is
calculated and displayed at 1:500,000 scale for the whole country. This map is a first level screening
tool that serves as a basis for decision making where detailed investigations should be carried out.
The applied approach can easily be supplemented with additional data.

2. Materials and Methods

2.1. Geographic Information System Multi-Criteria Decision Analysis (GIS-MCDA)

GIS-MCDA is defined as a collection of methods and tools for transforming and combining
geographical data and preferences (value judgments) to obtain information for decision making [13,14].
GIS offers the capabilities to automate, manage, and analyze a variety of spatial data—while MCDA
comprises a wide range of methodologies, techniques, and procedures that guide the decision making
process [13]. GIS-MCDA is used to rank the available areas based on decision rules that define how
the standardized criteria are integrated. For a detailed description of GIS-MCDA and the concepts it
involves see [13,14].

According to Rahman et al. [12] the ranking of potential MAR sites may be performed more
comprehensively and at a lower cost using a MCDA integrated into GIS. GIS-MCDA for the
identification of MAR suitable sites has been applied to entire countries such as Australia [15]
and Spain [16], as well as in many regions of the world, for example in India [17–23], Iran [24–27],
Jordan [28,29], Portugal [12,30], Tunisia [31,32], and the United States [33,34]. The general process
for MAR site suitability analysis proposed in [12] is: problem definition, screening of feasible
areas, suitability mapping—including the classification of thematic layers or criteria, standardization,
weighting of the criteria and layers overlaying—and sensitivity analysis.

2.1.1. Problem Definition

The recognition of the decision problem is the first step in all decision processes (as GIS-MCDA
for MAR) [13]. The objective of site selection is to identify the best site for a given activity which is
done by the ranking the basic analysis units in which the study area is subdivided [14]. Suitable site
selection for proper MAR technologies is one of the primary requirements for a successful MAR
implementation [12].

2.1.2. Screening Suitable Areas

Areas that are not feasible for MAR (or not available) are screened out by means of Boolean logic
algebra [12]. Boolean logic involves the logical combination of binary maps (only zero or one values
are assigned to each unit area) by “AND” and “OR” operators [25]. In Boolean logic, an area is either
accepted or rejected based on a given threshold value [35]. The criterion value that satisfy the threshold
are assigned with a value of 1, otherwise 0 is assigned; if all the criteria for a specific location contain
a value of 1 the resulting map will contain a value of 1 for this location, if only one on the criterion
contains a value of 0, the location will also be assign a 0 [12].
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2.1.3. Suitability Mapping

Suitability mapping is done to estimate the ability of the study area to support a specific use [36]
defined in the problem definition. The suitability map is built to identify the areas with high infiltration
rates as well as the terrains where the conditions are favorable for the construction of the infrastructure
necessary to enhance the recharge process. This is the most important step in GIS-MCDA [12].
The Weighted Linear Combination (WLC) method is the decision rule applied in this work to overlay
the criteria to identify the suitable site. A short description of the suitability mapping components and
concepts are listed below:

• Decision rule—WLC

The decision rule is the fundamental part of the suitability mapping and therefore GIS-MCDA
dictates how to rank the alternatives [13]. WLC is one of the most popular decision rules [12–14,37].
It consists of the linear aggregation of the product of criterion weights and values [14].
A comprehensive approach to the critical elements of the WLC is presented in [37], these are weight
assignment to the criteria and the procedure to commensurate them (normalizing the criteria).

• Criteria

The environmental factors that govern the groundwater recharge, occurrence, and movement in
a region depend upon geology, geomorphology, land cover, and natural precipitation [38]. The term
criterion involves both the concepts of objectives and attributes [13,14,37]. A criterion refers to the
desire state of geographical system (objective) and any property that distinguishes it (attribute) [13].
According to Malczewski [13] every criterion has to be compressive and measurable. Furthermore, it is
recommended that the criteria be complete, operational, decomposable, non-redundant, and minimal.

• Standardization

A common scale is needed to describe the relative level of the criteria. This is achieved by the
transformation of the criterion to comparable units; ergo, standardization [13]. Step-wise and linear
functions are the two standardization methods. In accordance with Rahman et al. [12] step-wise
functions are used to standardized aggregation criterion.

• Weight assignment—multi-influencing factor

The assignment of different weight for the integration of the criteria is necessary as not all them
have the same degree of influence [39]. Weight assignment is one of the critical elements in the
WLC [37]. In this work, the multi-influencing factor (MIF) is used for the explanation and assignment
of the weight. The MIF method is described in [39,40] where the relationships between the criteria are
established in a graphical way.

The estimation of the weights between the criteria is done based on the effect that they have
among each other and the objective; the weighting for each criterion depends upon the interrelations
between each—it can have either a major or minor effect [39]. According to Shaban et al. [39] a major
effect is given 1 point while the minor effect is given 1/2 of a point. From the cumulative score of
both major and minor effects for each criterion the relative rate is calculated which is further used to
compute the weight of each influencing criterion [40].

2.1.4. Sensitivity Analysis

Sensitivity analysis in MCDA is defined by Malczewski and Rinner [14] as a set of methods for
assessing uncertainty in the multi-criteria model output and the importance of the model input factors
as the criterion values and weights. These factors (criterion values and criterion weights) are the main
sources of uncertainty in the GIS-MCDA [14]. Performing a sensitivity analysis makes a more robust
decision rule for the selection of site suitability [41].
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Methods and instructions for the sensitivity analysis are available in [12–14,19,35,41].
These include “one-at-a-time” methods and “variance-methods” [14]. Sensitivity analysis has been
carried out to demonstrate the effect of changes of the criterion weights on the spatial distribution the
suitability mapping in [12,35,41]. A sensitivity analysis completed by changing the criterion values is
given in [19]. As in [35], in this study the sensitivity analysis is done on the criterion weights; ergo
the MIF method. The criterion weight sensitivity analysis is done by changing the weight by a small
amount and evaluating its effect, in this case; the amount of the change was defined by adding or
erasing relationships between the criteria; thus, altering the decision rule by small variations in the
MIF method.

2.2. Criteria Used in the GIS-MCDA

Four spatial parameters in the form of thematic layers are chosen as criteria to identify the suitable
sites for applying SM in Costa Rica. These are: hydrogeological aptitude, terrain slope, soil texture,
and drainage network density. The screening of suitable areas is done by the integration of two of
these thematic layers by means of a Boolean logic: terrain slope and soil texture. The hydrogeological
aptitude and drainage network density are not considered restrictive criteria; hence, they are not
used for the screening map but are used for the suitability analysis. Each criterion is explained in the
next sections.

2.2.1. Hydrogeological Aptitude

The aquifer type, extent, water-holding capacity, and depth are relevant information for the
site selection, as well as the distance to a water source and to the potential users [15]. Astorga and
Arias [42] defined hydrogeological aptitude as the characteristic of a geological rock formation that
expresses the potential to have an unconfined aquifer that may be used for various human activities.
The hydrogeological aptitude for Costa Rica is based on the identified geological formations in
the Costa Rica Geological Map in a 1:500,000 scale [7] and it takes into account the rock formation
attributes—lithology, extension, and general physical characteristics. The geological formations are
classified as: with potential or without potential [42].

The objective of the work by Astorga and Arias [42] was to identify which areas of the country
have a higher vulnerability of contamination of the unconfined aquifers from anthropic activities, and
not to represent the actual aquifers that exist in Costa Rica, ergo, it represents the rock formations
that have the potential to hold an unconfined aquifer. A volcanic or sedimentary formation without
potential does not limit the existence of aquifers by the fracture system of each formation [42]. The most
important aquifers for public water supply of the Costa Rica exist in this type of formation [1].

The first category (areas with potential), is further divided in three sub-categories: areas with
high potential, moderate potential and low potential. Figure 2 shows the hydrogeological aptitude
defined in [42]. In Figure 2, parts of the Santa Elena, Nicoya and Osa peninsulas are classified as
without potential [42] which corresponds to gabbro and ocean floor rocks mafic and ultramafic
igneous complexes [4,7]. Astorga and Arias [42] also identified the mountain range between
the Guanacaste and Central cordilleras (dissected remnants of stratovolcanoes—locally known as
Monteverde Formation [7]) and the granite intrusive in Talamanca [7] as without potential.

Regarding the areas with hydrogeological potential, Astorga and Arias [42] assigned a low
potential to the andesitic lava flows in the Northern Lowlands [7] as well as most of southern Costa Rica
which correspond more significantly to the Talamanca extrusive rocks, the Caribbean interbedded
limestones, and Central and Fila Costeña dendritic series among others [7]. Ignimbrites to the east
of the Guanacaste cordillera and sandstone, marine sands, conglomerates, and turbidite beds in the
south of the Nicoya Peninsula (Nicoya complex), the Caribbean and the Osa and Burica peninsulas
identified in [4,7] are classified as with moderate potential in [42]. The stratovolcanoes of the Central
cordillera and the quaternary deposits in the Northern and Tortuguero lowlands; the Tempisque and
General valleys; and coastal Pacific and Caribbean shores are classified with high potential [42].
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Figure 2. Hydrogeological aptitude for Costa Rica based on Astorga and Arias [42].

2.2.2. Terrain Slope

Mainly referred as slope in previous works, the terrain slope is one of the main criteria that
control natural recharge in a basin water balance; it is considered the most important attribute of
terrain topography governing groundwater infiltration [12]. The slope describes the inclination of
a direct line between two landmarks and their respective heights. It is suggested [43] that under steady
conditions with a rainfall rate much greater than the saturated hydraulic conductivity, the subsurface
flow decreases with increasing slope angle. Thus, slope has a substantial influence on infiltration rates.
Furthermore, water velocity is directly related to the terrain slope.

On steep slopes, runoff is more erosive, thus easily removing and transporting detached sediments
down the slope [25]. Consequently, soil instability can occur. This could risk safety of an infiltration
pond [32]. Moreover, steeper slopes do not permit the implementation of infiltration basins. Therefore,
gentle slopes (<5%) increase infiltration rates and are suitable for aquifer recharge [12], while high
slopes have poor groundwater infiltration conditions, thus are unsuitable for SM [19]. The slope
classification for the country presented in Figure 3 is based on the Digital Elevation Model (DEM)
with a 30 meter pixel size published in the Costa Rica Digital Atlas by the Tecnológico de Costa Rica
(TEC) [44].
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Figure 3. Terrain slope for Costa Rica based on the DEM by the TEC [44].

2.2.3. Top Soil Texture

Soils texture was identified as the main influence parameter of the soil capacity to support
infiltration of water into the subsurface [20,22]. Coarse-texture soils (such as sands) have large pores
that facilitate water drainage in contrary to the fine pores in clay that retard drainage [45]. The higher
the clay content in the soil, the lower the permeability (thus inhibiting the infiltration). Therefore,
a low clay fraction (<10%) is favorable for infiltration [32]. The soil data collected by the Ministerio de
Agricultura y Ganaderia of Costa Rica (MAG) at 1:500,000 scale digitalized by TEC [44] is shown in
Figure 4 with the respective soil texture classes.
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Figure 4. Soil texture based on the soil data collected by the Ministry of Agriculture of Costa Rica
(MAG, in Spanish) digitalized by TEC [44].

2.2.4. Drainage Network Density

According to Shaban et al. [39], one of the most important morphometric properties of a drainage
system is the drainage density. Drainage network density or drainage density is an indicator for the
natural infiltration of a terrain—a higher drainage network density reflects a higher runoff, hence
less infiltration; or as stated in [39] the denser the drainage network, the lower the recharge rate.
Infiltration depends upon surface runoff and permeability [17]; less permeable soil formation allows
less infiltration whereas permeable ground leads to a low drainage density. Thus, areas with low
drainage densities are considered favorable for MAR. Drainage network density is calculated from the
division of the length of all the rivers in the basin divided by the area of the basin [45].

The river network was obtained from the cartography maps (1:50,000) compiled by the Costa Rica
National Geographic Institute. Small inconsistencies—such as hydraulic structures, channels,
aqueducts, and river banks in the original maps were removed before further processing the river
networks, in order to obtain rivers consisting of only one line per river. The drainage network thematic
layer is presented in Figure 5.
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Figure 5. Drainage network density for Costa Rica based on the cartography maps (IGN) on a 1:50,000
scale digitalized by TEC [44].

3. Results

In this GIS-MCDA analysis, the problem is defined as the identification of sites with the best
intrinsic conditions for SM in Costa Rica based on four criteria. The main result of this work is the
suitability map presented in Section 3.4 (3.4. Suitable Areas).

3.1. Screening of Suitable Areas

Two criteria were considered for the screening of suitable areas: terrain slope and soil texture.
According to the Costa Rican Forest Law 7575 [46], terrains with a slope higher than 40% are considered
steep terrains. Also soils in a protected area are not available to any other activity other than
conservation purposes (Organic Environmental Law 7554 [47]) and have no soil texture information
as well. Soils falling into wetlands and beach classes are also excluded from further analysis in the
screening process.

Suitable areas are considered regions where the terrains have a slope lower than 40% and with
any soil type other than protected areas, wetlands and beaches. These areas were assigned the value of
1 while all other areas were assigned a value of 0. Both thematic layers are joined by an “OR” connector.
This means that only when both values are 1, the screening map will obtain a value of 1. In any other
combination, the assigned value is 0, thus, rendering the area not suitable for SM. The final screening
map is shown in Figure 6, where suitable areas are shown in blue and unsuitable areas in grey.



Water 2016, 8, 391 10 of 19

             

 
                                     

         

                               
                             

                               
                               

                                     
                           
                       
                   

   

                            ‐  
                                 

                               
                                 

                             
 

Figure 6. Screening suitable sites for SM in Costa Rica based on the terrain slope lower than 40% and
protected areas, beaches, and wetlands.

The results indicate that more than half (61.0%) of the country’s surface is suitable for direct
surface recharge techniques. It can be appreciated in Figure 6 that the Northern and Tortuguero
lowlands, as well as the Tempisque River Valley and the Nicoya Peninsula present the majority of
available areas. Also along the Caribbean and Pacific coast and the Central and General valleys some
large areas are identified as suitable. It is important to point out that more than a quarter of the country
is under some kind on protection, thus, only conservation and investigation activities are allowed.
The main mountain ranges systems (Guanacaste, Central, and Talamanca cordilleras) are excluded
both due to their steep terrain and protection category.

3.2. Standardization

The four thematic layers were standardized in order to be implemented in the WLC. Step-wise
functions are used for the hydrogeological aptitude and soil texture; for the terrain slope, a series
of linear functions between the threshold values was used, and for the drainage network density a
linear function throughout the range of the criterion values was used. Figure 7 shows the graphics for
the standardization of each criterion. A short description of each criterion and their threshold values
are given.
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Figure 7. Standardization of the four criteria used in the WLC. (a) hydrogeological aptitude; (b) terrain
slope; (c) soil texture; and (d) drainage network density.

The step-wise function is used for the hydrogeological aptitude maintaining the original
classification (see Figure 7). Areas classified in [42] as without potential are assigned a value of 0;
while areas with high, moderate, and low potential are equally distributed between 0.0 and 1.0.
High potential areas are assigned a value of 1.0, moderate potential areas are assigned a value of 0.67,
and low potential a value of 0.33. It is important to keep in mind that areas classified as “without
potential” can still hold aquifers (e.g., fractured aquifers) [42].

Several different approaches to classify the suitability of the slope are available in the
literature [12,16–19,21–23,25–34,41]. The linear function for the standardization of the slope is used
in [12,41], all the others use the step-wise function (slope classes). A slope from 0 to 3% is considered
optimum for infiltration schemes followed by three more classes (3% to 5%, 5% to 10%, and above
10%) [17,21,22]. Based on these classes, three breaking points are chosen for the terrain slope: from 0 to
3% a value of 1.0 is assigned, the next breaking point is at a slope 5% with a value of 0.67 and 10% with
a value of 0.33, finally, values above 30% are assigned a value of 0.0. The standardization is given in
Figure 7b.

The soil texture classification used is based on [20,22,30]. As it is shown in Figure 7c, the first
class consists of sandy soils as sand (S), loamy sand (LS), and sandy loam (SL) which represent “High”
infiltration capacity, thus a value of 1.0 is assigned. Sandy clay loam (SCL) is assigned a value of 0.67;
clay loam (CL) and loam (L) a value of 0.33; and “Unsuitable” soils, which consist of sandy clay (SC),
clay (C), silty clay loam (SiCL), silty loam (SiL), and silty clay (SiC) are assigned a value of 0.0.

The drainage density indicator is standardized using a step-wise function in [17,19,21,22,29].
The classification system used in [17,21] ranges from “good” or “excellent” (0–0.75 km/km2) to “poor”
(>2.5 km/km2), with class limit increments of 0.75. Slightly lower limit values between the classes
are given in [22], ranging from 0 to 0.5 km/km2 as “good” to above 1 km/km2 as “poor” and class
limit increments of 0.5. In [19] a drainage density under 2 km/km2 is considered favorable for MAR.
A lower drainage network density category is used in [29] where values higher than 1 km/km2 are
unsuitable for MAR. All the classification systems discussed show linear increments in the class limits.
Based on the linear distribution of the limits and the fact that the drainage network density is an
indicator of terrains with good infiltration rate, but not of unsuitable infiltration sites, a linearization
was done (see Figure 7d): a value of 1.0 was assigned to a 0 km/km2 drainage network density and
0.0 to the maximum drainage network density (4.03 km/km2).
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3.3. Multi-Influencing Factor (MIF)

According to the MIF methodology, the more influence a criterion has on the other criteria and
the objective, the higher is its score and higher the weight obtained. A total of six major effects and two
minor effects where identified between the criteria (as well as between the criteria and the objective)
and visualized in the diagram in Figure 8. The total cumulative score of 7 points is presented in Table 1
as well as the computation of the weights by the MIF method.

The hydrogeological aptitude criterion has three major effects: on the soil texture, on the drainage
network density, and on the recharge process; the major effect on the soil texture is explained as the soil
type is decisively influenced by the geologic parent material [42] while the major effect on the drainage
density is due to the fact that the geology influences the development of river networks [21,22,39].
The terrain slope has two major effects: on the drainage network density and on the recharge itself;
the steeper the slope, the higher is the drainage density in an area [22]. Soil texture has a major effect
on the recharge process as well as minor effects on the drainage network density through erosion and
deposition processes [21,22]. Drainage network density is considered as an indicator of the infiltration
capacity of a specific area, thus, it only has a minor effect on the recharge process.
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Figure 8. Interaction between the criteria for the MIF method (solid arrows represent major effects and
dash arrows minor effects).

Table 1. Computation of the criterion weight using the MIF method.

Criterion Score Weight

Hydrogeological aptitude 1 + 1 + 1 = 3 43%
Terrain slope 1 + 1 = 2 29%
Soil texture 1 + 0.5 = 1.5 21%

Drainage density 0.5 7%

Total 7 100%

3.4. Suitable Areas

WLC is used in this work to overlay the criteria in order to identify and rank suitable sites for
SM. The direct result of the WLC is shown in Figure 9, where the previously screened suitable areas
(see Figure 6) are assigned values from 0 to 1 according to the WLC (color range from orange to green).
The screened out or unsuitable areas in Figure 6 are also presented in grey in Figure 9.



Water 2016, 8, 391 13 of 19

             

 
                                 

                   

                               
                             

                       
                                   
   

                           

  ‐          
     

     
     

       
     
     

     
       

                               
                                 

Figure 9. Costa Rica’s areas ranking of site suitability for SM calculated by the WLC based on
hydrogeological aptitude, terrain slope, soil texture, and drainage network density.

For a better interpretation of the identification of suitable areas for conducting the SM, the WLC
map was categorized into five suitability classes according to the ranking value—the range is inside
the parenthesis: “very high” (1.0–0.8), “high” (0.8–0.6), “moderate” (0.6–0.4), “low” (0.4–0.2), and “very
low” (0.2–0.0). The percentage of both the suitable and total country area by class is shown in Table 2.

Table 2. Percentage area by category for the suitable areas and total country area.

Class (GIS-MCDA Range)
Percentage from the
Total Suitable Area

Percentage from the
Total Country Area

Very high (1.0–0.8) 20.4% 12.4%
High (0.8–0.6) 29.4% 18.0%

Moderate (0.6–0.4) 22.2% 13.5%
Low (0.4–0.2) 16.2% 9.9%

Very low (0.2–0.0) 11.8% 7.2%

Areas classified as “very high” and “high” suitable for SM in Costa Rica represent almost half of
the suitable area previously screened in Section 3.1. This constitutes more than 30% of the total country
area. “Moderate” suitable areas constitute more than one-fifth of the suitable area (13.5% of the total
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country) and areas classified with “low” and “very low” suitability constitute 28% of the suitable areas,
which represents 17% of the total country area.

The Northern and Tortuguero lowlands still present most of the “very high”, “high”, and
“moderate” areas in the country, while the Nicoya Peninsula is considered as having “low” and
“very low” suitability as it is covered mainly by the Nicoya complex formation. Still, both banks of the
Tempisque River are considered in the Northern Pacific with “very high” and “high” suitability. In the
Caribbean coast, some areas are classified under the “very high”, “high”, and “moderate” suitability
classes near the coast, but they change into “low” and “very low” when moving from the inland to the
south. This behaviour is observed also in the Pacific coast where the lowlands fall into the “moderate”
suitability category. The General valley mostly presents areas of “low” suitability for SM.

3.5. Sensitivity Analysis

The value range of the criterion weight by adding or erasing relationships in the MIF method is
shown in a boxplot diagram in Figure 10. The original criterion weight obtained by the MIF method in
Section 3.3 is presented as a blue line inside the boxplot, the new value for each criterion obtained by
adding or erasing a minor effect are represented through the box and the major effects via the whiskers
(extending vertical lines from the boxes) in Figure 10.
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Figure 10. Range of weights used for the sensitivity analysis by adding or erasing one minor or one
major effect between the criteria for the MIF methods.

By adding or erasing one minor or one major relation between the criteria in the MIF method,
a total of eight scenarios with different decision rules are obtained. The changes in the weight of one
criterion affect all the other criteria, thus, adding a relation to a criterion increases its weight and
decreases all the other criteria weights, and the opposite occurs when one relation is erased. The eight
scenarios are compared with the original reclassified WLC and the analysis is done by the areas that
shift between classes.

The switch of classes or the percentage of the areas that change from one class to another is given
in Figure 11 for each scenario, by adding and erasing one minor relationship. This change can be in any
direction or not at all (e.g., no change)—the last being the ideal situation. Figure 12 shows the spatial
distribution of the classes switch. A switch from a class with lower suitability to a higher suitability
class is called a positive switch and from a higher suitability class to a lower is called a negative
switch. Positive and negative switches are used in a directional context and not in a qualitative context:
a suitability change from very high to high is a negative switch, but is not necessarily considered as
a completely negative impact in the decision making.
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In Figures 11 and 12 the “+” sign (a–d) stands for adding a minor effect and the “−” for erasing
a minor effect (e–h), whereby HA represents the change in hydrogeological aptitude (a,e), TS in terrain
slope (b,f), ST in soil texture (c,g) and DD changes in drainage density (d,h). The sensitivity analysis
shows the hydrogeological aptitude as the criterion with less classes switch either by adding or erasing
a minor relationship in the MIF, with the “no change” scenario representing 93.1% (a) and 94.5% (e) of
the analyzed area, respectively. Hydrogeological aptitude is the criterion with the highest weight
(see Table 1 and Figure 10).
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Figure 11. Classes switch for the sensitivity analysis on the criteria weight by the MIF method.

There are six scenarios where there is no change in the classes in more than 90% of the analyzed
area (Figure 11a,c–f,h). The two scenarios where the switch between classes is higher than 10% (ergo no
change under 90%) are when a minor effect is added to the terrain slope criterion (11.2% in Figure 11b)
and when a minor effect is erased from the soil texture criterion (29.4% in Figure 11g). In the last
scenario (ST−), erasing one minor effect from the soil texture criterion, almost half of the switch is
from high to very high suitability (14.4%) which is a positive switch. This is not considered as critical
as the objective of the study is to point out the areas that offer the best conductions for conducting SM.
In other words, this work is inclusive, it is done to further research the areas classified as with very
high, high, and moderate suitability, instead of being exclusive, were the objective will be to exclude
study areas.

The second highest switch is achieved when adding a minor relation to the terrain slope criterion
(11.2% in Figure 11b) which is also an increase in the classes, with 7.5% of the area changing from low
to moderate suitability. This positive switch is also not considered critical as this work is inclusive.
Two other switches present values above 5% (Figure 11g,h); both represent a negative switch from
moderate to low suitability and both occur in 5.7% of the analyzed area. They are achieved when
erasing a minor effect of the soil texture criterion and the drainage density criterion. All other switches
represent less than 4% of the analyzed area. Based on this analysis, the uncertainty of the assign
weights by the MIF method is considered acceptable.

In all the scenarios, the switch between classes is distributed all over the country (see Figure 12).
The distribution of the switch classes is reciprocal within the criterion; they tend to be opposite for
each pair scenarios per criterion, e.g., positive switch (blue regions) in Figure 12a turn to negative
switch (green) in Figure 12e and vice versa. The reciprocal effect is a correspondence on a regional
scale and not a “one to one” relationship per pixel.
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Figure 12. Spatial distribution of the sensitivity analysis scenarios.

The geographical distribution of the class title “without potential” for the hydrogeological aptitude
criterion (see Santa Elena and Nicoya peninsulas in Figure 2) can be identified in Figure 12a,e.
When a minor effect is added to the hydrogeological aptitude (HA+), the weight of the criterion
increases, causing a negative switch in the mentioned region in Figure 12a. This is because this region
has a value of zero in the criterion due to the standardization process (Figure 7a). The same outcome
can be seen in the mountain ranges of the Guanacaste and Central cordilleras with the terrain slope in
Figure 12b,f where slopes in the range of 10% to 40% have the lowest values (see Figures 3 and 7b).

The opposite occurs with a criterion characteristic with a high standardization value. The soil
texture classes loamy sand, sand, and sandy loam concentrate in the General valley in the south of the
country (see Figure 4). These classes are standardized with the higher value (1.0) within the criterion
in Figure 7c. With the addition of a minor effect to the soil texture (ST+) the weight of the criterion
increases, thus, areas with a higher value will show a positive switch as the General valley in Figure 12c.
In Figure 12g, a predominance of negative switches in the same region can be noticed when a minor
effect is erased (ST−).

The drainage density values are distributed all over the country (Figure 5) and no clear distribution
can be observed in Figure 12d,h.

4. Discussion

The identification of the sites that present the best physical conditions in Costa Rica for the
application of SM schemes is based on four criteria: hydrogeological aptitude, terrain slope, soil
texture, and drainage network density. The results obtained in this study are an indicator of the
suitability of an area in comparison to other areas in the country, but it does not mean that it is
not possible to conduct infiltration schemes to increase the recharge in an area with a low ranking,
e.g., “very low” or “low” suitability. It only means that it is plausible to have a better infiltration
process in an area with a higher ranking.
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Based on two criteria (terrain slope and soil texture), the suitable areas in Costa Rica for SM were
screened. The suitable areas constitute almost two-thirds of the country’s area (61%). The suitable areas
were grouped in five classes for a better interpretation. Most of the country is classified as “highly”
suitable for SM (18% of the country, 29% of the suitable areas).

The areas with higher suitability for SM implementation are located in the Northern and Caribbean
lowlands, as well as in the Tempisque River Valley in Guanacaste, the former being also the region
with most water scarcity problems reported in the last decade in the country [2]. Other areas with high
suitability to hold recharge structures are in the Central and South Pacific coastal areas.

The suitability map is a tool for the decision maker, it should be used as a base map where other
variables—such as water demand, availability of water resources, waste water facilities, etc. can be
integrated to prioritized the sites for MAR implementation in Costa Rica. For example, this map can
be used to identify the suitable areas for SM in a radius around the production wells of systems that
need to increase their production in order to set the priorities for applying this method.

The scale and information used to assemble the suitability map is large and general, as it is
the first attempt to classify and prioritize areas for further studies. Soil texture and hydrogeological
aptitude maps limited in the working scale of the final map (both thematic layers were only available
on a 1:500,000 scale); hence, this is the prevailing scale of the suitability map.

This map should only be used to emphasize the areas that possess the best physical characteristics
for SM. Before any full-scale application is implemented, more precise and detailed information is
needed, as well as working on a more appropriate scale, which will depend on the scope of the
subsequent studies.
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Abstract: The Sustainable Development Goals have placed integrated resources management,

such as integrated water resource management, at the heart of their targets. The upcoming

“International Decade for Action—Water for Sustainable Development”, 2018–2028 has highlighted

the importance of promoting efficient water usage at all levels, taking into account the water, food,

energy, and environmental nexus. While integrated resource management approaches have been

defined and applied for decades, nexus approaches are more recent. For these latter approaches

to be implemented on the ground, their system boundaries need to be clarified. While the

Water–Energy–Food Nexus focuses on sectors, the Water–Soil–Waste Nexus addresses linkages

between environmental resources—namely water, soil and waste—to tackle sustainable management.

In this paper, we analyzed integrated management systems and how their system boundaries are

defined. From this we determined that in order for system boundaries to be applicable, they should

be clear, wide and flexible. Based on this, we propose the boundary of the Water–Soil–Waste Nexus

system. We use two case studies to exemplify the usefulness of these system boundaries.

Keywords: integrated water resources management; integrated natural resources management;

integrated solid waste management; Water–Energy–Food Nexus; boundary

1. Introduction

In September 2015, the United Nations Member States adopted the Sustainable Development

Goals (SDGs) to promote a global transformation towards more sustainability. The SDGs are

more comprehensive than their predecessors, the Millennium Development Goals, which were

often criticized for not adequately considering the environmental dimension of sustainability.

Water and the integrated management of natural resources are important and interlinking

subjects in the SDGs. Hence the United Nations General Assembly, as of 25th November 2016,

encouraged member states and all relevant partners to contribute to the International Decade for

Action, “Water for Sustainable Development”, 2018–2028. The upcoming “Water Decade” builds on

the momentum gained during the International Decade for Action, “Water for Life”, 2005–2015, in

order to support the implementation of the SDGs.

Sustainability 2017, 9, 1881; doi:10.3390/su9101881 www.mdpi.com/journal/sustainability



Sustainability 2017, 9, 1881 2 of 17

The discussion that resource management needs greater integration reaches beyond the SDGs.

It is ongoing in science and intergovernmental meetings since the middle of the 20th century [1].

Integrated water resources management (IWRM) has a long history—of over half a century [2,3].

Consequently, and with the momentum of sustainable development in the 1990s, different integrated

environmental management approaches appeared. Examples besides IWRM [3–6], are integrated

natural resources management (INRM) [1,7,8] and integrated solid waste management (ISWM) [9,10].

In general, these approaches aim at optimizing the use of one compartment while considering its

effect on related fields. Common to these approaches is a holistic view (e.g., INRM [11], ISWM [10],

IWRM [12]) and a systems approach (INRM, IWRM [1], ISWM [10]).

1.1. Definition of Concepts: Systems, Systems Analysis and Boundaries

Holism requires systems analysis. Smithson et al. [13] mention that systems analysis is a method

to investigate complex systems and define it as “ . . . the study of systems, for example hydrological

systems, atmospheric systems and ecosystems in physical geography.” (p. 752). A system is defined

as “a set of interconnected parts which function together as a complex whole” ([13], p. 9). It is

characterized by processes (e.g., fluxes), stores (e.g., a soil profile) and subsystems (e.g., groundwater

in the hydrologic cycle) [ibid.]. The processes are often the key component to understand the system.

In this article, we refer to processes as strictly (bio-)physical processes in the natural environment or in

urban systems (e.g., water or waste fluxes).

Systems within the physical environment (see e.g., [13,14]) are located within a boundary [15].

Within this context, we understand the system boundary as the borderline (limit) that marks the

geographic area (extent) of a system. It is the area in which physical processes are sought to be

analyzed in systems analysis.

Environmental systems are most often so-called open systems, where matter and energy may

transfer across system boundaries (both in and out) [15]. Examples are agricultural ecosystems or

aquifer systems. Water enters and exits the system across their geographic boundary. The chosen

boundaries define the system under analysis. In hydrology the chosen catchment size depends on

whether the water system of a large river or of only one of its tributaries is analyzed. The inputs and

outputs to the system can vary significantly depending on the chosen system boundary. Environmental

systems are interlinked and often not easy to separate; yet when applying systems analysis, the system

under investigation needs to be clearly described by defining its boundaries, for instance for the set-up

of numerical models. Defining the boundaries is important and often challenging. Meadows and

Wright [16] put clear words to it in saying that “ . . . if we’re to understand anything, we have to

simplify, which means we have to make boundaries” (p. 97). They go on to explain that “ . . . where to

draw a boundary around a system depends on the purpose of the discussion”; and “ . . . the lesson of

boundaries is hard even for systems thinkers to get. There is no single, legitimate boundary to draw

around a system. We have to invent boundaries for clarity and sanity [ . . . ]” [ibid.]. It is exactly the

purpose of this paper to describe the boundary of the water–soil–waste system in order to make the

Water-Soil-Waste Nexus Approach (WSW Nexus) operational, yet keeping in mind that the scale of the

WSW Nexus may not be identical to the boundaries of the WSW System (see on that issue e.g., [17]).

1.2. The Rationale for Framing the Boundaries of Resource Flows

As the definition of boundaries is crucial to systems analysis, a question that all approaches

have to address is: what are the boundaries of a system within which the interlinkages can be

most effectively grasped and analyzed? The integrated approaches under analysis in this article

(IWRM, INRM, ISWM) have addressed interlinking principles within holistic management in the past

decade (examples are [5–7,18], see also more detail in Sections 2 and 3).

In recent years the nexus debate entered the discussion of integrated management with the

Water–Energy–Food Nexus (WEF Nexus) [19]. The novelty in this approach lies in revealing tradeoffs

and synergies to be considered in decision making amongst sectors aiming at food, energy and water
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security [ibid.]. There are some examples of analyses and methods to assess the WEF Nexus (see [20,21]);

yet Cairns and Krzywoszynska report that there is a “ . . . lack of clarity or consensus around the

degree to which there is a recognizable ‘nexus methodology’.” ([22], p. 166). The WEF Nexus also does

not seem to be clear regarding a boundary that marks something like a water–energy–food system

(see also Section 2.5).

By focusing the debate on the interlinkages of resources and resource flows, the WSW Nexus

intends to show the benefits of an integrated assessment and management of the resources soil,

water and waste [23]. As an even younger concept than the WEF Nexus, the WSW Nexus is lacking

a clear methodology for its implementation or operationalization on the ground as well as a common

definition within which boundaries resources interlinkages are most effectively analyzed. With this

present study we want to understand which elements are needed to make the WSW Nexus applicable

to real world examples. A first step in systems analysis is the definition of the boundary of the system,

with this in mind, we aim at assessing which boundary may be the most effective one when analyzing

water, soil and waste flows of the water–soil–waste resources system.

To define the boundaries of the WSW Nexus as a new system we compare and contrast the

question of boundaries of integrated management approaches that focus on any of the three resources:

water, soil or waste. We attempt to describe the water–soil–waste resources system and its boundaries

to derive the level at which the physical processes between water, soil and waste can be analyzed to

create knowledge and eventually inform decision making in environmental governance.

The objectives of this paper are to (i) describe the systems of the integrated management

approaches and the WEF and WSW Nexus, (ii) examine the boundaries of systems analysis in these

approaches and draw lessons learned, (iii) based on this, propose the system boundary for the WSW

Nexus and (iv) show—with two case studies—how this boundary is useful in the application of the

WSW Nexus.

2. An Overview of Integrated Approaches Related to the WSW Nexus

Below is a brief description of the three integrated management approaches

(ISWM, INRM, IWRM) and the two nexus approaches (WEF, WSW).

2.1. Integrated Solid Waste Management

ISWM grew out of the waste management constituency as an approach to handle the increasing

amounts of solid waste generated in the developed world in the past decades. The idea is that the

many options of waste management in collecting, transporting, treating and disposing of waste must

not only be considered in simple comparisons, but scrutinized following an approach that can improve

economic and ecological efficiency through systemic and scientific approaches [24].

The definition of integrated waste management is given in the prominent book, Integrated Solid

Waste Management [9].

“Integrated Waste Management systems combine waste streams, waste collection, treatment

and disposal methods, with the objective of achieving environmental benefits, economic

optimisation and societal acceptability. This will lead to a practical waste management

system for a specific region.” ([9], p. 15)

In ISWM, it is not necessarily the case that one resource (waste) is integrated with other

environmental resources. It is rather the integration of different waste materials, sources of waste,

collection practices, as well as a combination of the varying treatment methods such as incineration,

anaerobic digestion, landfilling or recycling [9]. The European Commission went beyond the goals

of ISWM. In communication COM/2014/0398, the EU discusses the concept of the circular economy

towards a zero-waste program for Europe. The overall scope of a circular economy approach in ISWM

is to reduce residual waste streams as far as possible in order to close material cycles. This is an

objective that is also aimed to be achieved in developing countries [25].
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2.2. Integrated Natural Resources Management

INRM grew out of the agricultural constituency as a research and development paradigm.

The approach of INRM is a systems approach that aims to impact the quantity and quality of more

than one resource [1].

The definition we refer to in this paper of INRM stems from the Consortium of International

Agricultural Research Centers (CGIAR), organized as a global agricultural research partnership with

a similar structure to the Global Water Partnership (GWP). At its second workshop on INRM research

in the CGIAR in 2000, the INRM approach was defined as:

“ . . . a conscious process of incorporating multiple aspects of natural resource use into

a system of sustainable management to meet explicit production goals of farmers and

other uses (e.g., profitability, risk reduction) as well as goals of the wider community

(sustainability)”. ([7], p. 5)

INRM is thus an approach that focuses on improving the life of farmers at the farming or

household level through applied integrated research, participation, continued adaptation and learning.

2.3. Integrated Water Resources Management

Hydrologists and water engineers—familiar with systems analysis—used the increasing

environmental awareness and global sustainable policy momentum in the 1990s to put forward

the approach of IWRM [26] as a systems approach to the study of water resources [1] and an

interdisciplinary and holistic way of managing them.

The approach was coined with milestones such as the Dublin Principles and the Agenda 21 in 1992,

the foundation of the GWP and the World Water Council in 1996 and the decision to prepare integrated

water resources management and water efficiency plans at the Earth Summit in Johannesburg 2005.

The definition of IWRM that is most widely accepted was given by GWP in 2000 stating that

IWRM is:

“ . . . a process which promotes the coordinated development and management of water,

land and related resources, in order to maximize the resultant economic and social welfare

in an equitable manner without compromising the sustainability of vital ecosystems.”

([18], p. 22)

Today, IWRM is the leading and most widely accepted paradigm of water management.

Even though controversially discussed and criticized the aim of implementing IWRM around the globe

is ongoing, with varying levels of success. The dedication of SDG 6.5 to IWRM shows its high level of

importance on the agenda in today’s approaches to manage water resources [27].

2.4. The Water–Energy–Food Nexus

The increasing scarcity of water, food and energy and an increasing demand by a growing

populations and changing lifestyles were called the “perfect storm” to arise in 2030 by Beddington [28],

who strikingly described the inextricable linkages between the nexus compartments.

Some years later—with a report on the Water–Food–Energy–Climate Nexus by the World

Economic Forum, the nexus conference background paper “Understanding the Nexus” by Hoff [19]

and its proceeded conference on the WEF Nexus in Bonn—the WEF Nexus gained momentum in

international organizations until today [29].

A generally agreed-upon definition of a nexus approach has not yet emerged. However, at the

dawn of the nexus approach and in preparation for the Bonn 2011 nexus conference, the background

paper prepared by Hoff [19] has greatly influenced the shaping of the approach. In his view, the

WEF Nexus lies within the context of achieving water-, energy-, and food security in an emerging

green economy. Within that context, the WEF Nexus aims to support such a transition through

achieving greater policy coherence and higher resource use efficiency [ibid.]. Through reducing
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trade-offs and building synergies, the intentions of the WEF Nexus are to increase the security of

water, energy and food, which would result in secure access for all the worlds people [ibid.]. This is

based on three principals: (1) “investing to sustain ecosystem services” as they lay the basis of our

needs as natural capital, which can draw on investment when incorporated into national accounting;

(2) “creating more with less”, as the green economy depends on amplified efficiency to combat resources

scarcity; (3) “accelerating access, integrating the poorest” aims to reduce poverty, while accelerating

development and sustainability ([19], pp. 14–15).

2.5. The Water–Soil–Waste Nexus Approach

The WSW Nexus is in close relationship to the WEF Nexus [30]. While the WEF Nexus focuses on

sectors, the WSW Nexus asks how resources should be managed to tackle sustainable management [30].

In particular, the addition of waste as a resource dimension that often gets omitted in the sector based

approaches shall arguably result in more effective and efficient solutions to problems. By moving

away from sectors to resources, the possibility for a stepwise approach of the analysis of the varieties

and options of resource interlinkages is given. First, natural science processes such as material fluxes

and respective scenario building can be assessed. Then corresponding socioeconomic benefits can be

determined for the respective scenario options. Ultimately, context-specific solutions and potential

overarching policy recommendations can be developed and chosen.

The WSW Nexus Approach is described as follows:

“The Nexus Approach to environmental resources’ management examines the

inter-relatedness and interdependencies of environmental resources and their transitions

and fluxes across spatial scales and between compartments. Instead of just looking at

individual components, the functioning, productivity, and management of a complex

system is taken into consideration”. [30]

The need and usefulness of the WSW Nexus is described by Hülsmann and Ardakanian [31]

while Kurian and Ardakanian [32] assess the governance needs for the Nexus.

3. The System Boundaries of Integrated Environmental Management Approaches

In the following, we assess the boundaries of the previously described systems. We further

describe their strengths and weaknesses in the context of the approach to draw lessons for the

WSW Nexus.

3.1. Integrated Solid Waste Management

ISWM analysis takes place within municipal or intermunicipal boundaries that mark the waste

system. The waste system is spatially comprised of the sources of waste, collection and transport

as well as treatment including reuse, recycling or disposal [9]. It is apparent that this system is

designed and operated by humans and is not spatially bound by environmental but social boundaries.

ISWM aims to integrate the above mentioned waste related processes which mainly occur within

the administrative boundaries of the municipality, also including the city or town level [33]. It is

a strength of the waste system that in terms of waste flows within the municipality, the boundaries are

clearly defined.

Several case studies and examples reflect these boundaries, such as the solid waste authority of

the county of Palm Beach in the USA, the municipality of Kalundborg in Denmark [34], the city of

Thessaloniki in Greece [35] or several other cities in Asia [36]. ISWM is also conducted in settings

similar to municipalities such as the industrial park level in Tianjin city [37]. However, as the range of

management options increases with integrated methods the boundary may also expand. McDougall et

al. [9] describe that IWSM benefits from the economy of scale when organized on a larger level than

a single municipality. They argue for an area upwards of 500,000 households. This requires combining
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waste streams of different municipalities which is already common practice since many years in several

places around the world [ibid.].

Often the waste system does not operate strictly within a single municipality anymore with

different processes (recycling, landfills, reuse) located outside a municipality’s boundary [38].

In addition, the control of the waste management system is difficult, as waste management is

often compartmentalized with several independent private operators that are in charge of collection

or treatment steps [10]. Taking this into consideration expands the boundary of ISWM to an

intermunicipal level wherever appropriate. For analysis of waste streams, it is a weakness that

the boundary definition is prone to become ambiguous when it exceeds the municipal boundaries.

Waste systems can be analyzed by using Life Cycle Inventory Assessment [9] or Material Flow

Analysis [39] approaches. Central to these methods is the definition of the boundary of the system.

It is defined around the waste system, within municipal or intermunicipal boundaries.

3.2. Integrated Natural Resources Management

INRM is promoted mainly at a local level based on agroecosystems. However, a strong emphasis is

also across different ecosystems and social boundaries. INRM focuses on the interactions of agricultural

activities with the surrounding environment. On the one hand agricultural activities are to some extent

derived and influenced by the conditions of ecosystems but are, on the other hand, heavily dominated

by social arrangements rather than natural boundaries. Hence INRM aims to consider both boundaries.

The focus of INRM activity is often local. With its background in farming systems research,

INRM seeks to build the capacity of farmers and other natural resources managers [40], while placing

the farmer at the household or field level at the center of activities [41,42]. This is as strength in

the approach, that when systems analysis is being conducted the farm level provides a tangible and

practical boundary definition.

When looking at INRMs key principles, it can be seen that the approach reaches beyond the

boundary of the farm level. INRM aims for “multiple scales”—spatially and temporally. Well aware

of the complexity, Sayer and Campbell [43] recognized a biophysical component reaching from the

single farming plot to the global level. In further descriptions of the approach the focus remains

on the multitude of scales with the ecosystems as boundary of influence [39]. Hence ecosystems,

or agroecosystems of varying sizes from plot level to ecozone or social units from the village to national

level that cross scales and boundaries are discussed [42].

The boundary around the ecosystem or agroecosystem seems to remain constant. Yet the spatial

dimension of scale is unclear (multitude of scales) and the boundary of the ecosystem seems unpractical

when exceeding the farm level.

Examples of the INRM paradigm can be seen from case studies where the focus of analyzing the

system was often local. Hagmann et al. [11] show how research spanned from the plot level up to

the policy sphere. Different agricultural techniques were implemented at the farm level, such as soil

fertility and water conservation. Afterwards, efforts were made to scale up to community, catchment or

district level. Douthwaite et al. [40] introduce agricultural research projects on subcounty (in Uganda),

village (in Nigeria) and pilot site scales (in Zimbabwe).

3.3. Integrated Water Resources Management

In IWRM, the boundaries for analyzing water resources is usually the river basin or catchment,

derived from the water system i.e., the hydrological cycle. As water moves defined by natural

boundaries, water quantity and quality can best be studied within the boundaries of the basin or

catchment. As the approach of IWRM was derived from hydrologists and water engineers [26],

the natural boundary of the basin is the preferred at which to assess water flows in contrast to socially

constructed boundaries such as administrative borders. It is considered a strength of the approach

that analysis of the water system is done bound by the basin as it is hydrologically speaking the most

useful idea.
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That the basin is the logic unit for IWRM was consolidated in the Dublin Principle Nr.1,

the Agenda 21 (Chapter 18.9) and in the defining work of GWP [18]. It further received positive

attention in subsequent meetings such as the World Water Forums, the International Freshwater

Conference in Bonn (2001) or the Johannesburg Earth Summit 2002 [44]. Since then, the basin as

management unit in IWRM is widely accepted [12,44–47].

Major objectives of IWRM concerning the basin are the development of river basin plans and

the establishment of river basin organizations. However, the World Water Development Report

2012 states that the implementation of these objectives to prepare and implement IWRM plans

“remains unsatisfactory and well behind target” ([48], p. 139).

Hence, in recent years these objectives have received critique and it is questioned whether the

basin is the appropriate unit to manage water resources. Many also warn to impose a common

framework without bearing in mind the local or national specifications and are skeptical towards the

capability of river basin organizations or countries to implement IWRM in an effective way [49].

Firstly, the critique concerns the problem of fit. Intangible values of economics and societies that

reach beyond the edges of a river basin complicate the process of IWRM [50] and create a complicated

overlapping of authorities in decision making [45]. The creation of river basin organizations as

a solution may increase not only political resistance and radically different socioecological situations,

but also raises issues of democratic representation and legitimacy (ibid.). Graefe [44] describes the

shift to IWRM as a “depoliticizing of water management” with “expert environmental administrators”

as decision makers rather than governments (p. 26).

Secondly the justification for the basin as a boundary of water is being challenged as variables

can surpass the river basin boundary. Water physically flows beyond the river basin through

interbasin transfer projects (14% of global water withdrawals). This is likely to quadruple institutional

management complexity [51]. In addition, the concept of virtual water demonstrates how water is

indirectly diverted between basins around the globe [50].

On the one hand, some cautiously question if the basin is the only appropriate unit in its broad

sense for IWRM and show examples where nonintegrated management was successful to argue that

alternatives to IWRM may not be ignored [52]. On the other hand, IWRM is heavily criticized for its

“basin fetishism” and it is warned from privileging only one scale to the increasingly complex tasks

of water management ([44], p. 26). What is hydrologically useful is altered due to human activities,

revealing the weaknesses of systems analysis by using the basin as the boundary of water flows.

Despite the scholarly debate, assessments in the context of IWRM such as the modelling of surface

water and groundwater quantity and quality and other processes are based on the water system and

hence the river basin or catchment is still the preferred boundary when analyzing water resource flows.

3.4. Water–Energy–Food Nexus

The question of boundaries in the WEF Nexus is not straightforward. While several

authors address the issues of scales, there is no consideration or description of what exactly the

water–energy–food system is and by which boundary it is enclosed. The dimensions of the WEF

Nexus—even more than in the upper approaches—occur through their interlinkages at various and

overlapping scales. It is widely accepted so far that the WEF Nexus must understand and address

its dimensions across all scales; what this means and how this is connected to system boundaries

remains unclear.

In contrast to other system approaches, the WEF Nexus has to consider and understand three

different systems or sectors—agriculture, energy and water—and the interlinkages occurring at

different and overlapping levels. Leck et al. [29] describe that interventions through the food, energy or

water sectors need to carefully consider the entry point. This makes the consideration of boundaries so

central to the Nexus Approach (ibid.). That the WEF Nexus considers the interlinkages of these three

critical sectors is indeed a strength of the approach.
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After the WEF Nexus gained popularity in 2011, it seems to be the common understanding that the

Nexus Approach must be considered at all scales or across scales respectively [19,29,53,54], or at least

at different scales [20,53,55]. What is exactly meant with the term “scale” in these cases is ambiguous.

Authors refer to scales e.g., in terms of governance and decision making [19,29,54], local, national,

global etc. [19,20,53,54] or spatial scale [19,20,29,53,54]. The authors do not further describe these

terms. When speaking of scales, no boundary considerations are made that explain the extent of the

water–energy–food system and clarify how systems analysis can investigate the WEF Nexus.

4. What Is Different This Time?—The Boundary of the Water–Soil–Waste Nexus System

The three integrated approaches (INRM, IWRM, ISWM) discussed above have some

commonalities regarding the boundaries marking the respective system (see Table 1). They consider

the system boundaries of the central compartment marking what system is analyzed, including

interlinkages to related compartments or resources. For example, in IWRM the water system is

often analyzed within the boundaries of the basin in which its interlinkages with land and other

related resources are assessed. The WEF Nexus reveals that the interlinkages of the three sectors

are increasingly complex as interlinkages range from a local level (e.g., villagers’ deforestation

for fuel resulting in decreasing water quality of local water resources through erosion) to a global

level (global trade in fossil fuels, bioenergy, food and virtual water). Drawing distinct boundaries

to assess those varying levels of interlinkages to assess their trade-offs and synergies basically

becomes impossible.

Table 1. Integrated management approaches consider different systems and boundaries for their

systems analyses and entail different strengths and weaknesses.

ISWM INRM IWRM WEF Nexus

Considered
system

Waste system Agricultural system Water system
Water-, Energy-,

Food System

Derived from Municipal administration
Ecological and

administrative boundaries
Hydrologic cycle

Boundaries
Municipality to

intermunicipality
Farm to ecoregion

Catchment (any size) to
river basin

Multiple and
unclearly defined

Strengths
Clearly defined by

municipal boundaries
Tangible focus on the farm level Hydrologically useful

Considers critical and
interlinked sectors

Weaknesses
Boundary definition is

ambiguous when exceeding
the municipality

Unclear or unpractical use of
boundary considerations when

exceeding the farm level

Altered hydrological
usefulness through interbasin

transfer (real and virtual water)

Boundaries are not
explained or defined.

When analyzing the interlinkages of water, soil and waste, how are the boundaries to be drawn?

From the analysis above (see Table 1), we discovered that the water system, e.g., within IWRM,

is analyzed at the basin or catchment level; the soil system, as per INRM, functions from farm level to

ecoregion; and the waste system, as in the ISWM, is analyzed within the boundaries of a municipality

or between them. We learned from the analysis of the integrated systems that the boundaries of the

systems need to be (a) wide enough (to avoid microanalyses of plot levels as in some cases of INRM),

(b) clear (to avoid confusion as in the WEF Nexus), and (c) flexible enough to accommodate varying

needs (to avoid geographic constrictions as is the case of the basin discussions in IWRM).

The goal of the WSW Nexus is to increasingly understand the interlinkages between the three

resources: water, soil and waste. Analyzing the WSW Nexus within the boundaries of only the

watershed, just an ecosystem or exclusively within a municipality, will not necessarily properly

consider the WSW Nexus system as a whole and hence not be wide enough. However, to be as clear

as possible, the WSW Nexus will have to operate within the smallest common geographic area of

the physical interlinkages of the three resources, e.g., at the overlap of the resources systems under

investigation. The overlap of the two or more resources systems and thus their interlinkages vary

significantly depending on the context they are investigated at thus allowing for the needed flexibility
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of its boundary. We define the boundary of systems analysis under the WSW Nexus as the geographic

area where at least two systems overlap and thus form the WSW Nexus system.

Whereas processes within each of the resource’s systems, namely the water system, the soil system

and the waste system, will have to be analyzed, they are considered to be external to the system of the

WSW Nexus and their results will be considered as external inputs (see Figure 1).

Figure 1. The water–soil–waste (WSW) Nexus system as the area where at least two resources

systems overlap.

The results of the processes occurring within each system analyzed within their respective

boundaries, i.e., water at the basin level, soil at the farm level, and waste (water) at the municipal level,

will serve as input values to the WSW Nexus system. Of particular interest are the points in a resource

flow or chain, where the interaction of the two systems is apparent. The WSW Nexus system itself will

however not carry out the relevant analyzes of the processes of the underlying individual resource

systems (e.g., hydrological modelling of the catchment to assess the changes in flow). The WSW Nexus

system will take these external values, from the respective systems specialists, as drivers and inputs to

the analysis of the interlinkages of the overlap.

The analysis of physical interlinkages within this system should ultimately aim at revealing

benefits through increased resource use efficiency. There are different examples of benefits due to

increased resource use efficiency. They can be direct efficiencies such as enhanced crop yields due

to application of recycled nutrients or irrigation strategies, increased water productivity through

industrial reuse or reduced waste (sludge, wastewater) from wastewater treatment plants through

reuse. Resource use efficiency can however also extend towards more indirect, socioeconomic benefits

such as food and energy security, increased public health and better risk management.

5. Illustrating the Boundaries of the WSW Nexus System—Case Studies

The WSW Nexus has so far not been applied extensively in situ. Below we will consider two

cases to showcase the added value of assessing resource flows in an interconnected manner under the

WSW Nexus. They illustrate how the boundaries of the WSW Nexus system facilitate assessing the

interlinkages of these resources and material fluxes.

The first case study (see Section 5.1) illustrates a problem that is typically assessed in

a disconnected manner either at the catchment level, a farm level, or within a municipality. By assessing

resource fluxes individually, other resource flows and respective benefits are omitted. We argue

that assessing interconnected resource flows opens up avenues for asking different questions and

therefore also obtaining new answers, such as safe wastewater reuse in agriculture for enhanced yields,

or managed aquifer recharge through interbasin transfer. The view through the lens of the WSW Nexus

boundaries helps on the one hand to assess these resource flows in this new context, but restricts this

analysis to a clearly defined geographic area on the other hand, thus reducing unnecessary complexity

of the problem. By considering the inputs of the respective water, soil and waste systems as external
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factors and drivers into the WSW Nexus system, the issue of the boundaries of those systems is

deferred to the respective systems and thus the respective subject matter experts (e.g., hydrologists to

determine the size of the catchment to assess the water quantity entering the WSW Nexus system).

The second case study (see Section 5.2) shows the WSW Nexus system on a confined geographic

area, that of an industrial park. Again the perspective of the WSW Nexus helps assess resource flows in

combination, in this case those of water and waste (water), instead of analyzing each resource system

independently. By doing so, clear benefits can be derived. The material flux analysis reveals benefits in

the form of freshwater savings and reduced wastewater disposal necessities. The view through the

lens of the WSW Nexus system helped disclose these benefits.

5.1. Mexico City and Mezquital Valley

5.1.1. The Benefit of Interlinked Resource Assessment under the WSW Nexus

With more than 20 million inhabitants, rapidly growing Mexico City is among the world’s largest

metropolitan areas. This has caused serious human and environmental health concerns going far

beyond its administrative municipality’s boundary, e.g., [56–58]. As the city has no wastewater

treatment system, a 32 km long tunnel (6 m in diameter) was constructed in 1900 to take rainwater and

wastewater from the naturally closed drainage basin of Mexico City to the Mezquital Valley situated

80 km north of the city.

About 60 m3/s is discharged into the Mezquital Valley by the network of channels and tunnels [59].

The Mezquital Valley is the largest agricultural area irrigated with untreated wastewater in the world,

with an area of 90,000 ha [60]. The use of wastewater represents a valuable resource in regional

agricultural production, due to: (i) the continuous supply of irrigation water; and (ii) the repeated

nutrient input to the soil [61]. As a result, wastewater irrigated agriculture provides five times the

maize yield (10.0 t/ha) than rainfed maize (2.0 t/ha) [62,63]. Other crops such as lucerne or fodder

oats as well as vegetables are also produced. Three agricultural districts (Tula, Alfajayucan and

Ajacuba) are directly benefitting from this wastewater irrigation scheme [63]. In terms of water balance,

Hernandez-Espriu et al. [59] further pointed out that the transition from unmanaged to managed

aquifer recharge is expected to provide multiple benefits to the inhabitants of the valley.

Several scientific studies describe specific impacts of serious health-related and environmental

issues [61] and support the recent opinion of Siebe et al. [63], who concluded there is a need to improve

the ongoing management of the system.

5.1.2. The Boundaries of the WSW Nexus

Assessing the interlinkages of the resources water, soil and waste reveals agricultural

benefits within the Mezquital valley. If we limit our toolbox to the known systems analyses

(INRM, ISWM, IWRM), defining the optimal boundaries for the analysis of interconnected resource

flows becomes difficult.

(1) Water: Basin boundary—not (or partly) applicable (interbasin transfer; anthropogenic wastewater

transfer from the endorheic basin of Mexico City to the neighboring basin of the Mezquital Valley).

(2) Soil: Plot level or agroecosystem level—partly applicable (considering wastewater as an input

into the system).

(3) Waste: Municipal administrative boundary—not applicable (the wastewater that is produced in

one state is transferred to another: Mexico state vs. Hidalgo state).

Therefore, all the existing approaches defined by a resource-specific boundary

(INRM, ISWM, IWRM) are failing in the attempt to capture the boundaries for the assessment

of resource flows in this case. The WSW Nexus system, being defined as the geographic area where at

least two systems overlap, in this case relates to the fields (soil system) that receive the wastewater

(waste system) from Mexico City. The WSW Nexus system reveals benefits through increased resource
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use efficiency, which in this case is given by the increased yields in the areas irrigated with wastewater.

Figure 2 describes the WSW Nexus system of this case study in a conceptual way.

Figure 2. The WSW Nexus system is bound by the overlap of the wastewater system of the municipality

and its use for irrigation on the soil system of the agroecosystem. The water system is external to the

WSW Nexus system providing the water to the waste system. (The figures show a concept and do not

reflect actual geographic information).

In this system, we consider the amount of water entering the overall water–wastewater scheme

(81.9 m3/s) as an external input from the water system to the WSW Nexus system [64]. The same

applies to the inherent condition of the soil (e.g., nutrient content, type of soil, etc.) or the quality of

the wastewater (e.g., existence of treatment system). This intends to reduce the overall complexity of

the analysis to be able to focus exclusively on the interconnections of resources to reveal benefits of

combined assessment. The boundaries of the respective water, soil and waste systems are however
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still defined by their respective scholars (e.g., the plot level for assessing soil fertility changes by

soil scientists).

5.2. Mourcheh Khort Industrial Park

5.2.1. The Benefit of Interlinked Resource Assessment under the WSW Nexus

The model settlement Mourcheh Khort is an existing industrial park in the Isfahan province in

central Iran, which is used to develop an eco-industrial park (EIP) concept through industrial symbiosis

as part of a German–Iranian IWRM research project [65]. Mourcheh Khort is located about 50 km

north of the city of Isfahan in the catchment area of the Zayandeh Rud. Approximately 500 small and

medium sized industrial units with in total 17,000 employees from the food, metal, mineral, textile,

plastics, paper and chemical industries are located on 582 hectares.

Process water in the model settlement originates partly from a central supply network fed by

a large deep well but mainly from private wells at each factory. Groundwater from these wells is often

pretreated by reverse osmosis on-site to reduce salinity and hardness. According to interviews with

industry managers, water tables of private wells have been dropping severely due to overuse and

drought in the past years (pers. comm. W. Raber with industries in Mourcheh Khort, 2016).

Wastewater from industries is mainly disposed to the sewage system connected to a central

treatment plant constructed in 2011 [66]. However, particularly industries with small wastewater

production dispose their water often by tankers outside of the industrial park, in order to save

costs for connection to the sewage system (pers. commun. W. Raber with Park Management

Mourcheh Khort, 2016).

The anthropogenic cycles of the industrial ecology follow three principles of interrelating

mechanisms: (a) the bilateral principle (simple connection between two industries), (b) the nucleus

principle (connection from one to several other industries), or (c) the cascade principle (a comparatively

complex series of bilateral links) [67]. A material flow analysis (MFA) was applied to quantify the

industrial water use applying STAN (subSTance flow Analysis, [68]).

The results of the case study (see Table 2) show that depending on the interlinking principle,

a different stage of water-saving efficiency can be achieved. The focus of industrial symbiosis is

on beneficial interfaces between companies through their material fluxes with the overall scope of

a circular economy for water, waste, energy, and information. In this way, industrial symbiosis can be

considered per se as a Nexus based concept. A view on industrial symbiosis under a Nexus Approach

leads to a changed perspective on substances and energy cycles, from the life cycle of a product or

service to the life cycle of a resource as compartment of the natural capital [69]. From our point of view,

the discussed bilateral, nucleus and cascade principle can be used to assess different types of resource

flows within the WSW Nexus.

Table 2. Potential reductions and savings in water consumption and wastewater production relative to

the different interrelating mechanisms of the eco-industrial park (EIP).

Principle Industries Connected Reductions and Savings

Bilateral principle
Polyamide fiber production →

dyeing factory

Fresh water consumption can be
reduced by 33% of the total water
demand of the two industries

Nucleus principle
Milk powder production (nucleus) →
multiple connected industries (consumers)

Fresh water savings potentials of
92% and sewage savings of 67%

Cascade principle
Polyamide fiber production → poly-tube
production → two different metal
processing plants

Total savings of approx. 56% of
the fresh water demand and
approx. 83% of the wastewater
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5.2.2. The Boundaries of the WSW Nexus

The scope of the case study was to assess the benefits from assessing the resources water and waste

in an interlinked manner in order to close the wastewater cycles between the companies. Different EIP

design scenarios considered varying levels of interindustrial water reuse without additional water

supply for the connected water fluxes.

This case study shows the benefit-scale at the sublocal level in an industrial park. The two systems

of water and waste overlap with the boundary of the industrial park itself. Figure 3 describes the WSW

Nexus system of this case study in a conceptual way. It shows an example of one modeled scenario

in the industrial park, where wastewater from one industry can be used as process water in several

other industries.

Figure 3. The WSW Nexus system is bound by the overlap of the water and the waste system where

wastewater can be reused by other industries as intake. The soil system is external to the WSW Nexus

system. (The figures show a concept and do not reflect actual geographic information).
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6. Conclusions

In this study we examined the boundaries of systems analysis in ISWM, INRM, IWRM and the

WEF Nexus. We derived three criteria for defining systems boundaries for integrated management,

namely: wide, clear and flexible. The WSW Nexus system is designed to fit those criteria. It reduces

the overall level of complexity of the nexus problem without ignoring that the complexity is inherent

to each of the three underlying systems.

This deliberately stands in contrast to prominent thoughts in the WEF Nexus

community (e.g., [19,21,53,54]). The unmanageable complexity of the WEF Nexus has been

criticized (see e.g., [1,29]). The WSW Nexus system as described here intends to provide a clear

definition. We are conscious of the fact that the analysis of (bio-)physical interlinkages alone is not

sufficient to achieve sustainable management. Socioeconomic, political, and institutional aspects need

to be taken into account as well. Nonetheless, we consider (bio-)physical interlinkages to be the basis

for any further analysis. Going forward, the concept of the WSW Nexus system can be elaborated

on by moving from the biophysical interlinkages towards their implications of socioeconomic and

political issues, thus creating a “benefit-shed”. It remains to be assessed if the boundaries of the

WSW Nexus system are as useful to these further dimensions as they are to the assessment of

interlinked resources.
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ABSTRACT: Drastic changes in electricity demand have been
observed since March 2020 in Europe, after several countries
implemented lockdown-like measures to contain the spread of
COVID-19. We investigate the sensitivity of the electricity−water
nexus in the European electric grid to large-scale behavior changes
during the COVID-19 pandemic lockdown-like measures. We
quantify changes in the blue virtual water trade between five
European countries heavily affected by COVID-19 during the same
period. As a result, the consumptive water footprint of thermal
power plant operations in Europe decreased by 1.77 × 106 m3/day
during the COVID-19 lockdowns, compared to the average of the
past four years. Reduced electricity demand accounts for 16% (0.29
× 106 m3/day) of the decrease, while the remainder is attributable to changes in the electricity generation mix toward less water-
intensive technologies before 2020 and during lockdowns. Virtual water transfers associated with electricity were also affected: Italy,
a hotspot of COVID-19, reduced its water footprint by 8.4% and its virtual water imports by 70,700 m3/day. Germany and France
slightly reduced their domestic water footprint of electricity but increased their virtual water imports. These findings improve our
understanding of the impacts of large-scale behavior and technological changes to the European electricity−water nexus.

■ INTRODUCTION

Since the appearance of a pneumonia of unknown cause in
Wuhan, China, at the end of December 2019, the new
coronavirus disease COVID-19 has spread worldwide with an
outbreak that was declared a pandemic by the World Health
Organization (WHO) on March 11, 2020.1,2 As of April 19,
2020, the rapid spread of COVID-19 caused nearly 2.5 million
confirmed cases in 185 countries worldwide, as reported by the
Center for Systems Science and Engineering (CSSE) at Johns
Hopkins University (JHU).3 During March and April 2020,
four of the five countries with the highest count of confirmed
cases were located in Europe (Spain, Italy, France, and
Germany).
As COVID-19 started its exponential spread in Europe in

March 2020, nearly all European countries implemented
quarantine and lockdown-like measures to contain the
transmission. Recent studies analyzed the effectiveness of
such measures on the spread dynamics of the COVID-19
pandemic,4,5 as well as their consequences on several
socioeconomic sectors, including lifestyles, telecommunica-
tions, and environment (e.g., 6−9 and references therein).
Flights to and from Europe reduced.10 European stock indices
plummeted.11 Schools closed in most of the regions,12 and
economic activities slowed down13 as countries started
implementing preventive quarantine and lockdown interven-

tions. In Italy, one of the most severely affected European
countries, electricity demand reduced by 18% in 1 week after
the government instituted a national lockdown.14

During the same period, several newspaper articles around
the globe reported on Europe’s decreasing energy de-
mand.15−18 Involuntarily and rapidly, the European economy
and its citizens had to embrace behavioral changes that led to
lower electricity consumption compared to usage levels prior
to the restrictions.
This letter builds on previous studies that adopted the

concept of water footprint19 to model the impacts of thermal
electricity generation on water resources in Europe or other
areas. Macknick et al.20 contributed figures for water
consumption of different thermal power plant technologies.
These numbers have been revisited in multiple studies (e.g., ref
21). Other recent studies have then analyzed how thermal
electricity generation is impacting water resources in Europe
and worldwide (e.g., refs 22−26). Specifically, Larsen and
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Drews27 studied the water use of electricity production in
Europe and its changes over the long-term (1980−2015).
Electricity trade in Europe was investigated by Abrell and
Rausch.28 The most recent and detailed study on the water
footprint in the EU is provided by Vanham et al.26 Chini and
Stillwell29 combined the topics of water footprint and
electricity trade and calculated the virtual water embedded in
electricity trade throughout Europe at a monthly scale (2010−
2017). However, most of the above studies do not consider
subannual dynamics of electricity demand and generation and
model the system under normal operating conditions. An
exception is a recent article in which seasonal water intensities
of electricity generation were considered.30 Here, we aim to
contribute to the literature by evaluating the short-term
changes of the European water footprint of thermal electricity
and related impacts on virtual water trade during the COVID-
19 pandemic.
We limit the scope of our analysis to the operational phase

of thermal power plants, similar to previous research,29 and
query European electricity demand and generation data to
address the following two research aims. We first investigate
how changing electricity demand, and hence changing
electricity generation, impacted the consumptive water foot-
print of thermal power plant operations in Europe during the
COVID-19 pandemic quarantine and lockdown-like measures.
Second, we quantify changes in the virtual water trade among
five European countries strongly affected by COVID-19 during
the same period.
Analyzing the impact on water resources of an exceptional,

drastic, and rapid change in the electricity demand and
generation in Europe represents a unique opportunity to
improve our understanding of the sensitivity of the electricity−
water nexus in the European electric grid to large-scale
behavior changes, as compared, for instance, to technological
improvements or adoption of different energy mixes. Under-
standing the subannual dynamics in the electricity−water
nexus in the European electricity grid and rapid climate,
technological, and collective behavior changes can ultimately
facilitate the inclusion of nexus considerations in adaptive
planning and management strategies. Adaptation strategies are
key to ensure the resilience of critical systems and networks,
especially in those parts of Europe, such as its Mediterranean
basins, e.g., in Italy and Spain, already experiencing seasonal
water scarcity, which will likely see increased pressure on water
resources due to reduced precipitation and increased temper-
atures.31,32

■ MATERIALS AND METHODS

We first investigated whether Europe as a whole showed any
change in its electricity generation after the implementation of
quarantine and lockdown-like measures. We computed the
time series of daily electricity load from January 1, 2020, to
April 19, 2020, and then analyzed its deviation from the
average values observed in the same period between 2016 and
2019.
Second, we calculated the consumptive water footprint of

thermal power plant operations in Europe and its changes
during the COVID-19 lockdown-like measures. The concept of
water footprint is described in The Water Footprint Assessment
Manual19 and has been often applied to evaluate the embedded
water resources of agricultural products (e.g., in refs 33 and
34). Water footprint refers to the amount of water consumed
to create a product or process, including three categories: green

water (i.e., rainwater stored in the soil and available to plants),
blue water (i.e., consumed surface water or groundwater), and
gray water (i.e., to dilute pollution). Here, we limit our analysis
to the consumptive blue water footprint of electricity
production in thermal power plant operations. The blue
water footprint for hydropower is not included in our analysis,
due to the lack of data availability at subannual temporal
resolution. However, different studies reference the large
contribution of hydropower to electricity water footprints;
thus, future investigations to quantify the subannual water
footprint of hydropower generation in Europe are needed to
overcome the limitations of our results.23,35 Green water is
generally negligible in electricity production, when only power
plant operations are considered.23 Calculating the gray water
footprint requires temperature data from rivers and cooling
water that, to our knowledge, are not consistently available at
the European scale. The water footprint of the energy fuels
from a life cycle perspective is beyond the scope of this study.
Within this scope, the water footprint (WF) in m3/MWh is

calculated for each country (c) and day (d) as the product of
daily electricity generation (ef) from different fuel types (f) and
the average water intensity per type (if)

∑= ×i eWFc,d
c,d

f

f f

(1)

To compute WF (eq 1), we consider the same water
intensity values (if) adopted by Macknick et al.,20 averaged
over different cooling technologies (further details are reported
in Table S1).
Third, we analyze virtual water (VW) trade, which refers to

the fraction of WF that is imported and exported by a
country.19 That fraction is calculated as the ratio between the
exported electricity (x) and the generated electricity (g). We
thus calculated VW as shown in eq 2

= ×
x

g
VW WFc,d

(2)

We completed the virtual water of electricity analysis using
the electricity data published in the European Network of
Transmission System Operators for Electricity (ENTSO-E)
Transparency Platform. ENTSO-E publishes different elec-
tricity data sets with hourly or subhourly time resolutions for
all European countries at the national scale.19 The data sets
from the past five years on load, generation aggregated by type,
and physical flows over 25 European countries were used in
this study. In particular, for the load analysis, we focused on
the five countries with the highest absolute number of COVID-
19 cases as of March 15, 2020, namely, Italy, Spain, France,
Germany, and Switzerland. For the calculation of the WF and
VW, some countries from the ENTSO-E data set were
excluded from this study due to incomplete data sets in March
2020 (see Table S2 for a list of included/excluded countries).
With regard to data processing, variables were summed to daily
values and shifted in time to match the dates of the previous
years with the same day of the week in 2020.
Given the time series of one of the analyzed variables of

interest (e.g., the 2020 time series of water footprint of
electricity generation in Europe), its mean values in 2020
before and after the lockdown-like measures were compared to
their baseline values, i.e., the average values of the same
variable computed over the past four years (2016−2019). The
temporal change of a variable was then calculated as a
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difference between the anomalies of its 2020 average values
and the average 2016−2019 baseline values before and after
the lockdown-like measure start date. This calculation is shown
in the Supporting Information (eq S1). We disaggregated
changes in the WF in Europe due to changes in the electricity
mix during the lockdown-like measures as described further in
the Supporting Information (eqs S2 − S6).
Finally, we included data on the number of COVID-19 cases

published by John Hopkins University,3 while we gathered
details on preventive quarantine and lockdown-like measures
and policies from different European newspapers or govern-
ment announcements (Table S3). We investigated the five
most affected countries as of March 15, 2020, namely, Italy
(24,747 confirmed COVID-19 cases), Spain (7,798), Germany
(5,795), France (4,499), and Switzerland (2,200) (Table S4).

■ RESULTS AND DISCUSSION

Changes in Electricity Generation in Europe. In the
last 3 weeks of March 2020, most European countries
implemented quarantine- and lockdown-like measures spear-
headed by Italy on March 10, 2020. Later that week, the
electricity generation in Europe started to decrease consid-
erably, especially in the countries more intensively affected by
COVID-19.14 As Figure 1a shows, the electricity generation in
Europe (red line) at the beginning of 2020 followed a similar
pattern of those observed in 2016−2019, while a sharp
decrease is registered as the number of confirmed COVID-19
cases increased and countries implemented lockdown-like
measures. While interannual changes in energy generation and
usage might be due to changing seasonal conditions, the
observed exceptional changes can be primarily attributed to the
imposed restrictions to contain COVID-19 spread. In April

Figure 1. Electricity generation (red line in panel a) and related water footprint time series (blue line in panel b) in Europe from January 1, 2020,
to April 19, 2020, compared to their average values and minimum−maximum range since 2016 (gray line and shaded gray area). The total number
of confirmed COVID-19 cases in Europe (black line) and the time window when lockdown-like measures were implemented in different European
countries (shaded blue area) are reported.
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2020, electricity generation in Europe during working days
reduced to previous weekend levels, confirming that the
decreasing energy demand due to slower economic activity
outweighs a possibly increased usage in private homes. This
dynamic is also confirmed in the recently published Global
Energy Review 2020.36

Changes of the Water Footprint in Europe. As a
consequence of changing electricity demand, and thus
generation, our results show changes of thermal power plant
operations in Europe as evident by a lower WF (see blue line
in Figure 1b). After March 15, 2020, the consumptive WF of
Europe’s thermal power plant operations decreased on average
by 8.2% compared to the baseline years 2016−2019. We
observe that the decline in electricity demand during the
COVID-19 pandemic reduced consumption of water resources
for electricity generation. Interestingly, the WF was lower than
previous years at the beginning of 2020, before the spread of
COVID-19 and lockdown-like measures, because the elec-
tricity generation has been recently changing to a less water-
intensive mix. The share of water-intensive thermal cooling
technologies decreased from 68.5% in the baseline years to
62.2% in early 2020 prior to lockdowns and to 61.1% during
lockdowns. At the same time, the share of nonwater-
consuming technologies (i.e., primarily renewables) increased
from 31.5% to 37.8% in early 2020 and to 38.9% during the
lockdowns. However, such general figures must be handled
with caution. They neither show how the share of different
thermal technologies changes (e.g., nuclear) nor do they prove
that only an absolute reduction of electricity generation can
significantly reduce the water footprint. The Global Energy
Review 2020 describes that the increase in renewables is

mainly caused by coal and gas being phased out of the
electricity mix due to lower demand.36

Despite the limitations of these values, our results indicate
two critical issues. First, the changing energy mix in the past
years has generally reduced the European consumptive WF for
thermal power plant operations. However, this change has not
necessarily decreased virtual water trade of electricity between
countries.29 Second, the reduction in water footprint during
the COVID-19 lockdown-like measures is not only a
consequence of a reduced generation but also includes the
combined effect of changing generating technologies. Com-
pared to baseline values in 2016−2019, the consumptive WF
for thermal power plant operations in Europe has decreased by
21% on average during the lockdowns (equivalent to 1.77 ×

106 m3/day). Of this total reduction, we estimated (eqs S1−
S5) that 1.25 × 106 m3/day was due to changes in the energy
mix until 2020 and an additional reduction of 0.52 × 106 m3/
day during the lockdowns (0.23 × 106 m3/day from the
changing energy mix during lockdown and 0.29 × 106 m3/day
from lower electricity demand).
Changes in European resident behaviors due to lockdown-

like restrictions and technological changes in electricity
generation almost equally contribute to the additional WF
reduction during the lockdown period. Our results suggest that
short-term behavior changes during an emergency situation or
under lockdown restrictions contribute to achieving an
immediate reduction in the European WF. However,
technological changes in electricity generation and shifting
energy mixes appear to reduce water resource consumption
more in the longer term.

Changes in Virtual Water Trade between COVID-19
Hotspots in Europe. To understand the virtual water

Figure 2. (a) Changes in consumptive water footprint of thermal power plant operations, in 1000 m3/day and approximate percentage values,
across five countries in Europe. Color is proportional to the change in water footprint with respect to the 2016−2019 baseline. (b) Chord diagram
with virtual water transfers. Exports from a country are connected to the edge of the plot, while imports have a gap. Consistent with the map on the
left, blue shading shows a reduction in virtual water trade and red shading represents an increase. Table S5 in the Supporting Information reports
the numeric values used for this figure.
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dynamics between the five European countries considered in
this study, we investigated the shifts in their domestic WF for
electricity in combination with the calculated changes of VW
transfers due to electricity import and export. Figures S2−S6
illustrate examples of the dynamics of electricity generation,
WF, and VW transfers between the five countries. Italy
especially shows a decrease in electricity generation and its
related WF and a sharp decline in electricity imports and
related virtual water transfers.
Our results for all five considered countries are given in

Figure 2. First, the map (Figure 2a) shows that the reduction
in electricity load during the lockdowns led to a reduced WF in
four of the five nations, with France reducing its WF by more
than 68,000 m3/day. However, when considering relative
figures, Italy reduced its WF by approximately 8.4%, followed
by Switzerland (4.5%), and France (3.3%), and Germany
(2.5%), while Spain shows somewhat stable behavior (<1%).
Considering the virtual water trade network (Figure 2b),

Italy appears to not only avoid water consumption
domestically, but its decrease in electricity imports also
avoided water consumption mainly in Switzerland (−47,400
m3/day import to Italy) and France (−22,800 m3/day import
to Italy). Italy was the only country that reduced its net foreign
water consumption during the lockdown, accounting for
differences between imports and exports (Figure S2). The
other countries, especially Germany and France, increased
their VW imports (Figures S4 and S6). Notably, Germany
increased the virtual water consumption in France and
Switzerland by 16,200 and 30,500 m3/day, respectively.

■ DISCUSSION AND CONCLUSION

With the results obtained in this analysis, we conclude that the
short-term impact of COVID-19 lockdown-like measures on
the consumptive WF of thermal power plant operations and
virtual water trade in Europe primarily emerges from domestic
WF reductions due to decreased electricity generation. In
addition to this observed common behavior for all countries
considered, Italy reduced its water footprint abroad because it
relied less on electricity imports, while under normal operating
conditions it has a strong dependence on electricity from
Switzerland and France. The changes in VW trades that are
visible in this specific case study are due to the highly
interconnected structure of the European electric grid. The
COVID-19 hotspot countries considered in this study are
located in a cluster of neighboring countries; therefore, strict
lockdown-like measures (like those implemented in Italy) can
significantly influence VW transfers from and to other
countries.
In summary, our analysis contributes to improving the

understanding of the sensitivity of the electricity−water nexus
in the European electric grid to short-term large-scale behavior
changes and can be used to inform future demand-manage-
ment actions during or prior to emergency situations, as well as
planning of infrastructural and technological changes to
improve the resilience of the European electric grid and
reduce its impact on water resources. Other state-of-the-art
studies provided a comprehensive overview of the existing
water footprint of European electricity and energy generation.
Here, we added to these studies by providing knowledge on
the short-term changes of water footprint observed during the
COVID-19 lockdowns in Europe within our defined scope of
consumptive water footprint due to thermal power plant
operations. Within this scope, we compared the effects of

technological changes (changing electricity mix) with sudden
behavior changes (reduced electricity demand due to lock-
down-like measures) on water footprint and virtual water
transfer. These two components act on different temporal
scales, where the first one is driven by a controlled
technological process, while the second is more uncertain as
it depends on the sum of collective, potentially very
heterogeneous, behaviors. This finding suggests that future
climate adaptation strategies for improved resilience of coupled
water−energy systems should focus on both dimensions. The
combined action of both demand-side interventions and a shift
toward a less water-intensive electricity mix is needed to
reduce pressure on water resources.
On the basis of our scope of investigating the consumptive

water footprint of thermal power plant operations during the
COVID-19 lockdowns in Europe, we acknowledge that results
from future analyses may differ. Conclusions may change if the
water footprint of electricity fuel life cycles, the water footprint
of hydropower generation, and gray water footprints are
included as suitable data become available. More comprehen-
sive and holistic analyses would help derive generalizable
assessments on the total influence of the energy mix or energy
efficiency improvements on the water footprint of the
European electricity grid and its individual countries, also as
compared to other socio-economic determinants of electricity
demand. Finally, while we only considered total thermal
electricity generation and related water footprint values, future
studies could investigate how changing economic activities and
lifestyles during the COVID-19 lockdowns affected the
efficiency of electricity usage in relation, for instance, to
economic outputs. One question to be answered in this regard
is why some countries studied here actually increased their
electricity imports during the lockdowns, while most economic
activities slowed down.
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