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1 INTRODUCTION
Background of this report
MARSOL aims to demonstrate that Managed Aquifer Recharge (MAR) is a sound, safe and sustainable
strategy for tackling water scarcity and to improve the groundwater sources’ water quality. Under this
setting Work Package (WP) 15 aimed to provide stakeholders with a framework to evaluate the MAR
solutions’ feasibility in financial, economic, environmental and social terms. Furthermore, the
framework was ought to enable a comparison between different solutions, e.g. to compare a MAR
solution with another technological option (NON-MAR solution) to reach the same goal. This had to be
applied for the evaluation of technologies at the 8 MARSOL demo sites.
This report collates the work of WP 15. Within this WP the task 15.1 has investigated the market
potential of MAR solutions which helped to formulate decision cases for the 8 demo sites. This work
included the basic financial data collection and the identification of different solutions to compare for
each demo site. This data and assumption basis enabled to calculate monetary key figures for e.g. a
“Business As Usual” (BAU) scenario (no solution implemented) and scenarios with MAR or Non-MAR
solutions. Thus each analysed decision case included more than one solution to water quality and/or
water scarcity challenges at the site, which were ought to be evaluated and compared. The subsequent
task 15.2 conducted a financial analysis for each decision case using the outcome of task 15.1. Key
results from this analysis are the calculated Financial Net Present Values (FNPV) for the different
potential scenarios for each demo site1. Based on the results of task 15.2 an economic analysis was
conducted in task 15.3. Finally task 15.4 used the outcome of the financial and the economic analysis
to exemplary rank the different solutions for one of the case studies by their financial, economic,
environmental and social feasibility, rate their sustainability and to compare MAR solutions among
each other as well as with a NON-MAR solution. Additionally an overall MARSOL Evaluation
Framework was produced to aid stakeholders in decision making.
Outline of report’s chapters
The developed MARSOL Evaluation Framework intends to help decision makers like water policy
makers, water utility managers or municipal officers to rate the sustainability of a potential MAR
solution for their specific situation. Within Chapter 2.1 the background of this framework is given,
including a brief literature foundation. The framework itself is introduced in Chapter 2.2. Chapter 2.3
describes the Economic Analysis, since it is the essential part for the evaluation of solutions using the
proposed framework. The analysis is carried out from a societal standpoint and aims at exploring
whether the benefits generated by the MAR projects (mainly a better quality or an increased
availability of groundwater) are able to recover the relevant social costs, including operation and
maintenance costs and capital investments. Subsequently chapters 3-10 present the results of the
Economic Analysis of all MARSOL demo sites. These results are the basis for chapter 12, exemplifying
the whole Evaluation Framework for one MARSOL demo site.

The financial analysis and all results can be looked-up in the MARSOL report of D15.1 (Balzarini / Furlanis
2016).
1
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Task 15.3 included extensive contingent valuation (CV) studies at three MARSOL demo sites: Lavrion,
Brenta and Algarve. A key result of this study is a set of WTP-figures used for the Economic Analysis.
The work relating to the CV is included in Annex I.
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2 FRAMEWORK AND METHODOLOGY
2.1 Background of the MARSOL Evaluation Framework
The guiding idea of the framework is to enable the evaluation of MAR solutions, especially in terms of a
rating of their sustainability and the potential to rank alternative solutions by their evaluation result.
The evaluation framework for a solution builds therefore on the idea of the so-called triple bottom
line. This sustainability concept of the triple bottom line was introduced by Elkington in 1994
(Elkington 1994). Elkington’s idea was to measure performance not only using traditional measures
like profits, return on investment and so on but to include also the environmental and social
dimension. Thus, Elkington’s concept covers three by theory interrelated dimensions: the social, the
environmental and the economic dimension. The challenging part is still to put the theory into
practice. The difficulty here is to define how to measure those three dimensions quantitatively (Slaper
and Hall 2011). Thus for the evaluation of a solution it needs to be defined how to assess changes as a
consequence of its implementation in one, two or all three of these dimensions.
Furthermore, it is also important to define for the evaluation of a solution’s sustainability how to deal
with the interrelations between the three dimensions. This is especially relevant for cases, where the
solution has contradicting effects in two or in all three dimensions. As the three dimensions
(economic, environmental and social) of sustainability are potentially in conflict, the evaluation result
is strongly depending on the degree of sustainability allowed (Olschewski & Klein 2011). The
literature distinguishes in this context the two concepts of “weak” and “strong sustainability”. Under
the concept of “strong sustainability” any action (or a solution to be implemented) can only be
considered sustainable if the value in each of the three dimensions is not decreased at least. Using the
rule of “weak sustainability” would label an action sustainable, if the sum of all effects following the
action would at least lead to an overall balance or increase. In other words, this concept allows a
decrease in one dimension, e.g. a negative influence on the environment, if this decrease is outweighed
by an increase in one or both of the other two dimensions, like an increase in social and/or economic
value (Singh et al. 2012). For the pragmatic purpose of a (MAR) solution’s evaluation it can be stated: A
solution can be labelled sustainable when it adds to human welfare and at least balances the economic,
social and environmental consequences following its implementation.
In order to evaluate the sustainability of a solution to overcome water scarcity in a region and / or
water quality problems in an aquifer of that area, a concept based on the principles described in the
Guide to Cost-Benefit Analysis of Investment Projects (European Commission 2014) can be used. In here
the Economic Analysis is described as a tool for evaluation of investment projects. The leading idea of
it is to value a project’s effect on the whole economy from a microeconomic perspective. This
Economic Analysis builds on a mandatory Financial Analysis of the investment project beforehand. A
key output of the Financial Analysis is the FNPV, indicating the degree of financial profitability of the
investment. Based on the FNPV a so called Economic Net Present Value (ENPV) is calculated. Even
though this is meant to evaluate the economic performance, it can be argued, that the Economic
Analysis as proposed in the EC’s Guide can also serve as a sustainability check for a project. This is
because the ENPV incorporates by theory not only the economic effect in terms of monetary
consequences for the economy but also the social and environmental point of view. The key here are
social and environmental externalities, which are included for the ENPV calculation. Figure 2-1
illustrates how the calculation from the FNPV to the ENPV incorporates the financial point of view and
______________________________________________________________________________________________________________________
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the three sustainability dimensions, namely: the social, the environmental and the economic point of
view.

Figure 2-1: Covering of sustainability dimensions in the ENPV calculation2
The starting point is the Financial Analysis, so that by simple means from the financial perspective the
project’s discounted costs and monetary benefits are calculated and summed as FNPV. Different
adjustments are following based on the FNPV. They incorporate for instance so called fiscal
corrections. This means to exclude e.g. any tax payments from the calculation, since they do not
represent real economic costs but rather transfer payments from one social group to another (EC
2014, p. 55). Thus, by doing so, the social perspective is covered in the analysis. Another common
adjustment done is to convert market prices to shadow prices, if they do not reflect the opportunity
cost of inputs and outputs. So in terms of MAR solutions it can be the case, that people are actually
having a positive willingness to pay for groundwater deriving from MAR projects, which is not covered
as a monetary benefit in the FNPV. Finally, the evaluation of non-market impacts and a correction for
externalities leads to the integration of the environmental perspective. So for instance if the MAR has a
positive influence on the ecosystem, and if this can be valuated, these monetary benefits are added to
the calculation.
Sometimes it is not straightforward to define a change in human welfare derived from one of the
adjustments as strictly a social, economic or environmental effect. Therefore, there might be
overlapping situations. So for instance if there is a solution, which is improving the “ecosystem
groundwater”, and people are having a positive willingness to pay for this, one can argue that it is
rather a positive effect on human wellbeing from an environmental effect. On the other side, it can be
argued, that peoples’ positive WTP for the solution leads to an economic surplus, as long as people are
not charged with their full WTP for the solution’s implementation. Thus by simple means, mostly it is
clear whether a solution has a beneficial effect going beyond the effects already covered in the
2

Based on chapter 2 in the Guide to Cost-Benefit Analysis of Investment Projects (European Commission 2014).
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calculation of the FNPV to evaluate a project / solution. However, if this monetized value as addition to
human welfare is rather a social, economic or environmental effect by definition might be hard to
differentiate for some cases. Thus, Figure 2-1 above presents an orientation how different adjustments
along the way from calculating the ENPV as key evaluation criterion based on the FNPV can be used to
illustrate the sustainability dimensions of a solution under evaluation.
All in all this means by following the evaluation scheme drafted in Figure 2-1, all requirements for the
MARSOL evaluation framework in terms of covering the financial, social, economic and environmental
point of view for the evaluation of MAR solutions can be met. Therefore the MARSOL evaluation
framework, as proposed in Chapter 2.2, builds on the concept for Economic Analysis as outlined in EC’s
Guide to Cost-Benefit Analysis of Investment Projects.
It must be noted, that the use of the ENPV as a decision criterion can mean, that a non-financially
sustainable solution is rated sustainable from the social, economic and environmental point of view.
This can e.g. happen if there is not enough cash inflow (or revenue) to be expected to cover the
implementation and operation costs of the investment but positive economic, environmental and / or
social externalities outweigh this imbalance. In this case, the solution seems to add to human welfare
overall but specific attention and additional effort is needed to raise e.g. subsidies or public funding to
enable the project or to charge the beneficiaries, since it does not sufficiently attract private
engagement in first place due to its non-profitability.

2.2 MARSOL Evaluation Framework – step by step
The aim of the MARSOL Evaluation Framework as introduced in this chapter is to support water policy
makers, water utility managers or municipal officers through the process of deciding whether a MAR
solution is feasible for their specific case or not. It proposes a step-by-step procedure which is
straightforward for decision making. The guiding idea is to use the ENPV as a criterion to evaluate the
sustainability of a solution and to use the result for a ranking, if there are more than one solutions
possible in the decision case. Thus, the Framework can also be used to compare a MAR with a nonMAR solution. The proposed procedure is structured in 5 steps as illustrated in the following figure.

Figure 2-2: Covering MARSOL Evaluation Framework
______________________________________________________________________________________________________________________
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The sections below describe those steps in more detail, including key actions, common difficulties and
expected results of each step. An application example of the Evaluation Framework is included in
Chapter 11.

2.2.1

Step 1 – Define decision case

Description
This action should set the basis for the decision case. It should clarify the problem, which needs to be
solved and gather all relevant information to inform stakeholders of the decision.
Key actions
A project identification states and describes the problem of the case in terms of water quantity and/or
water quality issues. It gathers all relevant spatial information, including where a MAR or Non-MAR
solution could be implemented.
The geology and hydrogeology needs to be described. This includes the characterisation of the Aquifer
by its type, water quality, water quantity and the use of it e.g. for agriculture and/or municipal
drinking water supply.
The hydrology of the aquifer is described by the annual rainfall, annual available water from the
aquifer and the potential for available recharge amounts.
In order to quantify benefits and disadvantages of a potential solution for the problem identified it is
essential to list all potential groups of beneficiaries and disadvantaged of a solution. They should be
gathered in a list of stakeholders affected in the decision case.
Finally, an objective of the project is defined, meaning to state what kind of problem (at its best
expressed quantitatively and temporally) needs a solution. Examples are:


“The aquifer needs to be able to supply x million cubic meters (MCM) per year for municipal
drinking water supply.”



“A solution needs to be found to irrigate x ha of agricultural land per anno.”

Common difficulties



Difficulties to identify all the people affected by the project and if they benefit from it or not.
Difficulties to quantify the required solution for a problem concerning water quality using a water
quantitative objective.

Expected results


Clear idea of the problem to be addressed.



List of affected stakeholders, potentially benefiting from a solution.



Objective of the project is defined quantitatively.

______________________________________________________________________________________________________________________
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Step 2 – Define MAR solution(s) and Non-MAR solution(s)

Description
An essential part of the evaluation is to define the objectives of the evaluation itself, the solutions.
Those can be either one or more alternative MAR solutions (e.g. using different but for the case
technically feasible recharge assets or using different sources of infiltration water) and/or Non-MAR
solutions technically enabling to fulfil the same objective as defined in step 1.
Key actions
In this step, potential MAR assets already available and/or expandable for the solution need to be
screened as well as potential infrastructure, possible to be integrated in the solution.
The essential action afterwards is to identify and describe technical solutions for the objective as
defined in step 1. If possible, not only a MAR solution should be described but also at least one
technically feasible Non-MAR solution. The description for each solution should encompass the main
technical features and operational necessities. For instance, it should contain the type of assets used
for the solution including their dimensioning, an estimation of necessary operational labour as well as
energy consumption and other types of raw materials and supplies consumption.
Depending on the defined alternative solutions, the stakeholders of the decision case might be affected
to different extents. A first estimation of the different extents to what stakeholders are affected by
different solutions should be one supplementary action of step 2.
Common difficulties


Gathering reliable data to avoid being dependent on estimations.

Expected results


Set of defined and quantitatively described alternative solutions, including at least one MAR
solution.



First estimation of effects for stakeholder groups by the different solutions.
2.2.3

Step 3 – Calculate ENPV as key figure for the ranking

Description
This step covers the calculations necessary for a well-grounded decision about the implementation of
a solution. The actions to be done are mandatory in order to rank alternative solutions by their
sustainability degree.
Key actions
A mandatory action is to conduct a Financial Analysis for each solution according to the principles
described in the Guide to Cost-Benefit Analysis of Investment Projects (European Commission 2014).
The key outcome of this is a calculated FNPV for each solution. A comprehensive explanation how to
conduct the Financial Analysis can be found in the EC’s guide to CBA. Furthermore, examples how to
conduct it for MAR solutions can be found in MARSOL D15.1 (Balzarini and Furlanis 2016).
______________________________________________________________________________________________________________________
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The subsequent action necessary is the Economic Analysis, where it is recommended to concentrate
on the calculation of the ENPV. Here, as outlined in Chapter 2.1, the integration of the social, economic
and environmental point of view is realized. Generally, the three adjustments to move from the FNPV
to the ENPV of a solution are


Fiscal corrections,



Conversion from market to shadow prices,



Evaluation of non-market impacts and correction for externalities.

Methodological details how to conduct those three adjustments are explained in more detail in the
EC’s guide to CBA.
An eventually not always mandatory for the decision but most helpful action for the interpretation of
the evaluation results is the explicit classification of each (monetary) adjustment of the FNPV as either
a social, or environmental or economic effect. This is important to have a greater insight to what
(monetary) amount the solution is expected to affect social, environmental or economic effects. It can
be useful for a decision maker not only interested in the overall expectable monetary effect of a
solution and therefore impact on human wellbeing, but also interested in its composition from single
parts. In some cases, this might even be mandatory. E.g. a decision using the ENPV as a criterion for the
sustainability evaluation of different options could be extended by a constraint like this: A solution is
only acceptable if overall sustainability is positive in terms of a positive ENPV and if the (monetary
expressed) environmental effect is not negative.
Common difficulties


Data availability.



Explicit classification of single adjustments to move from the FNPV to the ENPV as either social,
economic or environmental effect.



Reliability of WTP figures.

Expected results


A calculated ENPV as decision criteria for each solution to be evaluated and ranked.



If relevant for the decision: Explicit classification of single adjustments to move from the FNPV to
the ENPV as either social, economic or environmental effect.
2.2.4

Step 4 – Define and apply formal decision rule

Description
This step covers the formal foundation of the decision. The analyst specifies the preferences, sets the
threshold(s) of the decision criteria a solution should fulfil and reviews all potential solutions for the
ranking by checking if they meet the threshold(s) or not.

______________________________________________________________________________________________________________________
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Key actions
The first action for the analyst is to clearly define the decision rule. Commonly the ENPV of a solution
indicates an added value for human welfare if its value is greater than zero. In contrast a negative
value would mean that the aggregated social, environmental and economic effects decrease human
welfare. This means the concerned solution is not sustainable. But the analyst needs to be aware of
the fact, that a positive ENPV indicates indeed an overall sustainable solution, meaning that the single
effects at least balance the overall effect towards a beneficial situation at the aggregated level, but it
could be the case, that the effect for a single dimension is in fact negative. For instance, a solution could
have an overall positive ENPV but incorporate a strongly negative effect on the environment. Thus, the
analyst might formulate a constraint for the decision concerning the quantified environmental effect.
E.g. he could include the constraint for the environmental effect to be not negative.
Without any constraints, the common decision rule when using the ENPV as criterion is to neglect a
solution, if its value is negative. Thus, the decision rule to accept a solution can be expressed like this:
1.)

=

+∆

+∆

+ ∆

≥0

Here ∆
represents the quantified monetary economic effect of the solution under evaluation,
meaning the change or the delta towards the status quo. Similar ∆ stands for the social and ∆En for
the environmental delta effect.
The decision rule as shown in 1.) can be complemented to use the concept of “weak sustainability”3,
since negative effects in one of the three sustainability dimensions are allowed, as long as the sum of
all changes (∆ + ∆ + ∆ ) is not negative and the overall ENPV is not negative:
2.)

=

+∆

+∆

+ ∆

≥ 0 and ∆

+∆

+ ∆

≥0

Including the constraint of not allowing a negative environmental effect, as discussed in the example
above, the decision rule would be expressed as follows:
=

3.)

+∆

+∆

+ ∆

≥ 0 and ∆

≥0

Of course, the decision rule as exemplified in 2.) might be modified in order to e.g. not allow a negative
social or a negative economic effect. This is depending on the decision maker’s preferences. The rule
can also follow the principle of “strong sustainability”4, as expressed in 3.):
4.)

=

+∆

+∆

+ ∆

≥ 0 and ∆

≥ 0 and ∆

≥ 0 and ∆

≥

0
Finally, the solutions should be ranked by their results, if the decision case covers more than one
potential solution. Solutions not applying with the decision case should be rejected. Solutions applying
with the rules should be ranked by their overall performance, the value of the ENPV. In a case where
there is only one (MAR) solution technically feasible the solution should only be accepted it does apply
with the formulated decision rule.

3
4

For the explanation about “weak sustainability” see Chapter 2.1.
For the explanation about “strong sustainability” see Chapter 2.1.
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Common difficulties



Identification of all external effects is time consuming.
Neglecting external effects could lead to wrong conclusions.

Expected results




Formal defined decision rule for the ranking.
Application of decision rule for all solutions of the decision case.
Decision on formal rejection or acceptance of solutions and ranking of accepted solutions.
2.2.5

Step 5 – Interpret results, draw conclusion

Description
This final step should be used to reflect and question the formal results of the applied decision rule
from step 4 and draw the final decision if and which solution should be implemented. For this it is
recommended to visualize the single effects composing the ENPV in a “spider diagram”.
Key actions
For the final reflection, all key figures produced during the evaluation process should be gathered in a
clearly arranged overview for each solution evaluated. The proposed way to visualize the components
of the ENPV is a “spider diagram”. The “spider diagram” helps to profile all available solutions in terms
of their financial, social, environmental and economic effects at “one glance”. An example can be found
in Chapter 11.
Apart from this final results check, an action recommended is to question the data reliability. So for
instance if two solutions have a quite similar ENPV, but the one with a slightly lower ENPV is rated to
have a much higher data reliability (e.g. concerning the data input for the FNPV or the subsequent
adjustments towards the ENPV), it might be a good decision to reject the results of the formal ranking
from step 4. In this case, the final decision should be to implement the solution with a higher data
reliability of the calculated ENPV instead.
Finally, the analyst should gather all relevant information produced along the evaluation process to
document and underpin the final decision for the most promising solution. The documentation may be
structured by the 5 steps as recommended and titled in this MARSOL evaluation framework. This final
action will also be useful for the subsequent implementation of the solution, especially the information
about the most promising solution as gathered for step 2.
Common difficulties




Decision making if the per definition most sustainable solution according to evaluation results has
a positive ENPV, but a highly negative FNPV, meaning there is additional effort needed to raise the
financing for the solution.
Final decision making if two, or more than two solutions have no significant evaluation results.
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Expected results





Overview of key figures from the evaluation process for all solutions of the decision case, including
a “spider diagram” illustrating the financial, social, environmental and economic effects at “one
glance”.
Final decision about the most promising solution after having considered data reliability.
Documentation of the key information gathered about the decision case and the evaluated
solutions during the evaluation process.

2.3 Economic analysis
The purpose of the economic analysis of the MARSOL Sites (thereinafter also “the Projects”) is to
assess their contribution to economic welfare considering the relevant economic costs and benefits.
The analysis is carried out from a societal standpoint and aims at exploring whether the benefits
generated by the MAR projects (mainly a better quality or an increased availability of groundwater)
are able to recover the relevant social costs, including operation and maintenance costs and capital
investments. To handle this task a simple but clear enough understanding on the general functioning
of each single site facility, of its main target, its beneficiaries and stakeholders and eventually of its
main figures in term of economic costs and benefits, including externalities is necessary. The key
concept, therefore, is the use of shadow prices to reflect the social opportunity cost of goods and
services, instead of market prices, which may be distorted in several cases (e.g. administered tariffs for
utilities).
The approach to the Economic Analysis of MARSOL demo sites follows the European Commission
Guidelines to Cost-Benefit Analysis of Investment Projects5, adjusted to the specific case of Managed
Aquifer Recharge. This includes to move from the financial to economic analysis, considering the
following:




fiscal corrections;
conversion from market to shadow prices;
evaluation of non-market impacts and correction for externalities.

The information required came from the questionnaires collected by the SGI through clerical data
collection and direct interviews with MARSOL site managers. Given that the economic analysis
considers the difference between the cash flows in the with-the-project and the counterfactual
scenarios, for each MARSOL site “Business As Usual” (BAU) and MAR alternatives were examined.
Generally speaking, the Economic Analysis encompasses the consideration of an investment decision,
based on a set of predetermined project objectives, by assessing its costs and benefits in order to
assess the welfare change attributable to it. To this end, all the positive and negative welfare effects of
the intervention are assigned a monetary value. These values are discounted and totaled in order to
calculate the overall performance of the project by means of appropriate indicators, namely the
Economic Net Present Value (ENPV), and the Economic Rate of Return (ERR).

5

European Commission, 2014, Guide to cost-benefit analysis of investment project.
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The economic analysis is based on the comparison of a scenario with-the-project with a counterfactual
baseline scenario without-the-project (Business As Usual - BAU). The identification of the with-theproject and the BAU scenarios is the first, crucial step of the Economic Analysis (e.g. main purpose,
justification, stakeholders and physical attributes). In this case, the Economic Analysis of MARSOL sites
builds upon the scenarios defined in the Financial Analysis (i.e. D15.1).
For the BAU scenario, projections are made of all cash flows related to the operations in the project
area for each year during the project lifetime. Projections of cash-flows are also made for the proposed
project taking into account all the investment, financial and economic costs and benefits resulting from
it. The economic analysis, however, only considers the difference between the cash flows “with-theproject” and the BAU scenario (incremental cash flows). The economic indicators are then calculated
on the incremental cash flows only.
As mentioned, the key concept is the use of shadow prices to reflect the social opportunity cost of
goods and services, instead of market prices, which may be distorted. Towards this direction, it is
necessary to:
(a) make the appropriate fiscal corrections with respect to transfer payments (e.g. taxes and
subsidies);
(b) convert the observed prices or public tariffs into 'shadow prices' where necessary;
(c) monetize environmental externalities (e.g. the increase of water availability will create
environmental and social benefits by reducing the pressures on groundwater resources);
(d) select an appropriate discount rate for the calculation of economic performance indicators.
Social discount rate is the rate at which future economic values are discounted to the present.
According to Annex III to the Implementing Regulation on application form and CBA methodology6, for
the programming period 2014-2020 the European Commission recommends that for the social
discount rate 5% is used for major projects in Cohesion countries and 3% for the other Member States.
Similarly to the Financial Analysis, the cash flows forecasts of the projects related to groundwater
quantity issues cover a time horizon of 30 years, which is generally considered for the hydraulic
infrastructures7. In some cases, however, different time horizons have been applied. The residual value
of the infrastructure8 and the investment in the renewal of infrastructure with a shorter lifetime than
the project horizon9 have been also included in the analysis.
Finally, the Economic Analysis has been conducted at constant prices, using real social discount rates.
More specifically, the economic Analysis is based on the adjusted financial cash flows of the with- and
without-the-project scenarios investigated. Yet, the economic tables included in this report illustrate
European Commission, 2014, Guide to cost-benefit analysis of investment project, p. 44
Generally speaking, “infrastructure projects are generally appraised over a period of 20-30 years […]. Although
the physical assets may last significantly longer than this […] it is not generally worthwhile trying to forecast
over longer periods” (ISPA Guidelines). For Water and Environment projects the average time horizon is close to
30 years [Source: European Commission, 2014, Guide to cost-benefit analysis of investment project].
8 “In economic analysis, the shadow price of the project’s residual value must be estimated.” (Source: European
Commission, 2014, Guide to cost-benefit analysis of investment project).
9 “In the case of a mixed investment comprising civil engineering works and installations, the lifetime of the
investment may be fixed on the basis of the lifetime of the principal infrastructure [and][…] investment in the
renewal of infrastructure with a shorter lifetime must be included in the analysis.” (CF Guidelines).
6
7
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only the incremental economic cash flows for consistency reasons. Towards this direction, the
economic tables show:






total investments costs;
total operating and maintenance costs;
revenues generated by the project;
external costs and benefits; and
the residual value of the investment.

When the project-generated incremental revenues are not considered a good proxy to monetise the
project’s direct benefits and its positive externalities, they are excluded from the economic analysis.
Instead the main expected socio-economic benefits of the project are being taken into account.
Moreover, national or EU grants and financial loans are also excluded from the analysis. Instead, the
total investment costs are considered regardless of the financing sources.
Among the abovementioned issues, monetization of environmental costs and benefits holds the most
challenging and, perhaps, controversial position, although it is strongly anchored within the logic of EU
legislation (e.g. the Water Framework Directive). It is widely acknowledged that MAR systems can
provide either additional water being available in times of scarcity, improvement in water quality, or a
combination of both (Maliva, 2014). Potential in-situ benefits result from may arise, such as reduced
groundwater pumping costs, prevention of saline-water intrusion, maintenance of environmental
flows, avoidance of land subsidence, hydraulic control of contaminant plumes, etc. (Todd, 1965; Pyne,
1995; NRC, 1997; Pratt Water 2004; Khan et al., 2008; Maliva, 2014). Thus, as Todd (1965) noted “…It
is clear the analysis of the benefits of artificial recharging is dependent on what value can be assigned to
a unit volume of water….in assessing the benefits of artificial recharge, consideration must be given to the
importance of water to the total economy, to the value of water for various uses, as well as to the direct
and intangible benefits that may accrue…” (quoted by Maliva, 2014).
As a result, the benefits of MAR projects cannot and should be based solely on the market revenues,
and, the total economic value of the recharged water should be estimated (further details are provided
in Annex I of the report). The latter are based on people’s willingness to pay (WTP) an amount of
money in order to avoid degradation of groundwater and its consequences on health, amenity,
economy, etc. or their willingness to accept (WTA) a compensation in order to suffer the impacts
incurred (Freeman III, 2003). The economic value to society of a good or service is the aggregate of the
WTP of all individuals. It is evident that the economic value of water is not a fixed; rather it is affected
by the circumstances (e.g. scarcity of water resources due to drought or over-pumping), and individual
preferences.
For the economic analysis of the MARSOL projects both primary and secondary approaches are used.
As regards primary valuation, the economic analysis utilizes the results of the three Stated Preference
surveys conducted in Italy, Portugal and Greece by means of the Contingent Valuation (CV) method
(further details are provided in Annex I of the report). In some particular cases (e.g. when examining
the provision of irrigation water), the valuation of externalities is based on the Benefit Transfer
method, a common approach for completing a Cost Benefit Analysis10. To this end, values of specific
impacts and endpoints from the literature are gathered and summarized into a value per unit suitable
10

European Commission, 2014, Guide to cost-benefit analysis of investment project, p.315
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to the site context at the desired locations (further details are provided in Annex II of the report with
respect to the value of irrigation water).
The MAR sites under consideration are very different in terms of objectives and characteristics. As a
consequence, not only investment and O&M costs but also benefits (i.e. ‘shadow’ revenues and other
externalities) vary considerably with location. Thus, the identification of the target beneficiaries is
crucial for the definition of the needs and eventually for the analysis of the demand (current and future
demand of water treatment, pollutant reduction, storage, water supply, etc.) according to forecasted
water production/request and to norm and policy compliance. To this end, apart from economic data
(e.g. investment and O&M costs, current supply costs for water, etc.) further information is required
with respect to:





Users’ characteristics (number of inhabitants, agricultural area and production, etc.);
Current and projected sources of water or way of treatment and predicted deficit;
Possible alternatives to address the deficit of water or the environmental problems incurred;
Physical features regarding the facility and the aquifer (area occupied by the plant, infiltration
rates, volume, depth, water balance, etc.)

All these data have to be as much as possible referred to the area directly or indirectly influenced by
the MAR Site. The major assumptions used coincide with those employed in the financial analysis.
Whenever not available or appropriate, case-specific assumptions are considered and their impacts on
the economic results are assessed.
All in all, the Economic Analysis provides a comparison of benefits and costs resulting from a proposed
MAR investment with the challenge of monetizing externalities so as to appraise the project’s
contribution to welfare. MAR systems, like other activities, should ideally be financed by the primary
project beneficiaries under the full cost recovery principle. Nevertheless, in many cases beneficiaries
are unable to pay the full costs. In such cases, revealing the hidden value of MAR through economic
analysis might be the key for realizing the true gains for all parties involved, and could help in
establishing and funding related projects through publicly funded programs and subsidies, especially
when financial resources are limited and the construction costs have to be borne before benefits of the
systems are realized.
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3 DS1 - LAVRION
3.1 Project identification
The Lavrion Technological & Cultural Park (LTCP) MARSOL site is a project aimed to develop and test
new technological devices and software to measure recharge in different situations and to continuously
monitor the qualitative characteristics of the groundwater. The case study combines several groundwater
problems (seawater intrusion, water scarcity, overexploitation, karst aquifers, etc.).
More specifically, the intervention is focused in the infiltration of wastewater in pilot infiltration basins.
The pilot site will also provide the development of a prototype system of Time Domain Reflectometry
(TDR) sensors complemented by Frequency Domain Reflectometry methods. The combination of these
techniques will offer continuous monitoring of infiltration rates and possible clogging effects. The
qualitative monitoring of the unsaturated zone will be achieved thanks to the installation of appropriate
pore-water samplers within a multi-level basis. Lastly, prototype water multiparameter sensors will be
developed for the qualitative and quantitative assessment of the Lavrion multi-aquifer system.

3.2 Geology and hydrogeology
LTCP is located at the coastal area of Lavrion, Attica, within the wider area of Athens. The case study
combines all typical Mediterranean water problems. The site offers a typical hydrogeological setting
for a Mediterranean coastal aquifer system (containing both alluvial and karstified aquifer layers),
supporting both irrigation and drinking water demands of the area.
The entire aquifer system suffers from:



water shortage resulting from both anthropogenic activities (overexploitation) and natural
conditions (decreasing precipitation trends due to climate change);
contamination due to the intrusion of seawater.

In the wider area there are two major geological units. The Lower Tectonic Unit (LTU) consists of two
marble formations (the Upper and Lower Marble) with a layer of schist between them (Kaisariani
Schist), while the Upper Tectonic Unit (UTU) is a thick sequence of schists with marble intercalations.
Both of those units are overlain by Quaternary deposits at places. The contact between the two major
units is a tectonic contact, described at the literature as a low angle detachment fault. An intrusion of
igneous rocks (granodiorite) in the LTU is present close to the area of Plaka, resulting in the deposition
of metallic minerals that were mined in the past.
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Figure 3-1: Geological map of the study area
Source: MARSOL Partner

The following Figure 3.2 shows the location of the Project site: the red rectangle identifies the area in
which investigations are being carried out in order to model and study the coastal aquifer, whereas the
blue rectangle shows where the infiltration basins that will be used for the development of monitoring
technologies are going to be located.

Figure 3-2: DS1 Project domain
Source: MARSOL Partner

3.3 MAR available and potential infrastructure
Right now no artificial recharge facilities are present in the domain area, except for the pilot
infiltration basins that have been constructed in the context of MARSOL project. Waters of impaired
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quality are used as a recharge source, hence the pilot site is acting as a Soil-Aquifer-Treatment (SAT)
system.
This system is being complemented by new technological developments, which provide continuous
monitoring of the quantitative and qualitative characteristics of infiltrating groundwater through all
hydrologic zones (surface, unsaturated and saturated zone). This is achieved through the adaptation
and installation of an integrated system of prototype sensors installed on-site offering a continuous
monitoring and evaluation of the performance of the SAT system.

3.4 Hydrology
According to the information provided by EPEM, Lavrion lies in a dry area with typical Mediterranean
climate, characterized by average annual precipitations lower than 400 mm. This situation got even
worse in the last years, due to the decreasing rainfall trends imputable to climate change.
The values of monthly and yearly rainfall fluctuations in the domain area are shown in the following
graphs.

Figure 3-3: Average monthly rainfall (left) and annual rainfall (right) between 1970 and 1996
Source: MARSOL Partner

3.5 Objective of the Project
Nowadays, the population of the entire Lavrion Municipality needs approximately 7.8 MCM of water
for domestic use, and 0.2 MCM for livestock and 1.2 MCM for irrigation purposes, respectively.
Household and livestock water is provided by the Municipal Company of Water Supply and Sewage
System of Lavrion. Irrigation water is withdrawn from the aquifer and the pumping cost is covered by
the farmers. From the total cropland area of 296 ha about 102 ha are irrigated. The situation with
respect to groundwater is expected to worsen as demand increases and capacity decreases owing to
seawater intrusion, decreasing precipitation trends due to climate change, etc.
Since the LTCP MARSOL site concerns a pilot scale SAT system, the financial and cost-benefit analyses
of the Project are based on hypothetical though realistic scenarios in which a full-scale SAT system is
envisaged to combat problems related to the quantity and quality of groundwater in the alluvial
aquifer. To this end, infiltration basins will be fed with wastewater and, thus, will be used both for
aquifer recharge purposes (i.e. increase in quantity) and for treatment purposes (improve the quality
of water). All in all, the proposed MAR system is anticipated to progressively address seawater
intrusion and secure and even increase groundwater resources used for irrigation.
______________________________________________________________________________________________________________________
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BAU scenario

According to the BAU scenario, in which no MAR application takes place in the area of interest, the
irrigated area will remain practically the same, for the time period examined. Thus, farmers will lose
the opportunity to earn additional income. Furthermore, seawater intrusion will continue to
jeopardize the beneficial use of the alluvial aquifer.
3.5.2

Proposal #1

The Proposal #1 is to construct a SAT system that will be used to artificially recharge the alluvial
aquifer with 0.8 MCM, so as to mitigate seawater intrusion. The proposed SAT system will consist of
six infiltration ponds arranged in two series, as shown in the following Figure 3.4.

Figure 3-4: General layout of the Lavrion SAT system
In order to achieve artificial recharge (taking into account an average of 2 m/day as infiltration rate),
the total size of the cluster of infiltration basins must be 33 X 33 m2.
The site of the proposed recharge structure has been selected considering the geological and
hydrological features of the area (e.g. geological boundaries, hydraulic boundaries, storage capacity,
porosity, hydraulic conductivity, depth of the water table etc.), and the distance from the source of
water supply (i.e. the Lavrion wastewater treatment plant (WWTP) that will affect the capital and
operating transportation cost. The site of the the SAT system is illustrated in the following Figure 3.5.

______________________________________________________________________________________________________________________
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Figure 3-5: Chose location of the Lavrion SAT system
Additionally, the groundwater flow model was run under the above artificial recharge hypothetical
conditions and the results are shown in the following Figure 3.6.

Figure 3-6: Model run results for artificial recharge of 0.8 MCM/yr
The model responded well by means that the cells of the alluvial aquifer layer were not flooded. The
water infiltrated was taken out of the model through the CHD boundary, which is in the southeastern
end of the aquifer, as expected.
In addition, app. 20 piezometers (including multi-level screens within the coastal zone) will be
required for monitoring the performance of infiltration basins. Monitoring equipment should be
installed at the basin facilities, as well as at aquifer scale, in order to achieve qualitative and
quantitative auditing
______________________________________________________________________________________________________________________
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Proposal #2

The Proposal #2 is practically the same with Proposal #1 except for the volume of recharged water.
More specifically, Proposal #2 foresees to provide the alluvial aquifer with 1.5 MCM of additional
water in order to increase the area of irrigated land by app. 60 ha (i.e. to provide 0.7 MCM of irrigation
water) without compromising the ability of the system to control seawater intrusion. To this end, SAT
infrastructure and, consequently, capital costs are practically the same (the total size of the cluster of
infiltration basins must be 45 X 45 m2). Yet, operating costs as regards transportation of the secondary
effluent from the Lavrion WWTP will differ.
As shown in the following Figure 3.7, the model responded well even in the1.5 MCM scenario. The
water infiltrated was taken out of the model through the CHD boundary, which is in the southeastern
end of the aquifer, as expected. Besides the ability of that aquifer to host that volume of water, it is
worth mentioning that at the 1.5 MCM scenario the thickness of the unsaturated zone become very
small close to the sea (0.287 m), adding a risk of flooding if that amount of water is expected to be
infiltrated, especially under the perspective of a wet hydrological year or other factors that could affect
locally the water balance (e.g. sea level fluctuations) or cause structural instabilities in the aquifers
resulting in other side effects (e.g. liquefaction).

Figure 3-7: Model run results for artificial recharge of 1.5 MCM/yr
Having defined the target and the means to reach them, the financial and economic performance of the
proposed MAR solutions is examined under certain assumptions (e.g. engineering design, land
ownership, etc.), which are discussed in detail in the following sections.
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3.6 Economic analysis
3.6.1

BAU scenario

The BAU scenario corresponds to a ‘do-nothing’ situation, i.e. no MAR application takes place and,
consequently, the irrigated area remains practically the same, and seawater intrusion continues to
jeopardize the beneficial use of the alluvial aquifer.
3.6.2

Proposal#1

3.6.2.1 Costs #1 (economic outflows)
The incremental investment costs of the Proposal #1 are estimated at €1,521,600 (this cost includes
the opportunity cost of the land required for the SAT system, i.e. €1,155,000) and the annual operating
and maintenance (O&M) costs at €57,550, respectively (see D15.1 for further details). It is noted that
the economic O&M costs are lower than the financial O&M costs, because labour costs have been
measured by the shadow wage approach. To this end, the shadow wage was determined by the share
of income taxation and the unemployment rate.
3.6.2.2 Benefits #1 (economic inflows)
For compliance with the polluter-pays and the full-cost recovery principles, it is assumed that the
financial capital and O&M costs are fully recovered. Therefore the annual revenues through the
increased tariffs amount to €108,250 (see D15.1 for further details).
In addition, there are benefits associated with the reduction of seawater intrusion. To monetize these
benefits, beneficiaries’ willingness-to-pay (WTP) is used as the shadow price of the output of the
project. According to the CV survey conducted in the area of interest in the context of MARSOL project
(see Annex I for details), a very conservative estimate of households’ WTP would be around 50 Euros
per year for a period of five years. Given that the total population of interest is approximately 9,250
households, the annual benefits for the first five years of implementation of the project are €462,700.
3.6.2.3 Economic performance #1
Based on these assumptions, the following results were obtained from the economic analysis of the
Proposal #1 (Table 3.1 and Fig. 3.8).
Table 3-1: DS1 - Proposal #1 Incremental cash flows
1
Total economic costs
Investment costs
O&M costs

2-5

6-30

1,521,600

57,550

57,550

1,521,600

0

0

0

57,550

57,550

462.700

570,950

108,250

0

108,250

108,250

462,700

462,700

0

-1,058,900

513,400

50,700

External costs
Total economic benefits
Operating revenues
External benefits (SWI reduction)
Net economic cash flows

Using a social discount rate of 5%, the Economic Net Present Value (ENPV) of the project is calculated
at €1,285,200. Furthermore, the Economic Rate of Return (ERR) is equal to 35.5%. The estimated
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economic indicators show that the project is expected to increase social welfare. Therefore, it is worth
implementing it.
2000000
1500000
1000000

Total economic costs
Total economic benefits
Net economic cash flows

500000
0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

-500000
-1000000
-1500000

Figure 3-8: Economic inflows, outflows and net flows for DS1 – Proposal #1
3.6.2.4 Uncertainty analysis #1
To deal with the uncertainty involved in the estimates, a risk analysis was carried out by means of
sensitivity analysis and quantitative probability modelling, using sophisticated software. The
sensitivity analysis was conducted “ceteris paribus” and was used to examine whether the results are
sensitive to substantial but plausible variations (±20%) in critical parameters, namely O&M costs,
expected revenues and monetized environmental benefits. The probabilistic risk analysis
implemented the Monte Carlo method in order to simulate the uncertainty affecting the value of the
above-mentioned parameters. For this purpose, normal distributions were used for the O&M costs and
the expected revenues, with mean values equal to the values of the deterministic model and standard
deviations equal to 10% of the mean and a triangular distribution was employed for the monetized
environmental benefits with min, max and most likely values defined by the range of CV estimates, i.e.
40, 85 and 50 Euros per household per year, respectively.
The results of the multiple univariate sensitivity analysis are presented in the following Tornado
charts (Fig. 3.9 and 3.10) where the parameters have been ordered according to their impact on the
ENPV and the ERR from the widest range to the narrowest range.
The results of the Monte Carlo simulation after 1,000 trials are presented in Table 3.2. The mean ENPV
is about €1.6 million and the mean ERR is around 50%. Given the minimum estimated values, it is
evident that there is zero probability for rejecting the proposed plan from a socioeconomic
perspective.
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ENPV #1
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Figure 3-9: Tornado diagram for DS1 ENPV – Proposal #1
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Figure 3-10: Tornado diagram for DS1 ERR – Proposal #1
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Table 3-2: DS1 - Proposal #1 Risk analysis statistics
Statistics

3.6.1

ENPV Forecast values

ERR Forecast values

Mean

1,592,473

49.18%

Median

1,537,615

45.13%

St.dev.

424,605

17.71%

Minimum

439,045

16.86%

Maximum

2,997,123

107.06%

Proposal #2

3.6.1.1 Costs #2 (economic outflows)
The incremental investment costs of the Proposal #2 are estimated at €1,523,200 (this cost includes
the opportunity cost of the land required for the SAT system, i.e. €1,155,000) and the annual operating
and maintenance (O&M) costs at €66,230, respectively (see D15.1 for further details). It is noted that
the labour costs have been measured by the shadow wage approach and, thus, the economic O&M
costs are lower than the financial ones.
3.6.1.2 Benefits #2 (economic inflows)
For compliance with the polluter-pays and the full-cost recovery principles, it is assumed that the
financial capital and O&M costs are fully recovered. Therefore the annual revenues through the
increased tariffs amount to €117,300 (see D15.1 for further details). In addition, given that the project
provides around 0.7 MCM of irrigation water, farmers’ WTP to estimate the benefits linked to the
increase in irrigated land. For this purpose, the value of €0.094 per CM of irrigation water is used
(Latinopoulos et al., 2004 – see Annex II for further details). Thus, the annual benefits of the project
related to irrigation are estimated at €65,800. Finally, there are benefits associated with the reduction
of seawater intrusion. To monetize these benefits, beneficiaries’ willingness-to-pay (WTP) is used as
the shadow price of the output of the project. According to the CV survey conducted in the area of
interest, these benefits for the first five years of implementation of the project are €462,700 per year.
3.6.1.3 Economic performance #2
Based on these assumptions, the following results were obtained from the economic analysis of the
Proposal #2 (Table 3.3 and Fig. 3.11).
Table 3-3: DS1 - Proposal #2 Incremental cash flows
1
Total economic costs
Investment costs
O&M costs

2-5

6-30

1,523,200

66,230

66,230

1,523,200

0

0

66,230

66,230

57,550

462,700

645,800

183,100

0

117,300

117,300

462,700

462,700

0

0

65,800

65,800

-1.058.900

513,400

50,700

External costs
Total economic benefits
Operating revenues
External benefits (SWI reduction)
External benefits (irrigation water)
Net economic cash flows
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Figure 3-11: Economic inflows, outflows and net flows for DS1 – Proposal #2
Using a social discount rate of 5%, the Economic Net Present Value (ENPV) of the project is calculated
at €2,238,000. Furthermore, the Economic Rate of Return (ERR) is equal to 44.7%. The estimated
economic indicators show that the project is expected to increase social welfare. Therefore, it is worth
implementing it.
3.6.1.4 Uncertainty analysis #2
A risk analysis was carried out using sensitivity analysis and quantitative probability modelling. The
sensitivity analysis was conducted “ceteris paribus” and was used to examine whether the results are
sensitive to substantial but plausible variations (±20%) in critical parameters, namely O&M costs,
expected revenues and monetized environmental and irrigation benefits. The probabilistic risk
analysis implemented the Monte Carlo method in order to simulate the uncertainty affecting the value
of the above-mentioned parameters. Normal distributions were used for the O&M costs and the
expected revenues, with mean values equal to the values of the deterministic model and standard
deviations equal to 10% of the mean and a triangular distribution was employed for the monetized
environmental benefits with min, max and most likely values defined by the range of CV estimates, i.e.
40, 85 and 50 Euros per household per year, respectively. As regards irrigation benefits, a uniform
distribution was used, given that two different estimates, i.e. 0.094 and 0.2 Euros per CM, were found
from related studies conducted in Greece (Latinopoulos et al., 2004; Menegaki et al., 2007).
The results of the sensitivity analysis are presented in the following Tornado charts (Fig. 3.12 and
3.13) where the parameters have been ordered according to their impact on the ENPV and the ERR
from the widest range to the narrowest range.
The results of the Monte Carlo simulation after 1,000 trials are presented in Table 3.4. The mean ENPV
is about €3 million and the mean ERR is around 63.3%. Given the minimum estimated values, it is
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evident that there is zero probability for rejecting the proposed plan from a socioeconomic
perspective.

ENPV #2
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Figure 3-12: Tornado diagram for DS1 ENPV – Proposal #2
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Figure 3-13: Tornado diagram for DS1 ERR – Proposal #2
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Table 3-4: DS1 - Proposal #2 Risk analysis statistics
Statistics

ENPV Forecast values

ERR Forecast values

Mean

3,022,735

63.29%

Median

3,003,102

59.44%

St.dev.

499,888

18.50%

Minimum

1,644,215

32.7%

Maximum

4,488,944

120.43%

3.7 Conclusion
Both MAR proposals #1 (infiltration of 0.8 MCM per year) and #2 (infiltration of 1.5 MCM per year) are
highly justified from a social point of view. Moreover, proposal #2 remains attractive from an
economic perspective even in case that no extra tariffs are charged. All in all, the recharge of the
aquifer in order to combat seawater intrusion and increase irrigated land is socially acceptable based
on the result of the economic analysis.
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4 DS2 - ALGARVE
4.1 Project identification
The Campina de Faro MARSOL site in Algarve is a medium size project aimed to increase the ecological
and chemical status of part of the polluted sandy phreatic aquifer of Campina de Faro, that lies within the
Nitrate Vulnerable Zone of Faro (98 km2). The intervention will take place in an area of 1,288 ha
(3,600x3,600 m2) with the infiltration of available runoff from ephemeral rivers (Rio Seco) through
According to the Corine Land Cover 2006, the surface is characterized by a strong presence of
Agricultural Areas (79%) of which 864 ha (67% of the total area) are currently under use as permanent
crops and heterogeneous agricultural areas. infiltration basins and/or rainfall drained from greenhouses
roofs through large wells (called “Noras”).

4.2 Geology and hydrogeology
The study is focused on the upper (phreatic) subunit (1,288 ha) of the wider Campina de Faro aquifer
system, made out of Miocene fine sand. It is in direct and continuous connection with the surface,
where strong and long lasting traditional agricultural practices are the cause of diffuse pollution.

Figure 4-1: DS2 Model domain
Source: MARSOL Partner

The subunit was declared a Nitrate Vulnerable Zone by Portuguese Legislation (Portaria nº
1100/2004, DR 208 SÉRIE I-B de 2004-09-03) classified as “poor groundwater status” in the recently
issued Watershed Management Plan of Algarve region (PLANO DE GESTÃO DAS BACIAS
HIDROGRÁFICAS QUE INTEGRAM A REGIÃO HIDROGRÁFICA DAS RIBEIRAS DO ALGARVE - RH8). The
area also includes the Campina de Faro Aquifer (according to the Nitrate Directive 91/676/CEE).
In the area nitrates concentration can be as high as 350 mg/l, to be compared to the maximum
threshold level of 50 mg/l.
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Figure 4-2: Nitrates concentration in the aquifer of Campina do Faro in April 2008 (left) and May 2014
(right)
Source: MARSOL Partner

4.3 MAR available and potential infrastructure
Artificial recharge facilities currently present in the area, either specifically intended and build for this
reason or favourably adaptable to the use, are described herewith.
Three infiltration basins were built for research on the Rio Seco (Gabardine, EU, 2009). The riverbed
(5 to 6 m-wide) was excavated up to a depth of about 6 m in three sections of the river and for an
overall length of 73 m (corresponding to approx. 400 m2 and 2,400 m3). The volume was then re-filled
with gravel (30% porosity). The areas are equipped with six monitoring wells currently used for
testing, in which groundwater table level and conductivity are measured.

Figure 4-3: Rio Seco (left) and graphical representation of the infiltration basins (right)
Source: MARSOL Partner

The overall infiltration capacity of the three infiltration basins is estimated at 21.6 m3/h,
corresponding to 1.30 m3/d/m2 and to 7.10 m3/d/m if referred to the infiltration area (400 m2) and to
the length (73 m) of the basins respectively. It can be therefore roughly assumed that each km of river
adapted to be an infiltration basin would be potentially able to infiltrate about 2.6 MCM/y/km, if
______________________________________________________________________________________________________________________
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constantly supplied of water. Being the available water source the natural ephemeral river runoff,
actual obtainable infiltration is reduced to only 0.48 MCM/y/km, as better illustrated below in this
chapter.
Traditional Algarve large wells called “Nora” scattered all around the project area and originally build
for water withdrawal might be used for artificial infiltration as well.

Figure 4-4: Nora (left) and graphical representation of the Noras (right)
Source: MARSOL Partner

There are about 60 total noras in the intervention area (1,288 ha), corresponding to an incidence of
one nora every 21.5 ha. These facilities have diameters and depth varying from 2 to 5 m and from 20
to 30 m, respectively. Considering a typical nora 4.5 m large and 24 m deep the excavated volume
equals 382 m3. No permanently installed monitoring facilities are currently available in the
piezometers constructed and rehabilitated under MARSol Framework.
The infiltration capacity of the tested noras is very high and is estimated between 50 and 180
m3/d/m2, meaning that the typical nora, if continuously supplied of water, should be able to infiltrate
from 34 to 120 m3/h and 0.30 to 1.05 MCM in a year. Under the same assumptions the whole 60 noras
set would infiltrate from 18 to 63 MCM/y of water.
Approximately 270 ha of the whole aquifer area is covered with greenhouses, out of which 130 ha fall
within the model domain. Greenhouse impervious roof drainage may be turned from problem to
opportunity as harvested rainwater was identified as a main potential source for aquifer recharge.
This potential source of water could, in some cases, be redirected to the large diameter wells or to the
infiltration basins at the riverbed of Rio Seco.

4.4 Hydrology
According to studies developed during the GABARDINE EU project11, in average 5.6 MCM of water are
annually available for artificial recharge, not uniformly distributed along the year but available only
during about 67 days per year, in winter time.
More in detail:

11

River runoff at the Rio Seco test section (6,270 ha) is 6.7 MCM/y.

See http://cordis.europa.eu/publication/rcn/13034_en.html
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Average total rainfall is 517 mm/y.
The estimated infiltration that can be achieved through infiltration basins is 0.48 MCM/y/km.
Actual annual rainwater harvested by greenhouses that can be infiltrated through noras considering water availability and peak flows - is about 0.39 MCM/y.

4.5 Objective of the Project
As mentioned in the Financial Analysis report, the final aim of the Project is to enhance the aquifer
water quality and status by diluting and “pushing” contaminated water towards the seashore using
two artificial recharge techniques:




Transformation of the Rio Seco stream along its path over the Campina de Faro aquifer system
into an infiltration body by constructing infiltration basins all along the stream as far as
needed.
Transformation of the existing noras into infiltration wells. A dedicated monitoring shall be
paired to the noras used for recharge and the construction of new ones as far as needed shall
be considered.

The effectiveness of the two recharge techniques, either individually applied or combined, was
assessed forecasting the actual reduction of the current concentration of pollutant (nitrate) in the
groundwater as an effect of the future artificial infiltration of clean (or at least cleaner) water.
Given the concentrations and the physical characteristics of the aquifer, the goal of reducing nitrates
below 50 mg/l could be achieved by washing off 75% of the polluted groundwater, through infiltration
of 36.23 MCM of clean water (see D15.1 for further details).
4.5.1

BAU scenario

The BAU scenario assumes that no further measures will be taken into consideration. Therefore, the
aquifer quality status will follow the degradation tendency observed in the past years, close to a steady
situation (inputs ≈ natural removal). The result would be a situation far behond the standards for good
water quality defined in the European Framework Directive.
Penalties for these cases are predicted, if good status is not achieved until 2027. Previously, fines were
imposed on Portugal by the European Court of Justice for not complying with the EU legislation, in
terms of contaminant input into water bodies. Penalties as high as €3,000,000 plus €8,000 per day of
delay were applied for delay in treating sewage waters in towns above 15,000 inhabitants. These
penalty was applied in a national level for irregularities found in two sites (Ambienteonline, 2016).
Penalties wouldn’t be applied for the Nitrate vulnerable zone of Faro (9773 ha), if measures were to be
taken. At the BAU scenario, the solution selected to decrease nitrate pollution of the aquifer is to
reduce nitrate leaching through the reduction of nitrate application. According to rough estimates, in
order to meet the quality target of 50 mg/l, the application of nitrate should be reduced by 30%
(nitrate leaching isn’t just related with nitrate application, but also with complex interactions of soil
field capacity and plant absorption capacity). However, it is estimated that 30% reduction in the
nitrate application would reduce the agricultural yield in 30%. According to local farmers’ association
in the Algarve region, a medium productivity of €700 per ha is expected. Therefore, the reduction of
the nitrate input would result in a productivity of €490 per ha or a yearly loss of €181,440 given the
size of the cultivated area (i.e. 864 ha).
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Figure 4-5: Evolution of the Nitrate contamination from 1995 until May 2014
Source: MARSOL Project D12.4

4.5.2

Proposal #1

The MAR proposal #1 developed by LNEC is to enhance the Rio Seco River stream infiltration with the
construction of infiltration basins in its riverbed.
4.5.1

Proposal #2

The MAR proposal #2 developed by LNEC is to enhance the Rio Seco river stream infiltration with the
construction of infiltration basins in its riverbed and to harvest water from the roofs of the
greenhouses, diverting it to the nearest nora by gravity through piped connections.
Comparing the assumed yearly needed artificial recharge and the potential and actual infiltration
capacity of the infiltration facilities it is possible to understand:



to what extent might the target be achieved considering the current situation in terms of
infrastructure and water supply and what are the limiting factors;
how should the current situation be improved to achieve the assumed target and whether it
would be feasible from a technical and financial point of view.

Limiting factors for the river infiltration basins are the following:



On the side of supply, the river runoff equals 6.7 MCM/y
On the side of infiltration capacity, the potential of the three existing infiltration basins if
constantly supplied of water is estimated as 0.19 MCM/y

Limiting factors for the noras are the following:
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On the side of supply, given an area of exploited greenhouse roofs of 130 ha and a rainfall
height of 611 mm/y, the total harvested water would be no more than 0.06 m3/m2/y (0.79
MCM/y on the domain area)
On the side of infiltration capacity, the potential of each single nora if constantly supplied of
water is estimated between 0.30 and 1.05 MCM/y.

It appears that even though the potential infiltration capacity of a single nora would be sufficient to
achieve the target (at least 18 MCM/y against a need of 1.21 MCM/y on 1,288 ha area) the available
supply is barely 32% of the total annual need (since the 60 existing noras altogether have an actual
estimated average infiltration capacity of 0.39 MCM/y), and also the potential maximum supply is
lower than the target (65%).
It is estimated that with the existing noras alone it would take 93 years to infiltrate the amount of
water required to dilute the nitrate concentration below 50 mg/l. Any solution considering the storage
of rainwater to be pumped in the noras in a second time, given the highly concentrated occurrence of
rain events and the quantity of water to be stored, is apparently unviable.
It is concluded the target cannot be achieved in the model domain if only the noras are used for
infiltration purposes, hence a combined solution is investigated. Knowing that the amount of water
required to reduce the average nitrate concentration from 200 to 50 mg/l within 30 years is 1.21
MCM/y and that 0.39 MCM/y can be infiltrated through the 60 existing noras, it is inferred that the
remaining 0.82 MCM/y shall be infiltrated through a 1.76 km-long river infiltration basin.
Having defined above a target and a mean to reach it, it is now possible to assess the financial
performance of the proposed MAR solution to the poor quality of the Aquifer of Campina do Faro, even
though the actual viability of such a solution should be investigated from many additional points of
view (e.g. engineering design, land ownership, etc).

4.6 Economic analysis
4.6.1

BAU scenario

As mentioned, the BAU scenario assumes that nitrate application is reduced by 30% in order to
decrease nitrate pollution of the aquifer. The reduction of the nitrate input results in a productivity
loss of €181,440 per year.
4.6.2

Proposal #1

4.6.2.1 Costs #1 (economic outflows)
Cost estimation is based on the information provided by TARH and LNEC. The total investment cost is
estimated at €1.57 million, assuming that the full implementation of the program will take 4 years, and
the useful life for the works is 30 years (for details sea D15.1).
Operation and maintenance costs for the infiltration basins are assumed accordingly as detailed
below:
 Operation
 Maintenance

0.20% of the asset value
1% of the asset value

A special maintenance costing 20% of the RAV after 15 years is also envisaged.
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4.6.2.2 Benefits #1 (economic inflows)
No revenue is expected from the project. Nevertheless, the improvement in the quality of groundwater
and the increase in crop yields will increase social welfare. To monetize the value of benefits, the
society’s willingness to pay (WTP) for supporting a groundwater preservation and protection plan via
a structured program of MAR and other relevant actions is considered. According to the CV study
conducted in the area, a conservative estimate of local society’s WTP for such a program is around 20
Euros per household per year (see Annex I). Given that the total number of households is
approximately 3,000, the value is estimated at €60,000 per year for the first five years. The benefits
from the increase in farmers’ income are equal to the losses incurred because of the reduction in
nitrate application, i.e. €181,440 per year.
4.6.2.3 Economic performance #1
The results obtained from the economic analysis of the Proposal #1 are presented in Table 4.1 and
Fig.4.6.
Table 4-1: DS2 - Proposal #1 Incremental cash flows
1
Total economic costs

2

1,348,979

Investment costs

3

7,700

11,300

4-5

6-30

14,900

14,900

1,344,979

O&M costs

0

4,000

7,700

11,300

14,900

14,900

241.440

241,440

241,440

241,440

181,440

0

0

0

0

0

External costs
Total economic benefits
Operating revenues
External benefits (improve GW quality)
Consumer surplus (increase farmers' income)
Net economic cash flows

60,000

60,000

60,000

60,000

181,440

181,440

181,440

181,440

181,440

-1,107,539

233,740

230,140

226,540

226,540

1500000
Total economic costs
1000000

Total economic benefits
Net economic cash flows

500000

0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
-500000

-1000000

-1500000

Figure 4-6: Economic inflows, outflows and net flows for DS2 – Proposal #1
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Using a social discount rate of 5%, the Economic Net Present Value (ENPV) of the project is calculated
at €1,450,500. Furthermore, the Economic Rate of Return (ERR) is equal to 17.3%. The estimated
economic indicators show that the project is expected to increase social welfare. Therefore, it is worth
implementing it.
4.6.2.4 Uncertainty analysis #1
Sensitivity analysis and quantitative probability modelling were used to deal with the uncertainty
involved in the input parameters. The sensitivity analysis was conducted “ceteris paribus” and was
used to examine whether the results are sensitive to substantial but plausible variations (±20%) in
critical parameters, namely O&M costs, monetized environmental benefits and farmers’ income. The
probabilistic risk analysis implemented the Monte Carlo method in order to simulate the uncertainty
affecting the value of the above-mentioned parameters. Normal distributions were used for the O&M
costs and farmers’ income, with mean values equal to the values of the deterministic model and
standard deviations equal to 10% of the mean and a triangular distribution was employed for the
monetized environmental benefits with min, max and most likely values defined by the range of CV
estimates, i.e. 9.5, 33.5 and 20 Euros per household per year, respectively.
The results of the sensitivity analysis are presented in the following Tornado charts (Fig. 4.7 and 4.8)
where the parameters have been ordered according to their impact on the ENPV and the ERR from the
widest range to the narrowest range.
The results of the Monte Carlo simulation after 1,000 trials are presented in Table 4.2. The mean ENPV
is about €1.6 million and the mean ERR is around 18%. Given the minimum estimated values, it is
evident that there is zero probability for rejecting the proposed plan from a socioeconomic
perspective.

ENPV #1
500000

Farmers' income

1000000

1500000

2000000

145.152

2500000

217.728

Downside
Environmental benefits

48.000

72.000

O&M costs #1

17.880

11.920

Upside

Figure 4-7: Tornado diagram for DS2 ENPV – Proposal #1
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ERR #1
10%

Farmers' income

15%

20%

145.152

25%

217.728

Downside
Environmental benefits

O&M costs #1

48.000

17.880

72.000

Upside

11.920

Figure 4-8: Tornado diagram for DS2 ERR – Proposal #1
Table 4-2: DS2 - Proposal #1 Risk analysis statistics
Statistics

4.6.3

ENPV Forecast values

ERR Forecast values

Mean

1,573,488

17.91%

Median

1,585,117

17.97%

St.dev.

285,593

2.46%

Minimum

686,266

10.75%

Maximum

2,636,347

26.53%

Proposal #2

4.6.3.1 Costs #2 (economic outflows)
Cost estimation is based on the information provided by TARH and LNEC. The total investment cost is
estimated at €1,449,000. It is also assumed that the full implementation of the program will take 4
years (thus the present value of the investment is €1,284,787), and the useful life for the works is 30
years.
Operation and maintenance costs for the infiltration basins are assumed accordingly as detailed
below:
 Operation
 Maintenance

0.20% of the asset value
1% of the asset value

A special maintenance costing 20% of the RAV after 15 years is also envisaged.
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4.6.3.2 Benefits #2 (economic inflows)
As in the Proposal #1, no revenues are foreseen from the project. Nevertheless, the improvement in
the quality of groundwater and the increase in crop yields will increase social welfare. As mentioned,
the benefits from the reduction of nitrate concentration in the aquifer and the benefits from the
increase in farmers’ income are estimated at €60,000 per year for the first five and at €181,440 per
year, respectively
4.6.3.3 Economic performance #2
The results obtained from the economic analysis of the Proposal #2 are presented in Table 4.3 and Fig.
4.9.
Table 4-3: DS2 - Proposal #1 Incremental cash flows
1
Total economic costs
Investment costs
O&M costs

2

1,288,737

3

4-5

6-30

7,479

11,009

14,539

14,539

3,949

7,479

11,009

14,539

14,539

241,440

241,440

241,440

241,440

181,440

0

0

0

0

0

60,000

60,000

60,000

60,000

0

1,284,787

External costs
Total economic benefits
Operating revenues
External benefits (improve GW quality)
Consumer surplus (increase farmers' income)
Net economic cash flows

181,440

181,440

181,440

181,440

181,440

-1,047,297

233,961

230,431

226,901

166,901

1500000

1000000

Total economic costs
Total economic benefits
Net economic cash flows

500000

0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
-500000

-1000000

-1500000

Figure 4-9: Economic inflows, outflows and net flows for DS2 – Proposal #2
Using a social discount rate of 5%, the Economic Net Present Value (ENPV) of the project is calculated
at €1,436,700. Furthermore, the Economic Rate of Return (ERR) is equal to 18.3%. The estimated
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economic indicators show that the project is expected to increase social welfare. Therefore, it is worth
implementing it.
4.6.3.4 Uncertainty analysis #2
Sensitivity analysis and quantitative probability modelling were used to deal with the uncertainty
involved in the input parameters. The sensitivity analysis was conducted “ceteris paribus” and was
used to examine whether the results are sensitive to substantial but plausible variations (±20%) in
critical parameters, namely O&M costs, monetized benefits from peoples’ WTP and farmers’ income.
The probabilistic risk analysis implemented the Monte Carlo method in order to simulate the
uncertainty affecting the value of the above-mentioned parameters. Normal distributions were used
for the O&M costs and farmers’ income, with mean values equal to the values of the deterministic
model and standard deviations equal to 10% of the mean and a triangular distribution was employed
for the monetized benefits with min, max and most likely values defined by the range of CV estimates,
i.e. 9.5, 33.5 and 20 Euros per household per year, respectively.
The results of the sensitivity analysis are presented in the following Tornado charts (Fig. 4.10 and
4.11) where the parameters have been ordered according to their impact on the ENPV and the ERR
from the widest range to the narrowest range.
The results of the Monte Carlo simulation after 1,000 trials are presented in Table 4.4. The mean ENPV
is about €1.6 million and the mean ERR is around 18%. Given the minimum estimated values, it is
evident that there is zero probability for rejecting the proposed plan from a socioeconomic
perspective.

ENPV #2
500000

Farmers' income

1000000

1500000

2000000

145.152

2500000

217.728

Downside
Environmental benefits

48.000

72.000

O&M costs #2

17.447

11.631

Upside

Figure 4-10: Tornado diagram for DS2 ENPV – Proposal #2
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ERR #2
10%

Farmers' income

15%

20%

145.152

25%

30%

217.728

Downside
Environmental benefits

O&M costs #2

48.000

17.447

Upside

72.000

11.631

Figure 4-11: Tornado diagram for DS2 ERR – Proposal #2
Table 4-4: DS2 - Proposal #2 Risk analysis statistics
Statistics

ENPV Forecast values

ERR Forecast values

Mean

1,635,347

19.15%

Median

1,644,443

19.19%

285,319

2.63%

Minimum

743,526

11.56%

Maximum

2,659,273

28.06%

St.dev.

4.7 Conclusion
MAR proposals #1 (construction of 2.58 km-long riverbed infiltration basin) and #2 (1.76 km-long
riverbed infiltration basin coupled with rehabilitation of 60 existing noras) are very similar from an
economic point of view, with the former proving slightly higher ENPV.
In other words, both proposals are sustainable from a socioeconomic perspective.
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5 DS3 - ARENALES
5.1 Project identification
The Arenales MARSOL site is a large project focused in 3 pilot sites in Castille and Leon (Spain) in which
river water and – to a smaller extent – treated sewage are diverted to a system of canals and pipes
feeding several MAR facilities (infiltration ponds, open wells, artificial wetlands, filter pipes, etc.). The
main beneficiaries of the project are the farmer communities, who are in charge of the management and
maintenance of the MAR system, however even small-medium enterprises and municipalities water
supply systems are either getting direct benefit or are interested in being involved in the project. The
implementation of MAR has had a positive effect on these economically depressed area thanks to the
increased availability of groundwater for irrigation and to the improved water quality achieved through
natural treatment processes.

5.2 Geology and hydrogeology
The project domain consists of three DemoSites located on Los Arenales aquifer. It is a sand
unconfined aquifer, in which canals, ponds and some artificial wetlands are used for MAR purposes.
Since the mid-20th century the expansion of irrigation from Los Arenales aquifer led to a decline in
groundwater level of more than 20 m. The Aeolian sand aquifer, with an area of 1,500 km2 and
thickness up to 55 m, is also very vulnerable to drought.
Looking at a smaller scale, the aquifer underlying Santiuste site (one of the three DemoSites included
in the project) has an extension of 44 km2 and is actually of multilayer type: the unconfined shallow
aquifer (20-40 m deep) exploited by the majority of farmers is situated above a much deeper aquifer
(developing at about 500 m depth) that serves as water source for the richer farmers in the Northern
part of the area.
According to information provided by Tragsa, MARSol partner in charge of the DemoSites in Los
Arenales, out of 2.61 MCM recharged in Santiuste about 0.12 MCM are estimated to reach the deeper
aquifer (i.e. less than 5%).

Figure 5-1: Map showing the thickness of the upper Santiuste aquifer
Source: MARSOL Partner
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5.3 MAR available and potential infrastructure
Los Arenales aquifer was declared provisionally overexploited. In response to the imperatives of the
WFD 2000/60 and to avoid the overexploitation declaration, the Spanish Ministry of Agriculture
(MAGRAMA) developed MAR facilities in three pilot zones: Santiuste, Carracillo and Alcazarén. The
availability of data is different in the three sites: while Santiuste has had a long and controlled life as a
MAR system, not as much data availability exists for Carracillo and Alcazarén. Having the three sites
many features in common, this analysis will focus only in Santiuste system, which is deemed
representative of the other systems too.
At the Santiuste basin site, the water of river Voltoya is diverted by gravitational flow through 9.6 km
of buried pipes to the recharge facilities, comprising infiltration ponds, artificial wetlands, canals and
large diameter wells. Researchers also successfully tested buried filter pipes and drainage ditches.
Once constructed and commissioned, the works were transferred to the communities of irrigators,
who are responsible for the management and maintenance, under the advice of specialists of the
Duero Hydrographic Confederation (CHD) and Tragsa.
The main characteristics of Santiuste MAR facility are summarized below.















Length of pipeline connecting the river intake to the sedimentation pond: 9.6 km
Area of sedimentation pond: 36 m2
Area of infiltration pond: 14,322 m2
Length / width of West infiltration canal: 17.3 km / 1.6 m
Length / width of East infiltration canal: 10.4 km (7.4 km effective) / 3.2 m
Length of 125 mm pipeline connecting infiltration canal to the salt lake: 0.76 km
Area of restored salt lake: 59,872 m2
Area of artificial wetlands: 25,556 m2
Area of WWTP lagoons: 14,659 m2
Open infiltration wells: 3
Depth of infiltration wells: 8 m
River bank filtration for municipalities supply: 1 (apart from the budget)
Ridges/soil and aquifer treatment techniques: 1
Accidental recharge by irrigation return

A graphical representation of Santiuste MAR system is shown in the following Figures.
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Figure 5-2: Graphical representation of the Santiuste MAR system (top) and flow chart (bottom)
Source: MARSOL Partner

The project, building works, tracking and further monitoring were accompanied by improvements in
water management, based on the organization of communities of irrigation farmers, exchanges of
arable land, change in crops, improved efficiency of irrigation, extension of the energy supply net, and
reduction of energy consumption. Also there was recovery of environmental features such as degraded
wetlands (La Iglesia salt lake), springs that had dried up, dilution of nitrates and of other pollution
vectors, etc.
Initially some farmers resisted the new organizational structures and this was resolved through
negotiation and sensitization. Incipient economic resurgence is observed in these rural areas that had
previously been depressed. It is worth mentioning that there are plenty of industries and SMEs
depending on the aquifer storage apart from the agro-industry: mobilization campaigns have started
and PPP schemes have been implemented, but this activity is still far from being fully accomplished.
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5.4 Hydrology
The main source for the MAR facilities is the good-quality water of river Voltoya, which is
supplemented by WWTP effluents post-treated in artificial wetlands. Due to variable river flows,
annual volumes recharged to the Santiuste aquifer range between 0.5 and 12.2 MCM with an average
of 2.61 MCM/y (data recorded from 2002 to 2015). The river water started being supplemented by 0.5
MCM/y of treated sewage in 2005.
The use of treated sewage for aquifer recharge implies a diluted pollution whose effects in terms of
contamination are mitigated thanks to the existence of the vegetated canals and ponds. Better
recharging rate are also thought to be achieved due to the improvement of the water quality, even
when sewage is the main source.

5.5 Objective of the Project
Santiuste domain area is 3,061 ha, out of which 515 ha used to be occupied by irrigation-fed
agriculture. After the implementation of the MAR project, the increase in water availability has led to
an increase in the number of converted dry land plots, and the extent of the irrigation-fed agriculture
has reached 790 ha.
The target of this study is to assess the economic performance of different scenarios with and without
the implementation of the MAR system, seen from the point of view of the society. The amount of
treated sewage used for aquifer recharge as well as the amount of water withdrawn by users other
than farmers are neglected in this analysis.
5.5.1

BAU scenario

In the BAU scenario it is assumed that no MAR facility is in place. The calculation yields a water
demand in 6 months equal to 4.52 MCM. This amount is considered to be available in Santiuste aquifer
and that it suffices for irrigating 515 ha of land. Compared to the scenario where the MAR facilities are
constructed and functional, the disadvantages are the lower groundwater table (i.e. higher pumping
costs) and the smaller extent of the irrigated fields.
5.5.2

Proposal #1

In this scenario it is assumed that the MAR facilities are in place and functional. The calculation yields
a water demand in 6 years equal to 6.94 MCM. In total, 2.61 MCM/y are known to be made available
thanks to the MAR system comprising infiltration ponds, canals, filter pipes, etc. The remaining quota
is covered by withdrawing water from Santiuste aquifer. Thanks to the increased availability of
groundwater, the farmers can irrigate 790 ha of land. The operating MAR system also implies a raise in
the groundwater table (i.e. lower pumping costs). Additional benefits – not covered in this analysis due
to lack of data – are the improved water quality, the visibility and the publicity for the farmers’
products.

5.6 Economic analysis
5.6.1

BAU scenario

As mentioned, the BAU scenario assumes that the area of irrigated land is 515 ha and that the total
quantity of irrigation water comes from the Santiuste aquifer. It is assumed that the farmers are
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already cultivating the land, hence no initial investment is foreseen to start cultivating the agricultural
fields.
5.6.2

Proposal #1

5.6.2.1 Costs #1 (economic outflows)
Cost estimation is based on the information provided by Tragsa, MARSol partners in charge of the
DemoSites in Arenales. It is assumed that the farmers are already cultivating the land, hence no initial
investment is foreseen to start cultivating the agricultural fields. Nevertheless, the total cost of
implementation of the MAR facility is equal to 3,948,079 €. It is assumed that 30% of this amount is
used for sensitization and mobilization activities, tests, inspections, and contingency.
It is also assumed that the full implementation of the program will take 4 years (thus the present value
of the investment is €3,668,850); the useful life for the works is 35 years, with a special maintenance
costing 20% of the RAV after 17 years.
The cost for pumping is derived assuming a pump head of 20 m required to withdraw groundwater
from the aquifer, which yields a unitary cost of 0.005 €/m3.
5.6.2.2 Benefits #1 (economic inflows)
In order to estimate the revenues generated by the MAR project, the shadow price of irrigation water
has to be used. To this end, the revenues derived from the additional quantity of irrigation water
produced via MAR, i.e. 2.61 MCM/y, are calculated using farmers’ WTP for the good in question.
According to Rigby et al. (2010), irrigation water values and pricing in Spain has been extensively
examined in various research studies, which utilized programming methods to maximize the total
gross margin and to minimize financial risk and labour inputs. On the contrary, stated preference
approaches are in general absent. The availability in the literature is limited to the following research
studies:
-

Calatrava Leyda & Sayadi (2005) examined tropical fruit growers’ WTP in south-eastern Spain
(Granada Coast) for irrigation schemes against the current price of irrigation water. In the
publications there is no reference to the valuation scenario, the elicitation format or the
payment vehicle. The survey took place in 2000 and the sample-size is deemed low (n=68).
The average farm size was 3.0 ha, and the mean WTP was 0.27 €/m3, while mean price of
irrigation water at the time of the survey was 0.14 €/m3.

-

Colino Sueiras & Martinez Paz (2007) used a CV survey on farmers in Murcia in 2004-2005.
The farmers were asked an open-ended valuation question, to state the maximum additional
amount they would pay for irrigation water that they could use. The authors find that
irrigators were paying an average water tariff of 0.21 €/m3 and a maximum of EUR 0.40/m3,
and the mean and maximum WTP values were 0.43 €/m3 and 0.95 €/m3, respectively.

-

Rigby et al. (2010) conducted a Choice Experiment (CE) survey, in 2006, to value irrigation
water in Spain, Campo de Cartagena Irrigation Community (IC) in Segura Basin. The IC was
comprised in 2006, on 32,800 ha of land and the products include vegetables, citrus fruits and
other fruit trees. The mean WTP for irrigation water in the sample is 0.45 €/m3 and it is
influenced by well ownership. Farmers that own a well have a higher mean WTP (0.50 €/m3),
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while the rest, who are supplied by the IC, have a lower mean WTP (0.22 €/m3). These values
are lower if the farmers have less than 10 ha lots (mean WTP: 0.37 €/m3).
-

Mesa-Jurado et al (2012) conducted a CVM survey in Spain to value farmers’ WTP for increased
guarantee in addition to direct use of irrigation water in Guadalbullon River sub-basin (within
the Guadalquivir River Basin). The survey (n=150) took place in 2009 and focused on
‘respondents preferences and values towards irrigation supply guarantee improvement in the
basin’. The WTP question was based on payment cards and was escorted by pictograms
presenting the valuation scenario. The valuation scenario included a description of the statusquo in the area, i.e. the official water allocation quota (1500 m3/ha). Since this volume was
rarely met owing to low reliability, respondents were offered the opportunity to pay for an
increase of the guarantee of the water supply. As a result, the mean WTP for 50% guarantee of
successful water allocation (5 out of 10 years) was 0.034 €/m3 and the mean WTP for 90%
guarantee (9 out of 10 years) was 0.074 €/m3. These values are compatible with the estimated
differences between current prices and WTP in other surveys in Spain (e.g. Colino Sueiras &
Martinez Paz, 2007, and Calatrava Leyda & Sayadi, 2005), which can also be seen as a water
allocation premium.

-

Alcon et al (2014) conducted a CE survey to determine whether farmers in the Segura River
Basin (SE Spain) would support new water management policies, through their willingness to
pay (WTP). The survey (n=299) took place in 2012 in the areas Campo de Cartagena and
Pantano de la Cierva. The research study draws three conclusions: (i) farmers are stressed by
water supply uncertainty and would pay 0.35 €/m3 for guaranteed water supply; (ii) farmers
would not support changes in policy that do not directly contribute to production; and (iii)
farmers show less preference for policies that require ‘participatory efforts’.

-

Giannoccaro et al. (2016) examined the farmers’ WTP (in €/m3) for water trading schemes in
Spain. The survey was conducted in 2012 (n= 241). The environmental good was irrigation
water in a hypothetical trading market, where each farmer could be a buyer (WTP) or a seller
(willingness to accept, WTA). According to the observations, after excluding zero responses,
WTP was between 0.15 and 0.54 €/m3 and WTA was between 0.15 and 0.55 €/m3.

The mean farmers’ WTP for irrigation water, in 2015 prices, is 0.41 €/m3
5.6.2.3 Economic performance #1
The incremental cash flows of the Proposal #1 are presented in Table 5.1 and Fig.5.3.
Table 5-1: DS3 - Proposal #1 Incremental cash flows
1
Total economic costs
Investment costs
O&M costs

2

3,698

3

4-35

67

105

143

29

67

105

143

1,161

1, 161

1, 161

1, 161

1,161

1,161

1,161

1,161

-2,680

951

913

875

3,669

External costs
Total economic benefits
Economic revenues (based on farmers' WTP)
Net economic cash flows
Values in M€
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Total economic costs
Total economic benefits
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Figure 5-3: Economic inflows, outflows and net flows for DS1 – Proposal #1
Using a social discount rate of 3%, the Economic Net Present Value (ENPV) of the project is calculated
at €18,210,000. Furthermore, the Economic Rate of Return (ERR) is equal to 41.3%. The estimated
economic indicators show that the project is expected to increase social welfare. Therefore, it is worth
implementing it.
5.6.2.4 Uncertainty analysis #1
An uncertainty analysis was carried out using sensitivity analysis and quantitative probability
modelling. The sensitivity analysis was conducted “ceteris paribus” and was used to examine whether
the results are sensitive to substantial but plausible variations (±20%) in critical parameters, namely
O&M costs and expected benefits. The probabilistic risk analysis implemented the Monte Carlo method
in order to simulate the uncertainty affecting the value of the above-mentioned parameters. A normal
distribution was used for the O&M costs with mean value equal to the value of the deterministic model
and standard deviation equal to 10% of the mean and a triangular distribution was used for the
expected benefits, with min, max and most likely values equal to 0.35, 0.53 and 0.41 €/m3,
respectively..
The results of the sensitivity analysis are presented in the following Tornado charts (Fig. 5.4 and 5.5)
where the parameters have been ordered according to their impact on the ENPV and the ERR from the
widest range to the narrowest range.
The results of the Monte Carlo simulation after 1,000 trials are presented in Table 5.2. The mean ENPV
is about €19.6 million and the mean ERR is around 44.5%. Given the minimum estimated values, it is
evident that there is zero probability for rejecting the proposed plan from a socioeconomic
perspective.
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ENPV (in M€)
5000

Economic beenfits

10000

15000

20000

814

25000

1.222
Downside
Upside

O&M costs

172

114

Figure 5-4: Tornado diagram for DS3 ENPV – Proposal #1
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Figure 5-5: Tornado diagram for DS3 ERR – Proposal #1
Table 5-2: DS3 - Proposal #1 Risk analysis statistics
Statistics

ENPV Forecast values

ERR Forecast values

Mean

19,630

44.54%

Median

19,479

43.76%

St.dev.

2,314

6.42%

Minimum

14,778

32.59%

Maximum

25,961

62.93%
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5.7 Conclusion
The proposed project, although it has a negative Financial NPV, it is socially desirable given that both
economic indicators, i.e. ENPV and ERR, are acceptable (positive ENPV and ERR greater than the social
discount rate). Furthermore, it should be noted that some additional benefits deriving from MAR (e.g.
better water quality increasing the cereal yield, visibility and publicity for the farmers’ products
allowing an increase in price, additional revenues obtained by selling the water to other users such as
SME and water supply utilities) have not been taken into account, due to the increased inaccuracy.
All in all and irrespective of the additional benefits, the implementation of MAR is justified from an
economic standpoint.
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6 DS4 - LLOBREGAT
6.1 Project identification
The Llobregat MARSOL site is a project encompassing the use of ponds for increasing the groundwater
reserves that supply water to Barcelona's metropolitan area, and for improving the quality of the
groundwater thanks to the treatment processes that take place within the ponds. In particular, one of the
ponds acts as sedimentation basin, while the other is underlain by a layer of compost that enhances the
biological activities of organics-degrading microorganisms. The water that feeds the MAR facility is
obtained by diverting part of the Llobregat River’s flow.

6.2 Geology and hydrogeology
The study area is located within the aquifer of Vall Baixa i Delta, which covers an area of 120 km2 in
the coastal region of Catalunya (Spain). In the proximity of the MAR facility it is a monolayer
unconfined aquifer mainly composed of alluvial deposits. From perforation tests it was found that the
type of soil is mainly sandy, with percentages ranging as reported below:




Sand
Clay
Silt

73-83%
3-11%
13-14%

Moving downstream, at about the location where the Lower Valley opens up forming a delta, the
aquifer brakes into several units due to the intercalation of a silty wedge of increasing thickness
towards the sea. The upper part is formed by sands of a delta front, of about 15 m thickness. The main
aquifer, having transmissivity ranging between 1,000 and 5,000 m2/d, is located below, and it is
formed by a combination of sands and gravels. The silty wedge acts as a semi-confining unit.

Figure 6-1: Geological cross section of the aquifer of Vall Baixa i Delta
Source: MARSOL Partner

Though salinity is a general problem in the aquifer, this MAR facility is located 15 km far from the
Mediterranean seashore and the recharged water has no evident impact on saltwater intrusion.
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6.3 MAR available and potential infrastructure
The site includes a sedimentation (impermeable) and an infiltration pond located in Sant Vicenç dels
Horts and having an effective surface of 4,000 m2 and 5,600 m2, respectively. Water for recharge is
diverted from the Llobregat river about 3,200 m upstream of the ponds, thanks to a 125 m-wide weir
infrastructure, and then conveyed by gravity through a 1,000 mm PE pipeline.
The area is heavily instrumented; in total there are 7 piezometers (one of which is installed outside the
area affected by MAR, one is within the infiltration pond and the others around it) and a pumping well.
Within the infiltration pond, some instrumentation has been placed in order to analyse the infiltrating
water; these include temperature sensors, suction cups in the vadose zone and a lysimeter.
In the period from 2009 to 2014 it has been possible to infiltrate over 3.74 MCM of water during 952
total days of operation. The average infiltration rate of the pond is estimated as 0.75 m3/m2/d.
The location of the two ponds next to the Llobregat river is shown in the following Figure.

Figure 6-2: Aerial view of the ponds (left) and graphical representation of the MAR system (right)
Source: Google Earth and MARSOL Partner

Recently an innovative MAR technology was implemented in the field, by placing a reactive organic
layer on the bottom of the infiltration pond. This layer consists of a mixture of vegetal compost and
local materials (volume proportion 50:50), in which red clays and iron oxides had been added at 1%
and 0.1% respectively. During the first two years after the layer installation, an improvement in the
elimination of some pollutants present in the recharge water was observed, leading to a positive
impact on the quality of groundwater.
After the placement of the reactive layer, the original aim of the facility - i.e. increase the quantity of
groundwater resources - was somehow taken over by the study of the impact on the qualitative
aspects of water.
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Figure 6-3: Placement of the compost reactive layer
Source: MARSOL Partner

The facility is not continuously operated: to prevent groundwater contamination and pond clogging,
the managers of the facility shutoff the supply to the system whenever water quality in the river or in
the infiltration pond exceeds the predefined thresholds summarized in Table 6-1.
Table 6-1: DS4 - Thresholds values to keep the MAR facility in operation
Facility
Turbidity (NTU)

Llobregat river

Infiltration pond

150

5

Ammonia (mg/l)

1.2

1

Chloride (mg/l)

350

350

Conductivity (µS/cm)

1700

1700

6.4 Hydrology
The Llobregat river is 170 km-long and has an average mean annual discharge of 20.8 m3/s at the
outlet. Knowing this datum, the average flow at the closing section identified by the MAR facility is
estimated proportionally to the river catchment’s area i.e. approximately 17.3 m3/s. According to
Sabater and Barcelò (2010) the Llobregat river experiences a wide range of monthly flows going from
<2 to 130 m3/s. The daily water flow rate is even more variable. The hydrological year 2007-2008 was
one of the driest years recently recorded, and during 86% of the time the river carried less than the
average water flow. During that year flashy episodes - reaching 190-180 m3/s – occurred. Catastrophic
flood events with 1,500-2,000 m3/s can occur on average every 9-20 years. The most devastating
event occurred on 25th September 1962 and caused 441 human casualties.
In the study area, the recovery of water is not done at the same site of the infiltration ponds, but a
number of extraction wells are located downgradient. Since the river and the aquifer are disconnected,
no infiltrated water eventually reaches the river.
Groundwater is currently withdrawn from the aquifer for urban water supply, irrigation and industrial
uses.
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6.5 Objective of the Project
The challenge in this study area is given by the dual need to:



increase the strategic groundwater reserves in the Llobregat aquifer in order to supply
Barcelona's metropolitan area;
improve the quality of the groundwater in the aquifer.

The Llobregat is a typical case of overexploited aquifer. Hydrogeological studies estimated 40 MCM/y
as the safe yield of groundwater that could be extracted in a sustainable way. Despite these studies,
such values are currently being exceeded with abstractions of 51.6 MCM/y12.
6.5.1

BAU scenario

According to the BAU scenario, in which no MAR application takes place in the area of interest, the
estimated deficit of 11.6 MCM/y is covered by water supply network to avoid overexploitation of the
aquifer. According to data provided by the MARSol partners involved in the study and management of
Llobregat DemoSite, the primary water user in the area of interest is the local industries. The
estimated cost per CM of industrial water from the water supply network is 0.5 Euros.
6.5.2

Proposal #1

The proposed MAR solution #1 is to scale up the pilot project implemented in Sant Vicenç dels Horts,
so that the target 11.6 MCM/y are infiltrated in the aquifer. According to the indication provided by the
Hydrogeology group of the University of Catalunya and CUADLL (Comunidad de Usuarios de Aguas del
valle bajo y Delta del rìo Llobregat), MARSol partners involved in the study and management of
Llobregat DemoSite, the infiltration area required to achieve the target is 10.4 ha. Proportionally, the
total area of the large scale sedimentation ponds is calculated as 7.4 ha.
Eventually the proposed large scale project will have the following configuration:










1 weir in river Llobregat of width 125 m
4 PE pipeline of length 3,200 m each and diameter 1 m, connecting the weir with the
sedimentation ponds
4 impermeable sedimentation pond of 1.85 ha each
4 concrete pipeline of length 10 m, connecting each sedimentation pond to its infiltration pond
4 infiltration ponds with compost bottom layer of 2.6 ha each
24 piezometers
4 multilevel piezometer
Monitoring instruments within the ponds
4 pumping well downstream the infiltration ponds

The hypothesis is that the existing weir will be used for diverting the water to all the ponds, which will
be constructed in the vicinity of the pilot project, therefore no initial investment is foreseen for
constructing the weir.

12

Different sources report different data, ranging from 51.6 to 58.9 MCM/y.
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In this case, based on data provided by the MARSol partners involved in the study area, the estimated
cost per CM of industrial water abstracted from the aquifer is 0.1 Euros.
6.5.2.1 Costs #1 (economic outflows)
Cost estimation is based on the information provided by the Hydrogeology group of the University of
Catalunya and CUADLL, either referred to the actual expenditures occurred during the present and the
previous projects on the same facilities, or descending from a conceptual design of the works.
The total investment cost is estimated at €7,961,195. Additional costs for engineering controls,
inspections, contingency, etc. is taken as 30% of the total costs. It is also assumed that the full
implementation of the program will take 4 years, and the useful life for the works is 30 years (except
for the river weir, whose useful life is 50 years).
No energy costs are encompassed in this project. The operation and maintenance costs for the whole
system are provided from the MARSol partners and quantified in 0.025 €/m3 of infiltrated water.
A special maintenance costing 20% of the RAV is expected after 15 years.
6.5.2.2 Benefits #1 (economic inflows)
The economic inflows of the proposed project derive from the avoided costs on the incremental cash
flows “with” and “without” the project. More specifically, the avoided costs for the local industries are
0.4 Euros for each CM of withdrawn water.
6.5.2.3 Economic performance #1
Using the above-mentioned assumptions, the incremental cash flows of the Proposal #1 were
estimated (Table 6.2 and Fig. 6.4).
Table 6-2: DS4 - Proposal #1 Incremental cash flows
1
Total economic costs
Investment costs
O&M costs

2

3

127

190

254

63

127

190

254

1,160

2,320

3,480

4,640

8,025

4-30

7,961

External costs
Total economic benefits
Avoided costs (for local industries)
Net economic cash flows

1,160

2,320

3,480

4,640

-6,865

2,193

3,290

4,386
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Figure 6-4: Economic inflows, outflows and net flows for DS4 – Proposal #1
Using a social discount rate of 3%, the Economic Net Present Value (ENPV) of the project is calculated
at €79,939,600. Furthermore, the Economic Rate of Return (ERR) is equal to 49.7%. The estimated
economic indicators show that the project is expected to increase social welfare. Therefore, it is worth
implementing it.
6.5.2.4 Uncertainty analysis #1
A risk analysis was carried out by means of sensitivity analysis and quantitative probability modelling
to deal with the uncertainty involved in the estimates. The sensitivity analysis was conducted “ceteris
paribus” and was used to examine whether the results are sensitive to substantial but plausible
variations (±20%) in critical parameters, namely O&M costs and expected benefits (i.e. avoided costs).
The probabilistic risk analysis implemented the Monte Carlo method in order to simulate the
uncertainty affecting the value of the above-mentioned parameters. For this purpose, normal
distributions were used for both parameters, with mean values equal to the values of the deterministic
model and standard deviations equal to 10%.
The results of the multiple univariate sensitivity analysis are presented in the following Tornado
charts (Fig. 6.5 and 6.6) where the parameters have been ordered according to their impact on the
ENPV and the ERR from the widest range to the narrowest range.
The results of the Monte Carlo simulation after 1,000 trials are presented in Table 6.3. The mean ENPV
is about €72.2 million and the mean ERR is around 50%. Given the minimum estimated values, it is
evident that there is zero probability for rejecting the proposed plan from a socioeconomic
perspective.
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Figure 6-5: Tornado diagram for DS4 ENPV – Proposal #1
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Figure 6-6: Tornado diagram for DS4 ERR – Proposal #1
Table 6-3: DS4 - Proposal #1 Risk analysis statistics
Statistics

ENPV Forecast values

ERR Forecast values

Mean

72,188

49.72%

Median

71,800

49.68%

St.dev.

8,058

2.69%

Minimum

44,325

39.27%

Maximum

95,976

57.05%
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6.6 Conclusion
In a large scale project in which 11.6 MCM/y are effectively infiltrated to recharge the aquifer of Vall
Baixa i Delta, the economic sustainability is ensured given that the avoided costs for the main
beneficiaries (i.e. local industries) are very high (around 0.4 Euros per CM). To this end, the ENPV is
positive and high (i.e. approximately €71 million) and the same conclusion stands for the ERR (i.e.
about 50%).
It should be also mentioned that additional benefits deriving from MAR (e.g. increased strategic
groundwater reserves in the Llobregat aquifer in order to supply Barcelona's metropolitan area,
improved quality of groundwater in the aquifer, environmental benefits) have not been taken into
account due to the increased inaccuracy. For instance, despite the fact that groundwater demand of
51.6 MCM is currently being satisfied, it is expected that this will not be the case in the near future,
owing to increasing water demand and unsustainability of the current withdrawal rates
(overexploitation). This is likely to raise the WTP of the beneficiaries and to generate more appeal
towards the project.
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7 DS5 - BRENTA
7.1 Project identification
The Schiavon MARSol DemoSite is the pilot for a large scale project aimed to the recharge the aquifer of
the Brenta portion of the High Veneto Plain with the main purpose to balance the increase in
withdrawals allocated to municipal and industrial users and additionally recharging the currently
depleted aquifer, implementing extensive Forested Infiltration Areas and with costs to be shared by
municipal, industrial and agricultural users.

7.2 Geology and hydrogeology
The site is located close to an agricultural area in Schiavon municipality in the Province of Vicenza
(Italy) within the Resurgence Belt i.e. an area between the High North East Prealpine system and the
Low Veneto Plain characterized by the presence of resurgence springs. The NE Prealpine system
constitutes an aquifer with abundant freshwater of very good quality in which rain and snow
precipitations allow the storage and the release of waters in the environment through glaciers, lakes,
springs, rivers, and groundwater bodies. The NE Alpine system is nevertheless extremely vulnerable to
effects of climate change and the current water resource management. In the last 30-40 years, the
water table has slowly but progressively declined, numerous wetlands have been desiccated and the
aquifers have depressurized as result of overexploitation; these negative effects are likely to worsen in
the next decades as the frequency and intensity of droughts and water scarcity intensify. Still,
groundwater can remain the primary water source for the Italian Northern Adriatic basins if managed
in a sustainable manner and, even better, if recharge is established.

Figure 7-1: Cross section of the Resurgence Belt in the Veneto Plain
Source: MARSOL Partner

7.3 MAR available and potential infrastructure
The DemoSite uses a 1.4 ha-large Forested Infiltration Area (FIA) for Aquifer Storage and Recovery
(ASR). The FIA uses furrow irrigation for ensuring infiltration into the aquifer at a rate estimated
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between 20 and 50 l/s/ha. A system of furrows (dug at a space of 7 m from each other, 0.7 m-deep, 0.7
and 0.3m-wide on top and bottom respectively) is fed by drainage channels connected to the irrigation
ditch of the local irrigation network.
Fast growing trees are planted on both sides of the furrows with a density of about 5,000 trees/ha. The
vegetative cycle of trees is 5 years, after which they are harvested and chipped. Regeneration occurs
without the need of replanting. Trees roots facilitate MAR in terms of pollutant removal (nitrates) and
infiltration efficiency (preventing blockage). The site is provided with drain escape, but water is
supplied so that it is all infiltrated.
The system operates continuously during the non-irrigation period in winter ensuring that ecological
flow of rivers is maintained, and on an intermittent basis during the irrigation period in summer,
totalling 194 operating days per year.

Figure 7-2: Photograph (left) and graphical representation (right) of Schiavon pilot site
Source: MARSOL Partner

7.4 Hydrology
In the past, the highland was mainly irrigated from rivers, lowland by resurgences and rivers, and
municipalities were supplied with surface water abstracted from the rivers in their vicinities. The
water demand associated to each category of users is estimated as:




13

Highland farmers + Lowland farmers
Municipalities
Industries

435 MCM/y (30,000 ha irrigated land)13
27 MCM/y (215,000 users)
1.5 MCM/y (35,000 users)

Highland farmers require water for 3 months per year (summertime) whereas Lowland ones only in August.
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In recent years highland aquifer has depleted, resurgences have dried up and downstream course of
rivers are being increasingly polluted. As a consequence the pressure on the highlands aquifer has
increased, being it the most available and best quality source of water for all the users, and the
additional demand for municipalities and industries is quantified in 20 MCM/y.

7.5 Objective of the Project
7.5.1

BAU scenario

It is known that municipalities and industries require 20 MCM/y and to this direction they are willing
to use water from the polluted downstream rivers.
7.5.2

Proposal #1

The proposed MAR solution #1 is to scale up the Forested Infiltration Area (FIA) pilot project
implemented in Schiavon, so that the additional water demand is satisfied.
Given the performance of the pilot infiltration facility, the applicable infiltration rate without risk of
clogging the system is 20-50 l/s/ha. Therefore, on the side of infiltration capacity, it is estimated that
to infiltrate 20 MCM/y in 194 d/y at an average rate of 20 l/s/ha and considering a recovery rate of
80%, the large scale project shall cover an area of 75 ha.
7.5.3

Proposal #2

The proposed MAR solution #2 is to scale up the Forested Infiltration Area (FIA) pilot project
implemented in Schiavon, in order to infiltrate 40 MCM/y, so as to meet the water demand of
municipalities and industries and to provide additional 20 MCM/y of irrigation water.
Given the performance of the pilot infiltration facility, it is estimated that to infiltrate 40 MCM/y in 194
d/y at an average rate of 20 l/s/ha and considering a recovery rate of 80%, the large scale project shall
cover an area of 150 ha.

7.6 Economic analysis
7.6.1

BAU scenario

As mentioned the BAU scenario foresees that the increased water demand will be supplied from the
downstream rivers. A conservative assumption used for the purposes of this study is that river water
abstraction and treatment costs are equal to MAR costs via the FIA approach.
7.6.2

Proposal #1

7.6.2.1 Costs #1 (economic outflows)
Cost estimation is based on the information provided by ADBVE (Autorità di Bacino dei fiumi Isonzo,
Tagliamento, Livenza, Piave, Brenta-Bacchiglione) and ETRA (water utility operating in the domain
area). The total investment cost is estimated at €1,733,418. It is assumed that the full implementation
of the program will take 4 years, and the useful life for the works is equal to 30 years.
As regards ordinary annual operation costs, land rental is 1,000 €/ha and maintenance costs are 2,000
€/ha. Furthermore, according to the information provided by the MARSol partner, a special
maintenance is expected for harvesting of plants and refurrowing every 5 years, as follows:
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Harvest
Refurrowing

5,357 €/ha
1,000 €/ha

7.6.2.2 Benefits #1 (economic inflows)
Revenues with respect to water tariffs of the users are equal to those foreseen for the BAU scenario.
Nevertheless, an additional by-product revenue will come from the harvest of plants every 5 years,
since the biomass that is collected and chipped can be sold to energy production plants at a rate of
6,000 €/ha (1,200 €/y/ha). Moreover, there are environmental and other benefits associated with the
improvement of groundwater table. According to the CV survey conducted in the area of interest in the
context of MARSOL project (see Annex I for details), a very conservative estimate of households’ WTP
would be around 40 Euros per year for a period of five years. Given that the total population of interest
is approximately 71,500 households, the annual benefits for the first five years of implementation of
the project are €2,860,000.
7.6.2.3 Economic performance #1
Based on these assumptions, the following results were obtained from the economic analysis of the
Proposal #1 (Table 7.1 and Fig. 7.3).
Table 7-1: DS5 - Proposal #1 Incremental cash flows
1
Total economic costs

2
1,733

Investment costs

3

4

5

6-30

0

0

0

0

0

0

0

0

0

0

0

2,883

2,905

2,928

2,950

2,950

90
90

1,733

O&M costs
Total economic benefits
By-product revenues
External benefits (improve GW quality)
Net economic cash flows

23

45

68

90

90

2,860

2,860

2,860

2,860

2,860

1,149

2,905

2,928

2,950

2,950

90
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Figure 7-3: Economic inflows, outflows and net flows for DS5 – Proposal #1

Using a social discount rate of 3%, the Economic Net Present Value (ENPV) of the project is calculated
at €13,050,500. The estimated economic indicator (it is noted that the ERR cannot be estimated)
shows that the project is expected to increase social welfare. Therefore, it is worth implementing it.
7.6.2.4 Uncertainty analysis #1
A risk analysis was also carried out by means of sensitivity analysis and quantitative probability
modelling, using sophisticated software. The sensitivity analysis was conducted “ceteris paribus” and
was used to examine whether the results are sensitive to substantial but plausible variations (±20%)
in critical parameters, namely by-product revenues and monetized environmental benefits. The
probabilistic risk analysis implemented the Monte Carlo method in order to simulate the uncertainty
affecting the above-mentioned parameters. For this purpose, a normal distribution was used for the
by-product revenues, with a mean value equal to the values of the deterministic model and standard
deviation equal to 10% of the mean and a triangular distribution was employed for the monetized
environmental benefits with min, max and most likely values defined by the range of CV estimates, i.e.
33.6, 80.5 and 40 Euros per household per year, respectively.
The results of the multiple univariate sensitivity analysis are presented in the following Tornado chart
(Fig. 7.4) where the parameters have been ordered according to their impact on the ENPV from the
widest range to the narrowest range.
The results of the Monte Carlo simulation after 1,000 trials are presented in Table 7.2. The mean ENPV
is about €16.9 million. Given the minimum estimated values, it is evident that there is zero probability
for rejecting the proposed plan from a socioeconomic perspective.

ENPV #1
8000

Environmental benefits

10000

12000

14000

2.288

16000

18000

3.432

Downside
Upside

By-product revenues #1

72

108

Figure 7-4: Tornado diagram for DS5 ENPV – Proposal #1
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Table 7-2: DS5 - Proposal #1 Risk analysis statistics
Statistics

7.6.3

ENPV Forecast values

Mean

16,936

Median

16,567

St.dev.

3,420

Minimum

11,116

Maximum

25,863

Proposal #2

7.6.3.1 Costs #2 (economic outflows)
Cost estimation is based on the information provided by ADBVE (Autorità di Bacino dei fiumi Isonzo,
Tagliamento, Livenza, Piave, Brenta-Bacchiglione) and ETRA (water utility operating in the domain
area). The total investment cost is estimated at €3,258,100. It is assumed that the full implementation
of the program will take 4 years, and the useful life for the works is equal to 30 years.
Unitary annual O&M costs are equal to those mentioned in Proposal #1.
7.6.3.2 Benefits #2 (economic inflows)
Revenues with respect to water tariffs of the municipal and industrial users are equal to those
foreseen for the BAU scenario. Additional benefits will be created by providing 20 MCM/y of irrigation
water to farmers. Moreover, by-product revenues will also come from the harvest of plants every 5
years, since the biomass that is collected and chipped can be sold to energy production plants at a rate
of 6,000 €/ha (1,200 €/y/ha). Finally, there are environmental and other benefits associated with the
improvement of groundwater table. According to the CV survey conducted in the area of interest in the
context of MARSOL project (see Annex I for details), a very conservative estimate of households’ WTP
would be around 40 Euros per year for a period of five years. Given that the total population of interest
is approximately 71,500 households, the annual benefits for the first five years of implementation of
the project are €2,860,000.
7.6.3.3 Economic performance #2
Based on these assumptions, the following results were obtained from the economic analysis of the
Proposal #1 (Table 7.4 and Fig. 7.5).
Table 7-3: DS5 - Proposal #2 Incremental cash flows
1
Total economic costs
Investment costs
O&M costs
Total economic benefits
By-product revenues
External benefits (improve GW quality)
Net economic cash flows

2

3

4

5

112

168

224

224

224

56

112

168

224

224

224

2,992

3,122

3,083

3,046

3,046

186

3,314

6-30

3,258

132

262

223

186

186

186

2,860

2,860

2,860

2,860

2,860

0

-322

3,010

2,915

2,822

2,822

-38
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Figure 7-5: Economic inflows, outflows and net flows for DS5 – Proposal #2
Using a social discount rate of 3%, the Economic Net Present Value (ENPV) of the project is calculated
at €9,554,500. The estimated economic indicator (it is noted that the ERR cannot be estimated) shows
that the project is expected to increase social welfare. Therefore, it is worth implementing it.
7.6.3.4 Uncertainty analysis #2
A risk analysis was also carried out by means of sensitivity analysis and quantitative probability
modelling, using sophisticated software. The sensitivity analysis was conducted “ceteris paribus” and
was used to examine whether the results are sensitive to substantial but plausible variations (±20%)
in critical parameters, namely by-product revenues and monetized environmental benefits. The
probabilistic risk analysis implemented the Monte Carlo method in order to simulate the uncertainty
affecting the above-mentioned parameters. For this purpose, a normal distribution was used for the
by-product revenues, with a mean value equal to the values of the deterministic model and standard
deviation equal to 10% of the mean and a triangular distribution was employed for the monetized
environmental benefits with min, max and most likely values defined by the range of CV estimates, i.e.
33.6, 80.5 and 40 Euros per household per year, respectively.
The results of the multiple univariate sensitivity analysis are presented in the following Tornado chart
(Fig. 7.6) where the parameters have been ordered according to their impact on the ENPV from the
widest range to the narrowest range.
The results of the Monte Carlo simulation after 1,000 trials are presented in Table 7.5. The mean ENPV
is about €13.5 million. Given the minimum estimated values, it is evident that there is zero probability
for rejecting the proposed plan from a socioeconomic perspective.
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Figure 7-6: Tornado diagram for DS5 ENPV – Proposal #2
Table 7-4: DS5 - Proposal #2 Risk analysis statistics
Statistics

ENPV Forecast values

Mean

13,455

Median

13,030

St.dev.

3,420

Minimum

6,766

Maximum

22,274

7.7 Conclusion
The outcome of the economic analysis is that the MAR Proposal #1 (FIA of 75 ha) that complies with
the minimum target of 20 MCM/y is expected to increase social welfare given the positive ENPV. In the
case of the more ambitious Proposal #2 (FIA of 150 ha), the project is still acceptable from an
economic view point but less desirable than Proposal #1(the ENPV is also positive but lower than that
of Proposal #1 given the higher initial investment and the lower contribution obtained from the
agricultural users).
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8 DS6 - SERCHIO
8.1 Project identification
The Serchio MARSOL site is large scale (15 MCM/y) river bank filtration project financed with public
funds in the ‘60s and now run by a public/private owned company with the target of providing water to
Northern costal Tuscany (300,000 inhabitants). A pilot research project (6 clusters of boreholes around a
well) aimed to implement a water quality monitoring system to demonstrate the feasibility and benefits
of managed induced river bank filtration versus unmanaged one.

8.2 Geology and hydrogeology
The aquifer in Lucca is about 20 m-thick and is a high-yield one (10-2 m2/s transmissivity), with an
estimated hydraulic conductivity of 10-3 m/s, which is a typical value for well-sorted sand and mixed
sand and gravel aquifers. A flow of 0.5 m3/s needs to be withdrawn from river Serchio to satisfy the
drinking water demand in the towns of Pisa, Livorno and Lucca. However, the minimum flow in the
river is not sufficient to cover this demand, and it is estimated that for 30-40 days per year the flow
falls below the MEF.
The solution to this was found by exploiting river bank filtration to recharge the nearby aquifer.
Twelve wells are used to abstract the required 0.5 m3/s throughout the year. Tests involving the use of
isotope tracers have demonstrated that 90-95% of the water abstracted from the wells is river water.

Figure 8-1: Groundwater head map obtained from large scale monitoring campaign in December 2014
(left) and May 2015 (right)
Source: MARSOL Partner

8.3 MAR available and potential infrastructure
Along the Serchio river in Tuscany, a series of well fields is set for an overall amount of about 0.5 m3/s
pumped groundwater providing drinking water to the towns of Pisa and Livorno (13.957 MCM/y) and,
to a smaller extent, to the town of Lucca (1.878 MCM/y). The needed water for pumping is made
available by rising the river head with a 1.5 m-high weir and thus enhancing river bank filtration (RBF)
into the aquifer. Twelve 25 m-deep wells are used to abstract the required amount of water.
A system constituted of 6 piezometers and a Wireless Sensor Network (WSN) was installed in order to
monitor the performance of river bank filtration both in terms of quantity and in terms of quality,
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since concerns on the pesticides contamination of river water exist. It is worth mentioning that the
river bank filtration scheme alone already adds to the improvement of the running water’s quality
thanks to the physical and biological processes occurring across the alluvial.

Figure 8-2: Aerial view of the weir on river Serchio in Lucca (left) and graphical representation of the
RBF scheme (right)
Source: Google Earth and MARSOL Partner

The 6 piezometers have a diameter of 7" and were drilled to a depth of 24, 20 (twice), 17 (twice) and
16 m, respectively. Either two or three PVC piezometric tubes of internal diameter 2" were housed in
each hole, by means of appropriate spacers.
The WSN is composed of several data loggers connected via RF within a mesh. One central point is
included in the mesh (Gateway), transmitting via GSM/GPRS to a Geodatabase.

8.4 Hydrology
The Serchio river is 126 km-long and has a catchment area of 1,525 km2. Its average flow is 31 m3/s14
and the maximum flow corresponding to a return period of 60 years is 2,000 m3/s. According to the
indication provided by SSSA, MARSol partners involved in the study of Serchio DemoSite, the river
minimum environmental flow is about 6 m3/s, nevertheless during dry climate extremes (i.e.
2002/2003 or 2011/2012) the flow may be as low as 3 m3/s. This poses a threat as the MEF has to be
always ensured in the river to maintain the essential processes required to support healthy
ecosystems.

8.5 Objective of the Project
The objective of the monitoring program for the Serchio well field site is to demonstrate the feasibility
of aquifer recharge and the benefits of managing induced river bank filtration versus unmanaged one.
The innovation at the site consists in merging existing technologies to create a control platform where
the operation at the well fields are continuously and automatically monitored and managed. Data are
acquired continuously by means of a set of sensors, and the connected modelling tools consist in
spatially distributed and physically based coupled surface water/groundwater flow and solute
transport models developed on a GIS platform.

14

Source: Annali idrologici 1923-1943 and 1946-1951.
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A Decision Support System (DSS) combining and integrating measurements results and modelling is
being developed and equipped with an alert system to inform water managers about the system
performance and reaching limits of infiltration rates against MEF or water quality indices.
To this end, the target of this study is to assess the economic performance of different scenarios
without (BAU scenario) and with the implementation of unmanaged and managed RA systems.
8.5.1

BAU scenario

In this scenario it is assumed that water is directly abstracted from the river and no monitor and
management system is put in place. Given the variation in the river flow, a limitation of 330 days of
supply per year is considered. This implies that the water supply is not continuous as the users would
not receive any water during the 35 days of the year in which the river flow is lower than MEF. Storing
water to cover these 35 days-demand would require a huge volume (1,512,000 m3) hence this solution
is deemed unviable. Additional disadvantages are the worse water quality with respect to a scenario in
which river bank filtration (RBF) is implemented (thus increasing the treatment costs), and most of all
the impossibility to shutoff the system in case a water contamination is detected (thus endangering the
users’ health).
Compared to Proposal #1, it is assumed the cost for constructing the river intake facility to be
comparable with that for the weir and the abstracting wells Compared to Proposal #2, the costs for
piezometers, WSN and for testing, developing the aquifer model and the DSS are excluded from the
initial investment.
8.5.2

Proposal #1

In this scenario the RBF system is assumed to be constructed but no monitor and management system
is put in place (unmanaged aquifer recharge). The water supply is supposed to occur all-year-long,
however in case of a contamination in the river it is not possible to shutoff the system. An additional
benefit of this configuration – not covered in this analysis – is the improved water quality with respect
to a scenario in which water is directly abstracted from the river (thus decreasing the treatment
costs).
8.5.3

Proposal #2

In this scenario the RBF system is assumed to be constructed and managed by taking advantage of the
monitoring system which ensures recharge to the groundwater and a continuous water supply
throughout the year (managed aquifer recharge). Additional benefits are the improved water quality
with respect to a scenario in which water is directly abstracted from the river (thus decreasing the
treatment costs), and most of all the possibility to shutoff the system in case a water contamination is
detected (thus safeguarding the users’ health).

8.6 Economic analysis
8.6.1

BAU scenario

Cost estimation is derived using the same methodology described for the other Proposals #1 and #2.
The initial investment is estimated at €9,965,478. The license fee for abstracting water amounts to
10,145.21 €/y. The energy cost is 959,226 €/y and the labour cost is 251,726 €/y. The O&M is
estimated as a percent of the asset value (i.e. 1.2%). It is assumed that the full implementation of the
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program will take 2 years; the useful life for the works is 30 years, with a special maintenance costing
20% of the RAV after 15 years (refer to D15.1 for further details).
Revenues are generated by the water utility of Lucca by selling the water to:



The users in the town of Lucca – 5,145 m3/d for 330 d/y
The water utilities of Pisa (Acque SpA) and Livorno (ASA SpA) – 38,238 m3/d for 330 d/y

The tariff of 0.18 €/m3 is applied to the amount of water sold in Lucca and 0.16 €/m3 is applied to the
other two towns, as in Proposals #1 and #2. It is assumed that existing tariffs reflect the shadow value
of the water.
8.6.2

Proposal #1

8.6.2.1 Costs #1 (economic outflows)
Cost estimation is derived using the same methodology described for Proposal #2. Simply the costs for
piezometers, WSN and for testing, developing the aquifer model and the DSS are excluded from the
initial investment. The total investment is estimated at €9,965,478. The license fee for abstracting
water amounts to 10,145.21 €/y. The energy and labour costs are 1,050,000 and 251,726 €/y,
respectively. The O&M is estimated as a percent of the asset value (i.e. 1.2%). It is assumed that the full
implementation of the program will take 2 years; the useful life for the works is 30 years, with a
special maintenance costing 20% of the RAV after 15 years (refer to D15.1 for further details).
8.6.2.2 Benefits #1 (economic inflows)
Revenues are generated by the water utility of Lucca by selling the water to:



The users in the town of Lucca – 5,145 m3/d for 365 d/y
The water utilities of Pisa (Acque SpA) and Livorno (ASA SpA) – 38,238 m3/d for 365 d/y

The tariff of 0.18 €/m3 is applied to the amount of water sold in Lucca and 0.16 €/m3 is applied to the
other two towns, as in Proposal #2.
In addition the project offers benefits associated with the improvement of groundwater table.
According to the CV survey conducted in the area of interest in the context of MARSOL project (see
Annex I for details), a very conservative estimate of households’ WTP would be around 40 Euros per
year for a period of five years. Given that the total population of interest is approximately 125,000
households, the annual benefits for the first five years of implementation of the project are
€5,000,000.
8.6.2.3 Economic performance #1
The analysis has been conducted for 30 years (the residual value of the weir is shown as negative
investment cost at the 30th year). Based on these assumptions, the following results were obtained
from the economic analysis of the Proposal #1 (Table 8.1 and Fig. 8.3).
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Table 8-1: DS6 - Proposal #1 Incremental cash flows
1
Total economic costs

2-5
45

6-30

91

91

45

91

91

5,123

5,247

247

123

247

247

5,000

5,000

5,078

5,156

Investment costs

0

O&M costs
Total economic benefits
Operating revenues
External benefits (GW protection via MAR)
Net economic cash flows
Values in M€

156
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In M€
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Total economic benefits
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Figure 8-3: Economic inflows, outflows and net flows for DS6 – Proposal #1
Using a social discount rate of 3%, the Economic Net Present Value (ENPV) of the project is calculated
at €25,876,200. The estimated economic indicator (it is noted that the ERR cannot be estimated)
shows that the project is expected to increase social welfare. Therefore, it is worth implementing it.
8.6.2.4 Uncertainty analysis #1
A risk analysis was also carried out by means of sensitivity analysis and quantitative probability
modelling, using sophisticated software. The sensitivity analysis was conducted “ceteris paribus” and
was used to examine whether the results are sensitive to substantial but plausible variations (±20%)
in critical parameters, namely O&M costs, revenues and monetized environmental benefits. The
probabilistic risk analysis implemented the Monte Carlo method in order to simulate the uncertainty
affecting the above-mentioned parameters. For this purpose, a normal distribution was used for the
O&M costs and revenues, with a mean value equal to the values of the deterministic model and
standard deviation equal to 10% of the mean and a triangular distribution was employed for the
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monetized environmental benefits with min, max and most likely values defined by the range of CV
estimates, i.e. 33.6, 80.5 and 40 Euros per household per year, respectively.
The results of the multiple univariate sensitivity analysis are presented in the following Tornado chart
(Fig. 8.4) where the parameters have been ordered according to their impact on the ENPV from the
widest range to the narrowest range.
The results of the Monte Carlo simulation after 1,000 trials are presented in Table 8.2. The mean ENPV
is about €32.3 million. Given the minimum estimated values, it is evident that there is zero probability
for rejecting the proposed plan from a socioeconomic perspective.

ENPV #1 (in M€)
15000

Evironmental benefits

20000

25000

30000

4.000

35000

6.000
Downside

O&M costs #1

109

Revenues #1

198

Upside

73

296

Figure 8-4: Tornado diagram for DS6 ENPV – Proposal #1
Table 8-2: DS6 - Proposal #1 Risk analysis statistics
Statistics
Mean

32,284

Median

31,198

St.dev.

8.6.3

ENPV Forecast values

5,837

Minimum

22,757

Maximum

48,022

Proposal #2

8.6.3.1 Costs #2 (economic outflows)
Cost estimation is based on the information provided by SSSA, TEA and the Province of Lucca, MARSol
partners in charge of Serchio DemoSite, and also on the data obtained from GEAL (water utility of
Lucca town).
The total investment cost is estimated at €11,879,200. The license fee for using the abstraction wells
amounts to 10,145.21 €/y and the energy and labour costs are estimated at 1,050,000 €/y and
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251,726 €/y, respectively. The O&M is estimated as a percent of the asset value (i.e. 1.2%). It is
assumed that the full implementation of the program will take 2 years; the useful life for the works is
30 years (except for the river weir, whose useful life is 50 years with a constant depreciation rate),
with a special maintenance costing 20% of the RAV after 15 years (refer to D15.1 for further details).
8.6.3.2 Benefits #2 (economic inflows)
Revenues are generated by the water utility of Lucca by selling the water pumped from the recharged
aquifer to:



The users in the town of Lucca – 5,145 m3/d for 365 d/y
The water utilities of Pisa (Acque SpA) and Livorno (ASA SpA) – 38,238 m3/d for 365 d/y

The tariff of 0.18 €/m3 is applied to the amount of water sold in Lucca and 0.16 €/m3 is applied to the
other two towns, as in Proposal #1 and BAU.
The project offers environmental benefits associated with the improvement of groundwater table.
According to the CV survey conducted in the area of interest in the context of MARSOL project (see
Annex I for details), a very conservative estimate of households’ WTP would be around 40 Euros per
year for a period of five years. Given that the total population of interest is approximately 125,000
households, the annual benefits for the first five years of implementation of the project are
€5,000,000. Moreover, the installation of the monitoring system in order to detect potential
contamination results in the provision of safer drinking water and, thus, provides additional benefits.
Monitoring value stems from its contribution to adaptive decision-making and to risk aversion,
especially in the case of natural resources like groundwater which is usually used for drinking water
and food production. The value of monitoring indicators is expected to vary by resource, by issue, by
region and by other factors (Pannell, 2003). Pannell & Glenn (2000) showed that, depending on the
resource use setting, different values for different indicators and different combinations of indicators
do exist. They used a decision support production model which was based on 2 monitored
groundwater characteristics (water table depth, deep drainage), and they examined different
scenarios, based on each one of the characteristics individually or to both. They concluded that the
actual financial value of the individual indicators is 0.45 US$1999/ha/year and 2.00 US$1999/ha/year
respectively; and that the actual financial value of the individual collectively is 2.65 US $1999/ha/year.
This approach falls within the concept of Value of Information (VOI), which is met regularly in the
literature. In one of the most recent publications, Nygard et al. (2016) apply this concept to value
marine monitoring. Given that monitoring contributes to the targets of an environmental policy and
improves the status of water body, Nygard et al. (2016) estimate the social (environmental) benefit of
marine monitoring from 50 M€2015 to 151 M€2015 in total. Researchers that work on estimating the
social value of monitoring and acquiring information on water are usually motivated by groundwater
damages or depletion. The first social reaction to such cases is risk aversion. Whitehead et al. (1998)
were among those valued drinking water through averting behavior characteristics. They report that
averting expenses borne by households in the USA range from 16-35 US$1996 per household per month
in cases of a single pollutant in drinking water to 153-483 US$1996 per household per month in the case
of a serious plague (Giardiasis outbreak). Since groundwater monitoring is connected to water
improvement, households’ WTP for improvement and risk aversion can be used as an upper boundary
proxy for the value of monitoring. Sukharomana & Supalla (1998) conducted a survey (1997) to elicit
WTP for water quality improvement (n=1416). The mean WTP was 9.5 US$1997 per household per
month for one contaminant (nitrates) and 9.72 US$1997 per household per month for all contaminants.
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More importantly, other than values, the conclusions highlight that respondents underestimated the
risks involved in drinking water in comparison to what US EPA standards imply, thus highlighting a
gap on monitoring and disseminating information on quality elements. Spencer et al. (1998)
conducted an experimental research (in 1997) on WTP for volunteer water quality monitoring at two
wetlands. The adopted method was a trichotomous choice experiment, asking 140 respondents
whether they would pay money to adopt and monitor a wetland. Respondents WTP, estimated through
modelling ranges between US42.69 $1997 (non-polluted wetland) and US63.23 $1997 (polluted wetland)
per respondent per year. The researchers also assessed actual WTP (on real-payment conditions) and
concluded that the actual payments would be between US9.15 $1997 and US13.55 $1997 per respondent
per year. Finally, according to a study of Shaqadan and Al-Rawashdeh (2013) who quantified the
welfare impacts of better aquifer monitoring via public’s WTP for improved data collection to reduce
unknown health risks, it is estimated that households in the area of interest would be willing to pay for
monitoring GW quality around 8.23 €/y (in 2015 prices). This latter value is used as the base for the
estimation of monitoring benefits.
8.6.3.3 Economic performance #2
Based on these assumptions, the following results were obtained from the economic analysis of the
Proposal #1 (Table 8.3 and Fig. 8.5).
Using a social discount rate of 3%, the Economic Net Present Value (ENPV) of the project is calculated
at €45,063,000. The estimated economic indicator (it is noted that the ERR cannot be estimated)
shows that the project is expected to increase social welfare. Therefore, it is worth implementing it.
Table 8-3: DS6 - Proposal #2 Incremental cash flows
1
Total economic costs
Investment costs
O&M costs
Total economic benefits
Operating revenues
External benefits (improved GW quality and less health risks)
Net economic cash flows

2-5
1,030

6-30
92

92

46

92

92

6,152

6,275

1,275

984

123
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6,029

6,029

1,029

5,122

6,184

1,184
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Figure 8-5: Economic inflows, outflows and net flows for DS5 – Proposal #2
8.6.3.4 Uncertainty analysis #2
The uncertainty analysis was carried out by means of sensitivity analysis and quantitative probability
modelling. The sensitivity analysis was conducted “ceteris paribus” and was used to examine whether
the results are sensitive to substantial but plausible variations (±20%) in critical parameters, namely
O&M costs, revenues and monetized environmental and health benefits. The probabilistic risk analysis
implemented the Monte Carlo method in order to simulate the uncertainty affecting the abovementioned parameters. For this purpose, a normal distribution was used for the O&M costs and
revenues, with a mean value equal to the values of the deterministic model and standard deviation
equal to 10% of the mean. Moreover, a triangular distribution was employed for the monetized
environmental benefits with min, max and most likely values defined by the range of CV estimates, i.e.
33.6, 80.5 and 40 Euros per household per year, respectively. Finally, a triangular distribution was also
used for the health benefits, assuming min and max values equal to 80% and 120% of the most likely
value.
The results of the multiple univariate sensitivity analysis are presented in the following Tornado chart
(Fig. 8.6) where the parameters have been ordered according to their impact on the ENPV from the
widest range to the narrowest range.
The results of the Monte Carlo simulation after 1,000 trials are presented in Table 8.4. The mean ENPV
is about €51.4 million. Given the minimum estimated values, it is evident that there is zero probability
for rejecting the proposed plan from a socioeconomic perspective.
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ENPV #2 (in Μ€)
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Figure 8-6: Tornado diagram for DS5 ENPV – Proposal #2
Table 8-4: DS6 - Proposal #2 Risk analysis statistics
Statistics

ENPV Forecast values

Mean

51,368

Median

50,315

St.dev.

6,150

Minimum

38,949

Maximum

69,082

8.7 Conclusion
The outcomes of the economic analysis show that the solutions involving aquifer recharge and
extraction wells (Proposal #1 and #2) are more preferred options than the direct intake of surface
water from river Serchio (BAU scenario) due to the increased revenues and the environmental and
public health benefits involved, which overcompensate the costs related to the implementation,
operation and maintenance of the monitoring system and of the connected DSS.
From a mere economic point of view, managed AR (Proposal #2) results better than unmanaged AR
(Proposal #1). This is attributed to the additional benefits derived from households’ WTP for of better
aquifer monitoring to reduce unknown health risks. Thus, Proposal #2 is also more attractive than
Proposal #1.
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9 DS7 - MENASHE
9.1 Project identification
The Menashe MARSol site is a medium size “Aquifer Storage Recovery” (ASR) project aimed to provide
seasonal or occasional storage to large volumes of surplus fresh water (about 12 MCM/y) from the runoff
of the ephemeral Taninim stream and from the desalination plant of Hadera via artificial recharge of the
underlying coastal aquifer through infiltration basins.

9.2 Geology and hydrogeology
The study is focused on a portion of the sandy dunes that in Hadera overlay the Israel Coastal Aquifer
(ICA), covering an area of 1,900 km2, with a length of 126 km and an average width of 15 km. The
Coastal Aquifer consists of inter-layered sandstone, calcareous sandstone, siltstone and red loam,
alternating with continental and marine clays and its thickness reaches 200 m at the coast, diminishing
to a few meters at its land-boundary to the East. The general flow direction in the aquifer is from the
East towards the Mediterranean Sea to the West and natural recharge is estimated about 200 to 300
MCM/y.
In some locations, overexploitation of groundwater has caused the water level to drop by 15–20 m and
seawater to intrude 1.5 km from the coast. To enhance the water balance of the aquifer, about 35
MCM/y are artificially recharged through wells and spreading grounds and mainly with water
conveyed annually by the National Water Carrier (NWC).
Infiltration to and withdrawal from the aquiver in Hadera are currently managed so that water levels
are kept in the span of -4 m asl (at the end of summer) and +5 m asl (at the end of winter), considering
that with higher levels significant amounts of freshwater are lost to the sea, while lower levels might
induce sea intrusion.

Figure 9-1: Hadera Dunes and the Israeli Coastal Aquifer
Source: MARSOL Partner
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9.3 MAR available and potential infrastructure
The Menashe MAR facility was built for artificial recharge at the Menashe Catchment area and has
been used for over 50 years. The mechanism of groundwater recharge is fully gravitational: 16 km of
diversion channel and 4 ancillary dams and diversion points collect ephemeral rivers runoff from
almost impervious soil upstream and address it to the much more transmissive Hadera sandy dunes
for infiltration through:
-

-

a settlement pond (51 ha area) receiving water from collection network system and discharging
it downstream to
three in-line infiltration pond totalling an overall infiltration area of 45 ha and capable of an
average infiltration rate of about 60 cm/d15
several monitoring facilities (2 observation wells, 2 deep-soil sampling points and 1 vadose
zone monitoring gallery equipped with 6 silicon-carbide suction cups and 7 soil sensors in
total) used for monitoring and testing
about 20 recovery wells each one currently working 500 h/y to withdraw the overall amount of
12 MCM/y.

The Hadera Desalination Plant is able to feed the Menashe MAR facilities through a dedicated 48”
pipeline discharging on the most southern basin. In fact in the vast majority of runoff events only the
two northern infiltration ponds are used, so that the southern one can be dedicated to the infiltration
of surplus from the DSP, located on the coast 4 km to the West. It is advised to reach the first
infiltration basin upstream to maximize operational flexibility.
According to the tests carried out in the domain area, calcium carbonate appears in the aquifer’s top
sandy layers (up to 25%), and in deeper layers containing Kurkar (up to 47%). This calcium carbonate
content makes the possibility of using MAR of desalinated water in the basin as a tool for
re-mineralization of the desalinated water.16

Infiltration rate estimated for short rain events (1-3 days) is 80 cm/d, whereas for longer events a value of 40
cm/d shall be adopted.
16 Research on this issue is now in focus. Re-mineralization to 32 mg/L Ca2+ and 80 mg/L HCO3- is required from
the desalinated-water providers and is currently done by dissolution of 30 ton/day (2 big trucks) of lime-stone
gravel with acid in the desalination facility.
15
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Figure 9-2: Menashe canals system for collecting river runoff (top) and closer aerial view of Hadera DSP
and MAR basins (bottom)
Source: MARSOL Partner and Google Earth

9.4 Hydrology
According to information provided by MEKOROT, MARSol partner in charge of the DemoSite in
Menashe, 5 to 20 MCM/y are diverted from runoff in Menashe watershed (covering an area of about
200 km2) to the infiltration facilities, depending on the years, with an average value of 12 MCM/y in
the past 20 years.
Considering the specific storage volume actually available in the aquifer (2.70 m3/m2) and assuming
no withdrawal during spring and summer, an extension of no less than about 450 ha of aquifer (+/60% in wet/dry years) shall be considered to store 12 MCM respecting the max and min limits for the
groundwater table level. Similarly considering an infiltration rate of 60 cm/d and all the three basins
participating simultaneously to the infiltration with a 70% infiltration efficiency to account for
transient effect, 64 days are needed to infiltrate the same amount of water.
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The typical rain event useful for infiltration has a precipitation of 100 to 200 mm over a duration of 3
to 5 days and has an occurrence of 3 to 5 times in a year; being rainfall concentrated in winter time,
evapotranspiration losses are negligible.
At the same time, water supply can be made available and eligible for convenient storage underground
from the Desalination Plant in Hadera. The desalination plant has a production capacity of 14,150
m3/h and is able to operate 24/7 all year around, corresponding to a maximum annual production of
124 MCM.
The plant was built under a build-operate-transfer (BOT) contract with the private sector. Roughly
speaking, the financing of the project is based on the production of about 100 MCM/y of desalinized
water to be sold at the approximate rate of 0.50 €/m3 (50 Million € per year) through:



A rate of about 0.25 €/m3 applied to the amount of the actually processed water and intended
to repay the production costs;
A 25 year mortgage based on constant instalments to be paid irrespectively of the processed
water (25 M€/y approx.).

Being the combination of a fix and a variable part, the unitary cost of water is severely affected by the
amount of water processed: a reduction of the latter of 10, 20 and 30% makes the former rise by 11,
25 and 43% respectively.
On the other hand reduced production may be advisable or necessary for many possible reason, as
larger and unpredictable water availability from other sources (e.g. the occurrence of above-average
rainy seasons), maintenance works shutting down the National Water Carrier and more in general due
to the achievement of the full availability of desalinated water plants system capacity. As a matter of
fact there is therefore the convenience to investigate to what extent the production of excess water to
be stored in the aquifers can be considered as a viable option.

9.5 Objective of the Project
The final aim of the Project is to assess the economic viability of aquifer storage and recovery (ASR)
approach as a tool to deal with temporal surpluses of desalinated water, and of the whole system
comprising the diversion dams and channels. Long-term economic effectiveness is assessed comparing
without-MAR and with-MAR scenarios, considering all the relevant economic costs and benefits.
According to the indication provided by MEKOROT, it is assumed that the aquifer has a sufficient
volume and transmissivity to host all the available water with minor losses. The amounts of surplus
water to be infiltrated from Hadera DSP are assumed as 1.5 MCM/y (corresponding to the average
annual value17), which are added to the 12 MCM/y averagely obtained from ephemeral river runoff.
The remaining quota up to a total amount of 100 MCM/y is produced in Hadera DSP and directly sold
to consumers.
9.5.1

BAU scenario

BAU scenario considers only the desalination plant, without MAR infrastructures. Hadera DSP
produces 101.5 MCM/y out of which:
17

Maximum surplus water obtained so far from Hadera DSP for infiltration in Menashe MAR facility is 3 MCM/y.
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100 MCM/y are directly sold to consumers;
1.5 MCM/y surplus are wasted (produced but not recovered).

The total water demand (i.e. the amount of water sold) is assumed as 100 MCM/y, most of which is
transferred to the NWC and only a small part is used to satisfy the water demand in Menashe area.
9.5.2

Proposal #1

Proposal #1 assumes that MAR facilities use only the DSP surplus. To this direction, it considers only
the desalination plant, the pipeline connecting the desalination plant to the infiltration pond and the
infiltration pond to be functional, with no contribution to the aquifer from river runoff. Hence, Hadera
DSP produces 100 MCM/y out of which:



98.5 MCM/y are directly sold to consumers;
1.5 MCM/y surplus are infiltrated in the aquifer, recovered through wells and eventually sold.

The Proposal comprises the following facilities:








3 infiltration ponds of total area 45 ha
1 pipeline of length 4 km and diameter 48”, connecting Hadera DSP with the infiltration ponds
2 observation wells inside the infiltration pond, 30 m-deep
2 deep-soil sampling points, one inside and one outside the pond
1 vadose zone monitoring gallery
monitoring instruments, comprising 6 silicon-carbide suction cups and 7 soil sensors in total
20 recovery wells

The limiting factors in the side of supply and infiltration capacity are the same as in Proposal #1.
The total water demand (i.e. the amount of water sold) is assumed as 100 MCM/y, most of which is
transferred to the NWC and only a small part is used to satisfy the water demand in Menashe area.
Having defined above a target and a mean to reach it, it is now possible to assess the financial
performance of the proposed MAR solution, even though the actual viability of such a solution should
be investigated from many additional points of view (e.g. engineering design, land ownership, etc.).
9.5.3

Proposal #2

Proposal #2 considers the whole system to be in place and functional except for the pipeline
connecting the desalination plant to the infiltration pond. MAR facilities use only river runoff. Hence,
Hadera DSP produces 89.5 MCM/y out of which:




88 MCM/y are directly sold to consumers;
1.5 MCM/y surplus are wasted (produced but not recovered);
12 MCM/y are diverted from river runoff, infiltrated in the aquifer, recovered through wells
and eventually sold.

The Proposal #2 comprises the following facilities:


4 weirs in ephemeral rivers of width 15 m
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1 canal of length 16 km and max transfer capacity 10 m3/s, conveying the runoff water to the
sedimentation pond
1 sedimentation pond of area 51 ha and volume 2.8 MCM
3 infiltration ponds of total area 45 ha
2 observation wells inside the infiltration pond, 30 m-deep
2 deep-soil sampling points, one inside and one outside the pond
1 vadose zone monitoring gallery
monitoring instruments, comprising 6 silicon-carbide suction cups and 7 soil sensors in total
20 recovery wells

9.5.4

Proposal #3

Proposal #3 considers the whole system to be in place and functional with MAR facilities using both
river runoff and DSP surplus. Hadera DSP produces 100 MCM/y out of which:




86.5 MCM/y are directly sold to consumers;
1.5 MCM/y surplus are infiltrated in the aquifer, recovered through wells and eventually sold;
12 MCM/y are diverted from river runoff, infiltrated in the aquifer, recovered through wells
and eventually sold.

According to the indication provided by MEKOROT, MARSol partners involved in the study and
management of Menashe DemoSite, the Projects comprises the following facilities:











4 weirs in ephemeral rivers of width 15 m
1 canal of length 16 km and max transfer capacity 10 m3/s, conveying the runoff water to the
sedimentation pond
1 sedimentation pond of area 51 ha and volume 2.8 MCM
3 infiltration ponds of total area 45 ha
1 pipeline of length 4 km and diameter 48”, connecting Hadera DSP with the infiltration ponds
2 observation wells inside the infiltration pond, 30 m-deep
2 deep-soil sampling points, one inside and one outside the pond
1 vadose zone monitoring gallery
monitoring instruments, comprising 6 silicon-carbide suction cups and 7 soil sensors in total
20 recovery wells

9.6 Economic analysis
9.6.1

BAU scenario

Derivation of cost estimation follows the same methodology used for Proposals #1 to #3, assuming
that no costs for construction of MAR facilities is encountered and that the cost for recovering the
initial investment for the construction of Hadera DSP is 25,000,000 €/y remitted for 25 years.
The operation and maintenance costs associated to the water processed in Hadera are equal to those
considered in Proposal #1. No aquifer recharge and groundwater recovery is expected in this
proposal. Revenues will be generated by selling 100 MCM/y out of 101.5 MCM/y produced in the plant
(1.5 MCM/y are wasted) at a rate of 0.50 €/m3. The water price is assumed to reflect the opportunity
cost of water.
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Proposal #1

9.6.2.1 Costs #1 (economic outflows)
Cost estimation descends from the conceptual design of the works and the information on the physical
characteristics of the system provided by MEKOROT. Derivation of cost estimation follows the same
methodology used for all the Proposals. The total investment is estimated at €10,375,700.
The maintenance cost is assumed as 1% of the RAV. The operation and maintenance costs associated
to the water processed in Hadera DSP are also provided from the MARSol partner and quantified in
0.25 €/m3. The operation and maintenance costs associated to the recovery wells are taken as 0.03
€/m3 for pumping plus 0.03 €/m3 for rechlorination.
9.6.2.2 Benefits #1 (economic inflows)
The project is recharging the aquifer from which 1.5 MCM/y (entirely from surplus water produced in
the desalination plant) are being withdrawn and rechlorinated for drinking purposes. The remaining
quota up to the total amount of 100 MCM/y is directly sold to consumers.
Revenues will be generated by selling the water – both the one recovered from the aquifer and that
produced in the plant and transferred to distribution systems - at a rate of 0.50 €/m3.
9.6.2.3 Economic performance #1
The analysis has been conducted for 30 years (the residual value is shown as negative investment cost
at the 30th year). Based on these assumptions, the following results were obtained from the economic
analysis of the Proposal #1 (Table 9.1 and Fig. 9.3).
Table 9-1: DS7 - Proposal #1 Incremental cash flows
1

2

3

4

5

6-15

16-20

21-29

30

Total economic costs

10,391

31

47

62

78

-207

104

-207

-452

Investment costs

10,376

0

0

0

0

0

0

0

-306

16

31

47

62

78

-207

104

-207

-146

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

-10,391

-31

-47

-62

-78

207

-104

207

452

O&M costs
Total economic benefits
Operating revenues
Net economic cash flows
Values in M€
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Figure 9-3: Economic inflows, outflows and net flows for DS7 – Proposal #1
Using a social discount rate of 4%, the Economic Net Present Value (ENPV) of the project is calculated
at €-8,210,400. The estimated economic indicator (it is noted that the ERR cannot be estimated) shows
that the project is expected to reduce social welfare. Therefore, it is not worth implementing it.
9.6.3

Proposal #2

9.6.3.1 Costs #2 (economic outflows)
According to the information provided by the MARSol partner, the investment cost is at €18,056,250.
The operation costs of the MAR system comprising weirs, canal and ponds is negligible. The
maintenance cost instead is assumed as 1% of the RAV. The operation and maintenance costs
associated to the water processed in Hadera DSP and those associated to the recovery wells are equal
to those considered in Proposal #1.
9.6.3.2 Benefits #2 (economic inflows)
The project is recharging the aquifer from which 12 MCM/y (entirely from runoff) are being
withdrawn and rechlorinated for drinking purposes. The remaining quota up to a total amount of 100
MCM/y is produced in Hadera DSP and directly sold to consumers.
Revenues will be generated by selling the water – both the one recovered from the aquifer and that
produced in the plant and transferred to distribution systems - at a rate of 0.50 €/m3.
9.6.3.3 Economic performance #2
The analysis has been conducted for 30 years (the residual value is shown as negative investment cost
at the 30th year). Based on these assumptions, the following results were obtained from the economic
analysis of the Proposal #1 (Table 9.3 and Fig. 9.4).
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Table 9-2: DS7 - Proposal #2 Incremental cash flows
1

Total economic costs
Investment costs

Operating revenues
Net economic cash flows
Values in M€

3

4

5

6-15

16-20

21

30

18,228

343

514

685

857

-2,143

-1,596

-2,143

-6,284

18,056

0

0

0

0

0

0

0

-5,176

171

343

514

685

857

-2,143

-1,596

-2,143

-1,108

1,200

2,400

3,600

4,800

6,000

0

0

0

0

O&M costs
Total economic benefits

2

1,200

2,400

3,600

4,800

6,000

0

0

0

0

-17,028

2,057

3,086

4,115

5,143

2,143

1,596

2,143

6,284

20000
Total economic costs

15000

Total economic benefits
Net economic cash flows

10000

In Μ€

5000
0
1

2

3

4

5

6

7

8

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

-5000
-10000
-15000
-20000

Figure 9-4: Economic inflows, outflows and net flows for DS7 – Proposal #2
Using a social discount rate of 4%, the Economic Net Present Value (ENPV) of the project is calculated
at €23,460,300. The ERR is approximately 15.5%. The estimated economic indicators show that the
project is expected to increase social welfare and, thus, it is worth implementing it.
9.6.3.4 Uncertainty analysis #2
A risk analysis was carried out by means of sensitivity analysis and quantitative probability modelling.
The sensitivity analysis was conducted “ceteris paribus” and was used to examine whether the results
are sensitive to substantial but plausible variations (±20%) in critical parameters, namely O&M costs
and revenues. The probabilistic risk analysis implemented the Monte Carlo method in order to
simulate the uncertainty affecting the above-mentioned parameters. For this purpose, a normal
distribution was used for the O&M costs and revenues, with a mean value equal to the values of the
deterministic model and standard deviation equal to 10% of the mean.
The results of the multiple univariate sensitivity analysis are presented in the following Tornado
charts (Fig. 9.5 and 9.6) where the parameters have been ordered according to their impact on the
ENPV and the ERR from the widest range to the narrowest range.
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The results of the Monte Carlo simulation after 1,000 trials are presented in Table 9.3. The mean ENPV
is about €23.3 million and the mean ERR is 15.5%. Given the minimum estimated values, it is evident
that there is zero probability for rejecting the proposed plan from a socioeconomic perspective.

ENPV #2 (in M€)
15000

O&M costs #2

20000

25000

30000

137

35000

206
Downside
Upside

Revenues #2

960

1.440

Figure 9-5: Tornado diagram for DS7 ENPV – Proposal #2

ERR #2
10%

Revenues #2

12%

14%

16%

18%

960

20%

1.440
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O&M costs #2

137

206

Figure 9-6: Tornado diagram for DS7 ERR – Proposal #2
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Table 9-3: DS7 - Proposal #2 Risk analysis statistics
Statistics

ENPV Forecast values

ERR Forecast values

Mean

23,256

15.47%

Median

23,114

15.40%

St.dev.

9.6.4

2,887

1.54%

Minimum

12,687

10.13%

Maximum

32,558

21.06%

Proposal #3: Financial performance with MAR facilities using both river runoff and
DSP surplus

9.6.4.1 Costs #3 (economic outflows)
Cost estimation descends from the conceptual design of the works and the information on the physical
characteristics of the system provided by MEKOROT. According to the information provided, the
investment cost is at €26,203,900. The operation costs of the MAR system comprising weirs, canal and
ponds is negligible. The maintenance cost instead is assumed as 1% of the RAV. The operation and
maintenance costs associated to the water processed in Hadera DSP and those associated to the
recovery wells are equal to those considered in Proposal #1.
9.6.4.2 Benefits #3 (economic inflows)
The project is recharging the aquifer from which 13.5 MCM/y (i.e. 12 MCM/y from runoff and 1.5
MCM/y from Hadera DSP’s surplus water) are being withdrawn and rechlorinated for drinking
purposes. The remaining quota up to a total amount of 100 MCM/y is produced in Hadera DSP and
directly sold to consumers. Revenues will be generated by selling the water – both the one recovered
from the aquifer and that produced in the plant and transferred to distribution systems - at a rate of
0.50 €/m3.
9.6.4.3 Economic performance #3
The analysis has been conducted for 30 years (the residual value is shown as negative investment cost
at the 30th year). Based on these assumptions, the following results were obtained from the economic
analysis of the Proposal #1 (Table 9.4 and Fig. 9.7).
Table 9-4: DS7 - Proposal #3 Incremental cash flows
1
Total economic costs
Investment costs
O&M costs
Total economic benefits
Operating revenues
Net economic cash flows
Values in M€

2

3

4

5

6

16

21

30

26,388

368

552

736

919

-2,366

-1,568

-2,366

-6,506

26,204

0

0

0

0

0

0

0

-5,176

184

368

552

736

919

-2,366

-1,568

-2,366

-1,330

1,200

2,400

3,600

4,800

6,000

0

0

0

0

1,200

2,400

3,600

4,800

6,000

0

0

0

0

-25,188

2,032

3,048

4,064

5,081

2,366

1,568

2,366

6,506
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Figure 9-7: Economic inflows, outflows and net flows for DS7 – Proposal #3
Using a social discount rate of 4%, the Economic Net Present Value (ENPV) of the project is calculated
at €17,698,000. The ERR is approximately 9.9%. The estimated economic indicators show that the
project is expected to increase social welfare and, thus, it is worth implementing it.
9.6.4.4 Uncertainty analysis #3
The risk analysis was carried out by means of sensitivity analysis and quantitative probability
modelling. The sensitivity analysis was conducted “ceteris paribus” and was used to examine whether
the results are sensitive to substantial but plausible variations (±20%) in critical parameters, namely
O&M costs and revenues. The probabilistic risk analysis implemented the Monte Carlo method in
order to simulate the uncertainty affecting the above-mentioned parameters. For this purpose, a
normal distribution was used for the O&M costs and revenues, with a mean value equal to the values
of the deterministic model and standard deviation equal to 10% of the mean.
The results of the multiple univariate sensitivity analysis are presented in the following Tornado
charts (Fig. 9.8 and 9.9) where the parameters have been ordered according to their impact on the
ENPV and the ERR from the widest range to the narrowest range.
The results of the Monte Carlo simulation after 1,000 trials are presented in Table 9.5. The mean ENPV
is about €17.7 million and the mean ERR is 9.9%. Given the minimum estimated values, it is evident
that there is zero probability for rejecting the proposed plan from a socioeconomic perspective.
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ENPV #3 (in M€)
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Figure 9-8: Tornado diagram for DS7 ENPV – Proposal #3
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Figure 9-9: Tornado diagram for DS7 ERR – Proposal #3
Table 9-5: DS7 - Proposal #3 Risk analysis statistics
Statistics

ENPV Forecast values

ERR Forecast values

Mean

17,725

9.92%

Median

17,655

9.89%

St.dev.

2,937

0.94%

Minimum

8,291

6.79%

Maximum

27,030

12.78%
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9.7 Conclusion
The outcomes of the economic analysis coincide with those of the financial analysis. More specifically,
the best configuration from an economic perspective is the one having the MAR facility fed with only
water diverted from river runoff (i.e. Proposal #2), which presents the highest NPV and ERR. The
existing system with aquifer being recharged by both the river runoff and the DSP surplus water
(Proposal #3) comes as second best (the project is still acceptable but less favourable than that of
Proposal #2). Finally, Proposal #1, which suggests supplying infiltration ponds only with DSP surplus
water, is the configuration reduces social welfare and, thus, it is not justified from an economic
viewpoint.
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10 DS8 – MALTA SOUTH
10.1 Project identification
The Malta South MARSOL site is a pilot project aimed to investigate the possibility to contribute to the
replenishment of the over exploited coastal aquifer of Southern Malta and additionally implement a
seawater intrusion barrier in the perspective of it upscaling to a regional dimension through the use of
EU Cohesion Funds. The water source for recharge is identified in the quota of the highly-polished effluent
of the main island’s WWTP that exceed the requirements for irrigation (about 1 MCM/y, 2% of the mean
annual recharge of the aquifer), to be injected in the aquifer through boreholes.

10.2 Geology and hydrogeology
This location presents the typical hydrogeological characteristics of a coastal floating-lens aquifer
system, in direct lateral and vertical contact with seawater. The groundwater body in this area is
considerably degraded, particularly in terms of salinity.
The following Figure shows some geological features of the Project domain.

Figure 10-1: Structural map of the top of lower coralline limestone formation in the project domain (left)
and fault map of Malta (right)
Source: MARSOL Partner

10.3 MAR available and potential infrastructure
The Malta South demonstration project will involve the use of a line of coastal boreholes through
which treated sewage effluents (which actually is of a better quality than the groundwater in the
coastal fringe of the aquifer) will be discharged to the saturated zone. It is envisaged that the
production of treated wastewater at the Malta South wastewater treatment plant will exceed the
demand of the agricultural sector in the region, making it available for aquifer recharge/management
purposes. The high quality of the recharging water will be ensured through the tertiary treatment
taking place at the WWTP.
A pilot project is being implemented. The creation of a groundwater monitoring network comprising
multi-parametric probes installed in monitoring wells upstream of the artificial recharge boreholes
has been completed, and further probes are expected to be installed downstream of the boreholes.
______________________________________________________________________________________________________________________
89

MARSOL

Deliverable D15.2

This will allow assessing the impact of the MAR pilot project. According to the information provided by
the Ministry for Energy and Health of Malta, no statistically meaningful data are available at the
moment, as the project is still underway.
The pilot project will also encompass the development of a regional numerical model of the sea-level
groundwater system to assess different scenarios and help in the design of the final artificial recharge
system. A treated effluent quality management and monitoring system will also be developed in order
to ensure that the quality of the effluent used for artificial recharge does not result in the qualitative
degradation of the aquifer.

Figure 10-2: Aerial view of DS8 Pilot site at larger scale (left) and closer scale (right)
Source: MARSOL Partner

10.4 Hydrology
The site is located on the coastal margin of a predominantly agricultural region, which has historically
suffered from a shortage of water supply and groundwater degradation due to seawater intrusion. In
fact, abstraction of groundwater for human consumption from this region has long been discontinued
due to the degrading quality of the resource. The creation of a seawater intrusion barrier is considered
to be an effective method to reduce the outward flow of freshwater and thus increase the availability
of groundwater in the region. Moreover, the influx of higher quality water from the central regions of
the aquifer system will also ensure an improvement in the regional quality of the groundwater body.

10.5 Objective of the Project
The objective of the Project is to contribute to the overall regional water resource management on the
Southern region of the Malta Mean Sea Level Aquifer System through artificial aquifer recharge.
The main applicability of this scheme arises from three main facts:




the implementation of the EU's Wastewater Treatment Directive has seen the increased
availability of treated sewage effluents in coastal regions, which are currently being discharged
into the sea;
increasing water demand has increased the stress on coastal groundwater resources resulting
in the degradation of aquifers and seawater intrusion phenomena.
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The availability of good quality water when irrigation water requirements are lower than
WWTP treated water production

More generally, the implementation of the proposed MAR scheme has to be viewed as part of a
national water management programme which aims to move the public water utility towards a net
zero impact on the water environment and not in isolation.

Figure 10-3: water balance as per national water management programme
Source: MARSOL Partner

10.5.1 BAU scenario
The BAU scenario assumes that no MAR activities take place in the area of interest. As a result,
seawater intrusion will continue, jeopardizing the availability of groundwater in the region and
deteriorating the regional quality of groundwater.
10.5.2 Proposal #1
The proposed MAR facilities will inject in the aquifer highly-polished treated sewage effluents. The
infiltration of treated water will not only increase the yield potential of these freshwater bodies, but
will also improve the status of the aquifer systems.

10.6 Economic analysis
10.6.1 BAU scenario
The BAU scenario corresponds to a ‘do-nothing’ situation, i.e. no MAR application takes place and,
consequently, the seawater intrusion continues to jeopardize the beneficial use of the alluvial aquifer.
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10.6.2 Proposal #1
10.6.2.1 Costs #1 (economic outflows)
According to SEWCU, the estimated investment cost needed to provide a MAR infrastructure intended
to infiltrate about 1 MCM/y of treated water produced by the main island’s WWTP (mainly pipes and
canals, pumping stations and boreholes) is 2.50 Million EUR, while annual costs for operation,
maintenance and replacements is about 0.66 Million EUR.
10.6.2.1 Benefits #1 (economic inflows)
No revenues are expected from the Project. Nevertheless, MAR will generate resource benefits, since it
will increase the available groundwater resource base. These benefits can be set at the replacement
cost of groundwater, in the case of Malta the production cost of desalinated water. Moreover, MAR will
generate environmental benefits through its contribution for the achievement of Good Groundwater
Quantitative Status, and the improvement in the Qualitative Status of groundwater, in particular in the
downstream region to the site. In general, through the MAR scheme, the community will benefit from
the optimised groundwater status, increased food security and economic activity. These benefits have
been estimated by SEWCU to €1.3 million per year.
10.6.2.1 Economic performance #1
Based on these assumptions, the following results were obtained from the economic analysis of the
Proposal #1 (Table 10.1 and Fig. 10.4).
Table 10-1: DS8 - Proposal #1 Incremental cash flows
1
Total economic costs
Investment costs
O&M costs

2-5

6-30

1,521,600

57,550

57,550

1,521,600

0

0

0

57,550

57,550

462.700

570,950

108,250

0

108,250

108,250

External costs
Total economic benefits
Operating revenues
External benefits (SWI reduction)
Net economic cash flows

462,700

462,700

0

-1,058,900

513,400

50,700

Using a social discount rate of 5.5%, the Economic Net Present Value (ENPV) of the project is
calculated at €6,285,240. Furthermore, the Economic Rate of Return (ERR) is equal to 25.6%. The
estimated economic indicators show that the project is expected to increase social welfare. Therefore,
it is worth implementing it.
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Figure 10-4: Economic inflows, outflows and net flows for DS8 – Proposal #1
10.6.2.2 Uncertainty analysis #1
To deal with the uncertainty involved in the estimates, a risk analysis was carried out by means of
sensitivity analysis and quantitative probability modelling. The sensitivity analysis was conducted
“ceteris paribus” and was used to examine whether the results are sensitive to substantial but
plausible variations (±20%) in critical parameters, namely O&M costs and monetized environmental
benefits. The probabilistic risk analysis implemented the Monte Carlo method in order to simulate the
uncertainty affecting the value of the above-mentioned parameters. For this purpose, a normal
distribution was used for the O&M costs, with mean value equal to the value of the deterministic
model and a standard deviation equal to 10% of the mean and a triangular distribution was employed
for the monetized environmental benefits with min and max values equal to 80% and 120% of the
most likely value, respectively.
The results of the multiple univariate sensitivity analysis are presented in the following Tornado
charts (Fig. 10.5 and 10.6) where the parameters have been ordered according to their impact on the
ENPV and the ERR from the widest range to the narrowest range.
The results of the Monte Carlo simulation after 1,000 trials are presented in Table 10.2. The mean
ENPV is about €6.3 million and the mean ERR is around 25.5%. Given the minimum estimated values,
it is evident that there is zero probability for rejecting the proposed plan from a socioeconomic
perspective.
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Figure 10-5: Tornado diagram for DS8 ENPV – Proposal #1
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Figure 10-6: Tornado diagram for DS8 ERR – Proposal #1
Table 10-2: DS8 - Proposal #1 Risk analysis statistics
Statistics

ENPV Forecast values

ERR Forecast values

Mean

6,275,002

25.52%

Median

6,256,207

25.49%

St.dev.

1,447,999

5.20%

Minimum

11,574,524

10.55%

Maximum

6,275,002

41.41%

______________________________________________________________________________________________________________________
94

MARSOL

Deliverable D15.2

10.7 Conclusion
Application of MAR is economically justified, when considered within the framework of the
implementation of a National Water Management Plan, given that the benefits exceed the burdens.
Therefore, the project is socially acceptable and has positive economic and environmental impacts in
the Southern region of the Malta in particular, and in the country, in general.
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11 EXAMPLE FOR THE APPLICATION OF
THE MARSOL EVALUATION FRAMEWORK
This chapter builds upon data from the Financial Analysis and the Economic Analysis of the Algarve
MARSOL demo site. Its objective is to exemplify the step-by-step procedure proposed in Chapter 2.2,
especially focusing on step 4 and 5. Some information given in this step-by-step example has already
been given in Chapter 4 of this report and/or in Balzarini / Furlanis 2016. Nevertheless, it is repeated
here for the sake of completeness and to give a reasonable example for each step of the framework
proposed. The Algarve case was chosen, since it offered data from the Financial Analysis from a
decision case, where there are not only two MAR solutions but also one NON-MAR solution, which
could be used for a comparison following the MARSOL Evaluation Framework.
Step 1 – Define the decision case
The problem to be solved in the Algarve case is to reduce the nitrate concentration in the Campina de
Faro aquifer. The nitrates concentration exceeds the threshold limit of 50 mg/l. The level is up to 350
mg/l. Therefore, the considered area is classified as having “poor groundwater status” by Portuguese
Legislation. Agriculture is the cause of diffuse pollution in the area. The area of the aquifer considered
for the case study is stretching over 1,288 ha, and made of Miocene fine sand. There is an average of
5.6 MCM of water annually available for artificial recharge. The Rio Seco river crosses the case study’s
area.
Stakeholders affected in this case are farmers, representatives of the regional water utility and
inhabitants with a positive willingness-to-pay for groundwater preservation.
In order to achieve the goal to not exceed the limit of 50mg/l nitrate any longer in the aquifer a total of
36.23 MCM of clean water must be infiltrated to dilute the nitrate concentration.
For more details, not being repeated here, please compare Chapter 4 or Balzarini / Furlanis 2016.
Step 2 – Define MAR solution(s) and Non-MAR solution(s)
Proposal #1 is a MAR solution. Here infiltration basins constructed in the riverbed of the Rio Seco
River would be used. The infiltration basin would be built with a length of 2.58 km to fulfill the
objective of infiltrating 36.23 MCM of clean water within approx. 30 years.
Proposal #2 is a MAR solution, too and would also use infiltration basins but additionally water
collected from greenroofs and infiltrated using noras (wells). Therefore, 1.76 km-long infiltration
basins and 60 existing regional noras would be needed to be adapted to be able to infiltrate water. The
basin can be constructed with a smaller length, because of the noras’ additional infiltration capacity. It
is estimated, that the 60 noras would infiltrate 11.7 MCM in 30 years and the 1.76km-long basin 24.6
MCM. Thus, Proposal #2 does also fulfill the objective to infiltrate 36.23 MCM of clean water within
approx. 30 years.
Proposal #3 would be a Non-MAR solution. Here a pump would be used to extract the groundwater to
a treatment unit for denitrification. In other words, this solution would pump and treat the
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groundwater in order to lower the nitrate concentration of the water below the limit of 50 mg/l. To
reach this aim, a water treatment plant and a sludge disposal asset with a daily capacity of 3,308 m³
would be needed.
Additional details, not being repeated here, can be found in Chapter 4 or Balzarini / Furlanis 2016.
Step 3 – Calculate ENPV as key figure for the ranking
The ENPV expresses the economic net present value of a solution in comparison to the BAU-scenario.
So any external effect that is presented below refers to that and displays the difference to the present
scenario ().
According to Chapter 4 the society’s WTP for supporting a groundwater preservation for the case
study can be assumed to amount up to 260 t €. This value can be argued to represent an economic
surplus for beneficiaries or “users”, because it equals to the “users’ marginal WTP”, defining the “user”
as a person with the positive WTP for groundwater preservation for the “product” preserved
groundwater (EC 2014, p. 57). In other words the preserved groundwater has a value of 260 t € from
the point view of the beneficiaries in this case. Consequently, any solution fulfilling the objective as
stated in step 1 above would have an positive economic effect amounting to 260 t €. In the case
presented here, it can be assumed that all three proposals as defined in step 2 fulfill the objective as
stated in step 1. So all three proposals would contain this positive economic effect.
The negative environmental impact from agricultural fertilization activities has led to a situation with
a nitrate concentration above the threshold level of 50 mg/l. It is assumed, that Portugal tries to avoid
expensive penalties in the BAU-scenario by reducing the nitrate application through a limitation of
fertilization. According to this, a reasonable reduction of the nitrate input, which is enough to lower
the nitrate concentration below the threshold, would result in a productivity loss for the farmers. Thus
in the BAU scenario a loss as high as 2.8 Million € (present value, 30 years’ timeframe) is calculated as
environmental costs (more details see Chapter 4.5.1). Now a solution reducing the nitrate
concentration in the water making it possible for farmers to use the former nitrate input and avoid the
productivity loss, is worth over a 30 years’ timeframe 2.8 Million €, as stated above. Thus any solution
fulfilling the objective as stated in step 1 above would have a positive environmental effect in the
amount of 2.8 Million €. Regarding the three proposals of this case study it can be argued, that all
proposals would lead to a reduction of nitrate below 50 mg/l and thus all three proposals would
include the positive environmental effect as stated above.
To account for the social effect of solutions the fiscal corrections need to be minded. Therefore, a
complementary fiscal correction was conducted here for tax payments for wages, which have not been
already corrected within the work for D15.1 and the calculation for FNPV or for the ENPV, as
calculated in Chapter 4.
In the example presented here the income tax payments where derived from the estimated costs for
labor for all three proposals. For this case study only the O&M costs but no direct estimations for the
labor costs as part of the aggregated O&M costs were available.
For proposal #1 it can be assumed to have three persons fulltime working for the MAR solution with a
yearly salary of 18 t € each, as have been assumed for the Lavrion case. Assuming an income tax rate of
28,5%, based on common Portuguese income tax rates, the annual income tax payments amount for
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18 t € x 3 x 0,28 = 15.4 t €. Thus, the present value of income tax payments is 236.6 t € (30 yeartimeframe, social discount rate of 5%).
For proposal #2 it can be assumed to have four persons fulltime working for the MAR solution with a
yearly salary of 18,000 € each. This assumption is based on the labor costs assumed for proposal #1 as
stated above. However, due to the additional infrastructure necessary, the noras, one additional
person fulltime working was assumed. Assuming again an income tax rate of 28.5%, the annual income
tax payments amount for 18 t € x 4 x 0.28 = 20.5 t €. So the present value of income tax payments
accounts for 315 t € (30 year-timeframe, social discount rate of 5%).
A plausible assumption to estimate the labor costs as part of the O&M costs for proposal # 3 was to use
guiding values from water associations. According to the German water sector typical personal costs
for wastewater treatment facilities are 19 % (Bundesverband der Energie- und Wasserwirtschaft et
al.., 2015). Thus, costs for labor were assumed to amount for 19 % of the annual O&M costs, which are
803 t €. Additionally, an income tax rate of 28.5% was assumed, based on common Portuguese income
tax rates. Thus annual income tax payments equal to 0.19 x 803 t € x 0.285 = 43.5 t €. So the present
value of income tax over 30 years amounts to 672.1 t € (timeframe 30 years, social discount rate 5 %).
This value is the social effect aligned to a potential implementation of proposal #3.
The following table summarizes how the ENPV is calculated in this example:
Table 11-1: Figures for the ENPV calculation of all proposals
Indicator
: Financial Net Present Value

Proposal #1
-

1,742,537.02 €

Proposal #2
-

1,764,990.56 €

Proposal #3
-

14,533,034.92 €

∆

: Social effect

236,582.02 €

315,442.70 €

672,064.29 €

∆

: Economic effect

259,768.60 €

259,768.60 €

259,768.60 €

∆

: Environmental effect

2,789,177.51 €

2,789,177.51 €

2,789,177.51 €

1,542,991.12 €

1,599,398.25 €

: Economic Net Present Value

-

10,812,024.51 €

Step 4 – Define and apply formal decision rule
Without any constraints and simply following the rule to accept solutions with a positive ENPV and to
rank solutions by this figure, the best solution is proposal #2, followed by proposal #1. Proposal #3
would not be acceptable, since its value is negative. Table 11-1 shows that even if the principle of
strong sustainability would be formulated as a decision rule proposal #1 and #2 are acceptable, since
there is no negative effect in the social, economic or environmental dimension.
Step 5 – Interpret results, draw conclusion
The subsequent diagram (Figure 11-1) shows the proposal #1 and #2. The diagram displays a
“negative area”, as red square. The outer edges mark the zero level. The middle point of the diagram
represents the value – 2 million €. Thus, any points in the read area represent a negative value. Any
values outside of the red square represent positive figures. The four corners of the diagram represent
the four key figures: the financial net present value (FNPV), the social effect (∆ ), the economic effect
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(∆ ) and the environmental effect (∆ ). Using a “spider diagram” like this enables to compare
different solutions at one glance and visualizes the relations between the different dimensions of the
ENPV. This exemplary diagram illustrates that both solutions, proposal #1 and #2 offer quite similar
results, as they are nearly congruent. The difference in the social effect between proposal #1 and #2
can be called negligible for the decision in this case.

Figure 11-1: Diagram with evaluation results for Proposals #1 and #2
The following “spider diagram”(Figure 11-2) shows the evaluation results of proposal #2 in
comparison to #3. Because proposals #1 and #2 are nearly the same, in the following proposal #2 will
be representative for both. Figure 11-2 visualizes the main disadvantage of proposal #3, the extensive
costs leading to a negative FNPV, which cannot be outweighed by any of the positive effects in the
social, economic or environmental dimension.
Regarding proposal #3 in this case study, it must be noted, that using the NON-MAR technology there
is no direct improvement of the ecosystem’s status groundwater, since the water is pumped to the
surface and treated above ground, instead of improving it in its original system underground. Still the
benefit for the farmers in terms of additional income is the same in monetary terms. Thus it can be
argued, that for proposal #3 this benefit is rather an economic surplus than a positive environmental
effect. This would change the profile within the diagram presented above, but in fact it would not lead
to a different aggregated result.
In summary Proposal #2 is the most sustainable solution. Although there is no significant difference in
the estimated results for the effects in the three sustainability dimensions. Only the social effect has a
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relatively small difference, which could be called negligible for a decision. The highest added value to
welfare from both MAR solutions can be expected from the environmental effect in this case, because
of farmers directly benefiting from the improved water quality, enabling a high productivity using
fertilizers. Proposal #3 is a non-sustainable solution because of its too extensive costs and its negative
FNPV. Consequently, in this case the MAR solution is superior to a Non-MAR solution.

Figure 11-2: Diagram with evaluation results for Proposals #2 and #3
It is not always straightforward to define a change in human welfare as either a social, economic or
environmental effect. In the example presented above one can argue, that the benefits for farmers
from the implementation of a MAR solution are rather economic effects and not to be defined for the
environmental sphere. In addition, peoples’ positive WTP for an improvement of the groundwater
quality could be used as a value indication for a healthier environment. In other words decisions either
pro or contra a specific solution should always be aware of the overlapping nature between social,
economic and environmental effects, which is also true for the example presented above.
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