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Reductions in groundwater quality due to aquifer depletion is a growing issue globally 

and will become more prominent with continued climate change and population growth. 

Dry regions are particularly vulnerable to this issue due to their reliance on groundwater for 

water supply. Therefore, urgent attention to improving groundwater management in such 

areas is essential in regional budgets and policy agendas. This thesis aims to provide 

insight and initial estimates on the potential net social benefits associated with two policy 

projects intended to increase the groundwater quality in the semi-arid state of 

Aguascalientes, Mexico. The focus lies on the aquifer of Valle de Aguascalientes, where 

fluoride contamination due to aquifer overdraft is becoming increasingly problematic. The 

projects evaluated are the installation of fluoride removal units using electrocoagulation 

(Project A), and the implementation of centre pivot irrigation systems (Project B). Policy 

evaluation is performed using cost-benefit analysis. The results show that Project A is 

associated with a net present value (NPV) of 159 262 033.17 USD and Project B with an 

NPV of -123 864 575.35 USD. However, due to the uncertainty associated with these 

estimates, the resulting recommendation is to not accept either project until the certainty of 

the policy evaluation is increased. Nevertheless, the information provided in this thesis may 

be helpful in planning for future studies. 

 

 

Keywords: Aguascalientes, Cost-benefit analysis, Fluoride removal, Centre pivot 

irrigation, Sustainable development, Environmental policy 
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This chapter, in particular section 1.1, outlines the issues related to 

groundwater depletion in dry regions, primarily focusing on Aguascalientes1, 

Mexico. In section 1.1.1, the current groundwater governance structure in Mexico 

is described. In section 1.1.2, a narrower focus is taken to provide a detailed 

description of the study area. Lastly, this study’s aims and objectives are 

presented in section 1.2.  

1.1. Problem Description 

Groundwater quality reduction due to aquifer depletion is a growing issue 

globally. Freshwater availability is negatively affected by temperature increases 

due to climate change, and population growth and land use/land cover change 

reinforce this trend (Ojeda Olivares et al. 2019). The problem is of particular 

concern in drier regions where water resources are scarce, and surface water can 

only satisfy a small portion of the water demand (Morris & Gallardo Cabrera 

2018). The high reliance on groundwater in such regions – especially in countries 

with expanding urban areas and increasingly active agricultural and industrial 

sectors – often lead to aquifer overdraft and groundwater deficit (Konikow & 

Kendy 2005). This fact threatens both ecosystems and the livelihoods of current 

and future generations.  

In this sense, groundwater deficit alone is arguably problematic, although it 

also gives rise to numerous other problems. Castellazzi et al. (2016) mention 

examples such as land subsidence, irreversible damages to the aquifer’s ability to 

store water and increased water contamination risks. In Aguascalientes, Mexico, 

the state water institute (INAGUA) (2021) notice the latter as the most urgent 

problem. They state that the groundwater contamination arises due to poor water 

governance and difficulties with financing water infrastructure. They further note 

that the present contamination is an issue of growing public health concern which 

is likely to continue given the current water extraction patterns.  

The growing concern for the contaminated groundwater’s effects on the public 

health in Aguascalientes is evident in the state water plan for 2021-2050 

                                                 
1 This report considers the state of Aguascalientes, if not else is specified. The state is composed by 

the city of Aguascalientes (the state capital) and the ten municipalities Asientos, Calvillo, Cosío, 

Jesús María, Pabellón de Arteaga, Rincón de Romos, San José de Gracia, Tepezalá, El Llano, and 

San Francisco de los Romo (INEGI 2020). 

 

1. Introduction  
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(INAGUA 2021). In the plan, INAGUA expresses that of highest priority is to 

increase the quality of life for the state inhabitants, and the main strategies they 

have formulated to achieve this goal target the overexploitation of the 

groundwater resources and their diminishing quality. Therefore, the effects of 

groundwater deficit and the associated contamination on the public health in 

Aguascalientes is the main focus of this thesis.  

As in many other semi-arid regions worldwide, the groundwater contaminant 

of most significant concern in Aguascalientes is fluoride. Fluorides occur 

naturally in groundwater due to fluoride-bearing minerals in the rocks, soil, and 

sediments surrounding the aquifer (Jha et al. 2013). However, in aquifers where 

continuous overdraft occurs, diminishing groundwater levels forces extraction 

from greater depths, resulting in fluoride contamination (Morris & Gallardo 

Cabrera 2018). This thesis focuses on the aquifer of Valle de Aguascalientes, 

from which the state extracts most of its groundwater (Sainz-Santamaria & 

Martinez-Cruz 2019a) and where fluoride contamination is prominent.  

The National Research Council (2006) states that when occurring at moderate 

levels (0.4-0.7 mg/L), fluoride can positively affect human health – it reduces the 

risk of caries and strengthens bones. However, they explain that long-term 

exposure to excess fluoride levels can have adverse effects. They report that in 

areas where the groundwater concentration of fluoride exceeds 1.5 mg/L, 

consumers are at higher risk of being diagnosed with dental fluorosis. Dental 

fluorosis, they describe, is a condition that in mild cases causes decolourisation of 

the teeth surface (often in the form of yellow or brown spots), and in severe cases, 

makes the teeth mottle and become deformed.  

Furthermore, the National Research Council (2006) explains that dental 

fluorosis primarily develops during the first eight years of life – during the 

enamel’s transitional or early maturation stage. The Council further states that 

whether the condition is developed or not is a consequence of the cumulative 

intake during this period. Dental fluorosis development in adult teeth only occurs 

as a result of concomitant enamel dissolution, i.e., caries development (Fejerskov 

et al. 1994). These two aspects exemplify that the timing and duration of exposure 

to high-fluoride drinking water is a critical factor impacting the severity of the 

condition, the National Research Council (2006) states.  

 The National Research Council (2006) further report that in areas where the 

fluoride levels exceeded 2 mg/L, the cases of severe dental fluorosis rise sharply 

and long-term water consumers are also at risk of developing skeletal fluorosis. 

As described by the European Commission (2010), this disease induces alterations 

of the bone structure that weaken the bone strength. In turn, they explain, these 

altered conditions increase the risk of fractures, immobility, pain, and in the direst 

cases, severe crippling. The negative effects associated with the two previously 

mentioned values lay the basis for the WHO’s guidelines for drinking water 

quality regarding fluoride. The guidelines state that fluoride concentrations in 

drinking water should be < 1.5 mg/L. However, they stress that national 

guidelines also should consider the general fluoride intake from other sources, 

such as food or air. In Mexico, the WHO guideline is applied (Secretaría de Salud 

2000). 

Fluoride has been recognised as one of the chemicals that are of most 

significant concern to human health when concentrations exceed the 
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recommended limits in natural waters (Bhatnagar et al. 2011). Thus, it is essential 

to tackle the issue of fluoride contamination in the aquifer of Valle de 

Aguascalientes. In doing so, consideration should be taken both to policies aiming 

to decrease the fluoride concentrations through water treatment and to policies 

that target the underlying problem – the aquifer overdraft. As previously 

mentioned, INAGUA (2021) recognise the need for strengthened water 

governance and infrastructure to achieve the latter. More specifically, they 

mention the need to target the irrigation systems used in agriculture.  

The agricultural sector consumes the majority of the permitted groundwater 

extraction in Aguascalientes (CONAGUA 2018a). There are various factors in the 

present groundwater management policies and governance structure that induces 

the high extraction in this sector. For example, Muñoz-Piña et al. (2006) mention 

the national subsidy programs promoting agricultural activities. Specifically, they 

mention the electricity tariff 09, which has as its principal purpose to reduce costs 

for the energy needed to extract groundwater for irrigation of agricultural lands. 

The authors also argue that the subsidy creates other distortions, such as false 

profitability of certain ’thirsty’ crops and disincentives for farmers to implement 

more efficient irrigation technologies.  

As Sainz-Santamaria and Martinez-Cruz (2019a) point out, the majority of the 

currently used irrigation methods in Aguascalientes are, in fact, highly inefficient. 

They explain that the majority of the land is irrigated using gravity-based systems 

which are characterised by low water application efficiency and therefore give 

rise to large water losses. To strengthen the productivity and efficient use of 

irrigation water, INAGUA (2021) recognises the need for a comprehensive 

strategy and highlights the current lack of commitment from all sectors regarding 

these aspects. They claim that technical and financial fortification must be given 

to irrigating farmers to overcome these issues, and that increased regulations need 

to be imposed.  

According to the UN (n.d.), 14.4 percent of the world’s population live in 

semi-arid regions. They project that by 2030, near half of the world’s population 

will live in areas with high water stress, which may displace between 24 million 

and 700 million people in arid and semi-arid regions. They state that there is a 

relationship between population density and aridity, and claim that in no other 

ecological zone has the population growth rate been as high as in drylands2. These 

statements suggest that the health problems affecting todays’ residents in semi-

arid regions will become even more prominent in the coming years, characterised 

by continued population growth and climate change. While these issues have been 

documented for numerous semi-arid regions worldwide (for example Bhatnagar et 

al. 2011; Sainz-Santamaria & Martinez-Cruz 2019a; Haldar & Gupta 2020), the 

potential of policy interventions are often overlooked in the policy and research 

agendas.  

However, due to the growth potential of these regions in the near future, both 

regarding population and agricultural activities, it is essential to study the effects 

of groundwater contamination on human health and how the current water 

extraction patterns affect the water quality and quantity for the local communities. 

                                                 
2 According to the UN (n.d.), ’drylands’ include arid, semi-arid and dry sub-humid areas. They state 

that in the context of sustainable development, the term typically excludes deserts.  
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Aguascalientes is a good example of such a community, and the state is therefore 

an adequate objective to study for initial estimates of these effects. The problems 

related to groundwater depletion in the state are unlikely to be solved unless 

policies that aim to ensure water quality and prohibit continuous overdraft are 

implemented. This thesis, therefore, focuses on evaluating one policy project that 

directly treats the excess concentration of fluoride in the drinking water in the 

semi-arid region of Aguascalientes, and another policy project targeting one of the 

leading causes for the underlying problem of groundwater depletion in the state – 

the irrigation of cropland. 

 

1.1.1. Groundwater Governance in Mexico 

 Hayes (2021) explain that groundwater is a common pool resource – it is non-

excludable and rivalrous. He describes that these properties give consumers 

incentive to maximise the value they can derive from the resource as fast as 

possible, i.e., before other consumers deplete it. In other words, Hayes states, 

these characteristics make aquifers susceptible to the tragedy of the commons. 

Therefore, Hayes claims that in order to avoid complete depletion, government 

regulations must be imposed or voluntary collective action working for 

sustainable management of the resource must be organised. 

 In Mexico, all surface and groundwater resources are properties of the state 

(OECD 2015), and Wilder et al. (2020) explain that water has been recognised as 

a human right since 2012. They claim that this fact has given standing to the 

citizens in the debate on water access and sanitation imbalances and increased the 

democratisation of water governance. Nevertheless, water consumption cannot be 

free of charge as infrastructure and human capital are needed to extract and supply 

the water (Chenoweth 2018). Sainz-Santamaria and Martinez-Cruz (2019a) 

explain that all users pay for water consumption, although the price varies across 

sectors. For example, agricultural users pay nothing unless they exceed their 

allowance, they state. 

 Moreover, Sainz-Santamaria and Martinez-Cruz (2019a) criticise the Mexican 

groundwater management policies and claim that investments in water 

infrastructure projects are often negatively influenced by the one-term limitation 

for state administrations of six years. They argue that this limitation affects 

planning horizons for infrastructure projects, as undertaking great investments 

helps government officials gain credibility in the short-term. Such investments, 

the authors explain, are induced further by the fact that the cost is shared by the 

federal government, where officials face the same one-term limit. However, 

according to the authors, these significant investments are rarely cost-effective in 

the long run as they often contribute to overdraft of the water resources.  

 Sainz-Santamaria and Martinez-Cruz (2019a) further report that previous 

policy measures have failed to ensure future groundwater supply from the aquifer 

of Valle de Aguascalientes. They argue that accurate policymaking on 

groundwater management is inhibited by the fact that data on the aquifer are 

scarce, scattered, and expensive; despite it being one of the most studied in the 

country. However, considering the previously mentioned significant yet cost-

inefficient investments already happening related to water infrastructure, the 
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argument can be made that there is space in policymaking to form more efficient 

groundwater management policies. Such policies should promote agricultural 

decisions that impose less pressure on the aquifer of Valle de Aguascalientes, 

such that the quality of the consumed water can improve. 

 

1.1.2. Area of Study 

 The state of Aguascalientes is located in north-central Mexico. Ruiz-Alvarez et 

al. (2019) explain that it has a cold semi-arid climate (BSk) according to the 

Köppen climate classification system, which is reflected, for example, in the 

average annual total precipitation (516.8 mm). They report that the lowest average 

values are measured in March (3.4 mm) and the highest in July (130.4 mm). The 

semi-arid climate is also reflected in the variation in average temperature. Ruiz-

Alvarez et al. state that January is the coolest month on average, where the 

average annual minimum temperature of 8.6°C is normally reached. They further 

report May to be the hottest month on average, during which the average annual 

maximum temperature of 25.9°C is typically measured.  

 Additionally, Ruiz-Alvarez et al. (2019) state that the average annual 

evaporation from the earth surface to the atmosphere is 1958.5 mm. The monthly 

values follow the average temperature patterns closely; December shows the 

lowest values (113.7 mm) on average and May the highest (235.5 mm). Finally, 

they report that the estimated ratio of precipitation and potential 

evapotranspiration3 (P/PET) is 0.35. This ratio is a common measurement of 

aridity, and a region is classified as semi-arid if 0.2 < P/PET < 0.5 (Estrela et al. 

1997). With continued climate change, there is a risk of these measurements 

increasing, causing alterations of other components of the water cycle as well 

(Zhan et al. 2019). 

 Aguascalientes has approximately 1 425 600 inhabitants (INEGI 2020). 

According to Data México (2021) 57.8 percent of the population is considered 

economically active, which is close to the average in Mexico. They further state 

that the agricultural sector employs just over one percent of the workforce. 

Despite the small percentage of people working in the sector, agricultural 

activities play a significant role throughout the state. For example, the state capital 

devotes 39.3 percent of the metropolitan land area to crops and 26.2 percent to 

pastures, and among its main economic activities are crop cultivation and 

livestock farming (SENER 2015). This extensive spread of agricultural activities 

is a leading cause for the high water consumption in the area. 

 The most cultivated crops in Aguascalientes are alfalfa, corn, wheat, chillies, 

peaches, and wine grapes (Nations Encyclopedia n.d.), which all require large 

quantities of water (Mekonnen and Hoekstra 2011). Due to the low precipitation 

in the area, irrigation is necessary to satisfy the water demand of these crops. 

Foster et al. (2004) mention that switching to less water demanding crops that are 

                                                 
3 Potential evapotranspiration is defined as the evaporation from a grass covered area that does not 

lack water in the root zone and where no heat storage occurs in the ground (SMHI 2021) 
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better suited for the area’s climatic conditions has been discussed as a potential 

measure to decrease the water consumption in the area. However, they claim that 

because the actual effects of doing so on groundwater savings are uncertain, no 

further measures have been taken to induce such changes.  

 Another factor impacting the high water consumption in Aguascalientes is the 

low efficiency of the currently utilised irrigation systems, Sainz-Santamaria and 

Martinez-Cruz (2019b) explain. They estimate that 46-90 percent of the cultivated 

area in the state is irrigated using flood irrigation – an ancient method where 

farmers distribute water using furrows in the fields or spread it evenly across the 

surface, mimicking a flooding (see  

Figure 1). They also estimate that the remainder of the irrigated land utilises 

pressurised sprinkler systems, most commonly centre pivot irrigation (CPI) 

systems (see   
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). Sainz-Santamaria and Martinez-Cruz (2019a) further claim that Mexico – as 

many other developing countries – is currently transitioning to more efficient 

irrigation technologies and that a continued expansion of CPI systems thus may 

be seen henceforth. 

 

Figure 1: Example of Flood Irrigation 

Source: Vanuga, J. (USDA) (2002)  
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Figure 2: Example of CPI System 

Source: Tanja Folnović (n.d.) 

 The National Water Commission (CONAGUA) (2018a) reports that 

Aguascalientes’s concessioned water volume in 2017 amounted to 623 hm3. Out 

of the water consumed, they denote that 445 hm3 (71 percent) originated from 

groundwater. Furthermore, CONAGUA explains that 479 hm3 (77 percent) of the 

concessioned water volume in the state was consumed by agriculture. Out of this 

volume 303 hm3 (63 percent) came from groundwater, they state. The majority of 

the agricultural land in the state is found within Irrigation District 01, located in 

the municipality of Pabellón de Arteaga (Sainz-Santamaria & Martinez-Cruz 

2019a). The district uses 30.8 hm3 of groundwater to irrigate 3 794 hectares of 

land (CONAGUA 2018b). Because it is within Irrigation District 01 that the 

majority of the groundwater extracted for irrigation is consumed, this thesis will 

primarily focus on this area. 

 In comparing the water consumption to the total renewable water4 resources in 

the state, CONAGUA (2018a) notice a high level of water stress. They report that 

the total renewable water resources per capita in 2017 was 394 m3 – the third 

lowest in the country. CONAGUA (2018b) also concludes that all five aquifers 

that cross the state borders, as shown in  

, are overexploited and in a condition of deficit. Of these aquifers, Sainz-

Santamaria and Martinez-Cruz (2019a) explain that the aquifer of Valle de 

Aguascalientes, which is the focus of this thesis, is the largest one.  

                                                 
4 Renewable water refers to the amount of water in a region that can be used in a sustainable manner; 

that is, the water replenished naturally by rainfall or inflows (CONAGUA 2018a). 
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Figure 3: Location of the aquifer of Valle de Aguascalientes 

Source: Sainz-Santamaria and Martinez-Cruz (2019a, p. 45) 

  

  As previously mentioned, the aquifer of Valle de Aguascalientes is the 

primary source from which the groundwater consumed in Aguascalientes is 

extracted and one of the most studied aquifers nationwide. It is part of the inter-

state aquifer of Ojocaliente-Aguascalientes-Encarnación (Sainz-Santamaria & 

Martinez-Cruz 2019a), and according to CONAGUA (2020), the annual 

extraction from Valle de Aguascalientes amounts to 348 hm3. However, they also 

report that the annual recharge of the aquifer, that is, its volume of renewable 

water, is 250 hm3, making the extraction volume almost 40 percent higher than 

sustainable levels. Out of the 1 468 active waterworks (i.e. wells and norias) 

connected to the aquifer, CONAGUA states that 854 units (58.17 percent) are 

destined for agricultural use, 31 units (2.11 percent) are destined for livestock and 

26 units (1.77 percent) for domestic use. 

 When extracting groundwater, electricity is needed to pump the water from the 

aquifer to above-ground levels. Because 75.22 percent of the electricity produced 

in Mexico comes from fossil sources (Ritchie & Roser 2020a), the current 

groundwater extraction gives rise to high amounts of emissions. The General Law 

on Climate Change acknowledges Mexico’s dependency on fossil energy sources 

and states that 35 percent of the electricity shall be generated from renewable 

sources in 2024 (Cámara de Disputados del H. Congreso de la Unión 2020). The 

law also states that 50 percent of the country’s greenhouse gas (GHG) emissions 

should be reduced by 2050 compared to 2000. Today, 21.04 percent of Mexico’s 

electricity is generated by renewable sources (Ritchie & Roser 2020a), and the 

GHG emissions were 4.41 percent lower in 2020 compared to 2000 (Ritchie & 

Roser 2020b).  
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 Moreover, CONAGUA (2020) concludes that the water in Valle de 

Aguascalientes, based on the latest update of the water availability in the aquifer, 

is of relatively good quality. According to their report, only two chemical 

concentrations exceed the maximum permitted limits: fluorides and nitrates. As 

previously mentioned, fluoride contamination of groundwater has been recognised 

as a significant human health issue in the state. Therefore, this thesis focuses on 

the negative impacts of excess fluoride concentrations in the groundwater of the 

Valle de Aguascalientes aquifer.  

 As shown in   
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Table 1, data gathered by CONAGUA (2021) on the water quality in the aquifer 

of Valle de Aguascalientes show an upward-sloping trend in the average fluoride 

levels5 since the first measurements were published in 2012. In all years except 

2012, the average fluoride concentration exceeds the WHO recommendation of < 

1.5 mg/L. In 2013 and 2018, the concentrations even exceeded 2 mg/L. Over all 

the measured years, the average fluoride concentration amounts to 1.85 mg/L. 

This level is lower than the concentration causing concern for skeletal fluorosis (2 

mg/L) but above the concentration where daily intake increases the risk of dental 

fluorosis (1.5 mg/L).  
  

                                                 
5 The average concerns the average over all sites measured in a specific year.  
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Table 1: Average fluoride concentration in the aquifer of Valle de Aguascalientes 2012-2020. 

Year Average fluoride 

concentrationa 

Above WHO/Mexican 

standard of < 1,5 mg/L 

2012 1,03 No 

2013 2,04 Yes 

2014 1,82 Yes 

2015 1,74 Yes 

2016 1,81 Yes 

2017 1,75 Yes 

2018 2,02 Yes 

2019 1,89 Yes 

2020 1,92 Yes 

All years 1,85 Yes 

a The average concerns the average over all sites measured in a specific year. 

(Data source: CONAGUA (2021b)) 

 The average concentration is reflected in the high prevalence of dental 

fluorosis among 7-8-year-old children in Aguascalientes, according to González 

Dávila (2021). In total, the author found that approximately 43.25 percent suffer 

from the disease; approximately 32.89 percent showing mild symptoms, 8.37 

percent moderate, and 2 percent severe. Because dental fluorosis is generally not 

developed in adult teeth (Fejerskov et al. 1994), it can be assumed that the 

prevalence and distribution are the same for the entire population of 

Aguascalientes if even those individuals who have gone through treatment are 

included.  

 INAGUA (2021) recognise the state’s groundwater resources problems and 

stresses the necessity of adopting strategies to stabilise its principal aquifer. Such 

strategies, they state, should include efforts to improve the efficiency in water 

usage, increase the available volume and sanitise the water. As an example of a 

previous such effort, Sainz-Santamaria and Martinez-Cruz (2019a) mention the 

artificial recharge of the aquifer executed by the state administration of 2010-

2016. They state that the cost of this project amounted to a total of approximately 

25.1 million USD. Of the total, approximately 16.2 million USD was taken from 

the federal budget and approximately 6.7 million USD was taken from the state 

government’s budget. Additionally, operational costs of approximately 2.2 million 

USD annually were required6. Despite the size of this project, the authors claim 

that no evidence of the recharge project’s effects have been provided.  

 In 2021, the State Government of Aguascalientes (2021) budgeted 

approximately 1.2 USD for rehabilitation, modernisation and technification 

efforts of water-related projects. Out of this amount, approximately 0.6 million 

USD came from the federal budget and approximately 0.3 million USD from the 

                                                 
6 USD values are expressed in 2019 USD values and have been adjusted after conversion from MXN 

to USD using the PPP for Mexico in 2017 of 8.914 (OECD 2021). 
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producers7. The 2021 budget is similar to the initial budget for such efforts in 

2020. However, the 2020 budget was subsequently updated from 1.2 million USD 

to 2.3 million USD8 in order to finance the installation of a 1 530 m long piping 

system for irrigation of 131 ha of arable land (CONAGUA 2021a).  

 Based on the aforementioned issues, Sainz-Santamaria and Martinez-Cruz 

(2019a) claim that Aguascalientes faces a challenge in the coming years. The 

challenge, they claim, consists of meeting the water demand of their growing 

population and industrial sector while securing drinking water quality and 

maintaining irrigation water supply to the agricultural sector. This thesis focuses 

on the drinking water quality and irrigation water supply by considering the 

potential of two alternative policy interventions to ensure that the aquifer of Valle 

de Aguascalientes is not to be depleted entirely in the future. 

1.2. Aim and Objectives 

 The overarching aim of this thesis is to provide insight and initial estimates on 

the potential net social benefits to humans associated with two different policy 

projects aimed at ensuring the water quality in Aguascalientes with respect to 

fluoride. The projects considered are:  

 Project A: Installation of fluoride removal units utilising 

electrocoagulation on all wells destined for drinking water. 
This project is an ‘end-of-pipe solution’, that is, it aims to remediate the 

fluoride contamination at the last stage before consumption. 

 Project B: Implementation of centre pivot irrigation (CPI) systems on 

all land currently irrigated using flood irrigation in Irrigation District 

01.  

In contrast to Project A, Project B targets one of the most prominent 

underlying problems giving rise to the fluoride contamination in the state – 

the continuous aquifer overdraft.  

These projects are chosen as they target different points of the problem spectra 

and contrasting their impact therefore can provide valuable insights on where an 

intervention is most effective. Both projects are described in greater detail in 

chapter 2. The projects and their estimated effects are subsequently discussed in 

relation to the baseline scenario in chapter 5 to reach the aim of this thesis. The 

study focuses on groundwater extracted from the aquifer of Valle de 

Aguascalientes for drinking and irrigation purposes and how that extraction 

affects the water quality and quantity from the same aquifer. The time frame 

considered is 30 years, as recommended for water supply/sanitation projects by 

the European Commission (2015). To learn about the net social benefits of the 

projects, the specific objectives of this study are as follows: 

                                                 
7 USD values are expressed in 2019 USD values and have been adjusted after conversion from MXN 

to USD using the PPP for Mexico in 2020 of 9.522 (OECD 2021). 
8 USD values are expressed in 2019 USD values and have been adjusted after conversion from MXN 

to USD using the PPP for Mexico in 2020 of 9.522 (OECD 2021). 
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 To estimate the social costs and benefits of the two projects using existing 

data and literature, as well as insights gathered via conversations with 

researchers and other experts. 

 To analyse the collected data using economic cost-benefit analysis (CBA) 

in order to determine the net social benefit of the respective project. 

 To evaluate the potential of the projects to ensure good-quality drinking 

water and change the current extraction patterns from the aquifer of Valle 

de Aguascalientes. 

 To discuss the probability of successful implementation. 

 

Due to the growth potential and increasing vulnerability to climate change in 

semi-arid regions, it is essential to deepen the knowledge of the groundwater 

resources’ state in these regions. Also, the potential of policy interventions to 

ensure drinking water quality and sustainable groundwater extraction in the long 

run must be evaluated in order to be included in the policy and research agendas 

to a greater extent. To the author’s knowledge, a CBA has never been carried out 

regarding a fluoride removal project, nor concerning a switch from flood 

irrigation to CPI systems in Aguascalientes. Thus, this thesis contributes to the 

literature relevant to studies carrying out CBAs for drinking water quality 

and irrigation water quantity interventions in the state, and potentially also in 

other semi-arid regions. 
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 This chapter outlines the two projects evaluated in the CBAs. These projects 

are evaluated as they can potentially reduce the high fluoride concentrations in 

the groundwater that currently affect Aguascalientes’ inhabitants. Project A 

involves the installation of fluoride removal units utilising electrocoagulation 

throughout the state and is described in section 2.1. Project B considers the 

implementation of centre pivot irrigation (CPI) systems on land previously 

irrigated with less efficient systems in Irrigation District 01. Project B is presented 

in detail in section 2.2. 

2.1. Project A: Installation of Fluoride Removal Units 

Using Electrocoagulation 

 As described in section 1.1.2, the fluoride concentration in the groundwater 

extracted from the aquifer of Valle de Aguascalientes exceeds the levels 

recommended by the WHO. González Dávila (2021) claim that the high fluoride 

concentration in the groundwater is the main reason for the high prevalence of 

dental fluorosis in the area. Dental fluorosis can also be caused by excessive 

fluoride intake from other sources, such as ingestion of food grown using high-

fluoride irrigation water or swallowed fluoridated toothpaste (National Research 

Council 2006). However, due to González Dávila’s (2021) claim, the share of 

such cases is assumed to be negligible in Aguascalientes and is, therefore, not 

considered in this thesis. 

 Furthermore, González Dávila (2021) claim that the high prevalence of dental 

fluorosis will persist as a public health problem unless technologies to remove 

fluoride from drinking water are adopted. Castañeda et al. (2021) state that 

numerous fluoride removal technologies exist today, although most are costly. 

However, they state that one of the lower-cost removal alternatives operate using 

electrocoagulation. With this technology, they explain, water passes through an 

electrocoagulation cell in which a series of electrochemical reactions occur. These 

reactions initiate coagulation of the fluoride ions in the water, where flocs are 

formed that can be removed from the water and reduce the fluoride concentration.  

 Haldar and Gupta (2020) carried out an experiment in which a fluoride 

removal unit using electrocoagulation was tested. In their experiment, the 

electrocoagulation cell utilises aluminium electrodes and DC power connection to 

initiate coagulation of the fluoride ions and thus the formation of flocs. The flocs 

2. The Projects 
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are subsequently removed through a sand filter, which is regularly backwashed to 

avoid clogging, they explain. The backwash water is cleaned through a sand bed 

to secure safe disposal. They further describe that the electrocoagulation cell is 

combined with a downstream column of activated alumina to ensure the unit’s 

success. They explain that through this addition, the treatment unit can guarantee 

that the treated water is safe for drinking, even if the fluoride levels in the water 

from upstream are effluent or if the electrocoagulation cell is malfunctioning. 

 Haldar and Gupta’s (2020) electrocoagulation unit was installed in the 

Nalagola village, located in West Bengal, India. The village residents suffer from 

high fluoride exposure due to the high concentrations of the chemical in the 

groundwater. Haldar9 also mentions that four other units, which operate using the 

same technology, have been implemented in the area. He mentions that the unit 

running for the longest time has been operating for around ten years, and the 

demand and funding for its service are still strong. 

 Haldar and Gupta (2020) explain that at maximum capacity, the unit in the 

Nalagola village treats 600 L of water per hour, amounting to 5 259.49 m3 per 

year. They also state that the fluoride levels in the groundwater of the Nalagola 

village are reduced from 2.1 mg/L to < 1 mg/L post-treatment. In other words, the 

electrocoagulation unit operates at a 50-60 percent efficiency, according to the 

authors. Haldar10 further claims that the technology could be scaled to 5-6 times 

this capacity without compromising the fluoride removal efficiency, and that 

ongoing experiments are currently running to prove this claim. 

 In this thesis, the installation of multiple units using the same technology as in 

Haldar and Guptas’ (2020) experiment will be analysed. The units will be 

installed as an addition to the existing groundwater distribution network. Due to 

the installed units’ long-term operation in India, as described above, the 

assumption is also made that once a unit is installed, it will operate until the end 

of the 30-year period considered in this thesis. Thus, it is assumed that the 

technology remains fixed over the period in terms of capacity and fluoride 

removal efficiency. The same assumption is made regarding the number of pumps 

destined for drinking water.  

 With operations at full capacity, there would be an initial need for 181 

electrocoagulation units throughout Aguascalientes to cover the state’s drinking 

water demand in year 0. Thereby, it is necessary to install seven units at each of 

the 26 wells destined for drinking water, assuming that each well extracts the 

same amount of water annually. Additional units will be installed each year, as 

demand for drinking water is forecasted to increase (Amarasinghe & Smakhtin 

2014). With the rate of fluoride removal presented in Haldar and Gupta (2020), 

the fluoride levels in the groundwater in Aguascalientes would with certainty be 

reduced to < 1.5 mg/L after treatment, given current levels.  

  

                                                 
9 Arindam Haldar, PhD, Indian Institute of Engineering Science and Technology, Interview 2021-11-

16. 
10 Ibid. 
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2.2. Project B: Implementation of Centre Pivot Irrigation 
Systems 

 As described in section 1.1.2, the majority of the allocated water in 

Aguascalientes is consumed by agriculture. In Irrigation District 01, most of the 

water in this sector is allocated to irrigation. Rogers et al. (1997) claim that the 

application efficiency of flood irrigation, which is the most common irrigation 

method used (Sainz-Santamaria & Martinez-Cruz 2019b), ranges between 50-90 

percent. Rogers et al. (1997) further claim that for CPI systems – the most 

commonly used pressurised irrigation system in Aguascalientes (Sainz-

Santamaria & Martinez-Cruz 2019b) – the same range is 70-90 percent. If the 

lower bound values of the application efficiencies of the respective systems are 

compared, CPI systems are 40 percent more efficient than flood irrigation 

systems. The calculations following in this thesis are based on this difference in 

application efficiency.   

 Based on the assumption of higher application efficiency of CPI systems, 

Sainz-Santamaria and Martinez-Cruz (2019a) studied the expected net average 

water extraction from the aquifer of Valle de Aguascalientes under four different 

irrigation policy scenarios. All scenarios have previously been discussed in 

policymaking and involve the following: 

 Scenario 1: 100 percent of the agricultural land in Irrigation District 01 

are irrigated using pressurised sprinklers.  

 Scenario 2: 50 percent of the agricultural land in Irrigation District 01 

are irrigated using pressurised sprinklers, whereas the other 50 percent 

are irrigated using a less efficient technology.  

 Scenario 3: 100 percent of the agricultural land in Irrigation District 01 

are irrigated using improved tillage, drip irrigation and canal 

optimisation in flood irrigation systems. 

 Scenario 4: 50 percent of the agricultural land in Irrigation District 01 

are irrigated using improved tillage, drip irrigation and canal 

optimisation in flood irrigation systems. The other 50 percent are 

irrigated using a less efficient technology.  

 Sainz-Santamaria and Martinez-Cruz’s (2019a) results showed that only when 

Scenario 1 was considered was the average water extraction expected to decrease 

substantially compared to a no policy scenario. They also mention that although 

drip irrigation may be a more efficient method, the feasibility of implementation 

in Aguascalientes is low. Martinez-Cruz11 explains that drip irrigation is not much 

discussed in policymaking for two reasons; (i) the resistance from farmers of 

crops that benefit from receiving water through the leaves and (ii) the high capital 

costs. Sainz-Santamaria and Martinez-Cruz’s (2019a) find that the installation of 

CPI systems is more feasible, although, they do not include any monetary 

estimates of the costs and benefits of such a project. Thus, further analysis is 

necessary to determine its potential success. 

                                                 
11 Adan L. Martinez-Cruz, PhD, Swedish University of Agricultura Sciences, Personal communication 

2021-08-31 – 2021-12-23. 
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 In this thesis, the implementation of the CPI systems is assumed to happen in 

year 0 on all cultivated land currently irrigated using flood irrigation in Irrigation 

District 01. For the purpose of calculation, the share of the land concerned is 

assumed to be the average percentage of those presented by Sainz-Santamaria and 

Martinez-Cruz (2019b), i.e. 67.89 percent. Furthermore, the CPI systems are 

assumed to have a lifespan of 15 years (RMCG 2018; Montero et al. 2013), and 

thus, reinstallation will occur every 15 years. The irrigation and pumping 

technology, as well as the number of pumps, are assumed to be fixed over the 

studied period. However, the arable land demand – and thereby irrigation water 

demand – is expected to grow over the period. Thus, annual costs will include 

installation and reinstallation costs for successively added units. 
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 In this chapter, the CBA methodology is introduced more elaborately. Section 

3.1 presents the essence of the theoretical framework from which the CBA 

methodology is developed. The methodology itself is described in section 3.2. 

The outline of the method is presented in more detail in section 3.2.1, with the 

specific steps to take and various options available. Section 3.2.2 subsequently 

provides an overview of the main limitations and criticism towards the CBA 

methodology. The last section of this chapter – section 3.3 – states the key 

assumptions that have been adopted in this thesis due to time and financial 

constraints.  

3.1. Theoretical Framework 

 Boardman et al. (2014) claim that CBA can be thought of as a microeconomic 

tool to measure efficiency. The methodology, they explain, relies on the Kaldor-

Hicks compensation criterion, which is closely related to Pareto efficiency. If an 

allocation of goods is Pareto efficient, no alternative allocation exists that makes 

at least one person better off, without making anybody else worse off, Boardman 

et al. state. In other words, a Pareto efficient allocation is an optimal allocation. 

However, a Pareto efficient allocation is often challenging to achieve in 

policymaking and is thus considered an ideal rather than a decision rule. 

 Generally, a weaker – but more feasible – decision rule is sufficient in 

policymaking. Boardman et al. explain that with this decision rule, a project that 

achieves a potential Pareto improvement is accepted. A potential Pareto 

improvement is achieved if those who gain from a project (i.e., the winners) can, 

in principle, compensate those who are made worse off by the project (i.e., the 

losers) without becoming worse off themselves. The Pareto improvement is 

achieved when the compensation is paid (Kolstad 2011). 

 The Kaldor-Hicks compensation criterion is less stringent than the concept of 

Pareto improvements, as compensation must only be possible in theory (i.e., as in 

a potential Pareto improvement situation) (Kolstad 2011). In CBA, the Kaldor-

Hicks compensation criterion is illustrated by the net social benefits created from 

the project. The net social benefits are generated by subtracting the costs imposed 

on all losers from the benefits given to all winners. If a project produces positive 

net social benefits, it is, in theory, possible for the winners to compensate the 

losers and thereby achieve a Pareto improvement. Thus, the project should be 

accepted according to the Kaldor-Hicks compensation criterion. 

3. Methodology 
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 In order to estimate the net social benefits of a project, costs and benefits are 

valued and expressed in monetary terms. Boardman et al. (2014) explain that for 

regular goods, the valuation can be done through estimating the respective market 

demand curves. However, there is normally no market to observe regarding 

environmental goods, services, and impacts. Therefore, non-market valuation 

methods must be utilised. According to the OECD (2018), the most commonly 

used valuation methods are Contingent Valuation Methods (CVM) and Discrete 

Choice Experiments (DCE). However, they state, such studies are in general 

expensive and time-consuming. Therefore, they claim that when original studies 

cannot be carried out, the analysis must rely on results from previous studies of a 

similar project. This alternative relies on the concept of value transferring, which 

is described in greater detail in section 3.2.1.  

3.2. Cost-Benefit Analysis 

 CBA is a commonly used tool in policy evaluation to determine the usefulness 

of a project or policy intervention. The European Commission (2015) describes an 

economic CBA as a microeconomic tool for assessing a project’s impact on social 

welfare. Welfare changes, they explain, are measured through attributing 

monetary values to the positive and negative outcomes of the project – discounted 

over a set period of time – and summing them. This inclusion of non-financial 

economic values is the main difference between a financial CBA and an economic 

CBA (OECD 2018).  

 Summing the discounted monetary values over time generates the project’s net 

social benefits or the net present value (NPV) (European Commission 2015). If 

multiple projects are included in the CBA, their performance is most commonly 

compared through contrasting their respective NPVs. Additionally, the project(s) 

should be compared to a baseline scenario, which the Commission defines as the 

case in which no intervention is implemented during the period. They state that 

the baseline scenario is characterised by maintaining the current operational 

management and assuming that the same policies in place today will be in place 

throughout the period studied.  

3.2.1. Method Outline 

 Boardman et al. (2014) present that an economic CBA is traditionally 

performed in nine steps: 

1. Specify the set of alternative projects. 

2. Decide whose benefits and costs count (standing). 

3. Identify the impact categories, catalogue them, and select 
measurement indicators. 

4. Predict the impacts quantitatively over the life of the project.  

5. Monetize (attach dollar values to) all impacts. 

6. Discount benefits and costs to obtain present values. 
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7. Compute the net present value of each alternative. 

8. Perform sensitivity analysis. 

9. Make a recommendation. 

(Boardman et al. 2014, p. 6) 

 In step one, the setting of the study is outlined. Boardman et al. explain that 

this involves specifying the location, scale, and duration of the projects that the 

CBA will consider as precisely as possible. Concerning the scale, the European 

Commission (2015) emphasises the importance of the project being a self-

sufficient unit of analysis, meaning that all necessary aspects for successful 

implementation should be included. As an example of what this entails, they 

mention that a project considering establishing a new landfill must also include 

the connecting roads for waste delivery to it. Otherwise, they claim, the project’s 

scale is underestimated, and it should not be considered a self-sufficient unit of 

analysis.   

 The European Commission (2015) further mentions the importance of 

considering the relevant socio-economic conditions, existing policy and 

institutional aspects, and existing infrastructure and services in the specification of 

the study. They also note that additional relevant aspects, such as environmental 

or cultural conditions, can be included. This first step is of great importance to 

determine the suitability and potential success of the project, as the 

implementation and future management of it is dependent on the current context. 

 The second step involves defining all the relevant stakeholders of the project, 

i.e. identifying who has standing. Boardman et al. (2014) point out that different 

ideas exist in the literature regarding determining who should have standing. They 

explain that some claim that a global perspective is in order, where everyone for 

whom a project’s benefits and costs will occur should have standing. Others, they 

state, argue for a more local perspective, where who has standing is typically 

limited to stakeholders within a particular nation and a specific time frame. In this 

thesis, a local perspective will be taken in the CBA. However, a global 

perspective will also be incorporated in discussing the implications of the 

suggested policies in the long run. 

 Based on the stakeholders identified as having standing, which impacts to 

include in the CBA are determined in step three. Boardman et al. (2014) explains 

that the impacts should explicitly state whether a benefit or a cost – monetary or 

otherwise – is imposed on a certain stakeholder due to a particular element of the 

project. Also, an appropriate measurement indicator based on the available data 

should be specified for each impact category. 

 Furthermore, Boardman et al. (2014) describe that step four involves making 

projections about the sum of effects resulting from the project. To perform this 

task successfully, the European Commission (2015) mentions the importance of 

choosing an appropriate time frame, or reference period, for the project. The 

choice, they argue, should be determined by the project’s implementation period, 

as well as its “economically useful life and its likely long-term impacts” (pp. 41). 

For water supply/sanitation projects, the Commission recommends using a 

reference period of 30 years.  

 The fifth step involves valuing the individual impacts in monetary terms. In 

general, Boardman et al. (2014) state, the monetary values of the benefits in the 
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CBA are determined by studying stakeholders’ Willingness-To-Pay (WTP). In 

well-functioning markets, the WTP can be decided by studying the relevant 

market demand curves, they explain. However, they continue, the concept of 

WTP can be challenging to apply when no market exists, which is often the case 

when considering environmental impacts. The use of WTP may even be 

inaccurate, as in distorted markets, where the market prices (if observable or 

existent at all) may not accurately reflect the social value of an impact. 

 Nevertheless, the economic analysis in step five is necessary to estimate the 

social value of the costs and benefits and ultimately determine the project’s 

contribution to welfare. Therefore, alternative methods utilising non-market 

valuation should be applied in situations where WTP cannot be used. The most 

common method, Boardman et al. (2014) explain is using shadow pricing. They 

explain that shadow pricing involves either adjusting observed prices which are 

decidedly incorrect or assigning values when values do not exist. They describe 

that the idea is to make the price come as close as possible to measuring the true 

social value of a change and thereby make it usable in the CBA. 

 Another alternative when the WTP cannot be estimated is to utilise value 

transferring. The OECD (2018) explain that value transferring entails using a 

previous estimate of a non-market good from an original study to value the costs 

and benefits of a new project. They explain that value transfers can be done in 

three different manners; (i) unadjusted value transfer, (ii) adjusted value transfer 

and (iii) value function transfer. In this thesis, unadjusted value transfer is applied, 

which entails “borrowing” a value directly from an original study (OECD 2018). 

 The OECD (2018) denote that when utilising value transferring – especially the 

unadjusted approach – a trade-off is made between the simplicity and accuracy of 

the analysis. Therefore, they state that the validity of the methodological approach 

should be tested. However, they also mention that such tests may require as costly 

and time-consuming investigations as an original study, in which case the purpose 

of utilising the method is lost. As a guide for the analyst making this trade-off, 

Brookshire (1992, see OECD 2018) suggest that in studies where the aim is to, 

e.g., provide an initial estimate of the potential benefits of a policy option, a 

relatively low level of accuracy may be acceptable. Nevertheless, the OECD 

states that the analyst must specify the criteria used to determine the original 

study’s quality and the feasibility of utilising the value transfer approach. 

 After the impacts have been estimated in monetary terms, the costs and 

benefits occurring over time must be discounted to obtain their present values 

(PV) in step six. In an economic CBA, the social discount rate (SDR) is used for 

discounting. Boardman et al. (2014) explain that discounting is done partly to 

reflect the general preference for obtaining benefits today rather than in the future, 

and partly to account for the opportunity costs associated with investing in a 

project. The formulas used to calculate the PV of all benefits (B) and costs (C) 

are: 

 𝑃𝑉(𝐵) = ∑
𝐵𝑡

(1 + 𝑟)𝑡
𝑛
𝑡=0  (1) 

  

 

 𝑃𝑉(𝐶) = ∑
𝐶𝑡

(1 + 𝑟)𝑡
𝑛
𝑡=0  (2) 
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 In equations 1 and 2, t denotes the year in which the benefit or cost occurs, n 

denotes the entire period during which the project is in place, and r denotes the 

SDR. Choosing an appropriate SDR is complex, especially when considering 

environmental issues. The chosen SDR will reflect how trade-offs are made 

between the present and the future, and thus, how the project’s impacts are valued 

over generations. If not otherwise stated, the SDR applied in this paper is 3 

percent, as recommended by the European Commission (2015). 

 Based on the PVs calculated in step six, the NPVs of the individual projects are 

calculated in step seven. The formula is given by subtracting the PV of the costs 

from the PV of the benefits, i.e.: 

 𝑁𝑃𝑉 = 𝑃𝑉(𝐵) − 𝑃𝑉(𝐶) (3) 

Boardman et al. (2014) explain that the simple decision rule when multiple 

mutually exclusive projects are evaluated in a CBA is to accept the project with 

the largest, non-negative NPV. Both Boardman et al. and The European 

Commission (2015) mention the possibility of using the internal rate of return and 

the benefit-cost ratio as alternative decision rules. However, they conclude that 

the NPV decision rule is the most reliable, and therefore, this rule will be applied 

in this thesis. 

 Because of the uncertainty related to, for example, predicting the monetary 

values of impacts and the SDR, step eight includes performing a sensitivity 

analysis, Boardman et al. (2014) state. The European Commission (2015) explains 

that the analysis should consider one variable at a time and determine the effects 

of varying it on the NPV. They also state that the analysis should focus on the 

most critical assumptions and variables not to become overly detailed. 

Furthermore, they note the importance of using isolated independent variables to 

avoid distorted results and double counting. Ultimately, Boardman et al. (2014) 

conclude, the CBA will result in a policy recommendation of whether to invest in 

a project or not in step nine.  

3.2.2. Limitations and Criticism 

 As with all models applied for the analysis of complex systems, there are 

various limitations of the CBA methodology. First, the decision rule based on the 

greatest NPV does not guarantee that the project in question is the best available 

project. The design of the CBA only allows for a limited number of projects to be 

treated, and it is only between those specific projects that the rule prioritises. The 

rule does not consider that there may be other, more beneficial projects available. 

In other words, the recommended project may contribute to a more efficient 

allocation of resources, although it may not be the most efficient allocation. 

 Furthermore, Boardman et al. (2014) note the various disagreements among 

analysts concerning certain aspects of analysis. What effects may occur over the 

analysed period, how these effects should be valued and which discount rate to 

use are all examples of aspects subjected to varying opinions. A general problem 

with CBA is that it is impossible to include all aspects of change due to time and 

financial constraints. Therefore, some critical impacts will most likely be omitted 

from the analysis. Thus, the outcome of the CBA may differ depending on the 

analyst’s ideas of what impacts are the most important to include. Decision 

making based on a CBA may thereby be subject to analyst bias. 
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 Moreover, Boardman et al. (2014) mention various idealistic and ethical 

arguments under which the CBA methodology often falls subject. For example, 

they point out that not all political and philosophical schools of thought agree with 

the utilitarian idea that one person’s utility loss can be traded off by another 

person’s utility gain. Such opinions become particularly evident in economic 

CBAs, as impacts occurring to individuals from a particularly vulnerable socio-

economic group may be weighted higher than impacts occurring to individuals 

from other socio-economic groups. This logic goes against certain fundamental 

values of various schools of thought, such as individualism or equality, and have 

therefore caused disagreements among critics and supporters of the methodology. 

 The aforementioned critique further relates to the issues of deciding who (and 

what) has standing and what particular effects that will occur over time. Such 

issues become especially evident when studying environmental impacts, as their 

ramifications are generally difficult to delimit throughout the Earth ecosystem. 

According to Boardman et al. (2014), critics therefore argue that analysis must 

happen from a global perspective and that special care must be taken to tipping 

points and effects occurring in the distant future. However, there are currently no 

generally accepted guidelines stating one correct way to decide who and what 

should have standing, and which perspective should be used for analysis.  

 Closely related to the previously mentioned criticism is the debate of whether 

environmental goods and ecosystem services should be valued in monetary terms 

or not. Matthews et al. (2000) mention that some critics argue that monetising 

such goods and services is unethical, as those goods and services may then lose 

some of their intrinsic values (e.g., recreational, spiritual, or cultural values). 

Additionally, Costanza et al. (1997) argue that it is the responsibility of current 

generations to preserve the world’s natural resources for future generations 

regardless of whether their value can be monetised or not. Also, they claim that 

because it is impossible to know how future generations will value these 

resources, it would be to restrict their freedom of opinion if current generations 

were to value them.  

 Lastly, because not all costs and benefits can be valued in monetary terms, it is 

necessary to complement the quantitative analysis of a CBA with a discussion to 

provide a more complete picture for decision making. Boardman et al. (2014) 

argue that the general accuracy of the CBA methodology will improve over time, 

although that it currently must be evaluated for each project. Ideally, they state, 

various ex-ante CBAs should be performed at different points in time and be 

followed up by ex-post CBAs. Thus, one comparison study alone is rarely 

sufficient to provide basis for decision making, which is another shortcoming of 

the CBA methodology, they claim. 

 

3.2.3. Motivation 

Despite the above-mentioned limitations and criticism of the CBA methodology, 

it offers advantages to this study. There are three main reasons behind the choice 

of methodology for this thesis. Firstly, CBA is well suited for desktop studies, 

which was a necessary requirement for this thesis due to the travelling restrictions 

imposed by the Covid-19 pandemic. Secondly, the results of the CBA are 
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presented in an apprehensible manner and offer a clear overview of what benefits 

and costs have been included in the decision-making process. Because the aim of 

this thesis is to provide insight and initial estimates, easily interpreted results are 

of importance if this thesis is to be useful for future studies. In addition, little to 

no previous knowledge of economic theory is required to interpret the results, 

which is the third reason for why the CBA methodology was chosen for this 

thesis. These facts enable researchers from any field to utilise the results in further 

studies on the subject. Also, the presentation of the results offers an increase in 

transparency of the policy evaluation process and thereby allows for inclusive 

discussions among stakeholders.  

3.3. Key Assumptions 

 In this section, the key assumptions made regarding projections in the 

development of certain variables are presented briefly. A complete presentation of 

the assumptions that have been made in this thesis can be found in Appendix 1. 

Throughout this thesis, costs and benefits are expressed in 2019 USD values. This 

year has been chosen for reference as it is a sufficient amount of time after the 

financial crisis in 2008 for the US dollar value to be considered stabile. 

Furthermore, it is the most recent year in which prices were not affected by the 

Covid-19 pandemic. Monetary conversions from other currencies are made using 

Purchasing Power Parity (PPP) exchange rates to account for differences in price 

levels between countries. 

 Because aquifer data are difficult and expensive to obtain and existing data on 

the aquifer of Valle de Aguascalientes are scarce (Sainz-Santamaria & Martinez-

Cruz 2019a), assumptions have been made regarding the effects of a change in 

water extraction. Based on the data reported by CONAGUA (2020) on water 

extraction and active waterworks, it is assumed that 0.3 percent of the total 

amount of water extracted from the aquifer annually is used for drinking purposes. 

Furthermore, it is assumed that the drinking water demand will increase over the 

30 years considered in this thesis. However, most water demand projections found 

were published around the turn of the century. Because the drinking water 

demand depends mainly on population growth, economic development, and water 

efficiency (Amarasinghe & Smakhtin 2014), the accuracy of those projections 

today is subject to debate. 

 According to Cosgrove and Rijsberman (2000), the domestic water demand 

was projected to increase by 47 percent between 2000 and 2025. However, 

Amarasinghe and Smakhtin (2014) report that already in 2005, the actual 

domestic water withdrawal had increased by 48 percent. They also suggest that 

the rapid historical growth presented by Cosgrove and Rijsberman is unlikely to 

be seen in the future. For the purpose of calculation, a drinking water demand 

increase of 30 percent until the end of the period is assumed in this thesis. This 

rate is arbitrarily chosen – although with guidance from the previously mentioned 

numbers and ideas – and has been included to illustrate the likely increases in 

future water demand.  

 On an annual basis, the increase in drinking water demand is computed using 

the Compound Annual Growth Rate (CAGR), presented in equation 4.  
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 𝐶𝐴𝐺𝑅 = (
𝐸𝑉

𝐵𝑉
)

1

𝑛
 (4) 

The CAGR is based on the ending value (EV), the beginning value (BV) and the 

number of years considered (n) (Fernando 2021). The CAGR is to be seen as a 

representational figure showing the annual growth rate had it been the same over 

all the years in question. Based on the assumed 30 percent increase until the end 

of the studied period, the CAGR regarding the drinking water demand 

development amounts to approximately 0.9 percent. 

 Regarding irrigation water, CONAGUA (2018a, 2016) reports that the water 

demand for irrigation in Irrigation District 01 amounted to 30.6 hm3 during 2014-

2015 and 30.8 hm3 during 2015-2016. This difference represents an increase of 

approximately 0.65 percent between the years. Similarly, the FAO (2021) reports 

that the irrigation water withdrawal from surface and groundwater in Mexico 

amounted to 65.42 km3 in 2017 and 65.87 km3 in 2018. This difference represents 

a similar increase – approximately 0.69 percent – between the years. Thus, the 

annual increase in irrigation water demand is in this thesis assumed to be the 

average of the two previously presented numbers, i.e., 0.67 percent.  

 Of course, the increase in irrigation water demand is dependent on the 

expansion of agricultural land. According to the FAO (2009), the expansion of 

arable land will occur mostly in developing countries12, and they mention Latin 

America as a region of example. Furthermore, the FAO projects that irrigated land 

will expand by 11 percent globally and that all the expansion will happen in 

developing countries. Therefore, it is assumed that the arable land in Mexico will 

grow by 11 percent until 2050. On an annual basis, the increase is computed using 

the CAGR (see equation 4). A CAGR of approximately 0.35 percent is used 

regarding the projected increase in agricultural land. 

 Furthermore, no previous studies have – to the author’s knowledge – been 

carried out regarding the exact impact of the groundwater table depth on the 

fluoride concentration in the aquifer of Valle de Aguascalientes. Additionally, 

such data are highly context dependent, as the aquifer’s specific geological 

conditions determine the ‘normal’ fluoride concentration. Also, Bhatnagar et al. 

(2011) mention that industry wastewater containing high levels of fluoride can 

affect the fluoride concentrations in the water. Fluoride-contaminated water can 

enter the aquifer through its recharge zones, where the geological conditions may 

not be able the reduce the fluoride concentration. These facts increase the 

importance of studying the specific aquifer in question and its recharge areas to 

learn about the actual relationship between the fluoride concentration and 

groundwater table in the aquifer. 

 Considering the aquifer of Valle de Aguascalientes, measurements of the 

fluoride level have been published annually since 2012 and show an increasing 

trend over the period (CONAGUA 2021b) (see   

                                                 
12 Whether Mexico is defined as a developed or developing country differs between organisations 

(Investopedia 2021). Throughout this thesis, Mexico is defined as a developing country in accordance 

with the UN (2021). 
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Table 1). However, since data has not been kept over the changes in the 

groundwater table, the relationship between these two variables cannot be 

estimated. Nevertheless, CONAGUA (2020, 2015) reports that the deficit in 

disposable water resources in the aquifer of Valle de Aguascalientes between 

2015 and 2020 increased, along with the water extraction rate. Based on these 

measurements, a relationship is assumed between the disposable water deficit and 

the fluoride concentration in the aquifer.  

 More specifically, CONAGUA (2020, 2015) report that the fluoride 

concentration increased from 1.74 mg/L in 2015 to 1.92 mg/L in 2020 (see   
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Table 1). They further report that the deficit in disposable water between the same 

years increased by 9 183 530 m3. Combining these numbers provides the estimate 

that one m3 of water saved in the aquifer reduces the fluoride levels by 

approximately 1.98 × 10−8 mg/L.  
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This chapter summarises the main results of the respective CBA. As steps 1 and 

2 of Boardman et al.s' (2014) recommended nine steps were thoroughly 

introduced in describing the projects in chapter 2, this chapter primarily regards 

steps 3-8. In sections 4.1 and 4.2, each cost and benefit included in the 

respective project are presented and shown in relation to its NPV (steps 3-7). 

Subsequently, a sensitivity analysis is presented for each project in section 4.3 

(step 8). Note that step 9 is presented in relation to the discussion in chapter 5. 

4.1. Project A: Installation of Fluoride Removal Units 
Using Electrocoagulation 

 The complete CBA for Project A can be found in Appendix 2. The results are 

based on the impacts and assumptions presented in the previous chapters. A 

summary of the costs and benefits included in the CBA and their associated NPVs 

is presented in Table 2. 

Table 2: Summary of Costs and Benefits and their respective NPVs for Project A 

 NPVa 

Costs  

Capital (water treatment units) 

Installation 

- 881 384.10 USD 

- 88 138.41 USD 

Operational - 7 009 698.46 USD 

Fossil fuel emissions from energy consumption 

 

- 250 689.17 USD 

Benefits  

Dental care savings 167 491 943.31 USD 

Total 159 262 033.17 USD 
a Calculations are made using an SDR of 3 percent. 

 

 Haldar and Gupta (2020) present that apart from the electrocoagulation cell 

itself, the capital costs for electrocoagulation units include the cost of overhead 

tanks, sand, alumina, AC–DC power supply, minor electrical equipment, batteries, 

and inverters. The costs of any shed in which the unit is to be placed are excluded, 

as existing buildings that currently stand empty can be used. Furthermore, 

4. Results 
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Haldar13 claims that the material needed for the construction of the unit can be 

found at approximately the same prices in Mexico as in India. In general, he 

explains, the materials can be manufactured domestically at prices that are not 

significantly different between countries, or they are imported at similar costs. 

Therefore, the same capital cost as presented in Haldar and Gupta (2020) is used 

in this thesis. In addition, however, the costs of civil structure for installation are 

included in a separate impact category, as Haldar and Gupta exclude this cost. 

Haldar14 estimates that this cost amounts to approximately 10 percent of the 

capital cost. The NPVs of the sum of the capital cost and installation cost over the 

30 years considered amounts to 881 384.10 USD and 88 138.41 USD, 

respectively. 

 Additionally, Haldar and Gupta (2020) report that the operational costs include 

the cost of maintenance and minor repairs, the electricity cost, and the cost of 

operating the pump and electrocoagulation cell. Haldar15 explains that as the 

maintenance and minor repairs requires little training, it can be performed by low-

skilled workers. However, any potential social impact from employing additional 

low-skilled workers is omitted from this analysis due to time and financial 

constraints. Furthermore, because the electricity cost for this type of activity is 

lower in central Mexico than in Haldar and Guptas’ experiment16, Haldar17 reports 

that the operational costs in Mexico are reduced by 8.8 percent per m3 of water 

treated. The electricity cost is held constant at the current rate over the years 

considered in this thesis. In total, the NPV of the operational costs summed over 

the 30 years considered amounts to 7 009 698.46 USD. 

 The relatively high electricity consumption of electrocoagulation units is often 

mentioned as the main drawback of the fluoride removal method. However, the 

GHG emissions that the electricity generation gives rise to are rarely considered 

when the potential of the method is evaluated. Ritchie and Roser (2020b) report 

that approximately 0.20 kg emissions are created per kWh of energy in Mexico, 

and according to Haldar18, 0.8-1 kWh of electricity is needed to treat one m3 of 

water using their electrocoagulation units (excluding the energy needed to pump 

the groundwater from the aquifer). As an example of the amount of emissions that 

the electricity consumption of the electrocoagulation units give rise to, the 

emissions created in year 0 – considering the contemporary water demand – 

amount to 152.22 tonnes. This number is equivalent to the emissions created from 

approximately 55 round-trip flight journeys from Stockholm, Sweden (ARN) to 

Bangkok, Thailand (BKK)19. 

                                                 
13 Arindam Haldar, PhD, Department of Civil Engineering, Indian Institute of Engineering Science and 

Technology, Shibpur. Interview 2021-11-16. 
14 Ibid. 
15 Ibid. 
16 The electricity cost in Mexico is approximately 0.10 USD/kWh (Castañeda et al. 2020), compared 

to 0.13 USD/kWh in India (Haldar & Gupta 2020). 
17 Arindam Haldar, PhD, Department of Civil Engineering, Indian Institute of Engineering Science and 

Technology, Shibpur. Interview 2021-11-16. 
18 Ibid. 
19 The calculation is based on the emissions for a round-trip journey in a reported by SAS (2021). 

The GHGs have been weighted by their respective global warming potential (GWP); nitrous oxide 
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 In determining the social cost of the emissions generated by electrocoagulation, 

the social cost of carbon (SCC) is applied. The SCC is subject to uncertainty and 

is, therefore, a much-debated topic in the literature. The current and projected 

SCC values used in this thesis are retrieved from the baseline scenario presented 

by the OECD (2018), which are adapted from Nordhaus (2017). In the baseline 

scenario, the OECD (2018) explains that no new climate policies are adopted, and 

that the SCC thus increases from 36.43 USD per tonne CO2 in 2015 to 119.69 

USD per tonne in 205020. Using the SCC to estimate the social cost of the 

emissions created over the considered period generates an NPV of 250 689.17 

USD over the 30 years considered. 

 Moreover, the benefits occurring to the consumers of the cleaned water must 

be included. In this thesis, this benefit is estimated based on the expenses 

consumers save from not requiring dental care to treat dental fluorosis caused by 

intake of high-fluoride drinking water. The calculations on dental care savings are 

based on the young population in the state, specifically children between 0 and 11 

years of age. Thus, the benefits will occur for the share of the population born in 

and after year 0. Because intake of high fluoride water is the primary source of 

dental fluorosis in Aguascalientes, this thesis assumes that no cases of dental 

fluorosis in children born after year 0 will occur after the implementation of 

Project A. The NPV of the dental care savings over the 30 years considered 

amounts to 167 491 943.31 USD. 

 With all the aforementioned costs and benefits considered, Project A produces 

an NPV of 159 262 033.17 USD in the CBA. Based on the NPV decision rule, the 

recommendation is to accept the project.   

4.2. Project B: Implementation of Centre Pivot Irrigation 
Systems 

 The complete CBA for Project B can be found in Appendix 3. The results are 

based on the impacts and assumptions presented in the previous chapters. A 

summary of the costs and benefits included in the CBA and their associated NPVs 

is presented in   

                                                 
GWP = 298, hydrocarbons (ethane) GWP = 5.5, carbon monoxide = 1.9 (Forster et al. 2007). 

Emissions of sulphur dioxide and water vapor reported by SAS (2021) are omitted. 
20 The values have been converted from 2010 international dollar values to 2019 USD values. 
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Table 3: Summary of Costs and Benefits and their respective NPVs for  
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Table 3: Summary of Costs and Benefits and their respective NPVs for Project B 

 NPVa 

Costs  

Ownership cost – CPI system - 32 614 305.46 USD 

Labour - 1 571 748.57 USD 

Reparation and maintenance - 4 268 096.40 USD 

Energy - 186 393 071.77 USD 

Fossil fuel emissions from energy consumption 

 

- 2 204 072.34 USD 

Benefits  

Value of increased groundwater availability 63 008 708.13 USD 

Dental care savings 40 178 011.06 USD 

Total - 123 864 575.35 USD 
a Calculations are made using an SDR of 3 percent. 

 

 The ownership cost21, as well as the operational and maintenance costs of CPI 

systems in this analysis are retrieved from RMCG’s (2018) report from a semi-

arid region in Australia. The ownership cost that RMCG reports is assumed to be 

the same for CPI systems installed in Aguascalientes. This assumption is made 

because the climate conditions are the same at the original study site as in 

Aguascalientes. Another reason for this assumption is that the RMCG takes no 

account of the crops cultivated in their study, which otherwise could have affected 

the ownership cost. RMCG  reports that the capital cost for CPI systems equals 

approximately 4 849.73 USD/ha. As mentioned in section 3.3, it is assumed that 

the demand for agricultural land expands by 0.35 percent annually over the 

studied period. The useful life of CPI systems (15 years) and increasing demand 

for agricultural land give rise to annual ownership costs in this CBA. The NPV of 

the total ownership costs summed over the 30 years studied amounts to  

32 614 305.46 USD. 

 The cost of labour to operate the CPI systems is calculated based on the labour 

demand per operated ha, the development of labour costs over the period 

considered, and the previously mentioned projected demand for agricultural land. 

According to RMCG (2018), the annual labour demand for operating one ha using 

a CPI system is two hours. It is assumed that the CPI systems can be operated by 

the same employees that operate the current irrigation systems. Thus, no 

additional social impacts caused by changes in the composition of the work force 

are included in this analysis. Based on the average hourly wage rate for a farm 

equipment operator in Aguascalientes of 4.99 USD22 and a projected wage 

increase of 25 percent every five years (Economic Research Institute 2021), the 

annual labour cost increase is calculated to be 4.56 percent using the CAGR (see 

equation 4). The NPV of the total labour costs summed over the 30-year period 

amounts to 1 571 748.57 USD. 

 Regarding costs for reparation and maintenance, RMCG (2018) reports that the 

average annual costs equal 52.23 USD23 per ha. This cost is held constant over the 

studied period. Combined with the projections for the agricultural land demand, 

                                                 
21 Ownership costs refer to capital costs including interest and depreciation. 
22 The value is converted from MXN using a PPP for Mexico of 9.522 in 2020. 
23 The value is converted from AUD using a PPP for Australia of 1.452 in 2014. 
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the NPV of the total cost of reparation and maintenance summed over the 30 

years studied amounts to 4 268 096.40 USD. 

 Furthermore, electricity is needed to pump groundwater from the aquifer to 

ground level and distribute it on the land via the CPI system. According to Roy et 

al. (2018), the variables determining the electricity consumption of a CPI system 

is the water table depth, system length, number of towers (i.e. ground points), 

operating pressure, well capacity, and application rate. Since these variables will 

vary from farm to farm, the variables used in Roy et al.s’ example are utilised in 

this thesis in order to provide a feasible example of the electricity cost. Based on 

their calculations, applying water to crop land using CPI requires approximately 

1.26 kWh/m3 of water in total.  

 However, because the electricity needed to pump groundwater to above-ground 

levels is required regardless of the irrigation system used, this amount is 

subtracted from the energy required for operating the CPI systems before 

application in this analysis. Peacock (2005) explains that the energy required for 

groundwater pumping, assuming 100 percent pump efficiency, can be calculated 

by multiplying the weight of water by the lateral lift from the aquifer. However, 

Peacock states that a properly designed pump ordinarily operates at approximately 

70 percent efficiency due to energy and friction losses. Thus, at least 30 percent 

should be added to the calculated energy consumption, he states.  

 Regarding the aquifer of Valle de Aguascalientes, Hernández-Marín et al. 

(2018), estimate that the water table has a maximum depth of 400 m. However, as 

the aquifer has a dynamic shape and the wells are distributed unevenly over 

different depths, the average depth of 200 m is used in calculating the electricity 

requirement of groundwater pumping. Multiplying the weight of water by the 

lateral lift and adding 30 percent to account for efficiency losses generates an 

energy requirement of approximately 0.71 kWh/m3 of water pumped. Subtracting 

the energy required for pumping water from the total energy required, as reported 

by Roy et al. (2018), generates the energy required for the water distribution on 

the fields using CPI systems – approximately 0.55 kWh/m3 of water. 

 Additionally, the electricity price must be incorporated. Rather than including 

the highly subsidised electricity rate that farmers pay for irrigation and the cost of 

the subsidies paid by the government as separate costs, the true cost of the 

necessary electricity (i.e., the sum of the two previously mentioned costs) is 

included in this CBA. According to Tellez Foster24, the true cost of electricity for 

irrigation in Mexico is approximately 1.2 USD per kWh. Thereby, the NPV of the 

energy cost summed over the 30 years considered amounts to 186 393 071.77 

USD. 

 The final cost included in this CBA is the cost of fossil fuel emissions from the 

energy consumption presented above. RMCG (2018) claims that switching from 

gravity-based irrigation systems – such as flood irrigation – to CPI systems will 

likely increase the energy required and thus the GHG emissions. As mentioned in 

section 4.1, approximately 0.20 kg emissions are created per kWh of energy 

consumed in Mexico (Ritchie & Roser 2020b). Multiplying this amount by the 

required electricity for distributing water and the SCC generates the NPV of the 

                                                 
24 Edgar Tellez Foster, PhD, lecturer, University of California Riverside, Interview 2021-10-20. 
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total GHG emissions summed over the 30 years. The NPV amounts to  

2 204 072.34 USD.  

 Regarding the benefits of implementing CPI systems on land previously 

managed using flood irrigation, the value of increasing the groundwater 

availability must be considered. Because no previous valuation study – to the 

author’s knowledge – has been made regarding the value of this benefit in 

Aguascalientes, this CBA utilises unadjusted value transferring to estimate its 

magnitude. The values are retrieved from Suter et al. (2021), who study medium 

to large scale farmers’ valuation of increased irrigation water availability. The 

majority of the farmers are located in cold semi-arid (BSk) areas. The farmers 

studied are dependent on water from the Ogallala aquifer, which is one of the 

most studied in the US, and it has long been in a state of deficit due to the 

unsustainable water withdrawal. The study was chosen for value transferring as 

the farmers face the same climate conditions, future climate challenges, and water 

scarcity problems as farmers in Aguascalientes. 

 Suter et al. (2021) performed a CVM-based study where the WTP for increased 

groundwater availability in the Ogallala aquifer was estimated as a function of the 

current availability and climate conditions. The respondents in the study were 

farmers utilising irrigation wells of > 200 gpm. Suter et al. found a median WTP 

for an additional 100 gpm of well capacity – provided by an aquifer recharge 

project – of 78.38 USD25 per well. This WTP equals 3.94 × 10−4 USD per 

additional m3 of water available per well per year. They state that the WTP is low 

because of the relatively small increase in well capacity proposed in the WTP 

question. However, they claim that the WTP "depends strongly" (p. 1) on the 

current well capacity and climate conditions.  

 Suter et al.s’ (2021) results show that farmers in drier and hotter regions report 

a WTP of thousands of USD higher than the median. This result, they claim, 

suggests that the benefits of groundwater availability and WTP may increase 

drastically as climate change continues to alter the growing conditions. Based on 

their reported valuation of increased groundwater availability, the unadjusted 

value transfer generated an NPV of 63 008 708.13 USD for the saved water 

summed over the 30 years considered in this thesis. 

 Additionally, Morris and Gallardo Cabrera (2005) state that the high fluoride 

concentrations in the groundwater of Aguascalientes are directly related to the 

overexploitation of the resource and the subsequent extraction from deeper levels. 

However, as mentioned in section 3.3, no direct measurements of the exact 

relationship between fluoride concentration and water table depth have been 

found for the aquifer of Valle de Aguascalientes. Therefore, the strong assumption 

that a relationship exists between the two variables – where one m3 of water saved 

in the aquifer reduces the fluoride levels by approximately 1.98 × 10−8 mg/L – 

has been made in this CBA in estimating this potential benefit.  

 Assuming that the above estimate holds, the annual water savings from 

switching irrigation systems would cause a decrease in the fluoride concentration. 

However, the decrease would not be sufficient to reduce the concentration to  

< 1.5 mg/L. Thus, it cannot be assumed that the general prevalence of dental 

fluorosis among children would decrease significantly. It can, however, be 

                                                 
25 The values have been converted from 2018 USD values to 2019 USD values. 
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assumed that the cases of severe dental fluorosis are reduced substantially. As 

mentioned in chapter 1, the National Research Council (2006) report that the 

number of severe dental fluorosis cases rises sharply when the fluoride 

concentration in drinking water exceeds 2 mg/L, but are close to zero when the 

concentration is < 2 mg/L. Due to the assumed water savings from switching 

irrigation systems, the fluoride concentrations would be reduced to < 2 mg/L. 

Thus, it is assumed that all cases of severe dental fluorosis become moderate 

cases, for which treatment costs less. This cost reduction creates a benefit with an 

NPV of 40 178 011.06 USD.  

 In total, switching from flood irrigation to CPI systems in Irrigation District 01 

generates an NPV of - 123 864 575.35 USD. Based on the NPV decision rule, the 

recommendation is that the project should not be accepted.   

4.3. Sensitivity Analyses 

 Table 4 and Table 5 summarise the new total NPVs produced for the respective 

project when one variable is varied at a time. The analyses focus on the most 

uncertain variables where critical assumptions have been made. Because small 

variations in the included variables do not substantially affect the total NPV, 

larger and more feasible variations have been analysed. The results of the 

sensitivity analyses are discussed in chapter 5. 

 

Table 4: Sensitivity Analysis for Project A 

Variable varied Change New Total NPVa Difference from 

Original NPV 

Social discount rate Increase from 3% to 10% 

 

Decrease from 3% to 

1.5% 

 

42 207 646.55 USD 

 

219 595 225.16 USD  

- 117 054 386.62 USD 

 

+ 60 333 191.99 USD 

 

 

Capital cost + / - 30% 158 971 176.42 USD /  

159 552 889.92 USD  

 

- / + 290 856.75 USD  

Dental care treatment 

price 

+ / - 30% 208 147 340.96 USD /  

109 795 011.88 USD 

 

+ / - 48 885 307.79 USD 

Drinking water 

increase 

 

Increase from 1% to 5% 

 

165 905 380.12 USD  + 6 643 346.95 USD 

Electricity required for 

water treatment 

 

+ / - 50% 158 845 831.83 USD /  

159 096 521.00 USD  

- / + 416 201.34 USD 

 

Reference period Increase from 30 to 60 

years 

 

212 030 019.52 USD 

 

+ 52 767 986.35 USD 

a Calculations are made using an SDR of 3 percent.  
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Table 5: Sensitivity Analysis for Project B 

Variable varied Change New Total NPVa Difference from 

Original NPV 

Social discount rate Increase from 3% to 

10% 

 

Decrease from 3% to 

1.5% 

 

- 76 884 571.98 USD 

 

 

- 42 126 530.30 USD 

 

+ 46 980 003.37 USD 

 

 

- 18 261 954.95 USD 

Agricultural water 

demand annual 

increase 

 

Increase from 1% to 5% - 233 511 445.12 USD  

 

- 109 646 869.77 USD 

Ownership cost + / - 10% - 127 126 005.90 USD /  

- 120 603 144.81 USD 

 

- / + 3 261 430.55 USD 

Electricity required for 

water distribution 

+ / - 20% - 161 584 004.18 USD /  

- 86 145 146.53 USD  

 

- / + 37 719 428.83 USD 

Valuation of increased 

water availability 

+ / - 20% - 111 262 833.73 USD /  

- 136 466 316.98 USD  

 

- / + 12 601 741.62 USD 

Dental care treatment 

price 

+ / - 30% - 111 811 172.04 USD /  

- 135 917 978.67 USD   

 

+ / - 12 053 403.31 USD 

Application efficiency  

 

Increase from 70% to 

83.13% 

43 324.93 USD 

 

 

+ 123 907 900.28 USD 

 

Reference period 

 

Increase from 30 to 60 

years 

 

- 178 053 999.69 USD 

 

- 54 189 424.34 USD 

a Calculations are made using an SDR of 3 percent.  
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 According to the results presented in the previous section, only Project A 

generates positive net social benefits in the original CBA. As the sensitivity 

analysis for this project shows, the recommendations based on the NPV decision 

rule are robust, even at large variations in the included variables. Also, because of 

the fluoride removal efficiency of the electrocoagulation unit, the treated water 

would be safe to drink even at higher initial fluoride levels (Haldar26). The project 

also remains within the boundaries of the current state budget for rehabilitation, 

modernisation and technification efforts, which Project B does not. In fact, even if 

an update similar to that in 2020 were made, the estimated costs of Project B 

would exceed the current state budget for such projects. Thereby, this thesis 

indicates that Project A has potential to ensure that the water extracted from the 

aquifer of Valle de Aguascalientes is of good quality, and the probability of 

successful implementation is high.  

 However, due to the assumptions made in this thesis, there is uncertainty 

related to the estimated costs and benefits. Firstly, the assumptions impose 

uncertainty regarding the impact of Project A. For example, it has been assumed 

in this thesis that the electricity price will remain constant over the studied period. 

This assumption may not be correct considering the aim stated in the General Law 

on Climate Change of increasing the amount of electricity generated from 

renewable sources in the near future. With an increased amount of renewable 

energy in the national electricity mix, the cost of generating electricity will likely 

decrease (IEA & OECD/NEA 2020). Thus, the operational costs of fluoride 

removal using electrocoagulation – the most significant cost associated with the 

project – will likely decrease as well, making the net benefits of Project A even 

greater.  

 Furthermore, the actual benefits of a water quality improvement are most likely 

larger than those presented in this thesis for two reasons. Firstly, the actual 

benefits of decreased fluoride concentrations in the drinking water will occur to 

children born in the eight years before year 0 as well. Despite those children being 

further along in their enamel development, the reduction in their cumulative 

fluoride intake from drinking water will reduce their risk of suffering more severe 

forms of dental fluorosis. Nonetheless, this benefit has not been accounted for as 

it goes beyond the temporal scope of this CBA. Secondly, the intrinsic value of 

the improved water quality was omitted from the CBA due to the risk of double 

counting benefits. Nevertheless, this benefit is important to acknowledge, 

                                                 
26 Arindam Haldar, PhD, Indian Institute of Engineering Science and Technology, Interview 2021-11-

16. 

5. Analysis and Discussion 
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primarily because of its potentially increasing value over time due to continued 

degradation of ecosystems.  

 The estimated benefit of saved expenses for dental care to treat dental fluorosis 

manifests the magnitude of the public health issue clearly. However, it should be 

noted that all cases of dental fluorosis in Aguascalientes may not vanish after the 

installation of electrocoagulation units, as this CBA assumes. The difference in 

outcome after adjustments is expected to be minor, as high-fluoride drinking 

water is concluded to be the leading cause of dental fluorosis in Aguascalientes 

(González Dávila 2021). Nevertheless, the current lack of knowledge regarding 

the percentage of dental fluorosis cases in Aguascalientes caused by excessive 

fluoride intake from other sources than drinking water hinders adjustment for such 

cases. Learning about the other sources of fluoride intake could increase the 

certainty of the magnitude of this benefit and improve public health 

recommendations. 

 Moreover, the assumptions made in this thesis also induces uncertainty related 

to the estimated costs and benefits of Project B. The presented results show that 

the estimated costs outweigh the estimated benefits. However, the costs would 

likely be even higher were CPI systems to be implemented in reality. As a new 

irrigation policy would most probably be implemented throughout all of Irrigation 

District 01, changes would, to some extent, be required also on the share of land 

already irrigated using CPI systems. Most importantly, the total costs would 

increase due to, among other things, the additional need for maintenance and 

replacement of worn-out equipment. The benefits, on the other hand, would not 

change significantly from considering the additional land area, as they arise 

mainly due to the switch from less efficient irrigation systems. 

 Considering the benefits of Project B, the robustness of the value transfer 

concerning the farmers’ valuation of increased groundwater availability is 

uncertain. The primary reason for this uncertainty is that WTP varies with income 

level (Markandya & Ortiz 2011) and there is an expected difference in income 

levels between Suter et al.s’ (2021) original study site and the study site 

considered in this thesis. Since the sampled farmers’ incomes were not a variable 

of interest in the original study, they were not presented. Thus, no adjustments 

could be made to account for the expected difference in income level between the 

study sites. Thereby, the unadjusted value transfer method was utilised in this 

thesis, which fails to account for this important socio-economic difference 

between the study sites.  

 Had the income level and the effect of income on the WTP been presented in 

the original study, the adjusted value transfer approach could have been applied 

instead. The adjustment could imply, e.g., considering the farmers’ stated WTP as 

a share of their income instead of solely considering the stated WTP amount. The 

difference in income between the sites could thereby have been accounted for, and 

hence, the accuracy of the value transfer could have increased.  

 Additionally, Suter et al.s’ (2021) claim that farmers’ valuation of increased 

groundwater availability depends on the current availability implies a potential 

change in the valuation over time. Suter et al.s’ findings suggest that the valuation 

of availability would increase as the groundwater becomes scarcer due to hotter 

and drier growing conditions brought on by climate change. In turn, such a change 

implies a possibly increasing preservation value. This thesis does not include 
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projections of how the valuation, nor the climate may change over the period 

considered, and thus, the benefit of increased groundwater availability may be 

underestimated.   

 As mentioned in section 2.2, Sainz-Santamaria and Martinez-Cruz (2019a) 

estimate that implementing CPI systems throughout Irrigation District 01 will 

decrease the expected net average water extraction because of the increase in 

application efficiency. However, they also note that there is agreement in the 

literature about the risk that the increase in application efficiency has the opposite 

effect. For example, Foster et al. (2004), claim that farmers have been observed to 

respond to increased water availability by planting more water demanding crops 

or increasing their irrigated land area. Therefore, they state that complementary 

policies that prevent such changes are necessary to ensure a net decrease in water 

extraction and the benefits that come with it. 

 Complementing policies may also be needed to ensure that unwanted socio-

economic effects do not arise, Hrozencik et al. (2017) argue. They note that 

groundwater management policies shaped without consideration to the aquifer 

dynamics will have limited relevance. Similar to Suter et al. (2021), this thesis 

only includes the average of the values reported on increased availability, which is 

arguably unrealistic as the availability is affected by season and differs 

significantly across the aquifer (Guerrero et al. 2018). The approach also fails to 

account for distributional effects. Such effects may involve farmers in areas where 

the initial well capacity is low being able to increase their income security due to 

the decreased water stress. Conversely, effects may also involve enabling farmers 

in areas with a high initial capacity to benefit disproportionately due to their 

ability to, e.g., expand their irrigated land area. 

 The estimated benefits of switching irrigation systems build on the assumption 

that the water that is ‘saved’ from implementing Project B is kept in the aquifer. If 

this assumption holds, the only scenario where Project B generates a positive 

NPV is if the difference in application efficiency between flood irrigation and CPI 

systems is increased, as shown in the sensitivity analysis (see Table 5). More 

specifically, it is required that CPI systems are 66.26 percent more efficient than 

flood irrigation to reverse the policy recommendation. This difference is achieved 

if the application efficiency of the CPI systems is ensured at 83.13 percent, while 

the application efficiency of flood irrigation remains at 50 percent. With 

continued technical development, it is not unlikely that the lower bound 

application efficiency of the CPI systems increases, which would imply higher 

total net benefits.  

 If, on the other hand, the previously mentioned assumption does not hold, it 

can be argued that the potential of Project B alone to change the current extraction 

patterns and thereby the fluoride concentration is low. If, in addition, the 

assumption of fixed irrigation and pumping technology is relaxed, its potential 

will decrease even further. The same may be said regarding the political 

feasibility of successful project implementation. Tellez Foster27 and Ortega 

Caldera (2010) explain that, in general, farmers in Mexico are resistant to 

government interventions that affect their operations. Muñoz-Piña et al. (2006) 

even suggest that a type of compensation may be needed in order to persuade the 

                                                 
27 Edgar Tellez Foster, PhD, lecturer, University of California Riverside, Interview 2021-10-20. 
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farmers – as well as the strong lobbying industry working for their interests – to 

accept a new intervention. However, neither the required magnitude of such 

compensation nor the guarantee of its actual effects have been estimated in 

relation to CPI systems. 

 The fact that the results of this thesis show that Project A generates a positive 

NPV whereas Project B does not should be seen as an indication for at what end 

of the fluoride contamination problem spectra that future policy evaluation studies 

should focus to improve the public health in Aguascalientes. With the human 

health-centred perspective taken in this thesis along with the assumptions made, 

particularly regarding no technological development, it is clear that a policy 

project aiming to solve the underlying problem of aquifer overdraft is too costly. 

In comparison, the indication that an end-of-pipe solution offers greater benefits 

at lower costs motivates further investigations of the potential and feasibility of 

such a project. In that sense, the information presented in this thesis may be 

useful, despite its low level of accuracy (Brookshire 1992, see OECD 2018).  

 Furthermore, the insights gained in this thesis indicate that implementing 

policies aimed at reducing the fluoride concentration in the groundwater and 

reducing the groundwater extraction will produce a less damaging outcome than 

the baseline scenario. Considering the CBA presented in this thesis, it is clear that 

the benefits produced through implementing the evaluated policies become costs 

if the current groundwater management policies are not reshaped, or no new 

policies are implemented. An increase in the state budget for rehabilitation, 

modernisation and technification efforts of water related projects would allow the 

acquisition of the additional knowledge necessary to produce more precise 

estimates of the costs and benefits related to policy revision or implementation. 

Ultimately, this improvement in precision could facilitate the shaping of 

successful policies for ensuring safe and sustainable groundwater management. 

 Based on the discussion held previously in this chapter, along with the results 

presented in chapter 4, the author’s recommendation is to undertake more 

extensive studies focusing on improving the accuracy of the estimated net social 

benefits resulting from implementing Project A. Similar efforts should eventually 

be taken to evaluate the potential of Project B. However, as the initial estimates of 

the net social benefits presented in this thesis are higher and positive for Project 

A, Project A should be prioritised.  

 To the author’s knowledge, no previous valuation studies have been made in 

Aguascalientes regarding the net social benefits of the projects evaluated in this 

thesis. Due to the inability to travel because of the Covid-19 pandemic – in 

addition to the time and financial constraints – an original valuation study could 

not be performed for this thesis. Only to a certain degree can an understanding of 

the evaluated projects’ potential value to the population in Aguascalientes be 

gained by studying the literature previously produced on related subjects. 

Thereby, the accuracy of the policy evaluation presented in this thesis is limited. 

Future groundwater management policies should, therefore, not rely on the 

estimates of this thesis alone. Instead, this thesis should be considered to increase 

the understanding of the current obstacles to ensuring safe and sustainable long-

term groundwater supply in Aguascalientes. 
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5.1. Further Research 

 In order for future CBAs considering the two policy projects evaluated in this 

thesis to inform policymaking, further research is essential and should consider 

various aspects. Firstly, additional studies should incorporate changing electricity 

prices when evaluating the potential of the two projects. It is likely that the 

expected changes in Mexico’s electricity mix in the coming years will bring 

changes in the electricity prices, which in turn will bring changes to the estimated 

effects of the projects’ operational costs. Additional studies should also opt to 

estimate the intrinsic value of improved water quality and account for the benefits 

occurring to children born before the implementation year for Project A. 

 Additionally, further studies should consider the social impact from potential 

changes in the labour demand caused by implementing the projects. Such changes 

are expected to be small as the labour currently employed would not need much 

special training to change their operations, although the assumption made in this 

thesis – that no change will occur – may be inadequate. Further research should 

also aim to improve the accuracy of the estimated benefit of increasing the water 

availability from Project B. A welcome development that may increase the 

robustness of such estimates is the increased availability of ‘look-up values’, i.e. 

standardised values and ranges for non-market impacts to use in policy evaluation 

studies (OECD 2018). If performing original valuation studies are deemed too 

costly, such values may allow utilisation of adjusted value transfers and value 

function transfers to a greater extent.  

 Also regarding Project B, future valuation studies should consider the 

distributional effects that the differences in the geological dynamic of the aquifer 

give rise to. Learning about these effects will enable an increased understanding 

of what complementary policies may be necessary to avoid unwanted socio-

economic impacts and ensure actual net decreases in extraction, based on 

Hrozencik et al.s’ (2017) and Foster et al.s’ (2004) arguments. Ideally, the 

complementary policies should be included in a reshaped version of the suggested 

project. However, to predict the probability of successful implementation of such 

policies accurately, another objective of future studies should be to create a better 

understanding of the farmers’ behaviour and attitudes towards CPI systems and 

increased groundwater availability.  

 Future valuation studies should also relax the assumption of fixed irrigation 

and pumping technology for Project B. Doing so would allow examination of 

whether the magnitude of a potential increase in application efficiency is 

sufficient to offset the negative impacts that continued global warming will most 

probably have on application efficiency over time. The assumption of fixed 

technology and number of pumps for Project A should also be relaxed in future 

studies. Haldar28 states that experiments where technological improvements in 

terms of scale and fluoride removal efficiency of the electrocoagulation method 

are currently performed and look promising. Thus, he indicates, the probability of 

improved electrocoagulation units being available in the near future is high, which 

would increase the benefits received from installation. 

                                                 
28 Arindam Haldar, PhD, Indian Institute of Engineering Science and Technology, Interview 2021-11-

16. 
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 Further studies should also aim to widen the perspective taken in order to 

provide a complete picture for policy evaluation. For example, if a perspective 

that also included the impacts to local ecosystems is taken, the actual net social 

benefits from Project B would likely be higher than those presented in this thesis. 

One reason for the expected higher benefits is the fact that groundwater supports 

the local ecosystems through replenishing rivers and streams, which provide water 

to plants and wildlife. By increasing the available groundwater quantity through 

improved aquifer management, the ability to thrive is increased for the species 

relying on the resource. As a result, the resilience of the local ecosystems is 

strengthened. 

 Another reason for the expected higher benefits from including the impacts on 

local ecosystems relies on the assumption that a groundwater quantity increase 

results in a decrease in the fluoride concentration. If this assumption holds, the 

quality of plants and irrigated crops as well as animal welfare would increase due 

to the decrease in fluoride concentration in the groundwater (Kessabi et al. 1984; 

Singh et al. 1995, 2018). Higher quality crops would, in extension, benefit the 

farmers through higher profits. In addition to benefiting the local ecosystems, 

these local benefits’ global and intertemporal impacts should be included. 

However, such benefits are more complicated to estimate and may therefore not 

be possible to include even with the expected improvements of the CBA 

methodology (Boardman et al. 2014). 

 Lastly, other projects with the potential to increase the groundwater quality and 

reduce the aquifer overdraft in Aguascalientes should also be considered in future 

policy evaluation studies. Such projects should include other local initiatives – for 

example, installation of fluoride removal filters on taps destined for drinking 

water throughout the state – and national policy interventions – e.g., the 

innovative suggestion by Muñoz-Piña et al. (2006) to decouple the electricity 

subsidy for irrigation water29.  

 

 

 

  

  

                                                 
29 This suggestion, Muñoz-Piña et al. (2006) explain, would entail substituting the current subsidy 

for a cash transfer (i.e., a lump-sum subsidy). The energy prices for pumping irrigation water would 

thereby increase and cause a reduction in the water demand, they explain. However, they claim, 

the users would not experience the associated welfare loss as they simultaneously would receive a 

corresponding direct benefit in terms of the cash transfer. They also note that the compensation 

subsequently can be used to invest in more efficient irrigation technologies or switch to less water-

demanding crops. If this situation plays out successfully, decoupling the energy subsidy would 

create a stable reduction in the water demand and allow the groundwater to recharge and reach 

sustainable levels. However, as the farmers in Mexico generally are resistant to changes (Ortega 

Caldera 2010), further studies must investigate the political feasibility of such an intervention. 



54 

 

 The issues related to groundwater depletion and water quality degradation in 

the aquifer of Valle de Aguascalientes are of significant concern for the current 

and future population of the state. Due to the high reliance on the groundwater 

resources in Aguascalientes, it is likely that these issues become more prominent 

as the population growth and expansion of the industrial and agricultural sectors 

continue. Thus, there is an evident need for improving the current groundwater 

management policies. Additional policies may also be necessary to ensure quality 

and supply in the long run. The two policy projects evaluated in this thesis show 

little potential to reduce the water extraction from the aquifer of Valle de 

Aguascalientes and thereby improve the groundwater quality in the state. 

However, the results do indicate that installation of fluoride removal units which 

use electrocoagulation can potentially increase the quality of the drinking water 

consumed in the state and thereby create net benefits to the state inhabitants.  

 Increasing the drinking water quality by reducing the fluoride concentration 

would provide substantial social benefits to the population of Aguascalientes in 

the form of saved expenses on dental care. However, due to the scarcity of data on 

the aquifer in question, the estimations presented in this thesis relies on various 

strong assumptions. These assumptions induce uncertainty to the analysis. Thus, 

the recommendation of the CBA presented in this thesis is to not accept either of 

the evaluated projects until the certainty of the policy evaluation is increased. 

However, as Project A shows potential to increase the net social benefits of the 

inhabitants of Aguascalientes, further studies should first and foremost focus on 

increasing the certainty regarding the estimated costs and benefits related to this 

project. 

 The scarcity of data is a significant limitation in evaluating the actual social 

impacts of potential policies. Therefore, increasing the knowledge regarding the 

local groundwater resources is essential to shape targeted policies which are 

politically and financially viable. In order to provide the necessary knowledge, 

increased focus must be given to such efforts in the policy and research agenda, 

and the state and federal budgets. In extension, a better understanding of the 

critical variables may contribute to increasing the availability of ‘look-up values’ 

and thereby enable adjusted value transfers or value function transfers when 

evaluating the potential of similar projects in other semi-arid regions. Considering 

semi-arid regions’ potential future population growth and increasing vulnerability 

to climate change, informed groundwater policy decisions are vital to ensure the 

long-term water supply and drinking water quality. Increased knowledge of the 

groundwater resources and a larger role in the policy agenda for such matters may 

facilitate future policy evaluation studies and allow for more informed policy 

decisions regarding groundwater management in such regions.  

6. Conclusions 
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Reductions in groundwater quality due to reductions in groundwater quantity is a 

growing issue globally and will become more prominent with continued climate change and 

population growth. Dry regions are particularly vulnerable to this issue due to their reliance 

on groundwater for water supply. Therefore, urgent attention to improving groundwater 

management in such areas is essential in regional budgets and policy agendas. This thesis 

aims to provide insight and initial estimates on the potential costs (monetary or otherwise) 

and benefits associated with two policy projects intended to increase the groundwater 

quality in the semi-dry state of Aguascalientes, Mexico. The focus lies on the water body 

of Valle de Aguascalientes, where fluoride contamination due to the overextraction of water 

is becoming increasingly problematic.  

The projects evaluated are the installation of fluoride removal units using a technology 

called electrocoagulation (Project A), and the implementation centre pivot irrigation 

systems (Project B), which are more efficient than the most popular irrigation method 

currently used in the state. The evaluation of these policy projects is performed using cost-

benefit analysis, where the sum of all costs valued in monetary terms over the 30 years 

studied are compared to the sum of all benefits valued in monetary terms over the same 

period. In the comparison, all values are expressed in present terms, i.e., in terms of today’s 

value of money, in order to account for the preference for consumption now rather than 

later.  

The results show that for Project A, the benefits outweigh the costs, meaning that the 

project is potentially beneficial for society. The estimated value of Project A to society 

amounts to 159 262 033.17 USD. For Project B, on the other hand, the costs outweigh the 

benefits, meaning that according to the estimates of this thesis, the project should not be 

implemented. The estimated value of Project A to society amounts to -123 864 575.35 

USD. Due to the uncertainty associated with the estimates presented in this thesis, the 

author recommends that neither project should be implemented until the certainty of the 

estimates is increased. The author also recommends that policy implementation is not 

based on this thesis alone, but rather that this thesis is considered to increase the 

understanding of the current obstacles to ensuring safe and sustainable long-term 

groundwater supply in Aguascalientes. In that sense, the information provided in this thesis 

may be helpful in planning for future studies. 
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