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ABSTRACT  

Nitrate (NO3) is a common contaminant in groundwater and surface water worldwide which has to be 

treated from the public water supply systems. Several techniques are already in use for the removal of 

nitrates such as reverse osmosis and ion exchange. However, they result in brine production and the 

associated capital and operational costs are usually high. One of the cheapest and effective methods 

for nitrate removal is denitrification in which dissolved nitrates are reduced to nitrogen gas. However, 

this process is time-consuming. Research has shown that Managed Aquifer Recharge (MAR) can 

enhance natural attenuation of nitrates by accelerating denitrification that occurs during groundwater 

recharge and groundwater flow. Therefore, this study aims at assessing the potential for denitrification 

through MAR, taking into consideration international practices for nitrate removal through MAR. Based 

on the literature review, an inventory of case studies was developed which identifies suitable MAR 

techniques and significant factors for denitrification. A conceptual model was designed for a modified 

infiltration basin for denitrification. Feasible sites are then identified in the Free State of Saxony using 

multi-criteria decision analysis. Results show that 43% of the total area of Saxony is feasible to 

implement the proposed design. Characterization of optimal conditions for denitrification through MAR 

as a nature-based solution for treating nitrates and their spatial distribution can provide a focus for 

future field studies and ultimately assist practitioners and policy-makers to reduce nitrate contamination 

in aquifers of the Free State of Saxony and in the nitrate vulnerable zones of Europe.  

 

Keywords: Managed Aquifer Recharge, nitrates, denitrification, permeable reactive layer, GIS-MCDA 

  



 

 

 

  



 

 

 

RESUMO 

O nitrato (NO3) é um contaminante comum nas águas subterrâneas e de superfície em todo o mundo 

que tem de ser tratado a partir dos sistemas públicos de abastecimento de água. Estão já a ser utilizadas 

várias técnicas para a remoção de nitratos, como a osmose inversa e a troca iónica. No entanto, estas 

técnicas resultam na produção de salmoura e os custos de capital e operacionais associados são 

geralmente elevados. Um dos métodos mais baratos e eficazes para a remoção de nitratos é a 

desnitrificação, na qual os nitratos dissolvidos são reduzidos a azoto. No entanto, este processo é 

moroso. A investigação demonstrou que a Recarga Gerida de Aquíferos (MAR) pode melhorar a 

atenuação natural dos nitratos, acelerando a desnitrificação que ocorre durante a recarga de águas 

subterrâneas e o fluxo de águas subterrâneas. Portanto, este estudo visa avaliar o potencial de 

desnitrificação através do MAR, tendo em consideração as práticas internacionais de remoção de nitratos 

através do MAR. Com base na revisão da literatura, foi desenvolvido um inventário de estudos de caso 

que identifica técnicas MAR adequadas e factores significativos para a desnitrificação. Um modelo 

conceitual foi projetado para uma bacia de infiltração modificada para desnitrificação. Locais viáveis são 

então identificados no Estado Livre da Saxônia usando análise de decisão multicritério. Os resultados 

mostram que 43% da área total da Saxônia é viável para implementar o projeto proposto. A 

caracterização das condições óptimas para a desnitrificação através do MAR como uma solução baseada 

na natureza para o tratamento de nitratos e sua distribuição espacial pode fornecer um foco para futuros 

estudos de campo e, finalmente, ajudar os profissionais e decisores políticos a reduzir a contaminação 

por nitratos nos aquíferos do Estado Livre da Saxónia e nas zonas vulneráveis aos nitratos da Europa.  

palavras chave: Aquífero Administrado Recarga, nitratos, desnitrificação, camada reativa permeável, 

GIS-MCDA 
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1. INTRODUCTION 

1.1. NITRATE CONTAMINATION IN GROUNDWATER 

Nitrate (NO3) is one of the most common contaminants in groundwater, and its concentration 

is rising in many regions across the globe (United Nations Environment Programme, 2007). Elevated 

nitrate concentrations in groundwater can negatively affect human health if used as a drinking water 

source. This includes the development of cancer (Fewtrell, 2004; Höring and Chapman, 2004) and 

methemoglobinemia, commonly known as blue baby syndrome characterised by reduced oxygen-

carrying capacity of the blood (WHO, 2008). Therefore, it is incumbent to treat nitrates to acceptable 

levels before they can be used for human consumption.  

Most of the water bodies contain low concentration of nitrates under natural conditions. 

However, nitrate concentrations are particularly high in the groundwater affected by agriculture or 

industrial activities. Excessive use of fertilisers for crop production, manure operations and septic tanks 

are the dominating sources of nitrates in groundwater (Sapek, 2014). According to the estimates, 

agriculture alone contributes to 50-80% of the total nitrogen load in Europe (European Environment 

Agency, 2005). For example in Germany, highest groundwater nitrate concentrations correspond to 

farmlands while the lowest concentrations correspond to the forests (Federal Environmental Agency of 

Germany, 2014). Besides Germany, many countries have shown nitrate concentrations higher than the 

natural background levels (>10 mg/L) in their aquifers, for instance, China (Zhang et al., 2013), Mexico 

(Pastén-Zapata et al., 2014), Spain (Boy-Roura et al., 2013), Italy (Sacchi et al., 2013), USA (Su and 

Puls, 2007), Australia (Salvestrin and Hagare, 2009), Portugal (Mendes and Ribeiro, 2010) and Canada 

(Levallois et al., 1998).  

Since groundwater is an important source of water supply for drinking and other domestic 

purposes, therefore, high nitrate concentration in aquifers is a potential threat to human health in 

several regions across the world (Braun, 2007; Fowler et al., 2013; Sebilo et al., 2013). In the European 

Union, the dependence of the countries on groundwater as drinking water source is variable, with 98% 

for Denmark, 50% for Sweden and 20% for Spain (FAO, 2016). In order to minimize public health risks, 

the Council of the European Union and the World Health Organization (WHO) have assigned a limit of 

50 mg/L for nitrate (NO3) and 0.5 mg/L for nitrite (NO2) in drinking water ( Nitrate Directive 

(91/676/EEC), 1991; WHO, 2004). The Nitrate Directive was introduced to prevent nitrate pollution in 

the water bodies of Europe, especially from agriculture. This directive is an integral part of the Water 

Framework Directive (WFD) (EU, 2000). Nitrate Vulnerable Zones (NVZ) were designated for this 

purpose. NVZ are designated lands which drain into polluted water or water bodies which are at risk of 

nitrate pollution (European Commission, 2019). One of the criteria of the selected areas is the 
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concentration of nitrates in the groundwater exceeding the European nitrate directive’s threshold value 

of 50 mg/L hence posing a threat to aquatic ecosystem as well as human health.  To minimise these 

threats, code for good agricultural practices were established.  

Despite all these efforts, high risk of nitrate contamination in the groundwater bodies has been 

reported (Figure 1-1). At the country level, the highest percentage of values exceeding 25 mg/L of  

NO3 concentrations are recorded for Spain, United Kingdom, Germany and France. (Federal 

Environmental Agency of Germany, 2017; Mas-Pla and Menció, 2019). Due to high nitrate 

concentrations, groundwater available for domestic purposes is decreasing with the abandonment of 

several public water supply wells (Gierczak et al., 2007). This calls for sustainable solutions for 

groundwater nitrate treatment that can go hand in hand with the nitrate directive to curb nitrate 

pollution.  

 

Figure 1-1 Mean annual concentration of nitrates (NO3) (European Environment Agency, 

2015) 

1.2. MANAGED AQUIFER RECHARGE AS A REMEDIATION SOLUTION 

Among the most widely used methods for removal of nitrates are ion exchange, reverse osmosis 

and electrodialysis (US EPA, 2015). However, the application of these techniques is not sustainable 

because they produce brine solutions with limited local disposal options, thereby increasing the risk of 

salt loading. There is a need for nitrate treatment methods which are sustainable, cost-effective and 

limit the brine production. In this regard, nature-based solutions such as managed aquifer recharge 

(MAR) should be explored.  
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 MAR refers to “the purposeful recharge of water to aquifers for subsequent recovery or for 

environmental benefit” (Dillon et al., 2009). It is used all over the world to increase the storage of 

groundwater or improve water quality. MAR is a reliable water treatment method for quality 

improvement (Grau-Martínez et al., 2018). It has been previously demonstrated that MAR has the ability 

to remove organic matter (Bekele et al., 2011), pathogens (Dillon et al., 2006), heavy metals (Bekele 

et al., 2011; Dillon et al., 2006) and pharmaceuticals (Massmann et al., 2006). It can also make use of 

the unsaturated soil media as well as the aquifer capacity to denitrify the nitrates (IGRAC, 2012). 

Studies have shown that denitrification is the main nitrate removing mechanism through MAR 

leading to gradual reduction of nitrate (NO3
-) to nitrite (NO2), nitrogen oxide (NO), and finally to nitrogen 

gas (N2) (Grau-Martínez et al., 2018; Korom, 1992). This is because favorable conditions for 

denitrification may exist in shallow soils through Infiltration Basin (IB) method or related techniques 

such as Aquifer Storage and Recovery (ASR) and Soil Aquifer Treatment (SAT) (Mienis and Arye, 2018; 

Pan et al., 2017; Wang et al., 2018). Field and laboratory experiments suggest that the scope of 

denitrification can be enhanced within the infiltration basins (Grau-Martínez et al., 2018, 2017; Schmidt 

et al., 2012; C. M. Schmidt et al., 2011; Gibert et al., 2008).  

1.3. PROBLEM STATEMENT 

Despite evidences of denitrification enhancement with MAR, no examples have been found of 

MAR being used mainly for denitrification of groundwater or surface water. Only a few MAR pilot sites 

have been reported that aim primarily at denitrification. This could be due to low economic suitability, 

lack of awareness or insufficient research regarding denitrification through MAR. The few studies that 

exist are only academic research studies focusing on modelling, laboratory or field experiments which 

are still far away from exploring the feasibility of MAR for denitrification. This requires an in-depth 

understanding of the biochemical and hydrogeological factors for denitrification through MAR and 

identification of suitable sites for implementation.  

1.4. RESEARCH QUESTIONS AND OBJECTIVES 

The main research questions of this M.Sc. thesis and the respective research objectives pursued 

are; 

1. What are the best practices and international experiences on nitrate treatment through MAR? 

(Inventory of case studies) 

o Identification of suitable MAR techniques for denitrification  

o Identification of important parameters controlling denitrification 
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2. What is the economic feasibility of MAR for denitrification purposes, compared to existing nitrate 

removal techniques?  (Cost comparison of nitrate removal solutions) 

o Identification of factors affecting the economic feasibility of MAR 

o Comparison of unit cost for water treatment among existing nitrate removal techniques 

  

3. What would be the appropriate design of a MAR system for nitrate treatment? (Design of 

Infiltration Basin for Denitrification) 

o Development of a conceptual model capturing the important parameters controlling 

denitrification in MAR; 

 

4. What is the feasibility of MAR for denitrification over a selected location in Europe?  (Feasibility 

mapping) 

o Identification of suitable MAR sites in the Free State of Saxony, Germany 

o Identification of denitrification site suitability in the Free State of Saxony 

o Identification of socio-economic and environmental suitability for denitrification in the 

Free State of Saxony 
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2. THEORETICAL FRAMEWORK AND STUDY AREA 

2.1. NATURAL DENITRIFICATION IN THE SUBSURFACE ENVIRONMENT 

One of the pathways for nitrogen loss to the environment is via leaks into the aquifers and surface 

water bodies (Fajardo et al., 2012; Sun and Nemati, 2012). 70% of all the existing nitrates in the ground 

and surface water comes from agricultural activities mainly due to the fertilizers application (Tourang 

et al., 2018).  Besides fertilizers from agriculture, other potential sources of nitrates in the groundwater 

include atmospheric deposition, seepage from the sewers and emissions from septic tanks (Breisha and 

Winter, 2010; Rivett et al., 2008a). Due to their high solubility, nitrates in nature occur almost completely 

in water bodies and soil solutions. The fate and the transport of nitrates in the subsurface depends on 

the process of denitrification. 

In subsurface environments, denitrification controls the concentration of nitrates via chain of 

chemical reactions. Nitrates are first reduced to nitrites followed by nitric oxide and nitrous oxide and 

finally to molecular nitrogen, as explained in the equation (1). Biological denitrification is a part of the 

respiratory process for certain bacteria, called denitrifiers (Soares, 2000). Nitrates are first reduced to 

nitrite followed by nitrogen oxide. If oxygen is unavailable, these denitrifying bacteria can use nitrate 

as the terminal electron acceptor and carry out a series of enzymatic reactions producing nitrogen gas. 

The microorganisms capable of denitrification are ubiquitous in surface and groundwater water bodies. 

Most of the denitrifying bacteria are facultative anaerobes which means they can survive with or without 

oxygen. Furthermore, they are heterotrophic in nature thereby extracting energy and carbon from the 

oxidation of organic substances. On the contrary, autotrophic denitrifiers use inorganic species as their 

energy source. In essence, there are four prerequisites for denitrification process to occur;  

(1) presence of nitrates,  

(2) anoxic conditions,  

(3) suitable electron donor such as easily oxidizable organic matter, 

 (4) presence of microorganisms with metabolic capacity for denitrification (Stenger et al., 

2013). 

 A concept of denitrification potential in the subsurface under several natural settings is 

presented by Rivett et al., (2008) where the zones of signification denitrification are identified (Figure 

2-1). This conceptual model can help to visualize the significance of denitrification in the unsaturated 

soil zone. 
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𝑁𝑂3
− → 𝑁𝑂2

− → 𝑁𝑂 → 𝑁2𝑂 → 𝑁2 

 

 

(1) 

  

The end product of the denitrification process is the molecular nitrogen which prevents further chemical 

transformations due to strong triple bond between the N atoms (Korom, 1992). However, denitrification 

can stop at any intermediate stage. Therefore, having the right environmental conditions to reach the 

denitrification end point is of particular relevance as nitrite is more toxic than nitrate and nitrous oxide 

can cause ground level ozone and contributes to global warming. (WHO, 2004). 

 

Figure 2-1. Conceptual model for denitrification under natural conditions (Source: Rivett et al., 

(2008)) 

From the perspective of thermodynamics, dissolved oxygen (DO) is the most energetically 

favorable electron acceptor for aerobic bacteria to consume organic carbon (Figure 2-2). It is only 

after the depletion of dissolved oxygen that facultative anaerobic bacteria continue the process using 

Nitrate  Nitrite  
Nitrous 

oxide 

Nitrogen

oxide  

Molecular 

nitrogen  
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nitrates as the electron acceptor. As the level of oxygen drops, obligate anaerobes (the bacteria which 

survive only in the absence of oxygen) come into play and take up the remaining nitrates until all the 

nitrates are consumed. Then these reduction reactions proceed via manganese, iron oxides and 

hydrogen sulphide respectively, terminating with the release of methane and carbon dioxide (Rivett et 

al., 2008). 

 

Figure 2-2. The sequence by which electron acceptors are consumed in the saturated zone (adapted 

from (Korom, 1992)) 

2.2. EXISTING NITRATE REMEDIATION APPROACHES 

Several methods have been developed to deal with the elevated nitrate concentration in water 

with the most widely used presented in Figure 2-3. These are non-treatment options and treatment 

options.  

2.2.1. Non-treatment methods 

One of the common non-treatment methods is blending. Blending involves mixing of 

contaminated water with clean drinking water, thereby reducing the overall nitrate concentration. The 

advantage of this method is that it decreases the total cost of water quality monitoring among various 

regions while at the same time can provide relatively safe water to the public. However, such a method 

is only feasible if the nitrate contamination is limited to a specific region. This technique is not considered 

a safe option for infants but only for livestock and adults (Zhou et al., 2015; Jensen et al., 2011). 
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Wellhead protection and land use management is associated with minimizing the nitrogen loading 

thereby decreases the nitrate concentration of the source water. Another nitrate management option 

could be well abandonment if other sources have adequate capacity to provide clean drinking water. 

However, this option is not very common due to lack of sufficient alternative sources. 

 

Figure 2-3. Several options to manage nitrates in the groundwater (adapted from Jensen et al., (2011) 

2.2.2. Treatment methods 

There are five method for nitrate treatment; Ion exchange, Electrodialysis, Reverse Osmosis, 

Biological Denitrification and Chemical Denitrification. 

Ion exchange  

It consists of an ion exchange unit, whereby resin beads charged with chloride ions are 

substituted for nitrate ions once the polluted water is run through the tank. These resin beads can be 

recharged during backwashing using a sodium chloride solution. This method is quite effective for nitrate 

removal, however, if the incoming water has high sulfate content then the sulfate ions compete with 

the nitrate ions which lowers the efficiency of this process (Self and Waskom, 2013).  
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Electrodialysis 

Electrodialysis makes use of the selectively permeable membranes to separate charged 

particles. The working mechanism of electrodialysis, is such that the current is passed through a number 

of cation and anion exchange membranes which are placed alternatively. Due to the difference in the 

voltage, negatively charged particles are attracted to anode (positive electrode) and positively charged 

particles are attracted to cathode (negative electrode). Nitrates, being negatively charged, move 

towards the anode where they are entrapped with other ions in a concentrated brine stream. In general, 

electrodialysis requires pretreatment of the feed water and the mode of operation is very complex. 

Besides, the disposal of the concentrated brine stream generated is often not sustainable and leads to 

salt loading (Xu et al., 2018).  

Reverse osmosis (RO)  

The principle behind reverse osmosis is that water passes through a semipermeable membrane 

under high pressure which does not allow the passage of nitrates and other inorganic chemicals. Such 

a membrane process can reject up to 90 % of the nitrates in the feed solution. Although RO is effective 

in removing nitrates from water, yet it is comparatively expensive and removes useful chemicals from 

water as well (Mahler et al., 2007). It also results in the production of brine which requires disposal.  

Chemical Denitrification (CD) 

CD refers to the reduction of nitrates to other nitrogen species by metals. Metals such as 

aluminium and iron are typically used for reducing nitrates with copper as a catalyst (Shrimali and Singh, 

2001). The main advantage of this technique over others is that nitrates are reduced to other nitrogen 

species rather than being displaced to a waste stream which requires disposal. However, the 

disadvantages of chemical denitrification is the reduction of nitrates from nitrogen gas to ammonia and 

partial denitrification (Jensen et al., 2011). 

Biological denitrification  

Biological denitrification makes use of denitrifying bacteria to reduce the nitrate ions to elemental 

nitrogen state if there is sufficient carbon source available (Rivett et al., 2008; Soares, 2000; Korom, 

1992). Enhanced in situ biological denitrification involves injection of organic carbon through injection 

wells to augment the microbial denitrification process (Rodríguez-Escales et al., 2016b). This is because 

presence of organic carbon is normally the limiting factor for the denitrification process (Rivett et al., 

2008).The biggest advantage of biological denitrification is that it does not produce concentrated brine 

as in the case of reverse osmosis. Technologies such as reverse osmosis and ion exchange are mostly 

ex situ hence are more costly in terms of energy requirements and treatment plants. On the other hand, 

biological denitrification method is in situ and offers several economic and environmental benefits 
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because of its simplicity and cost-effectiveness (Rodríguez-Escales et al., 2016b; Smith et al., 2001). 

However, these biological processes are generally time consuming (IGRAC, 2015). One of the way 

forwards to reduce denitrification times is through managed aquifer recharge (MAR). Nonetheless, 

biological denitrification is regarded as a feasible option to treat nitrates in the groundwater to reach 

drinking water standards (Khan and Spalding, 2004; Vidal-Gavilan et al., 2013). 

2.3. MANAGED AQUIFER RECHARGE (MAR) 

Increasing fresh water demands as a consequence of growing population and water scarcity 

issues calls for flexible strategies for replenishing groundwater. In this regard, MAR has emerged as a 

sustainable option for protecting the quantity and the quality of the aquifers, offsetting some of the 

effects of climate change and securing public water supply (Sprenger et al., 2017; Jakeman et al., 2016, 

p.419; Dillon, 2005; Bouwer, 2002). MAR is a nature-based solution aiming at purposeful recharge of 

water to aquifers for subsequent recovery or for environmental benefit (Dillon et al., 2009). Unlike huge 

surface reservoirs, MAR allows storage of water in the subsurface. Some of the MAR technologies have 

the capability for treating polluted water during infiltration (Jakeman et al., 2016, p.419). Therefore, 

MAR can be regarded also as a measure to protect the environment and to reduce contamination levels 

in the groundwater bodies. 

The benefits of MAR for water treatment are well documented: several studies suggest the use 

of MAR as a barrier for various organic micropollutants (OMPs) present in the surface and ground waters 

(Kim et al., 2015; Postigo and Barceló, 2015). Patterson et al., (2010) used MAR to remove trace organic 

contaminants from the treated wastewater. Wang et al., (2018) focused on the anoxic zones of MAR 

systems for the removal of bromate thereby improving water quality. A great deal of literature is 

available regarding the existing MAR techniques (Stefan and Ansems, 2018; Page et al., 2018; Sprenger 

et al., 2017; Jakeman et al., 2016; IGRAC, 2007; Dillon, 2005).  

Based on the aim of the MAR project, a wide range of MAR techniques exist. These techniques 

can be classified into 5 groups consisting of 14 sub-types (Table 2-1).  Different water sources can be 

can be used for different MAR techniques such as surface water, stormwater, reclaimed wastewater, 

and groundwater. The selection of a specific MAR technique depends on several parameters such as 

the topography, geology and land use as well as the main purpose of the MAR (Dupont, 2018).  
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Table 2-1 Classification of MAR methods (according to MAR portal and Stefan and Ansems, 2018) 

 Main MAR methods Specific MAR methods 

Techniques 

referring 
primarily to 

getting 
water 

infiltrated 

Spreading methods 

 

Infiltration ponds 

Flooding 

Ditches and furrows 

Excess irrigation 

Induced Bank infiltration 

 

River/lake bank 

infiltration 

Dune infiltration 

Well shaft and borehole recharge 

 

ASR/ASTR 

Shallow well/shaft/pit 

infiltration 

Techniques 
referring 

primarily to 
intercepting 

the water 

In-channel modification 

 

Recharge dams 

Subsurface dams 

Sand dams 

Channel spreading 

Runoff harvesting 

 

Rooftop rainwater 

harvesting 

Barriers and bunds 

Trenches 
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2.4. SELECTION OF STUDY AREA 

The rationale behind the selection of study area was to identify potential sites for the 

implementation of enhanced denitrification through infiltration basins within the Nitrate Vulnerable 

Zones (NVZ) of Europe. Besides, the selected study area should have available spatial data in good 

quality such as elevation, soil and hydrogeology. The Free State of Saxony in the Federal Republic of 

Germany in this regard a good example meeting all of these criteria. 

2.4.1. Saxony region 

The Free State of Saxony is the sixth largest of the 16 states of Germany with an area of about 

18400 km2 and a current population of 4,074,102 (Statistical State Office of the Free State of Saxony, 

2019). With Dresden as the capital, the state shares borders with Poland, the Czech Republic and the 

federal states of Saxony-Anhalt, Thuringia, Brandenburg and Bavaria (Figure 2-4). The topography of 

Saxony varies from highest altitude of 920 meters above seas level in the town of Oberwiesenthal and 

to the lowest altitude of 73 meters above seas level in the town of Dommitzsch (State Chancellery 

Saxony, 2006).  

 

Figure 2-4 Free State of Saxony 

2.4.1.1. Water resources of Saxony 

The State Reservoir Administration of Saxony working under the ambits of Ministry for 

Environment and Agriculture is mainly responsible for water supply, protection from floods and 
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maintenance of watercourses in Saxony. About 50% of the drinking water in Saxony is from the 23 

dams with over 236 million m3 of capacity (The State Reservoir Administration of Saxony, 2007). To 

ensure higher reliability of public water supply, these dams are connected to a common network system 

thereby supplying water through pipes, galleries, and streams from another reservoir if water level in 

one of the reservoirs falls below a given threshold.  

In Saxony, the total length of rivers and streams stretches to about 15,000 km with Elbe River 

running through for 180 km (State Chancellery Saxony, 2006). The biggest lake of Saxony is the 

Quitzdorf reservoir is the east with an area of approximately 8 km2 (State Chancellery Saxony, 2006). 

In Saxony, groundwater systems are interlinked with the surface water such that most of the 

groundwater systems feed the surface water (Nützmann and Moser, 2016). The State Office for 

Environment, Agriculture and Geology is the official authority to report weekly and monthly variations 

in the hydrological and meteorological situation.  

2.4.1.2. Nitrate pollution in Saxony 

The composition of groundwater depends on the interaction between the microbiology and the 

hydrochemistry of the seeping rainwater when it comes into contact with the soil media. For the Free 

State of Saxony, groundwater quality data is available online through the Environmental Portal Saxony 

(Environmental Portal Saxony, 2018). Percentage of the measuring points exceeding 25 mg/L, 50 mg/L 

and 90 mg/L are reported (Figure 2-5). After 2006, the number measuring points in Saxony nearly 

doubled with a measuring point density of 1 per 100 km2 (Saxony State Ministry for the Environment 

and Agriculture, 2018). From 2006 till 2009, the percentage of measuring points between 0 – 25 mg/L 

increased from 66.5 % to 71.6 %. Ever since, it has been decreasing slightly, reaching 67.3 % in 2016. 

The percentage of measuring points above 25 mg/L was 32.7 % in 2016, showing an increase of 0.7% 

from 2015. It has been observed that the decrease in the proportion of measuring points exceeding 50 

mg/L is 0.1 % yearly, reaching 16.4% in 2016. The proportion of sites with nitrate concentration higher 

than 90 mg/L fell to 4.7% in 2016, a decline of 0.6% from last year. 

In Saxony, efforts are being made to reduce nitrogen pollution of groundwater and surface water 

bodies. Indictors are developed for nitrogen balance and residual nitrate in the soil up to 60 cm depth 

to reduce the over-fertilization of the agricultural lands. “Environmentally friendly agriculture”, program 

has been initiated to reduce use of fertilizers and to ensure good ecological management of arable 

lands. 
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Figure 2-5 Groundwater nitrates in Saxony from 1996 to 2016 (source: Statistical State Office of the 

Free State of Saxony, 2018) 
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3. INVENTORY OF CASE STUDIES  

3.1. STRUCTURE OF THE INVENTORY 

Rivett et al. (2008) made a literature review of the biogeochemical factors controlling denitrification in the 

natural groundwater systems. Here, this review is expanded to include studies posterior to 2008 and studies 

on denitrification in MAR. In total, 32 additional studies were reviewed. They provide insight on the 

conditions that favor denitrification and serve to identify which MAR methods could be used to enhance 

denitrification. Almost 40% of the total research papers included in the inventory have discussed the 

denitrification capacities of the MAR systems and ways to enhance it (Figure 3-1). 

 

Figure 3-1. Number of MAR studies in the inventory. 

 Only peer-reviewed studies published in English were considered. The following data was collected; Site 

location comprising of specific hydrogeological setting, climatic conditions and dominant land use. Special 

emphasis is laid on the physical and biogeochemical factors such as infiltration rate, PH, hydraulic 

conductivity and residence time, type of recharge method (whether it is natural or artificial recharge 

method), methods for quantifying denitrification rates such as multi-isotopic analysis and stoichiometric 

balances and duration of the study and the scale of the site. 

3.2. MAIN FINDINGS OF THE INVENTORY 

The literature review reveals that the potential for denitrification in the MAR systems can be 

enhanced. Use of Permeable Reactive Layer (PRL) is of particular relevance in this regard due to presence 
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of easily degradable organic carbon and increased residence time which enhances the activity of 

heterotrophic denitrifying bacteria. Grau-Martínez et al. (2018), monitored MAR-PRL system in Spain using 

vegetal compost at the bottom of the infiltration pond. They used multi-isotope analysis to identify and 

quantify denitrification. Besides, several laboratory studies indicate that low-cost carbon releasing materials 

such as organic compost, by-products of the wood and palm tree leaves can induce denitrification (Gibert 

et al., 2008; Grau-Martínez et al., 2017). Schmidt et al. (2011 and 2012) in their research showed 

denitrification taking place during infiltration in the first few meters of the soil underneath the MAR pond. 

Schmidt et al. (2011) further elaborated that denitrification through MAR increases with increasing 

infiltration rates until a threshold value. Huang et al. (2015) showed a decrease in the denitrification 

capacity with decreasing temperatures. All these studies suggest that there is a potential for enhancing 

biological denitrification through MAR. 

This inventory of case studies, developed through a merger of two distinct fields of denitrification and MAR, 

is the first of its kind. A lot of literature is available on significant factors for denitrification under natural 

conditions (Korom, 1992; Rivett et al., 2008; Soares, 2000). Similarly, important criteria for the 

implementation of MAR has also been extensively studied (Gdoura et al., 2015; Malczewski and Rinner, 

2015; Owusu et al., 2017; Rahman et al., 2012; Sallwey et al., 2018). However, the link between most 

significant factors for denitrification that can also be combined or enhanced in MAR systems was missing 

in the previous reviews and hence they are emphasized in this study. Reported denitrification rates 

corresponding to dissolved oxygen levels and dissolved organic carbon concentrations are presented in 

Table 3-1. 
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Nr Source Site Type of the study Natural/type of MAR 
Denitrification 
rates DO threshold DOC 

1 (Beganskas et al., 2018) USA Field experiment Infiltration basin +PRL 5% - 20 mg/L 

2 
(Grau-Martínez et al., 
2018) Spain Field and lab  experiments Infiltration basin +PRL 30-40% -  

3 (Pittalis et al., 2018) Italy Field  experiments Natural 95% <3.5 mg/L 
1.4-22.1 
mg/L 

4 (Trauth et al., 2018) Germany Field  experiments Natural in Riparian 40% <2 mg/L 2.04 mg/L 

5 
(Grau-Martínez et al., 
2017) Spain Laboratory experiments Infiltration basin +PRL 140mmol 

0.2% paO2 in glove 
box 0.2mMol 

6 (Bu et al., 2017) China Field  experiments Natural 67.5-88% - - 

7 (McAleer et al., 2017) Ireland Field  experiments Natural in Riparian 4-94% <3 mg/L 
1.8-2.5 
mg/L 

8 
(Rodríguez‐Escales et al., 
2017) Spain Modeling 

Infiltration Basin/MAR-SAT 
system + PRL 2227 moles - 5 mM 

9 
(Rodríguez-Escales et al., 
2016a) Spain Modeling Natural 5-50 mM/d - 1.9 moles 

10 
(Rodríguez-Escales et al., 
2016b) Spain Modeling Natural 100% 0.06-0.02mM 

235-260 
mM 

11 (Mekala, 2016) India Modeling Natural 60%  500 mg/L 

12 (Valhondo et al., 2015) Spain Field  experiments Infiltration basin +PRL 100% 8.9-11.7 mg/L 
3.1-4.1 
mg/L 

13 (Clague et al., 2015) 
New 
Zealand Field  experiments Natural 98% 0.5 mg/L - 

14 
(Hinkle and Tesoriero, 
2014) USA Field  experiments Natural <50% 1.93 mg/L - 

15 
(Vanderzalm et al., 
2013) Australia Field  experiments + Modeling ASR 1.4 mg/L/day 0.05 mg/L 8-26 mg/L 

16 
(Ginige et al., 2013) 

Australia Field  experiments Borehole recharge 79% <0.5 mg/L 2.7 mg/L 

17 (Ollivier et al., 2013) France Pilot scale Infiltration basin 42% 60 umol/L 
1.5 
mmol/L 

18 (Mutabuzi, 2013) 
Netherlan
ds Laboratory experiments River Bank Infiltration 11-49% 3.1-7.1 mg/L 5-13 mg/L 

19 
(Schmidt et al., 2012) 

USA Field  experiments Infiltration basin 30-60%  

0.5-
2mmol/L 

20 
(C. M. Schmidt et al., 
2011) USA Field  experiments Infiltration basin 3-300 umol/L/d 0.1-0.2mmol/L 

0.5-
2mmol/L 
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21 (Torrentó et al., 2010) Spain Laboratory experiments Natural+ pyrite augmented 
332 umol/kg 
NO3 /day 

0.1- 0.3% paO2 in 
glove box 2 g pyrite 

22 (Patterson et al., 2010) Australia Laboratory experiments Infiltration basin 2.2 half life 7 mg/L 
2-2.8 
mg/L 

23 (Otero et al., 2009) Spain Field  experiments Natural 30% 4.9 mg/L  

24 (Fenton et al., 2009) Ireland Field  experiments + Modeling Natural - - - 

25 (Green et al., 2008) USA 
Field  experiments + Modeling + Lab  
experiments Natural 

0-0.14 μmol N 
/L/d <2 mg/L 

0.47 
mmol/L 

26 (Kellogg et al., 2005) USA Field  experiments Natural in Riparian 
30 to 120 
ug/kg/d 0.8-2.3 mg/L 

13.4-0.7 
mg/L 

27 (Beller et al., 2004) USA Field  experiments Natural+pyrite 97% 1-4 mg/L <1.5 mg/L 

28 (Vidon and Hill, 2004) Canada Field  experiments Natural in Riparian >90% - - 

29 (Fukada et al., 2003) Germany Field  and laboratory experiments RBF 48% 0.2-4.6 mg/L 
2.9-5.6 
mg/L 

30 (Clement et al., 2003) France Field  experiments Natural in Riparian 1-15mg/L - - 

31 (Hill et al., 2000) Canada Field  experiments Natural in Riparian >94% 1.3-2.5 mg/L 4-20 mg/L 

32 (Smith et al., 1996) USA Field and laboratory experiments Natural 1.51 nmol/cm3/d <25uM 2-4 mg/L 

Sr
# Source Site Type of the study Natural/type of MAR 

Denitrification 
rates DO threshold DOC 

1 (Beganskas et al., 2018) USA Field experiment Infiltration basin +PRL 5% - 20 mg/L 

2 
(Grau-Martínez et al., 
2018) Spain Field and lab  experiments Infiltration basin +PRL 30-40% -  

3 (Pittalis et al., 2018) Italy Field  experiments Natural 95% <3.5 mg/L 
1.4-22.1 
mg/L 

4 (Trauth et al., 2018) Germany Field  experiments Natural in Riparian 40% <2 mg/L 2.04 mg/L 

5 
(Grau-Martínez et al., 
2017) Spain Laboratory experiments Infiltration basin +PRL 140mmol 

0.2% paO2 in glove 
box 0.2mMol 

6 (Bu et al., 2017) China Field  experiments Natural 67.5-88% - - 

7 (McAleer et al., 2017) Ireland Field  experiments Natural in Riparian 4-94% <3 mg/L 
1.8-2.5 
mg/L 

8 
(Rodríguez‐Escales et al., 
2017) Spain Modeling 

Infiltration Basin/MAR-SAT 
system + PRL 2227 moles - 5 mM 

9 
(Rodríguez-Escales et al., 
2016a) Spain Modeling Natural 5-50 mM/d - 1.9 moles 

10 
(Rodríguez-Escales et al., 
2016b) Spain Modeling Natural 100% 0.06-0.02mM 

235-260 
mM 
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Table 3-1 Information extracted from literature review 

11 (Mekala, 2016) India Modeling Natural 60%  500 mg/L 

12 (Valhondo et al., 2015) Spain Field  experiments Infiltration basin +PRL 100% 8.9-11.7 mg/L 
3.1-4.1 
mg/L 

13 (Clague et al., 2015) 
New 
Zealand Field  experiments Natural 98% 0.5 mg/L - 

14 
(Hinkle and Tesoriero, 
2014) USA Field  experiments Natural <50% 1.93 mg/L - 

15 
(Vanderzalm et al., 
2013) Australia Field  experiments + Modeling ASR 1.4 mg/L/day 0.05 mg/L 8-26 mg/L 

16 
(Ginige et al., 2013) 

Australia Field  experiments Borehole recharge 79% <0.5 mg/L 2.7 mg/L 

17 (Ollivier et al., 2013) France Pilot scale Infiltration basin 42% 60 umol/L 
1.5 
mmol/L 

18 (Mutabuzi, 2013) 
Netherlan
ds Laboratory experiments River Bank Infiltration 11-49% 3.1-7.1 mg/L 5-13 mg/L 

19 
(Schmidt et al., 2012) 

USA Field  experiments Infiltration basin 30-60%  

0.5-
2mmol/L 

20 
(C. M. Schmidt et al., 
2011) USA Field  experiments Infiltration basin 3-300 umol/L/d 0.1-0.2mmol/L 

0.5-
2mmol/L 

21 (Torrentó et al., 2010) Spain Laboratory experiments Natural+ pyrite augmented 
332 umol/kg 
NO3 /day 

0.1- 0.3% paO2 in 
glove box 2 g pyrite 

22 (Patterson et al., 2010) Australia Laboratory experiments Infiltration basin 2.2 half life 7 mg/L 
2-2.8 
mg/L 

23 (Otero et al., 2009) Spain Field  experiments Natural 30% 4.9 mg/L  

24 (Fenton et al., 2009) Ireland Field  experiments + Modeling Natural - - - 

25 (Green et al., 2008) USA 
Field  experiments + Modeling + Lab  
experiments Natural 

0-0.14 μmol N 
/L/d <2 mg/L 

0.47 
mmol/L 

26 (Kellogg et al., 2005) USA Field  experiments Natural in Riparian 
30 to 120 
ug/kg/d 0.8-2.3 mg/L 

13.4-0.7 
mg/L 

27 (Beller et al., 2004) USA Field  experiments Natural+pyrite 97% 1-4 mg/L <1.5 mg/L 

28 (Vidon and Hill, 2004) Canada Field  experiments Natural in Riparian >90% - - 

29 (Fukada et al., 2003) Germany Field  and laboratory experiments RBF 48% 0.2-4.6 mg/L 
2.9-5.6 
mg/L 

30 (Clement et al., 2003) France Field  experiments Natural in Riparian 1-15mg/L - - 

31 (Hill et al., 2000) Canada Field  experiments Natural in Riparian >94% 1.3-2.5 mg/L 4-20 mg/L 

32 (Smith et al., 1996) USA Field and laboratory experiments Natural 1.51 nmol/cm3/d <25uM 2-4 mg/L 
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3.2.1. Denitrification with different MAR techniques 

About 80% of total MAR studies have used infiltration basin to treat nitrates (Figure 3-2). Beganskas et 

al., (2018); Grau-Martínez et al., (2018) and Schmidt et al., (2012) also demonstrated work on infiltration 

basins to denitrify groundwater. Infiltration basins are most widely studied among all MAR techniques for 

denitrification. Four IB studies are found in Spain, three in USA and one in Australia reporting denitrification 

rates. It is worth mentioning here that most of these studies have a different primary objective than 

denitrification and therefore, the specifications are tailored accordingly. For example Valhondo et al., (2015) 

conducted field experiment on removal of pharmaceuticals Ollivier et al., (2013) focused on the overall 

geochemical changes during the infiltration of wastewater, Patterson et al., (2010) analyzed the changes 

in the water quality with respect to nine trace contaminants in the wastewater. However, there are studies 

where denitrification during the infiltration basin was highlighted (Beganskas et al., 2018; Grau-Martínez 

et al., 2018, 2017; C. M. Schmidt et al., 2011; Schmidt et al., 2012). Factors important for denitrification 

during the infiltration basins are; nitrate concentration, injection of organic matter, infiltration rate and soil 

texture. Keeping in view the bright prospects of denitrification through infiltration basins, a conceptual 

model is developed for infiltration basins to enhance denitrification. 2 studies have used found on River 

Basin Filtration (RBF) and Aquifer Storage and Recovery (ASTR) each showing they still emerging 

techniques for denitrification.  

 

Figure 3-2. Specific MAR techniques used to treat nitrate pollution in the literature studies conducted 

during this MSc thesis 
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ASR is an emerging technology for water treatment, taking advantage of the aquifer’s ability to remove 

nitrates. Vanderzalm et al., (2013) performed statistical analysis to identify and validate removal of Total 

Nitrogen (TN) within the aquifer using four ASR cycles. Waste water was injected after pre-treatment and 

denitrification was one of the dominant processes with a removal efficiency of the TN as 46 % - 87%. 

Anoxic carbonate aquifers are very suitable for such kind of treatment because the conditions are favorable 

for the denitrification process. Factors for nitrate removal in the saturated zone using ASR include, quality 

of the source water, type of aquifer, redox potential and operational practices during MAR. It was further 

established that the removal efficiencies for nitrates are sustained with respect to aquifer’s removal capacity 

but vary according to the source water quality and reactivity of the organic matter in the waste water. 

Despite the removal of nitrates using ASR, ASR systems require complex operation procedures for injection, 

storage and recovery of water. Relying only on the aquifer’s ability to attenuate nitrates is also associated 

with the risk of polluting the aquifer’s water quality. Nevertheless, ASR shows great prospects for nitrate 

removal and a detailed understanding of processes taking place in the aquifer should be sought. 

3.2.2. Factors affecting denitrification through MAR 

Factors identified for denitrification through MAR are enlisted in (Table 3-2). However, this study 

will focus only on the most important factors to enhance denitrification through MAR. It is recommended 

for better understanding of the factors for denitrification to read the research papers by Rivett et al., (2008) 

and Korom, (1992). 

Table 3-2 List of factors identified for denitrification through MAR 

Factors for denitrification 

Concentration of nitrates in source water Redox potential 

Dissolved Organic Carbon  Proximity to rivers 

Dissolved Oxygen Moisture content of soil 

Soil texture/Hydraulic conductivity Carbon to nitrogen ratio 

Type of Aquifer Groundwater residence time 

Permeable Reactive Layer Clogging 

Type of microbial community Thickness of saturated zone 

Presence of pyrite Land use  

Method of denitrification  

depth to Groundwater pH 

water temperature mixing of Groundwater with recharge water 
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3.2.2.1. Nitrate concentration in the groundwater 

Generally, lower nitrate concentrations in the groundwater tends to accelerate the denitrification 

reactions and vice versa (Pittalis et al., 2018). This is reasonable for natural conditions because a high 

influx of nitrate rich synthetic fertilizers would overwhelm the denitrification capacity of the aquifer. In other 

words, the supply of electron donors, namely dissolved organic carbon is a limiting factor in many natural 

settings hence the nitrates cannot be reduced.  

On the contrary, the IB systems are rich in denitrifying bacteria and organic carbon so, higher 

nitrate loading rate can lead to higher denitrification rate until a certain limit. This can be explained by the 

Le Chatlier’s principle commonly known as the equilibrium law which implies that if the concentration of 

the reagents increases then the system will respond in such a way as to shift the chemical equilibrium 

towards the products (Zhang et al., 2015). From Schmidt et al., (2012) it can be implied that high nitrate 

influx through rapid infiltration would result in more denitrification under MAR operation.  

3.2.2.2. Dissolved Oxygen (DO) 

Dissolved oxygen is an inhibitor of the denitrification process because oxygen is the preferred electron 

acceptor. In the presence of dissolved oxygen, reduction of nitrates becomes energetically less favorable 

which means that anaerobic conditions favor the removal of nitrates during groundwater flow through a 

soil media. Several studies have mentioned the threshold values for dissolved oxygen concentrations below 

which denitrification can occur significantly (). Pittalis et al., (2018) reported DO concentration of 3.5 mg/L 

and redox potential of -180 mV as an indicator of denitrification in the lagoon. McAleer et al., (2017) 

suggested high correlations between the DO levels in the groundwater and the denitrification reaction 

progress stating a range of DO for optimal denitrification as 4-8 mg/L. In general, the lower the oxygen 

levels below the threshold value, greater would be the denitrification rates. This implies that aerobic 

processes that consume DO are linked with the efficiency of denitrification of the system.  

During MAR operation, if river water or pumped groundwater is used as a source then DO levels can be 

assumed to be at saturation varying over the year due to temperature fluctuations. Besides, operational 

procedures of the infiltration basin would affect the DO levels in the soil. If the basin is operated 

continuously it is likely that the concentration of DO is low in the soil. Studies suggest that during continuous 

shallow infiltration, zone of thin reducing conditions prevail which favors denitrification hence reduces the 

DO levels (Schmidt et al., 2012).  

3.2.2.3. Residence time 
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Residence time is linked to infiltration rate. Infiltration rate refers to how fast the water from the 

ground surface reaches the aquifer. Higher infiltration rates are expected for coarser soil particles. 

Although, a range of threshold values for the infiltration rates through MAR are quoted in the literature, it 

can be assumed that infiltration rates below 0.7 m/d would result in generating favourable conditions for 

significant denitrification (Table 3-3). Infiltration rate. Residence time is the key factor. It is controlled by 

the distance traveled by the water and the groundwater velocity. Groundwater velocity itself is controlled 

by the hydraulic gradient and the hydraulic properties of the porous medium (K and n). The hydraulic 

gradient can be controlled by the injection and pumping rate in a MAR scheme.  

 

Figure 3-3 Factors affecting residence time 

Table 3-3. Representative values of Infiltration rates for enhanced denitrification through infiltration 

basins 

Sources Infiltration rates (m/day) 

(Beganskas et al., 2018) 1.9 

(Rodríguez‐Escales et al., 2017) 1 

(C. M. Schmidt et al., 2011) 0.7 
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(Schmidt et al., 2012) 1 

(Grau-Martínez et al., 2018) 0.5-2 

(Ollivier et al., 2013) 0.1 

(Valhondo et al., 2015) 1 

 

 

3.2.2.4. Dissolved Organic Carbon 

If the anoxic conditions are prevalent, then the major limitation for the denitrification process is the lack of 

electron donors (Grau-Martínez et al., 2017). Organic carbon is the most common electron donor to provide 

energy for heterotrophic denitrification. The rate of denitrification taking place in the aquifer depends on 

the dissolved organic carbon (DOC) rather than the solid fraction of the organic carbon. This has been 

studied by Cannavo et al., (2004) who developed a relationship between the availability of DOC and the 

denitrification capacity. Typical value of DOC in the aquifers is of the range of 5 mg/L (Rivett et al., 2007). 

Jørgensen et al., (2004) provided a stoichiometric relationship between nitrate reduction and organic matter 

calculating that 1 mg/L of carbon is required to reduce 0.93 mg/L of N-NO3 to N2. However, as explained 

earlier, dissolved oxygen is the preferred electron acceptor for the oxidation of DOC than nitrate. This 

means that with the presence of oxygen there will always be a certain amount of organic matter oxidized 

before the start of denitrification hence decreasing the total amount of oxidizable organic matter available 

for denitrification. If the groundwater is air-saturated, then the DOC has to be greater than 3.8 mg/L for 

the denitrification to take place (Rivett et al., 2008). Low-molecular weight organic compounds are more 

reactive than high-molecular-weight compounds hence they are more bioavailable for denitrification (Baker 

and Vervier, 2004; Kaiser et al., 2002). 

MAR can be used to overcome this limitation of bioavailable carbon thereby enhancing 

denitrification. Several methods are reported in literature to induce higher DOC concentrations. Beganskas 

et al., (2018) used a horizontal permeable reactive barrier (PRB) made of woodchips to enhance the DOC 

concentrations in the infiltrating water below the PRB. Such a change can not only provide electron donors 

to existing denitrifying bacteria but can also induce denitrification by shifting the microbiological 

communities in such a way as to have more bacteria with denitrifying metabolism in the shallow saturated 

zone just below the infiltration basin. According to their results, denitrification rates increased by more than 

150% below the PRB compared to the native soil. Another method to enhance DOC concentration during 
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MAR scheme is by mixing the organic additives to native soil rather than laying out a distinct layer. Doing 

so could reduce the chances of clogging in the MAR basins which impedes the infiltration rates (Beganskas 

et al., 2018) 

However, the addition of DOC to the MAR scheme should be done keeping in view the nitrate influx  to 

the system as it can alter the carbon to nitrogen ratio (C:N) and can potentially lead to formation of 

ammonium (Silver et al., 2018). Ammonium levels must not exceed 0.5 mg/L in the drinking water which 

is even lower than the threshold value for nitrates (Council of the European Union, 1998). The availability 

of organic carbon marks the difference between denitrification and Dissimilatory Nitrate Reduction to 

Ammonium (DNRA) (Jahangir et al., 2017). In general DNRA is favored if C:N ratio is high, unlike 

denitrification which is favored if the carbon supplies are limited compared to nitrogen (Grau-Martínez et 

al., 2017; Yoon et al., 2015; Korom, 1992). Krishna Mohan et al., (2016) suggested a C: N ratio of 1.5 for 

the optimal denitrification rates. Besides the addition of DOC should not exceed the organic loading rates 

for infiltration basins which is specified as 667  kilo gram per hectare of area per day (INOWAS, 2018; 

Crites et al., 2014). 
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4. COST COMPARISON OF NITRATE REMOVAL SOLUTIONS 

Acceptance of MAR as a treatment method depends on its economic feasibility. Despite many advantages 

of MAR, there are few studies explaining the economic aspects of a MAR system with examples from the 

actual MAR sites. Ross and Hasnain, (2018) analyzed the costs of the 21 MAR schemes in five countries 

taken from the global inventory of MAR schemes (Stefan and Ansems, 2018). Vanderzalm (et al., 2015) 

provided an overview of the economic assessment of seven MAR sites in Australia, and Maliva (2014) used 

Cost Benefit Analysis (CBA) to monetize benefits of MAR.  

The primary goal of MAR and the type of MAR technique used affects the capital and operational cost of 

the MAR project. The source of water has a large implication on the cost in terms of prior treatment and 

transportation costs. One of the ways to compare the cost of different MAR techniques is by comparing 

their levelised costs. Levelised cost of the MAR project refers to the money required to recover capital and 

operational costs per annum divided by the total supplied volume of water in one year throughout the 

lifetime of the project. The average levelised cost of recharging one cubic meter of water using natural 

water as a source is $ 0.19 and $ 0.45 for the infiltration basins and ASR, respectively. (Table 4-1) (Ross 

and Hasnain, 2018).  

In general, infiltration basin techniques using natural water are relatively cheaper than MAR techniques 

with extensive infrastructures such as ASR and ASTR (Ross and Hasnain, 2018). This is because of the 

additional cost of drilling wells and water treatment in case of ASR using recycled water. The operational 

and maintenance costs is 500 % higher for infiltration basins using recycled water than natural water 

because of more frequent basin reformation and water treatment. Costs associated to land acquisition, 

construction of the basin and environmental approvals also play a key role in the levelized costs of the MAR 

projects. Interestingly, the capital cost of infiltration basin with recycled water is even higher than ASR 

which is because of the inclusion of the cost of land.  

The levelised costs of alternative nitrate treatment methods is presented in Figure 4-1. Among all the 

nitrate treatment methods, reverse osmosis results in the highest levelised costs whereas infiltration basins 

results in lowest levelised costs. This shows good economic prospects of infiltration basins as a nitrate 

treatment method. However, MAR does not guarantee a complete removal of nitrates. The levelized cost 

of MAR are not based on MAR systems for denitrification rather they are taken from a typical infiltration 

basin and ASR design. Additional cost of required modifications for enhanced denitrification through MAR 

should be considered for a more accurate comparison with the existing nitrate treatment methods.  
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Table 4-1 Levelized costs of different MAR types with natural water and recycled water (Source: Ross 

and Hasnain, 2018) 

MAR type Water source 
Capital cost/US$ 

m3 recharged 

O&M cost/US$ m3 

recharged 

Levelised cost/US$ 

m3 recharged 

ASR Natural water 3.29 0.19 0.45 

ASR Recyled water 8.07 0.53 1.16 

Infiltration basins Natural water 0.77 0.13 0.19 

Infiltration basins Recyled water 11.41 0.84 1.89 

 

 

Figure 4-1 Comparison of levelised costs between various nitrate treatment technologies (adapted from 

Jensen et al., 2011; Ross and Hasnain, 2018) 
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5. DESIGN OF INFILTRATION BASIN FOR DENITRIFICATION 

The majority of case-studies reviewed addressed denitrification underneath infiltration basins. This 

technique is generally more cost-efficient than other MAR methods like ASR. Therefore, a conceptual model 

was developed for this specific MAR technique. Modifications from the conventional infiltration basins were 

made to highlight on how and at which stage each factor relevant to denitrification can be incorporated in 

the system to maximize denitrification. 

5.1. CONCEPTUAL MODELING 

In the conceptual model, the factors affecting the potential of denitrification were divided into two major 

types; (1) natural factors which are represented in green color and (2) MAR-specific factors which are 

presented in red color (Figure 5-1). The source of the water for this concept could be surface water or 

groundwater which is contaminated with nitrates. For the sake of this conceptual model, the nitrate 

contaminated groundwater is considered as a source because of less pre-treatment costs compared to 

recycled water or river water and rising concerns of nitrate leaking in the aquifer.  

For the sake of understanding the operation, a water droplet is envisaged which moves through the whole 

system. At the water surface of the infiltration pond, oxic conditions prevail due to continuous aeration and 

variation in temperature hence no denitrification takes place. This is denoted by hollow circles. As the water 

molecule reaches the permeable reactive barrier (PRL) at the bottom of the infiltration basin, dissolution of 

organic matter takes place as a function of infiltration rate and residence time of the water molecule in the 

permeable reactive barrier (PRL). At this point, aerobic degradation of the organic matter dominates. As 

this water droplet leaves the PRL and enters into the vadose zone, it comes into contact with denitrifying 

bacteria. By this time, most of the dissolved oxygen is already consumed and the amount of DOC has 

increased which created ideal environment for denitrification in this shallow saturated zone. The thickness 

of this shallow saturated zone depends on the infiltration rate as well as the soil texture.  

Further below this, the water droplet goes to the unsaturated zone where there is minimal denitrification 

due to presence of oxygen, eventually reaching the groundwater table. At the groundwater table, this water 

droplet mixes with the ambient groundwater as a function of aquifer heterogeneity and pumping sequences 

from the nearby wells. Moving on, the suitable redox conditions for denitrification are spread across the 

aquifer depending on the advection and dispersion processes. Finally, this water droplet is abstracted into 

the abstraction well as a function of pumping rate, porosity and areal extent of the aquifer. The nitrate 
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influx to the system can be managed through the infiltration rate, elevated temperatures through operating 

in summer time and dissolved organic carbon through permeable reactive layer (PRL).  
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Figure 5-1 Conceptual model describing processes linked with denitrification in an infiltration basin 
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5.2. DISCUSSION 

5.2.1. Hydrogeology 

Natural parameters such as the hydraulic conductivity of the soil and the parameters that can be 

managed such as the rate of infiltration affect denitrification. Many researchers have argued that having a 

lower value of hydraulic conductivity leads to more denitrification because it results in higher residence 

time, which, in turn, gives rise to reducing environments and anaerobic conditions, all of which favors the 

process of denitrificatrion (McAleer et al., 2017; Hinkle and Tesoriero, 2014; Fenton et al., 2009; Vidon and 

Hill, 2004). But very low values of hydraulic conductivity would mean that the nitrates treated per unit time 

would also be less, hence impeding the efficiency of the MAR scheme for denitrification. Nitrate influx would 

then become the limiting factor for denitrification process (Vidon and Hill, 2004). On the other hand, if the 

hydraulic conductivity of the soil is very high then it would form very thin or no saturated zone below the 

infiltration basins limiting the redox conditions suitable for denitrification. In a typical infiltration basin, 

formation of these shallow saturated zones lead to the development of suitable conditions for denitrification.  

Besides, age of the groundwater also affects the hydrogeological parameters particularly the 

residence time;  as the age of the groundwater increases, both residence time and the rate of denitrification 

increases (Green et al., 2008). Although the age of the groundwater is more relevant for natural 

denitrification under deeper aquifers than in the spreading method techniques, yet residence time within 

the vadose zone is an important consideration to allow sufficient time for microorganisms to denitrify the 

infiltrating water. 

When considering a MAR scheme, high infiltration rates are desirable typically ranging from 0.5-2 

m/day (Beganskas et al., 2018). This means that infiltration rate affects the nitrate influx to the MAR 

scheme and also influences the residence time of the infiltrating water. Nitrate influx is critical in maintaining 

a suitable C:N ratio for optimal denitrification rates as discussed earlier. In general, higher infiltration rates 

would result in higher nitrate load and lower residence time. In case of infiltration basins (IB) rate of 

infiltration together with soil hydraulic properties would determine the depth of shallow saturated conditions 

formed below the basin. This level of free-flowing water boundary above the regional water table is referred 

to as inverted water table. These shallow saturated soil conditions correspond to the zone of significant 

denitrification; level of DO drops and organic matter increases leading to favorable conditions for 

denitrification. If the infiltration rates are very high (close to 2 m/d) chances are that oxic conditions would 

prevail under the IB, thereby obstructing the denitrification process completely. This is because the rate 

with which the dissolved oxygen enters into the system would then be much higher than the rate with 
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which it can be consumed by microorganisms.  On the contrary, very low infiltration rates would not suffice 

complete saturation below the IB, thereby resulting in shallow unsaturated soil conditions which can impede 

denitrification rates until saturated conditions are restored. Therefore, infiltration rates are inextricably 

linked to the efficiency of MAR schemes for denitrification. 

5.2.2. Temperature and pH 

The effect of temperature on the denitrification process is two-fold; in terms of gas solubility and reaction 

rates. Temperature can affect the solubility of oxygen gas in surface waters hence the temperature during 

infiltration through MAR and the temperature of the groundwater can control the DO levels in the 

groundwater. In general, if the water salinity and the atmospheric pressure remains constant, increasing 

temperature would result in less dissolved oxygen in the infiltrating water. Dissolved oxygen saturation at 

200C is 9.1 mg/L (US Geological Survey, 2018). This is also explained by Trauth et al., (2018)  who said 

higher temperatures leads to more anoxic conditions (low DO concentrations), which are favorable 

environments for denitrification. Secondly, temperature plays a critical role in the activity of the anaerobic 

as well as aerobic bacteria. Denitrifying bacteria have an optimal temperature range from 200C to 400C 

(Songliu et al., 2009). According to the Arrhenius rate law, reaction rates are assumed to double for every 

100C increase in the temperature (Leenson, 1999). The average groundwater temperature in the northern 

Europe is 100C. However, if MAR system is operated in summer, it has the potential to result in enhanced 

denitrification rates.  

Different optimal pH ranges are reported for the heterotrophic denitrification. Rust et al., (2000) suggested 

a pH range of 5.5 to 8.3 while other studies show that the efficiency of denitrification is maximum in the 

pH range of 7 to 8 (Cervantes, 2009; Mutabuzi, 2013). The actual pH values are always site-specific because 

the denitrifying bacteria have the ability to acclimatize their metabolism according to the environment. 

However, if the water is acidic, with pH less than 5, reduction of nitrates is inhibited and the denitrification 

process usually stops with the formation of nitrites which are toxic. Sometime the organic substances are 

oxidized to organic acids which further lowers the pH. Grau-Martínez et al., (2018) reported a pH value of 

6.98 and 7.60 during the infiltration pond operations. The literature implies that the source water used for 

MAR should have pH between 6 and 8 and calcareous aquifer with higher buffering capacity should be 

preferred during site selection for MAR along with other factors.  
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5.2.3. Chaotic Advection  

The success of PRL or other equivalent ways of increasing DOC levels depends on good contact between 

the electron donors such as organic matter and electron acceptors such as nitrates. Turbulent eddies are 

a way of ensuring good mixing, however, the prevalence of laminar conditions in most porous aquifers 

hinders this process. Studies have shown that mixing can be enhanced through pumping sequences which 

can potentially lead to spreading favorable redox conditions to a larger area, thereby increasing the 

potential of denitrification. Results from Rodríguez‐Escales et al., (2017) shows that using simple sequence 

for injection and extraction, denitrification rates were increased almost by a factor of three.  

5.2.4. Microbial community and denitrification through MAR 

Microbiology plays a significant role in a successful MAR operation for nitrate removal. Denitrification is 

dependent on the respiratory mechanism of the bacteria (denitrifiers) for the reduction of nitrates to 

nitrogen gas. Most the of the denitrifying bacteria are facultative anaerobic heterotrophs in nature which 

means they can extract energy from oxidation of organic carbon (Rivett et al., 2008). However, there are 

autotrophic bacteria which use inorganic compounds such as pyrite as energy source for carrying out 

denitrification. The presence and diversity of the microbial community in incumbent for complete 

denitrification during MAR. 

Heterotrophic denitrification is predominant and the end product is rather safe, hence it is preferred in a 

MAR setting. On the other hand, autotrophic denitrification can happen under natural condition from 

dissolution of solid phase electron donors such as reduced iron, manganese or sulphur. However 

autotrophic denitrification requires longer residence times at deep groundwaters (McAleer et al., 2017). 

Since in case of spreading methods, shallow saturated zones are formed with relatively low residence time, 

autotrophic denitrification is limited. Furthermore, results from Torrentó et al., (2011) suggest that 

autotrophic denitrification leads to production of sulphate and trace metals which raises health concerns as 

it has laxative effects  and may lead to diarrhea (Karavoltsos et al., 2008). These are the major limitations 

for MAR techniques using autotrophic denitrification as the main process. Therefore, the focus of this 

research is on heterotrophic denitrification during MAR.  

Results from Ginige et al., (2013) shows that when the groundwater is recharged with water rich in nitrates 

and residual organic matter, the bacterial count of denitrifiers increases. Microorganisms are constantly 

responding and adapting their enzymatic system to changes in the environment such as temperature and 

concentration of substrate. Enhancing favorable conditions for denitrifying microorganisms during MAR can 
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enrich their numbers and speed up the denitrification process. Beganskas et al., (2018) reported 14% 

increase in the denitrifying bacteria after the use of organic rich layer when the Operational Taxonomic 

Units (OTUs) of the bacteria are compared before and after the infiltration. The OTUs of the bacteria 

characteristic of reducing nitrate (NO3
-), nitrite (NO2

-), and nitrogenoxide(NO) are enhanced such as 

Novosphingobium, Rhodobacteraceae and Microbacterium. Interestingly, enhancement of some OTUs are 

associated with degradation of hydrocarbons together with nitrate reduction. These microorganisms have 

co-metabolic processes to degrade micro organic pollutants and carryout denitrification simultaneously. 

The addition of organic carbon shifts the microbial community towards bacteria capable of carrying out 

denitrification while inhibiting other microorganisms.  

In conclusion, modifications were suggested in the tradition infiltration basins to enhance denitrification 

through infiltration basins using permeable reactive layer at the bottom of the infiltration basin, 

incorporating chaotic advective transport through pumping sequences and increased number of denitrifiers 

for complete denitrification (Table 5-1). 

Table 5-1 Modifications from tradition infiltration basins 

Modifications in the infiltration basin Reasons for modification 

Permeable reactive layer to enhanced dissolved organic carbon levels 

Chaotic advection to enhance mixing of groundwater 

Microbial community with more number of 

denitrifiers 

For complete denitrification 
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6. FEASIBILITY MAPPING 

After the development of conceptual model and selection of study area, feasibility mapping was carried 

out using geographic information system based multi criteria decision analysis (GIS-MCDA) in the Free 

State of Saxony (Figure 6-1). The reasons for doing feasibility mapping in this research were to (1) show 

potential MAR pilot areas for infiltration basins (2) identify sites with respect to denitrification suitability for 

nitrate treatment using modified infiltration basin for denitrification (MIBD) (3) illustrate the environmental 

and socio-economic suitability of the system. Three separate suitability maps were prepared; Site suitability 

for infiltration basins; denitrification suitability map; and environmental and socio-economic suitability map. 

Site suitability map showed areas with varying degree of suitability for implementing infiltration basins 

based on GIS-MCDA. Similarly, denitrification suitability map was built to identify sites with favorable 

conditions for denitrification. Finally, environmental and socio-economic suitability map was developed to 

locate sites with favorable environmental, social and economic factors. The combination of the three 

suitability maps is the feasibility map. This feasibility map showed suitable areas for the application of 

infiltration basins while taking into account denitrification suitability and environmental and socio-economic 

suitability of an area. 

 

Figure 6-1 Hierarchical flow for the identification of feasible areas 

6.1. GIS-BASED MULTI-CRITERIA DECISION ANALYSIS (GIS-MCDA) 

GIS-MCDA is a process through which a solution to a spatial decision problem is achieved based on 

the design, combination and prioritization of a set of criteria (Malczewski and Rinner, 2015). In most cases, 

spatial planners and geographers have to encounter spatial decision problems comprising of several feasible 
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alternatives which are often contrasting to one another. MCDA is composed of several approaches for 

defining spatial decision problems. It encompasses a set of alternatives which are based on the value 

judgments of the decision makers. It comprises of three main elements; (1) decision makers (2) criteria 

(3) alternatives ((Malczewski and Rinner, 2015). The decision maker is any individual or a group of people, 

who have to take a decision according to a predefined goal. A criteria is made up of attributes and objectives 

which is representative of the problem at hand and sets the underlying foundation for decision alternatives. 

The basis for the selection of the criteria is its comprehensiveness and measurability. Based on the 

preference of the decision maker, a pathway is chosen among a set of parallel pathways commonly known 

as decision alternatives. Such multi-criteria spatial problems can be resolved by firstly standardizing the 

criteria, then weighting of criteria and finally combining the criteria together. 

In the context of MAR feasibility mapping, GIS-MCDA is carried out in several places of varying 

scales throughout the globe. Jha et al., (2007) conducted a review on how GIS-MCDA can be used to select 

suitable sites for MAR. Rahman et al., (2012) demonstrated the usability and the efficiency of GIS-MCDA 

tools via series of simple sequential steps (Figure 6-2). Russo et al., (2015) integrated spatial data using 

GIS-MCDA to generate MAR suitability maps. Singh et al., (2017) madeuse of GIS-MCDA and Boolean logic 

to select rain water harvesting and MAR sites. Sallwey et al., (2018) conducted a comprehensive review of 

63 existing GIS-MCDA studies and identified most commonly used criteria, weights assigned to the various 

criteria. All these studies show that GIS-MCDA is an effective tool to select feasible sites for MAR 

applications. 

 

Figure 6-2. The sequential steps for MAR feasibility mapping (adapted from Rahman et al., 2012) 

6.2. PROBLEM DEFINITION 

The first step in the GIS-MCDA process is to identify the goal; thereby clearly defining the decision problem 

for which the solution is to be sought (Malczewski, 1999). It is worth mentioning here that without a clear 
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definition of the problem statement, all the following steps in the GIS-MCDA namely; selection of criteria 

and assignment of weights would lead to erroneous results. In this study, the problem statement of the 

feasibility mapping was to find geospatial feasibility of the modified infiltration basins for denitrification 

(MIBD) in the Free State of Saxony. Analytical Hierarchical Process (AHP) was used which provides a 

framework for solving decision-making problems (López, 2017; Owusu et al., 2017; Rahman et al., 2013, 

2012; Yalew et al., 2016). The main objective was divided into more specific objectives on the second level 

and criteria or attributes were found at the lowest level (Figure 6-3).  

 

Figure 6-3 Hierarchy of the problem statement 

6.3.  DATA COLLECTION 

Data required for feasibility mapping was searched online. Preference was given to the datasets with 

high resolution which have already merged the information needed (Table 6-1). 
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Table 6-1 Data sources and their derived products 

Dataset Year  source Resolution Derived 
product 

Digital Elevation model 2014 Space Shuttle Topography Mission 
(SRTM) 

30 meters Slope 

Hydrogeological map of 
Germany 

2010 Institute for Geosciences and 
Natural Resources 

1/250000 Permeability 
and porosity 

European Soil Database 2004 European Commission - European 
Soil Data Centre (ESDAC) 

1/1000000 and 
1/20000000 

Soil texture 

Corine Land Cover 
Germany 

2018 European Commission Minimum Mapping 
Unit (MMU) of 25 

hectares 

Land use 

Nitratekulisse to 
SachsDuReVo 

2018 The State Office for the 
Environment, Agriculture and 
Geology  

1:10000 Maximum 
groundwater 
nitrates 

Water Network of Saxony 2008 The State Office for the 
Environment, Agriculture and 
Geology  

1:10000 River network 

Water protected areas 2018 The State Office for the 
Environment, Agriculture and 
Geology  

1: 10000 or 1: 25000 Drinking 
water 
protection 
areas in 
Saxony 

Protected Areas 2018 The State Office for the 
Environment, Agriculture and 
Geology  

1:10000 Nature-
protected 
areas 

 

6.4. CONSTRAINT MAPPING 

Constraint mapping can be viewed as a screening process which takes into account all the non-

feasible decision alternatives, before the actual mapping of suitable sites. Selection of criteria for constraint 

mapping relies not only on the objective of the study but also on the type of MAR method under 

consideration. For the purpose of this study infiltration basins were used hence those criteria should be 

selected which yields maximum surface infiltration. According to Sallwey et al., (2018) the most common 

criteria used for constraint mapping include land use, slope and soil type. 

In the case of Saxony, constraint mapping was applied on the criteria slope, drinking water protected 

areas and natural protected areas using a Boolean logic.  For this study, threshold values for slope criterion 

defined as unsuitable were greater than and equal to 30 percent. Areas corresponding to steep slopes such 
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as the ones higher than 30% significantly hinder the infiltration process and enhance the surface runoff 

hence rendering the application of MAR unsuitable (Sallwey et al., 2018; López, 2017). 

6.5. INFILTRATION BASIN’S SITE SUITABILITY MAPPING 

The initial selection of the criteria can lead to considerable variation in the final suitability map. The 

selected criteria should be complete, operational, non-redundant, decomposable and minimal (Malczewski 

and Rinner, 2015). The literature review conducted by INOWAS ranks the list of criteria reported in literature 

for the suitability mapping of the spreading methods in order of most used criterion to the least (Sallwey 

et al., 2018). Keeping in view this ranking and also the fact that infiltration basins rely heavily on the surface 

characteristics, the selected criteria were slope; hydrogeology; and soil texture. The selected criteria were 

then standardized to a common scale (Table 6-2). 

Table 6-2 Suitability index for standardization 

Very suitable 1 

Suitable   0.75 

Moderately suitable 0.5 

Low suitable 0.25 

Unsuitable 0 

6.5.1. Slope 

Slope is the most popular criterion for the suitability mapping of infiltration basins (Sallwey et al., 

2018). This is because the surface runoff and groundwater gradient is directly linked to the slope gradient 

of the topography. Ideally flat areas would reap highest infiltration rates therefore, they are the most 

suitable areas for implementing MAR infiltration basins. Digital Elevation Model (DEM) of the Saxony states 

was acquired from the United States Geologic Survey’s (USGS) Shuttle Radar Topography Mission (SRTM) 

at a resolution of 30 meters. Using the GDAL slope tool of QGIS, a slope map was developed. Various 

methodologies are presented in the literature for the classification of slope such as; stepwise functions for 

discrete slope classes (Selvam et al., 2016), linear relationship varying at different slopes (Bonilla Valverde 

et al., 2016), single linear function for the entire slope domain (Rahman et al., 2013, 2012), Soil and Terrain 
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(SOTER) model (Dupont et al., 2018; Van Engelen and Dijkshoorn, 2012). For this study, classification was 

derived from the SOTER model (Table 6-3). 

Table 6-3 Slope classification (adapted from (Van Engelen and Dijkshoorn, 2012) 

Dominant slope 

gradient (%) 

Description Major Landform 

<2 Flat Level land 

2-5 Gently undulating 

5-10 undulating 

10-15 Strongly sloping Sloping land 

15-30 Moderately steep 

>30 Steep Steep land 

In this study, slope less than 2 % were regarded as flat hence they were associated with highest 

suitability. Conversely, slopes greater than 30% were regarded as too steep to allow for sufficient 

groundwater recharge thereby considered unsuitable. Using the raster calculator, slopes greater than 2 % 

and less than 30% were represented by a linear function (Figure 6-4 ).  

 

Figure 6-4 Standardized slope suitability with respect to dominant slope gradient 
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6.5.2. Soil texture 

The European Soil Database (ESDB) was obtained which contains a number of databases out of 

which two are selected for defining soil textural classes; the Soil Geographical Database of Eurasia (SGDBE) 

and the Database of Hydraulic Properties of European Soils (HYPRES) (European Commission and the 

European Soil Bureau Network, 2004). SGDBE has several attributes to define the soil water properties. 

Two of these attributes are used for this study; the dominant soil texture of the surface and the dominant 

soil texture of the subsurface. Dominant textural class of the surface corresponds to the topsoil until 30 cm 

below the ground surface whereas the subsurface corresponds to the textural class below 30 cm. These 

textural classes of the surface and the subsurface are based on FAO soil classification (Figure 6-5). These 

soil texture classes were then linked with the hydraulic conductivities (K) from the HYPRES. The textural 

class with the lowest hydraulic conductivity value was considered as the final soil textural class (Figure 

6-6). The standardization of the soil texture classes was done using step value functions such that coarse 

texture corresponds to highest suitability index of 1 and very fine texture corresponds to the lowest 

suitability of 0 (Figure 6-7). Coarser soil texture classes allow more infiltration of water than finer textural 

classes therefore for infiltration basins, higher suitability was linked with the coarser texturural class 

(Senanayake et al., 2016). 

 

Figure 6-5 FAO soil classification based on textural classes (FAO, 2014) 
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Figure 6-6 Procedure for selecting dominant soil texture class 

 

 

Figure 6-7 Standardization of soil texture classes 

6.5.3. Hydrogeology 

The local hydrogeology of a site is one of the most important criterion for selection of a MAR system 

(Dillon, 2005), hence this criterion was used for this study. The Hydrogeological map of Germany was used 

to obtain two sub-criteria for hydrogeology; permeability of the aquifer and porosity of the aquifer (State 
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Geological Services, 2010). Higher porosities are associated with higher groundwater storage and higher 

permeability values are associated with greater groundwater yields (López, 2017; Saidi et al., 2017). 

Permeability 

For improving water quality through infiltration basin applications such as in this study, it is 

desirable to have a relative low permeability for a local remedial effect (Jakeman et al., 2016, p. 419). If 

the purpose had been only quantitative, then higher permeability values would have been preferred. Since 

the purpose for site selection was to reduce the nitrates during infiltration, therefore, for the standardization 

of the permeability classes, highest suitability corresponds to medium permeability values with suitability 

decreasing at high as well as at very low permeability values. Standardization is done using multiple linear 

value functions (Figure 6-8). 

 

Figure 6-8 Standardization of permeability values 

Porosity 

In the context of MAR suitability mapping, porosity is used as a sub-criteria in order to understand 

the spaces available in the subsurface of Saxony for groundwater storage (López, 2017; Saidi et al., 2017). 

Porous formations are associated with highest suitability and Karstic formations are associated with least 

suitability index value using a step value function (Figure 6-9). 
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Figure 6-9 Standardization of hydrogeological entity 

6.6. DENITRIFICATION SUITABILITY MAPPING 

6.6.1. Groundwater Nitrate 

The concentration of nitrates in groundwater gives current status of the groundwater quality and 

thereby dictates the suitability for nitrate treatment. Higher nitrate levels in groundwater would exert a 

higher need for denitrification through MIBD and vice versa. Information about the groundwater nitrates 

in Saxony was acquired from the online data portal of Saxony State Ministry for the Environment and 

Agriculture, (2018). The shapefile provides point data of the Saxony’s maximum groundwater nitrate 

concentrations in 2018. This point data was interpolated using Inverse Distance Weighting (IDW) method 

in the QGIS. From this standpoint, the groundwater nitrate concentrations are classified and standardized 

using step value function based on the rationale that suitability for denitrification decreases with decreasing 

nitrate concentrations (Figure 6-10).  
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Figure 6-10 Nitrate concentration standardization 

6.6.2. Residence time in the vadose zone 

Residence time of the infiltrated water refers to the transit time through the vadose zone until groundwater 

table is reached. The transport of nitrates and the denitrification are linked to the residence time (Seitzinger 

et al., 2006). Therefore, residence time was used in this study as a criterion to comprehend denitrification 

through infiltration basins. Residence time of the infiltrating water was derived by dividing the depth to the 

groundwater in Saxony with Hydraulic Loading Rate (HLR). The resulting raster file was then standardized 

using a linear value function with highest suitability for residence times greater than and equal to 3000 

days (Figure 6-11). The value of 3000 days was associated with highest suitability because according to 

Dettmann, (2001), the increase in the denitrification becomes stable after 100 months which is equivalent 

to 3000 days. 

Hydraulic Loading Rate (HLR) 

HLR is the rate with which water infiltrates through an area of one square meter in one year. It 

depends on the site-specific hydraulic conductivity and is regarded as one of the most important design 

parameter for infiltration basins (INOWAS, 2018; Crites et al., 2014). Although the saturated hydraulic 

conductivity does not change with time, the rate of water infiltration decreases during MAR due to clogging 

of the soil pores. Therefore, using hydraulic conductivities would overestimate the water infiltration rates 

(Hung et al., 2012). To account for the intermittent drying and loading cycles as well as the long-term 

decrease in the infiltration rates due to clogging, the HLR should be limited to 5% to 10% of the measured 

infiltration rate of the clean water (INOWAS, 2018; Crites et al., 2014; Hung et al., 2012). Using the same 

rationale, the HLR for this study was calculated as 10% of the hydraulic conductivity values derived from 
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the HYPRES project of European Soil Database (European Commission and the European Soil Bureau 

Network, 2004). 

GW depth: 

Groundwater levels were obtained from the groundwater monitoring network of State Office for 

Environment, Agriculture and Geology (Enskat, 2019). The vector file was interpolated using QGIS Inverse 

Distance Weighting (IDW) method to represent spatial variability of the groundwater levels in Saxony.  

 

Figure 6-11 Standardization of residence time criterion 

6.6.3. Land use 

The type of the land cover has impact on the infiltration rates, and suggests areas which are or 

could be available for the implementation of infiltration basins. Land use can be used to derive information 

regarding the water demand, for instance, agricultural land would require more water than forests (Saidi 

et al., 2017; Singh et al., 2013; Riad et al., 2011). Similarly, for this study land use indicates the suitability 

for denitrification using infiltration basins. Information about the land use of Saxony is derived from Corine 

Land Cover (CLC 2018) and is classified into 5 main groups based on the concept of demand for nitrate 

treatment (CORINE Land Cover, 2018). The rationale behind the varying suitability for each of the land use 

classes is as follows:  
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Very suitable: Permanent crops and heterogeneous agricultural areas 

 Areas characterized by intensive agricultural activity throughout the year, such as permanent crops, are 

most likely to use nitrogenous fertilizers. Since these areas have high infiltration potential, this means that 

the risk of nitrogen leaching from these areas to the underlying aquifers is the highest which can cause 

accumulation of nitrate in the groundwater. Therefore, the suitability for denitrification via infiltration basins 

should be highest.  

Suitable: Arable lands and pastures 

 Arable lands are characterized as areas used predominantly for agriculture but have significant amount of 

natural vegetation. Again, use of fertilizers for increasing crop yield coupled with good infiltrability of these 

lands can exacerbate the issue of nitrates in the groundwater. Hence, they exert a high demand for nitrate 

treatment thereby considered suitable for denitrification through infiltration basins. 

Moderately suitable: Scrub/herbaceous/sparsely vegetated 

 Despite the high soil infiltrability of these lands, the suitability for denitrification is only moderate because 

these areas do not serve a specific purpose such as agriculture hence do not pose high risk of nitrate 

pollution (Dupont et al., 2018). 

Low suitable: Forest 

 Since natural denitrification is regarded as an important phenomenon in subtropical forest and also the 

soil infiltration potential is low, therefore, the need for enhanced denitrification is low (Dupont et al., 2018; 

Yu et al., 2019). 

Based on these reasons and the classification from the Corine Land Cover, a step value function was 

developed for the aforementioned land use classes (Figure 6-12). 
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Figure 6-12 Standardization of land use classes 

6.7. ENVIRONMENTAL AND SOCIO-ECONOMIC SUITABILITY MAPPING 

The reason for using environmental and socio-economic suitability mapping in this study was to incorporate 

the environmental, social and economic factors that can affect the infiltration basin’s site suitability.  

6.7.1. Distance to drinking water protected areas 

Special measures are undertaken in Saxony with respect to the water protected areas. The state gives 

highest priority to the protection of the water supply for the drinking water purposes (Saxony State Office 

for Environment, Agriculture and Geology, 2018a). Special areas are designated for this purpose and these 

include; 

 Groundwater 

 Flowing water 

 Dams 

 Mineral spring protection areas. 

The quantification of distance to the drinking water protected areas depends among others, on the risk of 

contamination due to nearby nitrate-polluted water bodies. For this study, distance of less than and equal 

to one kilometer was associated with highest socio-economic suitability for the proposed denitrification 

through infiltration basins. Suitability decrease as the distance increase from the drinking water protected 

areas (Figure 6-13). 
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Figure 6-13 Standardization of distance to drinking water protection areas criterion 

6.7.2. Distance to rivers 

Distance to rivers was taken as a environmental protection measure to safeguard the surface water quality 

from the nitrate. Therefore, suitability of the proposed system was assumed highest at distances less than 

one kilometer from the river. Suitability decrease further away from the rivers according to the step value 

function (Figure 6-14). The shapefile of the river network was obtained from the Saxony State Office for 

Environment, Agriculture and Geology, (2008). Only the rivers with catchment areas greater than and equal 

to 50 square kilometers were considered. 

 

Figure 6-14 Standardization of distance to rivers criterion 
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6.7.3. Distance to primary roads 

Distance to primary road is an important indicator of the socio-economic value since it is directly linked to 

the accessibility to the site.  As the distance from the road increases, the accessibility to the site decreases 

and thereby suitability index also decreases (Figure 6-15). 

  

Figure 6-15 Standardization of distance to the primary road criterion 

6.8. WEIGHT ASSIGNMENT AND COMBINATION 

In this step weights are assigned to each criterion with respect to its relative importance to the overall 

decision situation. Therefore, if the problem statement does not contain a clear description of the decision 

problem then it can lead to faulty weights assignment. Different methods exist for allocating weights to the 

criteria such as ranking method, rating method, pair-wise comparison and multi-influence factor (MIF) 

methods.  

6.8.1. Rating method 

In the rating method, weights are assigned to each criteria based on the knowledge of the user in 

accordance with a predefined scale such as from 0 to 1. The highest weight of 1 is assigned to the most 

important criterion under consideration. The procedure continues until a weight is assigned to the least 

important criterion. Then the weights are normalized using the sum of the total weights (Malczewski and 

Rinner, 2015). 

  



6. Feasibility mapping 

53 

 

6.8.2. Ranking method  

Ranking method is when the decision maker ranks all the criteria under consideration in order of 

their importance to the decision problem, the most important criterion being ranked as the first. Once the 

criteria ranking is done, the equation (2) can be used to calculate the rank sum weights: 

 

𝑤𝑥 =
𝑛 − 𝑝𝑥 + 1

∑ (𝑛 − 𝑝𝑥 + 1)𝑛
𝑘=1

 
(2) 

wx refers to the weight of the x-th criterion, px refers to the rank position of a certain criterion 

among the total set of criteria which is represented by n. 

6.8.3. Multi-influence Factor (MIF) 

MIF method refers to the schematic representation of the relationships between various criteria 

under consideration. These relationship are demonstrated graphically using major and minor lines with 

arrow heads. All major and minor lines are associated with a value of 1 and 0.5, respectively. Weights to 

each criterion are assigned based on their effect (major or minor) onto the other criteria and summed up 

to determine their respective impacts onto the main objective of the study (López, 2017). 

6.8.4. Pair-wise comparison 

  The most common method for weight assignment is the pair-wise comparison (Sallwey et al., 

2018). This method is in line with the framework of AHP formulated by Saaty (1980). It involved comparing 

a pair of criteria on a given scale from 1 to 9 in accordance with the decision maker’s preferences resulting 

in a pair-wise matrix (Table 6-4).  
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Table 6-4 Scale bar used for pair-wise comparison (adapted from Saaty, 1980) 

Level of importance Meaning 

1 Both criteria are equally significant  

2 One criterion is slightly more significant than the other 

3 One criterion is moderately more significant than the other 

4 One criterion is significant than the other 

5 One criterion is more significant than the other 

6 One criterion is strongly more significant than the other 

7 One criterion is very significant  

8 One criterion is very or extremely significant 

9 One criterion is extremely significant  

 

  Once the pair-wise matrix is established and the weights are calculated then the Consistency Ratio 

(CR) of the matrix is computed. CR gives a measure of the inconsistency in the value judgment of the 

decision maker. The weight of the first criterion is multiplied with the first element of the first column in 

the original pairwise comparison matrix. In the same way, other columns are handled and the sum of the 

rows is computed which is the weighted sum vector. This weighted sum vector is then divided by the weight 

of the criterion to obtain the consistency vector. The CR can then be computed using equation ((3))  Other 

columns to obtain The recommended values for the CR is below 10% (Malczewski, 1999). For the purpose 

of this study, pair-wise comparison was used for weight assignment. 

𝐶𝑅 =
𝜆 − 𝑛 

𝑅𝐼 (𝑛 − 1)
 

(3) 

Where 𝜆 refers to the mean consistency vector, n corresponds to total number of criteria, and RI 

corresponds to random index depending on the total number of criteria.  

 

Once the standardization and the weight assignment of the criteria is complete, then a suitability index can 

be developed by combining these criteria and sub-criteria maps using decision rules. These decision rules 

govern how the various criteria are overlayed, thereby determining the preference of one decision 

alternative over the others. Several decision rules exist for the combination of criteria with respect to their 
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relative weights (Malczewski and Rinner, 2015; Sallwey et al., 2018). For this study Weighted Linear 

Combination (WLC) was calculated. Raster calculator was used to find the summation of each criterion map 

multiplied by it respective weights. 

WLC is one of the most simple and common method of aggregation (Eastman, 1993; Rahman et al., 

2012; Sallwey et al., 2018). According to WLC, the suitability map is obtained via summation of the product 

of criteria maps with their relative weights (equation (4)). 

𝑆𝐴𝑖 = ∑ 𝑤𝑗𝑥𝑖𝑗𝑗   (4) 

Where xij corresponds to the score of the i-th alternative with respect to the j-th criterion and wj= 

normalized weight of criterion. 

6.8.5. Weight assignment to the infiltration basin’s site suitability 

criteria 

Weights are assigned to each criteria for the infiltration basin suitability mapping using Analytical 

Hierarchical Process (AHP) by means of pairwise comparison matrix based on Saaty (1980). Numerical 

values from 1-9 were used to describe the relative importance of one criterion compared to another (Table 

6-5). The rationale for the weight assignment was that hydrogeology is equally important as slope since 

they are interdependent on each other in the groundwater recharge process. Steep slope will render MAR 

unsuitable no matter how suitable the hydrogeology is. Similarly, if the hydrogeology does not allow for 

enough groundwater storage then no matter how flat the area is, it will result in low suitability or unsuitable 

areas. Secondly, hydrogeology was considered moderately more important than the soil texture because 

having suitable soil texture would result in more surface infiltration, however, if the water is held too tightly 

between the pores it will be harder to abstract this water later on via production wells. Finally, slope was 

considered equally or moderately more important than soil texture because a steep slope would still yield 

lower infiltration rates regardless of how coarse the soil texture is. 

Table 6-5 Pairwise comparison matrix for site suitability MCDA 

Criteria layers Hydrogeology Slope Soil texture 

Hydrogeology 1.00 1.00 3.00 

Slope 1.00 1.00 2.00 
Soil texture 0.33 0.50 1.00 

Sum column 2.33 2.50 6.00 
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Using the pairwise comparison matrix, a normalized matrix is developed by calculating the sum of values 

in each column and dividing the respective weights in the matrix with the sum of the column (Table 6-6). 

Then the average of the elements in each row is found which is equal to the assigned weight of the criterion 

in that row (Figure 6-16). 

Table 6-6 Normalized pairwise comparison for site suitability MCDA 

Criteria layers Hydrogeology Slope Soil texture 

Hydrogeology 0.43 0.40 0.50 

Slope 0.43 0.40 0.33 

Soil texture 0.14 0.20 0.17 

Sum column 1 1 1 
 

 

Figure 6-16 Weights of each criteria used for site suitability 

6.8.6. Weight assignment to denitrification suitability criteria 

The rationale for assigning weights to each criterion of the denitrification suitability map was such that 

residence time was considered equally important in comparison to groundwater nitrate concentrations and 
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equally or moderately more important than land use. Groundwater nitrates were considered moderately or 

strongly more important than land use (Table 6-7). The final weights obtained are shown in Figure 6-17. 

Table 6-7 Pairwise comparison matrix for denitrification suitability 

Criteria layers Residence time GW nitrates Land use 

Residence time 1.00 1.00 2.00 

GW nitrates 1.00 1.00 4.00 
Landuse 0.50 0.25 1.00 

Sum column 2.50 2.25 7.00 
 

Table 6-8 Normalized pairwise comparison for denitrification suitability 

Criteria layers Residence time GW nitrates Land use 

Residence time 0.40 0.44 0.29 

GW nitrates 0.40 0.44 0.57 
Landuse 0.20 0.11 0.14 

Sum column 1 1 1 
 

 

Figure 6-17 Weights of each criteria used for denitrification suitability 

6.8.7. Weight assignment to the environmental and socio-economic 

suitability 
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For the purpose of assigning weights using pairwise comparison method, distance to drinking water 

protection areas was considered equally or moderately more important than distance to rivers and strongly 

or significantly more important than distance to roads. Distance to the rivers was considered significantly 

more important than distance to roads. The resultant matrix is presented in (Table 6-9). The final weights 

obtained are presented in Figure 6-18. 

Table 6-9 Pairwise comparison matrix for environmental and socio-economic suitability 

Criteria layers Distance to drinking 

water protection 
areas 

Distance to rivers Distance to roads 

Distance to drinking water 

protection areas 
1.00 2.00 5.00 

Distance to rivers 0.50 1.00 4.00 
Distance to roads 0.20 0.25 1.00 

Sum column 1.70 3.25 10.00 

 

Table 6-10 Normalized pairwise comparison for environmental and socio-economic suitability  

Criteria layers Distance to drinking 
water protection 

areas 

Distance to rivers Distance to roads 

Distance to drinking water 
protection areas 

0.59 0.62 0.50 

Distance to rivers 0.29 0.31 0.40 
Distance to roads 0.12 0.08 0.10 

Sum column 1 1 1 
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Figure 6-18 Weights of each criteria used for environmental and socio-economic suitability  

  



6. Feasibility mapping 

60 

 

6.8.8. Combined suitability and sensitivity analysis 

In spatial decision problems, sensitivity analysis can be viewed as a tool to minimize the uncertainty 

thereby the subjectivity of the overall process of criteria standardization and weights allocation (Sallwey et 

al., 2018; Gdoura et al., 2015; Rahman et al., 2012; Malczewski, 1999). It acts as a mean to obtain a more 

robust suitability map. It shows the quantitative change in the spatial pattern of the final suitability map 

with respect to the change in the weight of one criterion while keeping the rest constant. The newly 

generated map with changed weights has to be compared with the original map to check the robustness 

of the selected weights. 

In this study sensitivity analysis is conducted at the combination of the three suitability maps namely; 

infiltration basin’s site suitability map, denitrification suitability map and environmental and socio-economic 

suitability map. The different scenarios are set up with varying weights in order to grasp the significance 

of each of the three maps.    

6.9. RESULTS AND DISCUSSION 

6.9.1. Constraint mapping 

Drinking water is supplied in the Free State of Saxony by means of 309 groundwater abstraction plants, 23 

dams and reservoirs and to a lesser extend from rivers (Saxony State Office for Environment, Agriculture 

and Geology, 2018). These areas were used as a constraint because they are legally protected by the state 

to ensure the quality and quantity of public water supply (Figure 6-19). The second constraint was the 

nature-protected areas including biosphere, natural parks, natural reserves, natural monuments, national 

parks and conversation areas (Figure 6-20). Again these areas have legal constraints with respect to any 

anthropogenic activity according to the Federal Nature Conservation Act (Saxony State Office for 

Environment, Agriculture and Geology, 2018b). Finally, slopes greater than 30% were used as constraint 

because they reduce subsurface infiltration (Figure 6-21).  

According to the review conducted by Sallwey et al., (2018), 48% of the studies used slope as a constraint 

criterion. Other similar studies have also used slope as a constraint (Dupont et al., 2018; López, 2017). 

Different values for slope are used as constraint varying from 3% to 40% depending on the preference of 

the decision maker and knowledge of the area (Bonilla Valverde et al., 2016; Rahman et al., 2012; Sallwey 

et al., 2018). After combining the three criteria, the final constraint map shows that 44 % of the total area 

in the Free State of Saxony is not available for the application of infiltration basins (Figure 6-22). 
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Figure 6-19 Drinking water protection areas in the Free State of Saxony 

 

Figure 6-20 Nature-protected areas in the Free State of Saxony 



6. Feasibility mapping 

62 

 

 

Figure 6-21 Constraint mapping for slope >30%  

 

Figure 6-22 Constraint mapping on protected areas and slope greater than 30% 

6.9.2.  Infiltration basin’s site suitability mapping 

6.9.2.1. Slope 

Slope criterion is processed using Digital Elevation Model (DEM) with a resolution of 30 m from Shuttle 

Radar Topography Mission (SRTM). Generally the slope increases from north to south in the Free State of 
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Saxony (Figure 6-23). The suitability map for slope criterion shows that the Free State of Saxony is 

generally flat with 75% of area between slopes 0 % to 2 %. Only 0.1 % of area is with slope greater than 

30% reflecting mountainous ranges such as Ore Mountains in the southern region of the state. Slope from 

0 % to 2% was considered very suitable whereas slope greater than 30% were considered unsuitable. 

 

Figure 6-23 Suitability map of slope criterion 

6.9.2.2. Soil texture 

The information of soil texture was obtained from European Soil database which is based on the soil 

classification of Food and Agriculture Organization (FAO, 2014). Soil texture was reclassified based on the 

ability for water infiltration (Figure 6-24). Coarse texture were considered very suitable which corresponds 

to 17 % of the area, particularly in parts of North Saxony, Bautzen and Gorlitz (Figure 6-25). Soil texture 

in the Free State of Saxony is mostly medium-textured or loamy sand which corresponds to 48% of the 

area. Second to the medium-textured soils are the medium-fine soils, also known as silty sand, with 33 % 

of the area. The red marks represent soil with no information hence they are considered unsuitable. 

Accordingly to the European soil database version 2, fine and very fine textured soils are not present in the 

Free State of Saxony. 
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Figure 6-24 Classification of soil texture based on FAO, (2014) 

 

Figure 6-25 Suitability map of soil texture criterion 

6.9.2.3. Hydrogeology 

Hydrogeological map of Germany (HUK250) with a resolution of 1:250,000 was used to obtain information 

on the porosity of the upper aquifers in Saxony (State Geological Services, 2010) (Figure 6-26). The 

classification of the type of the cavities in the aquifers are based on the hydrogeological mapping guide of 

the State Geological Services (SGD) (Hydrogeologie, 2011, 1998). Most of the northern areas in the Free 
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State of Saxony are characterized by porous aquifers while in the southern regions fractured aquifers are 

more prevalent. Porous aquifers with significant fractures are mainly present in the central regions of the 

state along with some karstic aquifers.  

 

Figure 6-26 Classifications of aquifer porosity in the Free State of Saxony 

 

Figure 6-27 Suitability map of porosity sub-criterion 

With respect to the aquifer porosity, 45% of the area is very suitable for the application of infiltration basins 

with a suitability index value of 1 (Figure 6-27). Very suitable areas correspond with the porous aquifers 
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mostly in the northern parts of the state. Suitable areas are not classified, because of the risks associated 

with the fractures in the porous media in the application of MAR. For this reason, porous aquifers with 

fractures are only marked as moderately suitable. The suitability decreases towards central and southern 

parts of the state where the underlying aquifers are majorly fractured or karstic. Previous studies have also 

used porosity sub-criterion to characterize hydrogeology of an area (Dupont et al., 2018; López, 2017). 

 

Figure 6-28 Permeability classifications based on State Geological Services (Hydrogeologie, 2011, 1998) 

Permeability values were extracted from the Hydrogeological map of Germany (HUK250) which are 

categorized based on the Geological Survey Map (GUK 200) and expertise of the State Geological Services 

(SGD) (Error! Reference source not found.)  (Hydrogeologie, 2011, 1998). Medium to moderate values of 

permeability are most prevalent with 39% of the area, followed by very low permeability with 28% of the 

area and Low permeability values with 26% of the area. High permeability values are least prevalent 

covering an area of 0.1 %. In the rest of the aquifers the permeability values are either extremely low or 

they are strongly variable. The suitability map of the permeability values indicate that 65% of the total area 

is very suitable for the application of MAR with low to medium permeability values mostly in the northern 

half of the state (Figure 6-29).  
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Figure 6-29 Suitability map of permeability sub-criterion 

The suitability map for the hydrogeology criterion is built by combining the porosity and the permeability 

raster files with equal weights. The hydrogeological criterion maps shows that most of the northern parts 

of Saxony have very suitable hydrogeology for MAR application where most of the southern and 

southwestern regions have low suitability (Figure 6-30). Generally, moving from north to south, there is 

a decreasing trend in the suitability of hydrogeology. 
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Figure 6-30 Suitability map of hydrogeology criterion 

6.9.2.4. Combined site suitability map 

According to previous studies, slope is the most widely used criterion, however, it is not the most highly 

ranked. Slope is often given medium ranking among other surface infiltration criteria (Sallwey et al., 2018). 

The weight assigned to slope varies more significantly than other criteria based on the objectives of the 

individual projects.  In this study slope is also given a medium weight in between hydrogeology and soil 

texture.  
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Figure 6-31 Suitability map of MAR infiltration basins 

Intrinsic site characteristics such as slope, soil texture and hydrogeology are integrated to generate site 

suitability map (Figure 6-31). The legend shows a gradual scale denoting very suitable to unsuitable areas 

to illustrate the capacity of recharge to the aquifers. Around 50% of the land is indicated as very suitable 

in the North Saxony, particularly around the Torgau town mainly because of the flat areas and porous 

aquifers (Figure 6-32). Areas with low suitability are located mostly in the Erzgebirgskreis, Vogtlandkreis 

and in the southern parts of Central Saxony districts, reflecting higher slopes and fractured aquifers with 

very low permeability values. Interestingly, none of the areas are shown as unsuitable despite having steep 

slopes in the southern parts above the constraint threshold of the slope. To highlight the significance of 

constraint mapping, it is only incorporated later during the combination of the suitability map, demand map 

and the value map. 

Site suitability mapping for infiltration basins is the first step to achieve the objective of identifying sites 

where denitrification can be enhanced through infiltration basins. It is only after the mapping of the suitable 

areas for infiltration basins that factors deemed significant for denitrification can be incorporated. Since site 

suitability mapping involves decision maker’s own preferences, it may induce subjectivity to the overall 

process, in terms of criteria selection, standardization and weight assignment. Therefore, to minimize the 

associated bias, the selected criteria are chosen based on the most cited criteria in the literature (Sallwey 

et al., 2018). Secondly during standardization, linear value functions are preferred where possible over 

stepwise functions so that the pixel values which will otherwise be lost between each step can also be 

obtained.  
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Figure 6-32 Area in percentage of suitability classes for MAR infiltration basins 

6.9.3. Denitrification suitability mapping 

6.9.3.1. Groundwater Nitrates 

Groundwater nitrate concentrations in the Free State of Saxony vary from 0.22 mg/L to 200 mg/L (Saxony 

State Ministry for the Environment and Agriculture, 2018). Majority of the area has nitrate concentration 

between 25 to 50 mg/L hence indicating high denitrification suitability (Figure 6-33). Nitrate 

concentrations greater than 50 mg/L are found mostly in the northern part of Saxony corresponding to 

areas in Meissen and some parts of North Saxony. Mostly the southern part of the Saxony has nitrate 

concentration in the groundwater less than 25 mg/L as denoted by the green area.  

Previous studies have used distance to nitrates vulnerable areas as a criterion for MAR (Dupont et al., 2018; 

Escalante et al., 2014). However, in this study concentrations of nitrates in groundwater is used to highlight 

areas where nitrate levels exceed the threshold value of 50 mg/L. A slightly different scale is adopted for 

suitability index to better comprehend the difference between each nitrate class. 40% of the area is found 

to be fairly suitable which corresponds to concentrations less than 25 mg/L (). About 10% of the area is 

suitable to very suitable mostly lying close to Meissen and parts of North Saxony.  
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Figure 6-33 Groundwater nitrate concentration in the Free State of Saxony 

 

Figure 6-34 Suitability map of groundwater nitrate criterion 

6.9.3.2. Residence time in the vadose zone 

Higher residence time is linked with more denitrification taking place in the vadose zone thereby imposes 

a higher suitability for denitrification. Higher residence times are found in the northwestern, northeastern 

and southwestern areas of Saxony (Figure 6-35). On the contrary, lowest residence times are found in 

the northern parts of Saxony. The suitability maps shows that residence time in the Free State of Saxony 
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is mostly between moderately suitable to low suitability, reflecting areas with groundwater depths only a 

few meters beneath the surface (Figure 6-36). There are patches of suitable and very suitable areas with 

respect to residence time in the southwestern, northwestern and parts of Saxony which implies that these 

areas exert a higher demand for denitrification through infiltration basins. Unsuitable areas with respect to 

residence time are mostly concentrated in northeastern parts with shallow groundwater depths and higher 

hydraulic loading rates implying lower demand for denitrification through infiltration basins. 

 

 

Figure 6-35 Residence time in the vadose zone 

Increase in the residence time is directly related to the increase in the denitrification capacity under 

natural conditions, provided all other prerequisites for denitrification are met (Domagalski et al., 2008; 

Puckett et al., 2008). This is because increased residence time leads to the promotion of reduced conditions 

which are favorable for denitrification. According to Hinkle and Tesoriero, (2014) a quadruple increase in 

the residence time of the groundwater decreased the nitrate concentrations to one third.  

Seasonal variations effect the depth to groundwater, which in turn, can alter the residence time in 

the vadose zone. Areas with humid climates such as Saxony are mostly related with higher groundwater 

recharge in the winters. On the contrary, with higher water consumptions and increased evaporation in 

summer season, the groundwater table would fall (Bernhofer et al., 2008). The depth to groundwater 

values used in this study are from the summer season in Saxony hence they are not representative of the 

mean annual groundwater depths. 
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Figure 6-36 Suitability map of residence time in the vadose zone 

6.9.3.3. Land use 

According to the Corine Land Cover (CLC 2018), 57% of land use in the Free State of Saxony corresponds 

to arable areas and pasture lands, followed by 27% for forests, 13 % for artificial areas, 1.2 % for scrubs 

and only 0.3 % for permanent crops (Figure 6-37). The southern parts of state are particularly dense in 

the forest areas and the forest land extends from the north-east to the center with patches of forest areas 

in the north-western region of the state. Permanent crops and heterogeneous agricultural areas are the 

least abundant of all land use classes and mostly spread northward from the center of the state. The 

southern part of the state also has very little permanent crops. Patches of sparsely vegetated areas span 

in almost all of the state but are more widespread in the north-eastern parts. Artificial areas including urban 

areas, bare rocks, wetlands, glaciers and water bodies which are mostly concentrated in the big cities such 

as Leipzig, Dresden and Chemnitz.  

The suitability map of land use interprets the suitability for denitrification through infiltration basins based 

on the specific type of land use (Figure 6-38). Suitable and very suitable land use constitute around 58% 

of the total area reflecting permanent crops and arable lands where nitrogenous fertilizers are used for 

agriculture. High inputs of nitrogenous fertilizers would yield higher demand for denitrification hence a 

higher suitability index is assigned. 
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Figure 6-37 Land use classification in the Free State of Saxony based on (“CORINE Land Cover — 

Copernicus Land Monitoring Service,” 2018) 

 

 

Figure 6-38 Suitability map of land use 
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6.9.3.4. Combined denitrification suitability map 

 

Figure 6-39 Map showing denitrification suitability for modified infiltration basins in the Free State of 

Saxony 

The denitrification suitability map was generated after the synthesis of all the three criteria namely; 

residence time in the vadose zone, groundwater nitrate concentration and land use (Figure 6-39). Only 3 

% of the total land is very suitable for denitrification located mostly in the northern and northwestern part 

of the Saxony, particularly in the Meissen district (Figure 6-40). Areas which are very suitable are the 

ones with nitrate concentration in the groundwater higher than 100 mg/L and high residence time for water 

in the vadose zone. Suitable land with respect to denitrification constitute 29% of the total area 

corresponding to southwestern parts of Saxony, particularly Erzgebirgskreis and some parts of Zwickau. 

These areas have nitrate concentrations close to 50 mg/L in their aquifer. About 50% of the total area has 

moderate suitability for denitrification which means that in these areas the nitrate concentration does not 

exceed the threshold value of 50 mg/L. 

Previously, the concept of drinking water demand has been used in mapping MAR studies (Saidi et al., 

2017; Singh et al., 2013; Riad et al., 2011). However, this study extends the same concept to incorporate 

the need for nitrate treatment using denitrification through infiltration basins. The areas showing higher 

suitability for denitrification exert a higher demand for nitrate treatment. These are the areas with high 

nitrate pollution in the groundwater but at the same time have high capacity for denitrification because of 

the higher residence time.  
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Figure 6-40 Area in percentage showing demand for modified infiltration basins for denitrification 

(MIBD) in the Free State of Saxony 

6.9.4. Environmental and socio-economic suitability mapping 

In this section, higher suitability index value is linked with higher environmental or socio-economic value. 

The idea is to identify sites showing high socio-economic or environmental significance for the 

implementation of the modified infiltration basin for denitrification.  

6.9.4.1. Distance to drinking water protected areas  

Around 15% of the Free State of Saxony (FSS) is very suitable reflecting high socio-economic value within 

one kilometer to the protected areas followed by 23% of suitable area, 20% of moderately suitable area 

and 43 % of low suitability areas (Figure 6-41). Low suitability is assigned to areas farther than four 

kilometers from the protected areas hence they represent low value. 
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Figure 6-41 Suitability map of distance to drinking water protected areas 

6.9.4.2. Distance to the rivers 

Around 70% of the areas are found to be suitable or very suitable because of their close proximity to the 

rivers (Figure 6-42). Around 10% of the total area of Saxony shows low suitability or unsuitability 

reflecting areas at a distance of four kilometers or more from the river.  

Distance to rivers has been used in the previous studies based on different interpretations. Gdoura et al., 

(2015) and Rahman et al., (2013) used distance to rivers as a mean to protecting water quality while others 

used distance to river as a source of water for MAR system (Dupont et al., 2018; Zare and Koch, 2016; 

Nasiri et al., 2013; Pedrero et al., 2011). In this study distance to rivers was used as a mean to reflect the 

environmental value of implementing modified infiltration basin for denitrification (MIBD). Since most of 

the groundwater feeds into river water in Saxony (Nützmann and Moser, 2016), it is important to protect 

the quality of river water from groundwater nitration pollution. Therefore, closer the site to the river higher 

would be its environmental value. 
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Figure 6-42 Suitability map of distance to the rivers 

6.9.4.3. Distance to the primary roads 

The suitability map of distance to primary roads shows that around 22 % of the total land in Saxony lies in 

the suitable to very suitable areas. 10% lies in moderately suitable areas and 68% are in the low suitability 

areas (Figure 6-43). Previous studies have also used distance to road in terms of access to the MAR site 

as well as a constraint parameter (Owusu et al., 2017; Steinel et al., 2016; Chezgi et al., 2016; Gdoura et 

al., 2015; Dorfeshan et al., 2014; Riad et al., 2011). In this study distance to primary roads was used in 

terms of accessibility to the site which is linked to the socio-economic significance of the site. 
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Figure 6-43 Suitability map for distance to the primary roads 

6.9.4.4. Combined value map 

The spatial datasets were combined using Weighted Linear Combination (WLC) method to generate a 

distribution of socio-economic value for modified infiltration basins for denitrification across the FSS (Figure 

6-44). Around 18% of the total land is considered very suitable and 30% is considered suitable (Figure 

6-45). These areas mostly corresponds to lands in the vicinity of drinking water protected areas. Very 

suitable, thereby highly valuable areas, are located throughout the state but are more concentrated in the 

south-eastern, north-western and south-western parts of the state. 

Socio-economic factors play an important role in the decision-making process for MAR implementation 

which can be adequately addressed using GIS-MCDA. Several studies can be found in the literature in which 

the socio-economic factors are taken into account for MAR site selection (Owusu et al., 2017; Gdoura et 

al., 2015; Rahman et al., 2012; Calijuri et al., 2004). Together with the denitrification suitability mapping 

and infiltration site suitability mapping, environmental and socio-economic suitability map can highlight 

potential sites for conducting pilot studies on modified infiltration basin for denitrification. 
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Figure 6-44 Map showing environmental and socio-economic suitability of modified infiltration basin for 

denitrification (MIBD) in the Free State of Saxony 

 

Figure 6-45 Area in percentage showing environmental and socio-economic suitability of modified 

infiltration basin for denitrification (MIBD) in the Free State of Saxony 

6.9.5. Combination of maps and sensitivity analysis 

After the combination of infiltration basin’s site suitability, denitrification suitability and environmental and 

socio-economic suitability maps, 3% of the area is found to be very suitable, showing very high demand 

for denitrification and is considered highly valuable for the implementation of MIBD (Figure 6-46). These 
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areas mostly correspond to parts of Meissen, North Saxony and Leipzig in the northwest and some parts 

of Bautzen in the northeast. Only 1 % has low suitability representing areas in the southwest with none of 

the land found to be unsuitable. About 30% of the land is moderately suitable mostly present in Central 

Saxony. The rest of the 66% of the total area is suitable with high denitrification and environmental and 

socio-economic suitability.  

On the contrary, the constraint mapping resulted in major differences in the percentage of suitable area 

with high demand and value, decreasing from 66% to 41% (Figure 6-46). The percentage of unsuitable 

areas rose from 0% to 44% representing protected areas and slopes higher than 30%. A decrease in the 

percentage of moderately suitable areas was observed from 30% to 13% because some of these areas are 

now included in the unsuitable range.  

 

Figure 6-46 Combined suitability considering the suitability for site, denitrification and environmental an 

socio-economic factors (a) without constraint mapping and (b) with constraint mapping   
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6.9.5.1. Scenarios 

Three scenarios were built each highlighting the significance of the three suitability maps namely; infiltration 

basin’s site suitability map, denitrification suitability map and environmental and socio-economic suitability 

map (Figure 6-47). Scenario 1 corresponds to the case where site suitability mapping was given more 

weight than denitrification suitability map and environmental and socio-economic suitability map; scenario 

2 is the one in which denitrification suitability map was given a higher weight than environmental and socio-

economic suitability map and site suitability map; and Scenario 3 refers to high weight assignment to value 

map compared to denitrification suitability map and site suitability map. In each of the scenarios, the 

weights of one of the suitability maps was changed while keeping constant the weights assigned to the 

other two suitability maps. 

 

Figure 6-47 Different weights for different scenarios of the sensitivity analysis 
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Figure 6-48 Different scenarios based on different weights for site suitability, denitrification suitability 

and environmental and socio-economic suitability maps 

Scenario 1 has 50% of the total land in the suitable and very suitable range in the northern Saxony, 

particularly parts of Leipzig, Dresden and some parts of North Saxony such as Torgau (Figure 6-48). This 

shows percent increase in the suitable and very suitable areas compared to Figure 6-46 where equal 

weights are assigned to each suitability map. In scenario 2 when a higher weight is assigned to 

denitrification suitability map, percentage of moderately suitable areas increase from 13% to 20% 

compared to Figure 6-46 whereas the suitable and very suitable areas decrease from 43% to 36%. In 

scenario 3, the change from the equally weighted-combination of map shows a decreasing trend in the 

suitable areas and an increasing trend in the areas corresponding to low and moderate suitability index. 

This analysis shows the impact of each of the three suitability maps in terms of nitrate treatment 

in Saxony. One might argue that selection of suitable sites for infiltration basins is more important than its 

denitrification capacity and socio-economic value. In this case, suitable sites for infiltration basins would 

also include areas which might not be very suitable for denitrification, but are very suitable in terms of 

recharging groundwater. River water can be used as a source for infiltration basins and the denitrification 

through infiltration basins would then become a secondary objective with the prime focus on recharging 
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groundwater. Giving more weight to the environmental and socio-economic suitability, makes the site 

selection more specific to the environmental and socio-economic context at the time of this study. It is 

worth mentioning that despite the inclusion of drinking water protected areas as a constraint in this study, 

in future if groundwater nitrate concentrations exceed 50 mg/L in these areas and the state grants legal 

permission, then they might become priority areas for MIBD. The results of the final feasibility map would 

then change, showing higher suitability in the drinking water protected areas.  

 In conclusion, this chapter provides insights about the identification of sites that best present the physical 

conditions, socio-economic situation and demand for denitrification through modified infiltration basins. 

Areas especially in the North Saxony and Meissen show potential for denitrification through infiltration 

basins, hence they are suitable locations for pilot studies. The obtained results show suitable locations in 

the Free State of Saxony compared to other areas in the state, however, it does not eliminate the possibility 

of carrying out the proposed scheme in an area with low suitability. It merely means that it is more plausible 

to have higher benefits of MIBD in areas with higher suitability index
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7. CONCLUSIONS AND RECOMMENDATIONS 

In the wake of elevated nitrate levels in the groundwater bodies around the world, MAR constitutes 

an alternative water treatment method. Compared to existing nitrate treatment methods, modified 

infiltration basins for denitrification (MIBD) is a sustainable and cost-effective alternative. Adopting MIBD 

can help avoid the brine disposal issues associated with alternative techniques and can significantly reduce 

the cost of nitrate treatment. This study shows that there is a potential of denitrification through MAR 

hence the next steps should be to set up a pilot study for infiltration basins in Saxony and other nitrate 

vulnerable zones of Europe.  

Literature review reveals that several MAR techniques are suitable for denitrification. Denitrification 

underneath the Infiltration Basins (IB) can reduce up to 100 % of the nitrates in the source water. 

Therefore, IB offer a great potential as a nitrate treatment method for groundwater. The inventory of case-

studies on enhanced denitrification through MAR updated the previous literature on natural denitrification 

conducted by Rivett et al., (2008). It further identified the threshold values for dissolved oxygen, dissolved 

organic carbon, nitrate concentration and infiltration rates during the operation of infiltration basins. By 

identifying the most significant factors for denitrification through infiltration basins, this inventory can serve 

to guide future MAR pilot studies. 

The conceptual model translates the knowledge from the past literature into a working scheme for 

enhancing denitrification through infiltration basins. It provides practical guidance on how and at which 

stage factors for denitrification can be enhanced through a modified infiltration basin design. Three 

modifications were suggested; use of permeable reactive layer to enhance dissolved organic carbon levels 

in the infiltrating water, chaotic advection to enhance groundwater mixing and increased number of 

denitrifiers for complete denitrification underneath the infiltration basins. The results of the conceptual 

model open new avenues for scientific research to explore the capacity of MAR for denitrification.  

The feasibility study in the Free State of Saxony reveals that 43% of the total area of Saxony is suitable 

which also exert high denitrification suitability and high socio-economic value for implementing the modified 

infiltration basin. There areas mostly correspond to Meissen and some parts of North Saxony such as 

Torgau. The most suitable season for the operation would be summers because high temperature and 

higher depth to groundwater from the land surface, among other factors, would favor denitrification.  

The way forward from this study are presented as following: 
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1- The focus of this study was only on a specific MAR technique; infiltration basins, despite the 

potential of other MAR techniques for denitrification such as ASR. Thus, a similar study should be 

carried out to analyze the potential of other MAR techniques for denitrification. 

2- Feasibility study reveals that enhanced denitrification through infiltration basins can only be applied 

in regions where groundwater nitrate concentrations are monitored. Therefore, to extrapolate the 

application of the proposed system to areas without monitoring stations, estimations on 

groundwater nitrate concentrations based on the crop type, amount of fertilizers used and nitrogen 

balance should be done to determine the nitrate concentrations in the groundwater. 

3- This study does not encompass biodegradability of organic matter for increasing DOC levels. Future 

studies should be focused on analyzing the use of organic pollutants such as emerging organic 

compounds (EOCs) as a source of DOC for enhanced denitrification through MAR. In lieu of 

separate treatments, MAR can reap dual benefits of removing EOCs and nitrates, simultaneously. 

4- The results from the feasibility studies are subject to bias based on the selected criteria and weight 

assignment. In order to validate results, pilot studies should be undertaken in the suitable areas of 

Saxony.  
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APPENDICES 

APPENDIX A: NITRATES AND NITROGEN (N) CYCLE 

Naturally, nitrogen cycle starts with the biological fixation of atmospheric nitrogen gas (N2), either by 

specialized microorganisms or through lightening, whereby N2 is converted into oxidized forms of 

nitrogen (NOx). However, in today’s world, human activities have become a bigger source of fixed 

nitrogen than the natural processes. Nitrogen-fixing legume crops can fix twice as much nitrogen as the 

natural vegetation and the combustion of fuel produces the same amount of fixed nitrogen as does the 

atmospheric lightening (Sapek, 2014). Nonetheless, use of fertilizers in the agriculture is the biggest 

source of fixed nitrogen, equaling to all other sources combined together if oceans are not considered 

(Sapek, 2014; Tourang et al., 2018). Nitrogen balance in the soil during agriculture is made up of 

nitrogen inputs like fertilizers and biological fixation and outputs such as nitrogen loss to the 

environment (Table A-1). One of the pathways for nitrogen loss to the environment is via leaks into 

the aquifers and surface water bodies (Fajardo et al., 2012; Sun and Nemati, 2012). 70% of all the 

existing nitrates in the ground and surface water comes from agricultural activities mainly due to 

fertilizers application (Tourang et al., 2018). Due to their high solubility, nitrates in nature occur almost 

completely in water bodies and soil solutions. Besides fertilizers from agriculture, other potential sources 

of nitrates in the groundwater include atmospheric deposition, seepage from the sewers and emissions 

from septic tanks (Breisha and Winter, 2010; Rivett et al., 2008a). Although anthropogenic sources are 

mostly responsible for high nitrate concentrations in the groundwater, yet in some cases natural sources 

are the main cause (Darbi et al., 2003; Tourang et al., 2018). Typically, nitrates in the natural waters 

come from non-point sources such as wildlife, atmospheric and decomposition of soil organic matter. 

The range of NO3 concentration emerging from natural sources is commonly referred to as background 

nitrates (Menció et al., 2016). Defining Background nitrate values help differentiate between the natural 

and anthropogenic sources (Matschullat et al., 2000). Hence, if the concentration increases from an 

established threshold then it could be attributed to anthropogenic processes.   

Table A-1. Nitrogen inputs and outputs in the agriculture 

  N Inputs N Outputs 

Nitrogen attached to soil organic matter Farming products 

Mineral nitrogen consisting of NO3 and NH4 in soil Losses to environment 
External sources (atmospheric deposition, biological 

fixation, fertilizers, etc.) 

 

 

The presence and the level of NO3 in the soil water and water bodies depends on the cyclic processes, 

mostly biogeochemical, in the nitrogen mass flow. These biochemical processes govern the nitrate 
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turnover in the nature namely; (1) uptake of nitrogen during plant growth, (2) addition of nitrogen-rich 

fertilizers and manure, (3) biological fixation of nitrogen (N) to soil organic matter, (4) mineralization of 

soil organic matter, (5) nitrification and (6) denitrification (A-2). The nitrogen cycle is associated with 

reactions in both directions and loss of inorganic nitrogen to adjacent ecosystems. The release of 

ammonia from the organic matter can be taken up by growing plants or bacteria for the synthesis of 

biomass or oxidized to nitrates. Nitrification is the process through which nitrates are formed in the soil. 

Once formed, nitrates in the soil are either utilized by living organisms to form organic molecules or 

reduced to molecular nitrogen through a process called denitrification. Although the overall soil nitrogen 

pool remains constant from one year to another, there are changes in the mineral forms of the nitrogen. 

Changes in the nitrate concentration occurs if one of the processes becomes more dominant than others. 

For example, if mineralization process prevails, we would expect accumulation of nitrates in soil. 

Similarly, increased denitrification would reduce this accumulation (Sapek, 2014). 

 

Table A-2. Nitrogen cycle from organic matter to organic matter through mineral nitrogen 

forms (Sapek, 2014)  

 Organically bound forms of 

nitrogen  

 

Mineralization 
process 

NH4 Absorption by growing plants and 
microorganisms  

Nitrification NO3  
Denitrification N2  

Biological N fixation Organically bound N in growing plants 

or microorganisms 

 

Plant ripening Nitrogen in plant residues  

Plant Decay Nitrogen in soil organic matter  
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APPENDIX B: HETEROTROPHIC VS. AUTOTROPHIC 

DENITRIFICATION 

 

 

  

Biological denitrification is further divided into heterotrophic denitrification and autotrophic 

denitrification. Autotrophs are the organisms which utilize inorganic carbon species such as carbon 

dioxide and water to make their own food whereas heterotrophs rely on organic matter from 

environment for their food. Heterotrophic denitrification, using organic substrate, has been 

extensively studied and applied because they generally result in high rates of denitrification thereby 

greater treatment capacity (Liu et al., 2009). However, the limitation is mostly the presence of 

organic carbon (Ergas and Reuss, 2001; Shrimali and Singh, 2001). On the other hand, Autotrophic 

denitrification uses reduced forms of iron and manganese as a source of energy. A promising 

autotrophic denitrification technique is using hydrogen mainly because of clean nature of hydrogen, 

lower costs, no requirement for external carbon source, low biomass yield and less carbon 

contamination (Lee and Rittmann, 2002; Moon et al., 2008; van Rijn et al., 2006). However, the 

limitations for this technique include high flammability, insufficient carbon dioxide, high cost of 

hydrogen gas and low solubility (Della Rocca et al., 2006; Ghafari et al., 2008; Haugen et al., 2002; 

Jha and Bose, 2005; Shin and Cha, 2008). 
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APPENDIX C: LOCATION AND PUBLICATION YEARS OF THE RESPECTIVE 

STUDIES INCLUDED IN THE INVENTORY 

 

Table C-1 Location of studies from the inventory 

Study locations Reference 

Pajaro Valley, California, US (Beganskas et al., 2018) 

Altamont, California, US (Beller et al., 2004) 
Adelaide, South Australia (Vanderzalm et al., 2013) 

Perth, Western Australia (Ginige et al., 2013) 

Llobregat, Spain (Valhondo et al., 2015) 
Leederville, Australia (Patterson et al., 2010) 

Barcelona, Spain (Grau-Martínez et al., 2018) 
California, US (Schmidt et al., 2012) 

California, US (C. M. Schmidt et al., 2011) 

Torgau, Germany (Fukada et al., 2003) 
Falmouth, US (Smith et al., 1996) 

Barcelona, Spain (Torrentó et al., 2010) 
Oued Biskra, Algeria (Grau-Martínez et al., 2017) 

Sardinia, Italy (Pittalis et al., 2018) 
Llobregat, Barcelona, Spain (Rodríguez‐Escales et al., 2017) 

San Joaquin, California, US (Green et al., 2008) 

Elkhorn, Nebraska, US (Green et al., 2008) 
Yakima, Washington, US (Green et al., 2008) 

Chester, Maryland, US (Green et al., 2008) 
Abbotsford-Sumas Aquifer, US-Canada (Tesoriero et al., 2000) 

Barcelona, Spain (Rodríguez-Escales et al., 2016b) 

Argentona, Spain (Rodríguez-Escales et al., 2016a) 
Selke river, Central Germany (Trauth et al., 2018) 

Paris, France (Clement et al., 2003) 
Merced River, California, US (Domagalski et al., 2008) 

Plana de Vic, Osona Spain, (Otero et al., 2009) 
Rhode Island, US (Kellogg et al., 2005) 

Taihu Lake, China (Bu et al., 2017) 

Ontario, Canada (Vidon and Hill, 2004) 
Boyne River, Southern Ontario, Canada (Hill et al., 2000) 

River Elbe, Saxony, Germany (Grischek et al., 1998) 
Waikato New Zealand (Clague et al., 2015) 

York, US (Hinkle and Tesoriero, 2014) 

Americus GA, US (Hinkle and Tesoriero, 2014) 
Manchester CT, US (Hinkle and Tesoriero, 2014) 

Fresno, CA, US (Hinkle and Tesoriero, 2014) 
Ireland (McAleer et al., 2017) 

Wexford, Ireland (Fenton et al., 2009) 
Waterford, Ireland (Jahangir et al., 2017) 
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Figure C-1. Number of research articles sorted in the sequence of year of publication 
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APPENDIX D: GIS-BASED MULTI-CRITERIA DECISION ANALYSIS (GIS-

MCDA) 

GIS-MCDA is a process through which a solution to a spatial decision problem is achieved based on the 

design, combination and prioritization of a set of criteria. In most cases, spatial planners and 

geographers have to encounter spatial decision problems comprising of several feasible alternatives 

which are often contrasting to one another. MCDA is composed of several approaches for defining spatial 

decision problems. It encompasses a set of alternatives which are based on the value judgments of the 

decision makers. It comprises of three main elements; (1) decision makers (2) criteria (3) alternatives 

((Malczewski and Rinner, 2015). The decision maker is any individual or a group of people, who have 

to take a decision according to a predefined goal. A criteria is made up of attributes and objectives 

which is representative of the problem at hand and sets the underlying foundation for decision 

alternatives. The basis for the selection of the criteria is its comprehensiveness and measurability. Based 

on the preference of the decision maker, a pathway is chosen among a set of parallel pathways 

commonly known as decision alternatives. Such multi-criteria spatial problems can be resolved by firstly 

standardizing the criteria, then weighting of criteria and finally combining the criteria together. 

Selecting suitable sites for MAR present a complex spatial problem taking into account several factors 

and criteria which govern the final suitability. One approach to resolve this is through a merger of two 

distinct fields of study; multi-criteria decision analysis (MCDA) and Geographical Information Systems 

(GIS). Multi-criteria decision making is relatively more complex than single criteria-based decisions 

because of an array of available alternatives which needs to be considered. It is quite rare to find just 

one alternative that dominates all other alternatives in all the criteria. The key here is to dissect the 

decision problem into small, lucid steps, analyze them and then logically integrate them to reach a 

meaningful outcome (Malczewski, 1999). GIS-MCDA brings together the capacity to analyze spatial data 

of GIS with the MCDA techniques that lead the decision problem to a desired outcome (Malczewski and 

Rinner, 2015). It can be understood as a guideline for site selection to combine, reclassify and weigh 

the spatial information in accordance with the overall objective of the study.  

Problem definition 

The first step in the GIS-MCDA process is to identify the goal; thereby clearly defining the decision 

problem for which the solution is to be sought (Malczewski, 1999). It is worth mentioning here that 

without a clear definition of the problem statement, all the following steps in the GIS-MCDA namely; 

selection of criteria and assignment of weights would lead to erroneous results. The problem statement 

can encompass a great variety of aspects including, but not limited to, intrinsic site characteristics and 

socioeconomic aspects (Sallwey et al., 2018). The objective is the selection of sites which are deemed 
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suitable for a given activity based on the ranking of certain criteria characterizing the study area 

(Malczewski and Rinner, 2015).   

Constraint mapping 

Keeping the problem definition in mind, constraint mapping could be done to exclude those regions 

within the study area that seem obviously unsuitable for the implementation of MAR techniques. 

Constraint mapping can be viewed as a screening process which takes into account all the non-feasible 

decision alternatives, before the actual mapping of suitable sites. Selection of criteria for constraint 

mapping relies not only on the objective of the study but also on the type of MAR method under 

consideration. For the purpose of this study infiltration basins are used hence those criteria should be 

selected which yields maximum surface infiltration. According to Sallwey et al., (2018) the most common 

criteria used for constraint mapping include land use, slope and soil type. 

Criteria selection and standardization  

The criteria and sub-criteria comprise of spatial information with the capacity to represent the multi-

criteria nature of the spatial decision problem (Keeney, 1992). The criteria selected should be 

comprehensive and measureable. According to (Malczewski and Rinner, 2015) each criterion should be: 

1- Complete, thereby incorporating several facets of the decision problem 

2- Operational, thereby demonstrating its usability in the analysis process 

3- Decomposable, thereby could be divided into smaller simpler parts 

4- Non-redundant, thereby demonstrating its uniqueness in the overall process 

5- Minimal, thereby avoiding over-complication of the decision problem. 

One way to finalize the selection of the criteria for the purpose of suitability mapping is by using 

analytic hierarchy process (AHP). AHP breaks down the problem definition into three hierarchical levels, 

commonly known as “criteria tree” (Figure D-). Suitability mapping is on the top, followed by main 

criteria with specific objectives in the middle and sub-criteria with most specific objectives in the lowest 

level of the hierarchy (Rahman et al., 2012). 

The analysis of the decision process involves conversion of all the classes and values in the sub-

criteria maps into a uniform scale in order to reduce the dimensionality (Rahman et al., 2012). To 

represent the spatial information in the most quantifiable manner, step or continuous functions are 

used. These step and value functions are mathematical expressions which are based on the value 

judgment of the decision maker. The idea behind the use of such functions is to show the degree of 

suitability of the study area according to that particular criteria in a common scale such as from 0 to 1. 
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Figure D-1 Criteria tree demonstrating three hierarchical levels for suitability mapping 
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