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Abstract 

Coastal management is an example of a complex decision problem, where the outcome of and 

the managerial process itself is associated with a multitude of different impacts. One way to 

approach these kinds of situations is through the application of structured decision analysis. In 

addition to ensuring that existing knowledge is incorporated, structured decision analysis 

increases the transparency within the project. This paper examines to what extent multi-criteria 

decision analysis (MCDA) can be used to identify the need for negotiations to reach agreement 

in the management of coastal erosion involving multiple decision makers. MCDA is a tool to 

assess performance of management alternatives that help decision makers to identify the best 

available options from a number of predefined decision alternatives. As of today, MCDA takes 

into account the values from one decision maker. This creates a problem when dealing with 

multiple decision makers who may value the criteria differently.  

In this study, MCDA is expanded into what we call a pluralistic MCDA, which can include 

multiple decision makers. First, we develop decision theory for the pluralistic MCDA. To help 

determine the space for negotiations, we compute each decision maker’s willingness to change 

and introduce a new decision rule that trade off the fraction of decision makers that agree to the 

required overall willingness to change.  

Second, the pluralistic MCDA is applied on a coastal management problem in southern Sweden. 

For this, a comprehensive literature review was performed to identify standard practices and 

mitigation strategies used in coastal management with regards to coastal erosion. Next, a set of 

criteria was identified, combined with a set of unique rating scales. The potential of assessing 

different coastal erosion mitigation strategies using an extended version of multi-criteria 

decision analysis was then tested, first through simulations and then through a case study.  

The initial findings of this study indicate that pluralistic MCDA could provide coastal managers 

engaged in situations involving multiple decision makers with an efficient tool, when assessing 

management alternatives. In addition, pluralistic MCDA could provide a useful tool to increase 

the transparency and validity of the decision process. 
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1. Introduction 

Over the last few decades, coastal communities have experienced an increase in the occurrence 

and magnitude of coastal hazards (Allen et al., 2018). One of the main reasons behind this is 

the net increase of the global mean sea-level (Neumann et al., 2015). Predominately caused by 

the continuous rise of the mean global temperature as a result of human-induced climate change, 

sea-level rise presents several challenges to coastal communities (Nicholls et al., 2010). Among 

these challenges, coastal erosion constitutes one of the more prominent ones (Hanson et al., 

1993; Zhang et al., 2004). Coastal erosion is a geomorphological term used to describe the 

natural processes involving the removal and reallocation of sediments from the coastline 

(Bruun, 1962; Zhang et al., 2004). Coastal erosion has several socio-economic and 

environmental implications, including the loss of subaerial land and indirect effects in the form 

of long-lasting effects on coastal ecosystems (Adger et al., 2005). 

In Sweden, coastal erosion mainly occurs in the southernmost region of Scania (Łabuz et al., 

2018). Located in an area dominated by sedimentary rocks and sandy beaches, the geological 

composition of Scania substantially differs from the geological structure found in the northern 

parts of Sweden (Ahlberg, 1998). In addition, the geographic location of the region has 

additional implications (Larsson et al., 1993). Contrary to the northern parts, where sea-level 

rise is compensated by the isostatic rebound derived from the Last glacial period, Scania is 

experiencing a net increase of the mean sea-level (Bontje et al., 2016; Łabuz et al., 2018). 

Combined with the deviant geological conditions of the region, the net increase of the mean 

sea-level has led to the emergence of coastal erosion as a pressing local matter (Hanson, 2002; 

Lindell et al., 2017).  

Coastal erosion management has predominately been conducted through the implementation of 

hard-structured engineered solutions (Zhu et al., 2010). However, over the last few years, 

nature-based soft solutions and adaptation strategies have emerged as viable options in certain 

situations, increasing the number of potential strategies available to decision makers (Williams 

et al., 2018). 
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While the addition of new potential strategies provides decision makers with an increased array 

of options to choose from, it also increases the knowledge requirements needed to identify good 

management alternatives (Clemen et al., 2013). In addition, the introduction of additional 

alternatives can make it harder to reach an agreement (Keeney et al., 1993). As a result, an 

increased emphasis has been put on finding a way to alleviate the decision-making process 

(Fabbri, 1998; Gregory et al., 2012). One commonly used tool in structured decision making is 

multi-criteria decision analysis (MCDA). The theory compares impacts on multiple criteria and 

construct utility by weighting according the decision maker’s values. Similar to many other 

decision analyses, MCDA assume one decision maker (Greco et al., 2016).  This implies that 

knowledge and values need to be aggregated in some way. In order to agree with someone else, 

you may be forced to negotiate your values which calls for a decision theory over multiple 

decision makers that can handle the trade-off between agreeing and how much negotiation that 

is needed.    

1.1 Research question and aims 

The overall purpose of this study is to expand multi-criteria decision analysis in a way that 

allows the method to be used to identify the need for negotiations to reach agreement in the 

management of coastal erosion involving multiple decision makers.  

Based on the overall research question, three separate research aims were formulated: 

• To identify and define criteria relevant to decision-making surrounding coastal erosion 

management. 

• To expand multi-criteria decision analysis to involve multiple decision makers.  

• To apply the developed decision analysis for multiple decision makers onto one case 

study and identify decision alternatives within the space for negotiations. 

1.2 Delimitations  

The sampling frame of this study has been restricted to coastal mitigation measurements and 

adaptation strategies used in Scania and Sweden. This excludes strategies such as the 

implementation of mangrove forests and the construction of artificial coral reefs. Multi-criteria 

decision analysis is used in this study since it makes it possible to combine values and impacts 

on different types of outcomes using tailored semi-quantitative scales. Other types of decision 

analysis, such as cost-benefit analysis is not sensitive to values of multiple decision makers, but 

is difficult to perform, as it requires an assessment of the impact on a monetary scale. 
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2. Background 

2.1 Coastal erosion 

2.1.1 Definition, drivers and influencing factors 

Coastal erosion occurs when the amount of eroded material being transported away from the 

coastline exceeds the amount of material that is being deposited through the process of natural 

longshore sediment transportation (Schwartz, 1967). Although predominately evident in areas 

exposed to strong currents, extensive wave action and high wind speeds, coastal erosion is not 

limited to these areas (Bontje et al., 2016; Burgess et al., 2007). Instead, coastal erosion depends 

on a number of factors, ranging from the sediment composition of the seabed to the porosity 

and strength of the exposed material (Briggs et al., 2015; Zreik et al., 1998). In addition to 

physical features, the rate and occurrence of coastal erosion are, to a large extent, influenced by 

a number of external drivers (Burgess et al., 2007). One of the main drivers behind coastal 

erosion is sea-level rise (Bruun, 1962; Zhang et al., 2004). As the sea-level rises, a higher 

proportion of the coastline is exposed. This has several implications. First, the eroding effect 

increases (Burgess et al., 2007). Though this is true for both hard and soft substrate, it is 

particularly evident in the case of soft substrate areas. Contrary to hard substrate areas, soft 

substrate areas rely on a profile of equilibrium (Schwartz, 1967). By increasing the exposure 

and the amount of material available, the natural longshore sediment transportation is 

accelerated. This can potentially lead to a shift of the equilibrium and eventually, extensive 

erosion (Zhang et al., 2004). In addition to increasing the rate of erosion, the increased sea-level 

can also lead to land areas previously protected now being subject to wave and wind action. 

Though often described as a natural process, coastal erosion can also arise as a result of human 

intervention (Burgess et al., 2007). One common cause of coastal erosion is the failure to 

account for the natural longshore sediment transportation in the construction of coastal defences 

(Van Rijn, 1997). This is especially evident in the construction of hard-structure solutions such 

as breakwaters, see section 2.2.1 Hard-structure solutions.   
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2.1.2 Challenges associated with coastal erosion 

 

In addition to enhancing longshore sediment transportation, coastal erosion poses a number of 

socio-economic and environmental challenges (Adger et al., 2005). Ranging from direct 

monetary losses to intricate long-lasting alternations of coastal habitats and ecosystems, coastal 

erosion has over the last few years emerged as a matter of great concern to coastal managers 

(Van Rijn, 2011). 

One of the major socio-economic challenges associated with coastal erosion is the growing 

socio-economic importance of the coastal zone (Zhu et al., 2010). The coastal zone has 

throughout history played an integral part in the development of human society, with a relative 

abundance of natural resources and the possibility of marine commerce being two of the main 

drivers (Post et al., 1996). However, with the emergence of a global economy, the demand for 

resources and logistics has seen a substantial increase (Neumann et al., 2015). As a result, many 

coastal communities have over the last few decades undergone a number of changes, one of 

which being the emergence of centres of critical economic activity, such as megacities and 

densely populated urban areas (Zhu et al., 2010).  

While the emergence of megacities and densely populated urban areas has brought prosper and 

opportunities to coastal communities, it has also made the zone increasingly vulnerable to 

coastal hazards such as coastal erosion (Neumann et al., 2015). In addition to the direct 

monetary implications associated with the disruption of commerce and damages to 

infrastructure, coastal erosion can also lead to the densification of urban areas. Commonly 

referred to as coastal squeeze, densification occurs when the landward migration is hindered 

(Mirza, 2003). This places high demands on flexibility and adaptability (McGranahan et al., 

2007). 

Another socio-economic challenge associated with coastal erosion is the negative impact the 

loss of subaerial land and enhanced sediment transportation can have on areas deemed 

important to recreation and tourism (Boissevain et al., 2004). Ranging from isolated events 

affecting individual property owners to extensive damages to areas with a high touristic and 

recreational value, coastal erosion is associated with a wide range of both direct and indirect 

costs (M. R. Phillips & Jones, 2006). 

From an environmental perspective, the loss of subaerial land is associated with a number of 

challenges (Barbier et al., 2011). Ranging from the direct alteration of coastal habitats to the 
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loss of sensitive nesting grounds, the loss of subaerial land poses a serious threat to many coastal 

ecosystems (Feagin et al., 2005; Watkinson et al., 2007). In addition, the alteration of habitats 

can enhance to negative effects on sensitive populations leading to long-term impacts on species 

richness and biological productivity within the area (Duarte, 2009; Post & Lundin, 1996).  

Another environmental challenge associated with coastal erosion is the depletion of existing 

natural barriers, further increasing the risk of extreme weather and storms surges reaching 

previously protected habitats and species (Zhang et al., 2004).  

2.1.3 Coastal erosion in Sweden 

 

As previously mentioned, coastal erosion is predominately evident along the Scanian coast. 

One reason for this is the deviant geological structure of the bedrock found in the south of 

Sweden. In geological terms, the bedrock of Sweden is often considered to be part of a 

geological area called the Fennoscandian Shield (Larsson & Tullborg, 1993). Stretching from 

the western point of Norway to the Kola Peninsula, the Fennoscandian Shield dates back to the 

Precambrian period with the oldest rocks dating back to the Archaean Eon more than 2500 

million years ago (SGU, 2019). Predominately comprised of exposed crystalline and 

metamorphic rocks, the Fennoscandian Shield is divided into five provinces: Belomorian, Kola, 

Karelian, Sveconowergian and Svecofennian, with most the bedrock in Sweden is divided into 

the latter two (SGU, 2019). However, the bedrock in Scania is predominately made up by 

younger sedimentary rocks, see Fig. 1. 
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Figure 1: Tectonic map of Sweden. The presence of phanerozoic sedimentary rocks is 

highlighted in blue (SGU, 2019). 

Formed in the Phanerozoic period, the sedimentary rocks found in Scania include limestone, 

shale, and sandstone (Ahlberg, 1998). Contrary to the crystalline and metamorphic rock formed 

through the crystallization and transformation of material, sedimentary rock is formed through 

the accumulation and sedimentation of small particles (Julien, 2010). From a geomorphological 

perspective, this has several implications. First, sedimentary rock lacks the structural strength 

of crystalline and metamorphic rocks (Li et al., 2016).  Rather than the crystalline structure 

found in gneiss and granite, sedimentary rocks are composed by layers of sediments. As a result, 

sedimentary rock has a higher porosity than crystalline rocks (Chang et al., 2006). This makes 

sedimentary rocks much less resistant to erosion, further enhancing the eroding effects of 

naturally occurring processes (Julien, 2010). Second, sedimentary rock often consists of a vast 

combination of materials with different physical properties and shapes (Li et al., 2016). This 

increase the likelihood of weaker materials giving away, potentially leading to large chunks of 

the bedrock being swept away.  

While the structural composition and physical properties of sedimentary rocks play an 

important role in understanding the occurrence and rate of coastal erosion, the limited 
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occurrence of coastal erosion in Sweden is due to a combination of factors (Łabuz et al., 2018). 

One important factor is isostatic rebound  (Warrick et al., 1990). Predominately evident in the 

northern parts of Sweden, much of Sweden is currently experiencing extensive rates of uplift. 

As a result, only a few areas in Sweden are currently experiencing a net increase of the mean 

sea-level, among which a majority of the most extreme cases found along the Scania coast, see 

Fig. 2.  

 

Figure 2: Coastal erosion assessment along the coastline of Scania, Sweden (SGU, 2014). 

Areas of extensive coastal erosion spots are here marked with a dot. Ängelholm (1), Fortuna 

(2), Bjärred (3), Skanör (4), Ystad Sandskog (5), Löderups Strandbad (6), Knäbäckshusen (7), 

and Åhus (8). 
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2.2 Existing practices: Mitigation measurements and 

adaptation strategies commonly used in coastal defence 

projects 

2.2.1 Hard-structure solutions 

Hard-structure solutions, sometimes referred to as hard coastal protection structures and hard 

engineering structures, is a collective term used to describe coastal defence strategies in which 

additional coastal protection is implemented through the construction of artificial barriers 

(André et al., 2016). Consisting of a variety of designs, hard-structure solutions are generally 

divided into two main groups: seawalls and breakwaters. 

Seawalls 

Seawalls is a collective term used to describe artificial barriers deployed parallel to the shoreline 

(Zhu et al., 2010). Ranging from simple concrete constructions to intricate designs containing 

a combination of artificial and natural elements, seawalls have over the years come to include 

a variety of designs (Williams et al., 2018). One of the reasons behind this is the flexibility of 

the method (van der Meer, 2017). Unlike many other coastal defence strategies, seawalls can 

be constructed both onshore and offshore (Zhu et al., 2010). As a result, seawalls have, over the 

years, come to play an intricate part in coastal management (Thomas et al., 2015; Williams et 

al., 2018). 

The variety of seawalls found around the world makes it difficult to provide a general 

categorization of the group. However, there are some general trends (Williams et al., 2018; Zhu 

et al., 2010). The most common design consists of armour units, see Fig. 3. Armour units can 

be constructed from a variety of materials, with the most common ones being steel, concrete 

and stone (Walker, 1988; Zhu et al., 2010). The technique is predominately used as a mitigation 

strategy to minimize effects associated with primary waves, while at the same time providing 

some additional protection against flooding (Thomas & Hall, 2015). 

 

Figure 3: Hard-structured solution in the form of armour units.  
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One of the benefits associated with armour units is the relatively low cost associated with the 

technique (Zhu et al., 2010). Unlike offshore solutions, armour units are generally implemented 

at the shoreline or within the intertidal zone. This, combined with the low material costs, allows 

armour units to be constructed at a low cost.  

Another type of seawall are bulkheads, see Fig. 4. Bulkheads are vertical structures consisting 

of steel, concrete or wood (Dugan et al., 2011). Similar to armour units, bulkheads are 

predominately deployed along the coastline to alleviate the effects of primary waves (Thomas 

& Hall, 2015).  

 

Figure 4: Hard-structured solution in the form of a bulkhead. 

One of the benefits with bulkheads, when compared with other hard-structured solutions, is the 

additional support the technique offers in the retainment of fine-granulated materials (Feygin, 

2012). Unlike many other hard-structured solutions, bulkheads are not perforated. Instead, 

bulkheads consist of one or multiple solid sheets combined (DeStefano et al., 2004). The 

implementation of a solid barrier is, however, not without consequences. First, by limiting the 

natural longshore sediment transportation, the risk of local downdrift erosion increases 

(Nordstrom et al., 2010). Though the disruption of the natural longshore sediment transportation 

process is not exclusively associated with bulkheads, the implementation of an impervious 

barrier aggravates the potential impact (Griggs et al., 1988; Nordstrom et al., 2010). Second, by 

introducing a physical barrier parallel to the coastline bulkheads also affect the transition 

between land and sea (Dugan et al., 2011). While the same is true for armour units, the effects 

are much more evident with the introduction of bulkheads (Conway et al., 2003). In addition to 

armor units and bulkheads, gabions are occasionally used (Brampton et al., 2000). Gabions are 

a type of rock-armoured structures, in which coarse materials are bunted by steel cages, see Fig. 

5.  

 

Figure 5: Hard-structured solution in the form of gabions. 
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Gabions utilize the same principle as bulkheads, where a vertical barrier is deployed parallel to 

the coastline. However, unlike bulkheads, the permeability of gabions can vary (Toprak et al., 

2016). Rather than providing one solid front, the permeability depends on the type of material 

used in the construction (Pallett, 1969). This allows for flexible use of the method. Despite this, 

the usage of gabions in largescale coastal management projects is limited (Jackson et al., 2006). 

One of the reasons behind this is the visual impact and the loss of recreational value associated 

with the method (Jackson et al., 2006).  

The visual implications associated with the introduction of artificial elements along the 

coastline constitute one of many challenges when assessing the impact of hard-structure 

solutions (Thomas & Hall, 2015). However, the introduction of artificial elements also poses 

multiple environmental challenges (Griggs, 2005; Kraus, 1988). Besides the geomorphological 

impact associated with the disruption of the natural longshore sediment transportation process, 

the introduction of artificial elements increases the risk of habitat loss (Bulleri et al., 2010). One 

way to mitigate for this is to incorporate natural vegetation in the design, see Figs 6 and 7. 

 

Figure 6: Hard-structured solution in the form of armour units incorporated with natural 

vegetation. 

 

Figure 7: Hard-structured solution in the form of gabions incorporated with natural vegetation. 

The incorporation of local vegetation serves multiple purposes. First, the inclusion of vegetation 

increases the graduate transition between land and sea (Chapman et al., 2011). In addition to 

minimizing the visual impact, the transition zone between land and sea supports numerous 

intricate ecosystems (Thomas & Hall, 2015). By limiting the physical impact and incorporating 

existing elements into the design, the habitat alternation can be reduced in comparison to the 

more traditional approach (Chapman & Underwood, 2011). Secondly, by incorporating 
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vegetation in the design, an additional element of stability and toughness is introduced 

(Temmerman et al., 2013). 

Though combined solutions offer a variety of benefits to traditional hard-structure solutions, 

there are certain challenges associated with the method. First, vegetation requires time to settle 

(Coppin et al., 1990). As a result, the full effect of the combined solution is not immediate. 

Second, the replacement of vegetation is not guaranteed to limit the habitat alternation. Instead, 

the recovery is influenced by a range of factors, including the resilience of the present 

ecosystems and the timescale (Phillips, 2018). As a result, combined solutions often require 

further assessment of indirect parameters and deeper assessments of the present ecosystems 

(Chapman & Underwood, 2011). 

Breakwaters 

Breakwaters is a collective term used to describe protective artificial marine barriers designed 

to break incoming waves (Allen et al., 2016; Nordstrom, 2014). Predominately used in areas 

with high wave action, breakwaters range from rigid structures protruding from the beach to 

floating devices offshore (Cuomo, 2010). Breakwater structures are generally divided into four 

groups: rubble mound structures, monolithic structures, composite structures, and 

unconventional types (d'Angremond et al., 2004).  

Rubble mound structures form the most basic group of breakwaters (van der Meer, 2017). 

Similar to armour units, rubble mound structures consist of piles of coarse material such as 

stone and moulded concrete blocks (d'Angremond & Van Roode, 2004). The group is generally 

divided into four subcategories: conventional rubble mounds, berm breakwaters, reef 

breakwaters, and submerged breakwaters.  

Conventional rubble mounds are constructed by piling coarse material along a predefined line, 

see Fig. 8. To ensure the stability of the structure, material in different sizes are arranged in 

accordance to size, with the external layer consisting of coarser materials (van der Meer, 2017). 

 

Figure 8: Hard-structured solution in the form of a conventional rubble mound. 
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Berm breakwaters are similar to conventional rubble mounds design to perpetuate above sea-

level. In addition, the frontal slope is reinforced with an additional layer, see Fig. 9. This 

provides additional stability to the structure, while at the same time increasing the resilience 

against extreme wave height (Sigurdarson et al., 2013). In addition to the reinforced frontal 

slope, additional reinforcements are occasionally implemented at the crest of the structure. This 

improves the maintenance of the breakwater, as the coarse material used in conventional rubble 

mounds may impact the availability (Burcharth, 2009).  

 

Figure 9: Hard-structured solution in the form of a berm breakwater. 

Reef breakwaters are low-crested structures that, unlike conventional rubble mound structures 

and berm breakwaters, are constructed to allow for wave overtopping (Kobayashi et al., 2012). 

Rather than relying on multiple layers for stability, reef breakwaters consist of one single layer 

mound supported by a concrete platform, see Fig. 10.  

 

Figure 10: Hard-structured solution in the form of a reef breakwater. 

Reef breakwaters differ from the more traditional approaches in the limited elevation of the 

crest (d'Angremond & Van Roode, 2004). This has several implications. First, a lower crest 

limits the wave energy absorbed by the breakwater, and as a result, a higher percentage of the 

wave energy reaches the shore (Ahrens, 1987). However, by limiting the crest, less pressure is 

put on the structure. This increases the life expectancy of the structure and reduces the amount 

of maintenance needed (Medina et al., 2012; van der Meer et al., 1991). Second, by limiting the 

height, the material required for constructing the breakwater is reduced (Ahrens, 1987; van der 
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Meer & Pilarczyk, 1991). As a result, the cost associated with the construction of a reef 

breakwater is relatively low in comparison to the more traditional approach. 

Another type of low-crested breakwaters are submerged breakwaters, see Fig. 11.  

 

Figure 11. Hard-structured solution in the form of a submerged breakwater. 

Unlike conventional rubble mounds, berm breakwaters and reef breakwaters, submerged 

breakwaters do not perpetuate the water surface (d'Angremond & Van Roode, 2004). As a 

result, the method is predominately used in areas with moderate wave action or in combination 

with additional mitigation measures (Losada et al., 1992).  

Monolithic structures are vertical-faced barriers designed to reflect waves, predominately used 

along ports and harbours to prevent waves from reaching the shoreline (Takahashi, 2002).  

Ranging from unitary casted concrete blocks to cellular reinforced concrete caissons, 

monolithic structures have over the years been used extensively in numerous places around the 

world (Allsop et al., 1996). While numerous variations exist, monolithic structures are generally 

divided into two groups: monolithic concrete structures and vertical caisson structures 

(d'Angremond & Van Roode, 2004; Takahashi, 2002). 

Monolithic concrete structure is a term used to describe solid vertical walls design to perpetuate 

above sea-level  (Cuomo et al., 2010). However, unlike high-crested rubble mound structures, 

monolithic concrete structures lack the internal stability provided by multiple layers. Instead, 

monolithic concrete structures require the construction of a supporting foundation, see Fig. 12.  

 

Figure 12: Hard-structured solution in the form of a monolithic concrete structure. 
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Vertical caisson structures are similar to monolithic concrete structures to perpetuate above sea-

level (d'Angremond & Van Roode, 2004). However, rather than solely relying on a supportive 

foundation for stability, vertical caisson structures include cellular reinforced concrete caissons, 

see Fig. 13. In addition to providing stability, the incorporation of reinforced concrete caissons 

also increases the performance and life expectancy of the structure (Takahashi, 2002).  

 

Figure 13: Hard-structured solution in the form of a vertical caisson structure. 

Similar to monolithic structures, composite structures also rely on a solid foundation to provide 

stability needed to withstand incoming waves (Takahashi, 2002). However, by providing the 

structure with an external layer of loose elements, composite structures also gain some of the 

flexibility present in sheer mound structures (Allsop et al., 1996). This prevents the structure 

from a total collapse when the critical load value of the structure is exceeded (d'Angremond & 

Van Roode, 2004). While no official categorization exists, composite structures are often 

divided into two groups: horizontal composite structures, and vertical composite structures 

(d'Angremond & Van Roode, 2004).   

Horizontal composite structures is a term used to describe composite structures in which the 

front of the underlying monolithic structures is reinforced with an additional layer of loose 

elements, see Fig. 14. Similar to berm breakwaters, by incorporating an additional layer at the 

weakest point of the structure not only increases the stability of the structure but the resilience 

and performance of the structure (Takahashi, 2002). 

 

Figure 14: Hard-structured solution in the form of a horizontal composite structure. 
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Although horizontal composite structures provide additional support compared with the more 

traditional monolithic approach, the amount of materials required are considerable higher 

(d'Angremond & Van Roode, 2004). One way around this is to concentrate reinforcements to 

the base of the structure, see Fig. 15.  

 

Figure 15: Hard-structured solution in the form of a vertical composite caisson structure. 

Besides providing the structure with additional stability, the coarse material placed at the base 

absorbs part of the wave energy (Cuomo et al., 2010). This lowers the wave-generated pressure 

on the structure, while at the same down lowering the initial investments  (Allsop et al., 1996; 

d'Angremond & Van Roode, 2004). 

In addition to the more traditional approach of breakwater structures, a number of 

unconventional breakwater types have over the years been tested (d'Angremond & Van Roode, 

2004). One of the most prominent types are floating breakwaters, see Fig. 16. Unlike rubble 

mound structures and monolithic structures, floating breakwaters can be assembled with limited 

effort in a variety of different settings and locations (Dai et al., 2018).  

 

Figure 16: Hard-structured solution in the form of a floating breakwater. 

Floating breakwaters are predominately found in areas with limited wave action (McCartney, 

1985). One of the reasons behind this is the limited wave energy dissipation offered by the 

method (d'Angremond & Van Roode, 2004). Although the method is seldom used in larger 

projects, further development is ongoing (Dai et al., 2018). 
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2.2.2 Soft solutions 

Soft solutions, commonly referred to as nature-based solutions, is a collective term used to 

describe coastal defence strategies in which additional coastal protection is implemented 

through the maintenance or utilization of existing natural barriers (Temmerman et al., 2013). 

Consisting of a variety of designs, soft solutions are generally divided into two main groups: 

vegetation-based solutions and beach nourishment. 

Vegetation-based solutions 

Vegetation-based solutions is a collective term used to describe protective mitigation strategies 

that reinforce existing or introduced additional, vegetation to a specific area (Zhu et al., 2010). 

Vegetation-based solutions are generally divided into three groups: dune vegetation, shoreline 

solutions, and seagrass beds. 

Dune stabilization is a soft solution mitigation strategy exclusively utilized in areas containing 

coastal sand dunes (Durán et al., 2006). Contrary to the artificial structures utilized in the 

construction of seawalls and breakwaters, dune stabilization does not require the construction 

of external protective measurements (Miller et al., 2010). Instead, vegetation is used to reinforce 

the already existing natural barrier, see Fig. 17. 

 

Figure 17: Soft solution in the form of dune stabilization. 

Dune stabilization is, as the name suggests, primarily utilized to provide sand dunes with 

additional stability (Temmerman et al., 2013). However, contrary to the static stability crucial 

to the success of hard-structured solutions, dune stabilization revolves around dynamic stability 

(Durán et al., 2013). This allows natural processes to continue, while at the same time reducing 

the human impact on the area (Miller et al., 2010). Though the added stabilization provided by 

the vegetation plays a major factor when assessing the benefits associated with the practice, 

vegetation also increases the resilience of sand dunes and prevents the reallocation of loose 

sediments (Buckley, 1987; Lindell et al., 2017). In addition to reducing the eroding effect, this 

can also lead to an accumulation of loose sediments or dune growth (Bryant et al., 2017).  
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Shoreline solutions is a term used to describe protective barriers consisting of vegetation 

adapted to intertidal condition, see Fig. 18. Ranging from various types of grass to the 

construction of coastal wetlands and mangrove forests, shoreline solutions have over the years 

been used at a large scale (Phillips, 2018; Zhu et al., 2010) 

 

Figure 18: Soft solution in the form of shoreline solutions. 

In addition to land-based solutions, vegetation can also be used in an offshore setting (Marin‐

Diaz et al., 2019). One of the more common practices is the deployment of seagrass beds, see 

Fig. 19. Ranging from small patches to meadows covering large areas, seagrass beds can be 

composed by a variety of different species, though the most common being the deployment of 

species within the eelgrass genus (Zostera spp.) (Bos et al., 2007; Ondiviela et al., 2014).  

 

Figure 19: Soft solution in the form of a seagrass bed. 

Contrary to hard-structures solutions, vegetation-based solutions require multiple natural 

variables to be met in order to be successful (Koch, 2001; Zhu et al., 2010). Plants require 

sunshine and nutrients to grow, and while the access to nutrients is the main limiting factor for 

land-based solutions, the light transmission needs to be taken into account when assessing 

offshore solutions (Dennison, 1987). In addition, seagrass beds face a number of additional 

unique challenges, including potential geochemical implications and increased physical stress 

due to the exposed location (Koch, 2001). Though the exposed location presents a series of 

physical challenges, it highlights one of the benefits with seagrass beds in comparison to other 

vegetation-based solutions, wave attenuation (Ondiviela et al., 2014). Contrary to shoreline 

solutions, where additional vegetation is used to create a barrier to mitigate the effects of 

primary waves, seagrass beds reduce the wave energy of the primary waves (Fonseca et al., 

1992). This has several implications. First, by limiting the wave-induced stress on the beach, 

the amount eroded of sediment can be reduced (Marin‐Diaz et al., 2019). Second, the level of 

turbidity is reduced (Zhang et al., 2019). This increases the light transmission, further 

reinforcing the seagrass bed along with various additional marine ecosystems (Fonseca & 
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Cahalan, 1992). In addition to reducing the wave energy that reaches the coastline, seagrass 

beds also increase the sediment resuspension through the accretion of loose particles (Bos et 

al., 2007). This lowers the net transport of sediments further downstream, while at the same 

time preventing an accelerating erosion (Zhang & Nepf, 2019)  

Beach nourishment 

Beach nourishment is a coastal mitigation strategy involving the deposition of sand directly 

onto the shoreline, see Fig. 20. The technique is predominately used to alleviate the effects 

associated with coastal erosion on sandy beaches. However, beach nourishment can also be 

used to create offshore berms (Armstrong et al., 2016; Speybroeck et al., 2006). Contrary to 

other soft solutions, beach nourishment is a fairly modern innovation that over the years has 

become more and more popular (Dean, 2003; Landry et al., 2003)  

 

Figure 20: Soft solution in the form of beach nourishment. 

Though often described as a soft solution, beach nourishment, in the way utilized in coastal 

management, is not a naturally occurring phenomenon (Peterson et al., 2006). Instead, beach 

nourishment includes the artificial redistribution of sand using trucks as well as highly 

specialized pump vessels (Speybroeck et al., 2006). Despite this, beach nourishment is often 

classified as a soft solution. The reason behind this lies in the pervading naturalistic approach 

of the strategy. By promoting the maintenance of protective natural barriers, rather than 

introducing fixed structures, beach nourishment allows geomorphological processes to continue 

with limited interference (Zhu et al., 2010).  This has several implications. First, mobility 

increases. Contrary to hard-structured solutions in which the mobility of the shoreline is 

sacrificed at the expense of increased stability, beach nourishment allows longshore sediment 

transportation to occur with a limited intervention (Marchand, 2010). This reduces the risk of 

downdrift erosion further down the coastline, as well as preventing the formation of spits and 

tombolos (Hanson et al., 2002). Second, flexibility is ensured (Speybroeck et al., 2006). 

Contrary to the deployment of stationary mitigation measures such as breakwaters, beach 

nourishment is a reversible process. This allows operations to be halted or cancelled within a 
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foreseeable future if conditions were to change or in the event of major damages (Dean, 2003). 

Finally, by abstaining from implementing artificial structures, beach nourishment reduces the 

habitat alternation in the intertidal zone (Marchand, 2010).  

Despite the many benefits associated with beach nourishment, there are several concerns related 

to the use of large-scale beach nourishment (Bray, 2008; Marchand, 2010; Nordstrom, 2005). 

First, beach nourishment requires vast amounts of sand to be deposited on the beach. From an 

ecological perspective, this not only jeopardize local ecosystems but increase the risk of habitat 

alternation at the catchment area (van Dalfsen et al., 2001). Whereas the same can be said for 

the materials used in hard-structure solutions, sand dredging can have an immense negative 

impact given the procedure is conducted in an area rich in species (Bray, 2008). In addition, 

sand dredging can lead to an increase in turbidity and alteration of the seabed morphology, 

potentially affecting areas outside of the dredging site (Greene, 2002). Aside from the 

ecological concerns, there are several economic challenges associated with the practice (Smith 

et al., 2009). Contrary to fixed installations, beach nourishment has a very limited lifespan and 

requires sand to be repeatedly applied to the beach in order to be successful in the long run 

(Dean, 2003). This aggravates the assessment of costs, as both the amount of required material 

and the costs of the material itself can vary over time (Smith et al., 2009). 

2.2.3 Adaptation planning 

Contrary to hard-structure solutions and soft solutions, adaptation planning does not provide 

any additional protection. Instead, adaptation planning is based on the idea that natural 

processes should be allowed to continue with limited human intervention (Nicholls, 2011). 

Ranging from the active landward retreat of critical infrastructure to the abandonment of areas 

deemed too costly to protect, adaptation planning is generally divided into two main groups: 

coastal retreat, and “do nothing”. 

Coastal retreat 

Coastal retreat, or sometimes managed or planned retreat, is a collective term used to describe 

the relocation or removal of structures and infrastructure deemed to be at risk due to coastal 

hazards (Alexander et al., 2012). Unlike strategies involving the construction of artificial 

structures or the maintenance of natural barriers, projects involving a coastal retreat are rarely 

carried out in a reactively or proactively manner (Klein et al., 2001). Instead, projects are carried 

out with an anticipatory approach, see Fig. 21. 
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Figure 21: Adaptation planning in the form of a coastal retreat. Dotted line indicates the 

critical level of elevation. Grey indicates the initial placement; black indicates the new location. 

Coastal retreat is predominantly used in areas containing a limited amount of coastal residents 

and properties (Abel et al., 2011). One of the reasons behind this is the complicated legal 

procedure required to relocate private property owners from their properties (Beatty et al., 

2018). Unlike hard-structure barriers and soft solutions, coastal retreat not only relies on the 

property owners’ consent in order to be successful but a transaction of ownership (Alexander 

et al., 2012; Beatty & Marshall, 2018).  

Though the legal challenges associated with the method are relatively complex in comparison 

with other coastal defence strategies, coastal retreat is also associated with a high initial cost. 

In addition to potential economic settlements between the contractor and landowners, 

demolition, resettlement and development of new properties further inland needs to be taken 

into account when assessing the initial costs associated with the method  (Klein et al., 2001; 

Rangel-Buitrago et al., 2018).  As a result, the initial costs associated with a coastal retreat 

highly depends on the number of affected households and businesses (Abel et al., 2011). 

In addition to the legal and economic challenges associated with the implementation of a coastal 

retreat strategy, the practice is associated with numerous social challenges (Alexander et al., 

2012). Contrary to other coastal defence strategies, coastal retreat not only requires some people 

to leave their properties but introduce an element of uncertainty and division in the affected 

community. While some people might resent the idea of being forced to move, some might feel 

overlooked (Alexander et al., 2012). The reason behind this is the selective nature of coastal 

retreat (Phillips et al., 2006). Unlike artificial structures and natural barriers, coastal retreat does 

not provide any additional protection to properties further inland (Beatty & Marshall, 2018). 

Instead, resources are allocated to ensure the relocation of households and infrastructure within 

a specific high-risk area (Klein et al., 2001).  

Despite the many challenges associated with coastal retreat, there are several benefits associated 

with the practice. First, human interference is kept at a minimum (Beatty & Marshall, 2018). 
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By limiting human activity in the area, the potential impact on local ecosystems is considerably 

reduced. Second, flexibility is ensured (Alexander et al., 2012). Similar to beach nourishment, 

the implementation of a coastal retreat strategy is not irreversible. Instead, decision makers are 

free to react and respond to future events, either through expanding the implemented strategy 

or through the implementation of added protection measures.  

Do nothing 

“Do nothing” is a term used when referring to a management alternative in which no additional 

measures are taken to ensure a specific outcome (Hoggart et al., 2014). Instead, natural 

processes are allowed to continue without human interference, see Fig. 22. 

 

Figure 22: Adaptation planning in the form of “do nothing”. Dotted line indicates the critical 

level of elevation.  

The ”do nothing” approach is often criticized as being too passive, and an easy way out, as the 

method, do not require decision makers to take action (Pilkey et al., 2009). Despite this, there 

are multiple benefits associated with a more passive approach. First, by limiting human 

interference, the human-induced impact on the local ecosystems are kept at a minimum 

(Hoggart et al., 2014). In addition, the passive approach allows decision makers to gather further 

information and assess additional parameters prior to engaging in any activity (Williams et al., 

2018). This increases the flexibility and robustness of the decision, as the more passive 

approach allows decision makers to react to sudden changes . 

Another important aspect is the low capital costs associated with the method (Griggs, 2005). 

Unlike most other management strategies, no materials or services are required to adopt the 

strategy. Instead, resources can be allocated to gathering further information about the area. 

Despite the low capital costs, it is important to note that the overall cost of implementing a 

passive strategy can exceed the cost of implementing a more progressive strategy (Hoggart et 

al., 2014). Contrary to capital costs, the overall costs consist of a multitude of components, 

ranging from the initial capital costs to maintenance costs and the loss of existing values (Turner 

et al., 1995). To fully understand the costs associated with a more passive approach, it is 
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important to assess the potential losses (Williams et al., 2018). While the same can be said about 

all coastal mitigation strategies, the lack of added protection offered by the “do nothing” 

approach further highlights the need to assess a multitude of factors (Hoggart et al., 2014). 
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2.3 Decision making 

Decision making can be seen as the process of selecting the best option among a set of 

alternatives. Ranging from choices with limited impacts, such as deciding whether or not to go 

for a morning swim at the local swimming pool, to choices with multiple alternatives and 

potential major impacts, decision making is a crucial part of human society (Dewberry et al., 

2013).  

Consider the choice between whether or not to go for a morning swim. While the decision might 

seem simple, it involves the assessments of multiple criteria. Do I have the time to go swimming 

in the morning? Would I have to get up earlier than usual in order to make it? Did I remember 

to wash my swimming pants?  

In order to understand decision making, it is important to understand the components that go 

into the decision. First, the set of alternatives that the decision maker are facing needs to be 

defined (Roy, 1990). In this example, the two alternatives are to 1) go for a morning swim, and 

2) stay home. However, there could be a multitude of different options: Perhaps it would be 

nice to go for a morning walk, or maybe it is wiser to head straight for work? Depending on 

whether the predefined set of alternatives is fixed, or if a more relaxed approach is to be 

assumed, the decision-making process can look very different (Yoon et al., 1995).  

Next, the relevant criteria that need to be taken into consideration needs to be identified and 

defined (Gregory et al., 2012; Roy, 1990). For example, if the weather is good, perhaps a 

morning walk would be preferred over an indoor activity. However, if the weather is bad, 

perhaps an indoor activity is to be preferred. 

Consider a case when two different decision makers are asked whether they would like to 1) go 

for a morning swim, or 2) stay home. The first decision maker enjoys training and is normally 

active in the morning. The second decision maker also enjoys training, but contrary to the other 

decision maker she prefers working out in the afternoon. Given the assumption that both 

decision makers seek to maximize the expected utility the first decision maker would most 

likely prefer alternative 1). However, with the second decision maker, it becomes more difficult 

as the decision maker has conflicting interests. Depending on whether the decision maker values 

the possibility to fit in an extra training session in the morning or the possibility to stay in bed 

a little longer, the preferred alternative will differ. Without knowing the preferences of the 

decision maker, it must be assumed that the decision maker is equal to both alternatives. 
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Consider that the second decision maker in the previous case makes no distinction between the 

two criteria. In order to predict the outcome, further information is needed. Assume that the 

weather forecast has promised sunshine. Based on how high the decision maker values good 

weather, the outcome can drastically change. Given the assumption of the decision maker still 

seek to maximize the expected utility, increased knowledge of the decision maker’s preferences 

should provide an increased opportunity to predict the outcome. However, whereas the outcome 

might be that good weather is to be preferred, there is no way to assure this without knowing 

the personal preferences. Just because the decision maker values good weather, no assumption 

can be made whether or not the decision maker prefers physical exercise over staying put in 

bed due to it. 

From a theoretical standpoint, the implications associated with the introduction of additional 

alternatives and criteria throughout the process are predominately structural. First, the 

knowledge base required to make a well-informed decision increases (Bond et al., 2008; Yoon 

& Hwang, 1995). Second, by introducing a new criterion later on in the process, previous 

assessments might have to be revisited and reassessed (Gregory et al., 2012). However, in a 

practical setting, introducing additional alternatives and criteria can have dire consequences 

(Gourville et al., 2005). In addition to increasing the cognitive effort required to fully assess 

additional information, the introduction of additional alternatives and criteria can increase the 

likelihood that decision makers reassess or regret previous evaluations. Thus, it is important to 

identify the relevant decision alternatives and the most relevant decision criteria at an early 

stage. 

The next step in a decision analysis is to apply a procedure to select a management alternative. 

In a theoretical framework, decision makers are often assumed to be that of an economic man 

(White, 2018). This assumption states that given that the decision maker is well-informed, 

infinitely sensitive and rational, she will always opt for the alternative that best suit her personal 

preferences among those open to her (Edwards, 1954). However, this is difficult to do in a 

practical setting. Instead, decision makers consist of a variety of different individuals and often 

driven by personal preferences (Brest et al., 2010; Weber et al., 1993). Although a majority 

might find it more enjoyable to go for a morning swim rather than walk around the 

neighbourhood if the weather is bad, some might disagree. In addition to aggravating any 

general assumptions, the diversity of decision makers puts a high emphasis on including 

personal preferences when applying decision making in a practical setting (Gregory et al., 

2012).  
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2.4 Uncertainty 

The assumption that all decision makers will act rationally and infinitely sensitive when asked 

to choose between two or multiple alternatives is just one of many challenges associated with 

the traditional approach to decision making (Fox, 2015; Ward et al., 2008). In addition, decision 

making is often subject to a certain degree of uncertainty (Gärdenfors et al., 2005; Rowe, 1994). 

Uncertainty is used when describing elements that are unknown to the decision maker (Kaplan 

et al., 1981; Walker et al., 2003). Predominately described using probabilities and intervals, 

uncertainty can arise from multiple sources, including inherent randomness and lack of 

knowledge (Beven, 2016).  

Although the difficulties associated with assessing uncertainty, failing to account for 

uncertainty can have vast implications on the outcome of the decision-making process (Kinzig 

et al., 2003; van der Bles et al., 2019).  

2.5 Decision making under uncertainty 

2.5.1 Maximizing expected utility 

Decision making under uncertainty is often solved by maximizing expected utility, MEU 

(Gärdenfors et al., 1988). MEU is a decision rule based around the theory that when faced with 

a multitude of alternatives with uncertain rewards, individual decision maker will opt for the 

alternative that generates the best potential outcome based on the decision maker’s personal 

preferences (Gärdenfors & Sahlin, 1988). The potential outcome, or expected utility, could 

regarded as the sum of a specific outcome (utility) and the probability of that specific outcome 

taking place. The alternative with the best potential outcome is often referred to as the 

alternative with the highest expected utility. 

Derived from the idea that probabilities can be viewed as frequency over long runs first 

presented by von Neumann and Morgenstern, and through the subjective probability approach 

made popular by Savage, MEU plays an important part in structured decision-making 

(Gärdenfors & Sahlin, 1988; Von Neumann et al., 1947).  

  



26 
 

2.5.2 Maximin rule 

The maximin rule is a decision rule that prioritizes the alternative with the best worst-case 

scenario (Gärdenfors & Sahlin, 2005; Rawls, 1974). The optimal alternative is obtained by 

analyzing the lowest possible reward of two or more alternatives. The alternative with the 

highest “lowest obtained reward” is then determined to be the preferred one, see Fig. 23. In this 

paper, the intervals are provided through expert judgement, see section 2.6.2 Multi-criteria 

decision analysis under uncertainty. 

 

Figure 23: Illustration showing the method behind the maximin decision rule. In this example, 

the highest lowest possible reward belongs to alternative B. Under the maximin decision rule, 

alternative B is to be preferred. 

2.5.3 Dominance 

Dominance is a term commonly used in decision theory to describe a situation in which one 

alternative performs as well as, or better, than one or multiple other alternatives in all aspects 

of the evaluation (Gregory et al., 2012). In addition to providing decision makers with an insight 

into how well a given set of alternatives performs against each other when compared, 

dominance also highlights the performance of each alternative (Hajkowicz & Higgins, 2008). 

This allows decision makers to exclude underperforming alternatives at an early stage.  

The exclusion of underperforming alternatives serves several purposes. First, the total number 

of available alternatives is reduced. This allows the decision makers to relocate time and 

resources to a concentrated number of alternatives (Gregory et al., 2012). Second, by 

highlighting dominated alternatives, the risk of an irrational outcome is reduced (Diederich et 

al., 1999; Edwards, 1954). In addition to identifying and excluding underperforming 

alternatives, dominance can also be used to rank alternatives based on the relationship between 

the individual performance of the assessed alternatives. This is especially important in decision-

making under uncertainty, as performance values are assigned through the use of intervals, see 
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Fig. 24. In addition to aggravating the identification of dominated alternatives, the introduction 

of value intervals can result in multiple “best” alternatives.  

 

Figure 24: Application of the dominance principle. In this example alternative C is determined 

to be dominated by alternative A as well as alternative B. Alternative C is therefore excluded 

from further assessments. 

2.5.4 Partial dominance 

Partial dominance is used to refer to a situation in which one alternative outperforms one or 

multiple other alternatives when assessed against one specific criteria, see Fig 25. 

Predominately used when assessing dominance on a criteria level, partial dominance can be 

difficult to detect when assessing the overall performance of various alternatives (Yakowitz et 

al., 1993). Instead, partial dominance can highlight potential trade-offs and areas where further 

assessments are needed (Gregory et al., 2012). 

 

 

Figure 25: Partial dominance. In this example, alternative A is determined to be partially 

dominated by alternative B when assessed against criteria 1. Alternative B is determined to be 

partially dominated by alternative A when assessed against criteria 2. 



28 
 

While the presence of partial dominance can help identify specific weak and well-performing 

areas for a given alternative, it does not take into account the weights assigned by the 

participating decision makers. Contrary to the dominance principle described in 2.5.3 

Dominance, one alternative will always be better regardless of the weights assigned to that 

specific criteria.  

2.6 Decision analysis 

Decision analysis can be seen as the process of formalizing decision problems. Predominately 

used in situations involving decisions including difficult trade-offs and uncertain outcomes, 

decision analysis offers a systematic and quantitative approach to decision making (Goodwin 

et al., 2004; Keeney, 2002). In addition to allowing decision makers to evaluate different 

alternatives, decision analysis can be used to visualize the decision problem (Keeney, 1982).  

2.6.1 Multi-criteria decision analysis 

Multi-criteria decision analysis (MCDA) is a tool used within structured decision making to 

identify the best available option from a number of predefined decision alternatives (Greco et 

al., 2016; Zionts, 1979). Based on how well each alternative performs against a set of criteria 

and weights assigned by the decision maker, the perceived reward, R, can be obtained for each 

individual alternative d in the set of all alternatives, D, using:   

 

 

 

(1) 

where Cj is the value on criterion j where j = 1:J, and wj is the weight assigned by the decision 

maker to criterion j. The weights are positive and must sum to one: 

 

 

 

(2) 

 

 

(3) 

Thus, the optimal alternative d* is the alternative with the maximum reward: 

 

 

(4) 
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2.6.2 Multi-criteria decision analysis under uncertainty 

To mitigate for the inability to account for uncertainty in the more traditional approach, 

statisticians, mathematicians and economists have over the years looked at ways to develop the 

method (Velasquez et al., 2013). MCDA under uncertainty diverges for the more traditional 

approach in the method’s ability to specify the impact on criteria with intervals instead of point 

values. By assuming that the impact on criteria is assessed with uncertainty which takes the 

form of intervals, the criteria value under uncertainty for alternative d with regards to criterion 

j, C, is given by:  

 
 

(5) 

where Cj (d) is the lowest obtained criterion value for alternative d with regards to criterion j 

and 𝐶𝑗 (d) is the highest obtained criterion value for alternative d with regards to criterion j. 

By allowing and adjusting for potential intervals, the perceived reward under uncertainty falls 

inside an interval which for alternative d can be obtained using: 

 

 

 

(6) 

 

 

(7) 

Under the maximin decision rule, the decision alternative with the best worst-case scenario is 

to prefer. Thus, the optimal alternative under uncertainty, du* is: 

 

 

(8) 

 

2.6.3 Drivers behind the development of a new approach to MCDA  
 

The main driver behind the development of a new approach to MCDA was to find a good way 

to deal with decision problems involving multiple decision makers. While the more traditional 

approach to MCDA and MCDA under uncertainty can be applied in both individual and group 

settings, respectively, only one set of predefined values is allowed. This place high emphasis 

on mutual agreement between decision makers prior to the assessment, as a lack of knowledge 

in certain fields of expertise and conflicting interest, can hinder the process. 
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As of today, decision problems involving multiple decision makers are often settled using 

majority decisions (Sen, 1966). Majority decisions are decisions that are supported by a 

predefined percentage of the decision makers. Majority decisions are often divided into two 

groups: simple majority, and quantified majority. Simple majority decisions are decisions that 

require the support of more than half of the decision makers (May, 1952). Quantified majority 

decisions are decisions that require higher support than the above 50 % needed to reach a simple 

majority decision (Novak, 2010).  

While majority decisions, to some extent, represents a democratic approach to decision making 

involving multiple decision makers, there are several problems associated when this is used as 

a decision rule. First, majority decisions do not rely on the support of all decision makers to 

reach an agreement. The same is true when identifying and assessing relevant criteria. This can 

have severe complications, as individual decision makers risk to be overruled or have their 

voices ignored. Secondly, majority decisions only consider the final preferred alternative of 

each decision maker. This limits an in-depth analysis on the criteria and value levels, potentially 

making it harder to identify potential solutions outside of the scope. Finally, majority decisions 

are subject to societal structures. 

Another driver behind the development was the difficulties connected to obtaining specified 

values. In general, people have difficulties in specifying their values with high precision. This 

creates a problem, as the values put into an MCDA to derive a reward are not as fixed as it may 

seem.  
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3. Methods 

3.1 Development of a pluralistic MCDA 

In order to accommodate multiple decision makers, the MCDA is expanded with decision 

maker specific assessments of impacts on criteria and weights (denoted by index i):  

 
 

 

(9) 

For each decision maker, the preference of decision alternatives can be derived independent of 

the other decision makers. While this can help individual decision makers gain further 

understanding of which alternative that suits him or her the best, it does not take into account 

other decision makers preferences. Given a scenario with multiple different decision makers, 

further adjustments are required. 

To account for the possibility of varying preferences within a group of decision makers, the 

assignment of fixed weights is relaxed. Allowing individuals to change how they value criteria 

introduces flexibility that allows for the trading of individual objectives to reaching agreement 

in the group. The question to answer is then by how much each decision makers need to change 

their weights in order to agree on each decision alternative.  

In this study, two performance measures are proposed along with a procedure to perform this, 

so called, pluralistic MCDA. The two performance measures are derived from a mathematical 

reasoning and aim to explore the trade-off between agreement and the need for negotiations 

when dealing with multiple decision makers. The proposed decision analysis is implemented to 

solve an artificially generated decision problem and a case-study. 

3.2 Identification of criteria and assessment scales 

Criteria used in this assessment were identified in collaboration with: 

• Dr Ullrika Sahlin1 

• Dr Caroline Hallin2,3 

• Olof Persson4 

1 Lund University, Center for Environmental- and Climate Change, Lund, Sweden  
2 LTH, Division of Water Resources Engineering at the Faculty of Engineering, Lund, Sweden  
3 Delft University of Technology, Delft, Netherlands  
4 Sweco Environment AB, Malmö, Sweden 
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Participants were selected based on their expertise within the field of coastal engineering as 

well as their knowledge of the project. 

First, four main groups of criteria were identified: “Infrastructure”, “Economic impact”, 

“Social impact”, and “Environmental impact”. Subcategories were then identified through a 

review of existing literature and research regarding the implications associated with coastal 

erosion. Next, an objective was formulated for each individual criterion within the 

subcategories and compiled into one single document. The compiled document consisting of 

all identified main groups, subcategories and individual goals was then sent out for referral. 

Based on the received feedback, one criterion, “Employment”, was removed, and some of the 

goals adjusted. A scale ranging from 1 to 5 was formulated for each criterion to fit with the 

identified goal of said criterion. The lower value was selected to represent a less desired 

outcome and the higher value the preferred outcome. The existing document was then adjusted 

to accommodate for the conducted changes and sent out for a second referral to a third party. 

Based on the received feedback, one additional main group, “Utility networks”, was added 

along with seven additional subcategories. In addition, four criteria were removed together with 

additional adjustments of identified goals. The criteria removed include “Sedimentation”, 

“Sandspit creation”, “Tombolo creation”, and “Formation of swash-aligned shoreline 

cells”. All of the removed criteria were deemed hard to categorized based on preference. A final 

draft was then presented and submitted to all parties involved.  

Through the entire project, a large emphasis has been put on transparency and adjustability. To 

account for this, several meetings have taken place between the author and the other 

participants. In addition, further conversations have been conducted using e-mails and voice 

calls.  

3.3 Case study 

To test the feasibility of the decision theory, a case study was conducted. 

Based on the identified common practices and mitigation strategies used in coastal management 

with regards to coastal erosion, six alternatives were constructed. This includes; “Seawalls” (1), 

“Breakwaters” (2), “Vegetation” (3), “Beach nourishment” (4), “Coastal retreat” (5), and “Do 

nothing” (6). Each alternative was then assessed with regards to the study site and assigned a 

criterion value between 1-5.  
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Weights were obtained through decision maker engagement and estimations based on expert 

consultation. Each decision maker was asked to state her overall personal preferences by 

assigning a total of 100 points to a predefined set of main criteria categories, and to each of the 

identified criteria, see Table 1.  

Table 1: Weight template used by participants to state their personal preferences. (a) Main 

categories, (b) Subcategories. 

 

Criteria values and weights were implemented in an Excel template that could be uploaded to 

R. The calculations of performance measures to solve the decision problem and graphs were 

done using an R code developed by Dr Ullrika Sahlin based on the proposed strategy and 

performance measures in this study. 
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4. Results 

4.1 Development of multi-criteria decision analysis with 

multiple decision makers 

4.1.1 Introducing willingness to change 

The first step in solving the MCDA for multiple decision makers involves the identification of 

each decision maker’s preferences over criteria for which a specific decision alternative, in this 

case, has the highest reward.  

The theory for multiple decision makers is based on one MCDA for each individual. Each 

individual assign initial weights over criteria. By relaxing the assumption of fixed weights, each 

individual can change their weights. A new parameter, willingness to change, β, is introduced, 

which is by how much an individual decision maker need to change their weights in order to 

agree with another decision maker. For a given value on the willingness to change, a plausible 

set of weights is defined as: 

  
(10) 

where �̃�𝑖 is the initial set of weights assigned by the decision maker i, and 𝑊𝑖(𝛽, �̃�𝑖) becomes 

�̃�𝑖when 𝛽 = 0, i.e. when there is no willingness to change ones’ assigned values.  

For each choice of weights 𝑊𝑖 it is possible to find the decision alternative d that is the best. 

The set 𝑊𝑖(𝛽, �̃�) can be seen as an expansion of a simplex of size 𝛽 from the initial weights 

�̃�𝑖. It has been visualized using a simplex where each side represents a criterion used in the 

assessment, see Fig. 26. 

 

Figure 26: Simplexes showing different levels of willingness to change, β, for two decision 

makers. Red dot shows the initial weight, 𝑤�̃� ; red line the boundaries between the alternatives; 

Ci the main category influencing the preferences. A, B and C are different alternatives. 
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First consider one decision maker and drop the index i from the equations. After a change, the 

new weights can be written as:  

 

 

 

(11) 

where bj is the value change of weight for criterion j wj where j = 1:J, and the b’s sum to zero: 

 

 

 

(12) 

and take values between -1 and 1: 

 
 

(13) 

For a given value on different β-values, the possible changes in weights are those that fulfills 

the following expression: 

 
 

 

(14) 

The interpretation of Eq. (14) is that β is the largest Euclidian distance from the initial weight 

in simplex space. 

4.1.2 An additional performance measure 

The reward for each alternative is obtained for each individual decision maker using: 

 

 

 

(16) 

The difference in reward obtained for all alternatives compared to the reward for alternative A 

is a linear combination with differences Δj (B/A) 

The difference in reward between alternative A and B, R(A) - R(B), for decision maker i can be 

written as a linear combination with differences on criteria levels: 

 

 

 

(17) 
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In order for A to be the best, the following of inequalities must be fulfilled: 

 

 

(18) 

Since weights are expressed using a simplex, the following of inequalities must be fulfilled: 

 

 

(19) 

and 

 

 

(20) 

The weight corresponding to a decision maker preferring A is found by sampling from solutions 

to the inverse linear problem using the xsample function in the R-package limSolve (Van den 

Meersche et al., 2009). 

The results can be visualized using a simplex, as well as a graph showing the reward for each 

alternative, see Fig. 27. 

 

Figure 27: Different ways used to visualize the personal preferences of one decision maker.  

a) Simplex b) Reward graph. 

The smallest level of change in weight required to agree with alternative d, �̂�(𝑑), is determined 

for an individual decision maker as: 

 
 

(21) 

where ∙ are all the available alternatives, D. 
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The MCDA for each individual is linked by introducing a criterion for agreement based on each 

individual decision makers smallest level of change.  

To account for the level of change required for a fraction, fn, of the decision makers to agree 

with alternative d, two separate models are suggested. The lowest average level of change 

required, �̂�𝑎𝑣(𝑑, 𝑓𝑛), is defined as: 

 
 

 

(22) 

where n is the total number of decision makers, and I is the identity function taking values 1 if 

the logical expression is true and 0 if false. 

The lowest maximal level of change required, �̂�𝑚𝑎𝑥(𝑑, 𝑓𝑛), is defined as: 

 
 

 

(23) 

The criteria for each level of agreement can be visualized using the following graph, see Fig. 

28. The alternative closest to the bottom is to prefer (alternative B in Fig. 28). In case of criteria 

functions cross each other, the graph is useful to show, in relative terms, how much negotiation 

that is needed to reach an agreement.  

 

Figure 28: Required change for a given fraction, fn, of decision makers to agree with 

alternative A and alternative B. An agreement level above 50% indicates that the decision is 

supported by a majority of the decision makers. At 100 % agreement, all decision makers 

support the alternative. 
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4.1.3 Simulation of the decision analysis 

The pluralistic MCDA has been implemented in R using the plurMCDA function developed by 

Dr Ullrika Sahlin in conjunction with the project. The criteria values and weights for a given 

decision problem have been filled into an Excel sheet template and uploaded to R.  

To demonstrate the pluralistic MCDA, a series of simulations were conducted based on 

artificially generated values on criteria and weights. The simulations were conducted using 

various levels of uncertainty, criteria, decision makers and alternatives. The values were 

generated either randomly or to ensure the presence of conflicts between decision makers. To 

ensure disagreement among the decision makers, each decision maker was assigned an 

individual “top” criterion, distributed evenly over the decision makers.  

The reward for each alternative was then determined for each individual decision maker using 

the maximin rule and visualized using a reward graph, see figure 29. 

 

Figure 29: Reward graph showing the preferred alternative for ten individual decision makers 

in one of the simulations. Coloured lines represent reward intervals for different alternatives. 

Based on the result, each decision maker’s preferences over criteria for which a specific 

decision alternative has the highest reward was determined. The willingness to change, β, was 

then determined for each decision maker. Next βav and βmax were derived for each alternative.  
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The results were then plotted and visualized. Figures 30 and 31 shows the outcome from 

decision analysis using βav and βmax, respectively, using data presented in Fig. 29. 

 

Figure 30: The average level of change, βav, required for a fraction, fn, of the decision makers 

to agree with a specific alternative. In this example, alternative E is deemed to be the “best” 

alternative as the average level of change needed to agree with E is lower than the average 

level of change needed to agree with the remaining alternatives.   

 

 

Figure 31: The maximal level of change, βmax, required for all of the decision makers to agree 

with a specific alternative. In this example, alternative D is deemed to be the “best” alternative 

as the maximal level of change needed for all decision makers to agree with D is lower than 

the average level of change needed to agree with the remaining alternatives.   

In both Figs 30 and 31, it can be seen crossing curves for different alternatives. For example, in 

Fig. 31 alternative E and D intersect at 70 % agreement.  Initially, alternative E is preferred by 

50 % of the decision makers. However, at 100 % agreement, alternative D is considered the 

best performing alternative. This indicates that high initial support per definition does not equal 

the most suitable alternative at full agreement.  
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The results from this study show that criteria βav results in smooth curves and gives an advantage 

to the majority alternative, as expected since it is an average of required changes and zeros. The 

criteria βmax is more sensitive to changes as it only considers the decision makers that need to 

make the largest change in his or her values to agree on a specific decision alternative, see Fig 

32. The βmax describes the smallest change needed to increase the number of people that agree 

with one person (i.e. the person with the values most similar to those in agreement), which can 

be easier to understand that the average change seen over all decision makers.   

 

Figure 32: Results from the simulation study showing the level of change required to reach full 

agreement using two alternative performance measures. Black dots above the black line 

represents the maximal level of change, βmax required to agree with the same alternative.” 

To test the correspondence between the outcome from the two suggested approaches and the 

outcome from a majority driven process, the proportion of majority decision which gives the 

same result as plurMCDA was determined for βav, and βmax respectively. Based on the artificial 

data generated in this study, it was found that when using the βav approach, the alternative 

deemed the “best” in the decision analysis matched the preferred alternative in 94 % of the 

cases where a majority decision was present. The βmax  approach showed a 75% match.   
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4.2 Identification of criteria and assessment scales 

4.2.1 Infrastructure 

Infrastructure was identified as one of the main groups of criteria based on the amount of vital 

public services supported by a functioning infrastructure. In addition, infrastructure forms a 

vital pillar in a number of socio-economic activities, enabling trade and commerce to take place 

outside of the urban area. To account for the importance of maintaining and protecting existing 

infrastructure, four subcategories were identified and defined. This includes roads, farmland, 

critical facilities, and residential areas. 

Roads 

Roads play an essential part of modern society (Agénor et al., 2006). From an economic 

perspective, road infrastructure creates connectivity. This has several benefits, with the main 

one being the increased accessibility and stimulation of the local economy. In addition, 

numerous crucial public services depend on the accessibility provided by a fully functioning 

road network. This includes first responders, public transportation and the military. 

To account for the vital socio-economic importance of maintaining a fully functioning road 

network, “Protect from harm” was identified as the main objective. Harm is in this section 

defined as damages to existing roads directly connected to coastal erosion and storm surges. 

This includes edge cracks, alligator cracking, potholes, wash-boarding, depressions, ravelling 

and deposition of soil on the road surface. Based on the identified objective, an assessment scale 

was developed, see Table 2.  

Table 2: Assessment scale used to evaluate the criterion “Roads” . The assessment scale 

pertains the additional protection of vulnerable roads in the nearby area provided by the 

evaluated alternative. 

Level Definition Description 

1 No or very limited added protection Less than 5% of vulnerable roads in the nearby area are 

protected from harm. 

2 Limited added protection Up to 25% of vulnerable roads in the nearby area are 

protected from harm. 

3 Moderate added protection Up to 50% of vulnerable roads in the nearby area are 

protected from harm. 

4 Significant added protection Up to 75% of vulnerable roads in the nearby area are 

protected from harm. 

5 Extensive added protection More than 75% of vulnerable roads in the nearby area are 

protected from harm. 
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Farmland 

Farmland and the agricultural services connected to it constitute a vital aspect in several coastal 

communities, as it allows a higher level of food self-sufficiency (Andrée et al., 2019). In 

addition, the agricultural sector contributes to the local economy through the creation of jobs 

and the promotion of local products. To account for the socio-economic value of preserving 

farmland, ”Protect from harm” was identified as the main objective. Harm is in this section 

defined as damages to farmland directly connected to coastal erosion and storm surges. This 

includes loss of arable land, loss of production, damage to standing crops and livestock, 

saltwater intrusion and changes to soil quality (Kang et al., 2016). Based on the identified 

objective, an assessment scale was developed, see Table 3.  

Table 3: Assessment scale used to evaluate the criterion “Farmland”. The assessment scale 

pertains the additional protection of vulnerable farmland in the nearby area provided by the 

evaluated alternative. 

Level Definition Description 

1 No or very limited added protection 

 

Less than 5% of vulnerable farmland in the nearby area are 

protected from harm. 

2 Limited added protection Up to 25% of vulnerable farmland in the nearby area are 

protected from harm. 

3 Moderate added protection Up to 50% of vulnerable farmland in the nearby area are 

protected from harm. 

4 Significant added protection Up to 75% of vulnerable farmland in the nearby area are 

protected from harm. 

5 Extensive added protection Up to 75% of vulnerable farmland in the nearby area are 

protected from harm. 

 

Critical facilities 

Critical facilities and the public institutes supported by these facilities constitute one of the most 

prominent aspects within the public sector. Ranging from hospitals to police stations and 

military facilities, critical facilities provide the foundations for a variety of vital public services. 

To account for the importance of maintaining these services under any given circumstances, 

”Protect from harm” was identified as the main objective. Harm is in this section defined as 

damages to critical facilities directly connected to coastal erosion and storm surges. This 

includes property damages, electrical power outages, pipe failure, evacuation, loss of or limited 

access to health resources including essential drugs and supplies and the ability of health 

personnel to provide their services (Carthey et al., 2009; Du et al., 2010). Based on the identified 

objective, an assessment scale was developed, see Table 4.  



44 
 

Table 4: Assessment scale used to evaluate the criterion “Critical facilities”. The assessment 

scale pertains the additional protection of vulnerable critical facilities in the nearby area 

provided by the evaluated alternative. 

Level Definition Description 

1 No or very limited added protection 

 

Less than 5% of vulnerable critical facilities in the nearby area 

are protected from harm. 

2 Limited added protection Up to 25% of vulnerable critical facilities in the nearby area 

are protected from harm. 

3 Moderate added protection Up to 50% of vulnerable critical facilities in the nearby area 

are protected from harm. 

4 Significant added protection Up to 75% of vulnerable critical facilities in the nearby area 

are protected from harm. 

5 Extensive added protection More than 75% of vulnerable critical facilities in the nearby 

area are protected from harm. 

 

Residential areas 

Residential areas serve several important social functions, with the primary function being the 

accommodation of urban residents. In addition, there are several economic benefits associated 

with the presence of residential areas. First, residential areas increase the attractiveness of urban 

areas through the instilment of communal stability. Second, residential areas provide additional 

economic incentives for businesses looking to expand or settle within the area, as the purchasing 

power increase within the community. To account for the socio-economic importance of  

residential areas, ”Protect from harm” was identified as the main objective. Harm is in this 

section defined as damages to residential areas directly connected to coastal erosion and storm 

surges. This includes property damages, household value, insurance rates, no or limited access, 

electrical power outages, plumbing overflow and damages to existing water supply systems. 

Based on the identified objective, an assessment scale was developed, see Table 5. 

Table 5: Assessment scale used to evaluate the criterion “Residential areas”. The assessment 

scale pertains the additional protection of vulnerable residential areas in the nearby area 

provided by the evaluated alternative. 

Level Definition Description 

1 No or very limited added protection 

 

Less than 5% of vulnerable residential areas in the nearby area 

are protected from harm. 

2 Limited added protection Up to 25% of vulnerable residential areas in the nearby area 

are protected from harm. 

3 Moderate added protection Up to 50% of vulnerable residential areas in the nearby area 

are protected from harm. 

4 Significant added protection Up to 75% of vulnerable residential areas in the nearby area 

are protected from harm. 

5 Extensive added protection More than 75% of vulnerable residential areas in the nearby 

area are protected from harm. 
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4.2.2 Utility networks 

 

Utility networks were identified as one of the main groups of criteria based on the many social 

and health-related benefits associated with the presence of public utilities. To account for the 

importance utility networks play in coastal communities, seven subcategories were identified 

and defined. This includes fiber networks, electricity supply systems, drinking water 

distribution networks, urban wastewater collection systems, urban runoff water collection 

systems, wastewater treatment plants, and pump stations. 

Fiber networks 

Over the last few years, fiber networks have quickly emerged as an important utility function. 

In addition to providing several social benefits in the form of reliant and quick internet access, 

fiber networks have also allowed businesses to expand to areas previously deemed inaccessible. 

To account for the socio-economic importance of protecting existing fiber networks, ”Protect 

from harm” was identified as the main objective. Harm is in this section defined as damages 

to existing fiber networks directly connected to coastal erosion and storm surges. This includes 

damages to fiber optic cables, data centres, traffic exchanges and termination points (Durairajan 

et al., 2018).  

Based on the identified objective, an assessment scale was developed, see Table 6.  

Table 6: Assessment scale used to evaluate the criterion “Fiber networks”. The assessment 

scale pertains the additional protection of vulnerable fiber networks in the nearby area 

provided by the evaluated alternative. 

Level Definition Description 

1 No or very limited added protection 

 

Less than 5% of vulnerable fiber networks in the nearby 

area are protected from harm. 

2 Limited added protection Up to 25% of vulnerable fiber networks in the nearby area 

are protected from harm. 

3 Moderate added protection Up to 50% of vulnerable fiber networks in the nearby area 

are protected from harm. 

4 Significant added protection Up to 75% of vulnerable fiber networks in the nearby area 

are protected from harm. 

5 Extensive added protection More than 75% of vulnerable fiber networks in the nearby 

area are protected from harm. 

 

Electricity supply systems 

Electricity supply systems play an essential part of modern society, with most public and private 

sectors depend on electrical devices to some extent. As a result, loss of electrical power is 

associated with a number of severe consequences. From a social perspective, the loss of 
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electricity can have severe implications with regards to public health operations and vital public 

services such as traffic lights (Du et al., 2010). From an economic perspective, the loss of 

electricity can result in lost production time and damages to important hardware, potentially 

leading to extensive monetary losses (Burillo, 2018). To account for the importance of 

maintaining a steady and reliant electricity supply, ”Protect from harm” was identified as the 

main objective. Harm is in this section defined as damages to existing electricity supply systems 

directly connected to coastal erosion and storm surges. This includes flooding of underground 

infrastructure, damages to facilities (power lines, towers, generators, etc.) and disrupted supply 

chains (Burillo, 2018). Based on the identified objective, an assessment scale was developed, 

see Table 7.  

Table 7: Assessment scale used to evaluate the criterion “Electricity supply systems”. The 

assessment scale pertains the additional protection of vulnerable electricity supply systems in 

the nearby area provided by the evaluated alternative. 

Level Definition Description 

1 No or very limited added protection 

 

Less than 5% of vulnerable electricity supply systems in the 

nearby area are protected from harm. 

2 Limited added protection Up to 25% of vulnerable electricity supply systems in the 

nearby area are protected from harm. 

3 Moderate added protection Up to 50% of vulnerable electricity supply systems in the 

nearby area are protected from harm. 

4 Significant added protection Up to 75% of vulnerable electricity supply systems in the 

nearby area are protected from harm. 

5 Extensive added protection More than 75% of vulnerable electricity supply systems in 

the nearby area are protected from harm. 

 

Drinking water distribution networks 

Drinking water distribution networks provide a vital service to public health, as they enable the 

distribution of clean water. In addition, the distribution networks are also utilized in a more 

protective matter, as drinking water distribution networks can be used to alleviate fires.To 

account for the importance of maintaining drinking water distribution networks operational, 

”Protect from harm” was identified as the main objective. Harm is in this section defined as 

damages to existing drinking water distribution networks directly connected to coastal erosion 

and storm surges. This includes pipe failure, increased pipe breakage rates, soil settlements,  

saline water intrusion and spread of waterborne diseases (Danilenko et al., 2010). Based on the 

identified objective, an assessment scale was developed, see Table 8.  
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Table 8: Assessment scale used to evaluate the criterion “Drinking water distribution 

networks”. The assessment scale pertains the additional protection of vulnerable drinking 

water distribution networks in the nearby area provided by the evaluated alternative. 

Level Definition Description 

1 No or very limited added protection 

 

Less than 5% of vulnerable drinking water distribution 

networks in the nearby area are protected from harm. 

2 Limited added protection Up to 25% of vulnerable drinking water distribution networks 

in the nearby area are protected from harm. 

3 Moderate added protection Up to 50% of vulnerable drinking water distribution networks 

in the nearby area are protected from harm. 

4 Significant added protection Up to 75% of vulnerable drinking water distribution networks 

in the nearby area are protected from harm. 

5 Extensive added protection More than 75% of vulnerable drinking water distribution 

networks in the nearby area are protected from harm. 

 

Urban runoff water collection systems 

Urban runoff water collection systems provide a crucial public service to urban areas in terms 

of stormwater management. In addition, urban runoff water collection systems are responsible 

for the collection of rainwater and excess water (Ranasinghe et al., 2018).To account for the 

importance of maintaining urban runoff water collection systems operational, ”Protect from 

harm” was identified as the main objective. Harm is in this section defined as damages to 

existing urban runoff water collection systems directly connected to coastal erosion and storm 

surges. This includes accumulation of solid waste, blockage, pipe failure, increased pipe 

breakage rates, the spread of waterborne diseases and  housing conditions (Mansur et al., 2016; 

Ranasinghe & Dissanayake, 2018). Based on the identified objective, an assessment scale was 

developed, see Table 9. 

Table 9: Assessment scale used to evaluate the criterion “Urban runoff water collection 

systems”. The assessment scale pertains the additional protection of vulnerable urban runoff 

water collection systems in the nearby area provided by the evaluated alternative. 

Level Definition Description 

1 No or very limited added protection 

 

Less than 5% of vulnerable urban runoff water collection 

systems in the nearby area are protected from harm. 

2 Limited added protection Up to 25% of vulnerable urban runoff water collection 

systems in the nearby area are protected from harm. 

3 Moderate added protection Up to 50% of vulnerable urban runoff water collection 

systems in the nearby area are protected from harm. 

4 Significant added protection Up to 75% of vulnerable urban runoff water collection 

systems in the nearby area are protected from harm. 

5 Extensive added protection More than 75% of vulnerable urban runoff water collection 

systems in the nearby area are protected from harm. 
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Urban wastewater collection systems 

Urban wastewater collection systems constitute a vital part in the daily operation within urban 

areas. From a health perspective, the collection of contaminated wastewater plays an essential 

part in ensuring public health. In addition, urban wastewater collection systems provide several 

environmental services, as the collection of urban wastewater limits the spread of pollutants 

and heavy metals. To account for the importance of maintaining urban wastewater collection 

systems operational, ”Protect from harm” was identified as the main objective. Harm is in 

this section defined as damages to existing urban wastewater collection systems directly 

connected to coastal erosion and storm surges. This includes pipe failure, increased pipe 

breakage rates, the spread of waterborne diseases,  housing conditions and incidence of open-

air wastewater (Danilenko et al., 2010; Mansur et al., 2016).  Based on the identified objective, 

an assessment scale was developed, see Table 10. 

Table 10: Assessment scale used to evaluate the criterion “Urban wastewater collection 

systems”. The assessment scale pertains the additional protection of vulnerable urban 

wastewater collection systems in the nearby area provided by the evaluated alternative. 

Level Definition Description 

1 No or very limited added protection 

 

Less than 5% of vulnerable urban wastewater collection 

systems in the nearby area are protected from harm. 

2 Limited added protection Up to 25% of vulnerable urban wastewater collection systems 

in the nearby area are protected from harm. 

3 Moderate added protection Up to 50% of vulnerable urban wastewater collection systems 

in the nearby area are protected from harm. 

4 Significant added protection Up to 75% of vulnerable urban wastewater collection systems 

in the nearby area are protected from harm. 

5 Extensive added protection More than 75% of vulnerable urban wastewater collection 

systems in the nearby area are protected from harm. 

 

Wastewater treatment plants 

Wastewater treatment plants play an important role in ensuring that contaminated wastewater 

is being processed prior to reentering the water cycle. In addition to minimizing the spread of 

diseases, wastewater treatment limits the number of pollutants that reach the environment. To 

account for the vital health and environmental benefits associated with keeping wastewater 

treatment plants operational even in the event of extensive coastal hazards, ”Protect from 

harm” was identified as the main objective. Harm is in this section defined as damages to 

existing wastewater treatment plants directly connected to coastal erosion and storm surges. 

This includes property damages, electrical power outages, carrying capacity and reduction in 
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the life span of affected facilities (Hummel et al., 2018). Based on the identified objective, an 

assessment scale was developed, see Table 11. 

Table 11: Assessment scale used to evaluate the criterion “Wastewater treatment plants”. 

The assessment scale pertains the additional protection of vulnerable wastewater treatment 

plants in the nearby area provided by the evaluated alternative. 

Level Definition Description 

1 No or very limited added protection 

 

Less than 5% of vulnerable wastewater treatment plants in the 

nearby area are protected from harm. 

2 Limited added protection Up to 25% of vulnerable wastewater treatment plants in the 

nearby area are protected from harm. 

3 Moderate added protection Up to 50% of vulnerable wastewater treatment plants in the 

nearby area are protected from harm. 

4 Significant added protection Up to 75% of vulnerable wastewater treatment plants in the 

nearby area are protected from harm. 

5 Extensive added protection More than 75% of vulnerable wastewater treatment plants in 

the nearby area are protected from harm. 

 

Pumping stations 

Similar to urban runoff water collection systems, pumping stations play an essential part in the 

management of storm surges. In addition to providing relief in the case of coastal flooding, 

pumping stations can be used to mitigate excess water in the case of extensive rain. To account 

for the importance of keeping pumping stations operational in the event of severe floods, 

”Protect from harm” was identified as the main objective. Harm is in this section defined as 

damages to existing pump stations directly connected to coastal erosion and storm surges. This 

includes property damages, electrical power outages, carrying capacity and reduction in the life 

span of affected facilities (Chiang et al., 2011). Based on the identified objective, an assessment 

scale was developed, see Table 12. 

Table 12: Assessment scale used to evaluate the criterion “Pumping stations”. The assessment 

scale pertains the additional protection of vulnerable pumping stations in the nearby area 

provided by the evaluated alternative. 

Level Definition Description 

1 No or very limited added protection 

 

Less than 5% of vulnerable pump stations in the nearby area 

are protected from harm. 

2 Limited added protection Up to 25% of vulnerable pump stations in the nearby area are 

protected from harm. 

3 Moderate added protection Up to 50% of vulnerable pump stations in the nearby area are 

protected from harm. 

4 Significant added protection Up to 75% of vulnerable pump stations in the nearby area are 

protected from harm. 

5 Extensive added protection More than 75% of vulnerable pump stations in the nearby area 

are protected from harm. 
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4.2.3 Economic impact 
 

The economic impact was identified as one of the main groups of criteria based on the 

importance of limiting unnecessary spending of taxpayers’ money. In addition, by accounting 

for the potential economic impacts associated with each of the assessed alternatives, 

transparency is ensured. To account for the importance of properly assessing the costs 

associated with the implementation of coastal defences, three subcategories were identified and 

defined. This include capital costs, planned additional costs, and maintenance costs. 

Capital costs 

Capital costs constitute a major factor in the economic assessment of coastal defence strategies. 

Commonly referred to as investment costs, capital costs refer to the initial payments required 

to implement the preferred solution. In a project initiated by members of the public sector, the 

capital costs are predominately covered by taxpayers’ money. As a result, high emphasis is 

placed on properly weighing the cost associated with the different alternatives.  

To ensure transparency and account for the importance of limiting unnecessary spending of 

taxpayers’ money, “Cost-efficiency” was identified as the main objective. In this section, the 

average capital cost, Y, is defined through the arithmetic mean: 

 

 

(24) 

where n is the number of alternatives, and xi is the capital cost associated with the evaluated 

alternative. 

The relative cost efficiency, Z, of the evaluated alternative, xi, in comparison to other 

alternatives is defined as 

 

 

(25) 

Based on the identified objective, an assessment scale was developed, see Table 13. 
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Table 13: Assessment scale used to evaluate the criterion “Capital costs”. The assessment scale 

pertains the relative cost-efficiency of protecting one m2 using the evaluated alternative. 

Level Definition Description 

1 Very cost-inefficient 

 

The capital cost per protected m2 associated with the proposed alternative 

is much higher than the average capital cost of protecting one m2. 

2 Cost inefficient The capital cost per protected m2 associated with the proposed alternative 

is higher than the average capital cost of protecting one m2. 

3 Average cost-efficiency The capital cost per protected m2 associated with the proposed alternative 

is equal to the average capital cost of protecting one m2. 

4 Cost-efficient The capital cost per protected m2 associated with the proposed alternative 

is lower than the average capital cost of protecting one m2. 

5 Very cost-efficient The capital cost per protected m2 associated with the proposed alternative 

is much lower than the average capital cost of protecting one m2. 

 

Planned additional costs 

Planned additional costs separate from capital costs in that they are not included in the initial 

payment. Instead, planned additional costs are known costs that are required to keep the strategy 

operational.To ensure that all planned additional costs are accounted for and included in the 

total cost, “Cost-efficiency” was identified as the main objective.  

The relative cost efficiency for planned additional costs was defined in the same way as 

described in Eq. (25). Based on the identified objective, an assessment scale was developed, 

see Table 14. 

Table 14: Assessment scale used to evaluate the criterion “Planned additional costs”. The 

assessment scale pertains the relative cost-efficiency of the planned additional costs associated 

with the protection one m2 using the evaluated alternative. 

Level Definition Description 

1 Very cost-inefficient 

 

The planned additional costs per protected m2 associated with the 

proposed alternative are much higher than the average planned 

additional costs of protecting one m2. 

2 Cost inefficient The planned additional costs per protected m2 associated with the 

proposed alternative are higher than the average planned additional costs 

of protecting one m2. 

3 Average cost-efficiency The planned additional costs per protected m2 associated with the 

proposed alternative are equal to the average planned additional costs of 

protecting one m2. 

4 Cost-efficient The planned additional costs per protected m2 associated with the 

proposed alternative are lower than the average planned additional costs 

of protecting one m2. 

5 Very cost-efficient The planned additional costs per protected m2 associated with the 

proposed alternative are much lower than the average planned additional 

costs of protecting one m2. 
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Maintenance costs 

In addition to the capital costs and planned additional costs,  maintenance costs make up a large 

proportion of the total costs. Ranging from yearly maintenance to extensive repairs in the event 

of storms, maintenance includes a variety of economic factors and heavily depend on local 

conditions. To account for the importance of limiting future unnecessary spending, “Cost-

efficiency” was identified as the main objective.  

The relative cost efficiency for maintenance costs was defined in the same way as described in 

Eq. (25).  Based on the identified objective, an assessment scale was developed, see Table 15. 

Table 15: Assessment scale used to evaluate the criterion “Maintenance costs”. The assessment 

scale pertains the relative cost-efficiency of maintaining the protection of one m2 using the 

evaluated alternative. 

Level Definition Description 

1 Very cost-inefficient 

 

The maintenance costs per protected m2 associated with the proposed 

alternative are much higher than the average maintenance costs per 

protected m2. 

2 Cost inefficient The maintenance costs per protected m2 associated with the proposed 

alternative are higher than the average maintenance costs per protected 

m2. 

3 Average cost-efficiency The maintenance costs per protected m2 associated with the proposed 

alternative are equal to the average maintenance costs per protected m2. 

4 Cost-efficient The maintenance costs per protected m2 associated with the proposed 

alternative are lower than the average maintenance costs per protected 

m2. 

5 Very cost-efficient The maintenance costs per protected m2 associated with the proposed 

alternative are much lower than the average maintenance costs per 

protected m2. 

 

4.2.4 Social impact 
 

The social impact was identified as one of the main groups of criteria based on the importance 

of assessing, and accounting for, potential social implications derived from the implementation 

of the various coastal erosion mitigation measures.  Based on the importance of assuring that 

social implications are taken into account, four subcategories were identified and defined. This 

includes cultural heritage, emotional values, touristic values, and existing local businesses. 

Emotional values 

Emotional values were identified as an important social criterion based on the close connection 

many people have with the coastline. In addition to providing relief and mitigate stress, many 

coastal communities define themselves based on their close connection to the coastal zone 

(Peng et al., 2016) 
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To account for the importance of protecting the deep emotional connection to nature present in 

many coastal communities, “Contain or improve elements deemed important to residents 

within the area” was identified as the main objective. The impact associated with the 

implementation of the suggested alternative was chosen as the preferred measurement. In this 

section, negative impact is defined as negative effects on elements deemed important to 

residents within the area directly connected to the implementation of the suggested alternative 

(Kearns et al., 2012). This includes visual impacts, land use claims, prolonged time scale for 

implementing the suggested alternative, as well as no or limited access to recreational areas.  

Positive impact is defined as positive effects on elements deemed important to residents within 

the area directly connected to the implementation of the suggested alternative. This includes no 

or limited visual impacts, limited land use claims, a foreseeable time scale for implementing 

the suggested alternative, and access to recreational areas (Clarke et al., 2018).  

Based on the identified objective, an assessment scale was developed, see Table 16. 

Table 16: Assessment scale used to evaluate the criterion “Emotional values”. The assessment 

scale pertains the impact associated with the implementation of the evaluated alternative. 

Level Definition Description 

1 Significant negative impact  

 

More than 50 % of the identified elements deemed important to 

residents within the area are believed to be negatively affected by 

implementing the suggested alternative. 

2 Moderate negative impact Up to 25 % of the identified elements deemed important to residents 

within the area are believed to be negatively affected by 

implementing the suggested alternative. 

3 No or limited negative impact Less than 5 % of the identified elements deemed important to 

residents within the area are believed to be negatively affected by 

implementing the suggested alternative. 

4 Slightly positive impact Up to 25 % of the identified elements deemed important to residents 

within the area are believed to be positively affected by 

implementing the suggested alternative. 

5 Positive impact More than 50 % of the identified elements deemed important to 

residents within the area are believed to be positively affected by 

implementing the suggested alternative. 
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Cultural heritage 

Cultural heritage constitutes a major social factor in the future protection and development of 

coastal communities (Sabbioni et al., 2008). In addition to providing a sense of community, 

cultural heritage plays a major role from a spiritual perspective.  

To account for the importance of protecting sites deemed important from a cultural perspective, 

”Protect from harm” was identified as the main objective. Harm is in this section defined as 

damages to existing cultural heritage sites directly connected to coastal erosion and storm 

surges. This includes property damages, increasing erosion of important buried sites, including 

cemeteries and loss of or limited access to the site (Howey, 2018). Based on the identified 

objective, an assessment scale was developed, see Table 17. 

Table 17: Assessment scale used to evaluate the criterion “Cultural heritage”. The assessment 

scale pertains the additional protection of vulnerable cultural heritage in the nearby area 

provided by the evaluated alternative. 

Level Definition Description 

1 No or very limited added protection 

 

Less than 5% of vulnerable cultural heritage sites in the 

nearby area are protected from harm. 

2 Limited added protection Up to 25% of vulnerable cultural heritage sites in the nearby 

area are protected from harm. 

3 Moderate added protection Up to 50% of vulnerable cultural heritage sites in the nearby 

area are protected from harm. 

4 Significant added protection Up to 75% of vulnerable cultural heritage sites in the nearby 

area are protected from harm. 

5 Extensive added protection More than 75% of vulnerable cultural heritage sites in the 

nearby area are protected from harm. 

 

Tourism 

Tourism plays an essential part in the local economy and the development of coastal 

communities (Alexandrakis et al., 2015). While predominately thought of in monetary terms, 

tourism has vast implications on the social structure within coastal communities. In addition to 

providing jobs, the revenue acquired from tourism can also enable coastal communities to invest 

in various forms of infrastructure and development projects.  

To account for the immense socio-economic benefits associated with tourism, “Contain or 

improve elements deemed important to the tourism sector” was identified as the main 

objective. The impact associated with the implementation of the suggested alternative was 

chosen as the preferred measurement. In this section, negative impact is defined as negative 

effects on elements deemed important to the tourism sector within the area directly connected 
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to the implementation of the suggested alternative. This includes visual impacts, land use 

claims, prolonged time scale for implementing the suggested alternative, no or limited access 

to recreational areas and poor utilization rates of outdoor tourism facilities (Phillips & Jones, 

2006). Positive impact is defined as positive effects on elements deemed important to the 

tourism sector within the area directly connected to the implementation of the suggested 

alternative. This includes no or limited visual impacts, limited land use claims, a foreseeable 

time scale for implementing the suggested alternative, access to recreational areas and high 

utilization rates of outdoor tourism facilities (Boissevain & Selwyn, 2004). 

Based on the identified objective, an assessment scale was developed, see Table 18. 

Table 18: Assessment scale used to evaluate the criterion “Tourism”. The assessment scale 

pertains the impact associated with the implementation of the evaluated alternative. 

Level Definition Description 

1 Significant negative impact  

 

More than 50 % of the identified elements deemed important to the 

tourism sector within the area are believed to be negatively affected 

by implementing the suggested alternative. 

2 Moderate negative impact Up to 25 % of the identified elements deemed important to the 

tourism sector within the area are believed to be negatively affected 

by implementing the suggested alternative. 

3 No or limited negative impact Less than 5 % of the identified elements deemed important to the 

tourism sector within the area are believed to be negatively affected 

by implementing the suggested alternative. 

4 Slightly positive impact Up to 25 % of the identified elements deemed important to the 

tourism sector within the area are believed to be positively affected 

by implementing the suggested alternative. 

5 Positive impact More than 50 % of the identified elements deemed important to the 

tourism sector within the area are believed to be positively affected 

by implementing the suggested alternative. 

 

Existing local businesses 

Existing local businesses was identified as a social criterion based on the socio-economic 

benefits associated with maintaining thriving local businesses. In addition to the direct 

economic benefits associated with the tax revenue created by the presence of local businesses, 

local businesses have several indirect benefits. Ranging from the creation of jobs to retaining 

decision-making at a local scale, local businesses play an important role in coastal communities. 

To account for the services provided by local businesses, “Contain or improve elements 

deemed important to local business owners within the area” was identified as the main 

objective. The impact associated with the implementation of the suggested alternative was 

chosen as the preferred measurement. In this section, negative impact is defined as negative 

effects on elements deemed important to local business owners within the area directly 
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connected to the implementation of the suggested alternative. This includes land use claims, 

prolonged time scale for implementing the suggested alternative, no or limited accessibility to 

stores and areas of commercial interest, loss of revenue (Leatherman, 2001). Positive impact is 

defined as positive effects on elements deemed important to local business owners within the 

area directly connected to the implementation of the suggested alternative. This includes no or 

limited land use claims, foreseeable time scale for implementing the suggested alternative, 

accessibility to stores and areas of commercial interest, no or limited loss of revenue. Based on 

the identified objective, an assessment scale was developed, see Table 19. 

Table 19: Assessment scale used to evaluate the criterion “Existing local businesses”. The 

assessment scale pertains the impact associated with the implementation of the evaluated 

alternative. 

Level Definition Description 

1 Significant negative impact  

 

More than 50 % of the identified elements deemed important to 

local business owners within the area are believed to be negatively 

affected by implementing the suggested alternative. 

2 Moderate negative impact Up to 25 % of the identified elements deemed important to local 

business owners within the area are believed to be negatively 

affected by implementing the suggested alternative. 

3 No or limited negative impact Less than 5 % of the identified elements deemed important to local 

business owners within the area are believed to be negatively 

affected by implementing the suggested alternative. 

4 Slightly positive impact Up to 25 % of the identified elements deemed important to local 

business owners within the area are believed to be positively 

affected by implementing the suggested alternative. 

5 Positive impact More than 50 % of the identified elements deemed important to 

local business owners within the area are believed to be positively 

affected by implementing the suggested alternative. 

 

4.2.5 Environmental impact 
 

Th environmental impact was identified as one of the main groups of criteria based on the 

importance of limiting human intervention and alteration of coastal ecosystems. To ensure that 

the potential environmental implications associated with the implementation of the preferred 

alternative are taken into account, six subcategories were identified and defined. This includes 

flooding, natural geographic features, downdrift erosion, natural habitats, biodiversity, and 

biological productivity.  

Flooding 

Together with coastal erosion, flooding constitutes one of the major challenges facing coastal 

communities. In addition to the direct damages to infrastructure and economic implications 

associated with the restoration of flooded urban areas, storms surges can cause devastating 
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environmental damages. Ranging from extensive inundations to saltwater intrusion, the 

environmental implications associated with flooding are often overseen. 

To account for the socio-economic and environmental importance of minimizing the effects 

associated with flooding and storm surges, ”Protect from future floods” was identified as the 

main objective. Based on the identified objective, an assessment scale was developed, see Table 

20.  

Table 20: Assessment scale used to evaluate the criterion “Flooding”. The assessment scale 

pertains the percentage of the nearby area protected from future floods given the 

implementation of the evaluated alternative. 

Level Definition Description 

1 No or very limited added protection Less than 5% of the nearby area is protected from future 

floods. 

2 Limited added protection Up to 25% of the nearby area is protected from future floods. 

3 Moderate added protection Up to 50% of the nearby area is protected from future floods. 

4 Significant added protection Up to 75% of the nearby area is protected from future floods. 

5 Extensive added protection More than 75% of the nearby area is protected from future 

floods. 

 

Geographical features 

Geographical features were identified as an environmental criterion based on the various 

ecosystem services provided by geological formations and landforms. This includes the 

presence of naturally occurring barriers, areas deemed important from a recreational point of 

view and the creation of coastal habitats.  To account for these services, “Contain important 

geographic features within the area” was identified as the main objective. The impact 

associated with the implementation of the suggested alternative was chosen as the preferred 

measurement. In this section, negative impact is defined as negative effects to areas listed as 

containing important natural geographic features within the area, directly connected to the 

implementation of the suggested alternative. This includes alternation or destruction of berms, 

mounds, hills, cliffs, valleys, rivers, as well as the contamination of water bodies. Positive 

impact is defined as positive effects to areas listed as containing important natural geographic 

features within the area, directly connected to the implementation of the suggested alternative. 

This includes no or limited alternation or destruction of berms, mounds, hills, cliffs, valleys, 

rivers, as well as no or limited contamination of water bodies. 

Based on the identified objective, an assessment scale was developed, see Table 21. 
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Table 21: Assessment scale used to evaluate the criterion “Geographical features”. The 

assessment scale pertains the impact associated with the implementation of the evaluated 

alternative. 

Level Definition Description 

1 Significant negative impact  

 

More than 50 % of the identified areas listed to contain important 

geographic features within the area are believed to be negatively 

affected by implementing the suggested alternative. 

2 Moderate negative impact Up to 25 % of the identified areas listed to contain important 

geographic features within the area are believed to be negatively 

affected by implementing the suggested alternative. 

3 No or limited negative impact Less than 5 % of the identified areas listed to contain important 

geographic features within the area are believed to be negatively 

affected by implementing the suggested alternative. 

4 Slightly positive impact Up to 25 % of the identified areas listed to contain important 

geographic features within the area are believed to be positively 

affected by implementing the suggested alternative. 

5 Positive impact More than 50 % of the identified areas listed to contain important 

geographic features within the area are believed to be positively 

affected by implementing the suggested alternative. 

 

Downdrift erosion 

Downdrift erosion was identified as an environmental criterion based on the importance of 

accounting for potential implications further downstream. Downdrift erosion is a 

geomorphological term used to describe erosion caused by the disruption of the naturally 

occurring longshore sediment transportation further upstream. This has several implications, 

with the most prominent ones being the loss of subaerial land further downstream.  

To account for the socio-economic and environmental importance of minimizing the effects 

associated with downdrift erosion, ”Prevent downdrift erosion from taking place” was 

identified as the main objective. Based on the identified objective, an assessment scale was 

developed, see Table 22. 
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Table 22: Assessment scale used to evaluate the criterion “Downdrift erosion”. The assessment 

scale pertains the percentage of the total longshore sediment transportation is disturbed or 

hindered by the implementation of the suggested alternative. 

Level Definition Description 

1 Major risk of increased downdrift erosion More than 75 % of the total longshore sediment 

transportation is disturbed or hindered by the 

implementation of the suggested alternative. 

2 High risk of increased downdrift erosion Up to 75 % of the total longshore sediment 

transportation is disturbed or hindered by the 

implementation of the suggested alternative. 

3 Moderate risk of increased downdrift erosion Up to 50 % of the total longshore sediment 

transportation is disturbed or hindered by the 

implementation of the suggested alternative. 

4 Low risk of increased downdrift erosion Up to 25 % of the total longshore sediment 

transportation is disturbed or hindered by the 

implementation of the suggested alternative. 

5 Minimal risk of increased downdrift erosion Less than 5 % of the total longshore sediment 

transportation is disturbed or hindered by the 

implementation of the suggested alternative. 

 

Natural habitats 

Natural habitat was identified as a criterion based on the importance of keeping human 

interference limited. Ranging from the direct destruction or alteration of natural habitats to long-

term effects on  ecosystems far away from the project site, natural habitats constitutes a vital 

part in all form of coastal management. 

To account for the importance of limiting the alteration of areas deemed important to flora and 

fauna , “Contain or improve important and significant natural habitats within the area” 

was identified as the main objective. The impact associated with the implementation of the 

suggested alternative was chosen as the preferred measurement. In this section, negative impact 

is defined as negative effects on important and significant natural habitats within the area, 

directly connected to the implementation of the suggested alternative. This includes alteration 

and destruction of areas of importance to geographically restricted species, migratory species, 

vulnerable and protected species, as well as increased homogeneity (Williams et al., 2018). 

Positive impact is defined as positive effects on natural habitats within the area, directly 

connected to the implementation of the suggested alternative. This includes enhancement of 

existing habitats, restoration of previously existing habitats and increased heterogeneity.  

Based on the identified objective, an assessment scale was developed, see Table 23. 
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Table 23: Assessment scale used to evaluate the criterion “Natural habitats”. The assessment 

scale pertains the impact associated with the implementation of the evaluated alternative. 

Level Definition Description 

1 Significant negative impact  

 

More than 50 % of the identified important and significant natural 

habitats within the area is believed to be negatively affected by 

implementing the suggested alternative. 

2 Moderate negative impact Up to 25 % of the identified important and significant natural 

habitats within the area is believed to be negatively affected by 

implementing the suggested alternative. 

3 No or limited negative impact Less than 5 % of the identified important and significant natural 

habitats within the area is believed to be negatively affected by 

implementing the suggested alternative. 

4 Slightly positive impact Up to 25 % of the identified important and significant natural 

habitats within the area is believed to be positively affected by 

implementing the suggested alternative. 

5 Positive impact More than 50 % of the identified important and significant natural 

habitats within the area is believed to be positively affected by 

implementing the suggested alternative. 

 

Biodiversity 

Biodiversity was identified as an environmental criterion based on the importance of protecting 

species diversity to ensure natural sustainability (Barbier et al., 2011). In addition, biodiversity 

was identified as a vital criterion due to the direct implications associated with disruption of 

genetic diversity and irreversible effects associated with the loss of sensitive species. 

To account for the vital ecological impact associated with the loss and alteration of local 

biodiversity, “Contain high biodiversity within the area” was identified as the main 

objective. The impact associated with the implementation of the suggested alternative was 

chosen as the preferred measurement. In this section, negative impact is defined as negative 

effects on flora and fauna within the area directly connected to the implementation of the 

suggested alternative. This includes increased mortality, the loss of genetic diversity, disruption 

of food chains and translocation (Laurila-Pant et al., 2015). Positive impact is defined as 

positive effects on flora and fauna within the area, directly connected to the implementation of 

the suggested alternative. This includes contained or enhanced opportunities for genetic 

diversity, no or limited disruption of food chains and no or limited translocation. 

Based on the identified objective, an assessment scale was developed, see Table 24. 
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Table 24: Assessment scale used to evaluate the criterion “Biodiversity”. The assessment scale 

pertains the impact associated with the implementation of the evaluated alternative. 

Level Definition Description 

1 Significant negative impact  

 

More than 50 % of the present species (flora and fauna) within the 

area are believed to be negatively affected by implementing the 

suggested alternative. 

2 Moderate negative impact Up to 25 % of the present species (flora and fauna) within the area 

are believed to be negatively affected by implementing the 

suggested alternative. 

3 No or limited negative impact Less than 5 % of the present species (flora and fauna) within the 

area are believed to be affected by implementing the suggested 

alternative. 

4 Slightly positive impact Up to 25 % of present species (flora and fauna) within the area are 

believed to be positively affected by implementing the suggested 

alternative. 

5 Positive impact Up to 50 % of present species (flora and fauna) within the area are 

believed to be positively affected by implementing the suggested 

alternative. 

 

Biological productivity 

Most commonly used when assessing the long-term wellbeing of natural ecosystems, biological 

productivity is an ecological term used to define the biological production of flora and fauna 

within a specific area (Barbier et al., 2011). In addition, biological productivity also serves 

several other environmental functions, as some species rely on and heavily benefit from the 

abundance of specific prey.  

To account for the importance of maintaining high biological productivity within coastal 

ecosystems, “Contain or improve areas deemed important to biological productivity 

within the area.” was identified as the main objective. The impact associated with the 

implementation of the suggested alternative was chosen as the preferred measurement. In this 

section, negative impact is defined as negative effects on areas deemed important to biological 

productivity within the area, directly connected to the implementation of the suggested 

alternative. This includes disturbance and/or destruction of terrestrial nesting grounds, removal 

and/or alteration of marine nursing grounds (ex. eelgrass meadows), unforeseeable 

implementation process potentially interfering with known breeding seasons in the area 

(Watkinson et al., 2007). Positive impact is defined as positive effects on areas deemed 

important to biological productivity within the area, directly connected to the implementation 

of the suggested alternative. This includes providing enhanced opportunities for terrestrial 

fauna to find suitable nesting grounds (ex. through addition of suitable vegetation), no or limited 

impact to existing terrestrial nesting grounds, no or limited impact to marine nursing grounds, 
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foreseeable implementation process not interfering with known breeding seasons in the area 

(Laurila-Pant et al., 2015).  

Based on the identified objective, an assessment scale was developed, see Table 25. 

Table 25: Assessment scale used to evaluate the criterion “Biological productivity”. The 

assessment scale pertains the impact associated with the implementation of the evaluated 

alternative. 

Level Definition Description 

1 Significant negative impact  

 

More than 50 % of the identified areas deemed important to 

biological productivity within the area are believed to be negatively 

affected by implementing the suggested alternative. 

2 Moderate negative impact Up to 25 % of the identified areas deemed important to biological 

productivity within the area are believed to be negatively affected 

by implementing the suggested alternative. 

3 No or limited negative impact Less than 5 % of the identified areas deemed important to 

biological productivity within the area are believed to be negatively 

affected by implementing the suggested alternative. 

4 Slightly positive impact Up to 25 % of the identified areas deemed important to biological 

productivity within the area are believed to be positively affected 

by implementing the suggested alternative. 

5 Positive impact More than 50 % of the identified areas deemed important to 

biological productivity within the area are believed to be positively 

affected by implementing the suggested alternative. 

4.3 Case study 

Criteria values were obtained based on expert consultations. For each criterion, a lower and an 

upper value was assigned using the predefined rating scales shown in section 4.2 Criteria 

identification. This procedure was then repeated for each evaluated alternative, see Table 26. 

Table 26: Scale assessment of the six alternatives used in the case study.  
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Each decision maker was asked to state her overall personal preferences by assigning a total of 

100 points to a predefined set of main criteria categories, and to each of the identified criteria. 

In those cases in which estimated values were used, one preferred main category was assigned 

based on a generated role deemed relevant to the decision-making process. In this case, decision 

maker A represent the views of a sustainability engineer working within the targeted 

municipality. Decision maker B was assigned the role of a local environmentalist, while 

decision maker C was assigned the role of a local resident. For a complete overview of the 

weight sets, see appendix B-D. 

The reward for each alternative was then determined for each individual decision maker using 

the maximin rule and visualized using a reward graph, see Fig. 33. 

 

Figure 33: Reward graph showing the preferred alternative for three individual decision 

makers (A-C) taking part in the case study. Coloured lines represent reward intervals for 

different alternatives. 

Based on the result, each decision maker’s preferences over criteria for which a specific 

decision alternative has the highest reward was determined. the willingness to change, β, was 

then determined for each decision maker. Next, the two performance measures, βav and βmax 

were derived for each alternative.  The results were then plotted and visualized, see Figs 34 and 

35. 
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Figure 34: The average level of change, βav, required for a fraction, fn, of the participating  

decision makers to agree with one of the suggested strategies. Based on the results “Beach 

nourishment”, followed by “Vegetation”, was deemed to be the “optimal” alternative. 

 

 

Figure 35: The maximal level of change, βmax, required for all of the participating  decision 

makers to agree with one of the suggested strategies. Based on the results “Beach 

nourishment”, followed by “Vegetation”, was deemed to be the “best” alternative. 

It is found that initially, each decision maker prefers one of the following alternatives: “Beach 

nourishment” (A), “Vegetation” (B), “Seawalls” (C). In the end, these three require the least 

level of change, with “Beach nourishment” in the top, closely followed by “Vegetation” and 

“Seawalls”. This is true for both βav and βmax. The alternatives ”Do nothing” and “Breakwaters” 

are found to require the highest level of change, with “Do nothing” always requiring the largest 

change. Furthermore, “Coastal retreat”  is found to be the fourth-best performing alternative. 

This is true for both βav and βmax. However, using βmax, the required change needed for all 

decision makers to agree with the alternative was lower. In addition, the required change needed 

to reach an overall agreement was higher when using βmax in this case study. 
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5. Discussion 

5.1 Development of the decision theory 

One of the major new features implemented in the suggested pluralistic MCDA approach is the 

ability to deal with situations involving multiple decision makers. Decision making involving 

multiple decision makers have long been regarded as a particularly difficult and controversial 

topic within structured decision making (Gregory et al., 1994). One of the reasons behind this 

is the inability of existing models to combine individual weights without aggregating (Garre et 

al., 2019). While extensive research have been conducted on situations involving multiple 

decision makers over the years, much of the attention have been put on understanding the social 

dynamic between decision makers and identifying ways to improved alternatives, rather than 

developing operational tools (Banville et al., 1998; Gregory & Keeney, 1994; Savage et al., 

1991).  

Contrary to existing MCDA practices, pluralistic MCDA does not rely on aggregated weights. 

Instead, an individual MCDA is conducted for each decision maker. The results of each MCDA 

are then combined and presented to the group. This approach has several benefits, with the two 

most prominent ones being the ability to ensure that individual preferences are taken into 

account throughout the process and the inclusion of any given number of decision makers. In 

addition, this approach allows both the participating decision maker and third parties to revisit 

the process, further promoting transparency throughout the decision process. 

Another key feature implemented in the suggested pluralistic MCDA, is the relaxation of fixed 

values. This allows individual decision makers to change their individual preferences, with the 

aim to agree, increasing the possibility of identifying suitable alternatives and reaching an 

agreement. By identifying the required change in their values needed to agree with each 

alternative, the need for negotiations to reach agreement can be determined for each alternative.  

In addition, this procedure could also be used to identify “under-performing” alternatives. By 

allowing decision makers to exclude less-desirable alternatives that require a high level of 

require change, pluralistic MCDA could help increase the efficiency of the decision-making 

process. One of the benefits with this approach, contrary to the dominance rule, is the removal 

of an absolute exclusion. Instead, it is solely up to the decision makers to decide whether to 

exclude or keep the alternative. 
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The ability to deal with situations involving multiple decision makers without the need to rely 

on aggregated weight suggest that pluralistic MCDA can be used to a great extent. However,  

the results from this study also indicates that pluralistic MCDA could be used to assess the 

validity of majority decisions. This holds great significance, as it increases the transparency of 

the decision process.   

5.2 Identification of criteria and assessment scales 

5.2.1 Criteria identification 

In this study, the identification and definition of criteria relevant to decision-making 

surrounding coastal protection were identified as the second key objective. Based on a 

comprehensive literature review and expert consultation, a total of 28 individual criteria were 

identified. Each criterion was then categorized into one of five predefined main groups. The 

categorization of criteria was done to help decision makers to assign their values on criteria, 

starting with the main level and then for each sub-level. This allows decision makers to express 

their main point of interest, while still highlighting areas of interest. 

Based on the final stage of testing, four criteria were excluded or reworked, reducing the total 

amount of criteria to 24. This includes “Decommissioning costs” (economic impact)  

“Cumulative costs” (economic impact)  “Tourism facilities” (infrastructure) and “Touristic 

values” (social impact). “Decommissioning costs” was deemed too hard to assess due to 

decommissioning costs rarely being included as a separate budget post when calculating the 

total cost of coastal erosion mitigation measurements. As a result, the criterion was removed 

from the final assessment sheet. “Cumulative costs”  was deemed too hard to assess due to the 

scope and lack of ways to properly assess long-term effects. The final two criteria, “Tourism 

facilities” (infrastructure) and “Touristic values” (social impact), were deemed to overlap and 

consequently replaced by a single criterion, “Tourism” (social impact).  

5.2.2 Scale development and validation 

Rating scales were selected as the preferred performance measurement tool, based on the need 

to account for the combination of qualitative and quantitative criteria present in this study. 

Commonly used in environmental assessments, rating scales have a high recognition factor. 

This increase the accessibility, as it provides the external experts conducting the assessments 

with a user-friendly and distinct interface. In this study, the scale parameters were set to 1-5. 
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Each level was then defined based on a common measurement. The main reason behind this is 

that many scales only define the extremes. This can make the meaning of each level unclear, 

introducing another level of uncertainty as experts fail to understand what they are being asked 

to evaluate.  

Despite best intentions, some criteria were harder than others to assess. This was especially true 

for the qualitative criterion and criteria requiring estimations of future effects. This includes 

“Emotional values”, “Biodiversity” and “Biological productivity”. “Emotional values”, 

were deemed hard to asses based on the difficulties associated with the quantification of social 

values and inability to draw general conclusions regarding what people value from a 

recreational and emotional perspective. “Biodiversity” and “Biological productivity” were 

also deemed hard to assess based on the difficulties in assessing future changes. In addition, 

“Maintenance costs” were also deemed hard to assess. Contrary to capital costs and planned 

additional costs, maintenance costs are based on future costs. This makes it hard to estimate the 

actual costs associated with the criterion. For this study, maintenance costs were based on the 

general cost of maintaining a specific alternative.  

5.3 Application of the decision analysis 

From a practical standpoint, there are several features included in the final version of the 

developed decision analysis that could prove useful, if applied in a larger context. First, the 

inclusion of multiple decision makers ensures that the personal preferences of each decision 

maker are taken into account. This lowers the risk of individual decision makers being overruled 

or ignored, promoting participation. This is particularly important when dealing with situations 

in which marginalized groups and minorities are involved, as these groups generally are at risk 

of being left out or ignored in decision-making processes involving multiple decision makers. 

Next, the use of value intervals enables the experts conducting the assessment to assign a range 

of values. In addition, to lower the sensibility of the assigned values, this ensures that 

uncertainty derived from the criteria assessment is being accounted for. Finally, the ability to 

alternate or remove the predefined set of criteria ensure flexibility to be maintained. This allows 

the model to be applied both on a local and a global scale, as criteria can be modified to account 

for local conditions. However, there are some concerns. First, the rating scales developed to 

assess the criteria are site-specific. This makes it difficult to draw any general conclusions based 

on previous works regarding how different coastal erosion mitigation measures and adaptation 
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strategies will impact the area. In addition, the model relies on expert valuations. This makes 

the model relatively sensitive to bias, as experts can be affected by their own knowledge and 

preferences. While this to some extent, can be mitigated through the integration of value 

intervals and the inclusion of multiple experts, it is important to highlight that some level of 

bias is unavoidable when dealing with aggregated values. 

 

The inability to utilize general assumptions and the unavoidable inclusion of bias constitute two 

major challenges with the application of the developed decision analysis. However, the main 

challenge lies in the required change of policy. In Sweden, coastal erosion mitigation strategies 

are predominately assessed through a seven-step process. First, the objectives and scope of the 

project are defined.  Next, contact is made with an external part. Predominately comprised of 

environmental consulting companies and external researchers, the external party is then tasked 

by the municipality to define a number of suitable alternatives and criteria. Next, an initial 

assessment is conducted in order to identify dominated alternatives. Based on the findings, the 

number of alternatives is then reduced in order to concentrate the efforts. Next, the alternatives 

deemed most suitable are presented to the decision makers in the form of recommendations. 

Based on the recommendations, the decision makers can either accept or refuse the suggested 

alternative. If the alternative is accepted, a proposal is drafted and sent out for referral to the 

public. Based on the received feedback, the proposal is then either accepted or returned to the 

external part for further assessments. However, if the recommendation is refused at the initial 

stage, further assessments might be required. This is repeated until an “optimal” alternative is 

identified. 

 

While the application of the pluralistic MCDA proposed in this study to a large extent resembles 

that of the existing practice, there are some key differences. First, the need for decision makers 

to reach an agreement regarding the objectives prior to the assessment is removed. Next, by 

eliminating the need for all decision makers to agree on one set of objectives, additional 

decision makers can be included throughout the process with limited effort. This lowers the 

need for proposals to be sent out for referral. In addition, the possibility to include additional 

“decision makers” allows local decision makers to invite local stakeholders to state their 

personal preferences using a structured approach. Finally, expert recommendations are 

removed completely. This has several implications, as expert recommendations can polarize 

and create a rift between decision makers. By removing recommendations, no additional value 

is put on any specific alternative.  
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Finally, while the pluralistic MCDA proposed in this study was developed for situations with 

multiple participating decision makers, it is important to remember that not all cases include 

multiple decision makers (Garre et al., 2019; Gregory et al., 2012). In addition, it is worth noting 

that the two proposed performance measures in this study is in need of further testing to fully 

decide which one performs the best in different situations. 
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6. Conclusion  

In this study, an extended version of MCDA, pluralistic MCDA, was developed in order to 

examine to what extent multi-criteria decision analysis can be used to identify the need for 

negotiations to reach agreement in the management of coastal erosion involving multiple 

decision makers. In addition, the approach aims to help decision makers in Scania identify and 

agree upon suitable mitigation measures and adaptation strategies with regards to coastal 

erosion.  

 

The initial findings of this study indicate that the need for negotiations to reach agreement in 

the management of coastal erosion to a great extent can be identified using pluralistic MCDA. 

The main reasons behind this lie in the inclusion of multiple decision makers, and in the 

relaxation of the assumption of fixed values. This prevents the aggregation of individual 

preferences, something that otherwise would aggravate the possibility to determine the space 

for negotiations.  

 

This study indicates that pluralistic MCDA could be used to assess the validity of majority 

decisions. This could prove beneficial in several ways, as it increases the transparency of the 

decision-making process. 

 

Moving forward, pluralistic MCDA could potentially be utilized in a number of different 

settings. In addition to providing coastal and marine managers with a structured way to deal 

with situations involving multiple decision makers where it is important to reach an agreement, 

pluralistic MCDA could replace existing MCDA processes. To fully examine the potential of 

pluralistic MCDA, further studies are needed.  This includes field studies, the application of the 

decision theory on management problems outside the range of coastal erosion, and additional 

simulation studies.  
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Appendix B 

Appendix B includes the weight assigned by a sustainability engineer within the targeted 

municipality.  

Main category Points 

Infrastructure 29 

Utility networks 8 

Economic impacts 24 

Social impacts 23 

Environmental impacts 16 

Points left to assign 0 

Infrastructure Points 

Roads 10 

Farmland 0 

Critical facilities 35 

Residential areas 55 

Points left to assign 0 

Utility networks Points 

Fiber networks 0 

Electricity supply systems 5 

Drinking water distribution networks  5 

Urban wastewater collection systems 25 

Urban runoff water collection systems 20 

Wastewater treatment plants 25 

Pump stations 20 

Points left to assign 0 

Economic impacts Points 

Capital costs 50 

Planned additional costs 30 

Maintenance costs 20 

Points left to assign 0 

Social impacts Points 

Cultural heritage 5 

Emotional values 5 

Tourism 75 

Existing local businesses 15 

Points left to assign 0 

Environmental impacts Points 

Geographic features 15 

Flooding 5 

Downdrift erosion 5 

Habitat alternation 5 

Biodiversity 25 

Productivity 45 

Points left to assign 0 

 



88 
 

Appendix C 

Appendix C includes a set of weights estimated based on expert consultation. Decision maker 

2 is in this study estimated to be an environmentalist working within the targeted municipality. 

 

 

  

Main category Points 

Infrastructure 15 

Utility networks 10 

Economic impacts 5 

Social impacts 25 

Environmental impacts 45 

Points left to assign 0 

Infrastructure Points 

Roads 15 

Farmland 35 

Critical facilities 30 

Residential areas 20 

Points left to assign 0 

Utility networks Points 

Fiber networks 5 

Electricity supply systems 15 

Drinking water distribution networks  25 

Urban wastewater collection systems 20 

Urban runoff water collection systems 10 

Wastewater treatment plants 15 

Pump stations 10 

Points left to assign 0 

Economic impacts Points 

Capital costs 35 

Planned additional costs 35 

Maintenance costs 30 

Points left to assign 0 

Social impacts Points 

Cultural heritage 40 

Emotional values 40 

Tourism 10 

Existing local businesses 10 

Points left to assign 0 

Environmental impacts Points 

Geographic features 15 

Flooding 5 

Downdrift erosion 20 

Habitat alternation 20 

Biodiversity 20 

Productivity 20 

Points left to assign 0 
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Appendix D 

Appendix D includes a set of weights estimated based on expert consultation. Decision maker 

3 is in this study estimated to be a resident within the targeted municipality. 

Main category Points 

Infrastructure 20 

Utility networks 35 

Economic impacts 10 

Social impacts 20 

Environmental impacts 15 

Points left to assign 0 

Infrastructure Points 

Roads 30 

Farmland 10 

Critical facilities 45 

Residential areas 15 

Points left to assign 0 

Utility networks Points 

Fiber networks 35 

Electricity supply systems 30 

Drinking water distribution networks  10 

Urban wastewater collection systems 5 

Urban runoff water collection systems 5 

Wastewater treatment plants 5 

Pump stations 10 

Points left to assign 0 

Economic impacts Points 

Capital costs 40 

Planned additional costs 25 

Maintenance costs 35 

Points left to assign 0 

Social impacts Points 

Cultural heritage 10 

Emotional values 5 

Tourism 35 

Existing local businesses 50 

Points left to assign 0 

Environmental impacts Points 

Geographic features 35 

Flooding 35 

Downdrift erosion 10 

Habitat alternation 10 

Biodiversity 5 

Productivity 5 

Points left to assign 0 
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