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Abstract

:

Worldwide, artificial nourishments are being considered as one of the main coastal erosion mitigation measures. However, this solution is not permanent, since the natural removal of sediments that occurs after the sand deposition leads to the need of re-nourishment projects; thus, its performance and longevity dependent on several design parameters (placement site and extension alongshore, frequency, and volume, etc.) In this work, a methodological approach for cost–benefit assessment is applied to analyze the performance of artificial nourishments from a physical and economical point of view, by analyzing the effectiveness of different scenarios. The study was developed considering two study areas: a hypothetical situation (generic study area) and a real coastal stretch (Barra-Vagueira, located in the Portuguese west coast). The findings show the complexity in defining the best nourishment option, being dependent on the wave climate, site specific conditions, and main goal of the intervention. The proposed cost–benefit approach allows one to obtain and compare the physical and economic performance of artificial nourishments to mitigate coastal erosion, aiding the decision-making processes related to coastal planning and management.
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1. Introduction


Worldwide, coastal erosion is a major issue in coastal zones, being estimated that 24% of the world’s sandy beaches are eroding at rates exceeding 0.5 m/year [1]. In the last decades, artificial nourishments have become one of the main coastal intervention measures to mitigate the shoreline retreat and climate change effects around the world. This measure acts directly on the cause of erosion, trying to circumvent the deficit of sediments in coastal areas. However, artificial nourishments are not a permanent solution, since the removal of sediments by the wave and current actions, which occurs naturally from the deposition site, requires re-nourishment interventions over time to maintain its designed function. Periodic re-nourishment intervals range from 2 to 10 years and depend on several factors related to the initial design, namely wave climate, frequency and type of storms, and sand characteristics [2,3,4].



Artificial nourishments present positive and negative aspects, with different impacts, costs, and benefits; therefore, this evaluation is dependent upon technical and local variables [5,6,7,8]. Thus, to mitigate coastal erosion based on artificial nourishments in a sustainable long-term perspective, it is necessary to maximize the benefits and reduce the costs of the intervention. The nourishment design defines the volume, frequency of intervention, and placement site and depends on the sediment dynamics at the placement site, etc. An overview of beach nourishment practices around the world shows an increasing tendency to perform more recurrent nourishment interventions with increasing sediments volumes [9,10,11].



Cost–benefit analyses are tools that can be applied to compare costs and benefits, allowing one to take into consideration the economic feasibility of each strategy [12]. To obtain the balance between costs and benefits, it is necessary to quantify all the effects of the intervention during its life cycle and to convert them to the same unit, obtaining a unique unit that allows for the comparison of costs and benefits [13].



This work aims to present contributions to analyze and discuss the physical and economic feasibility of artificial nourishments interventions, considering their costs and benefits. For that, COAST software develop at University of Aveiro (version 1) [7] is applied, allowing an integrated, well-defined, and sequential cost–benefit approach in order to support decision-making for planning and coastal management. The software is applied for two study cases, one considering a hypothetical study area and the other corresponding to a real domain, the coastal stretch Barra-Vagueira, in Portugal. For both study areas, a 20-year time horizon was defined, and the physical and economic performance of artificial nourishment scenarios was evaluated. The obtained modelled results allow for the discussion of the cost–benefit of the nourishments with regard to the functions of different design parameters, such as volume, placement site, placement alongshore extension, and frequency.




2. Methodology


Cost–benefit analysis can be applied to compare nourishment costs and benefits, allowing one to take into consideration the economic feasibility of different scenarios [12]. In this study, COAST software, developed in the University of Aveiro by Lima, in 2018 [7], was applied to evaluate the economic performance of the artificial nourishments. This software applies a sequential and integrated methodology to compare the benefits and costs of coastal erosion mitigation measures and is based on three main stages [7,14,15]:



1st—Assessment of the physical performance of the coastal erosion mitigation measures, evaluating the shoreline evolution along time, allowing for the estimation of the benefits of the intervention;



2nd—Definition of the nourishment volume and consequent costs of the intervention, considering its life cycle;



3rd—Cost–benefit assessment of each intervention scenario, based on the analysis of the evolution of the economic parameters NPV (net present value), BCR (benefit–cost ratio) and break-even year (the year where the costs are compensated for by the benefits).



In the first stage is applied a long-term shoreline evolution numerical model (LTC—long-term configuration [5]) to obtain the physical impacts of the nourishment scenarios. The coastal areas gained and/or not lost due to the intervention are evaluated along time to estimate the benefits. In the second stage, the costs of the nourishments and re-nourishments are considered. Finally, in the third stage, costs and benefits obtained through time in the previous stages are summed (considering a discount rate to address the monetary values to the reference year) and compared, obtaining the net present value (NPV), benefit-cost ratio (BCR), and break-even year.



2.1. Benefits


The main benefits of coastal erosion mitigation measures are linked to their capacity to slow down the erosion trend and, consequently, to reduce the irreversible loss of territory, economic activities, infrastructures, and goods during the life cycle defined for the project [12,16]. In the COAST software, the benefits of coastal erosion mitigation measures are obtained as a result of the territory maintained, gained, or lost along time, plus the territory value. Following this approach, the software applies a one-line model (LTC) to obtain the areas of territory maintained or gained, by comparing the results with a non-intervention scenario. Within a specific study area, the software allows the user to define different monetary values for the territory alongshore.



LTC [5] is a shoreline evolution numerical model for sandy beaches that combines a simple classical one-line model with a rule-based model for erosion/accretion volumes distribution along the beach profile [17,18]. The model was designed to support coastal management and planning, allowing one to obtain shoreline projections in a medium- to long-term perspective (decades), considering different coastal erosion mitigation measures without a high computational effort and without a complex calibration and validation process [18,19,20,21,22].



To apply LTC, the user defines the bathymetry and topography of the study area, the wave climate offshore, the domain boundary conditions, water level, and sediment’s properties [5]. To simulate artificial nourishments, the users define the nourishment volume, starting and ending instants of the intervention, and the deposition area [5,22].



A key parameter to obtain the benefits of coastal erosion mitigation measures is the value of the coastal territories that are maintained due to the interventions. Coastal territories provide multiple functions and services, as they merge frequent urban uses and natural ecosystems functions, making it possible to identify, within a range of few kilometers, a high variety of land uses. Those land use values should consider social, environmental, and cultural aspects and require sensitivity analysis prior to its application to adequately characterize the provided services of the territory [7].




2.2. Costs


The costs of artificial nourishments are related to the means employed to collect, transport, and deposit the sediments on the coast (dredges, trucks, pipelines, boats, etc.) and mainly, the distance between the source and deposition site (beach, dune, or littoral drift).



The sources of nourishment sediments may include extraction from quarries, reprocessing of quarry/mining waste, fossil beach deposits, port and harbor dredging activities, lagoon or barrier island coasts, offshore deposits, or derived from downdrift or updrift sediments and fluvial supplies [23]. According to Dean [24], the main advantage of using offshore sources is the ease of being able to find large stretches of adequate sand, usually 1 to 20 km away from the deposition site. However, offshore dredging must be carried out outside the active beach profile, otherwise, the sediments will just be moved from one place to the other, in the same dynamic coastal system. The material dredged from ports and navigation channels represents an economically interesting sediment source, since dredging is imperative in these places to guarantee navigation conditions. In this case, those sediments can be reused downdrift for beach nourishment, which will bring the advantages of relatively short distances and related costs for transportation [25].



In the present study, it was assumed a unitary sediments nourishment cost equal to 2 EUR/m3, considering all the nourishment operations (sediments dredging, transport, and deposition). This value was defined on the basis of the unitary costs of sand transposition studies carried out for the Portuguese west coast [26,27].




2.3. Cost–Benefit Analysis


Benefit–cost ratio (BCR), net present value (NPV) and break-even year are three economic parameters that compare costs and benefits, allowing one to make considerations about the economic feasibility of a project. The break-even year corresponds to the year in which the benefits are compensated for by the costs.



The NPV evaluation criterion is given as the sum of discounted benefits minus the sum of discounted costs that occur in each period, t, over the lifetime of the project, T [13], and is given by:


  N P V =   ∑   t = 0  T     B t        1 + r    t    −   ∑   t = 0  T     C t        1 + r    t     



(1)




where r is the time discount rate. The investment is considered economically viable when the NPV > 0, i.e., when the benefits’ present value (first term on right-hand side of Equation (1)) exceeds the costs’ present value (second term on right-hand side).



The BCR evaluation criterion is given by the sum of discounted benefits relative to the sum of discounted costs that occur in each period, t, over the lifetime of the project, T [13], and is given by:


  B C R =   ∑   t = 0  T     B t        1 + r    t      /   ∑   t = 0  T     C t        1 + r    t     



(2)







The investment is considered economically viable when the BCR > 1, i.e., when the benefits’ present value (numerator on right-hand side of Equation (2)) exceeds the costs’ present value (denominator on right-hand side). Note that the BCR = 1 when the NPV = 0.





3. Case Studies and Nourishment Scenarios


The cost–benefit of artificial nourishments interventions was discussed using two study areas. The first study focused on discussing the physical and economic performance of nourishment interventions considering a hypothetical study area to better control all the considered parameters. Afterwards, the cost–benefit methodology was applied to study nourishment interventions performed in a real coastal stretch located in the NW coast of Portugal (Barra-Vagueira). For each study area, first, the shoreline projection was obtained for a reference scenario, corresponding to the natural shoreline evolution, without new coastal interventions during the simulation period. Secondly, assuming a baseline scenario for nourishment intervention, alternative scenarios were tested through changes in one of the factors at a time (extension alongshore, placement site, frequency, and volume).



For each nourishment scenario, the benefits were obtained annually by comparison with the shoreline position, considering the reference scenario and the ones in which the artificial nourishments are performed. All the analyses were carried out for a time horizon of 20 years. This time frame was defined in line with the period usually defined by the Portuguese coastal management authorities for the life cycle of coastal interventions projects. Furthermore, the analyzed period is in line with the numerical model assumptions for medium- to long-term projections, and the period of 20 years avoids the effect of additional unpredicted long-term processes and/or anthropogenic and social actions.



3.1. Generic Study Area


The calculation domain of the generic study area in LTC was defined by regular topohydrography with an area of 8 × 10 km2, Figure 1, represented by a regular square grid (20 m spaced), with 401 × 501 points (respectively, in the cross-shore and longshore directions). Dean profile, h = Axm [28], was considered to define the bathymetry of the study area in which the sediment-dependent scale parameter (A) was defined to be equal to 0.127, according to Portuguese beaches sediment grain size, and the parameter related to the beach exposure to wave energy (m) was defined to be equal to 2/3 (value generally considered for intermediate beaches). The topography was defined with a constant slope equal to 2%. The cross-shore active profile was considered constant throughout the simulation period, with a height of 10 m defined by the depth of closure (DoC = 8 m) and the wave run-up limit (Ru = 2 m). At the northern boundary, it was defined to be a closed condition, where there are no sedimentary exchanges with the adjacent cell, and at the south boundary, the extrapolation of the longshore sediment transport of nearby conditions was adopted.



The wave characteristics were considered constant along all the numerical modelling simulations, with offshore wave height (H0) of 2 m, wave period of 9.34 s (T), and 10 degrees wave direction with the west, clockwise (α0). The alongshore sediment transport was defined to be calculated according to CERC formula [29].



The longshore extension of the generic study area was divided into three different zones. As shown in Figure 2, from north to south, the northern longshore extension of 1.0 km was defined with beach uses (beach provides coastal protection and recreational uses). Then, an urban area that can support several different activities and uses (restaurants, hotels, economic services, etc.) is defined, measuring 1.5 km in length. The remaining longshore extension was defined as a forest, providing this land use regulation for timber, habitat for biodiversity, erosion control, and many others [30,31,32]. The monetary value attributed to each land use is presented in Table 1. The time discount rate (r) was considered to be 3% [32].



The artificial nourishment baseline scenario considers the nourishment of 1 million m3 of sediment, every 5 years, at an average deposition rate of 10 thousand m3 per day. The nourished area is characterized by a longshore extension of 500 m, centered in the urban area, and covering the entire cross shore active profile width, approximately 600 m (Figure 2). Table 2 summarizes the nine alternative nourishment scenarios evaluated.




3.2. Barra-Vagueira Coastal Stretch


Barra-Vagueira coastal stretch (Figure 3), NW coast of Portugal, with an extension of approximately 12 km, is an erosion hotspot, presenting, in the last 50 years, erosion rates that reached 8 m/year [34,35]. In the last decades, artificial nourishment has become one of the main coastal interventions to mitigate coastal erosion, being performed in the coastal stretch low frequency interventions of thousands cubic meters of sediments [36,37].



The numerical domain of this coastal stretch was defined on the basis of the shoreline position identified through the analysis of the digital elevation model provided by COSMO [38]. On the basis of the shoreline position, the bathymetry and topography of the stretch was represented by a regular grid of points spaced 20 m in both directions (west–east and north–south), with an extension of 6 × 12 km2. On the basis of the COSMO surveys [38], the bathymetry was adjusted to Dean profile’s shape, being considered regular and parallel. The topography was approximated to a constant slope equal to 3%. The numerical domain includes the 19 coastal structures existing on the stretch Barra-Vagueira (8 groins and 11 longitudinal revetments).



The wave climate used as input of the model considered the wave series generated in the scope of the MarRisk research project [39], and the sediment transport was defined to be calculated according to the CERC formula [29]. The model was calibrated through the values of the shoreline change rate, comparing the mean shoreline retreat obtained numerically with values described in the bibliography.



The economic value of the land use was based on several studies [27,40,41]. In these studies, the authors divided the longshore extension of Barra-Vagueira into 12 sectors (Figure 4), obtaining in each sector the territory value through a methodology that combines land uses, based on the analysis of the Portuguese land cover map [42] and benefits transfer approaches.



A nourishment baseline scenario (BS) was adopted, considering the annual deposition of 5 × 105 m3 of sediments, in front of a groin field, referred to as BS in Figure 3. This baseline scenario was defined on the basis of the historical data of artificial nourishments interventions that have been performed in the study area [36,37]. Nine alternative scenarios have been defined through changes in one of the factors at a time, considering three alternatives for each of the analyzed parameters, namely volume, frequency, and placement site alongshore (Table 3).





4. Results


The main results of all the analyzed scenarios are presented and discussed here. For both of the study areas, the results for the reference scenario are presented firstly, following by the physical and economic performance of nourishment interventions scenarios tested. Final remarks highlight the major outlines of the obtained results.



4.1. Generic Study Area


4.1.1. Reference Scenario


The evolution of the shoreline position after 5, 10, and 20 years is shown in Figure 5, where substantial erosion problems are observed. Without interventions to mitigate erosion effects, the results suggest a shoreline retreat close to 230 m in the northern boundary of the calculation domain, after 20 years of simulation. In addition, the extension of the stretch defined as urban uses is affected by erosion. In economic terms, through the balance between the areas of territory lost over time (LTC results in the reference scenario) and the valuation of the territory (land use and ecosystems services), it is expected that the shoreline retreat represents a loss of approximately 0.8 million euros, after five years of simulation. After ten years, the costs exceed 3 million euros and at the end of the defined time horizon (20 years), the land loss represents approximately 12 million euros (all values updated to Year 0).




4.1.2. Artificial Nourishment Scenarios


Table 4 summarizes the physical and economic results obtained for the artificial nourishment scenarios. The results show that performing a nourishment project (according to the parameters defined as the baseline scenario) allows for a decrease in the erosion areas in approximately 23 ha over the 20 years of simulation (in comparison with the reference scenario). The total addition of 4 million m3 of sediments to the coastal system over the 20 years of simulation (four nourishment interventions) represents a total investment of approximately 6.5 million euros (at present values, considering the discount rate). The break-even is achieved after 13 years, and after 20 years, it is verified that the benefits are approximately 70% higher than the total investment costs (BCR = 1.73). Despite the positive physical and economic aspects related to the intervention, based on Figure 6, it is possible to observe that the nourishment baseline scenario does not ensure the total protection of the urban water front.



In the following sections, changes in artificial nourishment baseline scenario characteristics are analyzed.



Extension


To assess the impact of the alongshore nourishment extension, three alternatives to the baseline scenario were considered, corresponding to extended nourished areas: (i.1) extending the nourishment area in 500 m in the north direction; (i.2) extending the nourishment area in 500 m in the south direction; and (i.3) 1500 m extension covering all the urban waterfront.



Based on the results presented in Table 4 and Figure 7, it is slightly positive to extend the nourishment area 500 m to the north. The three scenarios present similar results, but Scenario i.1 presents simultaneously better physical and economic performances, reaching the break-even year one year earlier than the remaining scenarios (12 years instead of 13 years).




Location


In an attempt to optimize the nourishment impacts in the shoreline evolution, two alternative locations to deposit the sediments were tested: (ii.1) move the nourishment area in 500 m to the north and (ii.2) move the nourishment area in 500 m to the south.



As can be observed from Table 4 and Figure 8, the results suggest that the northern nourishment location results in a smaller loss of territory and, simultaneously, it represents the most positive economic result (BCR = 1.80, with the break-even reached after 13 years, as in the baseline scenario).




Frequency


The costs and benefits of nourishments frequency were assessed by comparison of two alternative scenarios: (iii.1) 400 thousand m3 of sediments deposited every 2 years; and (iii.2) 2 million m3 of sediments every 10 years. Despite the different volumes considered in each intervention, the cost per m3 was considered always the same.



The scenario with the best physical impact is not the same as the one with the best economic performance (Table 4 and Figure 9). Artificial nourishments performed in shorter time intervals (Scenario iii.1) presents smaller land losses over the 20 years, but the economic benefit is higher if only two interventions of 2 × 106 m3 of sediments each are performed (Scenario iii.2). Although in Scenario iii.2 the break-even point is lower and the NPV is higher (after 20 years), this scenario requires a higher initial investment (4 million euros, while in Scenario iii.1, only 800 thousand euros are needed), which may be a constraint, as the initial financial availability is often a constraining factor in the choice of the coastal intervention.




Volume


Regarding the total volume of sediments deposited, two additional artificial nourishment scenarios were analyzed: (iv.1) 500 thousand m3 of sediments every 5 years and (iv.2) 2 million m3, again, every five years. Naturally, in physical terms, Scenario iv.2 is more attractive, decreasing the territory loss by approximately 40 ha, in comparison with the reference scenario. After 20 years, this scenario leads to a global accretion when compared with the initial instant (Year 0). Despite the physical benefits of higher nourishment volumes, the BCR shows that Scenario iv.1 presents a better economic performance (Table 4 and Figure 10). Thus, it is highlighted that although Scenario iv.2 represents a higher initial and total investment cost, it also presents important shoreline evolution benefits.






4.2. Generic Study Area


4.2.1. Reference Scenario


Shoreline projection results show that if no actions are taken to mitigate coastal erosion, the Barra-Vagueira shoreline will continue to retreat (Figure 11). Considering a time horizon of 20 years, the annual mean shoreline retreat approaches 1.45 m/year, representing a loss of territory of approximately 35 ha. Considering the land uses, this erosion effects represent a loss of approximately 37 million € (Table 5).




4.2.2. Artificial Nourishments


The nourishments allow for the mitigation of the negative erosion effects expected in the reference scenario, decreasing the shoreline retreat rate. However, the economic viability of the nourishments was achieved for only one of the tested scenarios. Table 6 summarizes the physical impact by presenting the percentage of territory not lost at the end of 20 years, the economic performance through the benefit–cost ratio (BCR), and net present value (NPV).



Regarding the nourishment baseline scenario, it is observed that 5 × 105 m3/year of sediment decreases the loss of territory by approximately 15%, but the economic viability of the intervention is not achieved during the 20 years evaluated. The total estimated costs are 15.32 million euros, and the benefits approach 3.79 million euro (Figure 12).



Results of nourishment volume scenarios suggest that both physical and economic performance increases with the deposited volume (Figure 13). The annual deposition of 1 × 105 of sediment presents the lower total costs (3.06 million euros), but the area not lost is also lower, leading to a benefit–cost ratio of approximately 0.03. The deposition of 7 × 105 m3/year of sediment is the scenario that presents the higher total cost (21.45 million euros) but is also the scenario that presents the higher total benefits (7.72 million euros), with a benefit–cost ratio of 0.36.



Considering the results that assessed the impact of the deposition site (Figure 14), it is observed that the northern area deposition (NBS) is the one with the best economic performance, with the costs outweighing by the benefits (BCR = 1.1, with the break-even reached after 17 years). Note that, despite different distances to the deposition site, the unitary cost of dredging/deposition intervention was considered the same in all the scenarios.



The best economic performance is not necessarily connected with the intervention that produces a greater impact on the reduction of the area lost on the coastal stretch. Although the deposition of sediments in the scenario Ext.S is the intervention that led to a greater reduction on the area not lost (26.75%), this scenario is the one which presents the worst economic performance. These results are due to the accumulative evolution of the benefits based on the relationship between the location of the area not lost and its land value. The total costs for these scenarios are the same (15.32 million euros). Sediment deposition in scenario NBS leads to a better performance, where the higher value of territory was estimated (Sectors 2–4), which significantly increases the benefits, outweighing the total costs. For the same reason, when comparing the deposition in SBS and in BS, it is observed that scenario SBS produces a higher reduction in the area lost, but the best economic performance is obtained for the deposition in BS. Finally, the results indicate that it is more efficient to carry out fewer artificial nourishment interventions, with larger volumes (Figure 15). According to the results that evaluated the nourishment frequency, the deposition of 2 × 106 every 4 years is the one that presents the best physical and economic performance (BCR = 0.4).



On the basis of the comparison of costs and benefits of the interventions (Figure 15), it is observed that the deposition of 2 × 106 each 4 years represents an approximately 5 thousand euros higher cost than the remaining frequency scenarios that were tested. However, the benefits are approximately 2.5 times higher than those obtained for the scenarios that considered the deposition of lower volumes (2.5 × 105 every half year and 5 × 105/year).





4.3. Final Remarks


The presented study discusses physical and economic performance of artificial nourishments based on the results at two study areas, showing that the proposed approach is applicable to both conceptual research and applied projects. Comparing both studied areas, the higher the volume, the better the BCR for Barra-Vagueira, but the contrary is observed in the hypothetical study. Location of the deposition of the nourishment at northern areas (updrift) is better in both studies, considering the adopted assumptions. The lower the frequency of the interventions, the better the RBC. In fact, these results show that the main goal of the nourishment needs to be very well defined and is site-specific, because a better scenario in one aspect may be worse in another one. However, the main results show that erosion effects represent important economic losses and artificial nourishments allow for the mitigation of shoreline retreat rates, decreasing the land losses. The physical performance and consequent economic evaluation of the nourishments depends on the design parameters and the valuation of the land uses and ecosystem services.



In the generic study area, moving the deposition site and extending its area to the north represents physical and economic advantages. Frequent nourishment interventions with lower volumes will induce larger accretion areas over time, but higher economic gains correspond to a larger volume and lower nourishment frequencies. A higher total volume of nourished sediment in the coastal system provides larger accretion areas over the entire 20-year time period that was analyzed and simultaneously results in a higher net present value. At the Barra-Vagueira coastal stretch, the economic viability of the intervention was achieved for only one of the tested scenarios. Thus, the economic feasibility of the interventions is not necessarily connected with the greater physical impact of the nourishment, but it is also strongly dependent on the monetary value attributed to the territory.





5. Discussion


To mitigate the shoreline retreat rate’s negative effects, the responsible authorities try to identify which is the most effective measure, with lower costs. For that, it is necessary to develop studies regrading coastal erosion mitigation that compromises two dimensions, namely physical effectiveness and economic performance. In the last decades, economical tools, such cost-effectiveness, cost–benefit, and efficiency analyses, have been applied in the scope of coastal management and planning [43]. These tools provide a more comprehensive and sustainable coastal management. The main outcome is the possibility of comparing solutions considering physical and economical effectiveness, allowing a better management of resources, and the possibility of supporting the planning process. Cost-effectiveness studies provide insight into which interventions achieve coastal protection objectives at the lowest cost [44,45]. Cost–benefit studies provide insight into which interventions provide the largest net benefits [12,46,47,48,49,50,51,52,53,54]. In short, it can be considered that nourishment design should rely on cost–benefit analyses [55]. Thus, the main relevance of the proposed methodology to design the best nourishment intervention is to follow a well-defined and sequential approach, considering numerical modelling and costs and benefits assessment. All the stages of the proposed methodology may result in discussion due to the inherent uncertainties of each process and required adopted assumptions.



In this study, a simple one-line shoreline evolution model was applied to characterize the territory areas lost, maintained, or gained. According to [56,57], simplified models allow for the predication of coastal zone evolution in medium- to long-term scales, avoiding the time demands due to both field data collection and computational time, as well as the time and scale limitations of the three-dimensional models. However, as concluded by Coelho et al. [58], there are still gaps in the long-term numerical modelling of artificial nourishments, and it is important to increase modelling capabilities, by coupling cross- and longshore processes, aiding the selection of optimal artificial nourishment schemes and the establishment of more efficient coastal management policies. Larson et al. [59] have highlighted the need for long-term morphological modelling that considered short-term effects, since long-term changes may be influenced by short-term responses. In addition, the long-term impacts of nourishment interventions in the shoreline evolution needs further research. Ferreira and Coelho [22] report that the changes on the local bathymetry due to the nourishments have consequences in the sediment transport patterns and, therefore, in the shoreline evolution.



The benefits of artificial nourishments are considered as the capacity to slow down the shoreline retreat, allowing the territory to maintain its functions and its monetary value over time. However, further research must also be developed to improve the land use and ecosystems valuation, as this monetary value must represent all the economic, social, and cultural aspects related to the activities developed in the coastal zones and surrounding communities. According to Lima et al. [60], nourishment interventions may represent ecosystem preservation and maintenance of natural landscapes, may increase the beach demand that leads to economic gains, may promote new economic and tourist activities, allow for decreased costs related to eventual overtopping events, and also reduce the maintenance costs of existing coastal structures. In fact, Noordegraaf [61] developed a study case in a beach under erosion and reports the intention of people to make more visits when the beach increases; additionally, on the basis of numerical studies, Passeri et al. [62] suggest that during stronger storms, nourishments reduce dune overtopping.



Additionally, since coastal territories provide multiple functions, the different stakeholders have different interests. The proposed methodology allows a comparison of options, enabling one to assess costs and benefits evolution, considering direct costs and benefits for different groups. Furthermore, since the methodology considers the timing of each of the costs and benefits associated with particular options and converts future costs and benefits into today’s prices, all impacts can be meaningfully compared, regardless of timing.



Finally, as previously indicated, the territory value is extremely dependent on the land uses, and, thus, an adequate sensitivity analysis should be performed to well characterize the land use value. An important part of the studies regarding land use and economic value of the territories is focused on estimating the demand curve, thus trying to identify changes in the consumers behavior due to a specific intervention. According to Parson et al. [63], artificial nourishment effects in the beach width have consequences on the consumption of the users. On the basis of a study conducted at Delaware beaches (USA) to estimate the value of beach width and artificial nourishments for recreational purposes by its users, the authors concluded that reducing of the beach width to a quarter of the current width would lead to a loss of approximately USD 5.00 per day at the beach, per visitor. Widening to twice the current beach width would lead to an increase per day and per visitor at the beach of USD 2.75. Landry et al. [64] performed a study in North Carolina to estimate the demand curve and the ‘willingness to pay’ by users and non-users, for coastal management measures. On the basis of the results, it was estimated that the marginal value of incremental beach width for users and non-users ranges from USD 0.23 to USD 0.48 per meter. Thus, the proposed approach makes it easier to assess the benefit evolution of artificial nourishments as a function of the territory value that, as demonstrated by the two study cases discussed previously, can be extremely dependent on the user’s evaluation and may be dependent on local aspects.




6. Conclusions


This work aimed to present a well-defined and sequential approach to evaluate the costs and benefits of different artificial nourishment scenarios. A hypothetical study area and a real domain (Barra-Vagueira) were considered, and the nourishment scenarios were defined to discuss the impact of the design parameters that conditioned the costs and benefits of the interventions.



Cost–benefit analysis gives important insights for better design of nourishment interventions. In this evaluation, benefits are related to the shoreline evolution and are dependent on the numerical assumptions defined to develop the study. They are also functions of the valuation of the coastal territory that must include social, environmental, and cultural aspects, which are difficult to estimate. The costs estimation requires the prediction of the evolution of all costs of the project during its life cycle, which should consider the dredging operations, the transport (highly dependent of the oil prices), and the deposition processes along the time.



Overall, the findings show that in coastal areas susceptible to erosion (where the sediments volume available for the littoral drift are below the potential sediment transport capacity), important economic losses will occur if no decisions are adopted. Artificial nourishments allow for the mitigation of erosion problems, but the physical and economic performance of the intervention is site-specific and dependent upon design parameters. The results highlight the importance of a good definition of the objectives to be reached when an artificial nourishment is proposed, as the scenarios that present higher positive physical impacts are not necessarily the same as those that present the best economic performance.



The application of the presented results to other coastal areas is naturally limited by the specific conditions of each site (land use values, wave climate conditions, existing coastal intervention characteristics, nourishment scenarios, etc.) However, the easy approach defined by the methodology allows for a quick sensitivity analysis to those conditions, permitting its general worldwide application. Thus, it is considered that the proposed methodology and the COAST software represents one step toward a well-supported decision-making process, aiding in coastal management and planning.
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Figure 1. LTC numerical model representation of the study area obtained with COAST software interface, developed by Lima, in 2018 [33]. 
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Figure 2. Schematization of the study area: land uses and artificial nourishment baseline scenario. 
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Figure 3. Coastal stretch Barra-Vagueira (the rectangles represent the nourishment location scenarios: BS—baseline; NBS—North of BS; SBS—South of BS; and Ext.S—Extreme South). 






Figure 3. Coastal stretch Barra-Vagueira (the rectangles represent the nourishment location scenarios: BS—baseline; NBS—North of BS; SBS—South of BS; and Ext.S—Extreme South).



[image: Jmse 10 01906 g003]







[image: Jmse 10 01906 g004 550] 





Figure 4. Monetary value of the coastal sectors [27,40,41] with overlay of the land use map on the study area [42]. 
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Figure 5. Shoreline position in the reference scenario, along the time (cross-shore scale equal to 10 times the longitudinal scale). 
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Figure 6. Shoreline position in the artificial nourishment baseline scenario along time (cross-shore scale equal to 10 times the longitudinal scale). 
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Figure 7. Normalized representation of physical and economic impacts of the artificial nourishment extension scenarios. 
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Figure 8. Normalized representation of physical and economic impacts of the artificial nourishment location scenarios. 
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Figure 9. Normalized representation of physical and economic impacts of the artificial nourishment frequency scenarios. 
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Figure 10. Normalized representation of physical and economic impacts of the artificial nourishment volume scenarios. 
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Figure 11. Barra-Vagueira shoreline evolution if no new coastal interventions are adopted: (a) 10 years; (b) 20 years. 
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Figure 12. Accumulated costs and benefits evolution for the baseline scenario. 
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Figure 13. Accumulated costs and benefits evolution for the nourishment volume scenarios: (a) 1 × 105 m3/year; (b) 3 × 105 m3/year; and (c) 7 × 105 m3/year. 
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Figure 14. Accumulative costs and benefits evolution, for the placement site scenarios: (a) NBS; (b) SBS; and (c) Ext.S. 
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Figure 15. Accumulative costs and benefits evolution for the scenarios that assessed the nourishment frequency: (a) 2.5 × 105 m3 every half year; (b) 1 × 106 m3 every 2 years; and (c) 2 × 106 m3 every 4 years. 
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Table 1. Economic land value defined in the case study based on [32].
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	Description (km)
	Location
	Extension (km)
	Value (€/m2/Year)





	Zone 3
	Beaches
	North limit
	1.0
	2.00



	Zone 2
	Urban area
	Intermediate
	1.5
	10.00



	Zone 1
	Forests
	South limit
	7.5
	0.20
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Table 2. Artificial nourishments scenarios characteristics.






Table 2. Artificial nourishments scenarios characteristics.












	Design Parameter
	
	1
	2
	3





	Extension
	i
	1000 m (north)
	1000 m (south)
	1500 m



	Location
	ii
	500 m (north)
	500 m (south)
	-



	Frequency
	iii
	400 thousand m3

every 2 years
	2 million m3 every 10 years
	-



	Volume
	iv
	one-half million m3
	2 million m3
	-
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Table 3. Alternative nourishment scenarios for the coastal stretch Barra-Vagueira (nourishment placement sites are shown in Figure 3).
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	Design Parameter
	1
	2
	3





	Volume (m3/year)
	1 × 105
	3 × 105
	7 × 105



	Placement site
	NBS
	SBS
	Ext.S



	Frequency
	2.5 × 105 m3 each half year
	1 × 106 m3 each 2 years
	2 × 106 m3 each 4 years
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Table 4. Summary of the physical and economic results of the artificial nourishments scenarios.
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Scenario

	
Territory Area (ha)

	
BCR20 yr

	
NPV20 yr

	
Costs

	
Break-Even




	
Accretion

	
Erosion

	
Impact

	
(−)

	
(€)

	
Initial (€)

	
Total * (€)

	
(Years)






	
BS

	
Figure 2

	
2.6

	
16.6

	
22.6

	
1.73

	
4,733,343

	
2,000,000

	
6,497,129

	
13




	
i.1

	
1000 m (north)

	
2.1

	
15.0

	
23.7

	
1.82

	
5,356,332

	
2,000,000

	
6,497,129

	
12




	
i.2

	
1000 m (south)

	
3.5

	
17.5

	
22.5

	
1.68

	
4,441,918

	
13




	
i.3

	
1500 m

	
2.9

	
16.0

	
23.4

	
1.76

	
4,917,737

	
13




	
ii.1

	
500 m (north)

	
1.3

	
13.4

	
24.5

	
1.80

	
5,167,493

	
2,000,000

	
6,497,129

	
13




	
ii.2

	
500 m (south)

	
3.6

	
19.0

	
21.2

	
1.51

	
3,311,101

	
14




	
iii.1

	
400 thousand m3every 2 years

	
2.9

	
15.5

	
24.0

	
1.75

	
4,643,467

	
800,000

	
6,220,104

	
12




	
iii.2

	
2 million m3 every 10 years

	
3.3

	
16.9

	
23.0

	
1.98

	
6,856,026

	
4,000,000

	
6,976,376

	
8




	
iv.1

	
one-half million m3

	
0.4

	
23.8

	
13.2

	
2.11

	
3,606,909

	
1,000,000

	
3,248,565

	
9




	
iv.2

	
2 million m3

	
11.9

	
8.9

	
39.6

	
1.68

	
8,842,361

	
4,000,000

	
12,994,259

	
12








* Values updated to the initial simulation instant, according to the discount rate (r).
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Table 5. Physical and economic losses at Barra-Vagueira coastal stretch, after 10 and 20 years of simulation.
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	Area Lost

(ha)
	Mean Shoreline Retreat

(m/Year)
	Economic Loss *

(Million €)





	10 years
	27.05
	2.25
	16.67



	20 years
	34.71
	1.45
	36.96







* Values updated to the initial simulation instant, according to the discount rate (r).
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Table 6. Physical and economic performance at the end of 20 years: percentage of coastal area not lost; benefit–cost ratio and net present value.
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Scenario

	
Physical Impact

	
BCR20 yr

	
NPV20 yr




	
(%)

	
(−)

	
(€)






	
Volume (m3/year)

	
1 × 105

	
0.20

	
0.03

	
−3,145,364




	
3 × 105

	
8.99

	
0.23

	
−7,096,792




	
5 × 105

	
15.66

	
0.25

	
−11,530,765




	
7 × 105

	
29.00

	
0.36

	
−13,731,977




	
Placement site

	
NBS

	
23.73

	
1.10

	
1,583,142




	
BS

	
15.66

	
0.25

	
−11,530,765




	
SBS

	
20.22

	
0.15

	
−12,987,722




	
Ext.S

	
26.75

	
0.07

	
−14,185,279




	
Frequency

	
2.5 × 105 every half year

	
10.59

	
0.17

	
−12,773,599




	
5 × 105 every year

	
15.66

	
0.25

	
−11,530,765




	
1 × 106 every 2 years

	
17.49

	
0.32

	
−10,594,789




	
2 × 106 every 4 years

	
20.07

	
0.40

	
−9,557,717
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