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Abstract: Sustainable flood management is a basic societal need. In this article, life cycle assessment is 8 

used to compare two ways to maintain the state of a coastal urban area in a changing climate with increasing 9 

flood risk. On one side, the construction of a dike, a hard and proactive scenario, is modelled using a bottom 10 

up approach. On the other, the systematic repair of houses flooded by sea surges, a post-disaster measure, 11 

is assessed using a Monte Carlo simulation allowing for aleatory uncertainties in predicting future sea level 12 

rise and occurrences of extreme events. Two metrics are identified, normalized mean impacts and probability 13 

of dike being most efficient. The methodology is applied to three case studies in Denmark representing three 14 

contrasting areas, Copenhagen, Frederiksværk, and Esbjerg. For all case studies the distribution of the 15 

calculated impact of repairing houses is highly right skewed, which in some cases has implications for the 16 

comparative LCA. The results show that, in Copenhagen, the scenario of the dike is overwhelmingly favorable 17 

for the environment, with a 43 times higher impact for repairing houses and only 0% probability of the repairs 18 

being favorable. For Frederiksværk and Esbjerg the corresponding numbers are 5 and 0.9 times and 85% 19 

and 32%, respectively. Hence constructing a dike at this point in time is highly recommended in Copenhagen, 20 

preferable in Frederiksværk, and probably not recommendable in Esbjerg.  21 

Keywords: Life cycle assessment; Flood protection; Climate change adaptation; Sea level rise; Denmark 22 
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List of abbreviations and symbols 25 

 26 

GIS Geographic information system 
LCA Life Cycle Assessment 
LCI Life Cycle Inventory 
PE Person Equivalent 
RE Relative Efficiency of a dike, either calculated or observed 
SLR Sea Level Rise 
SR Sensitivity Ratio 
  

Di(FDt,city) Step Damage function of Flood Depth for item i ranging from 0 to 1 
dicity Dike Impact in a city and in a given category 
FDt,city Stochastic variable representing the Flood Depth of year t in a city 
ftcity Flood Threshold, sea water level at which damage starts to occur in a given city 
Ij(FDt,city) Impact of one flood on house j in year t in a given category 
IQi Initial Quantity of an item i 
Mcity Number of houses flooded at least once during the century for a given city 
Ncity(Xt,city) Number of houses flooded for a given sea water level in a given city 

TIcity 
Total Impact of all flood in the century on the residential zone of a given city, in a given 
category 

UIi Unitary Impact of a single item i in a given category 
Xt,city Stochastic variable representing the maximum sea level of year t in a city, including SLR 
Ycity Stochastic variable representing maximum sea level for year t0 

Zcity Stochastic variable representing SLR 
  27 
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1. Introduction  28 

Ecosystems and human infrastructures in coastal regions are under the constant threat of floods. 29 

Accounting for half of the natural disasters’ casualties in the world, flooding is amongst the most impactful 30 

calamity (Guha-Sapir, 2016). Moreover, Sea Level Rise (SLR) is expected to locally increase the risk and 31 

resulting damage of these events. SLR will increase both flood frequency and depth in most of the world, even 32 

though the effect is not geographically uniform (Hirabayashi et al., 2013). In the case of northern Europe (Baltic 33 

and North Seas), a relative SLR of 80cm is expected by the end of the century, with substantial uncertainty 34 

(Grinsted et al., 2015; Hallegatte et al., 2013; Reynard et al., 2004). Combined with a growing urban density 35 

of inhabitants and infrastructures (UN, 2014), this makes management of flood risk a primary concern for 36 

society.  37 

Losses due to flooding affects society in many ways, of which substantial parts are difficult to quantify. 38 

Often all losses are monetized, and many studies indicate that effects on the built environment is a substantial 39 

part of the overall economic losses (Merz et al., 2010). Amongst the urban landscape, the most heavily affected 40 

land uses are residential buildings, commerce and industry which together amount to more than 80% of the 41 

total damage; the remaining fifth covers agriculture and roads (ICPR, 2001). Residential areas eventually rank 42 

first (Huizinga, 2007). In combination with the intangible nature of many of the other types of losses, such as 43 

traffic or loss of amenity value, the materials used in relation to repairing the built environment in residential 44 

areas will therefore constitute the major part of the overall material consumption and is hence the focus of this 45 

study. 46 

While a range of technologies exists that protect and mitigate flood risk in coastal cities and more are 47 

being developed, the construction of a dike still seems to be the most favored scenario. The feasibility of 48 

implementing this type of solution is mostly being assessed using a risk assessment framework where risk is 49 

defined as a combination of potential economic damage and probability of occurrence (Morita, 2008). In this 50 

study, the analysis is made from an environmental emissions viewpoint, using LCA to compare the impact of 51 

the dike’s construction and the post-disaster reparation of houses if the dike is not built.  52 

The LCA framework is extensively standardized by ISO 14040 and 14044 (ISO, 2006a, 2006b). It is widely 53 

used as a decision tool across multiple fields and even though it is mostly directed towards the assessment of 54 

single products, is still highly relevant for larger systems. Several LCAs have been conducted on single family 55 

residences as well as on the built environment as an entity (Goldstein et al., 2018; Khasreen et al., 2009; 56 
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Vilches et al., 2016) and on stormwater management infrastructures (Brudler et al., 2016; Flynn and Traver, 57 

2013). In literature, when environmental impact is included in the risk assessment field, which it seldom is, it 58 

is done so qualitatively and with rather limited scopes. This is partly due to a lack of policy imperatives when 59 

it comes to inclusion of environmental impact assessment in flood risk management (European Commission, 60 

2007). Only a few studies have paired LCA with flood damage and protection assessment. It was done, for 61 

example, by assessing flood prevention in the form of infrastructure construction, such as concrete walls and 62 

ripraps, while integrating avoided damage (Petit-Boix et al., 2016) or by integrating flood damage prevention 63 

into the LCA of a filter, swale and infiltration trench (Petit-Boix et al., 2017). It was also done by including the 64 

impact of flood repairs into a residence’s LCA in order to study a flood resilient design (Matthews et al., 2016).    65 

The novel approach developed in this study results in conducting a comparative LCA between dike 66 

construction and post-flood repairs, an approach not found in other works to the authors’ knowledge. The LCA 67 

conducted for the dike is comparable to many other comparative LCAs of systems because all uncertainties 68 

are in principle epistemic (i.e. reducible by collecting more information). The LCA for flood related repairs 69 

however includes a substantial aleatory (i.e. non-reducible) uncertainty because of unknown future amounts 70 

of sea-level rise and unknown trajectory of future extreme events. The comparative LCA is hence between a 71 

deterministic value and a stochastic variable. We show that these aleatory uncertainties in some case 72 

dominate the overall uncertainty and discuss how different statistics of stochastic variable can be used to 73 

enable decision makers to take relevant action and prioritize scenarios. 74 

2. Materials and Methods  75 
2.1. Goal and scope 76 

The goal of this study is to compare the impact of resource consumption for two scenarios:  the dike 77 

scenario where the hard solution is built, and the post-disaster scenario where flood related repairs in the 78 

residential sector are considered instead.  79 

To do so, LCA is used to assess the environmental consequences from both alternatives. A traditional 80 

LCA approach would yield deterministic environmental consequences of the flood related repairs. However, 81 

the unpredictable nature of storms makes the damage uncertain which is solved by applying a probabilistic 82 

approach. A Monte Carlo analysis is used for that purpose and draws samples from distributions of annual 83 

maximum water levels allowing for future SLR. This enables an estimation of the distribution of damage levels, 84 

and subsequently the mean of the damages. The resulting distributions, means of damages and corresponding 85 

impact in different categories are compared to the impact of building the dike, which is found by means of a 86 
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traditional LCA. By doing so, the probability of one scenario being more favorable than the other is calculated. 87 

Moreover, the dike’s relative efficiency is expressed by calculating how many meters of dike that can be 88 

constructed per house flooded with the same environmental impact. Finally, the robustness of the model and 89 

the influence of the main hypotheses are tested by means of sensitivity analyses.  90 

LCA is an iterative process comprised of four main steps: 1) the goal and scope definition which sets the 91 

aim and limitations of the study; 2) the Life Cycle Inventory (LCI) construction listing all unit flows and processes 92 

needed to implement the scenario; 3) the life cycle impact assessment where the LCI is converted into impacts 93 

in different categories; and 4) interpretation of the results.  94 

An overview of the framework developed is presented in Table 1. Two metrics are defined using the 95 

results, which are meant to be used for informing decision-makers regarding which of the scenarios is 96 

preferable from an environmental standpoint. These metrics are: 1) comparison of the dike’s fixed impact with 97 

the mean impacts of flood related repairs, and 2) comparison of the dike’s fixed impact with a fitted distribution 98 

of the flood related repairs, recognizing that the latter has substantial aleatory uncertainty at the point of 99 

decision. The second comparison yields the probability that building the dike has a lower environmental impact 100 

than flood related repairs of the residential sector.  101 

While it is intended to describe the aleatory uncertainty inherent to future amounts of sea-level rise and 102 

trajectory of future extreme events with the help of a Monte Carlo analysis, the epistemic uncertainty of the 103 

traditional side of the LCA is not quantitatively assessed. The authors are aware of existing methods aiming 104 

at assessing the uncertainty in input inventory or impact assessment method by propagating the uncertainty 105 

to the results (Lo et al., 2005; Mattila et al., 2012). However, here the Monte Carlo analysis deals with the 106 

uncertainty linked to decision making instead.   107 
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Table 1 – Overview of the framework developed, where CDF stands for cumulative distribution function. 108 

 109 

The functional unit to be fulfilled, in either scenario, is to maintain the state of the households on a coastal 110 

area, through flooding and SLR, for a century. A timeframe of a hundred years was chosen because it 111 

corresponds to both the technical lifetime of the dike as well as the timeframe of the SLR projections. To fulfill 112 

that purpose, the system boundaries summarized by Table 2 were drawn with a focus on including the main 113 

activities that separate the two scenarios. The result is hence a comparative LCA: the phases excluded must 114 

occur irrespectively of whether the dike is constructed or not.  In the case of the dike, some stages are excluded 115 

because their impact is negligible. In particular, dike overflows are statistically insignificant, occurring for 1.6% 116 

of the simulations in Copenhagen, and less than 0.1% in Frederiksværk and Esbjerg.  117 

Table 2 - LCA system boundaries for the two scenarios, where X stands for excluded, ✓ for included, and n/a for not applicable  118 

 Flood related 
repairs scenario Dike scenario 

Construction of houses/dike X ✓ 
Maintenance of houses/dike (replacement, reparations) X X 
Use (heating, electricity, water, etc.) X X 
Flood related repairs ✓ X 
Demolition of house/dike X X 
Recycling of construction materials for houses/dike X X 

 119 

2.2. Modelling of residential houses 120 
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To assess the impact of flood related repairs, the residential built environment is modelled in the LCA 121 

framework, with a priority on elements that will suffer consequences from a flood. Several types of houses can 122 

be found in the Danish residential areas and modelling all of them is not feasible. Without loss of generality it 123 

is here assumed that flood related repairs can be modelled by considering only one type of building and 124 

ignoring all other types of damages. The typical building considered is a standard single-family residence, a 125 

130m2 house built on a concrete slab with a brick structural frame, a 20cm thick mineral insulation and a 126 

120years useful life. A variant on that design will be studied in the assumption check (see section 2.7). Both 127 

were modelled using the SimaPro software and follow modern Danish and European standards of construction. 128 

A floor plan of the baseline single-family residence can be found in Figure 1a. The house can be divided into 129 

32 items from varied categories such as flooring, insulation, plumbing, etc. (Hennequin et al., n.d.), although 130 

any environmental assessment of a house could have fit in the framework. An initial quantity, IQi, was 131 

calculated for each item i which is the initial amount needed when building the house.   132 

A hybrid dataset of LCIs was used to model the items constituting the single-family residence, following 133 

the attributional approach. Whenever available, specific environmental product declarations were used, either 134 

from Oköbaudat (FME, 2016) or INIES (INIES, 2017). While this is the most representative data accessible, it 135 

is not always available, and the results declared are often obscure (limited number of impact categories, vague 136 

LCIs). This specific dataset was thus completed using SimaPro’s generic data (EcoInvent, etc.). Therefore, 137 

this LCA uses a process based, bottom-up approach. The ReCiPe midpoint method is used for impact 138 

assessment, delivering results in its 18 impact categories (Goedkoop et al., 2013). Once modelled, a unitary 139 

impact, UIi, was calculated for each item i in each impact category.   140 

2.3. Modelling dikes 141 

For the second scenario, the dike was modelled in the LCA framework by combining the knowledge of a 142 

field visit in Avedøre, Copenhagen, and of two guidelines (DPWH and JICA, 2010; MARD, 2011). This lead to 143 

the design condensed in Figure 1b, with a cover made of 10cm of asphalt and 10cm of reinforced concrete 144 

and a useful life of a century which was the design criteria of the functional unit. This design was used for the 145 

three case studies although both the length and height were adjusted to fit the local geographical situation. 146 

The impact of the dam in a given city is denoted dicity.  147 
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(a) 

 

 

(b) 

 

 148 

Figure 1 – Designs for the two scenarios modelled in the LCA framework, to fulfill the functional unit: (a) the baseline single-family 149 
residence, and (b) the dike. 150 

2.4. Modelling water levels and sea level rise  151 

The sea’s water levels in the coastal area considered must be modelled and forecasted over a full century, 152 

which implies that SLR will be important. Hence, historical data and SLR projections are combined when 153 

describing a non-stationary annual maximum series over the relevant time horizon. The choice of an annual 154 

maxima series implies that a maximum of one flood event occurs per year. 155 

Historic data are used to describe the sea water level distribution at the start of the time frame considered, 156 

denoted t0. The result is a stochastic variable, Ycity, representing the maximum sea level forecasted for t0 in a 157 

given city.  158 
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 SLR is forecasted with one value per simulation, by drawing from a distribution that describes the 159 

expected SLR over the projected time horizon, Zcity. As shown by e.g. Grindsted et al (2015) this distribution is 160 

in general positively skewed and can be modelled by e.g. a log-normal distribution. The combination of the two 161 

stochastic variables, Ycity and Zcity, yields the stochastic variable describing the water levels for the next century 162 

as a function of time, Xt,city. For each simulation the annual maximum water level for each year, t, can then be 163 

drawn from the following distribution from year t0 to the end of the projection period:  164 

 165 

𝑋𝑋𝑡𝑡,𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐 =  𝑌𝑌𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐 +   𝑍𝑍𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐 ∙
(𝑡𝑡 − t0)

100
 Equation 1 

  

 166 

The last element needed is the relationship between the sea water level and the number of house flooded, 167 

as well as the corresponding flood depths. This relationship can be built using GIS data and is denoted 168 

Ncity(Xt,city). Also defined here is the flood threshold, ftcity, which is the sea level above which damage starts to 169 

occur and is determined using the same topography analysis. This allows the calculation of the difference 170 

between the sea level and the threshold, the flood depth, denoted FDt,city : 171 

 172 

𝐹𝐹𝐷𝐷𝑡𝑡,𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐  =  𝑋𝑋𝑡𝑡,𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐 −   𝑓𝑓𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐 Equation 2 

  

It should be noted that the sea level can be greater than or equal to the threshold, as even a flood depth 173 

of 0m will sometimes damage a house (USACE, 2006).  174 

 175 

2.5. Modelling damage as a function of water level 176 

Flood damage is described using depth as an indicator (Zhou et al., 2012). The stage-damage curves 177 

traditionally used in the risk assessment field are derived from historical or insurance data and yield results on 178 

the spatial resolution level of land uses (Egorova et al., 2008). This resolution is too coarse for the LCA 179 

framework which requires detailed reference flows calculations. Therefore, flood damage can instead be 180 

assessed on the level corresponding to flooding of one single-family residence. A range of water levels can be 181 

linked to the resulting damage on each item e.g. by using the data from the US Army Corp for a flood duration 182 

of 24 hours (USACE, 2006). The USACE uses an economic assessment based on expert opinion and was 183 
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adapted for this framework, although any detailed depth-damage relationship could fit in the framework. The 184 

adjustment step consisted in converting the economic values into relative values. Each of the 32 items 185 

therefore has its own step function with values ranging between 0 and 1 that takes as input flood depth and 186 

yields a percentage of damage, denoted Di(FDt,city).  187 

The assessment of the impact of flooding over a century is assessed in three steps. First, the reference 188 

flow for repairing a given item after a flood, RFi(FDt,city), is calculated as the product of the item’s initial quantity 189 

and the relative damage arising from the flood depth:  190 

 191 

𝑅𝑅𝐹𝐹𝑐𝑐(𝐹𝐹𝐷𝐷𝑡𝑡,𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐) =  𝐷𝐷𝑐𝑐�𝐹𝐹𝐷𝐷𝑡𝑡,𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐�𝑐𝑐 ∙ 𝐼𝐼𝑄𝑄𝑐𝑐 Equation 3 

 192 

The environmental impact of a storm on house j, Ij(Xt,city), is then deduced by multiplying the reference 193 

flow by the unitary impact and summing over the 32 items, which is done for all 18 impact categories: 194 

𝐼𝐼𝑗𝑗(𝐹𝐹𝐷𝐷𝑡𝑡,𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐) =  �𝑅𝑅𝐹𝐹𝑐𝑐(𝐹𝐹𝐷𝐷𝑡𝑡,𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐) ∙ 𝑈𝑈𝐼𝐼𝑐𝑐  
32

𝑐𝑐=1

 Equation 4 

 195 

Lastly, the total impact of flood related repairs in a city over the century considered, TIcity, is calculated by 196 

summing the impact on all houses affected, for every year of the century:  197 

 198 

𝑇𝑇𝐼𝐼𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐 =  � � 𝐼𝐼𝑗𝑗�𝐹𝐹𝐷𝐷𝑡𝑡,𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐�

𝑁𝑁𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐�𝑋𝑋𝑐𝑐,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐�

𝑗𝑗=1

∙
𝑡𝑡0+99

𝑡𝑡=𝑡𝑡0

 Equation 5 

  

The distribution of TIcity is assessed by running 10000 realizations in the Monte Carlo framework. In the 199 

practical implementation of the calculations of TIcity, the flooded residential area was divided into four 200 

subgroups of houses which to account for the fact that not all houses have the same flood depth for a given 201 

sea level. For example, if the maximum sea level in a given year is 2.10 m and damage starts to occur at 1.50 202 

m the maximum flood level is 0.60 m. In this case subgroups are formed for houses flooded at 0.00 m, 0.20 203 

m,  0.40 m and 0.60 m. It has been validated that the division into subgroups does not change the statistical 204 

properties of TIcity.  205 
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The 10000 iterations of TIcity are then analyzed by choosing a mathematical distribution that is best fitted. 206 

This is done using the @Risk software (Palisade, 2018) and its distribution fitting function which tests fourteen 207 

typical distributions (e.g. exponential, inverse gaussian, log-normal or Weibull) and ranks them according to 208 

their Akaike information criterion. This distribution is then used to calculate the two metrics defined in section 209 

2.1.  210 

2.6. Modelling relative efficiency  211 

To help interpreting the results yielded, a communicative indicator measuring the relative efficiency of a 212 

dike is defined. This equation yields the maximum length of dike that can be used to protect one house in the 213 

catchment and still have the dike as the favorable scenario. When compared to the observed value, which is 214 

the ratio of the dike length and the number of houses it protects, it shows whether the dike is a viable scenario 215 

and how it performs. The relative efficiency, RE, is hence the ratio of the average impact of flood related repairs 216 

per house protected and the impact of the dike per meter: 217 

 218 

𝑅𝑅𝑅𝑅 =  

𝑇𝑇𝐼𝐼𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐�������
𝑀𝑀𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐�������  �

𝑑𝑑𝑖𝑖𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐
𝑑𝑑𝑙𝑙𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐�

 Equation 6 

 219 

where 𝑇𝑇𝐼𝐼𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐������� is the mean of the total impact over the 10000 simulations and 𝑀𝑀𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐������� is the mean number of 220 

houses protected by a dike in a city, found by counting all houses flooded at least once in the century, also 221 

averaged over all simulations. 222 

2.7. Assessing sensitivity  223 

To analyze the robustness of the model, a sensitivity analysis is conducted, starting by a perturbation 224 

analysis. Selected key parameters are made to vary in a likely range and the effect of that change on the 225 

results is expressed using sensitivity ratios calculated via Equation 7. For example, a ratio of 0.2 means that 226 

the relative change in results is 20% of the relative change in parameter. A linear influence of a parameter will 227 

therefore be reflected by a value of 1.  228 

 229 

 𝑆𝑆𝑅𝑅 =  
∆𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑙𝑙𝑡𝑡𝑅𝑅

𝐼𝐼𝐼𝐼𝑖𝑖𝑡𝑡𝑖𝑖𝐼𝐼𝑙𝑙 𝑟𝑟𝑅𝑅𝑅𝑅𝑅𝑅𝑙𝑙𝑡𝑡
∆𝑃𝑃𝐼𝐼𝑟𝑟𝐼𝐼𝑃𝑃𝑅𝑅𝑡𝑡𝑅𝑅𝑟𝑟

𝐼𝐼𝐼𝐼𝑖𝑖𝑡𝑡𝑖𝑖𝐼𝐼𝑙𝑙 𝑝𝑝𝐼𝐼𝑟𝑟𝐼𝐼𝑃𝑃𝑅𝑅𝑡𝑡𝑅𝑅𝑟𝑟
 Equation 7 
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 230 

The second step of the sensitivity analysis is an assumption check. Three assumptions were challenged 231 

to evaluate the influence of the house design, the timing of the dike construction as well as the LCI modelling 232 

principle. A variant on the baseline single family residence was modelled, referred to as summer single-family 233 

residence. It is a smaller 100m2 house built on concrete slab with a wooden structural frame, a thinner 15cm 234 

thick mineral insulation, and the same 120 years useful life as the baseline single-family residence. It was 235 

designed to represent cities, notably in coastal cities, that have different types and usage of houses such as 236 

vacations houses. The idea of changing the time frame came from the observation that, for the cases studied, 237 

most of the storms occur during the second half of the century studied while the first twenty years are safe. 238 

This implies that in general it is recommendable to build the dike twenty years later. Hence this assumption 239 

check considers the same scenarios but runs from 2035 to 2135. Finally, the LCI modelling principle chosen 240 

was the attributional approach despite forecasts in this study looking a hundred years in the future. The 241 

potential influence of a consequential framework had to be investigated.  242 

2.8. Inter-category correlation 243 

The LCA methodology utilized is ReCiPe, which includes 18 impact categories. To make the results 244 

clearer, the number of categories displayed was reduced by assessing the correlation between categories 245 

(Laurent et al., 2018). This allowed to represent the behavior of all the results while presenting a reduced 246 

number of impact categories. A correlation was confirmed between two categories when the correlation 247 

coefficient was above 99.9%. 248 

2.9. Considered cases 249 

Three case studies were assessed by using the proposed framework. Copenhagen, Frederiksværk, and 250 

Esbjerg have been selected in an attempt to represent the three typical flooding zones that can be found in 251 

Denmark, as illustrated by Figure 2. The two characteristics defining these zones are: 1) flood hazards in the 252 

form of frequency of extreme water levels causing damage and topography, and 2) urban density.  253 

To model the present (Ycity) and forecasted water levels (Zcity), historical data from Danish meteorological 254 

stations (Danish Coastal Authority, 2012) and SLR projection under RCP 8.5 (Grinsted et al., 2015) were used 255 

(cf. section 2.4). In the case of Copenhagen, data from a flood protection plan (COWI, 2017) was used to 256 

model events with a return period higher than 10 years. Figure 3 shows two example of the stochastic variable 257 

Xt,city for each case, by representing the present water level distributions and an example of forecasted water 258 
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levels for the end of the century. The GIS data needed to determine the relationship between sea water level 259 

and flood depth, Ncity(Xt,city), was downloaded from the Danish portal for Climate Change Adaptation 260 

(Miljøstyrelsen, 2017). The resulting functions are displayed on Figure 4. Using the same topography analysis, 261 

damage threshold for Copenhagen, Frederiksværk, and Esbjerg were determined to be 1.5, 1.6 and 3.8m, 262 

respectively. 263 

Moreover, it should be noted that the term coastal area in the functional unit is purposefully vague. Said 264 

area is defined independently for each of these case studies depending on the topography of the areas and 265 

hence what areas and houses are affected. This leads to different sizes of area protected, numbers of houses 266 

included (cf. Figure 4) and dike characteristics. In Copenhagen, Frederiksværk and Esbjerg respectively, the 267 

dikes’ heights are 5.4, 5.5 and 7.7m while the lengths are 5, 8.5 and 13km. The influence of these two 268 

parameters is investigated in the sensitivity analysis (cf. section 3.3.1).   269 

 270 

Figure 2 - Flooding zones in Denmark and chosen case studies (red dots), with the main characteristics described qualitatively by 271 
arrows, where ↓ means relatively low and ↑ means relatively high. 272 

 273 
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Figure 3 - Water levels distribution for the three cases with an 
illustration of the effect of SLR 

 

 

Figure 4 - Relationship between flood depth and damage for the three cases 

 

3. Results  274 

The results for the three case studies are presented in the following section. It should be noted that these 275 

case studies are three separate examples of the application of the framework developed in this paper. 276 

Comparison between the cases are to be made with care. Moreover, after studying inter-category correlations 277 

(see section 2.8), it was found that only seven impact categories out of ReCiPe’s eighteen need to be 278 

displayed. Climate change is representative of ozone depletion, terrestrial acidification, photochemical oxidant 279 

formation, particulate matter formation, ionising radiation, water depletion, and fossil depletion. Marine 280 

eutrophication is representative of terrestrial ecotoxicity. Freshwater ecotoxicity is representative of freshwater 281 

eutrophication, human toxicity, freshwater ecotoxicity, and marine ecotoxicity. And finally, agricultural land 282 

occupation, urban land occupation, natural land transformation, and metal depletion all represent themselves 283 

as no correlation could be found. It was chosen to present the normalized LCA results in the following section 284 

wherever relevant. They are calculated by dividing the LCA scores by a reference score. Here the emission or 285 

resource share of an average European individual over one year is used as the reference score. Thus, the 286 

normalized result represent the number of annual personal budget occupied by the project.  287 

 288 

3.1. Metric 1, normalized mean impacts  289 

To better showcase what is compared each time the two scenarios are evaluated, the normalized impact 290 

on climate change of both scenarios in Esbjerg are shown in more detailed through Figure 5. The results are 291 
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shown on the level of the items and materials constituting the houses and the dike. Esbjerg was chosen 292 

because the two scenarios’ impacts on climate change are close, making the comparison easier. 293 

The distribution of impact in the flood related repairs scenario is largely different from what could be found 294 

in classical LCAs of houses. Indeed, what is assessed here is not the impact of the items in the context of the 295 

life cycle of a house, but in the context of flooding. Moreover, this distribution would vary if Figure 5 depicted 296 

the situation in Copenhagen instead of Esbjerg. Indeed, the average and variance of the flood depth in Esbjerg 297 

are higher than in Copenhagen. If Copenhagen was considered, it would result in less damage to structural 298 

elements such as the structural frame which is damaged only at higher flood depth (USACE, 2006), which 299 

would in turn lead the structural frame to be proportionally less impactful.  300 

 301 

Figure 5 – Normalized impact on climate change in thousand PE (kPE) for both scenarios in Esbjerg, divided by items or materials 302 
constituting each solution. 303 

Figure 6 provides an overview of the results through a comparison between the average normalized 304 

impact of flood related repairs and of the dike’s construction across all impact categories. It shows that the 305 
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normalized impact on climate change of flood related repairs in Copenhagen, Frederiksværk and Esbjerg is 306 

261, 52.4 and 20.3 kPE while the fixed impact of the respective dikes is 5.78, 9.95 and 23.6 kPE. Using this 307 

metric, it is indicated that a dike is highly favorable in Copenhagen, preferable in Frederiksværk, and that the 308 

impact is the same in Esbjerg.   309 

The dike in Copenhagen protects a population of approx. 30 thousand inhabitants (when counting 2.3 310 

inhabitant per house) during one hundred years, equivalent to one million Person Equivalent (PE). The 311 

normalized results illustrated by Figure 6 are, overall, of the order of magnitude of the tens of thousands PE. 312 

This means that, roughly, 1% of the environmental budget of one individual living in the flood prone zone of 313 

Copenhagen are spent protecting against flooding. 314 

With this first overview, some categories exhibit a different behavior than other which can be scrutinized. 315 

The gap between the two scenarios’ impact on agricultural land occupation is wide due to the collection of 316 

wood needed for the flooring and siding of the houses, two items rapidly damaged by surges. On the other 317 

hand, this gap is narrow for urban land occupation and natural land transformation due to the high impact of 318 

the gravel needed for the dike filling and the clay needed for its embankment. It is also narrow for metal 319 

depletion due to the high amount of steel needed to reinforce the dike cover’s concrete. 320 

 321 

Figure 6 – Normalized mean results for the flood related repairs, and the dam construction in the selected categories, for 322 
Copenhagen (C), Frederiksværk (F), and Esbjerg (E) where the results for the three separate case studies are not to be compared 323 

directly. Note that the impacts are shown on a log scale. 324 

3.2. Metric 2, probability of dike being most efficient  325 
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Although normalized impacts allow for an overview of the results, they do not convey the stochastic nature 326 

of occurrences of floods.  On the contrary, Figure 6 shows the fitted cumulative probability and the deterministic 327 

dike impact in the case of Frederiksværk, using normalized impacts on climate change. In this case, it can be 328 

graphically estimated by identifying the break event point that there is 80% chance that building the dike yields 329 

less environmental impact on climate change than repairing the houses after floods occur in the residential 330 

sector.  331 

 332 

Figure 7 – Fitted cumulative probability of the repair’s normalized impact on climate change in Frederiksværk yielded by Equation 5 333 
plotted against the deterministic impact of constructing a dike. 334 

Following the methodology illustrated by Figure 6, the probability that flood related repairs have a higher 335 

impact than building the dike was calculated for the selected impact categories as shown on Figure 7. The first 336 

observation is that, disregarding the impact category considered, the construction of a dike in Copenhagen 337 

seems very favorable since all simulations indicate that the dike is the better of the two scenarios. This is due 338 

to the previously identified high flood risk which manifests as an average of 37 storms damaging up to 13 339 

thousand houses in the considered area of Copenhagen, mostly towards the end of the century. The results 340 

for the other two cases are less straightforward. On average in impact categories, building a dike has 85% 341 

chances to be the environmentally better choice in Frederiksværk and only 32% in Esbjerg. 342 
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 343 

Figure 8 - Probability that building the dike yields less environmental impact than flood related repairs of the residential sector 344 

3.1. Relative efficiency of dike  345 

Figure 8 shows the calculated and observed relative efficiencies of the dikes, calculated using Equation 346 

6. By looking at the observed indicators, it can be deduced that the dike in Copenhagen is by far the one 347 

performing the best because it protects numerous houses and is relatively short. In Frederiksværk and Esbjerg, 348 

the dikes are longer and protect less dense urban areas, therefore rendering them less efficient as they both 349 

require close to four meters of dike to protect a single house. As an element of comparison, the dike in 350 

Frederiksværk is nine times less efficient than the one in Copenhagen. The other side of this issue, related to 351 

hazard, is unveiled by the calculated indicators and depends on the impact category considered. The higher 352 

the flood risk per house, the higher the calculated indicator will be. Moreover, the wider the gap between 353 

observed and calculated RE, the more margin there is for dike design. Copenhagen has the widest gap and 354 

therefore there is the largest margin for designing. Indeed, assuming it would protect the same area, the dike 355 

could be thrice as high and twice as long and still have 81% chance to yield a positive environmental bill for 356 

climate change. 357 
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 358 

Figure 9 - Comparison between the observed and the calculated relative efficiencies, RE (cf. Equation 6) 359 

3.2. Sensitivity analysis 360 
3.2.1. Perturbation analysis 361 

Including climatic changes of the sea level leads to high levels of uncertainty. To assess the robustness 362 

of the model and identify the influence of key parameters on the results, a perturbation analysis was conducted. 363 

The sensitivity ratios, calculated using Equation 7, are reported in Figure 9. The values displayed are the 364 

average of the sensitivity ratios across the 18 impact categories as well as the min/max ranges. The 365 

characterized results for Frederiksværk were chosen as a reference point as it is the most disputable case of 366 

the three.  367 

 368 
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Figure 10 – Average and min/max range of sensitivity ratios across impact categories, for selected parameters, in Frederiksværk  369 

The sensitivity parameters do not indicate an impact that jeopardizes the overall conclusions of the study. 370 

Still the ratios are high, meaning that the results are responsive to changes in these overarching parameters. 371 

The parameters with the highest ratios are the average water level and the SLR mean. It demonstrates the 372 

importance of precise historical data and their statistical analysis ensuring proper modelling of water levels 373 

both of today and of likely future changes. The aim of the Monte Carlo analysis was precisely to account for 374 

that expected large sensitivity by modelling both these parameters stochastically. 375 

Then comes the damage threshold, the water level at which damage starts to be accounted for. The value 376 

for Frederiksværk has been set at 1.6m, even though urban surfaces start to get flooded as soon as 1m (cf. 377 

Figure 4). However, during the first 60cm, the water only hits a swampy area of the city while the residential 378 

zone stays safe. This highlights the fact that any urban development in that area comes with a great risk, and 379 

construction permits should only be granted with great care. The same observation is true for the harbor area 380 

of Esbjerg. The significant ratio for the urban density points in the same direction, unveiling the importance of 381 

careful urban planning and adjustments on urban density according to risk. 382 

The ratios of the dike’s height and length demonstrate that designers of this hard solution should make 383 

plans and adjust the protection level with parsimony. Finally, while the sensitivity of the results to changes in 384 

the area damage factor is relatively lower, it still emphasizes the influence of the hydrological models used to 385 

visualize the water progression in cities.    386 

3.2.2. Assumption check 387 

Figure 10 shows the results of the assumption check as discussed in section 2.6, using the probability 388 

that building the dike yields less impact than flood related repairs (cf. Figure 6), where Frederiksværk was once 389 

again taken as a reference. It shows that house design matters and demonstrates that final conclusions 390 

depend on the type of houses that are in the residential sector protected by the dam. The case study areas 391 

are vastly dominated by single-family houses and hence the choice of only one type of house can be justified; 392 

however, the assumption check seems to indicate that in general several types of buildings should be included 393 

in the analysis. A striking result is the one for the change of time frame where the balance significantly tilts in 394 

favor of building the dam, simply by delaying its construction by twenty years. This finding is momentous as it 395 

proves how crucial it is to time action plans accurately when it comes to climate change adaptation. Finally, 396 

the results go up in average by 1% when the modelling framework is changed from attributional to 397 
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consequential. Amongst the house’s items, the main variations in impact when changing the modelling 398 

framework were found for the toilet, bathroom sink, wooden baseboard, sheetrock, and ceramic tile. 399 

 400 

 401 

Figure 11 - Scenario analysis with Frederiksværk as a reference, showing the probability that building the dike yields less 402 
environmental impact than flood related repairs 403 

4. Discussion 404 

The study has demonstrated how specific combinations of flood risk and flood protection can be analyzed 405 

to find optimal scenarios in terms of resource consumption. The purpose has been to demonstrate the potential 406 

for such studies rather than obtaining concrete results for the three study sites.  407 

One important constraint in the present study is that urban development has not been considered. The 408 

extension is in principle straight forward, by allowing the relationship between flood depth and damage to vary 409 

as a function of time just like the water level distribution does. This would mean that both scenarios are 410 

dominated by aleatory uncertainty and introduce a high correlation between the two scenarios, because the 411 

urban development would be an important co-variate. Furthermore, urban development is typically decided by 412 

the same authorities who decide on whether to construct a dam or not which was in the end the reason why 413 

this option was selected. However, the importance of this constraint can be illustrated by the case study in 414 

Frederiksværk, where the urban zone contains large areas that will be flooded when the sea water level 415 

reaches 1.0m. No houses are placed in these locations and, as a result, the impact of flooding up to 1.6 m is 416 

set to zero. If the low lying urban areas were fully developed, the result of the study would show that a dike 417 
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was highly recommendable for the region. Hence the feasibility of building a dike depends much on past 418 

decisions on urban development and spatial planning can and should also be considered when taking 419 

decisions on where and how to build dikes. Moreover, in that urban landscape, only the residential sector was 420 

modelled. Even though it is the sector with the highest impact (Huizinga, 2007), a more complicated setup is 421 

needed in areas where the land use is not homogeneous.. 422 

The long useful life of the dike examined entails for a lengthy time frame of a century. While necessary, 423 

this comes to the price of a lowered technological and temporal representativeness. It is indeed assumed that 424 

throughout this 100 years, the houses will be repaired using today’s state of the art. On the contrary, a high 425 

geographical fidelity is achieved by the choice of precise field cases and through the ways the Life Cycle 426 

Inventories (LCIs) of the different items were built.   427 

Moreover, using maximum flood depth as an indicator for flood damage is criticized because it is oblivious 428 

to factors such as flood velocity and duration or to failures occurring when structures are lifted (Huizinga, 2007; 429 

Middelmann-Fernandes, 2010; Pistrika and Jonkman, 2010). In this study, the upper validity limit of the water 430 

level range is around 4m, to avoid the uncertainty linked to high velocity waters (Middelmann-Fernandes, 2010; 431 

USACE, 2006). While some outliers of the stochastic analysis fall outside of this boundary, they are statistically 432 

insignificant, appearing in less than 1% of the simulations for the three cases. Adding the fact that flood damage 433 

is assessed on the item level, it is argued that this approach mitigates the limitations of stage-damage curves 434 

while fitting in the LCA framework. 435 

5. Conclusion   436 

This study has presented a new methodology for a resource-based approach for flood risk management 437 

consisting in a comparative LCA where the flood risk impact is assessed by means of a Monte Carlo analysis. 438 

It allowed to compare the environmental impact of building a dike to protect a coastal area against the 439 

alternative of repairing the residential area after each flood. The stochastic approach accounted for climate 440 

change adaptation and dealt with the high uncertainty tied to sea water level forecasting. Three Danish case 441 

studies were assessed using the integrated method.  442 

The main conclusions of this enterprise are summarized here: 443 

• When assessing the environmental impact of flood damage, the high uncertainty of predicting the number 444 

and timing of sea surge extremes requires a probabilistic approach. Both present and future water levels 445 

should be modelled as stochastic variables as they are the main factors introducing uncertainty. LCA is a 446 
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resilient framework for environmental assessment that was able to incorporate a non-traditional Monte 447 

Carlo analysis while maintaining consistency. 448 

• The case studies indicate that in a densely populated area with moderate flood risk, the construction of a 449 

dike is certain to have less impact than flood related repairs of the residential sector. In less densely 450 

populated areas with lower flood risk the dike in general has the highest impact. 451 

• After the modelling of water levels, the major factors influencing the results of this study are the 452 

topography analysis, the timing of the dike’s construction, and its characteristics. The influence of the 453 

topography analysis highlights the importance of precise GIS data and corroborates the previous 454 

comment made on urban development. 455 

 456 

The main limitation of this study is the assumption of a fixed urban landscape. No urban development or 457 

evolution in construction’s state of the art were assumed. The method can be extended to account for such 458 

changes, but for the case study areas no detailed planning was available and the introduction of correlation 459 

between the scenarios makes a simple comparison difficult. It is believed that a fresh perspective is offered by 460 

assessing this wicked urban planning issue from an environmental point of view, rather than an economic. 461 

Taking a step back, a number of interesting openings appear beyond the direct results. It is shown for example 462 

that further urban development in flood prone areas is, to say the least, a questionable choice and should only 463 

be made with great care. It also illustrates that, while hard solutions such as dikes are sometimes needed 464 

because of the relative urgency of the situation, softer and less impactful solutions should be considered first. 465 

Notably if the results are ambiguous it is a clear call for taking action on spatial planning because otherwise 466 

the dike will become more and more favorable as time evolves. 467 
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