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Abstract: Access to a reliable water supply is central for a well-functioning society. However, water
supply systems are subject to a wide range of threats which may affect their ability to provide
water to society. This paper presents a novel risk assessment approach that enables thorough
analyses of economic losses and associated uncertainties under a range of water supply disruption
scenarios. The purpose is to avoid sub-optimization when prioritizing between risk reduction
measures, by integrating the full range of possible outcomes from low to high probability events.
By combining risk analysis with cost-benefit analysis, additional information is provided on measures
for leveraging investments in managing and reducing the risks. This enables the identification of the
most economically profitable risk reduction alternatives and enables decision makers to build strategic
capacity for operating in difficult and uncertain futures. The presented approach is exemplified on
the island of Gotland, one of the most water scarce areas of Sweden.

Keywords: water scarcity; drought; water supply; risk reduction; risk curves; cost-benefit analysis

1. Introduction

Water supply infrastructure systems are subject to a wide range of threats which may affect
their ability to provide water to society. Predicted population growth and hydro-climatic changes
are expected to contribute to both an increased probability of water scarcity and more severe societal
consequences [1,2]. In addition to threats related to reduced access to and quality of raw water, failures
in water provision may also occur due to events related to the treatment systems, e.g., component
failures in treatment plants, and related to the distribution systems, e.g., pipe bursts and pump failures.
To deal with the uncertainties and the societal impacts that all these threats entail, risk assessment
methods need to be integrated in water supply decision making [3,4]. Risk assessments may be
performed in different ways, but a common approach is to qualitatively and/or quantitatively estimate
and combine the consequences of one or several possible scenarios, typically undesirable events,
the probability of occurrence for the scenarios and the uncertainties related to the included factors [5].
Risk-based decision making uses the results of risk assessments to guide and inform decisions on risk
reduction measures. It may, for example, involve comparing required resources for implementing
potential risk reduction measures with potential benefits of estimated risk reduction. A framing based
on risk provides for a better understanding of the severity, distribution and impacts of the full range of
possible outcomes [6].

Decision-makers and water supply managers face difficult decisions on resource allocation and
prioritizations of risk reduction measures. To support such decisions, effective risk management
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requires the identification and assessment of a range of representative risk scenarios [7]. The process of
summing and showing the interaction between single or individual risks is sometimes referred to as risk
aggregation [8]. Moreover, to facilitate rational decision-making, the risk should be expressed in a clear
manner, and related uncertainties considered [9]. In this paper, the focus is on economic consequences,
and risk is expressed in terms of economic consequences to society arising from water supply disruption
events. A disruption in the water provision can lead to economic consequences for the water utility
as well as for businesses and residential consumers, and may generate significant economic losses
for society [10]. Several different methods have been used to estimate business interruption losses,
e.g., input-output models and computable general equilibrium models [11]. The direct economic
consequences to commercial and industrial consumers are often estimated by use of importance
(or resiliency) factors, i.e., quantitative measurements focusing on the production output during
disruption [12]. Residential welfare loss of water supply disruptions can be assessed based on estimates
of consumer willingness to pay to avoid such disruptions [13,14]. Short-term disruption events are not
evaluated as frequently as long-term disruptions. They may, however, contribute significantly to the
total economic losses due to their much higher frequency [10].

According to Uzielli, et al. [15], a quantitative risk assessment should include a quantification
of the expected losses, based on the probability for a given event, the economic consequences to
society of exposed elements at risk, and their associated vulnerability. However, risk assessments are
often complex in nature, and many aspects of the risk may be subject to large uncertainties [16]. It is
now common to define risk using uncertainty as a key factor, see e.g., International Organization for
Standardization (ISO) [17] and Aven [18]. The importance of considering uncertainties is particularly
true for factors affecting high-impact-low-probability risks which, by their very nature, occur only
infrequently. Existing statistics may be insufficient to support the risk assessments [19]. Data samples
may, for example, be too small, too unreliable, too costly to obtain, or simply unobtainable. In these
cases, the only sound option may be to elicit the information needed using expert judgements.
The typical way is to elicit judgement from more than one expert and represent the uncertainties
by probability distributions [20–22], so that appropriate decisions can be made on risk reduction.
The approach proposed in this paper integrates the full range of risk scenarios, while taking the
underlying uncertainties into account, to estimate the total risk of the water supply system. This allows
for a better understanding of how different factors influence each component of risk and how they,
in turn, affect the total risk. It further facilitates a design and prioritization of measures that focus on
addressing the total risk rather than individual threats.

The overall aim of this paper is to provide a risk assessment method that enables thorough
analyses of risk reduction measures by integrating the full range of possible outcomes from low to
high probability events. The purpose of the method is to provide a structured and thorough analysis
of the total risk to enable prioritization of possible measures based on, e.g., economic profitability.
A key part is also to avoid sub-optimization, where risk reduction measures are prioritized based on
individual events. Specific objectives are to: (1) provide a method that enables estimation of economic
losses under various levels of water supply disruption events; (2) combine this information with the
integrated likelihood function of disruption events to estimate the total risk under existing conditions;
(3) analyze and compare the annual benefits and economic profitability of risk reduction measures;
and (4) exemplify this method by application on the island of Gotland, Sweden. The proposed approach
is a valuable contribution to the water supply reliability literature, in which definition of risk scenarios,
uncertainty estimations of input variables, economic valuation of consequences, calculations of the
total integral sum of risk over different risk scenarios and calculations of economic profitability through
cost benefit analysis (CBA) all are rare.

2. Materials and Methods

In short, the risk assessment method described in this paper is based on a combination of
quantitative risk analysis and CBA [23]. The main steps are: (1) identification of risk scenarios;
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(2) estimation of factors affecting the risk; (3) characterization of risk; (4) evaluation of risk reduction
measures; and (5) performance of uncertainty and sensitivity analyses. The methodology is described
in more detail in the following paragraphs.

2.1. Identification of Risk Scenarios

In this paper, a well-established approach to risk analysis is used where the aim is to answer the
following three questions [9]:

1. What can go wrong?
2. How likely is it to happen?
3. If it does happen, what are the consequences?

To answer these questions, a set of scenarios are defined. The set of scenarios used in a quantitative
risk analysis should preferably be complete, finite and disjoint [24]. This means that a nonoverlapping
subset of N scenarios together should represent all possible risk scenarios for the entire problem so
that the total risk R is

R =
{
(si, fi, xi)

}
(1)

where si is scenario i, i = 1, 2, . . . , N; fi is the frequency with which the scenario occurs; and xi is the
consequence given that scenario i occurs. Furthermore, the uncertainties related to the three variables
are identified and described quantitatively or qualitatively to enable a thorough description of the risk.

There are several scenario identification methods used within the theory of scenario structuring
(TSS), e.g., hierarchical holographic modeling (HHM), failure modes and effects analysis (FMEA),
hazard and operations analysis (HAZOP), and anticipatory failure determination (AFD). All methods
start by defining a success scenario. The risk scenarios (si) can then be identified by decomposing
the success scenario into different parts, e.g., in geographical, hydrological, temporal or functional
parts, and asking; “What can go wrong in this part?” or “What happens if this parameter changes?”.
The aggregated risks of all scenarios then determine the total risk of the overall system [24].

2.2. Estimation of Factors Affecting Risk

As mentioned above, the risk is defined as a function of a set of scenarios, the frequency with
which they occur and the consequences if they occur. When we do not know the frequencies
or the consequences with certainty, we can express them by probability distributions so that
R =

{
(si, pi( fi), ζi(xi))

}
, where pi and ζi are the probability density functions for the frequency

and consequence, respectively. In this study, the following economic consequences are considered:
residential welfare losses, businesses losses, and water utility expenditures for upholding water
provision (as far as possible) during the disruptions. The water utility expenditures were estimated
based on information from the local water utility from previous experiences. In the subsections
below it is described how uncertain quantities, of e.g., the return periods and duration of events,
were estimated based on formal expert elicitation, and how residential welfare losses and business
losses were calculated.

2.2.1. Formal Expert Elicitation

One technique of capturing the probability distributions of uncertain quantities is to elicit this
information using a range of experts from different disciplines. In this paper, uncertain quantities,
such as return period and duration of events, were estimated by expert elicitation using the Sheffield
Elicitation Framework (SHELF) [25]. The SHELF framework elicits a single judicious consensus
distribution from the expert group for each uncertain quantity. The process begins by eliciting
individual judgements from each expert independently, followed by a group discussion and a group
judgement. The parameters estimated in this paper were the lower and upper plausible limits for the
uncertain quantity, as well as the median and lower and upper quartiles. The MATCH Uncertainty
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Elicitation Tool [26] was used to find the best fitted statistical distribution model for the group judgment
and to provide direct visual feedback to the expert. The results were reviewed and discussed by the
group and when necessary adjusted to fit their final and joint preferences.

2.2.2. Estimation of Household Welfare Losses

One consequence of water disruptions is residential welfare losses. In this paper, this was
valued based on estimates of consumer willingness to pay to avoid water supply shortages [13,14].
By integrating the demand curve for water, between baseline consumption and reduced consumption,
the daily welfare loss Wi

(
z jt

)
for a consumer in region j facing a water shortage of z at time t was

calculated as:

W j(z jt) =
η

1 + η
YbaselineQbaseline

1−
( Qr(z jt)

Qbaseline

) 1+η
η

 (2)

where Ybaseline is the average water price when no shortage, Qbaseline is the average amount of water
consumed per capita per day when no shortage, Qr is the reduced water consumption, and η is the
price elasticity of water demand. The severity of the water shortage was defined as z jt ε [0,1], where
z jt = 0 corresponds to no water and z jt = 1 corresponds to normal water availability [13].

The average water price on Gotland in 2017 was 12.74 SEK/m3 (100 Swedish Krona (SEK) ≈ 10
USD in October 2019) and the average amount of water consumed was 132 L per capita and per
day [27]. There is no price elasticity estimate available for Gotland. Therefore, a mean price elasticity of
water demand for developed countries (−0.378) was applied, based on the meta-analysis by Sebri [28]
(p. 518). For sensitivity analysis, a price elasticity of −0.2 was used, following a study of household
water demand in Sweden [29]. Qr was estimated at the SHELF workshops.

2.2.3. Estimation of Business Losses

Another consequence following water disruptions is the economic consequences for commercial
and industrial customers due to loss of potable water service. In this paper, the estimation of value
added lost for businesses followed the Federal Emergency Management Agency (FEMA) [30] (p. 39)
methodology of using local GDP data [31] in combination with water importance factors [32]. It was
here assumed that Swedish economic sectors have the same percentage reduction in value added from
water supply disruptions as US economic sectors.

2.3. Risk Characterization

A risk curve for the reference alternative, i.e., the current water supply system, is developed
based on the triplets (si, fi, xi). For this, the scenarios must first be arranged in order of increasing
consequences, i.e., x1 ≤ x2 ≤ . . . xi ≤ . . . ≤ xN, along with corresponding frequencies. Starting with
the scenario with the most severe consequences, a cumulative frequency Fi, i.e., the frequency of
having consequence equal to or greater than xi, is calculated as Fi = Fi+1 + fi. By plotting (xi, Fi),
a staircase function of the analyzed risk scenarios is derived, representing a discrete approximation of
the continuous reality. A smoothed risk curve Rx, drawn through the staircase (Figure 1), can then be
regarded to represent the actual risk [9]. Each point of the curve does not belong to a specific event
but instead represents the estimated return period of losses. The integral of the curve, i.e., the area
underneath the curve, represents the total expected losses in any given year so that:

Rtot =

∫ xN

0
F(x)dx (3)

where Rtot is the total annual risk, N is the total number of analyzed scenarios, x is the combined
economic consequences for the municipality, households and businesses (i.e., x = xMunicipality +
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xHouseholds + xBu sin esses), and F is the cumulative frequency as a function of consequence x. For risk
estimation, the continuous function is simplified by the staircase function.

x

R(x)

F

Figure 1. Schematic description of staircase and continuous risk functions based on e.g., Kaplan and
Garrick [9].

2.4. Evaluation of Risk Reduction Measures

A risk reduction measure is here defined as any measure that can be applied to reduce the
frequency and/or the consequences of the undesirable events. The same scenarios (si) used when
estimating the risk level of the reference alternative are also used to assess potential risk reduction
measures, but the measures’ associated frequencies and consequences are applied. For each measure
(a), a new risk curve is created and thus a new annual total risk. The annual risk reduction, i.e., the
annual benefit Ba, is calculated as the difference between the risk curve of the reference alternative R0

and the risk curve of the analyzed measure Ra as Ba = R0 −Ra.
To compare the economic profitability of implementing the measures, a CBA [23] was performed.

CBA is a structured method to compare the societal costs of an option with its benefits. The estimated
risk reductions were included in the CBA as annual benefits [33]. The decision-metric of the CBA is the
net present value (NPV), calculated as:

NPVa =
T∑

t=0

Ba,t −Ca,t

(1 + r)t (4)

where a is the alternative measure, t is the time when benefit or cost occur, T is the time horizon, r is
the discount rate, C are the costs associated with implementing a risk reduction measure, and B is the
benefit of risk reduction in relation to the reference alternative. A measure is considered economically
profitable when its total benefits to society are larger than its total costs to society, i.e., when its NPV
is positive. Three discount rates were used (1.4%, 3.5% and 5%, respectively), reflecting the average
discount rate used in the Stern Review on Climate Change [34] and the suggested social and private
rates of the Swedish Transportation Administration Guidelines for cost-benefit analysis [35].

2.5. Uncertainty and Sensitivity Analyses

This paper applies a probabilistic approach with formal uncertainty analysis. As described above,
the SHELF Framework was used to elicit information regarding uncertain quantities such as the
proportion of households affected in different scenarios and the frequency of events. Probability
distributions were assigned to represent each uncertain quantity, and Monte Carlo simulations
(10,000 iterations) were used to calculate the annualized risks, risk reductions and NPVs using the risk
analysis software @Risk 7.6.0 (Palisade, Ithaca, USA). This provides important additional information
for the decision-makers. As Kaplan and Garrick [9] (p. 14) state, a single number is not a big enough
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concept to communicate a risk—it takes a whole family of risk curves. The uncertainties in input
data can, for example, be used to visualize the resulting mean, minimum and maximum risk curves.
The uncertainties can also be transferred in loss exceedance curves, i.e., the probability that the expected
loss exceeds a certain value [36]. Since it is hard, and often not possible, to capture all uncertainties
in the variables of a risk model, other uncertainty factors are identified, described and discussed
using a qualitative approach. The purpose is to provide a transparent decision support that highlights
uncertainties that may affect the interpretation of the results.

3. Method Application

3.1. The Case Study Site

The case study site was the island of Gotland (3000 km2) in Sweden, located in the Baltic Sea
about 100 km east of the mainland and with a population of 58,000. Gotland suffers from low water
availability and difficulties in providing enough water to the society. The island’s thin soil layers,
lack of coherent reservoirs in the limestone bedrock and extensive drainage of arable land, result
in an overall low storage capacity of water and a high precipitation run-off [37]. Climate change is
expected to further limit the water availability on the island. Longer dry periods are predicted during
summers, and the groundwater recharge is expected to decrease due to an increased temperature
and the subsequent increase in evaporation and vegetation periods. Currently, about 18 million cubic
meter per year is used by households (4 Mm3), animal keeping (1.5 Mm3), tourism (1.3 Mm3), industry
(6.1 Mm3) and irrigation (5 Mm3) [38]. A large proportion of the water supply is based on private
solutions. For example, only 67% of the households are connected to the public water supply system,
which during the summer months to 40% is based on groundwater, 20% on surface water and 40% on
desalinated seawater [39].

Gotland is one of the most popular tourist summer destinations in Sweden. In 2016, over
2 million people traveled to Gotland, and the number of guest nights at hotels and other commercial
accommodation facilities exceeded 1 million [40]. Hence, there is a large seasonal variation of water
demand on the island with the highest demand occurring when the water supplies are at their lowest.
In addition to an already constrained water supply situation, the total water demand, i.e., of municipal
water provision and other water sources, is expected to increase by about 40% by 2045 with increases
of 30% in tourism, 20% in domestic demand, 20% in animal keeping, 15% in industry, and 100% in
irrigation [38]. The current water resources on the island cannot meet this projected increase in demand,
especially during the summer months. Due to Gotland’s insular location there is also no possibility to
strengthen the water supply from neighboring municipalities.

3.2. Scenarios and Risk Reduction Measures

Six scenarios were identified around the question: What can pose a challenge to maintain a
continuous municipal water supply provision on Gotland? see Table 1. The scenarios were developed
during multiple discussions with the municipality’s water supply strategists to represent the range of
possible events that may present challenges to the municipal water supply. More detailed information
about the scenarios was discussed at the workshops but is confidential for safety reasons.

Based on previous estimates of where, and with how much, the municipality can increase
groundwater and surface water abstractions as well as supplement groundwater catchments by
managed aquifer recharge (MAR) [37,41], four alternative risk reduction measures were analyzed
in this paper, see Table 2. Focus in this paper is hence on improvements in the raw water system.
The analyzed measures are site specific, thus they can reduce the risk in the areas in which they
are applied but not in areas to which, e.g., the distribution network is not connected. The reason
desalination is not further explored is because the municipality has decided to prioritize freshwater
(from groundwater, lakes and streams) over seawater for public water supply. Desalination is to be
further considered only if the freshwater resources cannot meet demand [42].
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Table 1. Scenario summaries.

Scenario Summary

Scenario 1
One of the smaller towns (with approximately 400 inhabitants) experiences failure in the water
supply provision. This can be caused by failures in either the distribution system, the raw water
system or the treatment system. The municipality transports water by truck to the town.

Scenario 2
The water availability on the small, adjacent island of Fårö is too low during summers to meet
demand. The municipality transports water to the island. The amount of water trucked varies
over the summer months with the number of tourists on the island.

Scenario 3 Due to low precipitation, the raw water quantity is insufficient approaching the summer months.
The municipality prohibits urban irrigation and call for careful use of the drinking water.

Scenario 4

A failure in connection to the municipality’s desalination plant makes it unable to provide water
to consumers. The nearby groundwater resource is used as a backup. The amount of available
groundwater is, however, not sufficient, and households, summer tourists and businesses in that
region have to make do with a reduced water quantity.

Scenario 5

One of the larger towns (with approximately 1500 inhabitants) experiences failure in the water
supply provision. Again, this can be caused by failures in either the distribution system, the raw
water system or the treatment system. The municipality transports as much water as possible to
the town, but households and businesses in that town must make do with a reduced
water quantity.

Scenario 6
Due to a severe drought, neither the groundwater nor the surface water resources are sufficiently
replenished. Households and businesses on the whole of Gotland have to make do with a
significantly reduced water quantity.

Table 2. Alternative risk reduction measures.

Measure Summary

MAR Managed aquifer recharge (MAR) in nine of the municipality’s existing well fields. In total,
an additional 490,000 m3 is made available annually.

GW Increased groundwater extraction (GW) from three groundwater resources on Gotland. In total,
an additional 2 million m3 is made available annually.

SW small Increased surface water extraction (SW small) from one of the surface water resources on the
island. In total, an additional 380,000 m3 is made available annually.

SW large Increased surface water extraction (SW large) from one of the surface water resources on the
island. In total, an additional 4.7 million m3 is made available annually.

To estimate uncertain factors affecting identified scenarios and risk reduction measures, three half
day SHELF elicitation workshops [25] were held in May and June 2019, with workshop participants
ranging from 2 to 6 experts and 1 to 3 workshop facilitators. The workshop participants (6 in
total) represented the following areas of expertise: public drinking water management, public
water supply strategy, emergency management, environmental expertise, private water supply, and
longtime operational water utility staff. For the more frequent events, there was plenty of background
information to rely on regarding, e.g., estimation of different cost aspects. For the more infrequent
events, the estimations were naturally more speculative.

4. Results

Details on quantified variables from the SHELF workshops and follow up meetings are provided
in Table 3. The table provides the input variables for the calculations of total risk, risk reduction and
net present values (NPV), performed by Monte Carlo simulations. For a few events that are expected to
occur each year, uncertainties regarding frequency and return period were not quantified. Frequency
was generally used as a measurement of occurrence when the estimated time between events was
greater than one time per year; otherwise the return period was used.
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Table 3. Estimates of input variables. Distributions used are log-normal, LN (µ; σ), beta, B (α1; α2; min; max) and gamma, G (α; β). R0 = reference alternative;
GW = groundwater extraction; MAR = managed aquifer recharge; SW small = surface water extraction small scale; SW large = surface water extraction large scale.

Input Variable (Scenario) Unit R0 GW MAR SW Small SW Large

Frequency (1) 1/year G (6.4; 0.86) B (0.92; 2.3; 1; 10) G (6.4; 0.86) B (0.57; 1.4; 1; 7) B (0.57; 1.4; 1;7)

Duration (1) days LN (1.7; 0.53) LN (1.7; 0.53) LN (1.7; 0.53) LN (1.7; 0.53) LN (1.7; 0.53)

Transportation (1) SEK/day 12,516 12,516 12,516 12,516 12,516

Frequency (2) 1/year 1 1 1 1 1

Duration (2) days B (1.0; 0.98; 30; 60) B (1.0; 0.98; 30; 60) B (1.0; 0.98; 30; 60) B (1.0; 0.98; 30; 60) B (1.0; 0.98; 30; 60)

Transportation (2) SEK/day 8344 8344 8344 8344 8344

Return period (3) years 1 B (0.75; 1.6; 1; 3) B (0.75; 1.6; 1; 3) 1 B (0.43; 2.6; 10; 500)

Duration (3) weeks B (1.3; 1.0; 3; 25) B (1.0; 2.0; 3; 25) B (1.0; 2.0; 3; 25) B (1.3; 1.0; 3; 25) B (1.3; 1.0; 3; 25)

Reduced water consumption due to
prohibited irrigation (3) % B (3.8; 2.1; 3; 13) B (3.8; 2.1; 3; 13) B (3.8; 2.1; 3; 13) B (3.8; 2.1; 3; 13) B (3.8; 2.1; 3; 13)

People affected by prohibition (3) # 37,250 37,250 37,250 37,250 37,250

Reduced water consumption due to
information on careful water use (3) % B (2.8; 2.2; 2; 7) B (2.8; 2.2; 2; 7) B (2.8; 2.2; 2; 7) B (2.8; 2.2; 2; 7) B (2.8; 2.2; 2;7)

People affected by information (3) # 59,250 59,250 59,250 59,250 59,250

Return period (4) years B (0.92; 2.3; 1; 10) B (0.92; 2.3; 1; 10) B (0.92; 2.3; 1; 10) B (0.92; 2.3; 1; 10) B (0.92; 2.3; 1; 10)

Duration (4) days B (1.4; 21; 1; 270) B (1.4; 21; 1; 270) B (1.4; 21; 1; 270) B (1.4; 21; 1; 270) B (1.4; 21; 1; 270)

People affected by reduced consumption (4) # 25,000 25,000 24,200 25,000 25,000

Economic impact for people and businesses of
reduced water consumption (4) SEK/day 2,812,300 2,812,300 2,736,700 2,812,300 2,812,300

Return period (5) years B (1.1; 5.6; 3; 20) B (1.5; 7.9; 4; 30) B (1.1; 5.6; 3; 20) B (1.5; 7.9; 4; 30) B (1.3; 6.5; 5; 35)

Duration (5) days B (0.89; 13; 3; 600) B (0.89; 13; 3; 600) B (0.89; 13; 3; 600) B (0.89; 13; 3; 600) B (0.89; 13; 3; 600)

Reduced water consumption due to lowered
water pressure (5) % B (5.8; 5.8; 4; 6) B (5.8; 5.8; 4; 6) B (5.8; 5.8; 4; 6) B (5.8;5.8;4;6) B (5.8;5.8;4;6)
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Table 3. Cont.

Input Variable (Scenario) Unit R0 GW MAR SW Small SW Large

People affected by lowered pressure (5) # 1500 1500 1500 1500 1500

Transportation (5) SEK/day 41,100 41,100 41,100 41,100 41,100

Return period (6) years B (1.0; 1.0; 30; 200) B (1.0; 1.0; 30; 200) B (1.0; 1.0; 30; 200) B (1.0; 1.0; 30; 200) B (1.0; 1.0; 30; 200)

Duration (6) days B (0.71; 0.64; 30; 80) B (0.71; 0.64; 30; 80) B (0.71; 0.64; 30; 80) B (0.71; 0.64; 30; 80) B (0.71; 0.64; 30; 80)

Reduced water consumption for people and
businesses (6) % 50 50 50 50 23,7

People affected by reduced consumption (6) # 96,750 96,750 96,750 96,750 96,750

Reduced county GDP (6) million
SEK/day 12.7 12.7 12.7 12.7 4.2

Cost of piping and wells etc. (mean values) million
SEK 18 45 8

Costs of construction and treatment
components * (mean values)

million
SEK 16.5 9 15 49

* Some treatment component costs are recurring every 7 or 10 years [41].
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The results and related uncertainties are dependent on the estimated input variables but also
on the basic assumptions used to describe the system and the future development. Table 4 provides
information on non-quantified uncertainty factors discussed at the SHELF workshops, along with the
associated assumptions made. This qualitative analysis of uncertainties is of great importance when
interpreting the results.

Table 4. Non-quantified uncertainty factors discussed at the Sheffield Elicitation Framework (SHELF)
workshops.

Uncertainty Factor Description

Effect of
information
over time

The residential water consumption was estimated to decrease by about 5% when the
municipality calls for careful use of drinking water. It is uncertain how effective such
information is over time and, hence, if the effect is maintained over the summer
months. The effect might also decrease from one year to another because a larger
portion of households have invested in residential water saving technologies. It was
here assumed that the effect stayed the same over time.

Temperature

The residential water consumption varies with outside summer temperature. The high
summer temperatures of 2018, for example, resulted in people showering more than
normal, which increased the water consumption. The effect of varied summer
temperatures was not taken into account. Residential water consumption was instead
based on the daily average consumption on Gotland.

Precipitation

The residential water consumption was estimated to decrease by about 10% when the
municipality prohibits urban irrigation. The respect for such prohibitions tends to
decrease if/when it rains, and the effect may hence vary over time. It was here assumed
that the effect stayed the same over time.

Geographical
spread

Households tend to be more inclined to decrease water consumption when the water
shortage has national implications, partly due to the larger media focus of national
compared to local water shortages. The geographical spread also affects the possibility
of getting help from other municipalities, e.g., in the form of trucks for water
transportation. It was here assumed that, at least, the southern part of Sweden
experienced water shortage at the same time as Gotland.

Tourism
It is uncertain how an extreme drought will affect tourism, and whether tourists will
travel to Gotland to the same extent as usual. It was here assumed that the number of
tourists on Gotland was not affected by water shortages or extreme droughts.

The estimated annual risk for the reference alternative R0 is demonstrated in Figure 2 in the form
of a staircase to the left and as a risk curve showing the mean and P05 and P95 frequency percentiles to
the right. According to calculation results, the low-frequency events are generally associated with
larger economic consequences than high-frequency events. However, the annual risk is the lowest for
the second least frequent event (Scenario 5) and the highest for the most frequent event (Scenario 6):
425,000 SEK for Scenario 1; 378,000 SEK for Scenario 2; 1,262,000 SEK for Scenario 3; 4,222,000 SEK
for Scenario 4; 309,000 SEK for Scenario 5; and 6,321,000 SEK for Scenario 6 (mean values). The total
annual risk is estimated at approximately 12,916,000 SEK, ranging from 7,161,000 SEK to 32,370,000
SEK for the 5th and 95th percentiles, respectively (mean values).
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The risk curves of the alternative risk reduction measures are shown in Figure 3 along with the
risk curve of the reference alternative. The potential risk reduction of the measures is the difference
between the risk curve of the reference alternative and those of the measures. The large-scale surface
water measure was shown to reduce the total annual risk the most, suggesting a potential reduction of
approximately 6 million SEK annually compared to 965,000 SEK for groundwater, 785,000 SEK for
MAR, and 307,000 SEK for the small surface water measure (mean values).
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The probabilities of each measure being the best option with respect to risk reduction for each
individual scenario and combined for all scenarios is shown in Figure 4. The results show that the
large-scale surface water measure has the highest probability to be the best option for most individual
scenarios and for all scenarios combined. The ranking order of the other measures vary between
risk scenarios.
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The result from the cost-benefit analysis is shown in Figure 5 displaying that the large-scale surface
water measure was the least economically beneficial measure for Scenarios 1 to 5 when analyzed
individually, but the most beneficial measure for Scenario 6 and when including the risk reduction
for all scenarios combined. The ranking order of the other measures varied somewhat between the
analyzed scenarios. The NPV mean values in million SEK for the measures SW small, MAR, GW, and
SW large respectively are: −37, −54, −46, and −108 (Scenario 1); −42, −54, −50, and −113 (Scenario 2);
−42, −38, −33, and −83 (Scenario 3); −42, −53, −50, and −113 (Scenario 4); −40, −54, −47, and −109
(Scenario 5); −42, −54, −50, and −13 (Scenario 6); and −35, −36 −27 and 24 (all scenarios combined).
It is worth noting that the NPVs are based only on implementation costs and the benefits of risk
reduction with respect to water supply disruptions. The CBA could therefore be improved by inclusion
of other costs and benefits, e.g., relevant ancillary effects. However, the present result is sufficient to
highlight the importance of a holistic view based on multiple scenarios when prioritizing between risk
reduction measures.Water 2020, 12, x FOR PEER REVIEW 14 of 19 
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The economic benefit of risk reduction is distributed differently across households, businesses and
the municipality for the analyzed measures and scenarios. In Scenario 1, the municipality gained 100%
of the benefits. In Scenario 2, no measure contributed with any benefit of risk reduction. In Scenario
3, the households gained 100% of the benefits. In Scenario 4, the households gained 100% of the
benefits of MAR. The other measures did not contribute to any benefits in that scenario. In Scenario 5,
the municipality gained 99.7% of the benefits of the increased groundwater extraction and the small-
and large-scale surface water measures, and the households gained 0.3% of the benefits. In Scenario 6,
the businesses gained 99.2% of the benefits of the large-scale surface water measure and the households
gained 0.8%. No other measure contributed with risk reduction in that scenario.

Results from the two forms of sensitivity analyses performed (based on scenario analysis and
Monte Carlo simulations respectively) are provided in Table 5 and Figure 6. Table 5 shows that the
ranking order of the measures did not vary much when applying different discount rates. However,
the order of the measures varied when applying different price elasticities. Particularly the MAR
measure benefited from the −0.2-price elasticity compared to the other measures.

Table 5. Ranking order of net present values for analyzed measures when using two different price
elasticities of water demand and three different discount rates. Rank 1 = highest net present value
(NPV) and Rank 4 = lowest NPV (mean values). The risk reduction of all scenarios combined are used
in these calculations.

Price Elasticity −0.378 −0.2

Discount rate 1.4% 3.5% 5% 1.4% 3.5% 5%

SW small 4 3 3 4 4 4
MAR 3 4 4 2 2 2
GW 2 2 2 3 3 3

SW large 1 1 1 1 1 1
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Total annual risk
Correlation Coefficients (Spearman Rank)

Figure 6. Correlation coefficients (Spearman rank) of the eight most strongly correlated input variables
for the total annual risk.
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Figure 6 shows the degree to which input variables co-vary with the calculated total risk, expressed
using Spearman rank correlation coefficients between −1 and 1. Input variables related to the return
periods and duration of the risk scenarios contributed more to the outcome uncertainty than input
parameters related to the economic consequences of the scenarios. This holds true also when comparing
how the input variables co-vary with the estimated NPVs, i.e., input variables related to return periods
and duration of risk scenarios contributed most to the NPV uncertainties.

5. Discussion

Gotland’s drinking water system is vulnerable to supply and demand fluctuations. Insufficient
water availability in combination with rainfall deficiencies and large seasonal demand variations pose
challenges to the local water utility. In addition, the total water demand on the island is expected to
increase by more than 40% over the coming decades [38]. Taken together, the low and varied water
availability coupled with other threats to the drinking water system, illustrates the importance of
understanding the system risks as well as the benefits of investing in a reliable water supply [14].
In this paper, four potential risk reduction measures were analyzed for Gotland, providing guidance
on how efficient the measures are to reduce different types of risks. The risk analysis was combined
with cost-benefit analysis to provide information on the measures’ economic viability. For Gotland,
the large-scale surface water measure (SW large) proved to be the most beneficial measure for reducing
the risk in most individual risk scenarios and in all scenarios combined. However, the large-scale surface
water measure was the least economically beneficial measure for the individual Scenarios 1 to 5 when
comparing NPVs, but the most economically beneficial measure for Scenario 6 and when including
the risk reduction of all scenarios combined. This is because the measure has high implementation
costs but also a high risk reduction effect on several of the scenarios, and the combined effect of
these risk reductions creates a large benefit. The varying ranking order of the measures for Gotland,
when analyzing risk reductions for individual scenarios versus all scenarios combined, highlights
the importance of a holistic risk assessment, integrating a range of risk scenarios. This is to avoid
sub-optimization where measures are prioritized based on individual risk scenarios. By calculating the
total risk, the possibility of more than one scenario occurring simultaneously is considered. However,
it should be noted that the measures analyzed in this paper focused mostly on improving the raw water
system, and little attention was given to improving the treatment system or the distribution system.

The presented method makes use of a non-overlapping subset of risk scenarios, which together
should represent all possible scenarios for water supply disruptions. By quantifying the probability of
losses caused by the scenarios, a risk curve is produced showing the relationship between frequency and
its associated losses. Each point of the curve represents the actual return period of losses, and the curve
can hence be used to provide information on how to address the different levels of risk. In the paper,
we have chosen to express the risk in terms of expected economic consequences to society arising from
disruption events. However, it is important to point out that in other situations there may be reasons
to express the risk in other terms, in which case the same method can still be used. It is also important
to note that there are limitations in expressing the risk in terms of expected consequences, particularly
when it comes to capture events with low probabilities and high consequences [18]. However, we have
judged the type of events we consider are the type that can be assessed with expected consequences.

Rational decision-making requires that the risks, along with other costs and benefits, are properly
accounted for in the decision-making process [9]. However, evaluations of alternative measures and
their effects will always comprise uncertainties. In this paper, the uncertainties of input variables were
represented by probability distributions, and the uncertainty of the outcomes were calculated by means
of Monte Carlo simulations. This approach allows us to study the uncertainty in the results and the
likelihood of each outcome. It also facilitates sensitivity analysis, e.g., using Spearman rank correlation
coefficients, to study how uncertainties of specific input variables contribute to the uncertainties in the
results. Such information can for example be used to support decisions on which input variables to
prioritize for further research and/or data collection in order to reduce uncertainties in results. However,
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it is practically impossible to cover all aspects of real systems [24]. Hence, the assigned probabilities are
conditioned on several assumptions and simplifications. For assumptions and simplifications not to be
overlooked in the risk management and decision-making processes, these variables are included in the
analysis using a qualitative approach as suggested by e.g., Aven [18] (p. 630). This approach highlights
basic assumptions that, for example, affect the estimated input variables. If the analysis would have
been based on another understating of the system and its development, the results would of course
have been different. Hence, the qualitative uncertainty analysis provides transparency and is of great
importance when interpreting the result. Further, some discrete uncertainties, such as discount rates
and price elasticities, are analyzed by use of scenario analysis [43]. This comprehensive handling of
uncertainties demonstrates a structured and transparent way of expressing risk so that water utilities
can use estimates of failure rates and welfare losses over a range of disruption scenarios to identify the
measures that will lead to the lowest economic losses for society, and hence improve water supply
planning and risk management.

It should be emphasized that despite the abundant information provided by the risk assessment
approach, its most important contribution may be that it initiates a process in which aspects otherwise
likely overlooked or ignored are openly addressed. For example, definition of risk scenarios, uncertainty
estimations of input variables, economic valuation of consequences, calculations of the total integral
sum of risk over different risk scenarios, and calculations of economic profitability through CBA are all
rare in water supply reliability studies. However, we did not consider combinations of risk reduction
measures or effects on other externalities, such as health issues or agricultural production. Hence, the
provided method can be improved by enabling assessments of measure combinations and inclusion of
other relevant costs and benefits.

6. Conclusions

The main conclusions of this paper are:

• The risk-based approach proposed in this paper can be used to evaluate uncertainties and provide
information on frequencies and welfare losses of water supply disruptions. By evaluating a range
of scenarios, decision makers become aware of the strengths and weaknesses of their water supply
system. An increased knowledge of the risks allows for an understanding of how to address the
threats and can be used as a starting point for identifying risk reduction measures. The approach
enables decision makers to build strategic capacity for operating in difficult and uncertain futures.

• In the proposed approach, alternative measures can be evaluated and compared based on their risk
reduction capacities, highlighting whether they reduce the frequencies and/or the consequences
of identified risk scenarios. By combining the risk analysis with cost-benefit analysis, additional
information is provided on measures for leveraging investments in managing and reducing the
risks. This can be used to identify the most economically profitable risk reduction alternatives.

• The approach enables an overall assessment of risk and highlights the importance of considering
the full range of possible outcomes. There are advantages to evaluating the total risk based on the
full spectrum of scenarios ranging from low to high probability events. Some advantages derive
from the opportunity to understand how different factors influence each component of risk and
how they, in turn, affect the total risk. Other advantages relate to the risk-based decision making,
as the ranking and prioritization of risk reduction measures may vary depending on whether
the measures are evaluated with respect to single or multiple low and/or high probability events.
The case study results clearly illustrate the potential sub-optimization that may arise if measures
are evaluated only based on individual risk scenarios.
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