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investment appraisal under uncertainty in desalination
projects: an application to Kuwait’s water/energy nexus
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and M. Zainal

ABSTRACT
Quantifying uncertainty over technologies, costs, and prices that stem from site-speciﬁc conditions,
technological particularities and future projections is an important element in the investment
appraisal of desalination facilities. Yet, the majority of economic assessments in the ﬁeld of
desalination plants, so far, use deterministic estimation methods based on ‘best guess’ estimates
and ceteris paribus sensitivity analyses. Aiming to ﬁll this gap, this paper introduces a new approach
towards comparing alternative technological options for desalination facilities under uncertainty
based on the Levelized Cost of Water (LCOW). The proposed framework combines Monte Carlo
simulations with scenario analysis and random-walk-based models to account for the cone of
uncertainty of the LCOW. For purely illustrative purposes, ﬁve alternative combinations of
desalination technologies and energy sources are examined in the State of Kuwait. The ﬁndings show
that the proposed framework, although it cannot eliminate uncertainty, can assist decision-makers in
managing it by framing the range of possible outcomes of the LCOW. In this way, it offers an insight
into the accuracy of the estimates and allows the validation of the impact of risks and uncertainties
against the acceptable tolerance level. Yet, several issues need to be addressed in future research.
Key words

| desalination, investment appraisal, Monte Carlo simulation, random walk models,
renewable energy

HIGHLIGHTS

•
•
•
•
•

Uncertainties loom large in desalination investments.
Majority of assessments use deterministic estimation methods.
New approach comparing alternative desalination projects under uncertainty.
Monte Carlo simulations, scenario analysis and random-walk-based models are combined.
Five combinations of desalination technologies and energy sources examined in Kuwait.
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GRAPHICAL ABSTRACT

INTRODUCTION
Desalination has become one of the most sustainable alterna-

size and ﬁnancial needs of desalination investments call

tive solutions to provide fresh water for many communities

for a thorough quantiﬁcation of uncertainty in project

and industrial sectors over the last 30 years (Shatat et al.

appraisal. Nevertheless, the majority of economic assess-

). Since 2010, the number and size of desalination projects

ments in the ﬁeld of desalination plants use deterministic

worldwide have been growing at a rate of 5% to 6% per year

estimation methods (Moser et al. ). Against this

(Voutchkov ). In 2018, 18,426 desalination plants were

backdrop, the present paper aims to improve investment

reported to be in operation in over 150 countries, producing

planning by introducing a new approach for comparing

3

87 million m /day of freshwater and supplying over 300

alternative options under uncertainty focused on desalina-

million people (World Bank ). In the decades to come,

tion projects. Knight (), in his seminal work, drew a

changing climate patterns and population growth will make

sharp distinction between risk, referring to events for

already limited water resources scarcer and access to fresh-

which outcomes are known or have knowable probability

water an increasingly crucial challenge. Thus, desalination,

distributions, and uncertainty, referring to events where it

of seawater in particular, will play a greater role and

is not possible to specify numerical probabilities (Bock &

investments in desalination will increase. In parallel, techno-

Trück ; Toma et al. ). Hence, in practice, the term

logical advancements are expected to signiﬁcantly lower the

uncertainty is used interchangeably with that of risk. Uncer-

cost of desalinated water, i.e. by 20% in the next ﬁve years

tainties in desalination investments are related to design,

and by up to 60% in the next 20 years (Voutchkov ).

construction and operational phases of the project, e.g.

BCC Research () reports that global cumulative invest-

licensing, construction, water quality, power supply and

ments in desalination plants will reach nearly $48.2 billion

water demand (World Bank ). In our approach, we are

by 2020, with a compound annual growth rate (CAGR) of

mostly interested in uncertainties over technologies, costs

17.6%. Further, Gao et al. (), based on socioeconomic

and prices in the energy/water nexus context. This sugges-

data and modelling techniques, estimate that the total global

tion is supported by recent empirical evidence that energy

desalination population will increase by 3.2-fold in 2050 com-

savings potential, as shown by engineering calculations, is

pared with the present.

rarely exhausted in practice (ICF ).

Investment in desalination is essential for meeting future

The proposed methodology combines in sequential steps

water demand and sustaining economic growth. The sheer

Monte Carlo simulations and random-walk-based estimates
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for comparing alternative technology options for desalina-

are closely associated, several research efforts seek to

tion units based on the Levelized Cost of Water (LCOW).

shed light on alternative, more energy-efﬁcient solutions.

LCOW is a commonly used approach for comparing desali-

The renewable energy desalination (RED) systems –

nation plants (e.g., Olwig et al. ; Moser et al. , ;

even though at present less than 1% of installed desalina-

Caldera et al. ). The term ‘levelized’ expresses the unit

tion capacity – are witnessing an increasing growth

cost of desalinated water (e.g., USD/m3) as the sum of

worldwide as the technologies continue to improve and

ﬁxed and variable annual costs of the plant (including the

conventional sources of energy become scarcer and, con-

annualized capital costs) divided by the total annual water

sequently, more expensive. According to Alkaisi et al.

production. Although the methodology was originally devel-

(), more than 130 RED plants have opened within

oped for the analysis of desalination units, it may apply to

the last few years. Papapetrou et al. (), Al-Karaghouli

other infrastructure projects after proper modiﬁcations.

& Kazmerski (), IEA-ETSAP & IRENA (), Goosen

For illustrating the methodology, ﬁve alternative combi-

et al. (), Shatat & Riffat (), Cipollina et al. (),

nations of desalination technologies and energy sources are

and Xevgenos et al. () provide technical and econ-

examined using the State of Kuwait as a case study. Kuwait

omic information on the most adopted brackish and

was selected – as further discussed in the section below on

seawater RED systems. Practically, all forms of RES tech-

‘An illustrative application in the State of Kuwait’ – for the

nologies (e.g., solar thermal, photovoltaics – PV, wind,

following reasons. First, due to the signiﬁcant oil price-

geothermal, and wave energy) can be used as energy

drop since mid-2014, Kuwait’s overall ﬁscal surplus

sources for desalination systems. However, the most

fell from 18.5% of GDP in 2014/15 to 0.5% of GDP in

promising RED systems are solar energy (both solar ther-

2016/17 (IMF ; KISR , p. 37). Second, Kuwait

mal and PV) with multistage ﬂash distillation (MSF);

relies practically entirely on the desalination of seawater

multi-effects distillation (MED); reverse osmosis (RO);

and plans to build several new desalinating facilities as the

thermal vapor concentration (TVC); mechanical vapor

average per capita water consumption shows an increasing

concentration (MVC) and electro-dialysis (ED); wind

trend. Third, the efﬁciency of Kuwait’s electricity and

energy with MVC, RO, and ED; medium-temperature

water supply system is questioned from both an environ-

geothermal energy with MSF and MED; high-temperature

mental and economic viewpoint. Finally, and perhaps

geothermal energy with MSF, MED, TVC, MVC, RO, and

most importantly, the opportunity cost of using oil to

ED; and wave energy with MED, TVC, MVC, RO and ED

generate electricity and water – even at current low oil

(see Jalihal & Venkatesan ). Combined systems (e.g.,

prices – is high.

wind with solar energy) can also be integrated with

The paper is structured as follows: the next section pro-

different desalination processes (Papapetrou et al. ;

vides an overview of the water/energy project appraisal. The

Al-Karaghouli & Kazmerski ; IEA-ETSAP & IRENA

third section describes the proposed new framework for

; Xevgenos et al. ).

probabilistic assessment in the water/energy nexus, while

Most of the RED technologies have been tested exten-

the fourth section details the empirical application and pre-

sively (although in some cases mainly on a pilot-scale),

sents the results. The ﬁnal section concludes with a synopsis

and their technical feasibility has been established. What

and a look ahead.

is of main concern, though, is the cost of each option,
which will ﬁnally determine the conﬁguration of the desalination facility. Focusing on the cost of RED, which is the

LITERATURE REVIEW

main aim of this study, several cost comparison methodologies have so far been implemented. These approaches

Efﬁcient water/energy projects

are mainly based on the LCOW. Key inputs in calculating
the LCOW are capital costs, operation and maintenance

Considering that the seawater desalination process is

(O&M)

energy-intensive, and that energy and water production

production and discount rate.
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and the probability of that occurrence?’ ‘what is the probability of being above or below certain LCOW values?’

Several factors inﬂuence the LCOW: cost of fossil fuels,

etc. These questions could be answered using a probabilistic

price of metals involved in desalination or RES units,

approach like the one proposed in the present paper. This

energy mix, changes in weather conditions, salinity and

type of analysis assigns probability distributions to the criti-

temperature of seawater, environmental regulations con-

cal variables of the desalination project to generate several

cerning climate change and emissions of pollutants,

possible scenarios by accounting for every possible value

technological improvements etc. (e.g. Moser et al. ,

that each variable can take. Then it recalculates the expected

; Fattouh & Mahadeva ; Wood & Alsayegh ).

values of ﬁnancial performance indicators weighing each

Previous research in the ﬁeld shows that not all desalination

scenario by the probability of occurrence. The probabilistic

plants are impacted by all these parameters, nor are they

analysis provides many beneﬁts: it offers an insight into the

equally affected. The impact of each parameter on a speciﬁc

accuracy of the estimates of ﬁnancial indicators, it allows

desalination technology differs, and so does the ability to

engaging managers in a meaningful conversation about the

quantify its uncertainty. For instance, MED is more vulner-

risks of the project, it helps decision-makers to frame the

able than other technologies to metal price ﬂuctuations

range of possible outcomes more meaningfully and to vali-

because the cost of MED evaporators depends to a notable

date the impact of uncertainties and risks against the

extent on the price of copper and nickel. Yet, the impact of

organization’s tolerance level, etc. (e.g., Pergler & Freeman

fossil fuel price on the LCOW of MED plants is of consider-

; Platon & Constantinescu ). To the authors’ best

able signiﬁcance compared with copper or nickel price.

knowledge, this is the ﬁrst attempt at using a probabilistic

The majority of economic assessments in the ﬁeld of

approach that combines Monte Carlo simulation with scen-

desalination plants – as already mentioned – are based

ario analysis and random-walk modelling in an integrated

upon ‘best guess’ estimates of the input variables (Moser

framework for assessing the performance of different desali-

et al. ). They neglect the fact that desalination plants are

nation systems through the LCOW concept.

sophisticated and technologically advanced projects and,
consequently, most of the LCOW parameters are characterized by uncertainty and variability stemming from sitespeciﬁc conditions, technological particularities, and future

A NEW FRAMEWORK FOR PROBABILISTIC
ASSESSMENT IN THE WATER/ENERGY NEXUS

projections. Hence, it is not surprising that accurately estimating the costs of desalination plants is almost always a unique

The proposed methodological framework to address uncer-

challenge for engineers, state agencies, and contractors. To

tainty in the LCOW parameters comprises a sequence of

cope with these difﬁculties, sensitivity analysis is usually per-

analytical steps as presented in Figure 1.

formed invoking the ceteris paribus assumption (i.e., only one
variable is changed at a time ‘other things being equal’) to
determine how much the LCOW might vary. In some
cases, sensitivity analysis uses ‘what if’ scenarios based on
combinations of possible values around the ‘single-pointbase-estimates’ (i.e., worst- and best-case situations).
Although this analysis is useful in determining the inﬂuence of each variable on the LCOW, the assessment of
desalination projects calls for a signiﬁcant number of
‘what if’ scenarios to be examined, given the number of
the parameters involved. Further, sensitivity analysis fails
to answer critical questions from the viewpoint of policyand decision-makers, e.g., ‘what will be the best outcome
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The steps are analyzed as follows:

as ‘elasticity’. The elasticity is equal to the percentage

Step 1: Deterministic estimation of LCOW

change in output (e.g. LCOW) divided by the percentage

The calculation of the LCOW is similar to that of the

change in input for a speciﬁc input variable (e.g., O&M

Levelized Cost of Energy (LCOE), i.e., it is based on the esti-

costs) according to Equation (2):

mation of investment and operating costs and the volume of
production from the plant under investigation. Following
Moser et al. (), the calculation of LCOW follows

Elasticity ¼

ΔLCOW%
ΔInput%

(2)

(Equation (1)):
As discussed in Step 5, once the elasticity of input variables has been deﬁned and different scenarios have been

Pn C(t)investment þ C(t)operation
t¼1

LCOW ¼

Pn
t¼1

(1 þ r)t
W(t)

formed, the total growth rate of future LCOW values can
(1)

(1 þ r)t

be estimated.
Volatility (σ) is a measure of the variability of the LCOW
over the lifetime of the desalination plant and signiﬁes the

where LCOW ($/m3) is the levelized cost of desalinated

uncertainty associated with its total cost and production

water; C(t)investment (mil $/y) is the capital cost in year t;

volume. Volatility is an important input variable for the

C(t)operation (mil $/y) is the operating cost in year t; W(t)

structure of random walk models and can have a signiﬁcant

3

(mil m /y) is the annual water production in year t; n

impact on the stochastic estimates. Several methods are

(years) is the economic life of the plant; and r (%) is the

used to estimate volatility; in this paper the logarithmic pre-

annual discount rate.

sent value (LPV) approach is implemented (Mun ). The

Step 2: Monte Carlo estimation of LCOW

LPV method collapses all future cash-ﬂow estimates into

The Monte Carlo method is used to analyze the inﬂu-

two sets of present values, one to time 0 and one to time 1.

ence of uncertain parameters (e.g., future fuel prices,

The present values are then summed, and the logarithmic

electricity production from RES, etc.) on the LCOW. It

ratio X is calculated as follows:

involves the conversion of the uncertainty into probability
distributions for each parameter, simulation of thousands
of possible scenarios (1,000 in this study), calculation of

Pn

PVTCi
X ¼ ln Pi¼1
n
i¼0 PVTCi

(3)

the LCOW for each scenario, and analysis of the probability
distribution of LCOW. Even though the method cannot

where PVTCi is the present value of the total cost of desali-

eliminate uncertainty, it can make it easier to understand

nation in year i.

by ascribing probabilistic characteristics to the inputs and

Monte Carlo simulation is performed to obtain the dis-

outputs of the LCOW model. The purpose of Monte Carlo

tribution of X. The standard deviation of the distribution

simulations in the proposed methodology is twofold. First,

of X is the volatility (σ) used in the random walk model. It

the analysis may be used to directly answer questions

is noted that only the numerator is simulated; the denomi-

posed by policy- and decision-makers (e.g., probability of

nator remains unchanged (Mun ). Furthermore, a

observing speciﬁc LCOW values). Second, and equally

single ‘aggregate’ volatility factor is estimated, although

important, it is used to estimate critical parameters for

uncertainties are related to several variables. If necessary,

implementing random-walk-based LCOW models, as will

however, different volatility factors can be estimated and

be described in detail later, using sensitivity analysis and

be incorporated in the random walk model.

quantitative probabilistic analysis.
Step 3: Calculation of elasticities and volatility

Step 4: Deﬁnition of scenarios
This step involves deﬁning the alternative scenarios that

The sensitivity analysis which is applied in different dis-

will be examined via random walks. The scenarios are

ciplines (e.g., science, engineering, and economics) can be

formed based on future trends of input parameters (e.g.,

used for calculating the Sensitivity Ratio (SR), also known

fossil fuel price). The trend is expressed as the compound
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average annual growth rate (CAAGR) of the input variable,

models are used. These models assume that past patterns

i.e., the mean annual growth rate over the lifetime of the

of the parameter under investigation will tend to recur in

plant, which is estimated according to Equation (4):

the future and, thus, establish a clear connection between


CAAGR ¼



historical data and forecast values (e.g., Newell & Pizer



1

Ending value
# of years 1
Beginning value

). One such model is the random walk. Random-walk(4)

based stochastic simulations with and without drift have
been used in ﬁnance and economics, e.g. in predicting the
effect of technological progress on the cost of different tech-

Step 5: Estimation of LCOW growth rate (drift)

nologies (Farmer & Lafond ), in understanding and

To examine the effect of an input variable on the change

predicting the behaviour of stock market prices (Smith

of LCOW, it is necessary to consider both the input variable

; Borges ), interest rates (Newell & Pizer ; Bac-

elasticity of LCOW and the growth rate of the input variable,

chetta & van Wincoop ), growth and inequality (Scalas

as follows:

), etc. Random walks have also been used or tested in
modelling energy prices (Felder ; Pindyck ;

ΔLCOWi ¼ ei  CAAGRi ¼ αi

(5)

Geman ).
The random walk process is equivalent to Brownian

where ΔLCOWi (αi) is the change in LCOW attributed to

motion. Formally, the random walk is a Wiener process.

input variable i; ei is the elasticity of input variable i and

The random walk with drift is given by the following

CAAGRi is the compound average annual growth rate of

equation (the random walk model without drift is

input variable i.

brieﬂy

Given that each factor has an independent and additive

described

in

Appendix

A:

Supplementary

Material):

effect on the evolution of future LCOW values, the total
growth rate αtot of LCOW is the sum of shifts over time
given by:
_

_

_

(8)

where δ is the drift, which can take either a positive or a

_

LCOW
V1
V2
V
þ e2
þ    þ ek k
¼ e1
LCOW
V1
V2
Vk

Yt ¼ Yt1 þ δ þ ut

(6)

negative value for an upward or downward drift
respectively.

When the right-hand expression is constant, the

The expected value of Yt and the variance are as follows:

solution is:
E(Yt ) ¼ Y0 þ t  δ
LCOWt ¼ LCOW0  edtot t

(9)

(7)
var(Yt ) ¼ t  σ 2

(10)

where LCOWt is the future LCOW at time t; LCOW0 is the
present LCOW; t is the time in years (assuming that αtot
and discount rates are expressed on a yearly basis), and
αtot is the total growth rate of LCOW with αtot ¼ α1 þ

Based on the general model with drift, the change in
LCOW in a period Δt is approximated, as follows:

α2 þ …þ αk.
Step 6: Calculation of LCOW using random walks
The total growth rate of LCOW is likely to change over

ΔLCOW ¼ αtot  LCOW  Δt þ σ  LCOWu 

pﬃﬃﬃﬃﬃ
Δt

(11)

time in an unknown way, similar to commodity spot and forward prices. Towards modelling the evolution of possible

where αtot * LCOWt * Δt represents the drift and σ * LCOW *

future outcomes through time, sophisticated time-series

u * Δt 1/2 is the random noise in each step.
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nuclear contaminants that cause acute or long-term effects
on aquatic organisms (Mezher et al. ; Miller et al. ).
The increased temperature of water efﬂuents can also harm

Background information

the aquatic life in the discharge area, especially the benthic

The State of Kuwait lies at the northeast edge of the Arabian

salinity, increased temperature and discharged chemicals

Peninsula at the head of the Arabian Gulf and occupies a

depend on the environmental and hydro-geological factors

total area of 17,820 km2 of mostly desert land (FAO ).

characteristic of the site and, thus, differ geographically.

Kuwait’s renewable groundwater sources are negligible;

So far, however, there is limited research particularly on

it is estimated that only 20 Mm³/year ﬂow into the ground-

the long-term ecological impacts of desalination (Miller

water systems through lateral underﬂow from Saudi Arabia

et al. ). Finally, the operation of desalination plants

(FAO ). Due to its limited freshwater resources, Kuwait

may cause noise pollution and chemical spills (Mezher

relies practically entirely on the desalination of seawater to

et al. ). From an economic point of view, considering

produce fresh water through multi-stage ﬂash desalination

the increasing consumption and the current production

and reverse osmosis that operate in the form of cogeneration

rate, all produced energy will probably be consumed locally

power–desalination plants (CPDP) (Alhajeri et al. ).

by 2027 (Alotaibi ). Further, the opportunity cost of

marine organisms (Younos ). The impacts of elevated

The average per capita water consumption is high with

using oil to generate electricity, as compared with selling it

an increasing trend. In 2014, the average water consumption

in the international market, has become too high (Darwish

per capita was 442 l/d/capita, one of the highest among

& Darwish ; Breyer et al. ; Capital Standards

industrialized and other developing countries (Mukhopad-

). Thus, the Government of Kuwait plans to invest

hyay & Akber ). In comparison with 2009, future

approximately USD 25 billion to increase the electricity pro-

water demand is forecast to increase by approximately

duction capacity to 17,200 MW in 2016 and 25,000 MW in

25% in 2020–30 and by approximately 60% in 2040–50

2025 (KDIPA ) and contemplates generating at least

(World Bank ). Towards meeting its water needs,

10% of its electricity needs from renewable sources.

Kuwait plans to build several new desalinating seawater
facilities (KDIPA ) and to tender a program for 30 RO
mobile units each with a 100,000-gallon capacity (International Water Summit ).

Basic assumptions

Kuwait relies on fossil fuels (i.e., natural gas, gas oil,

For purely illustrative purposes, two alternative desalination

crude oil, and heavy fuel oil) to generate electricity and

technologies, namely seawater reverse osmosis (SWRO)

water. Yet, the efﬁciency of Kuwait’s electricity and water

and multi-effect distillation (MED), are considered. The desa-

supply system is questioned from an environmental and

lination plants are assumed to supply 100,000 m3/day with

economic viewpoint. The consumption of fossil fuel

an availability of 92% and an economic plant life of 20

causes deterioriation of the air quality and contributes to

years and to be operated at base load (i.e., 8,000 hours per

climate change due to emission of air pollutants and green-

year) meaning constant production over the year. Moreover,

house gases (Mezher et al. ). Further, electricity

three alternative energy sources, namely photovoltaics (PV),

generation units consume a large amount of freshwater in

concentrating solar power (CSP) and natural gas, are coupled

steam power stations and produce a large amount of

with each plant forming the following combinations:

waste (Alhajeri et al. ). As a result, the desalination
plants may damage aquifers and aquatic ecosystems from
the routine discharge of efﬂuents and the disposal of concentrate

of

relatively

high-temperature

and

elevated

salinity (Miller et al. ). The concentrate contains pretreatment

chemicals,

corrosion

materials,
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SWRO plant powered by PV and a natural gas combined

•

SWRO plant powered by CSP and a natural gas com-

•

cycle plant;
bined cycle plant;
SWRO plant powered solely by a natural gas combined
cycle plant;
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•

MED plant powered by CSP and a natural gas combined

available at no additional cost and free of energy losses to

•

cycle plant;

buffer renewable energy ﬂuctuations (Moser et al. ). Finally,

MED plant powered solely by a natural gas combined

as regards the alternative energy sources, the basic economic

cycle plant.

and technical assumptions are based on Lazard’s Levelized
Cost of Energy (LCOE) analysis (Lazard ) and are summar-

Given the low-quality feed water (i.e., Arabic Gulf),

ized in Table 1. It is noted that the fuel price is related to the

the SWRO plant operates with open intake and a DAF pre-

Henry Hub contracts, which tend to become an international

treatment (dissolved air ﬂotation) followed by gravity ﬁlters

price setter. The annual discount rate is set equal to 6%.

and pressure ﬁlters. An indicative cost of such a plant is
approximately 2,100 US$/m3/day (e.g., Moser et al. ).
The total operation and maintenance costs, excluding energy,

Results

3

are estimated at 0.35 US$/m and the speciﬁc electricity consumption amounts to 4.2 kWh/m3 (Fichtner ). Based on
the total supply and the speciﬁc electricity consumption, the
total energy requirements amount to 141,036 MWh per year.
The MED plant has a dual-purpose conﬁguration: it is
designed to work at a seawater temperature of 35  C and
to be fed with a 0.30–0.35 bar steam and it is based on 14
subsequent effects operating at a gain output ratio (GOR)
of 12 (Fichtner ). An indicative cost of such a plant

Following the methodology described above in the section
on ‘A New Framework for Probabilistic Assessment in the
Water/Energy Nexus’, we calculate ﬁrst the deterministic
LCOW for the ﬁve alternative conﬁgurations. The results
are provided in Table 2.
To conduct the probabilistic analysis, some assumptions
were made related to the uncertainty and variability of critical variables (e.g., fuel price, capacity factor, investment and

is approximately 3,100 US$/m3/day. The total operation
and maintenance costs – excluding energy – are estimated

Table 1

|

Basic assumptions for the alternative energy sources

at 0.32 US$/m3 (Fichtner ). The energy demand in
terms of electricity is 1.6 kWh/m³ and the required thermal
energy is 53 kWhth/m3. The required thermal energy corresponds to 3.6 kWhe/m³ based on the equivalent electrical
energy approach since the extracted heat from the turbine
is considered as electricity loss for the power plant (Fichtner
). The total energy requirements expressed as equivalent
electrical energy are estimated at 174,616 MWh annually.
For the analysis, some simpliﬁed yet reasonable assumptions have been adopted. First, desalination plants are simply
seen as power consumers. Second, it is assumed that the RE
cogenerated power plants (i.e. PV and CSP) generate on an

PV-crystalline

Solar thermal
power with

Natural gas
combined

storage

cycle

Total capital cost ($/kW)

1,200

7,500

1,000

Fixed O&M ($/kW-year)

10

75

6.0

Variable O&M ($/MWh)

–

–

3.0

Heat rate (Btu/kWh)

–

–

6,300

Capacity (MW)

26

14/18

50

Capacity factor (%)

25%

45%

65%

Efﬁciency of NG plant (%) –

–

54%

Fuel price (US$/MMBtu)

–

–

3.2

Facility life (years)

30

35

20

annual basis 40% of the electrical energy required by each
desalination plant (i.e., 56,414 MWh per year for the

Table 2

|

Deterministic LCOW for the alternative desalination plant conﬁgurations

SWRO plant and 69,846 MWh per year for the MED
plant); the rest of the power is provided by a natural gas combined cycle plant. Hence, the annual energy cost is calculated
by multiplying the LCOE of the energy source with the corresponding amount of electricity used from that energy source.
In the same direction, issues related to the capacity and stability of the grid are not taken into consideration. As a
consequence, we presume an ideal, inﬁnite storage capacity
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Desalination

LCOW (US

CAPEX

OPEX w/o

Energy cost

plant

$/m3)

(%)

energy (%)

(%)

SWRO-PV

1.10

49%

32%

19%

SWRO-CSP

1.28

43%

27%

30%

SWRO-NG

1.12

49%

31%

20%

MED-CSP

1.60

50%

20%

30%

MED-NG

1.40

58%

23%

20%
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Elasticities of LCOW for alternative conﬁgurations and critical input variables

Table S1 (Appendix A: Supplementary Material). The

SWROPV

choice of input distribution was based on information available for each parameter. Further, to represent the broader

|

SWROCSP

SWRONG

MEDCSP

MED-NG

Availability of DES
plant

0.450 0.387 0.444 0.457 0.577

range of uncertainty, the Maximum Entropy approach was
chosen, i.e., a distribution was formulated such that it maxi-

CAPEX-RO

0.494

0.426

0.488

–

–

mizes the uncertainty in the data, subject to known

OPEX-RO

0.317

0.273

0.313

–

–

constraints (Meyer & Booker ).

Speciﬁc energy-RO

0.188

0.301

0.198

–

–

Heat rate-NGCC

0.179

0.154

0.294

0.152

0.291

0.073

The Monte Carlo simulation statistics for the LCOW are
presented in Table 3 and the sensitivity-ratio-based elastici-

Fuel price

0.085

0.140

0.072

0.138

ties of the input variables are presented in Table 4.

Capacity factor-PV

0.061 –

–

–

–

CAPEX-PV

0.061

–

–

–

–

Based on Equation (3) and the results of Monte Carlo
simulations, the volatility (σ) for each LCOW is calculated as

Capacity factor-NGCC 0.032 0.028 0.053 0.027 0.052

follows: σSWRO-PV ¼ σSWRO-CS ¼ σSWRO-NG ¼ 0.11, σMED-CSP ¼

CAPEX-NGCC

0.033

0.029

0.055

0.028

0.054

0.12 and σMED-NG ¼ 0.04.

OPEX-PV

0.007

–

–

–

–

Capacity factor-CSP

–

0.179 –

OPEX-CSP

–

0.025

Further, Table S2, in the Supplement, illustrates the
simulated comparisons between the alternative conﬁgur-

–

0.177 –
0.025

–

ations, together with the probability of observing a positive

CAPEX-CSP

–

0.172

–

0.170

–

difference between the competitive technologies.

CAPEX-MED

–

–

–

0.502

0.574

OPEX-MED

–

–

–

0.200

0.228

Speciﬁc energy-MED

–

–

–

0.298

0.196

To estimate the total growth rate of future LCOW values,
a scenario is formed under the following assumptions:

•

CAAGR for NG price is estimated at 3.8% using

•

CAAGR for PV and CSP CAPEX are taken equal to

mated elasticities, the LCOW total growth rates are:

8.0% and 4.5%, respectively using IRENA’s predic-

GRSWRO-PV ¼ 0.6%, GRSWRO-CS ¼ 0.8%, GRSWRO-NG ¼

tions (IRENA ).

0.1%, GRMED-CSP ¼ 0.8% and GRMED-NG ¼ 0.5%. For

CAAGR for PV and CSP OPEX are estimated to increase

each alternative conﬁguration, 100 random walk simu-

at approximately 0.5%.

lations were conducted for the next ﬁve years using a time

CAAGR for RO and MED CAPEX and OPEX are

step δΤ ¼ 0.1 years. For conciseness reasons, only the mini-

assumed to be equal to 0.5%.

mum and maximum values of all LCOWs in each time

•
•

Deloitte’s forecasts (Deloitte ).

Given the abovementioned assumptions and the esti-

step are illustrated in Figure 2 (in the Supplement the results
Table 3

|

for the LCOWSWRO-PV are given for illustrative purposes in

Monte Carlo simulation statistics for the LCOW

Fig. S1 and the minimum and maximum values of all
Desalination
conﬁguration

Mean

Median

St. dev.

Minimum

Maximum

LCOW SWRO-PV
(US $/m3)

1.10

1.09

0.06

0.94

1.32

LCOW SWRO-CSP
(US $/m3)

1.28

1.27

0.07

1.07

1.54

LCOW SWRO-NG
(US $/m3)

1.11

1.10

0.06

0.92

1.32

LCOW MED-CSP
(US $/m3)

1.58

1.58

0.10

1.32

1.97

LCOW MED-NG
(US $/m3)

1.39

1.39

0.02

1.34

1.48

LCOWs for a time step of six months are given in Table S3).

Discussion
Based on the results of the analysis (Table 3), the SWRO-PV
and the SWRO-NG are the most preferred options in terms
of LCOW, followed by the SWRO-CSP plant. The MED
desalination
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produce

more

expensive

water

3

(ca. 0.3 US$/m ) compared with the respective SWRO
plants. The probabilistic analysis does not alter the overall
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Min and max values of all LCOWs in each time step based on the random walk simulations.

conclusion. In the majority of comparisons, the SWRO-PV

same stands for the SWRO-NG and SWRO-CSP conﬁgur-

has the lowest LCOW. These ﬁndings coincide with results

ations. In the case of SWRO-CSP, however, the speciﬁc

of previous studies (e.g. Olwig et al. ; Shatat & Riffat

energy elasticity is more important than the OPEX-RO elas-

).

ticity owing to the higher cost of CSP energy. Similar

The desalination plants that are powered by CSP present

conclusions are drawn with regard to the MED desalination

the highest LCOW. This is not surprising since the LCOE

plants. More particularly, the CAPEX-MED is the most criti-

for CSP equals 150 US$/MWh whereas the LCOE for the

cal factor (elasticity higher than 0.5) followed by the OPEX-

PV and NGCC plants is 44.5 US$/MWh and 52.7 US

MED and the speciﬁc energy elasticities. Again, the speciﬁc

$/MWh, respectively. The role of energy cost is also

energy elasticity is higher in the case of CSP-powered MED

depicted in Tables 2 and 3. The cost of energy comprises

than that of OPEX-MED. The NG elasticities (e.g., CAPEX-

about 30% of the LCOW in the case of CSP-powered desa-

NGCC, fuel price, etc.) affect, as expected, all the conﬁgur-

lination plants, approximately 10% higher than that of PV-

ations examined. Nevertheless, these elasticities are almost

and NG-powered desalination plants. Similar remarks

twice as large for the NG-powered desalination units.

regarding the impact of energy cost are made by Olwig

The random walk simulations conducted to predict the

et al.  and Moser et al. (). Moreover, the elasticity

LCOW values within the next ﬁve years illustrate in a very

of speciﬁc energy required per m3 of water is higher in the

characteristic way the uncertainty inherent in the calcu-

case of CSP desalinated plants (i.e., 0.3 compared with 0.2

lation of LCOW. The range of minimum and maximum

for the other energy sources).

values in each time step is affected by the drift of the

As shown in Table 4, the most critical factors in terms of

model (i.e., the total growth rate of the LCOW) and the vola-

elasticity (apart from the availability of the desalination

tility of the estimates (which in turn are affected by the

plant) are related to the CAPEX and OPEX of the desalina-

variability and uncertainty of the parameters employed in

tion technology, followed by the speciﬁc energy. To wit, in

the estimation of LCOW). As a result, the ‘minimum value

the case of SWRO-PV conﬁguration, the CAPEX-RO elas-

path’ of a more ‘expensive’ conﬁguration (e.g., MED-NG)

ticity is 0.494 (i.e., 10% change in the CAPEX of the RO

may be lower than the ‘maximum value path’ of a less

plant increases the LCOW by approximately 5%), followed

‘expensive’ conﬁguration (e.g., SWRO-PV). For instance,

by the OPEX-RO and the speciﬁc energy elasticities. The

according to Table S2 in the Supplement, the chance of
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producing more expensive water from a SWRO-NG plant in

such a framework in this ﬁeld. To illustrate the proposed

comparison with a MED-NG plant is negligible today.

methodological framework, ﬁve alternative combinations of

Nevertheless, due to the different volatility in the estimates

desalination technologies (i.e., SWRO and MED) and

of the two technologies (the standard deviation of the

energy sources (i.e., PV, CSP, and NGCC) are examined

LCOW produced by the SWRO-NG plant is three times

using realistic (albeit simpliﬁed) assumptions. The ﬁndings

higher than that of the MED-NG plant), the situation may

of the analysis show that RED systems are not only techni-

change in the future. The predicted maximum LCOW

cally feasible but also cost-effective when considering the

value of the SWRO-NG plant is quite comparable to or

continuous decrease in RES cost and the projected increase

higher than that of the MED-NG plant, as shown in

in the price of fossil fuels. These remarks, even though

Table S3 in the Supplement. These results clearly show

derived from the examination of certain technologies and

that in real case applications practitioners and policymakers

referring to site-speciﬁc conditions of the region under exam-

should carefully design a number of future scenarios in

ination, are generally in accordance with the results of similar

order to explore a broad spectrum of possible LCOW

surveys (e.g. Shatat & Riffat ; Azinheira et al. ). To

values before taking a ﬁnal decision. Moreover, the pre-

this end, it can be argued that the ﬁndings of this study can

sented methodology can be employed in the security

be generalized to other areas sharing similar characteristics

management process of water supply systems. For instance,

in the Middle East and Africa, where solar energy is plentiful.

the methodology could be used for assessing alternative

Therefore, decision-makers need to be very careful and not to

water supply systems to determine the most effective sol-

neglect these issues during decision-making processes.

utions in the sense of risk reduction while considering the
economic factor, as Rak & Pietrucha-Urbanik () note.

Although the proposed framework might be helpful in
this direction, several issues need to be addressed in future
research. For instance, the framework incorporates a single
‘aggregate’ volatility factor. Provided that uncertainties are

CONCLUSIONS AND FUTURE WORK

related to several variables, different volatility factors could
be estimated and used in the random walk model. Further-

So far, the alternative options related to the selection of the

more, although the probabilistic nature of the model is very

desalination technology are primarily evaluated based on the

helpful in dealing with the uncertainty in the parameters

LCOW. As noted in the related literature, the calculation of

involved, it cannot correctly value embedded risks and

LCOW involves several technical and economic parameters

opportunities (e.g. increases or decreases in the cost of

that are characterized by both variability and uncertainty.

fossil fuels or price of metals involved in desalination or

Despite this fact, however, the majority of economic assess-

RES units, changes in environmental regulations concerning

ments in the ﬁeld of desalination plants use deterministic

climate change and emissions of pollutants, etc.) because it

estimation methods coupled with the interpretation of ‘one-

operates within a ‘now-or-never’ decision-making framework

variable’ sensitivity analysis, which fails to capture the syner-

and, thus, it falls short of answering the (in many instances

gistic effect of simultaneous changes in the input parameters.

critical) question ‘when is the best time to invest in RED?’

Towards ﬁlling this methodological gap, this paper pre-

To this end, perhaps new management approaches, like

sents a proposal for a new framework to support decision-

Real Options Analysis (ROA), offering the ﬂexibility required

making under uncertainty. The framework combines, in

to minimize the different kinds of risks in irreversible invest-

sequential steps, Monte Carlo simulations, scenario analysis

ments, should be considered.

and random-walk-based estimates of the LCOW values produced by different desalination plant conﬁgurations. It is
being developed in such a way so as to be simple enough
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