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Abstract: Social structure is based on the availability of the Water-Energy-Food Nexus. To cover these
needs of society, several solutions of different scales of infrastructures coexist. The construction of
infrastructure is capital-intensive; therefore, investment risk is always a consideration. In this paper,
we try to evaluate the investment risk by interest rates (IR). We show that IR is a key indicator, which
includes multiple parameters of prosperity expressing the political and economic status quo of the
society. The selection of a particular scale influences the required capital and is thus one of the most
critical decisions. Water supply infrastructure is one of the foundations of society, and the selection of
the optimal scale of such infrastructure is often a great challenge in civil engineering. As a case study,
we analyse three different scales of water supply infrastructures for the area of West Mani (Greece),
i.e., dam, water ponds, and seawater desalination. We evaluate each case by the capital intensity
by performing stochastic simulations of interest rates and identify the optimal solution as the one
with the smallest median unit cost, in this case, the water ponds. In order to assess the impact of the
development level of a country on the resulting unit cost stochastic properties we apply the optimal
solution to various countries with different development levels and IR. We show that IR in the least
developed countries, being generally higher and more variable, increases the unit cost, including its
variability, which ultimately indicates higher investment risk.

Keywords: stochastic simulation; investment risk; optimization; interest rate; water cost; scale
of infrastructure

1. Introduction

The formulation of society was dependent upon the development of infrastructures,
which made the environment friendly to humans [1–5] and allowed them to live in groups
(clusters), a condition that was proven necessary for growth and progress [6,7]. In order
to support the fundamentals of prosperity (water-energy-food nexus [8,9]), humans con-
structed large infrastructure projects in order to minimize the cost of the unit. In theory,
scale-economies were formulated by Adam Smith [10,11] in the late 18th century, while
the division of labour [12,13] and dynamics of scale-economies was a crucial issue for
infrastructure creation [14,15].

In prehistory and before the invention of money, the responsibility for the management
of big infrastructures was laid on the elite, which was responsible for social stability and
the distribution of wealth [16,17]. However, we cannot be certain about the rules and
how the elite (for example, the elite of Minoans) performed the management for these
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constructions [18], and how they distributed the wealth to society without the exchange of
money and taxes [19].

In our study, we try to show that it is erroneous to consider a stable interest rate
(IR) in order to forecast the risk of an investment, since a variability of the IR is expected.
Stochastic calculus has been helpful to quantify a wide range of heterogenous issues (e.g.,
economy, biology, acoustics, neurophysiology, telecommunications, aesthetics, art paintings,
and more) [20–26]. Therefore, using stochastic tools, we can simulate IR with synthetic
timeseries estimating the risk of the investment.

The paper outline goes as follows: In Section 2, we conduct the literature review.
In Section 3, we describe the methodology we followed, and we show the equations to
estimate the cost of a unit. In Section 4, we show the historical and stochastic approach of
how to generate timeseries of IR by using an autoregressive AR(1) model. In Section 5, we
examine the case study of the water supply system in West Mani, we analyze the cost of
the investment of the water infrastructure for three different solutions of the scale of capital
investment, and we evaluate the risk in Greece, whereas in Section 6, we evaluate the risk
of the same investment in other countries. In Section 7, we discuss the results of our study
and broaden the discussion in the context of wartime financial instability. In Section 8, we
outline the conclusions of this research.

2. Literature review

Even if we assume that money is a stable measure that could help the sustainable
management of big infrastructures, money has been formulated diachronically by its own rules
that contain extreme variability (e.g., the value of denarius in the Second Century [27,28]).

IR (e.g., see definition in [29]), was the basic tool to attempt to stabilize the value of
money in time. The IR was developed in the Renaissance supporting trading, but it had
a wide application after the industrial revolution, when the circulation of money became
more intensive. IR of the investment is “the amount a lender charges a borrower and is a
percentage of the principal—the amount loaned” [30]. Stable IRs, in general, promote social
stability in various ways, including preventing intergenerational wealth inequality [31]
and price stability [32].

The history of IR is connected with a wide range of variability/fluctuation [33] that is
more intense in the 20th century. As IRs have variations in time, which are determined by
the Central Bank of each country (or decided by market mechanisms), the cost of money
exchange and the risk of the investment cannot be stable. However, the majority of the
studies assume a stable IR in order to estimate the risk of the investment; Ingersoll and
Ross [34,35] presented the argument that IR volatility could be as important as the IR itself
in investment decisions.

The first papers about IRs appear in the mid-19th century. However, systematic
research on IR and the cost of capital began a century later. Figure 1 shows an increasing
trend in the study of IR, the cost of capital, and the use of stochastics in the research
of IR [36–43].

Regarding infrastructure projects, Tolis et al. [44], have used IR and inflation rates as
stochastic variables in an attempt to analyse energy investments. Other studies have used
stochastic IR to calculate the cost of infrastructure [45–50].
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Figure 1. Relative frequency of appearances of the indicated key phrases in the article titles, abstracts,
and keywords of about 70 million articles written in English [51], which are contained in the Scopus
database [52] up to the year 2020.

It should be noted that no attempt has been made to compare different water supply
infrastructures by using stochastic synthetic timeseries for the IR. In general, when decision-
makers compare, for example, different options for water supply during the planning
stages, many considerations and assumptions are made (environment, feasibility, adequacy,
esthetics, etc.). Until now, all calculations are done without examining the capital structure
of proposals and how that exposes the investment to macroeconomic factors. In this work,
we attempt to make the first step to address this issue. Of course, risk is not expressed only
through IRs, but as IRs are related to the cost of money, the IR is one of the most impactful
factors for the long-term feasibility of an investment.

3. Methodology

Financial and investment studies contain abstract concepts, which are often confusing
to non-insiders. Therefore, we are trying to simplify and visualize the concept of our
methodology in order to be easily accessible to a wide audience.

Here, we consider the problem from the point of view of the investor (or bank), and in
order to conceptualize the problem, we simulate it as a bathtub, as follows:

1. This bathtub is considered empty at first.
2. In the beginning, every year the bathtub is filled with more and more magic potion

(capital), which must be available (investment on the project or borrowing) (Figure 2a).
3. This magic potion is used to build infrastructures (capital cost) and fund the operations

(operational cost).
4. Once the bathtub is filled, those infrastructures start bringing in income (revenue)

and, consequently, the magic potion can be then withdrawn from the bathtub.
5. Therefore, the bathtub starts emptying (Figure 2b).
6. However, this magic potion has a unique property: it expands (positive IR) for some

years, while for some it diminishes (negative IR) (Figure 2c).
7. In the end, we assume that after many years, there will be no more magic potion

in the bathtub, which reflects the fact that the lifespan of the infrastructure has
been depleted.
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This somewhat childish analogy is nevertheless the basis to form an understanding of
the problem.

An IR can be viewed as the percentage of an amount of money that is paid for its use
over a period [53]. In essence, the IR reflects the fact that the cost of the money varies [54].
Usually, when studying the cost of infrastructure, one would use the methodology in which
a single initial capital investment takes place, and over the years a stable amount is paid
annually to cover the debt at a stable IR [55].

The real IR (for a single year) is defined as the yield of the one-year treasury bond of a
country minus the inflation rate for that year (Fisher equation) [56]; however, this should
not be confused with the cost of capital that expresses the rate available for borrowers by
banking institutions [57].

In our calculations, we use the real IR, it, t = 1, . . . , T, where all it, are assumed as stochastic
variables. In order to estimate the total investment, we use the following equations.

The total expenditure during a given year is provided by the Equation (1):

ET = CT + OT (1)

where: ET : Total expenditures during year T; CT : Amount of that was spent in the year T
for buying or building fixed assets; OT : Amount that was spent to maintain operations in
the year T (note: because the assumption is that all infrastructure will operate at maximum
capacity during the entire lifespan of the project, the operational cost is assumed constant
and not a function of units produced or sold). The revenue during a given year is provided
by Equation (2):

RT = UN (2)

where: RT : revenue during year T; U: cost of unit; N: number of units produced, (note:
during construction revenue is 0). A stochastic estimation of the present value of the
expenditures of a given year T is provided by Equation (3), and the present value of all
future expenditures is provided by Equation (4):

PT = ET(1 + i1)
−1(1 + i2)

−1 . . . (1 + iT−1)
−1(1 + iT)

−1 (3)

Qn = P1 + P2 + . . . + PT (4)

where: Qn : present value of all future expenditures for a period T; PT : Present value of a
future expense in the year T; iT : IR for year T.

The present value of all future expenditures, assuming that the IR is fixed, is described
by Equation (5):

PT = ET(1 + i)−T (5)
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In the same manner, we replace expenses with revenue. Therefore, a stochastic
estimation of the present value of the revenue of a given year T is provided by Equation (6)
and the present value of all future expenditures is provided by Equation (7):

AT = RT(1 + i1)
−1(1 + i2)

−1 . . . (1 + iT−1)
−1(1 + iT)

−1 (6)

An = A1 + A2 + . . . + AT (7)

For calculation purposes and during the years with no revenues, we consider revenues
to be 0.

The present value of all future revenues, assuming that the IR is fixed, is described by
Equation (8):

AT = RT(1 + i)−T (8)

Using the above equations, we calculate the expenditures for a given year (Equation (1)).
We then calculate the present value of expenditures for each given year (Equation (3)).
Afterwards, we calculate the present value of expenses during the lifespan of the project
(Equation (4)). Finally, we assume the present value of all expenses to be equal to the present
value of all future revenue, repeating the process backwards (Equations (2), (6) and (7), and
enabling us to calculate the unit cost in each case.

It is arguably unusual for the calculation of the cost of water to engage in such
complicated modeling. Various common methodologies assume the IR to be fixed [58],
and a lot of research has been put into deciding the ‘correct’ stable IR [59]. The fact that
the IR is assumed as fixed, is not a simplification of calculations but rather a reflection
of the way public infrastructures are financed, and comprised of stable financial vehicles
such as bond issuance [60]. Nevertheless, it is important, in our view, to study the IR as
a variable function, since interest payments ultimately are not stable. The above can take
many forms, including a change in expectations of investment returns or, in the case of
governments, a change in economic conditions, which in turn may cause changes in the
government’s budget [61].

Multiple financial tools exist to take advantage of, or shield, an investment from that
fact, such as issuing bonds of different durations. Furthermore, if the infrastructure project
is partially or fully funded by private entities, then these funds would be considered as
opportunity cost, which is simply the ability to invest in other more promising available
investments [62], when making investment decisions.

4. Modeling of Investments’ Risks

From the above, one may get the wrong impression that this work attempts to predict
or forecast future IR values. Forecasting, in our view, is a fundamentally different pro-
cess than stochastic modeling., and the main difference is ultimately a philosophical one.
Modern-day forecasting was born out of Keynesian thought, and it ultimately attempted to
predict the future behavior of the economy [63]. This was necessary in order to conduct
macroeconomic public policy; however, the first such attempt [64] failed to predict the Great
Recession. In subsequent years, despite ever-increasing computing power, economists have
very poorly predicted in advance any major macroeconomic events. On the other hand,
weather forecasting has become better at predicting tornadoes [65].

The tradition of forecasting usually aims at producing a single prediction, but this
impacts the operational principles of forecasting. Specifically, general principles on fore-
casting [66] suggest: ‘Do not forecast cycles; Adjust for events expected in the future; Be
conservative in situations of high uncertainty or instability’.

These previous principles stand against the tradition of hydrological engineering.
The seasonality and unpredictability of hydrological phenomena, in no case, allows us
to implement such methodologies, especially when these are what we seek to ‘design
around’. Furthermore, we under no circumstances aim to make predictions. Our aim
is to produce a range of outcomes along with the associated distribution function (i.e.,
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Monte-Carlo approach), which we achieve by modeling the system of infrastructures
with extremely large input timeseries. The type of simulation we use is a terminating
simulation [67], where n number of simulations are conducted under the same stochastic
properties. Additionally, the creation of a single prediction creates a burden in forecasting
methods to ‘prove themselves’ in backtesting (post-facto errors) [68,69]. Such burden does
not weigh on models that simulate water infrastructure operations (e.g., ‘A timeseries is a
series of observations taken at different times and recorded with the time at which they
were taken.’ [70]).

Considering the above fact, we use sampling data (annual real IR) [71], as well as
models for timeseries in discrete time. To simulate the IR, we will create an ensemble of
200 synthetic timeseries. These timeseries are created with the Markov assumption that
every precedent value depends on the previous value (short-time dependence [72]), and is
implemented based on the autoregressive model of first-order, AR(1) [73]. The distribution
function of it was assumed Gaussian with mean and standard deviation and lag one
autocorrelation equal to their estimates for each country (see Table 1). In general, existing
processes like auto-regressive moving average (ARMA) and auto-regressive integrated
moving average (ARIMA) models [74], are mainly used for mid-range tasks of stationary
and non-stationary simulations, but in our view, the AR(1) model is adequate for the task
at hand, which is to investigate for the first time in literature, the stochastic behaviour of
the IR.

Table 1. Real IR median values and standard deviation by country.

Country Median Real IR Standard Deviation
of Real IR

Lag 1
Autocorrelation

Australia 3.32 3.41 0.82
United Kingdom 1.68 3.71 0.71

Greece 4.80 5.80 0.82
Italy 3.76 2.64 0.87

Oman 7.40 14.29 −0.13
Singapore 4.36 2.66 0.22

United States 3.07 2.29 0.85
Average (developed

countries)
4.06 4.97

China 2.63 3.24 0.44
Colombia 8.80 6.24 0.07
Indonesia 5.55 7.12 −0.01

India 5.84 2.79 0.35
Malaysia 4.24 5.18 0.14

South Africa 3.65 4.01 0.60
Average

(developing
countries)

5.12 4.76

Bangladesh 5.55 7.12 0.89
Lesotho 3.78 7.32 −0.01

Mauritania 8.05 9.31 0.27
Malawi 9.64 11.80 −0.04
Zambia 2.47 15.83 0.82

Average (least
developed countries)

5.90 10.28

We note that by using the observed IR in our calculations, we essentially find the break-
even cost and not the real cost of water. In order to find the real cost of water, one should
use the cost of capital (WACC) as the discount rate. However, we choose to avoid using
it, since (a) the cost of capital for governments is the long-term bond yields (i.e., the loans
to countries that are considered as risk-free investments; blue line in Figure 3), (b) WACC
data are very scarce and not available in the requested high-quality, while data from 2013–
2020 [75], suggests that the average global WACC for the total market (grey line in Figure 3)
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as well as WACC for the industry of water utilities, is approximately 4.5% more than the
treasury yield (orange line in Figure 3).
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Figure 3. WACC values from 2013–2020. Note: Evident from the graph above, the extremely limited
data that is available suggest that the WACC is about 4.5% above the L.T.B.Y. The data range however
is so limited to the point of them being unusable.

Nevertheless, data is very limited in range to draw conclusions in our view, and the
research outcomes are not much affected, since we compare the results between solutions
and countries using the WACC database.

Afterwards, we may use the synthetic timeseries of the IR, to estimate the final cost of
money. As IRs are the primary measure of the cost of money, they will be the criterium in
our evaluation. The first series of calculations will use the historical Greek IR. In the second
series of calculations, we will use the historical IR from a basket of 18 selected countries,
which reflect multiple development levels, considering that the world is generally divided
into three wide areas (i.e., developed; developing; least developed) and each country may
be treated differently, in the macroeconomic sense.

Stochastic evaluation of IRs could be a very important proxy of the investments’ risk,
which is connected with the cost of money. In particular, no apparent pattern appears in
the IR values, as presented in Table 1 and shown in Figure 4.
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Another issue that is taken into consideration is that each technical solution needs a
different level of capital intensity. The importance of the stochastic analysis of IR in order
to estimate the risk of the investment is not related to technical scale, which is generally
obedient in the accepted rules of econometry [76]. Stochastic analysis of the IR mostly
shows the fluctuation of the risk by the different scale of investment, rather than its physical



World 2023, 4 8

footprint. Therefore, in this study, we highlight the cost of money by IR as the critical issue
for the evaluation of the technical solution.

5. Case Study
5.1. General Description

The problem of the water supply system of West Mani has been analyzed in previous
studies [77,78], whereas here, many different solutions, and in different scales, complexity,
footprint, and approach, were considered. The diversity of the solutions, the intimate knowl-
edge of the area, and, most of all, the complexity of the geography serve as an excellent case
study to assess the investment risk of water infrastructures from the engineering viewpoint.

The area of West Mani is located in the southern part of Greece in the Peloponnese
(Figure 5a,b). The region has a high rate of precipitation, mainly in the mountainous areas.
Rainfall is mostly observed during the autumn and winter months (i.e., from October to
March), while there is a significant decrease in the summer.
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Figure 5. (a) Location of Greece; (b) location of West Mani; (c) hydrological cycle where water is lost
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The geological background is extremely permeable (Figure 5c), as it consists mainly of
karstic limestone. As a consequence, there are only a few springs, and the groundwater
table is too low to be efficiently exploited by wells. Yet, the area has an advantageous
location and excellent climatic conditions, and thus, despite the limited water resources, it
has a long history of inhabitance since the archaic era [79].

As mentioned above, surface water resources were scarce, and so, people had to
find ways to harness and store water. Generally, middle and east Greece does not have
an abundance of water, and this is why Greeks have developed impressive hydraulic
technology to overcome this issue since prehistory [80–86]. Therefore, methods like cisterns
(στέρνες) [87] or a process called υδρoµάστευση (groundwater capture) [88], have been
used for the water supply of urban areas and villages.

Specifically, our study area is the subdivision of Lefktro (Λεύκτρo), where the main
economic activities are agriculture and tourism. The area has a size of 222.98 km2, and
the population is no more than 5000 permanent residents. The area is bordered by the
sea on the west and mountains on the east, and this is why the coastal plains hold most
of the population. As one moves east and to higher altitudes, the terrain becomes more
mountainous and the population density thinner. The population, however, is distributed
somewhat evenly along the north-south axis, and the population clusters are scattered in
the area with few concentrations of density.

Since antiquity, the area has been plagued with water shortages. This fact can be
attributed to several reasons. Firstly, the rainfall is not evenly distributed but rather concen-
trated in the mountainous areas, where even there, rainfall is not plentiful. Additionally,
most rainfall occurs during the winter, while the summer is mostly dry. Furthermore, the
highly non-homogeneous geology contains permeable elements that make the location of
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aquifers a rather difficult task, by also absorbing the water from most local surface streams.
Finally, the low number of active wells for groundwater exploitation, struggle to meet
water demand during the summer.

The solutions to the scarcity issue had to ultimately follow the same pattern of finding
a water source, storing the water for when is needed, to finally, transporting and distribut-
ing it to the areas of demand. The first discussed solution for water distribution is the
construction of a dam along the river Nedondas. The second solution was a system of
water ponds, where the water is captured in local streams in the most mountainous part
of the area, and very close to the mountain Taygetos [89,90]. The third solution was the
construction of several desalination plants along the coast.

To adopt the first and second solutions, we must initially find the water source’s
availability. The meteorological station of Kardamyle’s [91] rainfall timeseries in West
Mani was 8 years of length, which was considered insufficient for the estimation of their
stochastic properties. To tackle this, we analyze the closest meteorological station to that
area, Kalamata’s rainfall timeseries, which is 68 years of length, and has the same altitude
(i.e., 13 m) as Kardamyle station [92].

An important property of natural processes is that they exhibit the so-called Hurst-
Kolmogorov (HK) behavior, which is also known as long-range dependence or Long-Term
Persistence (LTP) [93]. Using HK dynamics, [94,95], we are able to generate synthetic
timeseries by preserving the same stochastic characteristics as the historical timeseries [96].
The synthetic timeseries were used to calculate stream flows, which are considered the
main source of water, whereas the source of desalination is the sea.

5.2. Description of Technical Solutions

In the 1st solution, a dam is suggested to be built along the Nedontas river (Figure 6a).
An appropriate position for a dam has been chosen, such that the catchment area is adequate
to meet the water needs, and such that the ground is of low permeability [97]. The water is
stored for up to a few years and then is transported via pipelines through a gravity-operated
system (Figure 7a).
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solution: ponds; (c) Cross-sectional diagram of the 3rd solution: desalination.
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In the 2nd solution, water ponds are suggested to be built at convenient locations
above the settlements, so that water is captured at appropriate positions from local streams
(Figure 6b). It is then considered to be transported via pipelines to a number of water
ponds, where it can be stored for up to a few months until its use (Figure 7b). This system
can be also gravity-operated.

In the 3rd solution, the option of seawater desalination was studied, where the desali-
nated process is implemented via reverse osmosis in several coastal desalination plants
(Figure 6c). Afterwards, it is considered to be pumped uphill to the settlements (Figure 7c),
where it can be stored for up to a few hours before its consumption.

Although all three solutions were technically feasible, they had different cash flow
values. This means that in order to properly compare the cost of the solutions, a different
approach is required, and a full analysis is needed to be conducted on the cost of water
assuming a variable IR.

5.3. Estimating the Cost

To calculate the overall cost of water, we examined the cost of every solution individu-
ally. In the first solution with the dam, we identified three individual components:

8. Dam construction [98,99], (lifespan 50 years)
9. Pipe network construction (lifespan 50 years).
10. Dam maintenance [100]

For the cost of construction, we examined recent similar dam projects in terms of
height and width, and we reached the number of 14,000,000 €. For the pipe-network,
we calculated the cost to be 300 €/km for a 42 km pipeline. Finally, the total annual
maintenance cost is 0.2% of the construction cost. The duration of the construction was
assumed to be four years.

In the second solution with the water ponds, we identified two cost items:

11. Ponds construction [101] (lifespan 50 years).
12. Pipe network construction (lifespan 50 years).

The pond construction cost was determined by using empirical equations that con-
sidered the size of the ponds. For the seven ponds, the total cost was estimated at around
2,000,000 €. The pipeline infrastructure cost was calculated to be 6,400,000 €. The duration
of construction was assumed to be two years.

In the 3rd solution, we identified six cost items:

13. Desalination plant construction and equipment [102] (lifespan 25 years)
14. Desalination plant maintenance [103]
15. Pipe network (lifespan 50 years)
16. Pumping equipment (lifespan 25 years)
17. Electricity for desalination [104,105] (electricity cost: 0.15 €/kwh)
18. Electricity for pumping (electricity cost: 0.15 €/kwh)

Overall capital equipment (desalination plants and pumps) was 9.9 mil € (to be paid
twice over 50 years), the pipe network 2,800,000 €, and operational annual costs 1,300,000
of which 1,000,000 corresponded just for the electricity. The duration of construction was
assumed to be one year.

A general observation is that the operational costs of the desalination solution are
immense, even if those are calculated with the assumption of very low energy prices. The
cost of the pipe-network infrastructure in the dam exceeds the cost of the dam itself due to
the distance covered; a vital observation regarding the importance of using local sources
of water when possible. Finally, the cost of the pond construction was, surprisingly, quite
small. In this case, even though there are diseconomies of scale (seven small ponds are
more expensive than a large one), water ponds by nature are not mechanically complex
and do not intercept the flow of the river to demand special attention from a structural and
ecological point of view. They are, therefore, less expensive.
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Subsequently, should the IR change significantly, the overall cost will change. Due
to the fact that we treat water infrastructure costs and revenues as a cashflow timeseries
(instead of a single value independent of time), the cost of water depends not on the average
IR but rather on the behavior of the IR over time, as identified from the analysis of the
synthetic timeseries. Over time, the unit cost of water will certainly change, and this shall
be considered in the decision-making process.

At first, we estimate the unit cost assuming a fixed IR between −3(%) to 17(%) [106]
(Figure 8). It should be noted that a discount rate of 7% is the mid-range discount rate
suggested for government projects [107]. The unit cost is calculated by using fixed IR to
calculate the present value of all revenues, which is then equated with the present value of
all revenues.
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Figure 8. Unit cost for the 3 solutions for different fixed interest rates.

From the above, we see that the construction of ponds, in all cases, is the least expensive
option. Interestingly, we observe that for an IR above 8.4%, desalination becomes cheaper
than the solution with the dam. This can be attributed to the fact that the dam requires
most of its expense upfront, while the desalination process requires exceptionally high
operational costs (mostly electricity costs). Therefore, should any infrastructure proposal
tolerate the high cost of capital, the solutions to be examined may be different than what
conventional wisdom suggests.

We then used the synthetic IR of Greece, and we simulated the three different solutions
shown in Figure 9, which depicts the emptying of the bathtub in Figure 2. This was
achieved with the following process: for each of the 200 synthetic timeseries we calculate
the present value of all expenses, and we equate them to the present value of all revenues.
Since every timeseries is unique, every present value is expected to be different (i.e., each
unique timeseries produces a unique unit cost). The results and the associated distribution
are depicted in Figure 10.

We note that the second solution remains clearly the optimal one, as the unit cost,
which is dependent on the cost of money, is clearly lower than the other two solutions, and
with much smaller uncertainty. We should point out that the first solution presents the
largest variance of outcomes. This can be attributed to the economic nature of each solution
related to capital intensity. The high requirement of capital will expose the solution to the
variance of the IR.
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At this point, it should be obvious that by simulating each solution using synthetic
IRs, we can extract useful observations regarding the economic nature of each solution,
which may not have been obvious if we used the conventional method of a fixed IR.

6. Global Evaluation of the Optimum Solution

Previous analysis examined the unit cost by using observed IR data from Greece.
In this section, we will examine the unit cost of the preferred solution (ponds) in other
countries, which have various levels of economic development. To do so, we used the
historical real IR data from each of the selected countries to produce synthetic timeseries
that we can then use to estimate the cost of the unit of the optimum solution.

There is no standard methodology to determine whether a country is developed, de-
veloping, or undeveloped; however, this characterization can be comparative. We choose to
create the following criteria to determine the level of development in an individual country:

• ‘Developed’ is considered a country that is a member of the OECD and high-income
as categorized by the World Bank [108].

• ‘Least developed’ is considered a country that has been a member in the ‘list of least de-
veloped countries’ as that list is produced and maintained by the United Nation [109].

• ‘Developing’ is a country that is neither developed, nor least developed.

We choose the above criteria based on the belief that those compile many hidden nu-
ances as opposed to the use of a single criterium such as GDP per capita. The development
stage depends on various factors such as technical advancements, economic diversification,
reliance on exports and imports, education, etc.

As we can see in Figure 11, developed and developing countries do not produce
substantially different results.
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However, the least developed countries produce extremely unstable outcomes. This
extreme volatility is caused by the volatility of the IR. Therefore, we can confirm that
economic uncertainty can result in high-risk long-term investments in the least developed
countries. This creates a «ϕαύλoς κύκλoς» (which is described also as a “catch-22”) situation
in which long-term investments cannot be made due to the unstable economy, and by not
conducting these investments, the economy remains undeveloped, and therefore, unstable
with high variation of Irs.

7. Discussion

During this work, a geopolitical event took place; Russia’s ongoing special military
operation in Ukraine (24 February 2022). The assumptions in our calculations considered
a price of electricity at 0.15 €/kWh. This was already approximately three times higher
than the decade average. However, the geopolitical unrest impacted fuel supplies and,
subsequently, the price of electricity. We consider the price of electricity a new, extremely
volatile variable, which can overturn previous conclusions. Thus, we recommend further
research to be conducted with stochastic simulations taking into account the price of
electricity as an additional stochastic variable. The current Markovian framework cannot
host such large-scale changes in stochastic simulation, and a Hurst-Kolmogorov framework
would be more appropriate to be implemented.

In a previous study [89], we conducted a multi-criteria analysis in order to choose the
optimal solution. However, the capital intensity was not considered. Though we quantified
to a certain extent that factor in this paper in the form of the variability of the unit cost,
we did not consider it at first. Rather, the first thought to select the least complicated local
solution, was proven an unexpectedly neat choice.

In the introduction, we insinuated the importance of the water-energy-food Nexus.
The place of water infrastructure is obviously very important in the Nexus. Of the three
solutions, the option of desalination is the one with electricity requirements, which in
turn increases the complexity of the Nexus. On the other hand, it just so happens that
the solutions of the dam and the ponds will have an impact on food production, since
surplus water could be directed to the water-starved agricultural production of the area.
Ultimately, unless the Nexus is remarkably durable, we would recommend the dismissal of
the solution of the desalination based on the dependency on electricity alone.
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The scale of the three proposed solutions is very clear. The first solution (dam) is one
of the largest scales since it involves a large infrastructure project requiring long-distance
water transport and huge upfront costs. The second solution (ponds) is one of a medium
scale in terms of the physical size of the infrastructure, but the smallest in terms of capital
cost. The medium-sized footprint and small upfront costs make it a deceptively ‘light’
solution. The third solution (desalination) is the one of the smallest physical scales. The
very limited land use requirements and the very small distance covered for every drop of
water, make it extremely attractive in theory. Yet, its mechanical complexity and energy
requirements make it unattractive in the end.

To further investigate the three above solutions, we examine the economics of their
technical characteristics. The large-scale technical solution, which is the constructing of a
dam, requires large amounts of capital that may introduce high uncertainty in the output
results. Also, desalination requires electricity, which makes the solution expensive, and
regarding the current sociopolitical situation, it can be concluded that this is not quite
predictable in terms of the range of costs.

In addition, we observe that countries with different economic regimes produce
multiple outcomes of the unit cost. We note that the least developed countries produce
an expensive and wide range of outcomes. It is obvious that researchers should use data
from their own countries, but in an increasingly interconnected world, the study of other
neighboring or otherwise similar developmental countries, may give an additional useful
point of view to decision-makers.

This research is significantly limited, as it did not conduct calculations using historical
IR before 1945. Therefore, it is restricted to the post World War II (WWII) and before the
current severe conflict in terms of its conclusions.

Given the extraordinary recent geopolitical events [9] and their macroeconomic effects,
in particular the abrupt rise of Irs in 2022 [110] as well as inflation rates [111], it is obvious
that the recent 70-year trend of generally low and stable IR, which could be considered
as a second “Bell Epoch”, is over. As a matter of fact, it seems that financial institutions
have learned to operate in a stable financial environment, which in turn has made marginal
large-scale projects viable.

To demonstrate this, we produced synthetic timeseries of the principal remaining
for the United Kingdom (UK) using two datasets. The first uses data from the period
1907–1956, and the second from the period of 1961–2014 [112,113]. The first period includes
two world wars (and the inter war period), which hit the UK particularly hard since it
was a major belligerent and the most prominent imperial superpower at the time. We
used those timeseries to simulate a theoretical capital-intensive construction in the UK
(similar to the dam solution in our case study). The principal remaining for those two
simulations are depicted in Figure 12. The results reveal the pattern of potential outcomes
and those showing that higher and more unstable IR make public infrastructure projects
very risky to finance in the economic conditions during a period of unrest. In particular,
the standard deviation of the unit costs, for the simulation with data from the period of
1907–1956 is 0.347 compared to 0.212 when using data from 1961–2014. When it comes
to water infrastructures, in particular, the failure to successfully fund them, could put the
water-energy-food nexus in jeopardy.

Note that, when comparing the curves in Figure 12a (data used from the UK 1907–
1956) with Figure 9a (data used from Greece 1961–2014), a similar spread is revealed
(which means similar risk), since the political situation (and economic conditions) in Greece
remained unstable in this period. This instability is also depicted in Figure 11.
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8. Conclusions

The main outcome of this work is the highlighting of the importance of the upfront
cost (capital). Large capital requirements increase the cost of technical solutions and,
importantly, exposure to the interest rate (IR) volatility. By default, the latter can be
regarded as a macroeconomic vulnerability.

When making assumptions regarding a fixed IR, we suggest performing a sensitivity
analysis with a range of values, at the very least. Different solutions may become viable at
larger or smaller IRs.

Operational costs seem to have a large impact on infrastructure projects. The nature of
operational costs is to distribute the overall cost over time to make a proposal attractive in
specific cases.

Factors that can cause a lack of economic development can make a country’s invest-
ment opportunities challenging. The variability of outcomes is astonishing in countries
that are on the list of the ‘least developed’ ones. To conclude, a country’s monetary stability
is vital in order to make reasonably safe long-term investments.

In conclusion, the water-energy-food nexus should be considered as the real wealth
(i.e., the foundations of society and not money itself). Moreover, the financial system
should be organized so as to support the creation of economies of scale, since large-scale
infrastructures may minimize the costs of the units that are the basis for social prosperity.

A period of military conflicts can result in extraordinarily high and variable IRs, which
means a high risk of the finance of large-scale infrastructures. This instability hinders the
construction of large-scale civil infrastructure which is vital for the prosperity of the society.
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