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ABSTRACT: Greece confronts intensifying water scarcity driven by population growth, urbanization,
tourism, and climate variability, despite its extensive coastline. Traditional sources are strained, with
agriculture consuming ~80% of withdrawals (surface water ~38%, groundwater ~62%). Desalination,
predominantly reverse osmosis (RO), offers a mature solution, already meeting 30-95% of domestic needs
in Aegean islands, but its energy intensity challenge sustainability within the water—energy—food nexus.
This study presents a geospatial framework to assess energy requirements for a hypothetical scenario in
which seawater desalination fully supplies domestic water demand in Greece. High-resolution GIS data,
WorldPop population grids, and hydrological networks enable estimation of daily demand (173
L/capita/day) and energy decomposition: desalination (SEC = 5 kWh/m?> SWRO), elevation pumping plus
residual pressure (15 m head), and frictional losses. The hypothetical pipelines follow reverse natural
drainage paths for realistic routing. Results highlight substantial spatial disparities: inland cities face
significantly higher and more uniform energy costs (Ioannina: mean dynamic head 8.3 kWh/m?, ~43%
higher than the coastal reference of Athens at 5.8 kWh/m?), driven by elevation and distance; coastal centres
show lower means but greater variability (Athens: highest total ~3.35 GWh/day). In summary, fully
supplying domestic water demand via desalination would necessitate an additional ~8% of the country’s
total electricity consumption. Findings affirm desalination’s potential for coastal/island supply while
revealing energy barriers inland.

Keywords: Water-energy nexus; Water scarcity; Desalination; Growth; Human progress

1. Introduction
1.1. Prolegomena

Although Earth is covered by water (~71% of its surface), ~97.5% is saline, with only ~1% readily
accessible as renewable freshwater in rivers, lakes, and groundwater [1] (Figure 1).

© 2026 The authors. This is an open access article under the Creative Commons Attribution 4.0 International License
5Y (https://creativecommons.org/licenses/by/4.0/).
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Figure 1. (a) Graphical abstract of the hydrological cycle; (b) Distribution of water on the planet and the dynamics of the renewal
in different types of water.

Global freshwater withdrawals are dominated by agriculture (~70%), followed by industry (~20%) and
domestic use (~10-12%), with hygiene accounting for most household consumption while direct drinking
is only 1-5% (Figure 2) [2-5].
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Figure 2. (a) The water sources (surface water, groundwater) and basic water uses (agriculture, industry, domestic). (b)
Categories of water uses (total) and domestic water uses.

Per-capita consumption has risen dramatically, from 5-10 m*/year in pre-industrial societies [6-8] to
~63 m?®/year (173 L/day) in modern Greece [9,10] driven by infrastructure, population growth, urbanization,
and improved hygiene standards, while minimum health requirements are ~18.5 m*/year (50 L/day) [11].
Despite dynamic renewal of surface water, 2.1 billion people still lack safely managed drinking water, 3.4
billion lack sanitation, and 1.7 billion lack basic hygiene according to 2025 WHO/UNICEF data [12].

Traditional sources are increasingly strained by climate variability [13,14], seasonal fluctuations, and
over-reliance on slow-recharging groundwater [15,16], making alternative solutions, such as desalination,
a strategic priority, particularly in coastal nations [17-19].

1.2. Objectives of the Study

The main objectives of this study are:

1. To develop and apply a high-resolution GIS-based methodology capable of spatially estimating the
total energy requirements (desalination + pumping + frictional losses) needed to supply desalinated
seawater to meet domestic water demand across the Greek territory.

2. To quantify and visualize the spatial variability of specific energy intensity (kWh/m?) and total daily
energy needs (kWh/day), highlighting differences between coastal, near-coastal, and inland regions as
well as intra-urban heterogeneity.
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3. To provide an order-of-magnitude assessment of the additional electricity consumption that would be
required under a hypothetical scenario in which desalination fully covers domestic water needs in Greece,
thereby contributing to the discussion of the water—energy nexus in a water-scarce Mediterranean country.

1.3. Desalination

Greece, particularly its islands and coastal regions—which lack extensive water supply infrastructure
and face heightened pressure from tourism—has increasingly turned to seawater desalination in recent years
as a reliable alternative solution. This technology is widely regarded as mature and effective.

Among available desalination techniques, seawater reverse osmosis (SWRO) has emerged as the
dominant and most advanced method, accounting for more than 60% of global installed desalination
capacity [20]. The process involves passing seawater or brackish water through semi-permeable membranes
under pressure exceeding osmotic pressure, thereby removing salts and producing fresh water.

Energy consumption remains the primary operational constraint of this technology. Modern
desalination plants require approximately 3-5 kWh/m® of produced water, depending on operating
conditions and feedwater salinity [21-23]. In Greece, thermal methods (e.g., multi-effect distillation) have
been piloted; however, SWRO remains the dominant technology due to its energy efficiency and suitability
for decentralized island applications.

Installation and operating costs vary based on plant capacity, feedwater quality, and pretreatment
technology. For large-scale plants, total water production costs are estimated at 0.50-2.5 USD/m?, of which
roughly 40-45% is attributable to energy expenses [24].

At the European level, Greece ranks in the top five for active desalination capacity within the EU,
though it lags considerably behind Spain, the undisputed leader in European desalination [25] (Figure 3).
Currently, Greece operates more than 165 desalination units, with a combined production exceeding
150,000 m>/day. The majority of installations, implemented since the 1990s, employ SWRO technology in
small- to medium-scale plants. Notably, the Corfu desalination plant—the country’s largest—has a total
capacity of 14,500 m?/day, while units in the southeastern regions range from 100 to 4500 m?/day [26].

Recent studies on Greek islands indicate substantial variations in water production costs, which
predominantly rely on desalination. A related study estimated domestic water costs in the Aegean islands
at approximately 2.56 €/m? in Mykonos and 1 €/m? in Skyros [27].
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Figure 3. (a) Europe, Africa, Asia and Australia. The location of Greece is indicated with the landmark. (b) Greece. With green
dots, the location of main desalination plans is indicated [28,29].
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1.4. Case Study Area

Greece exhibits pronounced geographical diversity, particularly in its hydrogeology and climate.
Covering an area of approximately 131,960 km?, it features one of Europe’s most mountainous terrains,
with roughly 75% of its surface comprising mountainous and semi-mountainous zones [30].

The country’s morphology is characterized by extensive high-altitude mountain ranges, numerous
rocky areas, valleys, and islands ranging in size from 10 m? to 8264.9 km?. These islands are distributed
across the two seas bordering the mainland—the Ionian and Aegean Seas—highlighting the nation’s
marked climatic variability [31].

Greece’s geographical diversity is further evidenced by its extensive coastline, exceeding 15,000 km
in total length—the longest in the Mediterranean Basin—and ranking it among the countries with the
world’s most substantial coastlines [32,33]. Given that the highest population densities and tourism
development are concentrated in coastal areas [34], desalination has become a prevalent technical solution
for water supply.

As of 1 January 2023, Greece’s total population stood at 10,413,982 inhabitants, according to the
Hellenic Statistical Authority (ELSTAT) [35]. Spatial population distribution displays significant
disparities, with a high urbanization rate: approximately 81% of the population resides in urban centers
such as Athens, Thessaloniki, and Patras [36]. This concentration intensifies water demand in metropolitan
areas, particularly in the Attica region.

Water demand for public supply (drinking water) and irrigation is directly influenced by factors such
as urbanization, tourism, agricultural activity, and infrastructure development. In 2022, Greece’s total
annual freshwater withdrawals amounted to 10,070 hm?®/year. Of this total, irrigation accounted for
approximately 8110 hm?®/year (around 80%), public supply for 1690 hm?®/year, and the remaining 280
hm?/year for industrial use [37].

Water abstracted from surface sources constituted roughly 38% of the total (3830 hm?/year), while the
remainder (6220 hm®/year) was derived from groundwater pumping [37].

Greece produces approximately 10 hm?/year of desalinated water, representing about 0.1% of the
country’s total water production [37]. However, this proportion is significantly higher in the Aegean islands,
where desalination meets 30—95% of public water supply needs. Correspondingly, 56% of desalinated water
is sourced from seawater, while 41% comes from brackish water [26].

A methodology is being developed in order to determine the amount of energy needed by every part of
the Greek territory to be fully or partially supplied by desalinated water for domestic use premises.

2. Methodology
2.1. Introduction

This study assesses a hypothetical scenario where desalinated seawater fully supplies domestic water
demand in the analyzed urban centers (and nationally for extrapolation). Pipelines follow reverse
hydrological paths from the coast; surface water and groundwater are not considered. This 100%
desalination assumption provides an upper-bound energy estimate that isolates topographic and distance
effects. It does not reflect current practices nor advocate full replacement of traditional sources—real
deployment would be hybrid, retaining lower-energy freshwater where available.

To estimate the energy requirements associated with desalinated water supply, population density data
are derived from databases integrated with geographic information systems (GIS). The total energy demand
comprises three primary components: desalination, water conveyance (pumping), and distribution losses.

First, water must be designated, which is an energy intensive process.
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Second, water must be elevated to the consumption altitude, plus an additional margin to ensure
adequate pressure for proper system operation. This pumping energy is directly related to the topographic
relief of the consumption area (Figure 4).

Third, frictional losses along the conveyance pipeline must be accounted for. To estimate the effective
transport distance, the shortest coastal proximity is not used; instead, the analysis adopts the reverse flow
path that a raindrop would follow from the consumption point to the sea. Accordingly, the pipeline is
assumed to follow this natural drainage path in the opposite direction (uphill), as illustrated in Figure 4.

(a) (b)

Figure 4. (a) Anaglyph of a mountain and sea. In the figure, the main hydrological network (main paths of water) is indicated
(b) The location of the consumption. The elevation gain (h) determines the gravitational pumping energy, and the path of the
water (reverse path of the hydrological network), which estimates the frictional losses (hy).

By summing these components: desalination energy, gravitational pumping energy (elevation gain),
and frictional losses along the path, the total required energy consumption is determined.

2.2. Population Density

The use of a gridded demographic dataset is needed to specify the volume of water needed in each part
of the Greek territory. The disaggregation of the Greek population was performed by WorldPop [38]. The
data sets provide raster depicting constrained estimates of the total number of people per grid at a resolution
of 3 arc (approximately 100 m at the equator), but when projected in GGRS 87/Greek Grid, the resolution
increases to approximately 80 m. Each cell has units of number of people per pixel. WorldPop constructs
many global population data, and in this paper, a top-down constrained modeling method dataset was used.
The top-down approach uses national and subnational population census data and a set of covariate layers
(night-time lights, distance to roads, land cover, slope, and water bodies) to generate a weighting layer that
breaks population totals into grid cells.

The constrained modeling technique creates a binary mask defining zones where it is physically
possible for people to live by using satellite-detected building footprints. Once the weighting layer from
Random Forest modelling and a constrained mask are created, the actual population counts are assigned to
grid cells by enforcing an asymmetric distribution [39,40].

In the current study, the analysis of desalination energy demand focuses on the eight largest urban
centers in Greece, which together represent a substantial share of the national population. Specifically, the
examined cities are Athens (3,431,430 inhabitants), Thessaloniki (793,421), Heraklion (173,822), Patras
(160,140), Larissa (121,462), Volos (97,001), Ioannina (66,209), and Chania (60,767). These eight cities
account for approximately 45% of Greece’s total population and therefore capture a significant fraction of
the country’s domestic water demand.
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To quantify the distributed daily water demand throughout the Greek territory, the WorldPop (ELSTAT
adjusted) raster is being multiplied by the average daily water need of one capita (173 litres per day per
capita) [3.4].

2.3. Elevation to the Altitude of Consumption

Topological data was derived from FABDEM V1.2 [41], a global dataset containing Digital Terrain
Model (DTM) with a spatial resolution of 1 arc-second. Projecting it on the Greek territory, an elevation
raster with a spatial resolution of 30 m emerged [42]. FABDEM stands for Forest and Buildings removed
Copernicus DEM. Unlike Digital Surface Models (DSMs), which capture surface features like forests and
buildings, and define them as ground, FABDEM provides a ‘bare earth’ representation of the terrain. The
dataset filters out distortion caused by vegetation and urban artifacts to minimize vertical bias, which is
present in Copernicus GLO-30 and SRTM. By applying a random forest regression to these datasets, it
renders a new one suitable for precise geomorphological and spatial analysis.

For the purpose of this paper, elevation data is needed to calculate the gravitational potential energy
density in kilojoules per cubic meter of water. By applying Equation (1) in a raster calculator, a gravitational
potential energy raster, or static head, with a resolution of ~30 m, is generated.

k]

t
UGl = 1.000[m—n3] x 9.81[392] » FABDEM V1.2(x, y)[m] (1)

where U is the needed energy per cubic meter for each location; 9.81 is the gravitational acceleration, and
FABDEM V1.2 is the elevation of each location.

2.4. Determination of Transmission Path and Friction Energy Losses

Elevation data is also used for determining friction losses throughout the transmission grid. The
definition of a realistic path, water follows from the shoreline to meet each pixel’s demand, is a tricky part
because assumptions need to be placed in the analysis. The shortest “as the crow flies” perpendicular to the
sea distance is not an appropriate modeling variable, since only in few rare occasions do the water pipelines
cut inside the terrain via large and expensive technical works and even if they do, the cost and effort of this
notion will damage the argument on which we base the paper’s case, that of creating an efficient strategy
on the up-scaling the share of desalination as a potable water supplier.

To ensure that a reasonable water’s travel length is being taken into account, and also to make a
generalized assumption that covers all parts of the Greek territory, it was postulated that water follows the
reversed path of a stream, meaning the pipeline’s route traces the thalweg of valleys. This assumption
ensures the alignment of distribution infrastructure on the natural drainage path, utilizing the river’s optimal
gradient in reverse. By this technique, excavation works are being minimized and water flows on an
upstream trajectory along the river network.

For the determination of the magnitude of friction losses for each cell [43,44], we use the Darcy-
Weisbach equation, where the length variable extracts the values from the flow length raster.

Frictional head losses along the conveyance pipeline are calculated using the Darcy-Weisbach
(Equation (2)).

fxV?

h=Dizeg

* flow_length_raster )
where f'is the Darcy friction factor, D is pipe diameter (m), V is flow velocity (m/s), g = 9.81 m/s, and
flow_length_raster has been determined as an upstream trajectory along the river network.

Flow velocity (V) is a critical parameter in the design of water supply networks, as it directly governs
frictional energy losses and, consequently, overall system requirements. To achieve a realistic balance
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between capital (construction) [45] and operational (pumping) costs, a design velocity of V' = 2.0 m/s is
selected (which corresponds to a representative internal pipe diameter of ~1.0 m, yielding a Darcy friction
factor /= 0.02), ensuring losses remain within acceptable limits. This diameter approximates a main
transmission line in medium- to large-scale systems; real networks would employ variable (branching)
diameters, with larger trunks reducing losses. However, the fixed value ensures consistency in this strategic-
scale model while providing a conservative estimate for dispersed demand.

Given the turbulent flow regime in closed conduits, the Colebrook-White equation is employed to
determine the Darcy friction factor [46]. The analysis adopts high-density polyethylene (HDPE) pipes as
the standard material, reflecting their prevalent use in such applications [47]. It was estimated that
approximately 4.9 m of pressure head is lost per kilometer of pipeline route.

While routing along reverse natural drainage paths offers a realistic, excavation-minimizing alignment
suitable for a national-scale strategic assessment, it represents a conservative assumption. In practice, major
inter-basin or long-distance transmission mains often incorporate straighter segments, tunnels, or elevated
aqueducts to shorten conveyance distances and reduce frictional losses. Consequently, the present model
likely overestimates path lengths and associated energy requirements compared to fully optimized
engineering designs. This conservatism strengthens the identification of structurally challenging (e.g.,
inland) regions while providing an upper-bound estimate of conveyance energy needs.

2.5. Pumping Energy Needs

Pump efficiency (17,ump) represents the ratio of hydraulic power imparted to the water to the input shaft
power. For centrifugal pumps commonly used in external water conveyance systems, a design value of
Npump = 0.80 (typical range: 70-90%) is adopted at the best efficiency point.

Pressure head (p/y) expresses residual pressure in energy terms (m). To ensure reliable delivery and
system operation, a minimum delivery pressure head of 15 m (=1.5 bar) is specified [48]. Energy for
subsequent intra-urban distribution, such as booster stations, elevated storage, or neighborhood piping, is
not included. The model, therefore, estimates requirements to a distributed ‘entry point’ level rather than
full end-use delivery within buildings.

Desalination energy intensity is quantified by the specific energy consumption (SEC) in kWh/m>. For
SWRO plants employed herein, a representative SEC of 5 kWh/m? is selected. SEC varies with feedwater
salinity, temperature, pretreatment type, and desalination method [49-51]; however, a representative SEC is
adopted, as it reflects typical values for older or conservative plant designs [52]. Additional plant-side energy
costs, such as seawater intake, pretreatment, and brine pumping/discharge, are not included in the analysis,
consistent with the focus on core desalination SEC and long-distance conveyance to consumption points.

The total dynamic head (kWh/m?) for each point is estimated with Equation (3).

My 3600

total dynamic head[kWh/m3](x,y) = + SEC 3)

The desalination component (SEC = 5 kWh/m?®) is a fixed value applied to all produced water and
represents only the energy for the SWRO process itself. Plants are implicitly distributed along the coastline,
with water routed uphill via reverse drainage paths to minimize infrastructure costs and energy for transport.
Gravitational (static head) and frictional losses are additional and account solely for post-production
conveyance and distribution pumping.

2.6. Evaluation of the GIS-Based Geospatial Approach

As presented above, this study employs a high-resolution GIS-based geospatial framework to estimate
energy requirements for desalinated water supply across Greece’s diverse terrain. This method was chosen
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over traditional lumped models (e.g., average elevations or straight-line distances) or detailed site-specific

engineering designs for the following reasons:

1. Captures spatial heterogeneity: Using gridded data, it accounts for elevation variations and intra-city
differences in rugged, mountainous terrain, revealing disparities that aggregated approaches overlook.

2. Realistic routing: Pipelines follow reverse natural drainage paths (valley thalwegs), providing feasible,
cost-effective conveyance lengths and frictional losses—more accurate than straight-line
approximations in complex topography.

3. Scalability and transparency: Integrates open global datasets with standard GIS tools, enabling national-
scale analysis, reproducibility, and easy extension to scenarios (e.g., partial supply or irrigation).

4. Systematic energy breakdown: Quantifies desalination (fixed SEC = 5 kWh/m?), gravitational pumping,
and frictional losses separately, using realistic parameters (e.g., HDPE pipes, V =2 m/s).

The GIS approach balances accuracy, feasibility, and insight into spatial disparities, ideal for policy-
oriented evaluation of desalination expansion. More advanced methods (e.g., full network optimization)
exceed the scope of this strategic, order-of-magnitude assessment.

3. Results and Discussion

The GHSL Urban Centre Database (GHS-UCDB) uses the degree of urbanization (DEGURBA)
method to target high density human settlements. Unlike administrative boundaries, this method provides
a sound physical definition of a city taking into account population density and built-up structures [53,54].

Based on the foregoing analysis, GIS data are employed to evaluate a hypothetical scenario in which
desalination fully meets the water demands of Greece’s eight largest urban centers. Desalinated water is
assumed to be produced at coastal facilities, with conveyance pipelines following the reverse flow path of
the natural hydrological network toward each city.

In Figure 5a, the limits of the cities are marked in red and for each city, the following parameters are
estimated:

e Daily water demand (m*/day) (Figure 5a)

e  Pumping energy for elevation (kWh/m?) (Figure 5b top-left)

e Frictional losses (hy, in kWh/m?) (Figure 5b top-right)

e Total specific energy requirement (dynamic head, in kWh/m?) (Figure 5b bottom)
e Total daily energy for production and conveyance (kWh/day)
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Figure 5. (a) Water needs. (b) Top left, energy needs for elevation; top right, friction losses; bottom, total dynamic head.

The head parameter quantifies the specific energy required for elevation, arising from the altitudinal
difference between the coastal desalination plant and each consumption point. Although Athens exhibits
the highest total energy demand (23,691 kWh/day), loannina records by far the greatest mean specific
elevation energy (1.4 kWh/m?), indicating consistently high pumping requirements for conveyance to the
city. In contrast, cities such as Chania (0.07 kWh/m?), Volos (0.08 kWh/m?), and Patras (0.10 kWh/m?)
display low mean values due to their lower elevations (Table 1).

Athens also shows the largest standard deviation (0.27 kWh/m?), attributable to its extensive spatial
coverage and varied sub-regional elevations. Thessaloniki shows the highest energy intensity (0.20
kWh/m?), while Ioannina exhibits considerably lower dispersion (0.10 kWh/m?). Combined with its high
mean, this suggests uniformly elevated energy intensity across the area, with variability playing a secondary
role. Lower variability is observed in Chania (0.08 kWh/m?) and Volos (0.07 kWh/m?), whereas Larissa
demonstrates near-zero dispersion, confirming its location on a flat plain and minimal intra-city variation
in pumping costs.

Table 1. Pumping energy for elevation for § cities and Greece in total.

City (k‘l\;[,‘;;;‘ﬁ) Standard Deviation (kWh/m?) (Mk'v‘:,'l‘:/‘::;)‘ 1;{%’;:‘;;?;
Athens 0.4 0.3 0 1.9
Thessaloniki 0.2 0.2 0 1.1
Heraklion 0.1 0.1 0 0.4
Patras 0.1 0.1 0 0.6
Larissa 0.2 0.0 0.2 0.3
Volos 0.1 0.1 0 0.5
Toannina 1.4 0.1 1.3 1.8
Chania 0.1 0.1 0 0.5
Greece 1.4 1.2 0 8.16
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Frictional losses (hy) are highest in Athens, loannina, and Larissa. Athens records the greatest total
(11,607 kWh/m?), primarily due to its extensive considered area (411 km?) and the aggregation of numerous
GIS cells. Additionally, Athens’ spatial heterogeneity—with consumption points varying significantly in
distance from the coast—elevates hy in many sub-areas (Table 2).

However, mean specific frictional losses (0.2 kWh/m?®) in Athens (0.2 kWh/m?) are substantially lower
than in Ioannina (1.2 kWh/m?®) and Larissa (1.0 kWh/m®). This disparity arises because the latter cities are
located inland, resulting in longer conveyance paths from the coast and, consequently, higher friction.

The standard deviation of hf reflects intra-city variability in hydraulic difficulty along individual paths.
Low values indicate relatively uniform path lengths or gradients, whereas high values signify a mix of short
and long routes. Athens exhibits relatively high dispersion (0.13 kWh/m?; range: 0-0.47 kWh/m?), driven
by internal spatial differentiation. In contrast, Larissa and Ioannina show low variability (0.05 kWh/m? and
0.03 kWh/m?, respectively), implying consistently unfavorable and homogeneous paths.

In summary, frictional losses in Larissa and Ioannina represent a structural cost (remote from the coast
with uniformly demanding routes), whereas in Athens they stem predominantly from internal spatial
heterogeneity. High total losses hr sum in major metropolises (Athens, Thessaloniki) result from the
aggregation of numerous spatial elements, while in inland cities (Iloannina, Larissa) they arise from
inherently challenging conveyance paths.

Table 2. Frictional losses (kWh) for 8 cities and Greece in total.

City (k‘l\;l];j::ﬁ) Standard Deviation (kWh/m?) (Mkl\r;:/l:g)l lz;lg;:;l;?;
Athens 0.2 0.13 0 0.47
Thessaloniki 0.1 0.05 0 0.2
Heraklion 0.0 0.02 0 0.1
Patras 0.0 0.02 0 0.1
Larissa 1.0 0.05 0.9 1.1
Volos 0.0 0.02 0 0.1
Ioannina 1.2 0.03 1.2 1.3
Chania 0.0 0.02 0 0.1
Greece 0.8 0.9 0 4.56

The dynamic head represents the total specific energy cost per cubic meter, incorporating pump
efficiency, residual pressure head, and desalination energy consumption (5 kWh/m?) (Table 3).

In terms of mean values, loannina exhibits by far the highest energy cost (8.3 kWh/m?), coupled with
low standard deviation (0.14 kWh/m?), indicating uniformly high requirements across the area. Larissa
follows with a similarly elevated mean (6.6 kWh/m®) and the lowest dispersion (near zero), signifying
consistent energy demands throughout the city zone.

Among coastal cities, Athens records the highest mean (5.8 kWh/m?), accompanied by the greatest
standard deviation (0.49 kWh/m?) and the widest range (5.1-7.9 kWh/m?). This variability is attributable
to pronounced internal spatial heterogeneity.

Table 3. Dynamic head needed for 8 cities and Greece in total (kWh/m?).

City (k‘l\;[,;j;‘ﬁ) Standard Deviation (kWh/m?) (Mk'\f:,'l?/‘::;; ﬁ‘;;:‘;;;‘;
Athens 5.8 0.49 5.1 7.9
Thessaloniki 5.4 0.30 5.1 6.7
Heraklion 5.3 0.15 5.1 5.7

Patras 52 0.14 5.1 59
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Larissa 6.6 0.07 6.4 6.7
Volos 5.2 0.11 5.1 5.8
Toannina 8.3 0.14 8.2 8.9
Chania 5.2 0.11 5.1 5.7
Greece 7.7 2.2 5.1 18.9

The total energy parameter (Figure 6 and Table 4) denotes the total daily electrical energy requirement
(kWh/day) for producing and conveying the necessary water volume to each urban area. As an aggregated
daily total, it scales directly with demand, explaining why Athens records the highest value (~3.35
GWh/day).

245 kWh

0
) urban centers

Athens Heraklion

A |

Figure 6. Total energy needs for desalination (kWh/day).

Table 4. Total energy (kWh/day) for 8 cities and Greece in total.

City Sum (kWh/Day) (k\l’:’/[lflel;lay) Standard Deviation (kWh/Day) (ll\{/[\::;llln/]l)u;;) (1:{’[‘5;1;(]:7]1)1:;1)
Athens 3,349,401 60.1 47.3 0 243
Thessaloniki 723,708 47.3 46.7 0 154
Heraklion 157,606 33.9 26.2 0 87
Patras 142,596 31.1 21.6 0.1 71
Larissa 138,466 43.0 33.6 0 120
Volos 86,464 32.7 21.1 0.1 72
Toannina 95,503 343 29.9 0 110
Chania 54,146 26.8 19.4 0 77

Greece 11,180,669 24 10.2 0 243
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In terms of spatial distribution, Athens also exhibits the highest mean per-cell energy demand (60.13
kWh/day), accompanied by substantial standard deviation (47.30 kWh/day) and the widest range (0—243
kWh/day) nationwide. This reflects a large overall energy footprint driven by scale, coupled with
pronounced intra-city variations.

Thessaloniki follows (0.72 GWh/day), with a lower mean (47.3 kWh/day) but comparably high
dispersion (46.7 kWh/day). Although Heraklion and Patras rank next in total daily requirements (0.16 and
0.14 GWh/day, respectively), their means (33.9 and 31.1 kWh/day) are lower than those of Larissa and
TIoannina (43 and 34.3 kWh/day). This disparity arises from elevated specific frictional losses (hg/m?) in the
latter and more compact spatial demand distributions in the coastal cities.

4. Conclusions

This study presents a geospatial methodology for estimating the energy requirements associated with
supplying desalinated seawater to meet the full domestic water demand of Greece and Greece’s eight largest
urban centers under a hypothetical scenario of water supply from desalination. By integrating GIS-based
population density, topographic data, and hydrological flow paths, the analysis quantifies the contributions
of desalination, gravitational pumping, and frictional losses to the total energy footprint.

Considering that Greece consumes 137 GWh/day of electricity (daily average 2014-2023 [55]), the
big picture indicates that if domestic water were supplied from desalination (11 GWh/day), an additional
8% of the energy consumption would be needed [56,57].

Key findings reveal substantial spatial heterogeneity in total energy intensity (dynamic head, kWh/m?),
driven primarily by differences in hydraulic head (elevation and frictional losses along conveyance paths).
Inland cities such as Ioannina and Larissa exhibit the highest specific energy costs (mean dynamic head of
8.3 and 6.6 kWh/m?, respectively), driven by elevated altitudes and longer conveyance distances, resulting in
uniformly high and consistent requirements. In contrast, coastal metropolises like Athens, while displaying
the largest absolute daily energy demand (~3.35 GWh/day) due to scale, show lower mean specific costs (5.8
kWh/m?) but greater intra-city variability attributable to topographic and distance diversity.

Frictional losses further underscore structural challenges in inland areas (uniformly demanding paths)
versus scale-driven aggregation in major coastal centers. The reverse-valley routing assumption, while
minimizing hypothetical construction impacts, conservatively overestimates frictional losses relative to
optimized direct routes with tunneling, which, however, could be balanced by local frictional losses
generated by changes in pipeline route direction, which are not estimated.

Overall, the results highlight that densely populated regions can achieve relatively smoother per-capita
energy profiles despite high total demands, owing to the moderating influence of proximity to coastal
desalination sites. These insights underscore desalination’s viability as a supplementary water source in water-
scarce coastal and island contexts, while emphasizing the energy-intensive barriers for inland expansion.

Future research should extend zonal statistics to explore correlations between sea proximity and
population clustering to assess the feasibility of meeting irrigation demands. Land-use patterns—particularly
mapping agricultural areas, which dominate national withdrawals (~80%)—should also be evaluated.

Furthermore, the capital costs of the requisite infrastructure must be evaluated, as widespread adoption
of desalination would necessitate a fundamental shift in water management paradigms. Currently, systems
capture water at higher elevations and distribute it downward; in contrast, a desalinated supply would reverse
this flow, sourcing water from sea level and pumping it uphill. This inversion alone would require a
comprehensive redesign of regulatory frameworks and operational management. Although detailed case-by-
case studies are essential, an order-of-magnitude cost estimation would provide valuable preliminary insights.

Finally, the potential role of desalination as an energy storage mechanism within the water—energy—
food nexus merits consideration. By operating flexibly during periods of surplus renewable generation—
currently curtailed or wasted—desalination could enhance grid stability and resource efficiency.
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