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ARTICLE INFO ABSTRACT

Keywords: This study addresses the limited integration of water-energy nexus dynamics in energy system models, partic-
Energy system optimization models ularly the lack of hard-linked modeling approaches. The aim is to develop and apply an integrated water-energy
TEMOA

model using the open-source TEMOA framework, addressing the gap in quantifying reciprocal impacts of water
and energy systems. The Island of Pantelleria serves as a case study due to its isolated infrastructure and
ambitious decarbonization targets. First, a Reference Energy System is built and validated by comparing his-
torical outcomes with past data and future projections with official transition scenarios. The model is then
extended through the development of a detailed Reference Water System, incorporating water supply, treatment,
and demand processes. Several scenarios are analyzed, including a zero-emission policy, reduction of water
losses, increased in-situ water supply, and replacement of the primary wastewater treatment plant with a sec-
ondary one. Results show that the integrated model reveals substantial differences from the energy-only model.
In particular, the ‘Clean Energy for EU Islands’ target indicates higher electricity consumption when water
desalination is replaced by water import, an effect not captured by the energy-only model. Additionally, inte-
grating fixed and variable components of water demand improved projection accuracy. The study concludes that
a hard-linked water-energy modeling approach offers a more comprehensive understanding of the in-
terdependencies between water and energy systems. This is crucial for planning effective, resource-efficient
decarbonization strategies in isolated or resource-constrained contexts.

Water-energy nexus
Open-source

Integrated energy - water ESOM
Pantelleria

1. Introduction

Water is a fundamental resource, essential for life and crucial for
almost all human activities, including agriculture, industry, and energy
production [1]. However, while population, technology and economic
growth increase the water demand [2], the impacts of climate change
and resource-intensive economies [3] further escalate global pressure on
water resources. Several powerful water system models, for instance,
WEAP [4] or WRIMS [5], evaluate long-term water demand, supply,
storage, reuse, resource pollution and abatement under different climate
conditions and policy scenarios. These tools are intended to develop a
broad spectrum of management and planning options. However, it is
important to note that water is also tightly intertwined with energy, and
this dependency is expected to intensify in the coming years [6]. On the
other hand, energy, especially electricity, is vital for withdrawal,
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treating and delivering water to the end-users. Several processes and
technologies involved in the water supply chain, such as fresh and
wastewater treatment, desalination or pumping, present some of the
most urban energy-intensive processes [7]. Due to its features, water
also plays numerous roles in the energy sector. It is present as a heat
transfer fluid, working fluid, or directly in hydropower and fuel
extraction [6]. Moreover, some renewable energies such as biofuels,
carbon capture and storage technologies and flue gas desulfurization
processes imply non-negligible water consumption [7].

Besides, climate change is severely affecting water resources and
supply to such an extent that it is said to be “primarily a water crisis” [8].
Frequent and extreme floods compromise the quality of the water
treatment facilities [9,10], increasing the risk of resource contamina-
tion, waterborne diseases and service disruptions. Droughts threaten
human survival directly and indirectly through food scarcity and
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hygiene issues, pushing towards the use of energy-intensive methods
such as desalination or deep-pumping [8].

Energy System Optimization Models (ESOMs) are bottom-up
frameworks widely used to study energy systems in the middle and
long term. Thanks to their detailed and articulated technological in-
ventory and economic parameters, they are used to evaluate the effec-
tiveness and cost-competitiveness of possible energy policies. The
solution to the optimization problem satisfies the final energy service
demands by finding the optimal (cheapest) future evolution of the sys-
tem, respecting all user-defined constraints.

In recent years, the recognition of the interconnectedness of energy,
with water and land resources, is growing. Indeed, the dynamics and
competitiveness of water and energy commodities are being incorpo-
rated into assessment tools to manage both resources more effectively.
The allocation of the limited water and energy resources must also be
based on site-specific features of both resources. Moreover, a bidirec-
tional approach allows for the evaluation of the reciprocal impacts of
resources on several factors such as supply and demands, transport, and
distribution. It also leads to identifying synergies provided by efficient
use, reuse [11] or sector coupling. Additionally, national and interna-
tional strategies such as SDGs or energy transition policies, pointing to
sustainable and inclusive growth, call for considering fair and equal
distribution of all resources [12]. To this end, simultaneous and recip-
rocal study of all resources is necessary, and different approaches and
frameworks are adopted to realize such a target.

One widely utilized coupling involves leveraging the in-
terconnections between the WEAP (Water Evaluation and Planning
System) and LEAP (Low Emissions Analysis Platform) models [13,14].
Another approach has involved the integration of existing digital spatial
data to develop a Geographic Information Systems (GIS) model of cur-
rent and projected water demands for thermoelectric power plants [15,
16]. study the impacts of land use change on energy, food and water
resources and how land-use change affects emissions in China from 2011
to 2021. The nexus context is used by [1] to assess resource security and
risk assessment. Moreover, the integrated modeling approach is used to
find the opportunities to reach carbon neutrality in different sectors,
such as transport [17] or residential [18] sectors. The carbon footprint of
the water supply chain is evaluated through an integrated WEAP-LEAP
model by [19].

As reported in Table 1, there are very limited experiments with in-
tegrated water-energy modeling in ESOMs. The nexus implementation
in ESOMs is not a common practice, and the interactions and in-
terdependencies of the energy system with other resources and agents
are commonly neglected [20]. used the TIAM-FR model, from the
TIMES-MARKAL [21] proprietary framework family, to study the water
and energy nexus of the power and upstream sectors in the Middle East.
Besides relying on a proprietary framework and focusing solely on the
power sector, the geographic extension of the model inhibits a detailed
analysis of the water demands. Furthermore, such an extension results in
the exclusion of the site-specific characteristics of water and energy
resources, which are highly determining in both cases.

Nexus studies are also performed in open-source frameworks such as
0SeMOSYS. For instance [23], deals with the optimal water-energy
planning of Favignana Island, Italy. Also in this case, the water de-
mand is considered to be unchanged over the modeling time horizon. An
introductory work done by [26] deals with the methodology description
of the Climate-Land-Energy-Water implementation in the OSeMOSYS.
The demand-side of the model [26] includes three aggregated domestic,
public & commercial and industrial final demands without any further
disaggregation. In other studies by [22] and [27], two open-source tools,
namely TEMOA and GRAPS are soft-linked to analysis the intercon-
nection between water and power system, performing a seasonal
co-optimization of a water reservoir in the US which simultaneously
generates electricity in a hydropower plant and works as the heat sink of
a conventional power plant. Once again, that work focuses on the energy
aspects of water without performing a direct linking and addressing
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Table 1
Summary of literature review on nexus implementation and integrated modeling
in different frameworks.

Reference ESOM Nexus Spatial Framework
Framework Implementation Coverage Type
Agrawal Not ESOM- Integrating Water Regional Proprietary
et al. based (LEAP Supply and Carbon
(2018) and WEAP) Footprint
[19] Assessment
Boretti & Not ESOM- Water Demand Global
Rosa based Analysis
(2019)
[2]
Carter Not ESOM- Energy Use in the Regional
(2017) based Water Sector
[7]
DeAmorim TIAM Water-Energy-Food  Global Open-source
et al. Nexus
(2018)
[1]
DeNooyer Not ESOM- Quantifying Water Regional
et al. based Withdrawals of
(2015) Thermoelectric
[15] Generation
Dubreuil TIAM-FR Water-Energy Regional Open-source
et al. Nexus in the
(2013) Middle East
[20]
Ford et al. TEMOA- Co-Optimization of  Local Open-source
(2022) GRASP Reservoir and
[22] Power Systems
Groppi 0SeMOSYS Small Island Water-  Local Open-source
et al. Energy Planning
(2023)
[23]
Huo et al. Not ESOM- Ah hoc model Regional
(2024) based (CPSIAM) to study
[18] the
decarbonization of
the residential
sector
Li et al. Not ESOM- Water-Energy-Food  Country
(2024) based nexus, effect of
[16] decarbonization on
land use change
Mosso et al. TEMOA Land Use Potential Local Open-source
(2024) in Energy System
[24] Models
Polidoetal.  Not ESOM- SEA in European Local
(2016) based Small Islands
[25]
Ramos 0SeMOSYS CLEW Open-source
et al. Implementation
(2022) Methodology
[26]
Shao et al. Not ESOM- Transport Country
(2023) based decarbonization
[17] opportunities
assessment by
integrated
modeling
Xuan et al. TEMOA- Co-Optimization of  Local Open-source
(2020) GRASP Reservoir and
[27] Power Systems

other issues of the water system per se. [28] utilized TEMOA to assess
the impact of energy storage on decarbonization scenarios in Italy,
highlighting the model’s adaptability in capturing both short-term
(hourly) energy dynamics and long-term trends. Similarly [29],
applied TEMOA to develop a metric for evaluating the security of power,
storage, hydrogen, and transport technologies in scenarios where raw
material availability is constrained, using Italy as a case study.
Another implementation of the TEMOA framework is presented by
[24], who introduced an Energy-Land Nexus methodology and evalu-
ated the trade-offs between PV deployment and alternative land uses,
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considering land availability, location, and cost, as demonstrated in the
case of Pantelleria Island, Italy. Despite these advancements, a fully
integrated, hard-linked Water-Energy Nexus within the TEMOA frame-
work remains absent in the literature.

The novelty of this work lies in the development of a fully integrated
modeling framework that simultaneously represents both energy and
water systems within a single tool. Unlike soft-linking approaches
commonly found in the literature, this hard-linked model enables a more
comprehensive analysis of the interactions and synergies between the
two systems. Using the open-source TEMOA model and focusing on the
Italian island of Pantelleria as a case study, the framework is applied to
explore future scenarios,including zero-emission pathways,with partic-
ular attention to water losses and reuse.

The usefulness of small-scale integrated models, and particularly the
present model, is multiple. As decarbonization strategies require careful
assessment of the resources, regional models offer a unique advantage in
identifying local anthropogenic or natural features which affect the
availability and productivity of certain energy and water resources [30].
Furthermore, being tailored for a specific area provides stakeholders,
either from academics or decision-makers, with an adequate tool to
analyze both water and energy dynamics and their interactions in a
long-term energy planning context for a case study characterized by
isolated water and energy systems and criticality of water resources
[31]. In addition, in the framework of the CE4EUI project [32], Pan-
telleria Island is selected as a pilot island for the energy transition.
Subsequently, the island Energy Transition Agenda [33] drafted in 2020
aims for total decarbonization by 2050. Rather than solely evaluating
the regulatory frameworks, the present tool analyzes these scenarios
together with their water impact, establishing more resilient strategies
[34]. In fact, the effectiveness of transition plans requires evaluation of
techno-economic requirements in a local context as suggested by [35].
Given these premises, Pantelleria was considered to be an appropriate
case study to develop the integrated water energy model. The case study
was also chosen because of a simplified energy system structure in order
to be a pilot for the methodology development. Despite being focused on
a specific case study, the RWS construction and coupling methodology
are adaptable to other contexts. Furthermore, the adopted scenarios
hold relevance for broader cases besides the present one.

The rest of the paper is structured as follows: Section 2 presents the
proposed energy and water systems integrating approach (Section 2.1)
and specifies the features of the Pantelleria model in different sub-
sections of Section 2.2. In Section 2.3, the implemented scenarios related
to power sector decarbonization, water pipeline improvements and
wasewater plant substitution are discussed. Section 3 presents valida-
tion of the energy-only model with available data and includes a dis-
cussion of the outcomes of the implemented scenarios. Finally, Section 4
concludes the work by summarizing the achieved objectives and out-
lining the limitations and prospects.

2. Methodology

This section provides the methodology to develop a hard-linked in-
tegrated water-energy system in the TEMOA framework, including: the
identification, modeling and validation of the Reference Energy System
(RES), identification and modeling of the Reference Water System
(RWS), and linking them to establish integrated water and energy sys-
tems. In Section 2.1, the TEMOA framework is briefly presented, and the
general modeling approach is described. The case study is introduced,
and the method is then contextualized and applied to it in Section 2.2.
The section also includes the characterization processes and assump-
tions around the constituting elements of the RWS of Pantelleria Island.
Finally, Section 2.3 is dedicated to the presentation of the implemented
scenarios.
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2.1. The adopted framework and integrated modeling approach

The adopted framework in this study is the TEMOA open-source
ESOM. Among the open ESOMs, the bottom-up models OSeMOSYS
(Open-Source Energy Modeling System) [36] and TEMOA (Tools for
Energy Model Optimization and Analysis) [37] are the most used and
well-recognized ones. The ability of open frameworks and more specif-
ically TEMOA, with respect to the conventional ones, to model energy
systems in different spatial and temporal scales is well-established. For
instance [38], showed that TEMOA is as reliable as its analogue pro-
prietary tool, i.e., TIMES. Indeed, open-source frameworks are used to
assess the energy sectors across the world. Besides the usual long-term
planning purposes, TEMOA is employed for more advanced tasks: [39]
compared the effectiveness of two energy policies, namely energy effi-
ciency and taxation, by introducing non-linearity in the objective
function of the model. This framework has also been used to enhance
renewable resource modeling by incorporating uncertainty and sto-
chastic analysis [40,41].

ESOMs are based on the definition of a Reference Energy System
(RES), which encompasses all sectors and technologies involved in the
import, extraction, transformation, transmission (supply side), and
consumption (demand side) of energy vectors, called otherwise com-
modities (see Fig. 1). The first year of the model time horizon is referred
to as the “base year”. Based on the model’s objectives and the de-
veloper’s preferences, the time horizon is further split into milestone
years. In an ESOM, both the supply (power and upstream’ sectors) and
the demand sides (buildings, transport, industry, and agriculture sec-
tors) of the RES are represented in a techno-economically detailed way
[371, for instance by their efficiencies, life spans and their installation,
fixed and variable costs. The model’s sectors include several technolo-
gies linked with each other through primary or secondary energy com-
modity flows such as diesel fuel, electricity, or heat.

When a technology reaches the end of its lifespan gets substituted by
new processes, typically resulting in efficiency improvements and in-
vestment costs for the system. The demand for energy services in the
energy optimization models is exogenously defined and depends on its
specific driver and elasticity. Among the final service demands, for
instance, of the residential sector, cooking, space heating, or lightning
can be mentioned. After the model is solved, for every milestone year,
the demand is met by technology and fuel mix with the least cost of
production. This mix also respects constraints defined by environmental
(such as limits on emissions) or energy-driven (for instance, use of a

Extraction

v
£
T
=
<
— :
&
Import
A 4 £ 1
Other .
Legend Fuels Heat Electricity
Lo ] e T
€
| ;
3
Power sector g
technologies :
Commodity g.
flows

Fig. 1. General structure of the Reference Energy System in an ESOM.

! 1t is important to differentiate between the conventional usage of the term
"upstream" in the context of water sector jargon and its application in this work.
In this study, the term "upstream" is employed in Energy System Modeling
usage and refers to the supply side of both water and energy commodities.
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specific fuel) boundary conditions or policies [42,43]. For more details
about Energy System Optimization Models and TEMOA structure, one
can refer to the TEMOA introductory paper [37]. The main tech-
noeconomic and characterization modeling factors of an ESOM are listed
in Table 2.

Similarly to the RES, a module representing the Reference Water
System (RWS) (see Fig. 2), with both supply and demand sectors
referring to the RES base year, is defined. Indeed, RWS contains all the
elements related to the supply and demand processes of the water sys-
tem. The supply side of the water system consists of the upstream and
the treatment sectors. The former involves all water harvesting methods
from conventional to non-conventional resources, such as aquifers,
reservoirs or desalination plants. The non-conventional water resources
encompass various technologies for treating fresh water and wastewater
to meet drinking standards or specific requirements of different end-
uses.

Among the components of RWS, getting more attention in recent
years, are Wastewater Treatment Plants (WWTPs). Besides their envi-
ronmental importance, the hydrological pressures on the water re-
sources intensified by climate change make wastewater treatment a
feasible, accessible, and even necessary solution to supply water, as long
as human, animal, environmental and natural safety are guaranteed.
Moreover, WWPTs can be coupled with different parts of the energy
sector, such as power-to-X or syngas production [44]. Note, however,
that WWTPs are considered to be one of the energy-intensive appliances
in the urban energy system [45]. The most energy-demanding process in
these plants is the aeration, which accounts for a significant share of
total energy consumption, ranging from 60 % to 75 % [46]. Besides,
adopting advanced treatment techniques to improve the quality of the
effluent for further uses will additionally increase the plant energy de-
mand [47]. These characteristics make WWTPs of significant interest,
particularly in the context of implementing the circular economy as
suggested by [48].

To create the link between the two modules, it is necessary to
identify the connection points that simultaneously use both water and
energy commodities. These points are function of the structure of the
RES and RWS in the studied case include technologies common to both
systems. The connection creation requires an update of the efficiency (e.
g., total flow of output commodities over the total flow of input com-
modities) of the interested technologies. Moreover, updating other key
techno-economic parameters (such as capacity-to-activity, shares of
input and output commodities respectively “TechInputSplits” and
“TechOutputSplit”, maximum and minimum activities, etc.) should be
carefully performed. This approach ensures that the methodology can be
effectively extended to other cases. A general representation of the

Table 2
Main parameters used to characterize and constrain the different technologies in
a bottom-up ESOM.

Category Description

Techno-economic
parameters

Efficiency

Existing capacity

Lifetime

Capacity to activity

Capacity factors

Demands

Fixed O&M cost

Variable O&M cost

Investment cost

Discount rate

Minimum capacity

Maximum capacity

Minimum activity

Maximum activity

Share of input commodity for single technologies or
technology groups

Share of output commodity for single technologies or
technology groups

Constraints
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Fig. 2. General structure of the Reference Water System proposed in this work.

potential connection points of RES and RWS is visible in Fig. 3. As
mentioned, the connecting points vary according to the specific case
study and can lie in different sectors, such as upstream (e.g., desalination
plants), power sector (e.g., conventional power plants using water for
cooling or processes) or demand side sectors such as residential (e.g.,
water heating technologies).

2.2. Pantelleria case study

The selected case study for the development of the integrated water
energy model is the Italian island of Pantelleria, visible in Fig. 4. Pan-
telleria is a volcanic island with a surface of 84.5 (kmz). Theislandis 110
(km) far from Sicily, the largest Italian island [49]. In 2019, Pantelleria
had around 7700 inhabitants.

The island is a popular tourist destination [33], resulting in highly
seasonal trends in water and energy demands. Major economic activities
include tourism-related sectors and agriculture, earning the island
recognition as a human agricultural heritage site since 2014 [49]. The
main agricultural activities are wine and caper, with approximately 15,
000 hectares per year of grapes and 1000 hectares per year of capers
[33]. The energy system of the island, like that of most Mediterranean
islands, is isolated and relies on a diesel power plant. The potable water
is supplied through imports from Italy’s mainland and two desalination
plants.

Different reasons led to the choice of Pantelleria as case study. First,
islands, especially small ones, represent an important resource for the
European Union in terms of energy transition, environmental potential
and biodiversity [25]. However, as reported by the IPCC [50], these
territories suffer more profoundly from the consequences of climate
change. In these areas, extreme events are most frequent [25] and have
the greatest impacts: heat waves, drought, and sea level rise threaten
them and cause more serious effects than on the mainland. Additionally,
due to the natural isolation, the islands are often characterized by high
transportation costs, isolated and most of the time fossil fuel-based en-
ergy systems, water scarcity and very limited economic diversification
[51].

The Pantelleria-specific RES was developed following the layout of
the Island’s energy system in 2013, taken as the base year. The base year
was chosen due to the data availability and the possibility of obtaining
historical trends [52]. The time horizon of the model comprises 13
milestone years, namely 2014, 2015, 2016, 2017, 2018, 2020, 2022,
2025, 2030, 2035, 2040, 2045 and 2050. The detailed description of the
structure of the RES, together with the techno-economic characteristics
of the sectors of the model, are presented and discussed in [53].

In the model, all interactions of Pantelleria with the mainland (Italy)
are considered through import parameters (as the island does not have
any type of extraction). In 2013, the energy upstream sector was
composed of the importation of diesel, gasoline and LPG. Considering
the additional cost of transportation, the fuel price has been considered
25 % higher than the Italian average value, consistent with the Energy
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Fig. 4. Pantelleria Island location on Italy’s map on the left, and its main water sector points on the right.

Transition Agenda [33]. Gasoline is attributed only to the transport
sector, LPG to meet the cooking demand, while diesel is assumed to be
used for both transport and electricity production demands.

As mentioned, Pantelleria power sector is not connected with the
mainland and is strongly fossil fuel dependent. The power sector in the
base year was composed of a diesel power plant and a few distributed
photovoltaic panels. The diesel plant with a total installed capacity of 22
MW consists of six diesel-fired steam units and two diesel gas turbines.
The photovoltaic-rated capacity was about 140 (kW) [52]. Pantelleria
has one of the highest and most diverse renewable energy potentials in
Italy [33], which should be considered in its transition policies. The
renewable resources of the island comprise solar, wind, geothermal,
wave, and biomass. In 2013, only a very small fraction of solar potential
was exploited. Resource availability is considered through constraints of
the natural potential of renewable energy sources. The conventional and
renewable plants are characterized by different sets of parameters such
as efficiencies and their improvements throughout the lifetime, base
year installed capacities, fixed, operational and maintenance costs, ac-
tivity and capacity constraints, etc.

Considering the absence of industrial hubs, the demand side involves
buildings (in turn composed of residential, commercial, and agricul-
ture), transport and water production sectors. In the case of the RES
including industrial activities, water use needs to be assessed. Based on
the activity and the adopted technology, the specific water uses should
be quantified, and a potential connection will be defined through the
efficiency and other technical parameters of that specific technology.
The methodology is discussed further for the water pipelines and
WWTP, and can be extended to other technologies.

The demands are modelled starting from the available data on the

energy consumption of end-uses. Dealing with an energy system mod-
ule, the water production sector (corresponding to the desalination
plant) could be exclusively modelled as an energy-intensive technology
and through its consumed energy. The demand for the desalination plant
in the energy module is associated with a single driver accounting for the
evolution of the tourism trends [54].

The RWS of Pantelleria Island is shown in Fig. 5. The upstream sector
consists of conventional and non-conventional water sources, including
rain, seawater desalination and imported water. Due to the permeable
volcanic structure of the island [55], there is no groundwater extraction.
Concerning the superficial water, there exists a single saline volcanic
lake called “Lago di Venere” [56] placed in a natural reserve (visible in
Fig. 4).

2.2.1. Primary water sources

To estimate the potential rainfall in 2013, the monthly average
rainfall (shown in Table 3) has been considered [57]. Knowing the data
in mm, an indicative volume (mg) of available water from rainfall has
been estimated. To estimate the real rainwater availability for agricul-
tural purposes, the effective seeped rainwater is to be assessed, in
principle, by a complete hydrogeological balance. However, to simplify
the rainwater-soil dynamics at the current state of the
TEMOA-Pantelleria RWS, only the infiltration coefficient depending on
the soil geology is accounted for. Considering the volcanic origin of
Pantelleria [58], an infiltration coefficient equal to 0.9 [59] has been
used to adjust the annual rainwater volume. Although this assumption
may be acceptable for this specific context, it does not consider surface
runoff processes that can occur even in permeable soils, particularly
during high-intensity rainfalls or saturated conditions. Therefore, when
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Table 3
Average monthly rain considered for the Pantelleria case study.
Average monthly rainfall data (mm)
Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec
42.8 36.8 32.2 27.9 15.4 7.0 3.5 8.7 36.2 47.8 47.0 47.0

applying the TEMOA model to other regions with different hydrologic
and soil characteristics, it is necessary to use an appropriate infiltration
coefficient. To account for the rainfall variation throughout the year and
based on seasonal rainfall patterns, capacity factors of 32 %, 14 %, 14 %,
and 40 %, respectively, for winter, spring, summer, and fall are assigned.
The precipitation is derived from historical records [57], and in the
absence of future forecasts, is assumed to be constant in future years.
However, a limitation of this study is the lack of a climate model that
accounts for potential changes due to climate change.

The only available data regarding water imports - approximately 1
million cubic meters, dating back to 2011 [60]- is assumed to be con-
stant and is used as the base year value. Note that, according to the
technical reports [54], in that year, the desalinated water was not suf-
ficient to meet the summer water demand peak due to the tourist pop-
ulation. The import price, approximately 2.5 (€/m?), has been assigned
considering the transport prices [61] and the sale price of water per m®
of the company ‘Sicilia Acque’ in 2010 [62].

Seawater is the most available resource and the most exploited water
supply method of Pantelleria, which, in terms of uptake volumes, does
not imply quantitative constraints. Consequently, the biggest part of the
water is provided through the two desalination plants placed in the
districts of Maggiuluvedi and Sataria (shown in Fig. 4). In 2013, the
Maggiuluvedi plant was characterized by two desalination units. The
first was equipped with Electrodialysis Reversal (EDR) and the second
was based on Reverse Osmosis (RO) technology [54]. The EDR was
composed of two parallel lines with a rated capacity of 450 (m>/d) each,
while the RO modulus had a total capacity of 120 (m3/d). The Sataria
plant consisted of two evaporative modules with Mechanical steam

Compression (MC), each with a nominal capacity of 1600 (m3/d) [54].
The input commodities of the desalination plants are electricity and
seawater. The energy consumption of EDR technology is about 3.3
(kWh/: m3), while for the MC plant, it is around 19 (kWh/m3). Electricity
in the RWS module, i.e., the module, including only water, is defined as
an ‘ethos’” commodity as it is perceived solely as a primary source rather
than being obtained through a production process. The two desalination
plants produce the same output commodity -the treated water- which is
then pumped into the water pipelines. In 2015, the EDR and MC tech-
nologies were replaced by Reverse Osmosis (RO). Moreover, the plant
capacity has increased by five modules, reaching a potential of 1300
(m3/d) each. The introduction of the new technology had advantages
both in energy savings (for the MC plant) and in economic terms [63]. As
a result of this upgrade, since 2015, energy consumption at the Sataria
(MC technology substituted with RO) has been reduced by 80 %. The
technological parameters by which the desalination plants were
modelled are shown in Table 4.

2 Fictitious initialization of a commodity since TEMOA needs always an input
for the technologies. Other examples include extraction of fossil fuels, import
commodities or renewable energy sources.

3 As in CE4EUI the energy mix is presented in percentages, the results are
reported coherently.

* The presented results cover the period from 2022 to 2050, reflecting the
relevant timeframe for analysis. It is important to note that the identical
outcome across the three models in 2022 are attributed to the historical trend.
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Table 4
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Parameters used to define the Pantelleria water treatment sector within the TEMOA framework.

Modeling parameters - desalination plants

Technology Energy consumption (kWh/ Rated capacity Technology lifetime Variable cost Investment cost Fixed cost
m®) (m®) (years) (€/m3) (€/m3) (€/m%)
MC desalination 19 1.17 x 10° 20 3.5 x 1072 1.42
technology
EDR desalination 3.3 3.29 x 10° 20 3.5 x 1072 8.7 x 107!
technology
Reverse Osmosis (RO) 3.5 3.87 x 10° 25 3.5 x 1072 45 x 107! 2.3x 107!

2.2.2. Water distribution system

The water distribution network, composed of conveyance systems,
storage tanks, and pumping systems, is modelled as a single technology.
All characteristic parameters of the water distribution system of the is-
land are reported in Table 5.

In the water distribution system, the proper modeling of the losses is
of paramount importance. In general, two types of losses need to be
considered: hydraulic losses and leakages due to the ageing of pipelines.
Hydraulic losses, concentrated and distributed, are considered in sizing
the pumping system. In order to consider the Physical Losses (PL) due to
ageing, the output water is calculated by Eq. (1), where PL is a coeffi-
cient representing water leakages. The physical losses have been
imposed equal to 0.5, the mean value associated with the island in the
Italian Statistics Agency (ISTAT) report [64].

Water,upy = Waterippy * PL 0

The pumping system, which is part of the hydraulic system, required
an electricity input of around 1000 MWh in 2013. Therefore, the input
commodities of the technology presenting the distribution grid in the
model include treated water and electricity.

To account for the different shares of electricity and water entering
into and exiting from the distribution system, a pseudo efficiency using
Eq. (2) is calculated, where ELCror is the electricity used by the water
pipelines, UPry is the input water to the conveyance, and TW is the
water output from the pipelines. The efficiency set for the base year
within the model has been reported in Table 5.

. . ™w
Efficiency = m 2)

Eq. (2) allows for consideration of both water losses and the pro-
portion between the two input commodities. However, it should be
noted that, like WWTP, it does not represent a proper efficiency because
it is not dimensionless.

Table 5
Characteristics of the main elements of the water distribution network of Pan-
telleria in 2013.

Physical Losses

0.5
Water distribution system
Total length (km) 60

fici m3 0.49
Base year pseudo-efficiency <m)
Storage system
Total capacity (m®) 2500
Pumping system parameters
System Flow rate (m3/s) Power (kW)
Sataria - Kaffefi 0.42 250
Sataria - Scauri 0.24 10
Scauri - Sataria 0.09 7.5
Kaffefi - Gelfiser 0.40 86
Gelfiser - ex Vedetta 0.24 185
Maggiulivedi - Arenella 0.08 22
Maggiulivedi - Kuddia 0.24 22

S. Elmo - S. Anna/Mursia 0.25 18.5

2.2.3. Water end-uses

The water demand-side sectors (left-hand side of Fig. 5) are struc-
tured and aligned with those of the energy system, but considering
specific water-related sub-services. The water demand subsectors and
their relative requirement (m®) are summarised in Table 6. No data on
actual water consumption in Pantelleria for 2013 has been found,
therefore, the base year water demand has been estimated based on the
drinking water requirements for each user type [60]. The long-term
projection of the final water demands, similar to the final energy de-
mands, relies on specific drivers influencing water uses. Further subdi-
vision of the water subsectors to end-uses and the drivers allocated to
them can be seen in Table 7. Details regarding the fractional end-use
shares across various demand sectors are provided in [53].

As mentioned, one fundamental aspect of Pantelleria is its fluctu-
ating demands. Thus, to obtain a true-to-reality future water demand
projection, it is essential to take into account the resident (fixed) and
seasonal population (fluctuating) and adequate allocation of the asso-
ciated drivers. To capture this fluctuating trend, a demand distribution
with seasonal shares of 6 % for winter, 61 % for summer, 23 % for
spring, and 10 % for autumn [65] has been set. The assumption that the
tourism distribution follows the average of past trends is based on his-
torical data [66]. In the absence of additional information, we assumed
that this distribution remains consistent over time. Regarding the
number of tourists, an annual increase was assumed, matching the his-
torical growth rate observed in recent years, until reaching the island’s
capacity saturation.

2.2.4. Wastewater treatment plants

Another block of the RWS is the Wastewater Treatment Plant
(WWTP). As of today, Pantelleria Island lacks an efficient wastewater
treatment system [67]. According to a report by the Sicilian Regional
Agency for Environmental Protection [68], there is currently only one
active wastewater treatment plant on the island. The plant adopts pri-
mary treatment with a peak load of 9900 People Equivalent (P.E.) and
a base load of 5900 (P.E.) [69]. The treated wastewater is discharged
into the sea. The specific energy consumption of the existing plant has
been taken referring to [70] by considering energy consumption for
pumping, screening, and grit removal. The fixed and variable costs of the
plant (reported in Table 9) have been calculated based on the method-
ology proposed by [71], which uses a linear model, a function of the
plant treatment level (primary, secondary...) and its capacity (P.E.) to
determine the cumulative costs. It is necessary to note that the proposed
cost function in [71] is completely adaptable to other WWTPs types. In
case the costs refer to different years, they need to be updated using the
inflation coefficients specific to the studied RES and the reference year.
The obtained cost is then decomposed into variable and fixed compo-
nents based on [46]. Materials and energy costs, accounting for 6 % of
the total cost [46], are then subtracted from the overall costs, the former
because a primary plant does not have chemical treatments, and the
latter being subject to the optimization process of the model. Costs are
updated from the publication year of the paper, 2003, into two arbitrary
milestone years, 2014 and 2019, according to the conversion coefficient
published by the Italian Statistics Agency, ISTAT [72]. As mentioned
before, being a primary facility, energy consumption and variable costs
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Table 6
Daily and yearly water requirement [60].

Energy Nexus 18 (2025) 100461

Subsectors Utilization time (days) Daily water requirements (unit) Daily requirement (m3) Yearly requirement (m3)
Fixed population 365 250 (I/person) 1936 7.07 x 10°
Seasonal population & swimming pools 90 250 (I/person) 2110 1.90 x 10°
Hotels 365 250 (I/person) 416 1.52 x 10°
Restaurants 365 100 (I/m2) 323 1.18 x 10°
Bar 365 100 (I/m2) 100 3.65 x 10*
Offices 365 130 (1/person) 26 9.49 x 10°
Schools 270 80 (I/person) 103 2.78 x 10*
Military barracks 365 160 (1/person) 24 8.76 x 10°
Hospitals 365 700 (1/person) 70 2.56 x 10*
Agriculture 60 2500 (1/m3 of wine) 1250 7.50 x 10*
Others 365 200 (I/person) 34 1.24 x 10*
Table 7 Table 9

RWS end-use water demands along with their associated drivers for the Pan-
telleria case study.

Parameters to characterize the new WWTP of Pantelleria, together with some
other characteristics of existing and new WWTPs.

Demand sector End-uses Driver

Residential (Fixed) Cooking

Dishwashing

Clothes washing
Bathroom

Gardening

Cooking

Dishwashing

Bathroom

Cooking

Dishwashing

Bathroom (utility drain/
shower)

Washing clothes
Gardening

Swimming pool

Heating

Cooking

Dish washing

Bathroom (utility drain/
shower)

Cooking

Dish washing

Bathroom (utility drain/
shower)

Washing clothes
Gardening

Offices — schools — military
barracks

Agriculture water demand

Resident population

Residential (Floating) Seasonal population

Commercial (Hotel)

Commercial
(Restaurant)

Commercial (Hospital) Resident population

Commercial (Other)

Agriculture Agriculture added

value

of the existing WWTP are relatively negligible. To model the variation of
the WWTP input flow due to the seasonal population change, the
wastewater inlet has been decomposed into two fixed and floating parts,
following the population trends. A summary of the WWTP modeling
factors is reported in Table 8 and the second column of Table 9.

The wastewater entering the existing plant is quantified by sub-
tracting the agriculture and hospital shares and assuming a 5 % sewage
loss [73].

The existing plant is assumed to be substituted in 2025 (at its life

Table 8

Factors used to characterize the existing WWTP of Pantelleria.
Factor Value Unit
Residential water consumption 0.2 (m3/day)
Tourists water consumption 0.4 (m3/day)
Fixed population in 2021 7407
Max tourist presence in 2019 26,350
Tourists’ peak presence growth rate 2018-2019 15 %
Min tourist presence in 2019 2070
Tourists’ min. presence growth rate 2018-2019 30 %

Factor Existing New Unit
plant plant
BODs 212.5 (g/m3)
Plant lifespan 30 (years)
Peak load 9900 85,000 (P.E.)
Base load 5900 8500 (P.E)
Energy consumption 0.04 0.13 (kWh/
m3)
Wastewater input 8.1 x 10° 1.5 x10°  (m3)
Capacity to activity 91.25 (m3/P.E.)
Fixed cost (respectively, 2019 and 0.25 0.98 (€/m3)
2025)
Variable cost (respectively, 2019 and 0.02 0.12 (€/m3)
2025)

ends). A secondary wastewater treatment plant with nitrogen
removal and filtration units conforming to the water reuse directive
requirements [74] was modelled. These factors are manifesting through
the costs of the plant. The new WWTP is characterized by its capacity
(People Equivalent, P.E.), specific energy consumption (kWh/P.E.), ca-
pacity to activity factor (m3/P.E.), activity (m3), different investments,
variable and fixed costs, and lifespan [75] as explained in the following.
Moreover, the plant is characterized by a pseudo-efficiency calculated
using Eq. (3).
_ Sludge [m®] + Treated WW [m®]

Pseudo Efficiency of WWTP = Flectricity [GWH] + WW [ 3

It is important to note that this equation serves for the model to
account for the overall output. The input ratios of water or energy and
reutilization are defined through another parameter, namely “TechIn-
putSplit”, which determines the shares of the input commodities of a
technology it is defined for. For technologies representing specific final
use (e.g., agriculture) with water reuse, an input ratio (for instance, 5 %)
of the reclaimed water on the total consumed water is defined. Similarly,
“TechOutputSplit” is used to determine the ratios among the commod-
ities produced by a technology.

Eq. (4) shows the relation between the “TechInputSplit” for a generic
technology t (see Fig. 6) and one of its input commodities i, where
Flowy,, represents the consumption of the i commodity by technology

Input commodity 1 Output commodity 1

Input commodity 2 Output commodity 2

\ A 4

Technology (t)

Input commodity i - Output commodity j
>

\ 4

Fig. 6. A generic technology (t) and its respective input (i) and output (j)
commodities.
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t. Similarly, the same equation can be used to define TechOutputSplit,
with the difference that the commodities in this case are those existing a
certain technology.

FZOW[HH
Z iFlOWI"[.i

In the case of technology representing the water consumption, there
are two input commodities, one regarding the normal water, set to have
95 % of the input share and the other, reclaimed water, accounts for the
remaining 5 % of the input.

The peak load of the new plant is calculated considering both resi-
dent and tourist populations. The resident population is assumed to be
unchanged and equal to that of 2021, although the statistics show a
slight decrease in recent years [76]. The maximum number of tourists is
calculated based on the peak presence number in 2019 [77] with a 15 %
growth, derived from the growth rate between 2018 and 2019 [77].
Assuming infrastructure saturation, this increase is applied until 2025,
after which no further growth is projected.

To project the volume of the wastewater entering the new plant in
the future years, the total yearly water entering the WWTP is calculated
as the weighted average of the residence and tourist populations in
2025, and their respective daily water usages taken respectively from

[73] and [66]. As mentioned before, due to infrastructural limits, fluc-
tuating populations are assumed to reach a steady state in 2025. The
BODs level of wastewater is taken as the average of the reported values

TechInputSplit,; = 4

Residential

Distribution@
Grid~

_—

— y;;'T»"(:‘\\ :
XY
. | )
Diesel TN~
Imported \ /
| Gasoline -
Imported ——
LPG .
Imported
Solar
| Residential
| Distributiom :
Grid Corpmercial
Desalination Wats
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in [78]. These assumptions led to a required peak capacity of 85,000 (P.
E). for the new WWTP (see Table 9).

Two factors affecting dramatically the energy consumption of the
WWTPs are their geographic location and their size [79]. A wide range
of values is reported in the literature for these factors. In the present
work, the adopted specific energy consumption is taken from [79], in
which small and medium-sized WWTPs situated in Greece are investi-
gated. Considering the size and geographic position of the case study, it
is a reasonable choice. The investment cost of the plant has been taken
from the local data relative to a 45,000 (P.E.) plant inaugurated in
Cefald, Sicily, in 2022 [80]. This value is updated for 2025, considering
inflation coefficients as explained before for the plant costs updating
[72].

The variable and fixed costs are calculated following the cost func-
tion used for the existing plant [71], but for a secondary plant with
nutrients (N and P) removal technologies, excluding again the energy
costs as explained before. In the model, the treatment level of the plant
manifests through the higher installation and variable costs of the
additional units to the plant.

The lifetime of the new plant is taken from [71,81], and the total
treated wastewater in 2025 is calculated assuming a 1.3 % increase [82],
subtracting also, in this case, the agriculture and hospital shares,
assumed to be same as those of 2013 [73]. As these two portions are
related to the resident population, such an assumption sounds reason-
able. All the characteristics of the new WWTPs are shown in the third
column of Table 9.

Transport

Agriculture

Il Demand
Production

Treatment
I Distribution

= Solar Energy
Electricity
Il Upstream

Fig. 7. The integrated energy-water system developed for Pantelleria.
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2.2.5. Integration of RES and RWS

Once the case study specific RES and RWS are explained, it is possible
to define the connection point between the two modules. The integrated
RES-RWS can be thought of as two parallel water and energy layers
connected at some points (see Fig. 7). As mentioned before, the con-
nections are established via technologies communicating through en-
ergy and water commodities (i.e., power plant, desalination plants,
WWTPs and water pipelines). Part of the electricity generated by the
energy module is utilized to meet the energy demands of the water fa-
cilities, which, in turn, generates water commodity used in different
sectors and technologies.

In fact, for Pantelleria, the connection points are predominantly
within the water sector technologies and include water treatment, dis-
tribution, and wastewater. More specifically, energy consumption is
associated with desalination plants, the pumping system and the
WWTPs. As for the connections related to energy production technolo-
gies, that is, the water utilization in the diesel power plant, and to clean
the photovoltaic panels, these can be neglected due to the restricted
water consumption. Particularly, the cooling water for the diesel plant,
as indicated in the company’s technical reports [83], is directly supplied
through a closed-loop seawater pumping system. Moreover, there is no
evidence of the water used for PV cleaning. In addition, because of the
volcanic soil of the island and the mainly rain-fed cultivations as
mentioned previously, underground water exploitation and recovery of
the agricultural water are not assumed.

2.3. Scenarios definition

To assess the validity of the energy-only model for the island of
Pantelleria (Water Supply modeled in Energy only System - WSES), a
Business-As-Usual (WSES-BAU) scenario has first been implemented.
This scenario simulates the evolution of the energy system based on its
current state. In essence, no constraints have been imposed on the
transition of renewable energy or the electrification of the sector. Thus,
the demand evolution is associated only with drivers and elasticity
relative to energy commodities (for more details, refer to [53]).

Subsequently, within the same energy-only model, and in the light of
the island’s energy transition agenda [33], a Net Zero Emission
(WSES-NZE) scenario is defined, which involves the renewable transi-
tion and electrification of the transportation, residential and commercial
sectors. This transition is implemented by substituting the diesel power
plant with totally renewable energy resources and establishing their
maximum capacity by 2050, as mentioned, referring to the island energy
transition agenda [33]. In TEMOA, these constraints are set as maximum
limits rather than minimum requirements. This approach allows the
model to optimize freely among all available technologies without being
constrained to specific substitutions. It does not explicitly prioritize
milestone years, specific technologies, or renewable energy share tar-
gets. However, for consistency with [24], a constraint was introduced to
ensure that electricity generation comes entirely from renewable sour-
ces by 2035.

As a comparison, the decarbonization scenario applied by the Clean
Energy for EU Islands agenda (CE4EUI) [32] has been reported
(Table 10). This scenario imposes specific renewable penetration targets
for key years, sectors and technologies. As in the scenarios implemented
in the energy module, i.e., WSES (WSES-BAU and WSES-NZE), the
water supply system and its evolutions are modeled solely from the
energy point of view. Consequently, the water demands projections
cannot be as articulated as the integrated module.

After implementing the integrated model, and in order to evaluate
the evolution of the system up to 2050, other scenarios are proposed. It
is important noting that all the scenarios implemented in the integrated
model take the energy transition [84] as the target. These scenarios are
implemented to investigate energy-water interconnection. Such inter-
dependence in the integrated model is becoming even more relevant as
the water demand increases as a result of being modeled independently
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Table 10
Comparison of the constraints imposed on the Business as usual, NZE and
CE4EUI scenarios. EV stands for electric vehicles.

Scenario-specific Goals (%)

Scenario Year Electric Renewable Energy Sources (%)
Vehicles (%)
WSES-
BAU
WSES- 2050 100 100 [24]
NZE
CE4EUI 2025 5 20
2030 15 35
2035 30 50
2040 55 65
2045 80 80
2050 100 100
Maximum Capacity in 2050 (MW)
Scenario Solar  Wind Wind Wave Bio +
Offshore Onshore  Energy Geothermal
WSES- 15 6 0.3 1.7 12
BAU
WSES-
NZE
CE4EUI

based on its specific projection parameters and trends.

The Baseline scenario is the reference scenario against which the
other results are compared. As explained before, it is developed
assuming that the energy system undergoes the goals of the renewable
transition [1]. In this scenario, none of the changes planned for
improving the island water system, such as the improvement of the
water distribution grid [85] and wastewater reuse [74], are present: The
desalination plant can install new capacities to meet the growing water
demand caused by increased tourism and water network losses. The
losses follow the typical ageing trend of the hydraulic network of the
Sicily region, which is among the less efficient water pipelines in Italy
[64]. Such a trend foresees a 10 % deterioration increase by 2050 [82].
To evaluate the performance of the integrated approach, the Baseline
scenario is compared with its analogue scenario implemented in the
energy-only model (WSES-NZE).

In the Losses Decreasing scenario (LD), the only variation compared
to the Baseline scenario is the improvement of the water distribution
system in line with the national plans, aiming to reduce the losses by 20
% in 2050 [85]. Italy, in general and especially its southern parts, suffer
from aged and leaky water distribution infrastructure [86]. An issue
which leads to higher consumption of both energy and water resources.
Dealing with a real and actual problem which impacts both systems and
is among the national plans, it has been adopted as a scenario. The
variations in the state of the hydraulic system are applied to the model
through the efficiency increase of the representative technology.

The last scenario, Reclaimed Water Use (RWU), focuses on the
variations in the water supply and electricity consumption by intro-
ducing a small share of water reuse. Currently, in Italy, reclaimed water
reuse is not widespread. Of the total 23 % available reclaimed water,
only 4 % is reused, and this is restricted to the agriculture sector [87]. In
almost all cases, treated wastewater is discharged into the water bodies.
The quality requirements of the treated water are regulated by law [88],
but based on the criticality of the receiving body, regional authorities
can impose different thresholds. The European Directive EU 2020/741
[74], which establishes the minimum requirements and monitoring
criteria of reclaimed water, paves the way for the reuse in industry and
agriculture, promoting a more circular approach.

The existing WWTP of the island, as explained, is not in compliance
with the EU regulation. So, to reduce the environmental and health
impact, the existing primary plant must be replaced with a secondary
plant. The water reuse scenario takes advantage of these necessities by
analysing how a potential water reuse will affect the energy and water
systems of the island. However, construction of such a plant goes far
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beyond mere energy and water convenience and addresses human
health and nature safeguard. To evaluate how water reuse may impact
the island, a scenario with 2 % reclaimed water reuse in WC flush tanks
of residential, service, bars, and hotels, and 5 % reutilization in the
agriculture sector has been examined. The scenario aims to investigate
the effect of water reuse introduction on the activity of the desalination
plant and its electricity consumption.

The characteristics and constraints of all scenarios introduced before
are summarized in Table 11.

3. Results

This section analyses the results and highlights the key findings of
the scenarios explored. It compares the outputs of the integrated model
with those of the energy-only system. In Section 3.1, a validation of the
TEMOA-Pantelleria energy model has been reported, followed by Sec-
tion 3.2, including a comparison of the model results against the Energy
Transition Plan [33] of the island. In Section 3.3, the focus is on the
integrated model’s ability to accurately describe and model the evolu-
tion of energy and water supplies. The effects of improving water dis-
tribution network efficiency and introducing water reuse on the island’s
energy and water systems are examined in Sections 3.4 and 3.5,
respectively.

3.1. Model validation

This section presents the results of the energy-only model (WSES) for
the Business-As-Usual (WSES-BAU) and Net Zero Emissions (WSES-
NZE) scenarios. Although the main focus of this study is the integrated
model analysis, the energy model was first validated to ensure its
robustness. Because of the lack of time series data, a point-by-point
validation of the model was performed, comparing its outcomes with
the available data. The model has 29 GWh energy consumption in 2018,
very close to the 31 GWh reported by other studies [33,89]. In partic-
ular, the energy consumption due to desalination is very well repro-
duced, which turns out to be exactly 3.7 GWh, as reported in [89].

The Plausibility of the future results in the WSES-NZE scenario is
supported by those reported in the CE4EUI [32]. A comparison of the
model’s energy mix with that proposed by the island’s Energy Transition
Agenda [84] and CE4EUI [32] is presented in Fig. 8. As can be seen, the
energy mix in WSES-NZE differs only slightly from CE4EUI's pro-
jections, likely due to differences in constraints. Specifically, TEMOA
prioritizes wind and solar energy while reducing reliance on biomass
and geothermal and excluding wave energy due to higher costs. This
suggests that additional incentives may be necessary to make
geothermal, biomass, and wave technologies competitive with solar and
wind.

Regarding the energy demand, the increase in electricity consump-
tion observed in the WSES-NZE scenario is also confirmed by CE4EUL:
the WSES-NZE scenario results in an electricity demand of approxi-
mately 42 (GWh), aligning closely with the 45 (GWh) predicted by the
transition agenda CE4EUI [32].

3.2. Energy-only scenarios: comparison of scenarios
Focusing on the comparison between the WSES-BAU and WSES-

Table 11
Features of the scenarios implemented in the TEMOA-Pantelleria.
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Fig. 8. Comparison of the electricity mix” in 2050 among the Pantelleria En-
ergy Transition Agenda, CE4UI and WSES-NZE.

NZE scenarios, they differ significantly in both energy mix and total
electricity production. In the WSES-BAU scenario, the electricity mix
remains unchanged and is the same as the current situation, without any
renewable energy technologies. As a result, electricity continues to be
supplied exclusively by diesel power plants (Fig. 9, a). In contrast, in the
WSES-NZE scenario, the energy mix shifts toward renewable sources
(Fig. 9, b).

In terms of power generation, the WSES-BAU scenario maintains
relatively stable power generation levels as no electrification measures
for the transportation, commercial and residential sectors are planned.
Energy demand follows a similar trend to the current one, with increases
driven only by external factors such as growth in tourism [77]. In
contrast, the WSES-NZE scenario sees an evident increase in electricity
generation, driven by growing demand from electrification. This state-
ment is confirmed by the fact that the total difference in energy con-
sumption between the two scenarios is almost equal to the sum of the
electrification differences across all sectors, as visible in Table 12. It is
important to note that 2025 is the starting year of the scenarios’
implementation.

3.3. Energy-only model with integrated modules

Comparison of the integrated (Baseline and LD) with energy-only
(WSES-NZE) models (Fig. 9) shows different outcomes in terms of
produced electricity and technology mix. The differences between
WSES-NZE (Fig. 9b) and the two scenarios implemented in the inte-
grated modules (Fig. 9c and 9d) emerge from 2025, which is the first
milestone year after implementation of the energy transition. The higher
electricity demand in 2050 in the integrated modules arises from the
capability of these configurations to follow the water demand increases.
This increase, in turn, impacts the energy consumption of the desali-
nation plant (see also Fig. 11). Concerning qualitative dissimilarities,
while in WSES-NZE, electricity production relies mostly on diesel and
the use of renewable energies is postponed to 2030, in Baseline and LD,
the model anticipates the integration of renewables through the
centralized and distributed solar installations. Moreover, the Baseline
and LD scenarios implemented in the integrated system (Fig. 9c and 9d)
manifest the changes in the water system not only in terms of needed
megawatt-hours (MWh) but also in the energy sources mix to meet them.

Scenario Desalination plant increasing capacity Water pipeline improvement Reclaimed water reuse Model Energy transition
WSES-BAU Yes No No Energy No
WSES-NZE Yes No No Energy Yes
Baseline Yes No No Integrated Yes
LD Yes Yes No Integrated Yes
RWU Yes No Yes Integrated Yes

11
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Fig. 9. Electricity mix” of: (a) WSES-BAU, (b) WSES-NZE model, and Integrated model: (b) Baseline and (c) LD scenarios.

Table 12
Difference between sectoral (transportation, residential, and commercial) and
total electricity consumption across WSES scenarios.

2025 2030 2035 2040 2045 2050
Transport (GWh)
WSES-BAU 0.0 0.0 0.0 0.0 0.0 0.0
WSES-NZE 0.0 0.0 0.1 4.2 7.7 10.3
Residential (GWh)
WSES-BAU 6.4 6.2 6.2 6.2 6.2 6.1
WSES-NZE 9.5 9.0 8.9 8.9 8.9 8.9
Commercial (GWh)
WSES-BAU 5.4 4.6 4.5 4.5 4.5 4.5
WSES-NZE 5.4 4.6 4.5 4.8 5.4 6.0
Total Electricity (GWh)
WSES-BAU 28.7 26.6 26.5 26.4 26.3 26.3
WSES-NZE 31.7 30.5 29.8 35.1 39.1 41.9

Fig. 10 shows the water supplied in WSES-NZE and Baseline. The
purple line represents the supplied water in WSES-NZE, which consists
only form the desalination plant. The colored (blue and yellow) areas
show the supplied water in Baseline, including two imported and
desalinated water supply methods.

As evident, the two scenarios substantially differ, both quantitatively
and qualitatively. The quantitative differences in the outputs are due to
the more accurate projection of the water supply side in Baseline, by
considering import and desalination. As mentioned earlier, in WSES-
NZE, the water supply can be modeled only through desalination, as
imports do not directly consume electricity.

In addition, the Baseline scenario enables the subdivision of the
water demand into different sub-sectors and the attribution of specific
drivers to each of them, fixed and seasonal populations, while in WSES-
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NZE (purple line), the driving factor of the water demand projection
refers solely to the seasonal population. Consequently, different demand
projections lead to different water supply trends: WSES-NZE exhibits a
sudden increase influenced by the seasonal population growth from
2020 to 2025 and remains constant after that. Such an increase forces
the energy model to raise the installed capacity of desalination plants,
which is the only technology that covers the demand. In Baseline, water
demand projected through two drivers undergoes a gradual increase
both in terms of supplied water and installed capacities.

Besides being able to show the effects of a diversified supply side,
another important outcome of the integrated modeling missed by WSES-
NZE is the demonstration of the convenience of the in-situ water supply
(yellow area). As time goes by and the installed capacity of the desali-
nation plants gets enough to satisfy the water demand internally, the
imported water decreases, till disappearing by 2050 (the blue area). This
is due to the economic convenience of supplying water through desali-
nation plants. Such critical shifts in resource supply methods underline
the importance of considering integrated trends in policymaking. Poli-
cymakers must take into account the long-term benefits of fostering local
water production, as it helps to realize more resilient plans with reduced
dependency on external sources, aligned with the Sustainable Devel-
opment Goals [90,91]. Moreover, Baseline shows to be more precise
than WSES-NZE in modeling the electricity consumed by the desalina-
tion plant because of capturing the water supply together with energy
consumption (see Fig. 11). In 2025 (left-hand side bars), the higher
water produced by the desalination plant in WSES-NZE compared to
Baseline leads to a relatively higher electricity consumption in
WSES-NZE. The same effect also manifests in Fig. 10 through the dif-
ference between the sum of the colored areas and the purple line. The
consumed electricity changes in 2050 (right-hand side bars), as the
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Fig. 10. Comparison of the water supply side modelled in energy (continuous line, WSES-NZE) and integrated systems (colored areas, Baseline).
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Fig. 11. Comparison of the consumed electricity by desalination plants in
Baseline (in yellow) and WSES-NZE (in pink) in two representative years.

Baseline scenario relies entirely on desalination, resulting in signifi-
cantly higher electricity consumption compared to the previous case. As
discussed above, the steady state in the supply technology in WSES-NZE
(purple line in Fig. 10) leads to unchanged consumed electricity in the
two example years (Fig. 11).

These findings align with previous studies, highlight the strong link
between desalination and rising energy demand. In Saudi Arabia, for
instance, electricity consumption for water desalination tripled between
2005 and 2020, reaching approximately 6 % of the country’s total
electricity demand [92]. Furthermore, the increasing dependence on
fossil fuels for desalination raises concerns about long-term sustain-
ability, both in terms of energy security and environmental impact.

In island contexts, the impact of desalination on electricity demand is
even more pronounced due to limited local water resources and heavy
reliance on energy imports. In the Canary Islands, for example, the
growing need for fresh water, driven by increased tourism and popula-
tion, has led to a significant increase in electricity consumption by
desalination plants [93,94]. This trend underscores the critical role of
the energy-water nexus in island environments, where water supply
constraints amplify dependence on energy-intensive solutions. The
integration of renewable energy sources has been proposed as a key
strategy to reduce the carbon footprint of desalination while improving
the long-term economic viability of water production in these settings.
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3.4. Water distribution system assessment

Once the potential and benefits of implementing the integrated
modeling have been shown, the focus shifts to the results related to the
water supply network and its substantial impact on the energy system.
Water loss due to ageing pipelines is a major issue for Italian water
management, particularly in the southern regions. At the country level,
more than 40 % of the supplied water is lost in the water-distribution
network, and Sicily is among the regions with the highest water losses
[95].

The analysis considers the model response to two distinct situations,
both addressing the same final demand but accounting for different
physical conditions of the water distribution system. As expected, and
confirmed by the outputs, the condition of the hydraulic system signif-
icantly influences the water supply and its corresponding energy
demand.

Two scenarios, LD and Baseline, are visible in Fig. 12, respectively
shown with dashed and solid lines. Modeled in the integrated module,
the supply methods include desalination and import. In both scenarios
and to meet the same water demand in both scenarios the on-site water
supply (desalination) substitutes for water import. As expected, the
supplied water in LD is less than Baseline, in which ageing of the system
leads to a higher leakage. Subsequently, a higher water input is needed
to satisfy the demand.

The difference in the substitution trends (manifesting in different
slopes) in the two scenarios is a result of the maximum available

=== Baseline Imported water
41 = @ = LD Imported water
==ge==Baseline Desalinated water
= ¢ = LD Desalinated water

Water (Mm3)

N
e

2045

2025 2030 2035 2040

years () 2050

Fig. 12. Supplied water in LD and Baseline scenarios.
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capacities. As the pipelines deteriorate and more water is leaked, the
desalination plants are not able to cover the water demand even if the
plants are at maximum activity Thus, in Baseline, the reduction in im-
ports occurs at a slower rate than in LD (slope difference between square
markers and triangle markers lines in Fig. 12). In summary, despite
having the same desalination capacity constraints, in Baseline, the
import stops only by 2050, while in the LD, it happens by 2045. The
difference in water demands by 2050 in the two scenarios is around 1
million cubic meters (the difference between dashed and solid triangle
marker lines).

It is worth noting that in the early years, the small difference between
the losses in the two scenarios (lines with the same markers in Fig. 12)
results in similar tendencies. However, as time progresses, in Baseline
the losses increase, while they decrease in the LD scenario and resulting
in pronounced divergences between the two trends. Note also that the
difference in the supplied water brings in different activities of the
desalination plant, which leads in turn to different energy consumptions,
as shown in Fig. 13. As visible in the figure, the electricity demand of the
desalination plant in the LD scenario in 2050 (12 GWh), compared to
more than 15 (GWh) in Baseline (difference between the green and
yellow bars) shows the quantitative effect of the pipeline renewal on
energy uses (more than 5 GWh less). Another outcome relates to the
same level of electricity consumption in LD in 2045 and 2050 (green
bars) despite the evolution of the populations (i.e., the driver of the
demands). This happens because the imported water in 2045 is still
present and constitutes a more convenient resource with respect to the
desalinated one.

3.5. Introduction of reclaimed water reuse

The new wastewater treatment plant is assumed to start working in
2025. Thanks to its nitrogen and phosphorus removal units, a potential
reuse of reclaimed water can be implemented.

As expected, due to the demographic, agricultural and industrial
structure of the island, the effect of reclaimed water reuse is very
restricted: The island has no major industrial activities, and the agri-
cultural cultivations (vineyards and capers) are mostly rainfed and do
not demand irrigation. Thus, the assumed share of reclaimed water reuse
in the agriculture sector cannot increase much. Consequently, the water
and electricity demand reductions due to water reuse are limited. As it
was mentioned in the introduction section, the effect of the treatment
level is implemented through the higher costs of the installed units and
the maintenance (variable costs in the model).

In Table 13, the produced water in the desalination plant in Baseline
and RWU is compared. In the initial years, the reduction of treated water
in desalination due to water reuse is very restricted. This is because the
imported water still plays an important role in the water supply of the
island. As the water import decreases, the share of reused reclaimed
water in the reduction of the desalination activity becomes more evident
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Fig. 13. Desalination plant electricity consumption in Baseline and LD sce-
narios in two milestone years.
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Table 13
Activity of the desalination in Baseline and RWU Scenarios, and desalinated
water and electricity use reduction due to water reuse.

Desalination activity (Mm®)

Scenario 2025 2030 2035 2040 2045 2050

Baseline 1.07 1.07 1.07 1.16 1.98 4.45
x10°  x10° x10° x10° x10° x10°

RWU 1.07 1.07 1.07 1.12 1.65 3.45
x10°  x10° x10° x10° x10° x10°

Variation of produced water and consumed electricity in desalination plant due
to water reuse

Desalinated water 0 0 0 4.3 x 3.2 x 1.0 x
reduction (Mm?®) 10* 10° 10°
Electricity 0% 0% 0% 4% 13 % 16 %

consumption

reduction (%) in
RWU with respect to
Baseline

until reaching the maximum in 2050 (3.45 million cubic meters, 1
(Mm?®) less with respect to the same situation in Baseline). This effect is
also visible in the reduction of the electricity consumption of the desa-
lination plant in two scenarios (see the last line of Table 13), which in
2050 reaches its highest value. It shows a 16 % reduction in consump-
tion, reaching 13.1 (GWh) with respect to 15.56 (GWh) of the Baseline
scenario (see Fig. 13, yellow bar in 2050) when the water is totally
supplied by the desalination plants.

The effect of water reuse depends very much on the final water de-
mands of the studied case. This outcome could also be of interest for the
water and energy management stakeholders since, for Pantelleria, the
reclaimed water reuse could become significant in practices such as
hydrogen production from water electrolysis technologies. Such usage
will avoid exerting pressure on the drinking water resources and
entering competition with human water requirements.

4. Discussion and conclusions

This work addresses the lack of detailed and fully integrated energy-
water nexus analyses by embedding water and energy systems within
the open-source energy system optimization model TEMOA, for the case
of Pantelleria Island. The island’s vulnerability to climate change and
water scarcity, combined with its potential role in the European energy
transition, make it a particularly suitable case study. Its relatively simple
energy and water systems also make it a manageable pilot site for
implementing an integrated water-energy nexus model. The developed
model was validated against 2018 electricity consumption data, with a
strong alignment (29 GWh), and showed perfect agreement for the
electricity used in the desalination plant (3.7 GWh).

Compared to an energy-only model, the integrated approach pro-
vided more accurate water demand projections and revealed a higher
energy demand, along with a more diversified renewable energy mix, in
response to increased water needs. On the water supply side, the inte-
grated model identified a complete shift toward local water production
through desalination, optimizing the trade-off between in-situ produc-
tion and imports - something the energy-only model failed to capture. It
turned out that desalination, coming with an associated energy demand,
has a critical role in securing freshwater supply. This is especially rele-
vant for islands with a strong tourism sector, where high water demand
fluctuations further complicate planning. The nexus approach allowed
identifying a different energy transition pathway than that proposed by
CE4EUI, and underscoring the impact of water-energy interactions on
technology choices. These findings highlighted the value of integrated
modeling for more robust planning.

The study also showed how mitigating ageing water infrastructure
can enhance efficiency: despite full reliance on desalination and rising
water demand, infrastructure improvements resulted in a reduction of 1
(Mm?) of water use by 2045, without increasing energy consumption.
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For isolated systems like Pantelleria, this points to significant opportu-
nities for joint water-energy efficiency gains. In terms of wastewater
treatment, while upgrading from a primary to a secondary treatment
plant increased energy demand, regulatory and environmental re-
quirements make this transition necessary. The model also examined the
limited but noteworthy contribution of water reuse, suggesting that its
integration with electrolysis for green hydrogen production could open
new sustainability pathways. Leveraging the island’s diverse renewable
resources (geothermal, wave, wind, and solar), such synergies could
support Pantelleria’s role in national and European green hydrogen
strategies. The integrated modeling approach used in this study provides
practical and strategic insights for decision-makers. By accounting for
interdependencies between water and energy systems, it supports more
comprehensive and realistic planning processes, especially relevant in
isolated and resource-constrained contexts like small islands. For Pan-
telleria, the findings suggest that future energy transition plans must
consider the growing impact of water demand on energy consumption,
particularly in light of climate change and tourism-driven seasonality.
Policymakers can draw from this study guidelines for infrastructure
investments and expenditures optimization, achieving greater returns in
terms of sustainability and system resilience.

Despite its strengths, this study also has limitations. One key
constraint is the lack of localized investment and forecast data for
Pantelleria, which limits the precision of some scenario assumptions.
The reuse scenario, in particular, depends on the availability of adequate
infrastructure, and its capital and operational costs have not yet been
fully represented in the model. Incorporating these costs would improve
the realism of future reuse assessments. Another limitation lies in the
modeling of precipitation. Models like TEMOA are not inherently
designed to handle climate variables. In this study, precipitation was
introduced via historical rainfall time series, which, while common
practice, lacks forward-looking climate projections that could signifi-
cantly affect water availability. Moreover, the current model does not
account for elements such as the sludge line in wastewater treatment,
which could be relevant for evaluating biogas recovery and the energy
neutrality potential of treatment plants, particularly in view of new
European directives. The theoretical foundation of the study can be
improved and strengthened by adopting it within broader contexts such
as regional or national level models. Such a practice helps to evaluate
the method’s validation in an energy transition and nexus context and
align the system interdependencies with tecno-economic requirements.
Finally, further development could explore the integration of green
hydrogen production with water reuse, assessing its impact on the
island’s energy mix and long-term transition trajectory. This would
allow a better understanding of how Pantelleria could contribute to and
benefit from emerging European hydrogen networks.

Glossary
Abbreviation  Definition
BOD Biochemical Oxygen Demand
BAU Business As Usual
CE4EUI Clean Energy for EU Islands
EDR Electrodialysis Reversal
ESOM Energy System Optimization Model
EV Electric Vehicle
GRAPS Generalized Multi-Reservoir Analyses using Probabilistic
Streamflow Forecasts
GIS Geographic Information Systems
ISTAT Italian National Statistics Institute (Istituto Nazionale di Statistica)
LD Losses Decreasing
LEAP Low Emissions Analysis Platform
LPG Liquefied Petroleum Gas
MC Mechanical Steam Compression
NZE Net Zero Emission
0SeMOSYS Open-Source Energy Modeling System
P.E. People Equivalent
P.L. Physical Losses

(continued on next column)
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(continued)

RES Reference Energy System
RO Reverse Osmosis
RWS Reference Water System
RWU Reclaimed Water Use
SDG Sustainable Development Goal
TEMOA Tool for Energy Models Optimization and Analysis
TIAM TIMES Integrated Assessment Model
TIMES The Integrated MARKAL-EFOM System
WEAP Water Evaluation and Planning System
WRIMS Water Resource Integrated Modeling System
WSES-BAU Water Supply modeled in Energy only System — Business As Usual
WSES-NZE Water Supply modeled in Energy only System — Net Zero Emission
WWTP Wastewater Treatment Plant
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