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a b s t r a c t

From the energy standpoint Cyprus is unique because the island relies on oil-fired power generation
while the national electricity grid is isolated. Yet short driving distances render the country a testbed for
a full electric vehicle fleet. Based on EU climate goals, passenger vehicles and buses were considered
100% electric by 2050. Spanning between 2018 and 2050, herein we present the future electricity needs
and vehicle fleet size, which currently account for 77% of the island’s emissions. In parallel, four distinct
scenarios, namely, the Least Cost (LCSc), the Business As Usual (BAU), the Carbon Capture and Storage
(CCSc) and the Renewables (RESc) are presented. Weekly hourly profiles of electricity production and
consumption were deduced during the winter and summer seasons. Passenger vehicle-to-grid units and
desalination plants helped estimate the grid’s electrical load. Projections demonstrated that the RESc in
2050 yields the costliest electricity (0.115V/kWh) accompanied by the highest electricity losses (40%). A
domestic battery storage of 5,600MWh is required, whereas Europe’s current battery capacity is
3,400MWh. In the context of EC’s goals, the BAU and LCSc cases fail to meet the 2 �C emissions threshold
while the CCSc abides with the preceding target. Concluding, RESc attains full decarbonisation.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

The European Union (EU) has instituted a long-term strategy
towards net-zero emissions by 2050 with one milestone being to
curb heat trapping emissions by 55% until 2030. Empowered by the
Green Deal [1], the EU aims to arrest temperature increase to 1.5 �C
compared to the pre-industrial levels [2]. A less ambitious drop in
emissions of 80e95%, by 2050, compared to 1990, could very likely
be adequate to contain the temperature rise to 2 �C above the pre-
industrial era [2,3]. More precisely, to achieve the preceding goals,
the transportation sector will need to roll-out electric vehicles at an
unprecedented scale and utilise biofuels. In an effort to reduce CO2
emissions, the EU will need to accelerate the shift to renewable
energy production as well as to catalyse progress in carbon capture
and storage and energy efficiency.

Several studies have investigated the future decarbonisation, at
the EU level [4,5], or individual member states [6e9] while
endeavouring to limit global temperature rise by 1.5 �C or 2 �C.
Cyprus, as an EU Member State, differs from other EU countries in
istassou).
that its electricity grid functions as an independent network in
isolation. It is the only EU country which is not connected to the
European power network and relies entirely on its own domestic
production. Meanwhile, the island exhibits a high solar energy
potential and a fair amount of wind energy and biomass [10e12].
Currently, the island’s electricity system heavily depends on fossil
fuels with over 91% of the total electricity production met from
diesel and heavy fuel oil. In 2021, natural gas is expected to be
introduced in the electricity sector and it is anticipated to gradually
displace oil products helping thus mitigate CO2 emissions [13].
Most of the island’s emissions originate from the electricity and the
transportation sectors which account for 47% and 30% of the
aggregate emissions, respectively. According to the latest UNFCCC
report, 67% of the transportation emissions are released from ve-
hicles [14]. In tandem with the other EU countries, Cyprus has set
emission reduction goals for 2030. More explicitly, at the national
level Cyprus intents to cut its electricity, ceramics, cement and in-
dustrial emissions by 42%, by 2030, compared to year 2005 [15].
Collectively, emissions reductions from other sectors are envisaged
to reach 24%, by 2030 [15].

During the past decade, many researchers have applied different
methods to forecast Cyprus’ electricity production considering also
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the prospect of diversifying the island’s power mix. For example, an
econometric model was applied to predict the future electricity
consumption of different sectors in Cyprus [16,17]. A bottom-up
approach was implemented by Taliotis el al. [13] in order to proj-
ect the future natural gas supply and its utilisation in the electricity
sector. Other studies have focused on the potential of renewable
energy sources, such as, biomass [12] and solar energy [18,19]
complemented by battery [20] and pumped hydro storage [21].
Two studies have dealt with the integration of electric passenger
vehicles to the power grid. Heidt and co-workers [22] estimated
that, by 2050, a maximum of 15% of the total passenger cars could
be electric and Vougiouklakis et al. [23] predicted that less than 1%
of the total electricity needs of the island will be dedicated to the
transportation sector. The same authors [23] have analysed various
scenarios in energy demand in the context of three different fore-
casts: i) a reference scenario, ii) a realistic scenario and iii) the
maximum technical potential of final energy demand. Mesimeris
and co-authors [11] examined two hypothetical cases, which
considered the impact of “existing measures” and “planned policies
and measures,” until 2030.

Different scenarios have been suggested which attempt to
project the future energy and electricity needs of Cyprus, until
2030. Taliotis et al. [24] have reviewed six distinct cases which
focussed on energy efficiency, liquefied natural gas, energy storage
and interconnectivity with the Euro-Asia Interconnector until 2030
but without factoring in electric vehicles’ needs. Zachariadis and
Taibi [17] introduced four separate scenarios which dealt mainly
with energy conservation. This study, compared to the previous
analyses mentioned earlier, proposes two unique energy efficiency
scenarios with the adoption, for the first time, of Passenger-
Vehicle-to-Grid (PV2G) technologies as well as the transition to a
100% electric car and bus fleet, by 2050.

In the context of five sectors, this research presents the annual
projection of the electricity needs of Cyprus until 2050. More
specifically, with the aid of statistical methods, we calculate the
future power needs of the agricultural, lighting, commercial, in-
dustrial, and residential divisions. Similarly, this investigation
projects the island’s electricity production until year 2050. During
the time horizon spanning to year 2050, four different scenarios
have been formulated. Firstly, the “Business As Usual” (BAU) case
considers that, by 2050, Cyprus will draw all of its fossil fuel power
generation from combined cycle natural gas power plants which
feature efficiencies of z60% [11,25,26] while minimising the elec-
tricity sector’s emissions. Secondly, the “Least Cost” Scenario (LCSc)
is a variant of the BAU casewith themajor distinction being that the
LCSc aims to minimise electricity costs. Thirdly, the Carbon Capture
and Storage scenario (CCSc) was developed on the condition that,
by 2050, all of the natural gas power plants will be fitted with
carbon capture. Lastly, the “Renewables” scenario (RESc) pre-
supposes that, by 2050, all of the power generation will be derived
solely from renewables, particularly solar, wind, biomass, and hy-
droelectricity. Overall, the renewables case examines whether the
installed power generation capacity can adequately meet the
island’s electricity demand complemented by battery storage and
vehicle to grid integration.

For each of these scenarios, the hourly electricity production and
demand were estimated until year 2050. Motivated by the need to
lower aggregate CO2 emissions, we investigated PV2G as well as
battery storage. Concluding, the average CO2 emissions, per kilo-
watthour, were calculated in conjunction with the costs of elec-
tricity which constitute a pragmatic energy policy direction aligned
with the EU goals [1] stretching to 2050.
2

2. Methods

Three different attributes were considered for each of the sce-
narios. To begin with, an uninterrupted 24/7 electricity supply
should be ensured. Levels of carbon dioxide emissions along with
electricity costs should be kept at a minimum. Initially, a projection
of the car fleet was performed. Simultaneously, a prediction of the
electricity needs from various sectors was completed which span-
ned to year 2050. Additionally, each of the scenario estimates the
electricity costs and emissions along with the future installed po-
wer capacity. Lastly, the hourly electricity production profile which
comprises desalination plants, car and bus charging and passenger-
vehicle-to-grid needs was revealed.

2.1. Future passenger vehicle fleet size

According to the Cyprus Statistical Service, Cyprus with 610 cars
per 1000 persons has one of the highest vehicle ownership rates
per capita in the world [27]. To forecast the future number of ve-
hicles on the island’s streets, we applied a logistic growth curve
which follows asymptotically an S-shaped (sigmoidal) growth.
Remarkably, this method has already been applied to different case
studies in the electricity [28,29] and transport sectors [30]. For the
purpose of forecasting the vehicle fleet, historical data was utilised
which covered years 1980e2017 [27]. Finally, the number of vehi-
cles (ft), at year t, was deduced in accordance with the following
equation:

ft ¼ F
��

1þ eaoþa1t
�

(1)

where F refers to the asymptotic value of the vehicle fleet while
symbols aο and a1 are constants. More details regarding the pre-
ceding parameters, in equation (1) are included in the Supple-
mentary Data.

2.2. Future electricity needs

To forecast the future needs of each sub-sector of interest, a
multiple linear regression model based on the variations in certain
parameters, such as, the population and the GDP was adopted. This
method was previously applied in different countries including
Cyprus [16,17,31]. Seeking to minimise the margin of error, the
precedingmodel was implemented in the sectors of agriculture, the
industry, and on commercial activities. More precisely, a presup-
position was made factoring in the growth in GDP and changes in
population based on the birth and mortality rates and the arrival of
immigrants (Supplementary Data).

For the industrial sector, the parameters which defined the
future electricity needs, comprised variations in the ceramic and
clinker production together with the GDP and population changes,
as described in the sequel. Clinker production was assumed to in-
crease linearly, until 2029, only to reach its peak production limit of
2000 kilotonnes (kt) at year 2030. Ceramic production was highly
related to the number of households under construction as re-
flected by a correlation coefficient of 0.87. Another sector, namely,
that of the agriculture embraced four distinct parameters which
influenced its future electricity needs. Cattle and swine population
(Supplementary Data) were estimated from the Holt-Winters
method [32], together with changes in the GDP and the human
population. Finally, the commercial’s sector future electricity re-
quirements derived from the number of tourists (Supplementary
Data), the count of hot and cold days per year which ranged be-
tween 95 and 135 [33] along with the GDP and the island’s popu-
lation. The future electricity needs were estimated from the
following equation:
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ln
�
y1;t

�
¼a1þa2 ln

�
b1;t

�þa3 ln
�
b2;t

�þ…þan ln
�
bn�1;t

�
(2)

where t is the year, y is the electricity needs of a particular sector, a1,
…,an are constants and b1, …,bn�1 are the pertinent parameters, such
as the GDP, the population and others, used to determine the future
electricity needs of each sector.

Interestingly, the residential sector is the second most energy
demanding after the commercial division accounting for over 35%
of the total power needs [34]. Thus, electricity consumption for the
residential sector was calculated as a multiple of the number of
households, the size or area of each household and its electricity
consumption per unit area. Table 1 lists all of the relevant
assumptions.

Desalination units consumed about 4% of the country’s overall
electricity consumption as estimated from the 2019 fresh water
desalination output [34,35]. Their consumption intensity was about
4.5 kWh per cubic metre of potable water [36] which also
comprised the power needs to deliver the water to its destination.
According to the Water Development Department of Cyprus [35],
the minimum yearly water production was 65.6 million cubic me-
tres in 2019. As far as seawater desalination is concerned, two
separate scenarios were formulated. The first assumed that the
desalination units’ power consumption will remain unaltered until
year 2050. Alternatively, the second scenario presumed that,
desalination plants will satisfy at least 80% of all future tourists and
domestic water demand. Preceding water needs were obtained
from a daily average water consumption of 180 L per person for
Cypriot citizens and 410 L per tourist [37] with an average of 8 days
of overnight stay.

Currently, street lighting accounts for less than 2% of the overall
electricity consumption [34]. Primarily, a forecast of the road
driveways’ mileage was obtained through the logistic method. To
estimate the island’s future street lighting energy needs, the yearly
road infrastructure length was either multiplied by a consumption
factor of 6.85kWh/km, as it is today, or by a coefficient that is lin-
early reduced by 40%, until 2050, due to the adoption of LED street
lamps.

2.3. Electricity production scenarios

Four distinct scenarios were considered to year 2050 featuring
different approaches which draw mostly from European Commis-
sion goals aimed at containing global temperature increase to a
minimum. Together, the first and second scenarios rely on the
intention that by 2050 Cyprus’ electricity productionwill no longer
depend on oil but will shift towards natural gas without carbon
capture. In particular, the Least Cost scenario (LCSc) aims to mini-
mise cost, while the Business As Usual (BAU) scenario intents to
reduce emissions.

The third scenario, dubbed Carbon Capture and Storage (CCSc),
exhibits a fundamental difference compared to the BAU and the
LCSc cases. Its main distinction being that natural gas combined
cycle power generation units will employ carbon capture and
Table 1
Household parameters.

Parameters Years (2018e2

New household, maximum size (assumed) (m2) 190
New household, minimum size (assume) (m2) 180
Persons per home (linearly reduced) 2.9 (2018)
Power consumption, max. size (assumed) (kWh/m2) 35.5
Power consumption, min. size (assumed) (kWh/m2)
(linearly adjusted)

35.2 (2020)

3

storage. This scenario, examines and calculates if the carbon cap-
ture technology will be technologically and financially fit to mini-
mise emissions by at least 80%, in 2050, compared to 1990. Such a
goal is aligned with the European Commission targets set in 2018
which aim to minimise emissions by 80e95%, by 2050 [2].

Taken as the most environmentally benign the fourth case, that
is, the Renewables Scenario (RESc) aims to attain carbon neutrality
by limiting the temperature increase to 1.5 �C compared to the pre-
industrial levels. This ambitious scenario presupposes that, by
2050, electricity production will emanate entirely from renewables
as well as pumped hydro and battery storage and the uptake of
passenger-vehicle-to-grid technologies. At the outset, the goal of
the RESc is to minimise electricity costs while sustaining a power
grid which manages to meet power demand all year long.
2.4. Levelised cost of electricity

The cost of each technology was determined from the levelised
cost of electricity (LCOE). Total cost was calculated by summing-up
the cost components emanating from capital, fuel, operational and
maintenance and decommissioning, as stated by Carlsson et al. [38]
and Budinis et al. [39]. Collectively, the LCOE (V/kWh) was obtained
from:

LCOE¼½ða�TCCþOMÞ=E�þVOMþFCþEmCþCCapþCharC (3)

where ɑ is the capital recovery factor, TCC is the total capital cost,
and OM are the operational and maintenance costs calculated on a
monetary (V) basis. Additionally, E is the energy produced in kWh,
VOM are the variable operational and maintenance costs and FC are
the fuel costs. Acronym, EmC refers to the emissions cost compo-
nent, CCap are the carbon capture, transport, and storage costs and
CharC are attributed to the charging costs, estimated inV/kWh. The
capital recovery factor (ɑ) was derived from:

a¼ r
.h

1�ð1þ rÞ�LT
i

(4)

where r is the interest rate and LT is the project lifetime.
Fuel costs (FC) were determined as a product of the fuel price

and the produced electricity, divided by the conversion efficiency.
Electricity production derives from the multiplication of the power
generation project duration, the capacity factor, and the installed
capacity. For battery storage, TCC was estimated from two factors.
Initially, by dividing the total battery storage with its cost per kWh.
Secondly, by obtaining the ratio of the overall installed capacity and
the power costs per kW. Battery storage capital costs were finally
divided by the amount of produced electricity as well as their po-
wer generation efficiency. Referring to the transportation sector,
the bus electricity costs were estimated by dividing the charger
costs by the total energy charged and, finally, adding the charging
costs. Concluding, for the passenger-vehicle-to-grid an extra term
was added to bus electricity costs, that of battery cost divided by its
efficiency and number of charging cycles. Interested readers may
consult the Supplementary Data which list the parameters used in
029) Years (2030e2040) Years (2041e2050)

180 160
160 140
2.6 (2035) 2.3 (2050)
35.5 35.5
31.9 (2030) 32.0 (2050)
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the preceding calculations for each of the power generation tech-
nology of interest.
Table 2
Constant parameters for agriculture, the commercial and the industrial sectors used
to obtain the Mean Absolute Percentage Error (MAPE).

Parameter Agriculture Commercial Industry

a1 6.826 �0.881 10.019
GDP 0.965 0.843 0.155
Human population �0.728 �0.149 0.007
Swine and cattle population �0.092 e e

Clinker production e e 0.009
Ceramic production e e 0.088
Tourism e 0.084 e

Hot and cold days e 0.279 e

MAPE (%) 3.86 5.72 2.48
2.4.1. Hourly electricity production
In order to forecast the future electricity production from re-

newables it was deemed necessary to consider the hourly elec-
tricity production of each source. Starting, biomass was determined
as a baseload source and remained at such throughout the year.
Secondly, concentrated solar power (CSP) production at the village
of Alassa, in Limassol, was acquired from the typical meteorological
year with the help of the PVGIS photovoltaic energy tool [40]. Its
data was integrated into the System Advisor Modeld a software
released by the National Renewable Energy Laboratory (NREL) [41].
Lastly, solar power production on an hourly basis was obtained
from the solar photovoltaic calculator PVGIS [40], with system
losses amounting to 14%.

Wind exhibits substantial variability and its magnitude differs
on a daily [42] and hourly [43] basis. The hourly wind capacity
factors were extrapolated from the Cyprus Transmission System
Operator (TSO) for a ten year period stretching between 2008 and
2018 [44]. To develop a random wind capacity factor profile, an
ARMA(1,0) model was applied on an hour-by-hour resolution for
each month drawing from a three parameter Pearson distribution
[45]. Likewise, to generate an hourly distribution of the wind en-
ergy capacity factor, a cyclostationary process was utilised [46], as
defined by:

xðtÞ¼
" �

1�r1ðtÞ2� sxðtÞ
��

1�r1ðt�1Þ2� sxðt�1Þ
��r1ðtÞ

#
�x ðt�1Þþ ε ðtÞ (5)

where x(t) and x(t�1) are the capacity factors at hour t and t�1,
respectively. Term ε ðtÞ; is thewhite noise emanating from the three
parameter Pearson distribution. Parameters r1ðtÞ and r1ðt�1Þ refer
to the autocorrelation factors at hour t and t�1, correspondingly.
Finally, terms sxðtÞand sxðt�1Þ are the standard deviations of the
wind capacity factor at hour t and t�1, respectively.

Natural gas hourly electricity production can differ by 10%
compared to the previous hour while realizing amaximum 90% and
a minimum 30% of the total installed capacity, correspondingly. The
overall electricity hourly production profiles were inferred from
European Union data, for Cyprus, for year 2018 [47]. In addition,
passenger vehicle charging and PV2G were calculated from the
following equations:

p veh chðtÞ¼min½7�pveh�ð1�pvehgoðtÞ�0:8Þ; prodðtÞ
�needsðtÞ�

(6)

p v2gðtÞ¼min½7�pveh�ð1�pvehgoðtÞ�0:8Þ;needsðtÞ
�prodðtÞ� � 0:9

(7)

p v2gðtÞ¼maxðPV2GðtÞ;pveh instðtÞ�pvehmax �0:2Þ (8)

pveh instðtÞ¼pveh instðt�1Þ
þ½p veh chðtÞ�0:2�pvehgoðtÞ�pveh�p v2gðtÞ� (9)

where p_veh_ch(t) is the energy available for charging an electric
vehicle at time t, pveh_inst(t) is the amount of electricity stored in a
passenger vehicle at time t, pvehgo(t) is the percentage of the
passenger cars being driven, at time t, at major road arteries [48],
for year 2018. Term prod(t) is the electricity produced from power
plants at time t, needs(t) are the power needs at time t and pveh is
4

the total amount of passenger vehicles. Term p_v2g(t) is the
quantity of electricity made available to the electricity grid from
vehicles. For bus charging, we assumed that no charging occurs
during daytime but only for the time window between 22:00 to
05:00. Battery storagewas calculated from the following equations:

BstoredðtÞ ¼ min
�
BstoredðtÞ þmin

�
Bcapacity; prodðtÞ � needsðtÞ

� p veh chðtÞ �;Bstoredmax

�
(10)

BstoredðtÞ¼
�
Bstoredðt�1Þ�Bcapacity

�
,0:9 (11)

here the storage capacity, at time t, is denoted by BstoredðtÞ. Term
Bstoredmax

is the maximum battery storage and Bcapacity is the
installed capacity of battery storage. Any excess energy production
can be used to power desalination units or for pumped hydro
purposes. In the event of surplus power, this will be unavoidably
lost.
3. Results

The analysis of different scenarios formulated for Cyprus were
implemented in MATLAB®. Initially, the investigation projected the
long-term electricity production needs, stretching until 2050,
based on the five distinct sectors described previously. Subse-
quently, the study estimated the future vehicle ownership span-
ning until 2050 and the percentage of electric cars and buses as a
function of the road vehicle fleet. For each of these scenarios,
installed electricity capacity was determined by minimising either
the total carbon dioxide emissions (Business As Usual and Carbon
Capture and Storage scenarios) or the levelised cost of electricity
(Least Cost and Renewables scenario). Serving as a snapshot, an
hourly electricity production mix was obtained for a particular
week during the summer and winter periods, correspondingly.
3.1. Future electricity production

Undoubtedly, the future power needs constitute one of the most
crucial parameters for a country’s near-term planning. Firstly, a
projection for the power generation requirements, for agriculture,
and the commercial and industrial sectors was derived. As briefly
mentioned in section 2.2, based on different parameters, such as,
the GDP and the population (Supplementary Data) among others,
the electricity needs extending until 2050 were estimated. The
objective for each one of the parameters was to minimise the mean
absolute percentage error (MAPE), illustrated in Table 2.

Electricity consumption of the lighting and residential sectors
was thoroughly explained in section 2.2. Worth highlighting that
the methodology adopted in this paper produced results in accord
with previous studies, such as, those of Taliotis et al. [24] and



Fig. 2. Cyprus car fleet between 1975 and 2050. Plot depicts actual vehicle fleet size
until 2017. Business As Usual projections assume the same per capita vehicle owner-
ship as in 2017. The logistic growth method estimates a sigmoidal growth in vehicle
fleet.
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Zachariadis and Taibi [17], who predicted a lower total electricity
production compared to the Cyprus Transmission System Operator
[49]. The future electricity consumption of these sectors was esti-
mated to reach 5.89e6.17TWh, 6.31e6.90TWh and 6.41e7.34TWh
in years 2030, 2040 and 2050, correspondingly, as shown in Fig. 1.

3.1.1. Future vehicle fleet
Two different approaches were adoptedwhich aimed to forecast

the future car fleet size of Cyprus. For the first scenario, it was
assumed that the car fleet ownership per capita will remain unal-
tered until 2050. For the second scenario, the logistic method was
implemented. Compared to actual data, spanning from 1990 to
2017 [27], this method presented a mean absolute percentage error
of 4.4% (Supplementary Data). The second scenario has estimated
the future vehicle ownership rate to increase from 705 to 725 and
756 cars per 1000 citizens by the year 2030, 2040 and 2050,
respectively, as depicted in Fig. 2. Concerning the aggregate bus
fleet size, it has remained constant, during the last three years, to
3000 vehicles [27]. For our study, the bus fleet is expected to grow
by 1000 buses reaching 4000 units by 2050.

3.1.2. Future installed capacity of electricity in 2050
Projections of the installed power generation capacity of Cyprus

were driven by the need to either minimise emissions or costs.
Serving as a point of reference, during 2018 the total fossil fuel
installed electricity production capacity amounted to 1478MWand
total RES installed capacity, including biomass, was 289.9MW [50].
Predicting installed electricity capacity, to 2050, the LCSc scenario
will require 1100MW and both the BAU and the CCS 900MW each
and, finally, the RESc will run devoid of any natural gas installed
capacity. Notably, the renewables capacity for each scenario was
estimated to be 1920MW for the LCSc, 3120MW for the BAU,
3920MW for the CCSc scenario and 11920MW for the RESc case.
Lastly, the battery storage capacity was deduced to be 400MW/
800MWhr for the BAU and the CCSc and 1400MW/5600MWhr for
the RESc. Remarkably, the LCSc scenario is not supplemented by
battery storage. Moreover, the RESc employs 530MW of pumped
hydro as already suggested by another study [21].

As far as the RESc scenario is concerned, it is worth highlighting
a fewmajor points. Primarily is the extraordinary amount of battery
storage of 5600MWh that Cyprus will need to install, by 2050. To
put things into perspective, during 2019, the EU battery capacity
consisted of 3400MWh [51] while across the world total battery
storage, in 2018, was 17000MWh [52]. Alongside, battery storage
Fig. 1. Forecast of electricity consumption of the five main sectors comprising agri-
culture, commercial, industrial, lighting, and residential including the desalination
units but excluding the transport needs, spanning from 2018 until 2050.

5

banks could support a diverse array of services in decarbonisation
efforts. Some of them could comprise energy shifting, congestion
relief, curtailing demand, and investment deferral to name a few. In
line with other battery projects, Cyprus’ battery storage banks will
be lithium-ion due to the fact that currently 93% of the battery
storage capacity elsewhere is based on this technology [53]. Beyond
that, grid connected renewable energy is expected to grow 40-fold
for the island state to fulfil its energy needs, by 2050.

Due to the inherent issues, it was deemed logical to explore
various ways for minimising the non-renewable energy share of all
four scenarios. Conscientiously, the installed capacity of fossil fuels
power generation will shrink by 25% for the LCSc case and 39% for
the BAU and the CCSc scenarios. Ultimately, the RESc will not run
free of conventional fuels. Biomass is expected to reach 70MW and
CSP, at 50MW, with an 8-hour a day storage could be utilised by all
scenarios. Finally, for the RESc, a pumped hydro capacity of 530MW
[21] could be implemented. Installed capacity for each of these
scenarios is summarised in Fig. 3.

3.1.3. Total electricity production by 2050
This subsection will detail the electricity production for each of
Fig. 3. Installed electricity generation capacity for 2050. Bar RESc refers to the Re-
newables scenario, CCSc is the Carbon Capture & Storage, BAU is the Business As Usual,
and, finally, LCSc is the Least Cost scenario.
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the four scenarios of interest. Power generation entails all of the
different power production options including PV2G. For the Least
Cost scenario, the majority of power production relies on natural
gas with a share of 64.2% and solar power which accounts for 25.9%
of the overall needs. Other power sectors including the PV2G
technology, each will yield less than 3.7% of the aggregate pro-
duction. Next, the Business As Usual scenario bears many similar-
ities with the Least Cost case. Though, their main difference is that
for the LCSc, natural gas production makes-up 64.2% of the elec-
tricity generation compared to 47.4% for the BAU.

Reverting to the Carbon Capture and Storage scenario, natural
gas coupled with carbon capture comprises the majority of elec-
tricity productionwhich refers to 41.5% while solar energy amounts
to 38.6% and wind accounts for 13%. Of interest is the renewables
scenario which is unique in a lot of respects. Firstly, solar energy
generates two thirds of the total electricity production. Ranked as
the second biggest power source, wind meets 19.5% of the overall
needs. Pumped hydro and PV2G are expected to satisfy 5.9% and
3.3% of the total production, correspondingly. This happens because
there is a need to store energy either in battery banks or to pump
water back to hydroelectric reservoirs. A portion of the energy
could be used to meet Cyprus’ water needs by powering desalina-
tion units. Examining each scenario individually, the LCSc could
generate 9.80TWh, the BAU 10.76TWh, and the CCSc 11.53TWh.
Finally, the RESc at 21.47TWh, as illustrated in Fig. 4, produces twice
as much electricity when compared to other scenarios.

For the purpose of meticulously reviewing each scenario, we
examined the areas where electricity production is utilised. More
precisely, the electricity consumption from the five main sectors,
which comprise agriculture, commercial, industrial, lighting, and
residential needs was analysed. On top of that, desalination units,
car and bus charging, pumped hydro storage and battery storage
were considered. An important parameter in this study was the
excess energy production. With 9.1%, the Least Cost scenario pre-
sented the lowest amount of unutilised electricity followed by the
Fig. 4. Projected electricity production in year 2050. Acronym RESc is the Renewables
scenario, CCSc is the Carbon Capture & Storage, BAU stands for Business As Usual and
LCSc is the Least Cost scenario.
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BAU case with 15.4% and, finally, the CCSc whose excess electricity
made-up 22.2%. Owing to its remarkably high variable renewable
energy production, the RESc case losses mount to 39.5%. At the
consumption side, the main sources of demand originate from five
sectors, that is, agriculture, commercial, industrial, lighting, and
residential, which jointly account for 6.67TWh. Car charging fol-
lows with a consumption ranging between 1.26 and 3.15TWhwhile
the RESc pumped hydro storage reaches 1.64TWh, as illustrated in
Fig. 5.

If Cyprus were to draw all of its electricity generation from
renewable energy sources, it is striking to note that the excess
energy loss is disproportionally high compared to other scenarios
by at least a factor of 2.5. Even with the integration of pumped
hydro storage and battery charging, the excess amount of electricity
remains high. Distinctively, the BAU and the Carbon Capture and
Storage scenarios do not exhibit large discrepancies among them.
Due to its higher reliance on renewables, the BAU scenario is
characterised by a higher excess power production in relation to the
LCSc.
3.1.4. Hourly electricity production and consumption to 2050
The hourly electricity mix, for year 2050, was obtained from the

calculations summarised in x2.4.1. Starting, we cite four figures
which help illustrate the similarities and distinctions between the
CCSc and the RESc scenarios during the winter and the summer
seasons. More specifically, results pertain to a typical week during
January and July. Referring to Figs. 6- 9, they display the hourly
electricity production of each power generation technology in
conjunction with the electricity utilised for vehicle and bus
charging, pumped hydro, battery storage and desalination. Initially,
the focal point was the winter period during which daytime power
production spikesmanifest, as depicted in Figs. 6 and 7. Considering
the RESc, hourly electricity generation peaks range between 4000
and 7000MWh in contrast with the CCSc where maximum pro-
duction spans from 1800 to 2500MWh. Clearly, the RESc case ex-
hibits sizeable peaks due to the high penetration of variable
renewable energy production. It is also interesting to note that
battery storage, vehicular power discharge to the grid and hydro-
power are utilised mostly during night-time in the absence of solar
power production. Additionally, during times of high solar power
generation the RESc case cannot absorb all of the electricity
Fig. 5. Electricity consumption in 2050. RESc bar depicts the Renewables, CCSs stands
for the Carbon Capture & Storage, BAU is the Business As Usual and LCSc for the Least
Cost scenarios.



Fig. 6. Winter hourly electricity production and consumption, for a one-week period, during January 2050 for the Carbon Capture & Storage scenario.

Fig. 7. Winter hourly electricity production and consumption, for a one-week period, during January 2050 for the Renewables scenario.

Fig. 8. Summer hourly electricity production and consumption, for a typical week, during July 2050, for the Carbon Capture & Storage scenario.
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produced and this results into electricity losses of up to 5,000MWh.
Irrefutably, the RESc scenario is capable of meeting electricity needs
anytime during the winter season, as displayed in Fig. 7.

Noticeably, the summer season displays certain peculiarities in
comparison to the winter period. For instance, hourly spikes are
more pronounced in relation to wintertime, with the main
dissimilarity being that they attain about the same peak value
7

during that 7-day period. Together, the summer and the winter
periods of the RESc scenarios were characterised by considerable
hourly power losses. Of the two, during the summer period, the
RESc registered power losses in excess of 5000WMh (Fig. 9).
Whatsmore, as anticipated electricity needs in contrast to the
winter period appear inflated by 18% for the RESc and by 25% for the
CCSc (Figs. 8 and 9). The decrease of electricity production for



Fig. 9. Summer hourly electricity production and consumption, for a typical week, in July 2050, for the Renewables scenario.
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batteries and vehicles is less than 5%. Apparently, vehicle and bat-
tery charging needs do not exhibit marked differences between the
summer and the winter seasons.
Fig. 10. Carbon dioxide emissions of the electricity and the transport sectors, including
cars and buses for, year 2050, compared to actual data of 1990 and 2017. BAU refers to
the Business As Usual, LCSc to the Least Cost, CCS to Carbon Capture and Storage, and
RESc to the Renewables scenarios. The 1.5 �C Goal line indicates zero carbon emissions.
The 2 �C Goal line refers to an 85% reduction in CO2 emissions compared to 1990.
3.1.5. Future CO2 emissions and electricity cost
Due to their importance, the future CO2 emissions were esti-

mated from electricity production. It is crucial to demonstrate if
Cyprus can comfortably meet the goals set by the European Union
with regards to maintaining emissions at a level that temperature
will be constrained by 1.5 �C or 2.0 �C compared to the pre-
industrial levels. Originally, natural gas consumption was calcu-
lated for each scenario. Furthermore, based on the emissions factor
listed in the Supplementary Data, the future emissions for each
scenario were obtained with and in the absence of carbon capture
and storage. Overall emissions for each technology were deduced
from the product of the electricity production and the pertinent
emission factor. Interestingly, each scenario displays a large vari-
ability in its emission footprint.

In absolute numbers, the Least Cost scenario is expected to
release 2200kt of CO2 in 2050. Constituting the best proposition,
the BAU scenario will liberate 1785kt of CO2 during the same year.
Surprisingly, the Carbon Capture and Storage scenario produces
191kt of carbon emissions, or 11.5 times less than the LCSc (Fig. 10),
by 2050. Lastly, the renewables scenario attains zero emissions. For
the record, in 1990 the total emissions originating from the elec-
tricity sector and vehicles amounted to 2228kt of CO2. By 2017, the
emissions of the latter sectors doubled to 4663kt of CO2 [11]. The
European Union has set a goal for all its member states, in year
2050, to reduce their emissions levels, by at least 80%, compared to
1990 so as to stave off a temperature increase by 2.0 �C relative to
1990 [2]. Finally, a more aggressive goal has been set in 2019 by the
EUwhich aims to contain temperature increase by 1.5 �C, compared
to 1990 [1]. To realise this target, EU emissions must become net-
zero as attained by the RESc formulated in this study.

Brussels has set specific targets designed to arrest temperature
increase to a minimum attainable level. Two of the scenarios, that
is, the BAU and the LCSc for Cyprus fail to restrain carbon emissions
below the targets mandated by the EU. Assessing the remaining
scenarios, the CCSc yields a decrease in emissions well below the
threshold of 2.0 �C. Meanwhile, the RESc case goes one step further
to achieve the goal of constraining the temperature rise by 1.5 �C
compared to the pre-industrial levels.

Besides carbon emissions, the economic dimensions of envi-
ronmental goals are of paramount importance. Hence, for each
technology, including passenger vehicle to grid, the levelised costs
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of electricity were determined from the data supplied in the Sup-
plementary Data. As a way of making the investigation more
comprehensive, a carbon tax of 50V/t of CO2 was incorporated in
the projections. Even though the preceding carbon levy is deemed
high, it helps capture the impact of carbon tax in the event it rises
considerably. In this regard, the LCSc scenario yields electricity at
0.07V/kWh followed by the BAUwith 0.076V/kWh.When the same
carbon tax was factored in the CCSc and the RESc scenarios that
abidewith the European Commission’s goals, the costs of electricity
escalated to 0.094V/kWh and 0.115V/kWh, respectively, as shown
in Fig. 11. Thus, the RESc is 64% more expensive than the LCSc case
and 51% more costly than the BAU and, finally, 22% more pricey
than the CCSc scenario. Before concluding, carbon tax rates were
incorporated in the LCSc and compared themwith the RESc and the
CCSc cases, as can be observed from Fig. 12. Results reveal that with
a carbon tax of about 155V/t of CO2 and 245V/t of CO2, the LCSc is
more costly relative to the CCSc and the RESc cases. Finally, based
on the current value of carbon credits of 25V/t of CO2, the electricity
price for the LCSc amounts to 0.062V/kWh.

Our analysis indicates that only two of the proposed scenarios



Fig. 11. Electricity costs in 2050, for the BAU, the LCSc, the CCSc and the RESc scenarios
with a carbon tax of 50V/t of CO2.

Fig. 12. Sensitivity analysis of the electricity costs, in year 2050, based on three sce-
narios, namely, the LCSc, the CCSc and the RESc while increasing the carbon tax rates
from 20 to 250V/t of CO2.
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accomplish these goals for Cyprus. Interestingly, the Carbon Cap-
ture and Storage scenario complies with the 2 �C temperature goal
and the renewables case meet the 1.5 �C objective. Both of these
scenarios could also be applied in the context of the electricity
demand of the island.

Projections emphasise that the high amount of installed ca-
pacity as well as the high electricity losses of the RESc scenario
point out to the CCSc. This scenario utilises natural gas to com-
plement renewables, battery storage as well as passenger-vehicle-
to-grid arrangements. In 2050, installed capacity of CCSc is ex-
pected to reach 5220MW including 900MW of natural gas with
carbon storage and batteries of 400MW enabling a 2-hour storage.
Renewable energy sources will account for 75% of the total installed
capacity. Likewise, electricity production is estimated to reach
12.09TWh, the majority of it, that is, 53.6%, will derive from natural
gas and 36.7%will originate from solar power. Trailing behind, wind
generated electricity fulfils 12.4% while the remaining needs are
obtained from biomass, CSP and PV2G. It is worth mentioning that
the levelised cost of electricity will amount to 0.094V/kWh.
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The methodology presented here besides being applicable to
Cyprus, it could be suitable for other geographic regions such as
islands or remote locations. Evidently, the methods explained in
this study can help guide the transition to a 100% renewable energy
grid with the synergy of power storage and electric passenger ve-
hicles. In other words, this study may serve as a template to
enlighten other jurisdictions of the candidate technologies and
energy strategies on a path to a more sustainable future as far as
electricity costs and emissions are concerned.

4. Conclusions

Central to the efforts of the EC to mitigate the environmental
effects of climate change is the drive to slash emissions and, hence,
contain an appreciable increase in temperature. Ultimately, the
intention was to electrify all vehicles be they cars or buses. Sub-
sequently, we summarise and discuss the major contributions of
this research:

� Electricity consumption. Power utilisation was initially esti-
mated for the five main sectors: (1) agriculture, (2) lighting, (3)
commercial, (4) industrial and (5) residential, excluding battery
storage and vehicle charging. Future electricity consumption of
these sectors was projected to vary between 5.89 and 6.17TWh
to 6.31e6.90TWh and 6.41e7.34TWh for years 2030, 2040 and
2050, correspondingly. In addition, the island’s electricity con-
sumption was predicted until 2050 for all scenarios. Most
electricity consumption, or 12.98TWh, derived from the RESc
due to the constant utilisation of batteries and PV2G to satisfy a
continuous and uninterrupted power supply throughout the
day. The remaining scenarios exhibit lower electricity needs
ranging from 8.93TWh for the LCSc, 9.04TWh for the CCS and,
finally, 9.11TWh for the BAU, respectively.

� EU and national temperature goals. As it will be explained in the
sequel, Cyprus can meet the obligation to help restrain tem-
perature increase to 1.5 �C before the pre-industrial level. In
order to accomplish this target, set by the European Commis-
sion, Cyprus will need to scale renewables to 11920MWor about
40 times greater than the current installed renewable electricity
capacity. The main problem of this scenario is that during both
the winter and the summer seasons, at mid-day hours, where
higher solar power production manifests, 40% of the electricity
production will be lost because production outstrips consump-
tion at this period. If the mandatory goals implemented by the
EC were to restrain temperature increase to 2 �C compared to
the pre-industrial era, the Carbon Capture and Storage scenario
is the preferred one. Still the share of renewables will need to
increase by 13.5 times, in relation, to 2018. The Business As
Usual and the Least Emission scenarios fail to lower the total
emissions by at least 80% compared to 1990.

� Electricity costs. All four scenarios proposed in this study were
evaluated according to their electricity costs per kWh. More
specifically, at 0.07V/kWh, the LCSc yields the least costly
electricity price, followed by the BAU scenario, at 0.076V/kWh.
Remarkably, the cost of electricity for the CCSc and the RESc
cases equate to 0.094V/kWh and 0.115V/kWh, respectively,
which are about 134% and 164% more expensive compared to
the LCSc, respectively.

� Carbon tax. Part of the modelling analysis centred on the
implementation of a range of carbon taxes for the LCSc. As of
2020, the carbon tax ranged between 15.3 and 30.4V/t of CO2
[54]. This study considered a price of 50V/t of CO2. At a price of
20V/t of CO2, the LCSc yields an electricity price of 0.062V/kWh.
To match the electricity costs of the CCSc, the carbon tax will
need to surge to 155V/t of CO2. If the carbon tax price soars to
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245V/t of CO2, Cyprus will be better off at drawing all of its
electricity from the fully renewable scenario (RESc).

� Carbon emissions. Carbon dioxide emissions were one of the
focal points of this investigation. As mentioned, the renewables
scenario attains zero emissions. Referring to the Carbon Capture
and Storage scenario, it realises an exceptional reduction in
emissions with the final footprint settling to 191kt of CO2. This
figure makes-up a 90% drop in emissions compared to 1990
which was the benchmark year. In contrast, the BAU and the
LCSc fail to reduce carbon emissions compared to 1990. That is,
the LCSc produced 2200kt of CO2 and the BAU 1785kt compared
to 2228kt of carbon dioxide emissions liberated in 1990.

Concluding, even though carbon capture and storage costs are
extremely high compared to the costs in the absence of carbon
capture, the technology helps minimise emissions at relatively
moderate electricity costs.
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