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ABSTRACT

This study focuses on seawater reverse osmosis (SWRO) desalination plants in the Canary Islands
(Spain) where there are more than 320 private and public units of varying size. The objective is
to provide proposals to optimize the operation of these plants, improving energy consumption,
water quality, costs and emissions, and making the desalination process more efficient and sus-
tainable. An analysis is undertaken in this study of the carbon footprint ratios (per m* and type
of inhabitant or per m® and type of productive activity) for each of the islands as a contribution to
the decision-making process on the inclusion of renewable energy in the energy mix. The condi-
tions for the production of freshwater in each of the islands vary due to differences in the available
power technologies and the energy costs. The ecological footprint is also studied for each island.
This work shows the results of an analysis of energy efficiency and environmental footprints. The
conclusions of the study can serve as a tool to improve energy efficiency in SWRO plants. For an
annual desalinated water production in the Canary Islands of 660,000 m?/d, and considering an
energy consumption of about 3.04 kWh/m?, the calculated carbon footprint per year is 439,402 t
CO, and the ecological footprint 219,701 ha/y. Given a total population in the islands of 2,207,225
inhabitants, the ecological footprint is 0.1 ha/person/y, and the carbon footprint 0.2 t CO,/person/y.

Keywords: Reverse osmosis; Desalination; Energy mix; Energy consumption; Carbon footprint;
Ecological footprint

1. Introduction

Seawater desalination in water treatment plants has
evolved considerably over the past five decades in terms of
the processes and technologies applied and their efficiency.
Initially, the water desalination process was a thermal-
based process, but the scientific-technological advances
that have taken place today see the seawater desalination
market dominated by the process known as the reverse
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osmosis (RO) process which today accounts for 65% of
the world’s desalination water production [1,2].

The main objective of the present work is to consider
potential improvements in seawater desalination based on
the reduction of energy consumption in freshwater produc-
tion. In this regard, RO is the most suitable process due to
its low energy consumption per cubic meter of water prod-
uct and, as a result, it occupies a privileged position in the
sector. Research efforts in water desalination thus far in the
21st century have focused on advances in RO membranes,
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especially in terms of higher surface area and lower energy
consumption, as well as energy recovery systems (ERSs) to
recover the brine pressure and reintroduce it in the system
with the aim of reducing the energy consumption of the
desalination process. The operation, maintenance, and han-
dling of membranes have been studied in detail due to their
importance for energy savings, with different works show-
ing how all the processes in which they are involved can be
optimized in order to improve energy efficiency [3-5].

Energy efficiency in desalination plants depends on the
quality of the permeate water required. In the particular
case of the Canary Islands, the following permeate flows
can be confirmed, this is determined following the health
criteria for water for human consumption which are set out
in Royal Decree 140/2003 dated February 7. Of the different
ions, the highest restrictions are placed on the presence of
boron, which must be lower than 1 ppm [6-9].

In the case of the Canary Islands in terms of seawa-
ter desalination plant production, the following cur-
rent permeate flows can be confirmed: Gran Canaria
(220,870 m?/d), Tenerife (106,034 m3/d), Fuerteventura
(90,755 m?*/d), and Lanzarote (87,480 m®/d). This produces
a significant carbon footprint with respect to the overall
footprint of each island, especially on Fuerteventura and
Lanzarote. With this in mind, the possibility of introducing
renewable energies, especially wind and solar photovoltaic
(PV), for the supply of electricity to the seawater desalina-
tion plants of the Canary Islands is currently being studied
to reduce this carbon footprint and the ecological footprint
of the sector throughout the archipelago [2,5].

The electrical systems of the Canary Islands differ con-
siderably from typical continental systems in a number of
respects:

e The isolated (insular) electrical systems are small in
size. There are six different subsystems, one for each
island except for Fuerteventura and Lanzarote which
are interconnected by an underwater cable, which is
an added complication for the correct of renewable
energies.

e This, together with the scarcity on the islands of con-
ventional resources, generates a high external depen-
dence which, in turn, increases the vulnerability of the
sector to the continuous fluctuations in the price of
oil, above all for lighter fuels (gas oil), which are more
expensive than heavy fuels (fuel oil).

e The two biggest islands (the provincial capitals Gran
Canaria and Tenerife) are the only ones with steam
and combined-cycle units, while the other islands are
dependent on diesel-only units.

e The current energy model in the islands does not
meet the environmental requirements of the European
Union, particularly regarding the reduction of green-
house gas (GHG) emissions and the increase in the
presence of renewable energy sources.

e The high cost of conventional electricity generation on
the islands results in increases in the already high tar-
iff deficit, compensated by state-level subsidies.

e A lack of coordination between the different agents
responsible for energy, environmental, and territorial
matters and little collaboration between the Central

Government, the Autonomous Government, and the
different Island Governments.

e The highest energy consumption occurs in the trans-
port sector (land, sea, and air).

® An absence of energy storage systems in the archipel-
ago (except for some enclaves such as the hydroelectric
plant of La Gorona del Viento, on El Hierro island).

e Alax legislative body on environmental issues.

e Long and complex administrative procedures that delay
the implementation of energy projects, affecting above
all the installation of renewable-energy-based facilities.

The production of freshwater by an RO plant requires
the consumption of electrical energy and, in a conventional
network, when this energy is generated a certain quantity
of emissions is released in the form of GHGs [5].

With respect to energy consumption, calculation of the
carbon footprint, based on the quantity of GHG emissions,
has been carried out for decades as part of life cycle assess-
ments in the global warming potential (GWP) impact cat-
egory [10].

Application of the carbon footprint in the public and
private sector has now overtaken the so-called ecological
footprint. Several standardization processes [10] and a huge
number of publications [12-16] have raised awareness of
the carbon footprint and there are many methods to calcu-
late it [11,17-20]. Essentially, carbon footprint calculations
use tons of CO, equivalents as a measure to compare GHG
emissions on the basis of their GWP. There are many advan-
tages to translating tons of CO, (carbon footprint) into global
hectares (ecological footprint), as it allows comparison with
other demands on productive land [21].

With the aim of reducing GHG emissions, the use of
hybrid energy systems has been proposed to generate the
electrical energy required for freshwater production in the
same facility. Such hybrid systems can be based on several
types of technology, but the main objective is to obtain as
much energy as possible from renewable sources with the
back-up support of an energy storage system or a conven-
tional technology such as a diesel engine [20-24]. By way
of example, a solar PV energy generating system operating
with the back-up of a high-efficiency diesel engine could be
used to power a small SWRO plant, thus reducing the GHG
emissions associated with freshwater production. A system
of such characteristics would be very useful in hotel com-
plexes, private facilities, industries, isolated areas, etc. [25].

This study focuses on seawater reverse osmosis (SWRO)
desalination plants with feed salinities of between 38,000
and 40,000 mg/L water. The aim is to provide proposals to
optimize plant operation and increase the product water
quality while at the same time reducing energy consump-
tion, costs, and emissions, thus making the plant more
efficient and sustainable. The analysis will consider dif-
ferent design parameters of the plant and its operation,
including standard RO membrane boron rejection, depth
of water intake, temperature, working pressure, and plant
conversion and production rate. Consideration is also given
to the use of special tools or pilot systems in the plants.
The above is undertaken always taking into account and
complying with the quality criteria established by national
and European regulations on desalinated water for human
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consumption, as well as the recommendations of the
World Health Organization (WHO) [5-6].

2. Methodology

The methodology employed in this study is divided
into three subsections: energy consumption, CO, emission
factor (carbon footprint), and ecological footprint. In each
section, a formula is presented for each parameter, which
will subsequently be used in the Results section.

The possible improvements to the RO seawater desa-
lination process are analyzed in this paper not only on the
basis of certain very specific cases, as in the desalination
plants which will be described below but also considering
a very wide range of validity in terms of seawater salinity
and temperature, even at the level of a group of installations
in a territory.

The methodology that has been developed is based
on the use of a comprehensive model for the study of
energy efficiency and potable water production in pub-
lic (urban) and private (hotel and agricultural) SWRO
desalination plants, always taking into account the quality
parameters of the permeate established in Spanish Royal
Decree 140/2003.

The Toray DS2 software is employed in the SWRO
desalination plant design to run hypothetical projections
under different scenarios, using a calculator tool to obtain
all the required parameters.

The following input parameters were introduced into
the software: feedwater intake, type of membrane, feed tem-
perature, feed salt concentration, recovery, and production
rate. The output parameters were as follows: feed pressure
of the RO system, permeate quality, and power and energy
consumption (energy evaluation), which were subsequently
used to calculate the carbon and ecological footprints.

2.1. Energy consumption

The calculations are performed on the basis of the use
of state-of-the-art RO membranes whose low energy con-
sumption and high salt rejection improve the environmen-
tal impact of the process and therefore contribute to reduc-
ing its footprint. In addition, high salt rejection means an
improvement in the quality of the product water at the usual
working pressures. In this sense, Spanish Royal Decree
140/2003 dated February 7, which establishes the health
criteria for the quality of water for human consumption, is
amply complied with.

A key factor in the quality of the water produced in
desalination plants is boron rejection efficiency, which can
be increased by working with high rejection membranes,
normally at higher pressure. Using state-of-the-art RO
membranes, permeate water can be produced with less
than 1 ppm of boron in more efficient and sustainable con-
ditions than with standard membranes.

The formula for total energy consumed, which con-
siders renewable and non-renewable energy taken from
the main grid and locally generated (off-grid) renewable
energy [3,5,8], is shown in Eq. (1):

E. = Ekg + ENRg +E O

where E__is the total energy consumed, E, is grid-sourced
renewable energy, E . is non-renewable grid-sourced
energy, and E  is locally sourced renewable energy.

The carbon and ecological footprints will vary
depending on the contribution of E ,, decreasing as the
contribution of locally sourced renewable energy rises.
The energy from the electric system can be both non-
renewable (diesel, gas turbine, steam turbine, or combined
cycle) and renewable (mainly wind and PV). This equa-
tion will be used in the Results section to calculate the
energy consumption [21-25].

2.2. CO, emission factor (mix factor)

In accordance with the specific environmental impact
indicator model [10-13,21] and the formula used by Red
Eléctrica Espanola (the transmission system operator for
electricity in Spain) for emissions and the CO, emission
factor in non-renewable generation in the electricity sys-
tem for 2020, a second formula is used (Eq. (2)) to calculate
the mix factor considering all the CO, emission factors in
non-renewable technologies [25]. This will subsequently be
used in the Results section to calculate the mix factor of
each island and compare them:

MF = MF, , + ME, + MF, + MF, )
m g s cc

where, as defined by the Spanish Ministry of Ecological
Transition, MF is the emission factor of the electric
mix (tCO,/kWh), MF_, is the diesel motor mix factor
(tCO,/kWh), MF,, is the gas turbine mix factor (tCO,/
kWh), MF_ is the steam turbine factor mix (tCO,/kWh), and
MF _ is the combined cycle factor mix (tCO,/kWh).

The MF is calculated for each technology and island
on the basis of total energy consumption per island, which
is associated with the carbon footprint, and the percent-
age of a particular technology in the energy mix, including
renewable and non-renewable energies. In consequence,
the MF of a particular technology “i” per island is calcu-
lated as follows (Eq. (3)) [10-14]:

P. CE
,:Ag 3)
100 E,

where P, is the percentage use of each technology in the
energy mix, CF, is the carbon footprint of technology “i”
(tCO,), and E, is the energy consumed by each technology
(kWh).

In this way, the carbon footprint of the current energy
mix can be calculated, considering the sum of the energy
consumption of each technology and their emissions mix
factor [25]. Egs. (3) and (4) are also used in the Results sec-
tion to calculate the mix factor and carbon footprint per
island and technology [15-19].

Chyx = ZE;‘MFi 4)

where CF,
(tCO,).

s is the carbon footprint of the energy mix
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The current and future energy consumption of the
technologies of the energy mix are calculated through
Egs. (5) and (6), respectively. However, they are not used
in the Results section for this paper [3,5,19]:

E't

wix = 2 E; in the initial moment ®)

E’t\x = O_E, in the final moment (6)

To reduce the carbon footprint of the current energy
mix, renewable energies should be introduced into the mix
as much as possible, the high performance of conventional
technologies such as the diesel engine, combined cycles, or
the steam turbine, should also be maintained as these con-
sume less fuel to produce the same energy as other con-
ventional technologies, and the efficiency of the electricity
grid has to be improved [14-19,25].

With respect to the previous formulation which cal-
culates the carbon footprint of the energy mix factor, this
needs to be reduced by as much as possible through the
contribution of renewable energy as its emissions mix fac-
tor is negligible compared to conventional technologies
and tends to zero [10-14]. That is, whenever possible, the
idea is to try to introduce a higher percentage of renew-
able energies in the energy mix to reduce emissions and
the carbon footprint. It is even possible to introduce these
renewable energies in the pilot membranes that will be
discussed below to improve the overall energy efficiency
performance of SWRO desalination plants. In the future, it
is predicted that the lower the emissions, and therefore the
carbon footprint, the lower the cost per m? of product water
will be, as taxes can be waived when pollution is avoided
in this way [14-19].

2.3. Ecological footprint

Finally, after the energy consumption, mix factors and
carbon footprint, the ecological footprint is calculated on
the basis of Eq. (7) [20-25] and the values are shown in
Table 1.

As can be seen from Table 1, it is calculated that an
equivalent hectare of the planet is capable of absorb-
ing an average of 2 tons of CO, per year, understanding

the concept of equivalent hectare as that which brings
together in the described proportion all the types of
land that make up the planet and which have been
summarized as forest land, agricultural land, meadow
and grazing land, oceans and seas, deserts, and others.
The following formula (Eq. (7)) is obtained:

F F
EF - % _ CE, ><2365d _ EIx P132>< 365d %

where EI is the environmental impact (tCO,/m®), PF is the
permeate flow (m’/d), CF, is the annual carbon footprint
(tCO,/y), CF, is the daily carbon footprint (tCO,/d), and EF
is the ecological footprint (ha/y).

We know that the dispersion of CO,, a GHG, is hetero-
geneous and global, although the sources of production
are more intense in certain land areas colonized by human
population centers.

A new concept can be considered in reference to CO,
absorption, which can be termed the useful surface area of
the planet, comprising forest land, agricultural land, live-
stock land, surface waters, and marine and coastal vegeta-
tion (therefore excluding deep waters, deserts, and other
types of the surface not cataloged), which are those that
most contribute to the absorption of carbon.

If we estimate the world population at 7.2 bil-
lion people and consider that the useful surface area is
12,190.14 million ha, assuming that there is currently an
acceptable population situation for the planet, by distribut-
ing the population evenly the useful surface area for each
individual would be 1.69 ha/person/y [24].

3. Results

In a general analysis of energy consumption by plant
components, it is well-known that if membrane replace-
ment is not carried out energy consumption increases
progressively. This can be seen in Table 2, constructed on
the basis of the calculations and design specifications of
the Toray membrane manufacturers. An average operat-
ing flow is estimated at 16 LMH, with beach well intake or
pre-treatment with ultrafiltration membranes, along with a
recovery rate of 45% and a feed salinity of 39 g/L, normal
in the area.

Table 1
Average and equivalent CO, absorption per hectare of different surface categories of the planet using surface area equivalence
factors [25]

Surface category Average absorption Surface area % ABS. Equivalent hectares Equivalence factor

(tCO,/haly) (million ha) (tCO,/haly) f)

Forest 19.35 3,858.10 7.56 1.46 9.66

Crop 8.09 1,958.32 3.84 0.31 4.04
Meadow/grazing 2.44 3,363.72 6.59 0.16 1.22

Ocean 0.10 36,010.00 70.60 0.07 0.05

Desert 0.00 3,600.00 7.06 0.00 0.00

Other 0.00 2,217.06 4.35 0.00 0.00

Total 51,007.20 2.00 1.00
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As commented in section Methodology, the Toray DS2
software was used to run hypothetical projections under
different scenarios, using a calculator tool to obtain all the
required parameters. The worst-case scenario of energy
consumption is considered as the lowest feedwater tem-
perature in the Canary Islands (17°C) and the TM820K-440
membrane. This element had high salt rejection (99.86%)
and a permeate flow of 24.2 m3/d under the test conditions
of 55.2 bar, a recovery rate of 8%, and feedwater charac-
teristics of 32,000 ppm NaCl. The other element used in
the projections, the TM820V-440, resulted in lower energy
consumption, with 99.80% of salt rejection and 37.5 m’/d
of permeate flow under the same test conditions. The pore
of the flat sheet membrane in the TM820K-440 is smaller
than in the TM820V-440 and, as a result, the former pro-
duces permeate water with higher quality while the latter
has lower energy consumption.

Table 2
Pressure, power, and energy consumption at 17°C with the
TM820K-440 membrane element

It can be seen from Tables 2 and 3 that, in 5 y of oper-
ation, the working pressure is considerably higher at the
lowest feedwater temperature (17°C) than at the highest
(27°C) and that consequently, the energy consumption is
also higher. In the lower energy consumption case (with
the TM820V-440 element), the calculations incorporated
an ERS to further reduce energy consumption at the high-
est temperature of around 27°C (Table 3).

To calculate the MFs of each island per technology
(Table 4), it is necessary to first find the energy
consumption through Eq. (1) (see section Energy con-
sumption) and then use Egs. (2) and (3) (see section CO,
emission factor (mix factor)). Regarding energy consump-
tion, in Gran Canaria 8.1% of the energy required to pro-
duce 1 m? of potable water comes from renewable energy
sources which generate no CO, emissions. The corre-
sponding value in Tenerife is 7.7%, in Lanzarote 4.6%, in
Fuerteventura 5%, in La Palma 10%, in La Gomera 0.7%,
and in El Hierro 45.4%. For the Canary Islands as a whole,
renewable energy sources are responsible for 7.56% of the
total energy consumed [3,6,25]. In Gran Canaria, 45.1%
of the non-renewable energies come from steam turbine,

Year Pressure Power (kW)  Energy consumption 45.2% from combined cycle, 7.8% from diesel motor, and
(bar) (KWh/m?) the other 1.8% from gas turbine technologies. Bearing
in mind that 91.9% of the total energy is non-renewable,
0 7111 23,511.23 5.643 this means that 41.5% of the total energy consumed is
1 72.77 24,060.57 5.775 generated by the island’s steam turbine plant [25].
2 74.56 24,650.69 5.916 Table 5 shows the carbon footprints results calcu-
3 76.13 25171.11 6.041 lated through Eq. (4) and the ecological footprint per
4 7762 25,662.76 6.159 m® of permeate water produ}fedh (EF,) and for t}ie low-
est energy consumption with the TM820V-440 element.
5 79.06 26,140.34 6.274 Table 6 shows the results of the same calculations, but for
Table 3

Pressure, power, and energy consumption values at 27°C with the TM802V-440 membrane element

Year Pressure (bar) High pressure pump power (kW) ERS power (kW) Booster (kW) Energy (kWh/m?)
0 57.69 9,168.26 7,908.69 479.10 2.200
1 58.07 9,226.44 7,962.37 480.20 2.214
2 58.45 9,285.33 8,016.83 481.30 2.229
3 58.77 9,334.34 8,062.14 482.10 2.240
4 59.06 9,378.71 8,103.15 482.90 2.251
5 59.34 9,420.35 8,141.62 483.70 2.261

Thus, Table 2 show at the lowest temperature (17°C) and after 5 y of operation, the highest energy consumption (6.274 kWh/m?) with the
high salt rejection element (TM820K-440), and Table 3 show at the highest temperature (27°C) and at start-up, the lowest energy consumption
(2.200 kWh/m?) with the low energy consumption element (TM820V-440).

Table 4

Mix factor for each non-renewable technology used in the Canary Islands and broken down by island. Year 2017

Mix factor (MF) per non-renewable technology in the Canaries (kgCO,/kWh)

Technology Gran Canaria Tenerife Lanzarote Fuerteventura LaPalma LaGomera ElHierro Canary Islands
Steam turbine 0.3736 0.3370 - - - - - 0.2775
Gas turbine 0.0185 0.0421 0.0170 0.1632 0.0030 - - 0.0382
Diesel motor 0.0468 0.0529 0.6098 0.5246 0.5847 0.6466 0.3561 0.1646
Combined cycle  0.2492 0.2566 - - - - - 0.1974
Total 0.6881 0.6886 0.6267 0.6878 0.5877 0.6466 0.3561 0.6776
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Table 5
Carbon footprint and ecological footprint per cubic meter of permeate water produced for the lowest energy consumption case

Carbon footprint (CF) kgCO,/m?* and ecological footprint (EF ) m*m?® for lowest energy consumption case

Technology Gran Canaria Tenerife Lanzarote Fuerteventura LaPalma LaGomera ElHierro Canary Islands
CF5y0%R 1.5558 15569 14170 1.5551 1.3288 1.4620 0.8051 1.5321
CF 5y 10%R 1.5455 1.5466 1.4076 1.5448 1.3200 1.4523 0.7998 1.5219
CF 5y 15%R 1.5400 1.5411 1.4026 1.5393 1.3153 1.4471 0.7970 1.5165
CF 5y 20%R 1.5338 1.5349 1.3969 1.5331 1.3100 1.4413 0.7937 1.5104
EF 5y 0%R 7.6234 7.6289 6.9431 7.6201 6.5111 7.1636 3.9452 7.5071

EF, 5y 10%R
EF, 5y 15%R
EF, 5y 20%R
EF 5y 0%R 7.5728 7.5783 6.8971 7.5695 6.4679 7.1161 3.9190 7.4573
EF, 5y 10%R
EF, 5y 15%R
EF 5y 20%R
EF 5y 0%R 7.5458 7.5513 6.8725 7.5426 6.4448 7.0907 3.9051 7.4307
EF, 5y 10%R
EF, 5y 15%R
EF, 5y 20%R
EF_ 5y 0%R 7.5155 7.5210 6.8449 7.5122 6.4189 7.0622 3.8894 7.4008
EF, 5y 10%R
EF, 5y 15%R
EF, 5y 20%R

Table 6
Carbon footprint and ecological footprint per cubic meter of permeate water produced for the highest energy consumption case

Carbon footprint (CF) kgCO,/m? and ecological footprint (EF, ) m?m?® for highest energy consumption case

Technology Gran Canaria Tenerife Lanzarote Fuerteventura LaPalma LaGomera ElHierro  Canary Islands
CF 5y 0%R 4.3171 4.3203 3.9319 4.3153 3.6872 4.0568 2.2342 4.2513

CF 5y 10%R 4.1981 4.2011 3.8235 4.1963 3.5856 3.9449 2.1726 4.1340

CF 5y 15%R 4.1362 4.1392 3.7671 41344 3.5327 3.8867 2.1405 4.0731

CF 5y 20%R 4.0708 4.0738 3.7076 4.0690 3.4768 3.8253 2.1067 4.0087

EF, 5y 0%R 21.1540 21.1694  19.2664 21.1448 18.0674  19.8782 10.9474 20.8312

EF, 5y 10%R
EF, 5y 15%R
EF, 5y 20%R
EF, 5y0%R 205707 205856 187351  20.5617 175692 19.3300 106456  20.2568
EF, 5y 10%R
EF, 5y 15%R
EF, 5y 20%R
EF,5y0%R  20.2672 202820 184588  20.2584 173101 19.0449 104885  19.9580
EF, 5y 10%R
EF, 5y 15%R
EF, 5y 20%R
EF,5y0%R  19.9469 199614 181670  19.9382 17.0365 187439 103228  19.6425
EF, 5y 10%R
EF, 5y 15%R
EF, 5y 20%R
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Table 7

Energy consumed, carbon footprint, ecological footprint, and carbon factor per island and cubic meter of product water. Year 2013

Desalination capacity, energy consumption, carbon factor, carbon, and ecological footprint

Gran Canaria Tenerife Lanzarote Fuerteventura La Gomera El Hierro
Desalination capacity m®/d 221,009 106,185 87,457 90,644 2,000 5,454
kWh/m? 3.28 2.27 3.23 3.38 3.04 3.08
Energy consumption kWh/d 724,910.80 241,038.60 282,486.42 306,377.10 6,080.00 16,798.00
Carbon footprint tons/d 498.79 165.98 177.04 210.74 3.93 598
Factor CO,/m? 0.0023 0.0016 0.0020 0.0023 0.0020 0.0011
Ecological footprint ha/d 244 .41 81.33 86.75 103.26 1.93 2.93
o
g
: . Production = 30000 m3,/d
Qi:, 30000 m3/d > Production = 10000 m3/d
'.' 10000 m3/d > Production > 5000 m3/d
3 5000 m3/d_= Production > 1000 m3/d
. 1000 m3/d_= Production

Fig. 1. Most significant seawater desalination plants in the Canary Islands (Spain) (2019).

the TM820K-440 element. In addition, partial replacements
(ranging between 0% and 20%) of RO membranes per year
are considered.

Table 7, using the SWRO plant production values of
Fig. 1 and the results given above, shows the energy con-
sumed (kWh) per m® of product water in each island, the
carbon footprint, ecological footprint, and the carbon factor
per island and m? produced [3,5,25].

Energy consumption was calculated by multiplying the
desalination capacity of each island by the consumption
per kWh/m® of permeate water. This consumption value
(kWh/m?®) was obtained after considering the characteristics
of the desalination plants in each island and the different
ERSs installed (http://www.fcca.es).

For an annual desalinated freshwater production in
the Canary Islands of approximately 660,000 m’/d and
considering an average energy consumption of 3.04 kWh/
m?® with brine energy recovery devices, a carbon foot-
print is obtained of 1,203.84 tCO,/d (439,402 tCO,/y).
Following this same criterion and using a global coeffi-
cient of the ecological footprint for its calculation [22-25],
a value of 219,701 ha/y due to the production of desali-
nated water in the Canary Islands is obtained. Divided by
the population of the Canary Islands (2,207,225 habitants),

this ecological footprint corresponds to 0.1 ha/person/y
and the carbon footprint to 0.2 tCO,/person/y.

The carbon and ecological footprints calculated above
correspond solely to desalination in the Canary Islands.
If this calculation is extended to the total annual consump-
tion of 8,878,271 MWh in all the sectors of the archipelago
in 2019, and considering an average value of 0.6 tCO,/MWh
[25], it is estimated that 5,326,963 tCO,/y can be emitted,
which corresponds to 2.4 tCO,/person/y. Fig. 1 shows the
most important plants in the Canary Islands in terms of
size that produce most of the aforementioned ecological
footprint.

4. Conclusions

Both the cost and the energy required in the reverse
osmosis desalination process depend on the water qual-
ity required, the type of membrane used, and the age of
the elements. Due to this, it is very important to select the
most appropriate membrane in the plant with low energy
consumption and replacement rate.

The methodology proposed in this paper was divided
into three sections: energy consumption, CO, emission fac-
tor (carbon footprint), and ecological footprint. A formula
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is presented in each section to calculate the corresponding
parameter per island and technology. The proposed meth-
odology can be used to achieve stable operation while
reducing the greenhouse gas emissions associated with
freshwater desalination production.

Energy consumption decreases with both increasing
feedwater temperature and decreasing feedwater salinity.
Whenever possible, it is of interest to introduce a higher
percentage of renewable energies into the energy mix to
reduce emissions and the carbon footprint. Energy con-
sumption also decreases if low energy consumption RO
membranes, along with partial replacements per year, and
ERSs are incorporated.

The desalination-sourced carbon footprint (0.2 tCO,/
person/y) and ecological footprint (0.1 ha/person/y) in
the Canary Islands are considerable for a surface area
of 749,300 ha and a population of 2,207,225 inhabitants.
These very high carbon and ecological footprints need
to be lowered through the incorporation of more renew-
able-sourced energy to improve the environmental condi-
tions of the archipelago.
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