H membranes

Article

Study of the Ecological Footprint and Carbon Footprint in a
Reverse Osmosis Sea Water Desalination Plant

Federico Leon *'2, Alejandro Ramos-Martin

check for

updates
Citation: Leon, F.; Ramos-Martin, A.;
Perez-Baez, S.0. Study of the
Ecological Footprint and Carbon
Footprint in a Reverse Osmosis Sea
Water Desalination Plant. Membranes
2021, 11, 377. https://doi.org/
10.3390/ membranes11060377

Academic Editor: Andréa

Moura Bernardes

Received: 26 April 2021
Accepted: 17 May 2021
Published: 21 May 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Sebastian Ovidio Perez-Baez

Process Engineering Department, Universidad de las Palmas de Gran Canaria,
35001 Las Palmas de Gran Canaria, Spain; alejandro.ramos@ulpgc.es (A.R.-M.);
sebastianovidio.perez@ulpgc.es (S.0.P-B.)

* Correspondence: federico.leon@ulpgc.es; Tel.: +34-686169516

Abstract: The water situation in the Canary Islands has been a historical problem that has been
sought to be solved in various ways. After years of work, efforts have focused on desalination of
seawater to provide safe water mainly to citizens, agriculture, and tourism. Due to the high demand
in the Islands, the Canary Islands was a pioneering place in the world in desalination issues, allowing
the improvement of the techniques and materials used. There are a wide variety of technologies
for desalination water, but nowadays the most used is reverse osmosis. Desalination has a negative
part, the energy costs of producing desalinated water are high. To this we add the peculiarities of
the electricity generation system in the Canary Islands, which generates more emissions per unit of
energy produced compared to the peninsular generation system. In this study we have selected a
desalination plant located on the island of Tenerife, specifically in the municipality of Granadilla
de Abona, and once its technical characteristics have been known, the ecological footprint has been
calculated. To do this we have had to perform some calculations such as the capacity to fix carbon
dioxide per hectare in the Canary Islands, as well as the total calculation of the emissions produced
in the generation of energy to feed the desalination plant.
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1. Introduction

Canary Islands water demand has been a historical problem solved by desalination.
Due to this Canary Islands was a pioneering place in the world in desalination issues,
allowing the improvement of the techniques and materials used.

Desalination has a negative aspect, in that the energy costs of producing desalinated
water are high. Moreover, it is necessary to add the peculiarities of the electricity generation
system in the Canary Islands, which generates more emissions per unit of energy produced
compared to the continental generation system.

In this study, our objective is to select a desalination plant to study this desalination
procedure and energy consumption. It is located on the island of Tenerife, specifically in
the municipality of Granadilla de Abona, one seawater reverse osmosis plant very well
known by us including their technical characteristics to take it as example and to study the
ecological footprint.

To do this we have had to perform some calculations such as the capacity to fix carbon
dioxide per hectare in the Canary Islands, as well as the total calculation of the emissions
produced in the generation of energy to feed the desalination plant.

Literature Review

The ecological footprint (EF) is a measure of the area of biologically productive land
and water that is required for an individual or an activity to produce all the resources it
consumes and to absorb the waste it generates, using prevailing technology and resource
management practices [1].
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The EF is defined as the total ecologically productive area necessary to produce
the resources consumed by an average citizen of a given community, as well as the one
necessary to absorb the waste that this generates, without regard to the location of these
areas. The ecological footprint corresponds to the area of ecologically productive territory
(crops, pastures, forests, or aquatic ecosystem) necessary to produce the resources used
and to assimilate the waste produced by a defined population with a specific standard of
living indefinitely, wherever this area is located [2].

It will therefore be a variable directly proportional to resource consumption and
population, as well as to waste generation, so we could say that the ecological footprint is
responsible for determining which productive soil area is necessary to maintain a specific
population indefinitely, wherever the soil is located, highlighting the territorial character
with respect to the population [3].

The latest results from the National Footprints Accounts (NFA) 2018 Edition for the
year 2014 indicate that humanity’s EF is 1.7 Earths, and that global ecological overshoot
continues to grow. While improved management practices and increased agricultural
yields have assisted in a steady increase of Earth’s biocapacity since 1961, humanity’s EF
continues to increase at a faster pace than global biocapacity, particularly in Asia, where
the total and per capita EF are increasing faster than all other regions [4].

Situations in which total demand for ecological goods and services exceed the available
supply for a given location, are called ‘overshoot’. ‘Global overshoot” indicates that stocks
of ecological capital are depleting and/or that waste is accumulating. As the methodology
keeps being improved, each new edition of the NFA supports the findings of a global
overshoot [5].

Global Footprint Network’s National Footprint Accounts, supported and used by
more than 70 major organizations worldwide, contain the most widely used national ac-
counting methodology today. The National Footprint Accounts calculations are undergoing
continuous improvement as better data becomes available and new methodologies are
developed [6].

The ecological footprint computes the yields per unit of surface of the primary product
flows to find the area necessary to be able to carry out a certain activity. Biological capacity
or biocapacity is the supply created by the biosphere, this implies the measure of the
amount of biologically productive land and the maritime zone available to provide the
services of the ecosystems that humans consume [7].

A reduction in energy consumption will have a direct impact on environmental im-
provement and we study this through the carbon footprint produced by these desalination
plants and their ecological footprint, the latter as a future line of action [8,9].

Energy consumption and urban population reveal moderate increasing returns to
scale, while GDP per capita exhibits decreasing positive returns [10,11].

Canary Islands and island areas in general are very complicated about ecological
footprint due to the traits that are geographical isolation and scarce resources. Therefore
emphasizing the sustainability of the Canary Islands’ ecological systems is a key step for
achieving sustainable development goals [12].

It is important to study the challenges of calculating the ecological footprint of Ca-
nary Islands, because they are areas smaller than the continental territory. Ecological
footprint analysis provides a useful tool for measuring the environmental load of urban
restructuring [13].

Both footprint and biocapacity are estimated for different uses of the territory and
can account for the variation in estimated average territorial productivity for different
purposes, therefore they are expressed in terms of average global hectares, territory or
biologically productive maritime zone, this unit of measure being the global hectare (Gha).
A global hectare will have productivity equal to the average productivity of the 11.2 million
bio productive hectares on the planet. Productivity does not refer to the rate of biomass
production, such as net primary production (PNP). In this case, productivity is the potential
to achieve maximum agricultural production with a certain level of inputs. Thus, a hectare
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of highly productive land is equal to more global hectares than a less productive hectare of
land. Global hectares are standardized so that the number of hectares of land and sea on
this planet is equal to the defined global number of hectares [3]. Thanks to this concept
of global hectares, it is possible to compare the ecological footprint and biocapacity of
different countries of the globe with different farmland, grazing lands and forests. The
conversion factors applied to achieve this purpose are equivalence factors (constant for all
countries and for a given year) and performance factors (country-specific and year-specific);
translate each of the hectares of biologically productive areas into global hectares.
Equivalence factors represent the global average productivity potential of a given bio
productive are considering the concept of global average productivity of total bio produc-
tive zones. The equivalence factors of farmland, forests, grasslands, and infrastructure-
occupied areas are derived from the global indices established by Global Agri-Ecological
Zones (GAEZ) 2000, a spatial model of the potential of agricultural yields (Table 1).

Table 1. Average and equivalent CO, absorption per hectare of the different surfaces of planet Earth. Surface area

equivalence factors [8].

Category by Surface ABS Average Surface o Abs. Gha Equivalence
(tCOy/halyear) (Millions ha) Equivalent (tCOy/ha/year) Factor (fi)

Forests 19.35 3858.10 7.56 1.46 9.66
Crops 8.09 1958.32 3.84 0.31 4.04
Meadows and pastures 244 3363.72 6.59 0.16 1.22
Oceans, seas, etc . . . 0.10 36,010.00 70.60 0.07 0.05
Deserts 0.00 3600.00 7.06 0.00 0.00
Others 0.00 2217.06 435 0.00 0.00
Total Surface 51,007.20 2.00 1.00

This factor describes the possible achievable yield by crops in an area with a theoretical
assumption of inputs such as water and fertilizers, regardless of management practices or
types of biomass production.

Performance factors in each country seek to quantify the relationship between a
biologically productive zone and the global average of the same bio productive zone. In
other words, it implies the relationship between the production of goods in a given category
of a country, nation, or territory, with their national yields and the amount of territory
that would have to be established to produce the same goods with average global yields;
therefore, each country has its own set of performance factors, which must be recalculated
each year [8,9].

The performance factor reflects the prevailing technology and management practices
in the territory, as well as the productivity of domestic renewable resources. If agricultural
production per hectare in a country depends on soil fertility as well as farming methods, the
yield factor will reflect the national average with subsequent weighting of existing climatic
zones. Given that there are many countries that have different and marked climate zones,
it is necessary to reflect with greater resolution the accuracy of their actual productivity
in regional or local analyses; recalculating, as far as possible, the performance factors to
reflect the circumstances of each place. From an operational point of view, the procedure
for calculating the ecological footprint in the strict sense is based on three stages.

In the first stage the average annual consumption per person of the specific goods to
be considered is estimated, it is classified consumer goods into five main categories: food,
housing, consumer goods, transport, and services. Having access to regional or national
data and dividing consumption by the number of inhabitants.

Second, the appropriate area per capita (aa) is estimated to produce each type of good.
This is done by dividing the average annual consumption of each good (in kg/per capita)
by the average annual productivity per Gha (p; en kg/Gha):

aaj = ¢ /p; )
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After this, we obtain the total ecological footprint per capita by adding up all the
biologically productive areas for the n goods and services:

HE = SH aa; (2)

Finally, we obtain the total ecological footprint of a particular population, this being
the product of the previous expression by the total number of inhabitants N:

HEr = N x HE )

This way one can calculate the ecological footprint [6-8].

First, the main advantage of ecological footprint as an indicator is in the simple unit of
measurement of this, the hectare, which allows us to make comparisons between different
footprints in different places in the world. Thus, we can compare the cost of producing
one kilogram of tomatoes with the cost of consuming one liter of kerosene. Therefore,
the ecological footprint gives that easy comparison between products or services no less
antagonistic. We can list many advantages:

e It defines sustainability objectives in specific and measurable terms by providing great
information to Nongovernmental Organizations (NGOs) and governments to establish
sustainability-oriented measures, creating a meaningful context for decision-making.

e  See the areas where there is the greatest room for improvement in reducing consump-
tion and promoting sustainability. Once the mostly guilty camps have been analyzed,
the ecological footprint also allows us to examine the costs of reducing it.

e It develops activities that maintain the citizen’s interest in ensuring a sustainable
future. It is a concept that is easily conveyed and helps to raise awareness of the
importance of sustainability and promote initiatives or actions for it. This footprint
provides more information to existing sustainability projects.

o  Create strategies to speed up the process. It promotes the reduction of the ecological
footprint by improving the quality of life of people. Create a platform to be able to
properly plan important topics such as the field of housing, transport or energy and
its infrastructures.

As for the disadvantages, the calculation of the ecological footprint is complex and
limits its handling. As for the statistical methods used, they have been quite criticized
because they require acceptance of many hypotheses, many questionable.

It is also an indicator designed for use at the national level, as it is the way in which
reliable data is obtained and handled for the calculation being more difficult to ensure the
reliability of these at the regional level. The data in question are imports and exports, food
consumption, global energy consumption, etc.

This indicator rewards the replacement of original ecosystems with high productivity
agricultural monocultures so that biocapacity per hectare increases. In this way it im-
plies that organic agriculture, which has lower productivity, produces a higher ecological
footprint than intensive crops.

On the other hand, it should be noted that no other impacts are counted such as water
pollution, erosion, soil pollution, air pollution (except CO5).

Finally, this indicator assumes that soil productivity on farms and livestock does
not decrease over time; obviously if it decreases, using these itself and by erosion and
pollution [8-10].

2. Materials and Methods

In this section it is described the methods of calculation of the ecological footprint in
the Granadilla de Abona desalination plant. The production of desalinated water, with all
the daily tasks that come with its production generate an impact on its environment, from
the capture of seawater, the consumption of electricity, the generation of waste, the use of a
surface of land for this purpose, the generation of gases such as CO, in the generation of
electricity consumed, etc.
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In the Canaries it is necessary the desalination of large amounts of water to allow the
development of the islands considering that almost all the electricity produced is from fossil
fuels, it is about converting oil into water on a planet that demands to reduce emissions.
So, we can see that it is about solving local CO, problem, water scarcity, helping to worsen
a global problem such as air pollution. The Canary Islands” dependence on fossil fuels is
extremely high due to its status as islands and because it does not have facilities such as
gas storage or nuclear power plants, to give some examples. Altogether, water desalination
in the Canary Islands means more than 770,000 MWh, equivalent to more than 180,000 tons
of fossil fuels each year (3600 barrels per day), at a cost of more than 100 million euros each
year and the emission of more than 450,000 tons CO, into the atmosphere each year [11].
Only 5.6% of energy production in the Canary Islands is produced by renewable energy
sources. As the Canary Islands, a region with resources such as wind or sun, it is vitally
important to study how to apply these energy sources in the desalination process to reduce
energy demand from other non-renewable sources [14-16].

The impact of brine discharge and greenhouse gas emissions need to be estimated
in a full valuation based on the consequences on the natural environment and on the
basis of technology. In the Canary Islands, the preservation of marine habitats is of vital
importance due to their economic and social transcendence, since tourism is the main
economic source of the islands, as well as the importance of fishing, albeit to a lesser extent,
than the previous sector.

Landscape degradation is difficult to reverse, so it is very important to minimize any
damage to the environment.

The loss of biocapacity related to brine discharges directly affects reducing biodiversity
on the coasts in the face of physical-chemical modification of the marine environment, or in-
directly, by reducing catches in fisheries and by decreasing and losing habitats and species.

The methodology to calculate the carbon footprint of the current and future energy
mix, considering the sum of the energies of each technology and its emissions mix factor is
the following [8]:

HCwmix = ZE; FM; 4)

The current energy and future energy of the technologies of the energy mix are
the following:
E'tyvix = ZE; in the initial moment (5)

E?tyx = XF; in the final moment (6)

being HCyprx: carbon footprint of the energetic mix (tCO,), Eltyix: actual energy of the
energetic mix technologies (kWh), E?tyqrx: future energy of the energetic mix technologies
(kWh), E;: energy of each technology (kWh), Py: percentage of use of each technology in the
energetic mix and FM is the factor mix, calculated for each technology and island with the
total consume of energy per island, associated to the carbon footprint and the percentage of
one technology in the energetic mix, including renewable and non-renewable energies [8].

Energy Analysis, Costs, and Emissions of Desalinated Water in the Canary Islands

The cost of desalination is quite high when compared to freshwater exploitation where
energy is only consumed when pumping water from where the consumer is extracted. In
the Canary Islands there is a predominance of the use of reverse osmosis, this process being
77% of the total desalinated water [13].

In the process of desalination of water by reverse osmosis energy is consumed in the
pumping system, the operation before treatment and to generate pressure in the reverse
osmosis stage, this being the most important process. High energy costs include the
consequent environmental impact on energy generation, where greenhouse gases are
emitted.

At the end of 1970, the first reverse osmosis desalination plants consumed up to
20 kWh/m?3. Over the years this process was perfected, getting better materials, more
efficient membranes, the use of energy recovery devices, etc. It managed to reduce energy
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consumption to about 3.5 kWh/m?3 in the late 1990s. Today the energy consumption is
technically possible to place it below 2 kWh/m?.

In short, energy is the highest cost component in the operation of a reverse osmosis
desalination plant and at the same time is the factor with the greatest potential for cost
reduction. The amount of energy in the overall computation of a reverse osmosis plant
varies depending on its operating and location parameters. In our case we will make an
average estimate of values to obtain the consumption of our Granadilla desalination plant.

Below is a graph of the typical distribution of total energy cost in reverse osmosis
desalination plants. It is noted that the largest contribution is directly related to the high-
pressure pumping required by this technology, with 84.4%.

The production costs of one cubic meter of desalinated water are conditioned by
several factors: facility depreciation, maintenance, chemicals, personnel, taxes, membrane
change and energy; the latter is the most decisive part of the overall analysis of investment
in the production of desalinated water in the Canary Islands assuming 41% of the total
costs. Next, we will look at a graph of the factors and their percentage in the final cost of
desalinated water [11].

As mentioned above the model of electric production in the Canary Islands is almost
entirely produced from fossil fuels. In the case of the conventional generator park, a yield
of between 32% and 36% is estimated; emissions related to an average thermal power plant
are estimated by the public administration in 0.402 kg CO,/kWh [14].

When calculating the actual energy consumption of desalinations in the Canary Islands
we are faced with a complicated task due to the lack of information and we will have to
approximate some values to have a good perception of reality and allow us to propose
alternative scenarios to reduce the ecological footprint.

It should be noted that desalinated water is produced on the coast, so it will then have
to be pumped and stored for later distribution so that the energy bill increases by 1 or
2 kWh more for every 1000 L, as well as water losses and subsequent water purification.

According to data provided by the Directorate-General for Industry (DGIE) it is
obtained that the average specific energy consumption is at 4.89 kWh/m?3 [6].

Below will be a table with the energy consumption of each island and the percentage of
this energy used for desalination. It is necessary to consider that it is based on data present
in the Energy Statistics of the Canary Islands along with information of the hydrological
plans of each island. It should also be clarified that we start from an assumption in which all
desalinated water is performed by reverse osmosis, when a large part is, but a small amount
is desalination or other techniques. Finally, let us determine an average consumption of
4.89 kWh/m?3 (Table 2).

Next, let us study the emission coefficients that are assigned to the power generation
on each of the different islands. Firstly, we have observed the emissions data provided by
Endesa Generation, which is the company that has a monopoly on power generation in the
Islands from power plants that use fuel for it. The fact is 0.31 kg CO, /kWh [17].

Subsequently we have consulted the emission values on the Spanish Electric Network
website and obtained values for each of the islands separately. To obtain an average
emissions data from power generation, we will select all daily emission coefficients per
island, taking a value every two hours, and obtaining the daily average of a random
working day to be able to further approximate this emission coefficient. Specifically, we
will select 6 October 2020. We will tabulate these values in Table 3 to get the exact value in
each case.



Membranes 2021, 11, 377

7 of 14

Table 2. Energy consumption of desalination in the Canary Islands.

Data of the Year 2015 Except Those
of Tenerife (2012)

Energy Used to Desaturate

. . . 3
Annual Gridded Energy (GWh) Desalinated Water Production (hm-) with 4.89 KWh/m? (GWh)

Percentage of Energy Used to
Desalinate (%)

Gran Canaria
Tenerife
Lanzarote
Fuerteventura
La Gomera
El Hierro

3376.68 78.15 382.15
5571.04 26.64 130.27
817.23 244 119.32
640.79 79.78 390.12
69.23 6.07 29.68
42.99 1.37 6.7

11.31%
2.34%
14.6%

60.88%

42%

15.56%
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Table 3. Emission coefficients per island (t CO, /MWHh.) of the 13 October 2020.

Time (h) Gran Canaria Tenerife Fuerteventura Lanzarote La Gomera El Hierro
1:00 0.503 0.437 0.604 0.637 0.747 0.591
3:00 0.562 0.441 0.649 0.699 0.738 0.453
5:00 0.584 0.5 0.658 0.671 0.75 0.453
7:00 0.682 0.468 0.594 0.663 0.753 0.564
9:00 0.758 0.571 0.593 0.78 0.656 0.564
11:00 0.721 0.427 0.591 0.778 0.672 0.637
13:00 0.766 0.453 0.568 0.753 0.68 0.61
15:00 0.776 0.429 0.657 0.752 0.688 0.637
17:00 0.730 0.480 0.713 0.791 0.671 0.75
19:00 0.738 0.650 0.637 0.823 0.658 0.702

21:00 0.717 0.708 0.874 0.769 0.725 0.66
23:00 0.596 0.636 0.666 0.639 0.718 0.703
1:00 0.568 0.629 0.836 0.605 0.729 0.625
Average value 0.669 0.525 0.665 0.72 0.706 0.612

Based on what is obtained in Table 3, we can see how the coefficient of emissions by
the generation of energy in the Canary Islands is between values of 0.5 and 0.7 t/MWHh,
highlights that the island of Tenerife has the lowest coefficient, enhanced by the presence
of more efficient and less polluting energy generation systems along with the presence of
CO; renewables. On the opposite hand in Lanzarote and La Gomera we have coefficients
of approximately 0.7 t/MWhCO,, partly due to polluting generation systems and a low
presence of renewable energy. It should be noted that these measurements have been made
for a specific day and no aspects related to meteorology have been thoroughly analyzed
that can condition the amount of energy generated cleanly through renewables, but if it
is a value very close to the actual situation of the islands throughout the year. By taking
this data on the same day for each island we ensure that there is equality or parity in
the climate aspect in the archipelago which makes energy generation through renewables
equitable. Finally, it is worth highlighting the value of 0.525 t/MWh, which corresponds to
the emission factor of the island of Tenerife and is the one that we will use as a reference
when CO,; performing our calculations later [18].

Below is a table of emissions related to desalination on each of the islands considering
the coefficient related to energy generation in each of the different islands calculated above
(Table 4).

According to the estimates made with the data provided by the hydrological plans of
the Canary Islands and the Energy Statistics of the Canary Islands it is obtained that the
annual production of desalinated water in the Canary Islands is 216.41 hm?, for which it is
necessary to use 1,058,240 MWh. Generating this volume of desalinated water generates a
total of 694,445 tons of CO,.

About the calculation method of the ecological footprint of the Granadilla desalination
station in Abona, the impact associated with natural resource consumption and waste
production shall be determined based on emissions from CO, each consumption or type of
waste produced by the desalination plant. These emissions into the environment will then
be translated into canary forest area necessary to assimilate them (Table 5).
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Table 4. Desalination emissions in the Canary Islands CO; in 2015.

Data of the Year 2015 Except Those of Tenerife

Desalinated Water Production (hm?3)

Energy Used to Desaturate with
4.89 kWh/m® (kWh)

Desalination Emissions CO, by Island (t)

Gran Canaria 78.15 382.15 x 100 255,658.4
Tenerife 26.64 130.27 x 100 68,391.8
Lanzarote 24 .40 119.32 x 100 85,910.4
Fuerteventura 79.78 390.12 x 10° 259,429.8
La Gomera 6.07 29.68 x 100 20,954.1
El Hierro 1.37 6.70 x 10° 4100.4
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Table 5. Impact desalination plant.

Consumption of Natural Resources Waste Production
Electricity Reverse osmosis membranes
Construction desalination plant Brine spills

Emission factors obtained from various sources are used for the calculation of the
CO, emissions, some of which have been discussed above. To calculate directly from
consumption, in some cases emissions are obtained by multiplying consumption by emis-
sion factors. This usually applies to water consumption, consumption associated with
building construction, electricity consumption, heat energy or natural gas consumption,
among others.

In our case we will calculate the area, in hectares (ha) of forest or forest area required
to absorb the one produced by the consumption of resources and the production of waste
mentioned above. From the amount of emitted into the atmosphere, dividing by the fixing
capacity of the Canarian forest mass, the required forest area is obtained. To this amount of
forest will also be directly added the space occupied by the desalination plant.

With the data obtained by the Government of the Canary Islands in its last measure-
ment of greenhouse gases in 2008 in the Canary Islands, we can see that the emissions of
13,517,320 tons. It is also said that carbon fixation by forest masses is around 16.13% of the
CO; emissions.

We get that a total of 2,180,343 tons are fixed in the year of the study. To compare this
measure, we must obtain the capacity to fix the forest masses by hectares, so we will have
to divide the emissions of CO; per the area of the Canary Islands into hectares, which are
about 749,300 Gha [19]. So, finally it is obtained 2.91 %%

year

Considering the above explanations, the ecological footprint is calculated using the
following formula:

Foot rint( ) _emissions (t COy) emissions edif. (t COp) %
P year C. fixing (\52) C. fixing (Y52)
year year

To compare different ecological footprints, the global hectare (Gha) is used which is
defined as the average global capacity to produce resources and absorb waste. To express
the results to this extent, the different types of existing areas must be normalized.

Equivalence factors translate a specific type of land into the universal unit for the
productive area (Gha) and are based on measures of land productivity based on their uses
and years.

Next, we will proceed to the calculation of emissions related to electricity consump-
tion in a very simple way, based on the consumption data mentioned above, the daily
production of the desalination plant in m> and finally the appropriate emission factor. The
following formula makes clear the calculation to be made:

Emissions (kg CO;) = consumption (kWh/year):

kgCO,

kWh/ year> @®)

emission factor = (

3. Results and Discussion

As mentioned above, the average consumption value of desalination plants in the
Canary Islands is 4.89 kWh/m?3. The Granadilla de Abona desalination plant has a produc-
tion capacity of 14,000 m®/d and this is going to be the value we take as a reference. Finally,
as mentioned above we will select the coefficient of emissions obtained in Spanish Electric
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Network for the day 13 October 2020 on the island of Tenerife being this 0.525 kg/kWh or
CO; also 0.525 tCO, /MWh.

. kg CO
Emissionsgrectric consumption) (KgCO,) = 24,987,900(kWh/year) x 0.525( ith) )
Emissions grectric consumption) (k8CO,) = 13,118,648 kg CO, /year (10)

Finally, the Granadilla de Abona desalination plant emits 13,119 tons of CO, to the
atmosphere due the energy consumed.

Secondly, let us calculate the emissions related to the construction of the building or
that of the desalination plant in this case. According to the MIES report of the Polytechnic
University of Catalonia the emission factor used for the construction of buildings is 520 kg
CO,/m? of buildings, considering that the useful life for constructions of typology similar
to those existing in the Granadilla de Abona desalination plant is estimated between 15 and
50 years, as set out in Royal Decree 1247 /2008, of 18 July, which approves the instruction
of structural concrete [20-31].

Let us choose a mid-life term by selecting 35 years for our calculations so we would
have to divide our emission factor by the number of years of service life and thus get
the annual factor. It is shown an emission factor of 14.86 kg CO,/m? built. Finally, it
is calculated the area of the constructions of the Granadilla de Abona desalination plant
considering the data collected, such as that of the process surface is 1144 m?. It is also
necessary to add the surface of the semi-buried deposit of 1695 m? obtained Grafcan
database. So, we finally get a total of 2839 m? built:

kgCO
. . 2 - g-Yo
Emissions pyiiging) (kgCO,) = Area (m ) x emission factor (m) (11)
kgCO kgCO,
. _ 2 g- g
Emissions gyging) (k§CO,) = 2839 (m ) x 14.86<m2xyear) 42,18754=> 2 (12)

Finally, it is confirmed that 42.19 tons are CO; emitted for the construction of the
different infrastructures of the desalination plant. As for the wastes generated, they will
have a less impact on the generation of emissions CO, so we will not consider them in
this study.

It is vitally important to know the CO, emissions related to the desalination plant and
try to reduce them; this will imply a reduction of the ecological footprint. It is a priority
since the Kyoto Protocol, which is a United Nations Protocol on Climate Change and
an international agreement aimed at reducing emissions of six greenhouse gases. This
document committed industrialized countries to controlling greenhouse gas emissions and
setting future targets for progressive reduction of greenhouse gas emissions.

Finally, to obtain the ecological footprint of the desalination plant we will have to add
the emissions and divide them by the ability to fix the forest mass in the Canary Islands,
which we calculate before calculating emissions, so it would look like this:

= 4522.75 Gha/year (13)

h, 13,11 421
Footprint( a > _ 13,119(t CO) 9 (tCOy)

year 291 (152) 291 (152

year year

Which translated into global hectares (Gha) would be 6060.5 Gha/year.
The global hectare (Gha) values for each land type will then be displayed based on
the calculated ecological footprint (Table 6).
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Table 6. Global hectare values based on the ecological footprint calculated annually.

Type of Space or Activity Gha

Desalination to 4.89 kWh/m? 6060.5
Agriculture (mainlands) 13,393.71
Agriculture (marginal lands) 10,848.3

Forests 6060.5

Livestock 2969.65

Fishing (sea waters) 2181.78
Fishing (inland waters)) 2181.78
Artificialized 13,393.71

Finally, it is considered the size of the population under study. In the case of the
Granadilla de Abona desalination plant it should be noted that the population of this
urban center is 70,000 inhabitants. Therefore, it would be an ecological footprint of 0.087
Gha/inhabitant/year.

Comparing with other references it could be confirmed that for an annual production
of desalinated water in the Canary Islands of approximately 660,000 m®/day and consider-
ing an average energy consumption of 3.04 kWh/m?, introducing equipment to recover
energy from brine, we have a carbon footprint of 1203.84 tCO;/day, which means that
there are 439,402 tCO; per year and approximately a value of 219,701 Gha/year [8,13].

Considering the surface area of the Canary Islands being 749,300 ha, and popu-
lation of 2,207,225 habitants, this ecological footprint per person should be a value of
0.1 Gha/person/year and the emissions per inhabitant and year are 0.2 tCO, /person/year
as [8,13].

Therefore, to reduce the ecological footprint of desalination plants in the Canary
Islands, there are several possibilities. Firstly, it could be possible to reduce the cost and
emissions in energy generation by burning fuels in thermal power plants in the Canary
Islands. Secondly, it could be interesting to improve the efficiency of desalination plants and
finally to introduce renewable energies to generate clean and emission-free energy [8,12].

4. Conclusions

Regarding the conclusions of this paper, the following is shown:

The main advantage of ecological footprint as an indicator is in the simple unit of
measurement of this, the hectare, which allows us to make comparisons between different
footprints in different places in the world.

In the Canaries it is necessary the desalination of large amounts of water to allow the
development of the islands considering that almost all the electricity produced is from fossil
fuels, it is about converting oil into water on a planet that demands to reduce emissions.

Water desalination in the Canary Islands requires more than 770,000 MWh, equivalent
to more than 180,000 tons of fossil fuels each year (3600 barrels per day), at a cost of more
than 100 million euros each year and the emission of more than 450,000 tons CO, into the
atmosphere each year.

It is obtained that the annual production of desalinated water in the Canary Islands
is 216.41 hm3, for which it is necessary to use 1,058,240 MWh. Generating this volume of
desalinated water generates a total of 694,445 tons of CO,.

The average consumption value of desalination plants in the Canary Islands is
4.89 kWh/m3. Granadilla de Abona desalination plant has a production capacity of
14,000 m3/d and the coefficient of emissions obtained in Spanish Electric Network for the
day 13 October 2020 on the island of Tenerife is 0.525 t CO, /MWh.

Following the emission factor of 14.86 kg CO,/m? and the area of the constructions
of Granadilla de Abona desalination plant which is 2839 m? built, 42.19 tons of CO,
are emitted for the construction of the different infrastructures of the desalination plant.
Translated into global hectares (Gha) it would be 6060.5 Gha/year. Considering the size of
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the population related to Granadilla de Abona city, about 70,000 inhabitants, the ecological
footprint is 0.065-0.087 Gha/inhabitant/year.

Energy consumption decreases when the feed temperature increases and when the
feed salinity decreases too. Whenever possible it is interesting to introduce a higher
percentage of renewable energies into the energy mix to reduce emissions and carbon
footprint. With the introduction of photovoltaics, normally up to 30% of the energy
needed by the plant can be obtained, and the remaining 70% is supplied by wind power
when possible.

Canary Islands desalination carbon footprint is around 1203.84 tCO, /day, and the annual
total is 439,402 tCO,. Therefore, the ecological footprint due to this is 219,701 ha/year. It means
0.1 Gha/inhabitant/year and the emissions per habitant and year are 0.2 tCO, /person/year,
compared to 3.38 tCO, /person/year at the world level.

Author Contributions: Conceptualization, FL. and A.R.-M.; methodology, FL. and A.R.-M.; soft-
ware, FL. and A.R.-M,; validation, FL., AR.-M. and S.O.P.-B.; formal analysis, FL. and A.R.-M.;
investigation, F.L. and A.R.-M.; resources, FL., A.R.-M. and S.O.P.-B.; data curation, EL. and A.R.-M.;
writing—original draft preparation, FL. and A.R.-M.; writing—review and editing, FL. and A.R-M.;
visualization, EL. and A.R.-M.; supervision, FEL. and A.R.-M.; project administration, FL. and A.R.-M.;
funding acquisition, EL., S.0.P.-B. and A.R.-M. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was co-funded by the INTERREG V-A Cooperation, Spain-Portugal MAC
(Madei-ra-Azores-Canarias) 2014-2020 pro-gramme, MITIMAC project (MAC2/1.1a/263).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Galli, A,; Giampietro, M.; Goldfinger, S.; Lazarus, E.; Lin, D.; Saltelli, A.; Wackernagel, M.; Miiller, F. Questioning the ecological
footprint. Ecol. Indic. 2016, 69, 224-232. [CrossRef]

2. Lin, D.; Hanscom, L.; Murthy, A.; Galli, A.; Evans, M.; Neill, E.; Mancini, M.S.; Martindill, J.; Medouar, F-Z.; Huang, S.; et al.
Ecological footprint accounting for countries: Updates and results of the national footprint accounts, 2012-2018. Resources 2018,
7,58. [CrossRef]

3. Borucke, M.; Moore, D.; Cranston, G.; Gracey, K,; Tha, K.; Larson, J.; Lazarus, E.; Morales, J.C.; Wackernagel, M.; Galli, A.
Accounting for demand and supply of the biosphere’s regenerative capacity: The National Footprint Accounts” underlying
methodology and framework. Ecol. Indic. 2013, 24, 518-533. [CrossRef]

4.  Kitzes, J.; Galli, A.; Bagliani, M.; Barrett, J.; Dige, G.; Ede, S.; Erb, K.; Giljum, S.; Haberl, H.; Hails, C.; et al. A research agenda for
improving national Ecological Footprint accounts. Ecol. Econ. 2009, 68, 1991-2007. [CrossRef]

5. Pascual, ].L. Propuesta Metodoldgica para la Determinacion de la huella Ecoldgica en el sector Hotelero. Aplicacién para las islas
Canarias. (Methodological Proposal for the Determination of the Ecological Footprint in the Hotel Sector. Application for the
Canary Islands). Ph.D. Thesis, Universidad de Las Palmas de Gran Canaria (University of Las Palmas de Gran Canaria), Las
Palmas de Gran Canaria, Spain, 2015.

6.  Kurihara, M. Seawater reverse osmosis desalination. Membranes 2021, 11, 243. [CrossRef] [PubMed]

7. Ruiz-Garcia, A.; Melidn-Martel, N.; Nuez, I. Short review on predicting fouling in RO desalination. Membranes 2017, 7, 62.
[CrossRef] [PubMed]

8. Leon, F; Ramos, A.; Vaswani, J.; Mendieta, C.; Brito, S. Climate change mitigation strategy through membranes replacement and
determination methodology of carbon footprint in reverse osmosis RO desalination plants for islands and isolated territories.
Water 2021, 13, 293. [CrossRef]

9.  Magazzino, C. The relationship among economic growth, CO, emissions, and energy use in the APEC countries: A panel VAR
approach. Environ. Syst. Decis. 2017, 37, 353-366. [CrossRef]

10. Magazzino, C. Marco mele and nicolas schneider. A Machine Learning approach on the relationship among solar and wind
energy production, coal consumption, GDP, and CO, emissions. Renew. Energy 2021, 167, 99-115. [CrossRef]

11. Magazzino, C.; Cerulli, G. The determinants of CO, emissions in MENA countries: A responsiveness scores approach. Int. J.

Sustain. Dev. World Ecol. 2019, 26, 522-534. [CrossRef]


http://doi.org/10.1016/j.ecolind.2016.04.014
http://doi.org/10.3390/resources7030058
http://doi.org/10.1016/j.ecolind.2012.08.005
http://doi.org/10.1016/j.ecolecon.2008.06.022
http://doi.org/10.3390/membranes11040243
http://www.ncbi.nlm.nih.gov/pubmed/33805273
http://doi.org/10.3390/membranes7040062
http://www.ncbi.nlm.nih.gov/pubmed/29064433
http://doi.org/10.3390/w13030293
http://doi.org/10.1007/s10669-017-9626-9
http://doi.org/10.1016/j.renene.2020.11.050
http://doi.org/10.1080/13504509.2019.1606863

Membranes 2021, 11, 377 14 of 14

12.

13.

14.

15.

16.

17.

18.

19.
20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Long, X.; Yu, H.; Sun, M.; Wang, X.C.; Klemes, ].J.; Xie, W.; Wang, C.; Li, W.; Wang, Y. Sustainability evaluation based on the
Three-dimensional Ecological Footprint and Human Development Index: A case study on the four island regions in China. J.
Environ. Manag. 2020, 265, 110509. [CrossRef] [PubMed]

Kovacs, Z.; Harangozo, G.; Szigeti, C.; Koppany, K.; Kondor, A.C.; Szab6, B. Measuring the impacts of suburbanization with
ecological footprint calculations. Cities 2020, 101, 102715. [CrossRef]

Schallenberg-Rodriguez, J.; Veza, ].M.; Blanco-Marigorta, A. Energy efficiency and desalination in the Canary Islands. Renew.
Sustain. Energy Rev. 2014, 40, 741-748. [CrossRef]

Kheriji, J.; Mnif, A.; Bejaoui, I.; Hamrouni, B. Study of the influence of operating parameters on boron removal by a reverse
osmosis membrane. Desal. Water Treat. 2015, 56, 2653-2662. [CrossRef]

Davenport, D.M.; Deshmukh, A.; Werber, ].R.; Elimelech, M. High-Pressure reverse osmosis for energy-efficient hypersaline brine
desalination: Current status, design considerations, and research needs. Environ. Sci. Technol. Lett. 2018, 5, 467-475. [CrossRef]
Patel, S.K.; Ritt, C.L.; Deshmukh, A.; Wang, Z.; Qin, M.; Epsztein, R.; Elimelech, M. The relative insignificance of advanced
materials in enhancing the energy efficiency of desalination technologies. Energy Environ. Sci. 2020, 13, 1694-1710. [CrossRef]
Boo, C.; Winton, RK.; Conway, K.M.; Yip, N.Y. Membrane-less and non-evaporative desalination of hypersaline brines by
temperature swing solvent extraction. Environ. Sci. Technol. Lett. 2019, 6, 359-364. [CrossRef]

Finkbeiner, M. Carbon footprinting—opportunities and threats. Int. ]. LCA 2009, 14, 91-94. [CrossRef]

Wiedmann, T.; Minx, J. A definition of “carbon footprint’. In Ecological Economics Research Trends; Pertsova, C.C., Ed.; Nova Science
Publishers: Hauppauge, NY, USA, 2008; Chapter 1; pp. 1-11.

Carbon Trust. Carbon Footprints in the Supply Chain: The Next Step for Business; Report No. CTC616. Available online:
https:/ /www.carbontrust.com/resources/carbon-footprints-in-the-supply-chain-the-next-step-for-business (accessed on 26
November 2020).

Matthews, H.S.; Weber, C.L.; Hendrickson, C.T. Estimating carbon footprints with input-output models. In Proceedings of the
International Input-Output Meeting on Managing the Environment, Seville, Spain, 9-11 July 2008.

Minx, J.; Scott, K.; Peters, G.; Barrett, . An Analysis of Sweden’s Carbon Footprint—A Report to WWEF Sweden; WWEF: Stockholm,
Sweden, 2008.

Weber, C.L.; Matthews, H.S. Quantifying the global and distributional aspects of American household carbon footprint. Ecol.
Econ. 2008, 66, 379-391. [CrossRef]

Wiedmann, T.; Wood, R.; Lenzen, M.; Minx, J.; Guan, D.; Barrett, J. Development of an Embedded Carbon Emissions Indicator—
Producing a Time Series of Input-Output Tables and Embedded Carbon Dioxide Emissions for the UK by Using a MRIO Data Optimisation
System; Final Report to the Department for Environment, Food and Rural Affairs by Stockholm Environment Institute at the
University of York and Centre for Integrated Sustainability Analysis at the University of Sydney; Project Ref. EV02033; Defra:
London, UK, 2008.

Matthews, H.S.; Hendrickson, C.T.; Weber, C.L. The importance of carbon footprint estimation boundaries. Environ. Sci. Technol.
2008, 42, 5839-5842. [CrossRef] [PubMed]

Minx, J.; Wiedmann, T.; Barrett, J.; Suh, S. Methods REVIEW TO SUPPORT THE PAS Process for the Calculation of Greenhouse Gas
Emissions Embodied in Goods and Services; Report to the UK Department for Environment, Food and Rural Affairs by Stockholm
Environment Institute at the University of York and Department for Bio-Based Products at the University of Minnesota; Project
Ref.: EV2074; Defra: London, UK, 2008.

Penela, A.C. Utilidad de la Huella Ecolégica y del Carbono en el Ambito de la Responsabilidad Social Corporativa (RSC) y
el Ecoetiquetado de Bienes y Servicios (Usefulness of the Ecological and Carbon Footprint in the Field of Corporate Social
Responsibility (CSR) and the Ecolabeling of Goods and Services). 2009. Available online: http://www.eumed.net/rev/delos/08
(accessed on 26 November 2020).

Consejeria de Medio Ambiente de la Junta de Andalucia (Ministry of the Environment of the Andalusian Government). La huella
ecoldgica de Andalucia, una Herramienta para medir la Sostenibilidad (The Ecological Footprint of Andalusia, a Tool to Measure
Sustainability). Available online: http:/ /www.juntadeandalucia.es/medioambiente/web/Bloques_Tematicos/Publicaciones_
Divulgacion_Y_Noticias/Documentos_Tecnicos/huella.pdf (accessed on 26 November 2020).

Ministerio de Medio Ambiente medio Rural y Marino (Ministry of the Rural and Marine Environment). Analisis de la huella
ecoldgica de Espafia (Analysis of the Ecological Footprint of Spain). Available online: https://www.footprintnetwork.org/
content/images/uploads/Huella%?20ecologica%?20de%20Espana.pdf (accessed on 26 November 2020).

Anuario Energético de Canarias 2017 (Canary Islands Energy Yearbook 2017). Direccion General de Industria y Energia. Gobierno
de Canarias (Directorate General for Industry and Energy. Canary Islands Government). Available online: energiagrancanaria.
com/wp-content/uploads/2019/02/A-ENERGETICO-CANARIAS-2017.pdf (accessed on 26 November 2020).


http://doi.org/10.1016/j.jenvman.2020.110509
http://www.ncbi.nlm.nih.gov/pubmed/32421554
http://doi.org/10.1016/j.cities.2020.102715
http://doi.org/10.1016/j.rser.2014.07.213
http://doi.org/10.1080/19443994.2014.968902
http://doi.org/10.1021/acs.estlett.8b00274
http://doi.org/10.1039/D0EE00341G
http://doi.org/10.1021/acs.estlett.9b00182
http://doi.org/10.1007/s11367-009-0064-x
https://www.carbontrust.com/resources/carbon-footprints-in-the-supply-chain-the-next-step-for-business
http://doi.org/10.1016/j.ecolecon.2007.09.021
http://doi.org/10.1021/es703112w
http://www.ncbi.nlm.nih.gov/pubmed/18767634
http://www.eumed.net/rev/delos/08
http://www.juntadeandalucia.es/medioambiente/web/Bloques_Tematicos/Publicaciones_Divulgacion_Y_Noticias/Documentos_Tecnicos/huella.pdf
http://www.juntadeandalucia.es/medioambiente/web/Bloques_Tematicos/Publicaciones_Divulgacion_Y_Noticias/Documentos_Tecnicos/huella.pdf
https://www.footprintnetwork.org/content/images/uploads/Huella%20ecologica%20de%20Espana.pdf
https://www.footprintnetwork.org/content/images/uploads/Huella%20ecologica%20de%20Espana.pdf
energiagrancanaria.com/wp-content/uploads/2019/02/A-ENERGETICO-CANARIAS-2017.pdf
energiagrancanaria.com/wp-content/uploads/2019/02/A-ENERGETICO-CANARIAS-2017.pdf

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

