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ABSTRACT

This research analyzes the water-energy nexus contribution to climate change from the integral
water cycle perspective. A prior analysis of the sectors involved in global warming showed that
clear water/energy interdependence was a crucial factor in increasing greenhouse gas (GHG)
emissions. Although the analysis of water consumption in the energy sector has been widely stud-
ied, global requirements of energy for water are still poorly understood as is their contribution
to climate change. With this in mind, wastewater treatment plants (WWTPs) were chosen for the
specific analysis conducted in the present study as they are one of the biggest GHG emitters in
the water industry. They are located in the Canary Islands (Spain), an archipelago that, like many
others, is characterized by its dependence on external water and energy resources. The methodol-
ogy employed involved an initial analysis of the WWTPs in the islands and the selection of four
full-scale WWTPs of varying capacity for further in-depth analysis. This was followed by consid-
eration of the different protocols and tools that can be used to quantify direct and indirect GHGs
emissions. The Intergovernmental Panel on Climate Change protocol was selected due to the great
diversity of operational data and the emission factors proposed by experts when the data are not
available for a specific region under analysis. The results show that the highest emission source is
due to energy consumption (ranging from 165 to 2,716 Tm__ CO,/y for the smallest and largest size
WWTPs, respectively). To solve the problem, the introduction of renewable energies is presented as
a feasible and attractive option due to the specific characteristics of the analyzed territory. Likewise,
the use of sludge as an internal energy resource (in anaerobic digestion) obviates the need for its
transport and management, contributing to the circular technology and reducing emissions.

Keywords: Wastewater treatment plants; Greenhouse gas emissions; Global warming; Direct/indirect
emissions; Climate change

1. Introduction

Climate change is no longer considered a possibil-
ity, but rather a reality caused largely by the human-
kind. Anthropogenic-induced warming has resulted in an
increase in the global mean temperature of approximately
1°C compared to pre-industrial levels [1]. Innumerable
research studies and policy changes in a wide range of fields
(industrial, social, ecological, etc.) have been carried out

* Corresponding author.

with a view to limiting and reducing greenhouse gas (GHG)
emissions [2-8].

From an ecological perspective, measures such as affor-
estation and sustainable agricultural intensification are
being promoted as ways to ensure food production without
compromising the Paris agreement on climate targets [2].
However, it should be borne in mind that urban trees are
also affected by the harsher conditions found in urban envi-
ronments [3] and that agriculture systems in different parts
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of the world need to be managed in accordance with the
specificities of each ecosystem [4]. Similarly, when consider-
ing ways to limit climate change from a social perspective, a
place-based approach can be useful to analyze the abstract
entity of climate change as a whole or classified by its differ-
ent independent sources [5,6].

There is no doubt that the industrial sector is leading
GHG emitter. With this in mind, Wang and Feng [7] devel-
oped a decomposition framework which was used to quan-
tify the impacts of both oriented technologies and economic
factors on CO, emissions in China. Their results highlighted
investment scale expansion as the leading factor in pro-
moting the growth of emissions and confirmed the need to
keep improving the energy structure to reduce emissions
[7]. In another study, which aimed to develop a low-carbon
scenario for the energy sector in less developed countries
such as Brazil, it was again reported how the increase in
energy consumption was a crucial factor in CO, emissions
[5]. As far as Europe is concerned, while a lot of the research
undertaken has focused on a similar transformation of the
energy sector, it has also been reported that there has been a
systematic overestimation in the literature of the consequent
costs of the transition to a low carbon scenario [8].

Despite these problems, the goal of finding ways to
reduce GHG emissions is one that must necessarily con-
tinue. One way to contribute to achieving this goal is to
identify, analyze, and quantify the main emission points.
Such research requires an understanding of the complicated
scenario inherent to the management of water and energy,
two essential resources for life that have been the focus of the
World Energy Outlook (WEO) since 2016 [9]. The processes
involved in water and energy generation and the intrinsic
relationship between them are vital factors that need to be
considered in a world of climate change.

Water consumption in the energy sector has been widely
studied [10,11]. Most studies have prioritized the analysis
of an energy transition in which fossil fuels give way to
renewable technologies in terms of cost [12], GHG emis-
sions reduction [13], and manufacturing and storage capac-
ity [14]. In all of these cases, water consumption is a crucial
factor. However, global requirements of energy for water
are still poorly understood, which may result in biases in
projections and consequently in policies adopted for its
management [15].

Fig. 1. Location of the Canary Islands.

The water cycle is an important player in global
warming. This work focuses specifically on the water cycle
in wastewater treatment plants (WWTPs), a major GHG
emitter which produces 56% of GHG emissions in the
water industry [16].

It was decided to use island regions as the scenario for
this study given the problem of water/energy interdepen-
dency they typically have to deal with. This is the case of
the Canary Islands (Fig. 1). This archipelago is one of the
seventeen autonomous communities of Spain [17,18] and the
southernmost region in the country. It has been granted spe-
cial status by the EU as one of it is nine outermost regions
[19,20].

Located in the transitioning area between the temperate
and tropical zones, the climate in the islands is character-
ized by very scarce and irregular precipitations [21]. In some
cases, this can mean a shortfall of as much as 90% in terms of
water requirements [22]. One way to quantify the problem
that this can generate is to compare the significant differ-
ence between the water capital of a resident in the islands
(20 m*/inhabitant/y) with that of a resident on the Spanish
mainland (2,470 m?/inhabitant/y) [23]. The major social con-
cern of water scarcity is further exacerbated by the growing
demand for an increase in life quality [24] and an expected
rise in population which will shortly mean the need to guar-
antee domestic water supply for an estimated 2,150,000
inhabitants [22].

This problem has made the Canary Islands pioneers in
satisfying demand with innovative techniques for water
production [25]. However, in a territory characterized by its
external energy dependence, water production plants tend
to require high levels of energy consumption as a result
of the technologies used in the desalination and wastewa-
ter treatment processes [26]. Almost inevitably, this high
energy consumption increases the carbon footprint of
the islands [27,28].

This work focuses on an analysis of the contribution to
global warming by WWTPs. After identifying the problem,
the main objective is to provide a numerical value for its
quantification. To do so, an evaluation is made of the dif-
ferent sources of GHG emissions of the WWTPs. These
trouble spots are differentiated according to whether the
emissions are direct (produced by the different processes
and equipment of the plant itself, as well as the sludge that
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it generates) or indirect (not produced directly through the
mechanisms and equipment of the plant) [29].

This framework gives us a starting point to restruc-
ture the management of water resources in the Canary
Islands, underlining the importance of the water-energy-
environment nexus and the need to apply optimizations
and improvements in both the water and energy sector.

2. Methodology

The methodology used in this research work can be
divided into three subsections:

*  Subsection 2.1: WWTPs analysis

® Subsection 2.2: protocol selection for calculating GHG
emissions

®  Subsection 2.3: data calculation

2.1. WWTPs analysis

In accordance with Directive 91/271/EC, since December
31 of 2005, any urban nucleus with a population of between
2,000 and 15,000 inhabitants has been required to have a
collector system and a wastewater treatment process [30].
As a result, the number of WWTPs has increased in the dif-
ferent islands, causing a consequent decentralization of the
treatment system [31].

Due to the wide range of WWTP sizes found in all the
islands, a characterization procedure was established based
on the treated water capacity. The range limits were estab-
lished in a previous statistical survey which provided the
various mode values. The classification ranges are shown in
Table 1.

The 142 WWTPs in the islands were classified in this way
at both island and archipelago level in order to evaluate their
distribution throughout the region.

Given the heterogeneity of the WWTPs and the territo-
rial fragmentation of the Canary Islands, it was decided to
evaluate one plant for each of the four established ranges
in order to guarantee reliable results. The four plants are
chosen (representative of each range) are shown in Fig. 2.

2.2. Protocol selection for calculating the GHG emissions

The global concern about the adverse effects and conse-
quences of climate change [32] has triggered the develop-
ment of various strategies to mitigate this change. Examples
include the National Roadmap 2020 [33], Europe 2020
(the growth strategy) at the European level [34], and the
guidelines set out in the “Mitigation Change 2014” document
prepared by the Intergovernmental Panel on Climate Change
(IPCC) [35].

With regard to the application methodologies for the
quantification of GHG emissions (web-based platform,
software tools, etc.), they are few in comparison with the
regulations provided for them. There are two types of
methodologies classified respectively as top-down and bot-
tom-up. The difference between them lies in the strategy of
information processing and knowledge ordering. The top-
down methodology firstly considers the overall picture and
is then broken down into smaller segments. Unit indicators
are commonly analyzed, while, a detailed analysis of indi-
vidual devices is less often performed. In the bottom-up
methodologies, the individual base parameters of the sys-
tem are first specified in detail and then linked together to
form a complex system [36]. In this context, the difficulties
in obtaining detailed data from the WWTPs considered
in the present study suggested that a top-down methodo-
logical approach was the most appropriate for this work.

Due to the lack of established procedures at the regional
level, the calculations of GHG emissions for this study
were based on operational data and emission factors, using
the protocol stipulated by the IPCC. This protocol was
selected on the basis of a previous discussion about various

Table 1 o possible tools derived mainly on the basis of four method-
WWTP classification ologies. Table 2 shows these methodologies and their main
- advantages and disadvantages.
WWTP Capacity (m’/d) The IPCC methodology lays the foundation for most
Very small <1,000 of the aforementioned documents and consists of a great
Small 1,000-5,000 divers'%ty. of values and technical data evfaluated by expert
. commissions. These data values are particularly necessary
Medium 5,000-10,000 ...
. for application in the Canary Islands because of the absence
Big >10,000 of any information on this sector in the local territory.
4 \ \ \ )
Big Medium Small Very small
*Sureste WWTP. «Jinamar WWTP e Tazacorte WWTP *P.Hidalgo WWTP
. PAN I\ FAW J

Fig. 2. WWTP selection.
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Table 2
Methodologies used to calculate GHG emissions.

Methodology Advantages

Disadvantages

Top-down methodology
Free access and easy to use
LGO*

to be more precise depending on the availability of

site-specific data
Different levels of data requirements, rigor and
USEPA' accuracy

Free access and easy to use

NERT* Top-down methodology
Free access and easy to use

Internationally recognized
Basis for subsequent protocols
PCc Top-down methodology
Designed for macroscale evaluations

Great contribution of revised data

It provides several forms of calculation that allow it

IPCC and USEPA approaches
Standardized set of guidelines to assist US local govern-
ments

National and state-level estimations using IPCC basis
More appropriate method for the state of California

Methodology follows the IPCC guidelines and the IPCC
good practice guidance

It does not provide a default operating database
Country-specific data on the emission factor for direct N,O

Does not use facility-specific information

Adapted from [37-41].
“Local Governments Operations protocol (USA and Canada).

"United States Environmental Protection Agency. Wastewater treatment methodology.

‘National Environmental Research Institute of Denmark methodology.

‘Intergovernmental Panel on Climate Change protocol.

The other methodologies mostly try to use local/state
data and sometimes modify some of the equations based
on-site regulations to improve the accuracy of the calculation.
To better understand the evolution of a methodology, the
work prepared by the California wastewater climate change
group and Bay area clean water agencies in 2007 provides a
detailed analysis of the differences between the United States
Environmental Protection Agency (USEPA) and IPCC meth-
odologies [42].

2.3. Data calculation

For the purposes of this study, direct and indirect emis-
sions were considered separately [43].

2.3.1. Indirect emissions

The main factor that needs to be considered is inten-
sive energy consumption [44]. Conventional electricity, in
most cases, is produced through an energy mix in which
fossil fuels predominate [45], causing GHG emissions in
the power plant that generates it [46]. To carry out this cal-
culation, carbon dioxide emission factors and transition
coefficients to primary energy, provided by the Spanish
Institute for Energy Diversification and Saving were
used [47]. Table 3 lists the treated wastewater treatment
capacities and the energy consumption necessary for plant
operation.

The second indirect emission factor considered is related
to the transport of sludge from the WWTP to the correspond-
ing biomethane plants or landfills [48]. For this purpose, an

Table 3
WWTP energy consumption

WWTP Capacity (m*/y) Energy consumption (kWh/y)
Sureste 4,380,000 3,349,255

Jindmar 3,650,000 1,554,719

Tazacorte 547,500 164,079

P. Hidalgo 232,140 203,632

analysis was conducted of the distance between the two loca-
tions, truck engine capacities, type of journey, and the num-
ber of days of sludge removal [49]. Table 4 shows the distance
traveled for each of the selected plants.

2.3.2. Direct emissions

The direct emissions were classified into two clearly
differentiated subdivisions. One considers the different
processes used in treating the water, while the other corre-
sponds to the emissions of the sludge itself [50].

2.3.2.1. Treatment process emissions

It should be noted that, within the components of the
carbon footprint that are part of the biogenic source, CO,
emissions were not included since they are considered part
of the natural cycle [51]. CH, and N,O, as they have a greater
global warming potential, must be quantified [41]. Likewise,
the null emission of these three components in the water
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Table 4
Distance traveled for sludge removal

WWTP Distance between locations (km)
Sureste 33

Jindmar 25.7

Tazacorte 45

P. Hidalgo 60

collection process is confirmed, because the entire Canary
water collection is confined under the soil [52].

Anaerobic treatments produce higher emissions of these
compounds than aerobic treatments. In this respect, as cen-
tralized aerobic systems predominate in the archipelago,
GHG emissions should not be very noticeable. However,
the Canary climate is within the temperature range that
favors methane production processes (>15°C). In addition,
there are a large number of plants ending their service life.
These factors support the decision to calculate the emission
of methane and nitrous oxide.

The CH, emission produced by anaerobic degradation
and its quantification is a function of the degradable organic
matter content of the wastewater, as well as the temperature
and type of treatment. Emissions of CH, (kg CH,/y) were
determined through Eq. (1) [51].

CH,Emissions = {Z(ui xT, EF/)}(TOW ~S)-R )
ij

The equation parameters are shown in Table 5. Data
values were either provided by the different WWTP owners

Table 5
Parameters used in the calculation of CH, emissions

or by incorporating the mean value of the corresponding
IPCC protocol.

N,O emissions are associated with the degradation
of nitrogenous components in wastewater, namely urea,
nitrates, and proteins. In this study, the N,O emissions
(kg N,O/y) were determined through Eq. (2) [51].

EF 44

N,O Emissions = N EFLUENT " S (2)

EFLUENT

The same procedure used for calculating methane emis-
sions was used. The equation parameters are shown in
Table 6.

2.3.2.2. Emissions from sewage sludge

Two separate calculations were made to determine
the emissions from sewage sludge, one for the biodegrad-
able organic carbon and the other for the possible N,O that
remains and/or forms in the sludge.

According to the IPCC protocol, in the domestic sludge
sector, the biodegradable organic carbon content is about
45% of the dry matter [53]. Using the data available and the
stoichiometric ratio in the oxidation reaction, the emission
value was obtained.

With respect to N,O and considering the characteristics
of the wastewater treatment in the islands applied in the
selected protocol [51], Eq. (3) was obtained, as follows [54].
N,0,, N =(Fo\ +F,

SOM

(L) )'FraCLIX]VIACION—(H) -EF; ©)
The conversion of N,O, -N emissions to N,O emissions
was performed through Eq. (4).

Parameter  Definition Data value Function
u Fraction of po;l)llll’l,ation in By default .Income group: rural, urban high income and urban low
income group “i income
Degree of the utilization of
treatment/discharge system, By default Income group: rural, urban high income and urban low
) efau
U “j”, for each income group Y income
fraction “1”
. “j” = each treatment/discharge pathway or system
E factor, (kg CH
EF. mission factor, (kg CH,/ B, MCF, B,=maximum CH, producing capacity, (kg CH,/kg BOD)
/ kg BOD) 0 i o 4 . 4
MCF, = methane correction factor
P = country population, (person)
. BOD = country-specific per capita BOD, (g/person/d)
Total t ter,
TOW (1? angé/E“;lcs fWastewalel - p.BOD-0.001-1:365 0.001 = conversion from grams BOD to kg BOD
& y I = correction factor for additional industrial BOD
discharged into sewers (default value)
Organic component removed  Value contributed by each
S Type of system
as sludge (kg BOD/y) plant
R Amount of CH, recovered, Not applicable in the
(kg CH,/y) archipelago

Adapted from [51].
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Table 6
Parameters used in the calculation of N,O emissions

Parameter  Definition Data value Function
EF o venr Emission factor for By default -
N,O emissions from
discharged wastewater,
(kg N,O-N/kg N]
Nirvenr Nitrogen in the effluent (P-Protein- P =human population
discharged to aquatic ~ Fyx"Fyoncon' Protein = annual per capita protein consumption, (kg/person/y)
environments, (kg N/y)  Fyocom) ~ Nownee  Fner = fraction of nitrogen in protein, default = 0.16, (kg N/kg protein)
Fyoncon = factor for non-consumed protein added to the wastewater
Fouo.con = factor for industrial and commercial co-discharged protein
into the sewer system
N, ypes = Nitrogen removed with sludge (default = zero), (kg N/y)
44/28 Conversion of kg - -
N,O-N into kg N,O
Adapted from [51].
44 plants are presented in percent terms in Fig. 4. To high-
NZO(L) = NZO(L) -N 58 (4)  light the input of smaller plants, in the first circle diagram

Table 7 shows the parameters used in Eq. (3).

3. Results and discussion

The various figures below synthesize the results that
were obtained in the analysis of the WWTPs in the Canary
Islands. Fig. 3 shows the distribution of the treated wastewa-
ter volume by island. At the same time, the 142 WWTPs of
the archipelago were classified based on the volume range
shown in Table 1. The big, medium, small, and very small

Table 7
Parameters used in the calculation of N,O sludge emissions

in Fig. 4 the percentage named “others” corresponds to
the sum of the small and very small plants, with their cor-
responding percentages broken down in the second circle
diagram to the right.

The distribution of the total treated wastewater
volume by plant capacity range (Table 1) is shown in Fig. 4.

A more detailed analysis is found in Fig. 5, showing
the number of WWTPs and their distribution according to
the capacity range classification (Table 1) for each island.

The number of plants with a capacity below 1,000 m?*/d
accounts for more than 50% of the total number of plants. In
terms of the installed capacity range, the number of plants

Parameter Definition Data value Function
N.O. -N Annual amount of N,O-N produced from leaching and runoff _
2mm of N additions (kg N,O-N y™)
Annual amount of sewage sludge and other organic N F.,, = annual amount
Fox additions applied to soils in regions where leaching/runoff Fon=Fsew of total sewage N that is
occurs, (kg N y™) applied to soils, (kg N y™)
Annual amount of N mineralized in mineral soils associ-
F ated with loss of soil C from soil organic matter as a result Null value Not competent in the archi-
SoM of changes to land use or management in regions where pelago
leaching/runoff occurs, (kg N y)
Fraction of all N added to/mineralized in managed soils
Frac jyiaciongny 10 regions where it is lost through leaching and runoff, By default Calculated by experts
[kg N (kg of N additions)™]
EF, fﬂljfsfllo[r;(;a;;;_fg (IE;ONeE;scizg;f]rom Nleaching and By default Calculated by experts
N,O,, N,O emissions from leaching and runoff - -

Adapted from [54].
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Fig. 3. Treated wastewater volume distribution in the Canary
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Fig. 4. Distribution of treated wastewater volume by plant
capacity range (%).

built is inversely proportional to their size. The low num-
ber of big plants (capacity > 10,000 m?/d), located in the two
provincial capital islands (Gran Canaria and Tenerife) which
are characterized by larger population centers, is due to
the implementation of the previously mentioned Directive
91/271/EC [30].

Fig. 6 compares the number of inhabitants in each island
with the theoretical number of people with access to waste-
water sanitation according to the total installed wastewater
treatment capacity. As can be seen, in some of the islands
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the installed capacity covers considerably more than the
actual number of inhabitants. This is due to the oversizing
caused by holiday resorts where the tourist sector doubles
the number of inhabitants [55]. On the other hand, the more
rural islands (La Palma, La Gomera) manage to reach the
equilibrium of the inhabitant/ treated wastewater ratio
with other kinds of wastewater treatment systems like filter
wells or septic tanks, which are usually located in the most
decentralized areas [56,57].

For the evaluation of GHG emissions, the following sub-
sections provide the results obtained from the four plants
under study expressed in equivalent annual metric tons of
carbon dioxide (Tm,, CO,/y) for purposes of comparison
[41]. Global warming potential conversion factors should be
used for the respective components that make up the GHGs
emitted by the WWTPs.

The results are classified according to the type of emis-
sion (direct or indirect) and the component of the emissions.

3.1. Indirect emissions

Energy consumption is the largest indirect emitter ana-
lyzed. As the vast majority of the WWTPs operate with aer-
obic secondary biological treatments, the most important
factors are the pumping and aeration systems. The robust
equipment required for the smallest WWTPs to operate
results in them having a relatively high energy consump-
tion (Table 8). Table 9 shows the relationship between energy
consumption and treated wastewater volume.

With respect to transport emissions, the distance between
the treatment plant and the landfill or sludge treatment area
(Table 4) clearly has an important impact. Although sludge
transport emissions are low in comparison to energy con-
sumption emissions, they are a concern because of the
increasing need for WWTP installation in smaller urban
centers.

3.2. Direct emissions

The results of direct emissions of CH, and N,O are shown
in Table 10. Although the WWTPs use aerobic treatments,
methane emissions are confirmed in all plant sizes, con-
firming the major influence of the climatic conditions (high

|
.&{\0
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. u Medium
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@ ({0

O A = Very small
& & & i
)
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Fig. 5. Canary Islands WWTPs distribution.
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Fig. 6. Access to wastewater sanitation.

Table 8
Indirect emissions

Energy consumption  Sludge transport
WWTP L .

emissions (Tmcq CO,/y) emissions (Tmeq CO,ly)
Sureste 2,716 4
Jindmar 1,259 3
Tazacorte 133 5
P. Hidalgo 165 7

temperature) in the islands. The degree of N,O emissions
tends to vary due to the installation of de-nitrification pro-
cesses in some plants.

Finally, emissions from sludge biodegradation, whether
in landfills or in confined spaces, have in most cases low val-
ues (Table 10). However, when the total amount of sludge
produced in all the WWTPs is considered, as well as the
corresponding sludge transport emissions, the result-
ing value would be a concern. In addition, the European
Parliament has called for the progressive banning of landfills
before 2020 [58].

3.3. Total emissions

Table 11 summarizes the emissions of the four plants
used as case studies. As is widely known, no wastewater
treatment plant can carry out its operation without emit-
ting GHGs. However, the quantification of these emissions
allows the problem to be considered in a tangible and real
way. If the analysis is extended to cover the total emissions
produced by a plant over its average useful life (25 y), the
resulting values are alarming. As an example, and based
on the values shown in Table 11, the smallest and larg-
est size WWTPs considered in this study would emit an
estimated total of 7,767 and 446,975 Tmeq CO,, respectively.

Fig. 7 shows how the respective percentages of direct
and indirect emissions vary according to plant size.

Total population

Table 9
The ratio between treated wastewater volume and energy
consumption (kWh/m?®) of the WWTP case studies

WWTP Volume Energy consumption  Ratio
(m®y) (kWh/y) (kWh/m?)
Sureste 4,380,000 3,349,255 0.76
Jindmar 3,650,000 1,554,719 0.42
Tazacorte 547,500 164,079 0.30
P.Hidalgo 232,140 203,632 0.87
Table 10

Direct quantified emissions

Treatment process emissions

WWTP CH, (Tm,, CO,/y) N,O emissions (Tm,, CO,/y)
Sureste 10,801 1,479
Jinamar 4,980 4,624
Tazacorte 13 9
P. Hidalgo 82 55
Sewage sludge emissions
WWTPs BOC emissions N,O emissions (Tm,, CO,/ly)
(Tmeq CO,/y)
Sureste 9 48
Jinamar 6 32
Tazacorte  — -
P. Hidalgo - 1.7

While there are several ways to reduce these emis-
sions, for the Canary Islands an increased use of renew-
able energy sources (RES) is a feasible and very attractive
option. The islands are excellently suited for the exploitation
of RES, with an average 4.68 kWh/m?/d of solar irradiation,
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Table 11

Total quantified emissions
Tm, , CO, Sureste Jindmar Tazacorte P. Hidalgo
Indirect emissions 2,720 1,262 138 172
Direct emissions 12,336 9,642 22 138.7
Total 17,879 10,904 160 310.7

100% +
90% -
80% -
70% -
60% -
50% -
40% -
30% -

CO2 emissions

20% -
10% -

i Direct Emisson

- H Indirect Emissions

Sureste Jinamar

WWTPs case study

I
0 % i . ! . I

Tazacorte

1

P. Hidalgo

Fig. 7. Percentage of direct and indirect emissions of the analyzed WWTPs.

a 5.5-8 m/s wind speed range in many suitable areas [59] and
an average 19-20 kW/m wave energy potential. The integra-
tion of these clean technologies, (internal and external to the
plant) will be explained and simulated in later publications.

The direct methane emissions are the most difficult to
reduce due to the impossibility of changing the ambient
temperature. With respect to sludge removal, and given the
increasingly more restrictive waste discharge legislation
[60], a new approach is required for its treatment (either
centralized or in each plant) through the implementa-
tion of technologies such as anaerobic digestion to reduce
emissions, to generate energy as a by-product (possibly
for consumption by the plant itself) and to contribute to
enhancing the circular economy in the islands.

A new economic approach is required in the islands,
one that interrelates with sustainability and aims to increase
the value of the endogenous products, materials, and
resources of the application area, enabling them to remain
in the economy for the longest possible time. In this regard,
European policies are committed to the transition of the
linear economy towards a circular model, in which waste
generation is minimized. In the particular situation with
which this study is concerned, restructuring the manage-
ment model of WWTPs could be used to facilitate second-
generation products.

Until about a year ago, 98.5% of the sludge from the
Canary Islands was dumped into landfills [61]. However,
in Gran Canaria (responsible for 26% of the sludge in the
archipelago), a biomethanation plant has recently been
installed to treat the sludge and generate biogas that sub-
sequently generates energy through a combustion process
covering 60% of the energy demand of the Ecopark where
the plant is located. The next step is to exceed 100% of the
energy demand and inject the energy surplus into the insular

power grid [62]. The approach that has been taken in Gran
Canaria, a highly populated island, took into account the
large amount of sludge on the island and its optimized road
network. However, specific solutions need to be analyzed for
each region on an individual basis, depending on the type
of sludge to be treated and whether the objective (nutrient
recovery, obtaining compost, obtaining energy, mass reduc-
tion, and stabilization, etc.) or technique is economically and
technically feasible.

Finally, the selection of the technology used for manag-
ing wastewater sludge should have as one of its main criteria
evaluation of the environmental footprint. Teoh and Li [63]
published a study in 2020 using life cycle assessments of each
process. Their conclusions confirm that anaerobic digestion,
pyrolysis, and supercritical water oxidation are not only
more effective in reducing sludge volume and pollutants but
also have lower global warming and toxicity potential.

4. Conclusions

The aim of this study was to quantify and evaluate
GHG emissions in WWTPs. The proliferation of this kind of
plant has generated a new climate change focus within the
islands and other regions characterized by its dependence
on external water and energy resources.

For the purposes of GHG emissions quantification in this
study, the absence of local/regional guidelines or a compre-
hensive methodology to calculate the carbon footprint left
by WWTPs resulted in the need to use IPCC protocols to
obtain many of the results.

According to the results obtained, a typical large capac-
ity plant (>10,000 m*/d) in the Canary Islands would emit
446,975 Tn, CO, per plant over its estimated 25 y of useful
life. After tai(ing into account the number and capacities of all
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the WWTPs in the islands, the contribution of the archipelago
amounts to 228,436 TneCl CO,fy.

In terms of indirect emissions, energy consumption is
the most intensive emitter in the vast majority of the plants
under study, with aerobic processes as the main consumers.
Likewise, the robust equipment necessary for the operation
of the smaller-sized WWTPs increases their specific energy
consumption and consequently their emissions, with per-
centages of 0.06% compared to 2.42% Tn, CO,/m’ in the
largest and smallest size plants, respectively. With respect to
the development of improved climate change mitigation, the
introduction of the use of RES in WWTPs is a feasible and
highly attractive option.

Regarding the transport of sludge, the relative GHG
emissions value increases as the size of the plant decreases.
This is because the very small plants are located in small
municipalities, generally far from landfills. Consequently,
the replacement of this type of sludge management model
and the incorporation of technologies that facilitate a circu-
lar economy must be specifically analyzed to assess whether
on-site management outweighs the advantages of central-
ized management as well as causing a lower environmental
impact as a whole.

The direct emissions of the WWTP plants are particularly
significant, due not only to the amounts involved but more
importantly to their much higher warming potential than
CQO,. Of the chemical compounds analyzed, the CH, values
are more constant than those for N,O due to the installation
of de-nitrification processes in some plants. In this regard,
reducing the amount of emissions entails a high degree of
difficulty, as the conventional processes of the plants them-
selves generate it.
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