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Wastewater and greywater have different scales of end-uses in irrigation in Portugal. Wastewater is treated in a
central wastewater treatment plant and reused in public/private large areas of irrigation, like agriculture, public
gardens and golf courses. On the contrary, greywater reuse is generally applied in in situ small scales, treated and
used in the same place, generally in the production site. Themain aim of this paper is to compare the two types of
systems: a wastewater centralized reuse system (WWCRS) and a greywater decentralized reuse system
(GWDRS) in terms of water quality, energy consumption and CO2 emissions.
In this paper, themain characteristics of both streams are presented and the degree of treatment required in each
stream is analyzed. The advantages and disadvantages of its reuse in different scales, in terms of water quality,
energy consumption and CO2 emissions are discussed. A methodology to calculate the energy consumptions
and CO2 emissions related to wastewater treatment that may be applied in different cases is presented. A
hypothetical example of the two systems: one referring to a WWCRS and the other to a GWDRS is presented.
The energy consumption and the CO2 emissions are analyzed and compared.
The WWCRS needs a higher degree of treatment and so it spends more energy and leads to more CO2 emissions
to the environment than the GWDRS that consumed between 11.8 and 37.5% of the energy consumed in the
WWCRS considering the same number of inhabitants served.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Water resources are being, over decades, intensively over explored
and polluted, and it is estimated that in a few years, it will reach high
values of water stress in Europe (Matos et al., 2012). The development
and the increasing demands of the population have also been conducted
to increase energy consumption. Water and energy are two key
ontes e Alto Douro, Escola de
elements to survival and its current consumption is alarming. The
increasing demand ofwater is extremely linked to the energy consump-
tion and greenhouse-gas emissions. Ramos et al. (2010) refer that,
according to the typical load curves for water and energy consumption,
the periods of highest consumption of water and energy occur at
approximately the same time. Rothausen and Conway (2011) argue
that the energy use and the greenhouse-gas emissions associated with
water management are poorly understood and have only partially
been considered in water management and planning. Energy use in
the water sector is growing (Curlee and Sale, 2003; US DOE, 2006, and
Goldstein and Smith, 2002) and this fact may constitute an adverse im-
pact on the environment in terms of resource scarcity and climate
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Table 1
Mean values of the parameters analyzed in drinking water, and domestic wastewater
(DWW; treated at tertiary level and not treated) in Portugal (in Marecos Do Monte and
Albuquerque, 2010).

Parameters Drinking water DWW RMV AMV

Al (mg/L) 0.06 0.1–2.0⁎ 5.0 20.0
As (mg/L) b0.01 0.0059⁎ 0.1 10.0
Ba (mg/L) – 1.0 10.0
B (mg/L) – 0.76⁎ 0.3 –

Cd (mg/L) b0.001 0.002⁎ 0.01 0.05
Ca (mg/L) 4.8 – –

Pb (mg/L) b0.005 5.0 20.0
Cl−(mg/L) 17.8 120–136 70.0 –

Cu (mg/L) 0.07 0.125⁎ 0.2 –

Cr (mg/L) b0.002 0.1 20.0
Fe (mg/L) 0.02 0.31⁎ 5.0 –

Mg (mg/L) 4.8 – –

Mn (mg/L) 0.02 0.058⁎ 0.1 10.0
Ni (mg/L) b0.006 0.5 2.0
NO3

−(mg/L) – 0–3.3 50.0 –

Phosphorus(mg/L) – – –

Se (mg/L) – 0.02 0.05
Na (mg/L) 14.8 – –

SO4
2−(mg/L) 27.3 42–75 575.0 –

Zn (mg/L) – 2.0 10.0
TSS (mg/L) 0.0 90–430 60.0 –

COD (mg/L) – 746–1946 150.0 –

BOD5 (mg/L) – 444–1338 40.0 –

TOC (mg/L) – –

Total coliform (NMP/100 mL) n.d. 107–109 –

Fecal coliform (NMP/100 mL) n.d. 105–108 1.0 × 102 –

Helminths eggs (NMP/100 mL) – 10–103 –

Salmonella (NMP/100 mL) – 102–104 1 –

SAR – 8.0 –

pH 6.8 6.5–8.4 4.5–9.0
Dissolved O2 (mg/L) – – –

Temperature (°C) – – –

Potential Redox (mV) 517.7 – –

⁎ Treated domestic wastewater (1)total Cl; (2)total nitrogen; (3)phosphate; n.d. — not
detectable; recommended maximum value (RMV) and admissible maximum value
(AMV) in Decree-Law No. 236/98 de 1 de Agosto, 1998.
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change, affecting the sustainable development of the modern societies.
It is important to identify the role of energy in all the processes of water
cycle, evaluate the integration of energy use into water resource
management, define strategies to optimize the relation between water
and energy consumption and reduce its impact in climate changes.
Taking into account that energy may be used from the point of water
abstraction to the point where the water returns to the natural system
(Rothausen and Conway, 2011), an integrated approach of energy and
water will be crucial to optimize the inter-relationship between energy
and water and to reduce CO2 emissions.

Within this context, it is imperative to consider different approaches
such aswater reuse strategies that could lead to the reduction of energy
consumption in the water processes. Indeed, one of the ways to reduce
the pressure in water supplies is to reuse wastewater and greywater
for irrigation. Studies developed in Portugal show that the adoption of
this and other measures will lead to the increase of efficiency in the
use of water, in agriculture, that will allow savings of approximately
65 M€/year (Melo-Batista, 2002). Various forms of energy are used
during a wastewater treatment process, namely electrical, manual,
fuel and chemical. Singh and Carliell-Marquet (2012) refer to most
studies already developed that have focused only on electrical energy
intensity of large scale centralizedwastewater treatment plant and em-
phasize the need to analyzemanual,mechanical, chemical and electrical
energy consumption in a small scalewastewater treatment plant, taking
into account the lack of research in this field.

Wastewater and greywater have different types of end-uses in
irrigation in Portugal. Wastewater is generally treated in a central
wastewater treatment plant and reused in public/private large areas
of irrigation, like crop productions, public gardens and golf courses
(Cirelli et al., 2012; Pedrero et al., 2010). On the other hand, greywater
reuse is generally applied in situ, treated and used in the same place,
generally in the production site. In both cases water needs treatment
but, the degree of treatment must be proposed taking into account the
type of reuse and the risk of exposure of the population. It is clear that
water and wastewater treatment involve highly energy-intensive
processes. It is important to consider that the treatment stage can
consume substantial amounts of energy, depending on the plant size,
the treatment plant location, the population served, the type of waste-
water being treated, the type of treatment process, the end-uses of
water and the quality of treatment required for water discharge. The
type of wastewater being treated is a parameter that influences deci-
sively the energy consumption in wastewater treatment (Plappally
and Lienhard V, 2012). The work developed by Singh and Carliell-
Marquet (2012) also focuses on more research that is required for
various categories of treatment plants with a holistic view on the
wastewater treatment and energy-nexus in various regions of the
world. These results show that it is necessary to characterize the
different types of treatment that may be used and the impact on energy
consumption and CO2 emissions.

The main aim of this paper is to present a methodology to calculate
the energy consumption and CO2 emissions related with the different
types of wastewater reuse systems. The methodology presented
may be applied in different cases, once the bibliographic review gives
reference values of energy consumption from several studies around
the world.

The authors hope to contribute to the knowledge in this area
through the comparison of two different types of water reuse systems:
a wastewater centralized reuse system (WWCRS), that may be con-
sidered as a non-reuse system in terms of energy consumption, and a
greywater decentralized reuse system (GWDRS) in terms of water
quality, energy consumption and CO2 emissions, giving an integrated
approach of the important and interconnected factors. Themain charac-
teristics of both streams will be presented and the degree of treatment
required in each stream will be analyzed. This type of analysis has not
been addressed in the literature review and may contribute to the
research about this issue because it will give an average value of the
energy consumption and CO2 emissions related with each system. In
this paper it is also to gather information from different studies that
researched about wastewater and greywater reuse in irrigation in the
particular case of Portugal.

2. Wastewater reuse systems

For now themajor water reuse interest in Portugal is agriculture and
landscape irrigation (Marecos DoMonte, 1998). The interest for the golf
courses irrigation has increased significantly in the last years (Marecos
Do Monte, 2007). In fact the most important reuse projects are for the
irrigation of golf courses and are under implementation in the region
of Algarve, a tourist region in the south of Portugal. According to
Martins et al. (2006) the effluent flow of 14 WWTP is sufficient to
cover the water demand for irrigation of the existing 28 golf courses
of 18 holes and the planned 19 golf courses correspond to 8.7 hm3 per
year (Martins et al., 2006).

Municipal wastewater is mainly comprised of water (99.9%) togeth-
er with relatively small concentrations of suspended and dissolved
organic and inorganic solids. Among the organic substances present in
sewage are carbohydrates, lignin, fats, soaps, synthetic detergents,
proteins and their decomposition products, as well as various natural
and synthetic organic chemicals from the process industries (FAO,
1992). Municipal wastewater also contains a variety of inorganic
substances from domestic and industrial sources including a number
of potentially toxic elements such as arsenic, cadmium, chromium,
copper, lead, mercury and zinc. Even if toxic materials are not present
in concentrations likely to affect humans, they might well be at
phytotoxic levels, which would limit their agricultural use. However,



Table 2
Values of the parameters analyzed in drinking water, total greywater (TGW) and other's
referenced in similar studies (in Matos et al., 2012).

TGW

Parameters Drinking
water

First
analysis

Second
analysis

Other
references*

Al (mg/L) 0.06 5.8 5.1 –

As (mg/L) b0.01 0.01 – –

Ba (mg/L) – 0.02 0.02 –

B (mg/L) – 0.2 – 0–3.8
Cd (mg/L) b0.001 0.07 – –

Ca (mg/L) 4.8 9.0 12.0 –

Pb (mg/L) b0.005 0.1 – –

Cl−(mg/L) 17.8 72.0 83.0 10.0 (1)
Cu (mg/L) 0.07 0.16 – –

Cr (mg/L) b0.002 0.1 – –

Fe (mg/L) 0.02 0.48 0.63 –

Mg (mg/L) 4.8 6.0 7.0 –

Mn (mg/L) 0.02 0.1 0.1 –

Ni (mg/L) b0.006 0.1 – –

NO3
−(mg/L) – 2.0 4.0 0.05–74 (2)

Phosphorus(mg/L) – 8.0 – 0.1–170 (3)
Se (mg/L) – 0.05 – –

Na (mg/L) 14.8 200.0 170.0 7.4–641
SO4

2−(mg/L) 27.3 130.0 – –

Zn (mg/L) – 0.11 0.10 0.09–6.3
TSS (mg/L) 0.0 51.0 85.0 40–120
COD (mg/L) – 720.0 770.0 8000.0
BOD5 (mg/L) – 170.0 310.0 90–360
TOC (mg/L) – 160.0 250.0 30–880
Total coliform (CFU/100 mL) n.d. 1.3 × 108 4.8 × 107 70–4 × 107
Fecal coliform (CFU/100 mL) n.d. 4.3 × 104 3.7 × 103 1–9 × 104
Helminths eggs (n/L) – 0 0 –

Salmonella (CFU/100 mL) – 0 0 –

SAR – 13.0 51.0 –

pH 6.8 8.9 7.1 6.4–10
Dissolved O2 (mg/L) – 7.8 1.3 2.2–5.8
Temperature (°C) – 20.0 11.0 –

Potential Redox (mV) 517.7 – 204.6 –

(1)Total Cl; (2)total nitrogen; (3)phosphate; n.d. — not detectable; * Siegrist et al. (1976);
Christova-Boal et al. (1996); Burrows et al. (1991); Rose et al. (1991); Shin et al. (1998);
Almeida et al. (1999); PNUEA (2001); Friedler (2004).

Table 3
Quality parameters presented in the guidelines for water reuse in to garden sprinklers in
different countries.

Parameter Portugal UK

(ANQIP, 2011) (BSI, 2010)

pH – 5–9.5
TSS (mg/L) 10 –

VSS (mg/L) – –

TS (mg/L) – –

NH3 (mg/L) – –

TP (mg/L) – –

COD (mg/L) – –

BOD (mg/L) – –

Fecal coliforms (CFU/100 mL) 200 –

Total coliforms (CFU/100 mL) 10,000 10
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from the health point of view the contaminants of greatest concern are
the pathogenicmicro andmacro-organisms (FAO, 1992). Pathogenic vi-
ruses, bacteria, protozoa and helminths may be present in raw
municipal wastewater and will survive in the environment for long
periods. Pathogenic bacteria will be present in wastewater at much
lower levels than the coliform group of bacteria, which are much easier
to identify and enumerate (as total coliforms/100 mL). Escherichia coli
are the most widely adopted indicator of fecal pollution and they can
also be isolated and identified fairly simply, with their numbers usually
being given in the form of fecal coliforms (FC)/100 mL of wastewater
(FAO, 1992).

In Table 1 the common values of the parameters in drinking water
and domestic wastewater (treated at the tertiary level and not treated)
in Portugal are presented.

The various parameter values for the treated wastewater to meet
depend on the type of reuse that is proposed. WHO (2006) sets
standards in their values ofmicrobiological parameters due to irrigation
with wastewater. EPA has already published some guidelines on the
reuse of treated domestic wastewater in a variety of purposes, such as
agricultural reuse (edible and non-edible crops), urban reuse, and irri-
gation in areas with restricted access, reuse for recreational purposes,
the reuse in construction, environmental reuse, industrial reuse,
groundwater recharge and indirect potable reuse. EPA (2004) classifies
agricultural reuse in two subtypes: the reuse by crops not industrially
processed and crops industrially processed/non-comestible. The main
differences rely on admissible BOD and fecal coliform values, higher in
irrigation crops industrially processed. Who (2006) divides its criteria
in restricted areas of irrigation, that is not accessible, and in non-
restricted areas. As expected the criteria are less demanding in the sec-
ond case.

Guidelines for water reuse for irrigation were published in Portugal
(NP 4434, 2005). This Portuguese standard provides guidance on the
use of treated urbanwastewater for agricultural irrigation (crops, forest,
plant nurseries) and landscape irrigation (parks, gardens, sport lawns
such as golf courses) (Marecos Do Monte, 2007). It is the first standard
document in the country that presents not only quality criteria for treat-
ed urban wastewater for irrigation but also provides guidance on other
important aspects to ensure safe practice, e.g. for selection of irrigation
equipment and methods, guidelines for environmental protection and
includes environmental impact monitoring procedures in areas irrigat-
ed with treated urban wastewater (Marecos Do Monte, 2007). Accord-
ing to the NP 4344 concentrations in the wastewater of different
elements that constitute a potential risk to the environment should
not be higher than the corresponding maximum recommended value
(VMR) referred in Decree-Law No. 236/98 of 1 August.

To meet the quality parameter requirements the wastewater
treatment plant has to have a primary (may involvefiltration, screening,
size reduction and inorganic suspended solids removal, as well as
primary sludge pumping), a secondary (usually activated sludge treat-
ment) and a tertiary (nutrients removal) degree of treatment and has
to be disinfected (may involve UV-B or chlorine disinfection).

Depending on the type of reuse that is considered, all the studies
agree on the fact that greywater generated inside a dwelling is generally
enough to supply a reuse strategy in garden irrigation. In a recent study
conducted in the North of Portugal, it was concluded that the greywater
productionmay reach the 297 L/house · day (Matos et al., 2013). In this
study, sampling campaigns were carried out for 7 days, in 12 dwellings
in Vila Real. Data was collected in order to knowhowmuch volumewas
discharged in each appliance per day. Each participating household was
sent diary sheets in accordance with the number of domestic devices.
The volunteers were asked to carefully record the volume used in
each usage, always being very careful to measure only one use each
time, thus there were no simultaneous uses during the research period.
The measure of larger volumes, such as bath, was made by taking
readings on the central flow meter of the household (sensitivity-dm3),
before and after each usage. To measure small volume differences
such as the volume needed for teeth washing we used graduated
volume recipients (Matos et al., 2013). Friedler (2004) refers that a
greywater reuse scheme would consume only 50–65% of the total
greywater produced. However this was stated in general cases. It is
necessary to evaluate the garden area to irrigate and the watering
needs of the cultures to be irrigated. Greywater is usually considered
to be of a high volume with a lower level of pollution while blackwater
is of low volume with the higher level of pollution (Neal, 1996).
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Although conceived to be clean greywater is polluted and contaminat-
ed. There is some research on the quality of greywater and its variation
by source and inside the same source (Matos, 2009; Matos et al., 2010).

According to Nolde and Dott (1991), greywater for recycling should
accomplish four criteria: hygienic safety, esthetics, environmental
tolerance and technical and economic feasibility. Important parameters
to consider for the sustainability of greywater reuse are pH, electrical
conductivity, suspended solids, heavy metals, fecal coliforms, E. coli,
dissolved oxygen, biological and chemical oxygen demands, total nitro-
gen and total phosphorus (Dixon et al., 1999; Birks and Hills, 2007;
Eriksson et al., 2002).

Table 2 presents the values of the parameters presented by
Matos et al. (2012) in the TGW and drinking water in a case study
conducted in the North of Portugal. In this table are presented the
national legal/regulatory criteria related to water quality for irrigation
and additionally, it presents a range of values, or the average value,
depending on the cases, taken from several foreign bibliographies.
Some of the bibliographic values are presented for greywater from
various sources (e.g. kitchen or bathroom) and not necessarily to the
mixture of all the greywater. Themost remarkablemark of thesewaters
is the great qualitative variability, which persists even with a high
number of repetitions (Friedler and Butler, 1996). In the present study
and in agreement with other precedents there were very different
values for most parameters, especially with regard to mean concentra-
tions of total coliforms and fecal coliforms.

Analyzing the results with the standard used before (NP 4434,
2005), it could be argued that the concentration of most parameters in
the TGW is not an obstacle. Unlike the aluminium concentration, total
suspended solids and chlorides, all above the VMR, and the concentra-
tion of cadmiumwhich is above theVMA, limiting the direct use of efflu-
ent for this purpose. It should be noted that the value of chlorides in
drinking water was also substantial. SAR, in this case shows values
above the VMR of water for irrigation, thus indicative of high salinity.
In what concerns the microbiological parameters, total and fecal coli-
forms, TGWwas highly contaminated. Consequently, it could not be di-
rectly used for irrigation.

In order to ensure safety use it is necessary that the quality of treated
greywater meets certain limits. In some countries there are quality
guidelines, as the development and implementation of alternative
Fig. 1. Centraliz
systems for water supply are growing. In Portugal, the National
Association for the Quality of Hydraulic Building Systems (ANQIP)
produced a technical specification about greywater systems, with
a range of quality parameters that the treated greywater must
accomplish. Table 3 shows the quality parameters presented in the
guidelines for water reuse in different countries.

Some simple approaches for greywater treatment were presented
in previous studies. Friedler et al., 2006 presented three pilot-scale
treatment units of light domestic greywater from a residential building.
The simplest one was a stand-alone filtration with a gravity sand filter
followed by chlorine disinfection, which was the less effective promot-
ing a reduction on pollutant parameters that was not enough to accom-
plish local guidelines for toilet greywater reuse. This unit produced
treated greywater with average values for SS, COD and BOD of 32, 130
and 62mg/L, corresponding to a reduction of 65, 38 and 10% respective-
ly. The other two treatment units studiedweremore complex, including
a rotating biological contractor and membrane bioreactor, and
produced water of “excellent quality” according to local guidelines.
Another study presented by Gual et al. (2008) showed a chlorination
unit and a filtration unit for greywater produced on the bathrooms of
a hotel. This system provided a significant treatment and produced
effluents having average SS and COD of 27 and 55 mg/L, respectively.
In Jordan, Al-Jayyousi (2003) presented a simple sand filtration unit to
treat and recover greywater for irrigation. Average values of SS and
BOD in treated greywater were, in this case, 189 and 392mg/L revealing
a reduction of 40 and 74%, respectively.
3. Energy consumption and CO2 emissions in reuse systems

As mentioned above, the correct definition of the type of the waste-
water treatment is crucial in the energy consumption. The knowledge of
the energy values related with the different stages of the different
wastewater treatment systems is extremely important to optimize its
operation and the energy consumption reduction.

Wastewater treatments involve high energy consumption during
the operation, leading to high values of CO2 emissions. Generally,
municipal wastewater is treated to meet the primary, secondary and
sometimes tertiary degrees of treatment, followed by disinfection.
ed system.



Fig. 2. Decentralized system.
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Primary treatment is relatively standard among different wastewa-
ter treatment plants and include waste collection, filtration, screening,
chemical treatment, grit removal and sedimentation. These different
stages have different related energy consumption. Screening, size
reduction and inorganic suspended solids removal processes need low
energy intensity, while primary sludge pumping is the process within
the primary treatment that consumes more energy. For example,
studies conducted in California revealed that influent wastewater
pumping and collection varies between 0.003 and 0.04 kWh/m3

(Navigant, 2006; GEI, 2009). In USA, raw sewage collection and
pumping consume an average of 0.04 kWh/m3. In New Zealand, energy
consumption values for wastewater pumping vary between 0.04 and
0.19 kWh/m3 and in Canada it ranges between 0.02 and 0.1 kWh/m3

(Kneppers et al., 2009; Maas, 2009). In the case of sedimentation
process, the energy expended presented lower values, in the range of
0.008–0.01 kWh/m3 (Tassou, 1988). A research work developed
in Australia revealed that the total energy consumed during the
primary treatment varies between 0.01 and 0.37 kWh/m3 (Kenway
et al., 2008).

For the secondary degree of treatment, there is awide range of alter-
natives. Different techniques as lagoons, activated sludge, oxidation
ditch andmembrane bio-reactors can be applied, influencing the energy
intensity values. As presented above, for the primary treatment, the
energy consumption involved in the secondary degree of treatment,
namely the suspended growth processes, vary for the different parts
of theworld. Considering the use ofmembrane bioreactors, those values
have a range from 0.10 to 0.82 kWh/m3 in Australia, while in USA this
Table 4
Energy consumed and the CO2 emissions from WWCRS.

WWCRS Energy consum
(kWh/m3) (l)

Wastewater treatment Primary
Grit discharge 0.01–0.37
Sedimentation
Secondary
Activated sludge System 0.1–1.89
Tertiary
Nutrient removal 0.23–10.55
Disinfection
UV-B or chlorine 0–0.066

Transportation 0.002–0.007
Irrigation using sprinklers 0.6–1.3

Total

(1) From the literature review.
(2) Considering the value from the literature for Portugal.
range is from 0.49 to 1.5 kWh/m3 (WEF, 2010; Yang et al., 2010).
Using trickling filter, the equivalent energy consumption presented a
range from 0.18 to 0.42 kWh/m3. The effluents treated by the activated
sludge process need to be disinfected. Chlorine and ultraviolet (UV-B)
are currently practiced in the disinfection process. The use of chlorine
does not require energy consumption, while the use of ultraviolet
light (UV-B) in an open channel reactor leads to energy consumptions
of 0.021 kWh/m3, for low pressure mercury lamp or 0.066 kWh/m3 in
the case of medium pressure (WEF, 2010). Analyzing the secondary
wastewater treatment, different values are referred for several
countries. As an example, the mean electrical energy consumption
may take the value between 0.2 and 1.89 kWh/m3 in USA (WEF, 2010;
Mizuta, 2010) while in Sweden this value reaches the 0.42 kWh/m3

(Yang et al., 2010).
The energy consumption during the tertiary degree of treatment

depends on the level of treatment required and applied to the effluents.
In nitrification the energy consumption may vary between 0.4
and 0.5 kWh/m3 (EPA, 2008). Phosphorus removal may consume
0.14 kWh/m3 of energy, if a microfiltration system with polymer
membranes is used, and consumption is reduced to 0.06 kWh/m3, in
the case of a ceramic membrane (Gnirss and Dittrich, 2000). The litera-
ture review reveals that the tertiary treatment involves higher values of
energy consumptionwhen comparedwith the primary and the second-
ary treatments. In this case, different values are also presented for
different countries. As an example, the overall energy consumption
required for an advanced tertiary treatment range between 0.23 and
10.55 kWh/m3 in Australia (Radcliffe, 2004). In the case of New Zealand
ption Variation interval for energy
consumption (kWh/d)

Variation interval for CO2

emissions (kg CO2/day) (2)

9.4–231.6 6.2–85.5

94.0–1776.6 34.7–655.9

216.2–9917.0 79.8–3661.7

0.0–62.0 0–22.9
1.9–6.6 07.–2.4
564.0–1222.0 208.2–451.2
885.5–13,215.8 329.6–4879.2

image of Fig.�2


Table 5
Energy consumed and the CO2 emissions in each house in the GWDRS.

GWDRS Energy consumption
(kWh/m3)

Variation interval for energy
consumption (kWh/d)

Variation interval for
CO2 emissions (kg CO2/day)

Wastewater treatment Primary
Gravity sand filter 0 0 0
Secondary ⁎

Membrane bioreactor 0.1–1.89 0.03–0.56 0.01–0.21
Disinfection
UV-B or chlorine 0–0.066 0–0.02 0–0.01

Transportation ⁎⁎ 0 0 0
Irrigation using sprinklers 0.6–1.3 0.18–0.39 0.07–0.14

Total 0.21–97 0.08–0.36

(1) From the literature review.
(2) Considering the value from the literature for Portugal.
⁎ It is not mandatory.
⁎⁎ The value is considered zero once the irrigation is in situ.
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these values varies between 0.32 and 0.88 kWh/m3 (Kneppers et al.,
2009).

Besides the analysis of energy consumption in the different processes
of wastewater treatment it is also important to consider, in a reuse
system, the energy consumption related with the water transportation
and end use.

In the literature review a value for wastewater pumping was not
found. The energy consumption related with surface water pumping
varies considerably depending on the specificity of the water supply
system. The length of the system and the elevation are basis factors to
analyze the energy intensity required. In California, for example,
2.4 kWh/m3 of energy was necessary to pump water in a tunnel with
16 km and for a lift of 600 m (Stokes and Horvath, 2009; Scott et al.,
2009; COA, 2010). The same value was needed in Australia to lift
water to 600 m before its delivery (Anderson, 2006).

As referred previously, different end uses may be given to treated
urban wastewater, namely agricultural irrigation (crops, forest, plant
nurseries) and landscape irrigation (parks, gardens, sport lawns such
as golf courses) and consequently, different energy consumptions
will be necessary. As an example, sprinklers are a type of pressurized
irrigation that is generally used for different practices, such as gardens,
agriculture and golf courses. In the literature a range from 0.6 to
1.3 kWh/m3 is referred to the energy consumption values for sprinkler
irrigation (Abadia et al., 2010; Moreno et al., 2010).

CO2 emissions in wastewater treatment depend on the energy
consumption at each stage of the treatment. According to the literature
review different values are presented for several countries and for
the various stages of the treatment or for the overall treatment. In
South Africa, it is estimated that 112 kg CO2/Ml is emitted in the
wastewater treatment while in California the value for recycled water
is 1023 g CO2/m3 and in Canada (Toronto) 117.31 g CO2/m3is emitted
in the water-treatment facility (Rothausen and Conway, 2011).
Table 6
Energy consumed and the CO2 emissions in the GWDRS.

GWDRS Variation interval for ene

Wastewater treatment Primary
Gravity sand filter 0
Secondary*

Membrane bioreactor 47.9–905.4
Disinfection
UV-B or chlorine 0–31.6

Transportation** 0
Irrigation using sprinklers 287.4–622.8

Total 335.3–1559.8

⁎ It is not mandatory.
⁎⁎ The value is considered zero once the irrigation is in situ.
In the particular case of Portugal, it's known that 369.23 g of CO2 are
emitted per kWh of electricity (Silva Afonso et al., 2011). This value
results from the mix of technologies used in Portugal to produce
electrical energy (including hydro, coal, wind, natural gas and others,
also involving the import).

4. Methodology for flow, energy consumption and CO2 emission
calculation in centralized and decentralized reuse systems

In this section a methodology will be proposed to estimate the
energy consumption and the CO2 emissions in centralized and
decentralized reuse systems. The formulation and the considerations
to calculate the flow, the energy consumption and the CO2 emissions
are presented for both types of the analyzed systems. The formulation
to calculate the flow was based on the Portuguese Regulation and on
the research work developed in Portugal. The energy consumption
was estimated considering the range of values obtained through the
literature review. To obtain the CO2 emissions, reference values of the
literature review were also used. Despite that this methodology is
applied to the particular case of Portugal, once the literature review is
based on studies around the world, it can be perfectly adjusted to any
other location, allowing us to know the impact of both types of waste-
water treatment on energy consumption and CO2 emissions.

4.1. WWCRS

Thefirst stepwas to calculate the flow ofwastewater to be treated in
the central wastewater plant. To calculate the flow it used Eq. (1),
according to the National Regulation (Regulatory Decree No. 23/95 of
23 of August).

Q ¼ Pop� Cap� fa� fp ð1Þ
rgy consumption (kYVh/d) Variation interval for CO2 emissions (kg CO2/day)

0

17.6–334.1

0–11.7
0
106.1–229.8
123.7–575.6



Fig. 3. Energy consumption in WWCRS and GWDRS.

469C. Matos et al. / Science of the Total Environment 493 (2014) 463–471
Being:

Q Flow (m3/s)
Pop population (person)
Cap Consume per person (l/person/day)
fa affluence factor
fp edge factor.

According to the national regulation, the edge factor reflects the
percentage of water used that reaches the wastewater network and
may fluctuate between 70 and 90%. In this case it was considered the
medium value of 80%.

The legislation proposes the following equation (Eq. (2)) to calculate
the edge factor:

fp ¼ 1:5þ 60
ffiffiffiffiffiffiffiffi
Pop

p ¼ 2:35: ð2Þ

In order to know the energy consumption associated to this system,
several possibilities for the wastewater treatment were proposed in
order to reach the water quality requirements for reuse. For each
stage of the treatment the values proposed in the bibliography for the
energy consumption (kWh/m3) was considered reaching a variation
interval for the energy consumption for the possibilities proposed. In
what concerns the calculation of CO2 emissions, the value proposed by
Fig. 4. CO2 in WWCRS and GWDRS.
Silva-Afonso et al. (2011), of 369.23 g of CO2 emitted per kWh of
electricity was used.

4.2. GWDRS

In the case of the GWDRS the value used for the flow (l / house · day)
was the one found byMatos et al. (2013), using an in situ analysis, that is
very similarwith the one calculated by the application of Eq. (1), without
considering the edge factor, once this is a case of unfamiliar houses and
according to the Portuguese specifications in this case (ETA 0905) the
flow that should be used is the annual flow average produced. After
knowing the flow generated per house, the number of houses that com-
pose the systemwas determined considering the value proposed by INE
(2011) for the number of inhabitants per house.

The calculation of energy consumption and CO2 emissions in this
system follows the same method already described above for the
WWCRS, taking into account that the treatment applied to greywater
is different from the one applied for the wastewater.

5. Methodology application

In this section, the methodology proposed will be applied to a
hypothetical example. The energy consumption and the CO2 emissions
of the two types of reuse systems mentioned above will be calculated.

A schematic representation of both types of systemswill be presented,
considering the various stages of the different wastewater treatment
systems. Its characterization will be done and the dimensioning para-
meters considered in the calculation will be referred.

5.1. WWCRS

A centralized system of wastewater reuse is presented in Fig. 1. This
system, hypothetically collectedwastewater from5000 inhabitants, and
is treated in a central wastewater treatment plant, integrating primary,
secondary, tertiary treatments and disinfection, in order to accomplish
the water quality requirements for reuse in irrigation.

Considering wastewater reuse in irrigation, as a centralized system,
energy is required for the treatment, for the transportation of the treated
wastewater into the end-use site and for the irrigation process (Fig. 1).

5.2. GWDRS

The second system is a decentralized greywater reuse systemwhich
integrates an in situ greywater treatment plant in each house that
composes the agglomeration of 5000 inhabitants.

Considering greywater reuse in irrigation, as a decentralized system,
energy is required for the treatment and for the irrigation process
(Fig. 2).

In order to accomplish thewater quality requirements for greywater
reuse in irrigation, the treatment system will integrate a primary and a
secondary treatment followed by disinfection.

5.3. Results and discussion

5.3.1. WWCRS
Considering the hypothetical case of a system serving 5000 persons,

the flow to treat in the WWCRS is 940 m3/day (Eq. (1)). According to
the referred legislation, for a population of 5000 inhabitants the
consumption per person a day to consider is 100 L.

The edge factor that resulted from the application of Eq. (2) was
2.35.

The energy consumed and the CO2 emissions in each step of the
wastewater central reuse system treatment, for the several possibilities
of treatment, according to Fig. 1, will meet the intervals presented in
Table 4.

image of Fig.�3
image of Fig.�4
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As showed in this hypothetical case-study a WWCRS will consume
between 885.5 and 13,215.8 kWh/day of energy and will gather an
emission between 329.6 and 4879.2 kg CO2/day.

5.3.2. GWCRS
In the decentralized system, each house will have its own greywater

system and consequently, each greywater treatment will receive
297 L/day, (Matos et al., 2013).

The energy consumed and the CO2 emissions in each house and in
each step of the greywater treatment, for the several possibilities,
according to Fig. 2, will meet the intervals presented in Table 5.

Considering 3.1 inhabitants per house as the average value of
inhabitants per house in Portugal, proposed by INE (2011), 5000
inhabitants will be distributed by 1613 houses, and thus the total
energy consumption and CO2 emission values will be the ones
presented in Table 6.

As showed in this hypothetical case-study, a GWDRS will consume
between 335.3 and 1559.8 kWh/day of energy and will lead to values
of CO2 emissions between 123.7 and 575.6 kg CO2/day.

5.4. Comparison between systems

In Figs. 3 and 4 the differences in terms of energy consumption and
CO2 emissions between the two systems considered are presented.
There are presented the minimum and maximum values obtained for
the hypothetical case studies.

In analyzingFigs. 3 and 4, a large difference in energy consumption
between the two systems can be observed. A GWDRS consumed
between 11.8 and 37.5% of energy of a WWCRS, what has direct impli-
cations on the CO2 emissions. Believing as already proved in some of
the studies presented, that an in situ secondary treatment will be
enough to satisfy the legal requirements for the greywater quality for
sprinkler irrigation, it may be argued that the GWDRS will be the best
option, considering the parameters analyzed here.

6. Conclusions and final remarks

The importance of a correct characterization of wastewater/
greywater lies on the assessment of its potential for a direct reuse or,
if it's not possible, the correct definition of the treatment system in
order to get a feasible, sustainable and cost-effective one.

Domestic wastewater tend to be more polluted than greywater,
however both sources need treatment prior to reuse. Due to the high
potential risk in terms of pathogens, which is higher in domestic
wastewater than in greywater, it is imperative to treat before reuse
and mainly to take full control of the reuse system itself. A greywater
treatment unit is important not only to guarantee a safe reuse, in
terms of public health, but also to ensure the proper functioning of the
piping system and all the supplied equipments that can be damaged
by the accumulation of solid.

Depending on the type of treatment,more or less energywill be con-
sumed in the process. Therefore, the selection of the treatment to
implement, centralized or decentralized, has an important role in the
reduction of energy consumption and consequently in the emissions
of CO2.

From the hypothetical studies presented here, it may be argued
that a GWDRS is the best option in terms of energy consumption and
CO2 emissions. For future research the important issue of carbon
sequestration of the irrigated areas will be studied, once this part was
not the aim of this paper.

However, an economic analysis of the viability for the application of
these systems has also to be addressed.

As it is well known, the responsibility from in situ systems, since the
implementation until the greywater requirement accomplishments is
from the users and not from the municipality. On the opposite, the
WWCRS is from the responsibility of the municipalities and therefore
the economic implications of these two types of management systems
are extremely important and cannot be neglected. Furthermore, the
actions taken by each of these actors must always be present in the
urgent need to reduce the consumption of energy and water towards
reducing the negative impact on the environment.
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