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Abbreviations:  18 

WF: water footprint (the sum of three components: green, blue and grey); GWF: grey water footprint; GWFC: grey water 19 

footprint of conventional pollutants (nitrate, phosphates, organic matter); GWFP: grey water footprint of pharmaceuticals 20 

(carbamazepine, diclofenac, ketoprofen, naproxen); WWTP: wastewater treatment plant; Q: flow discharged into a water 21 

body (return of demand); Ceff: concentration of a pollutant in a discharge; Cmax: maximum acceptable concentration of 22 

a pollutant for a water body; Cnat: natural concentration of a pollutant in a water body; CBZ: carbamazepine; DCF: 23 

diclofenac; KTP: ketoprofen; NPX: naproxen; BOD5: Biological oxygen demand; TN: total nitrogen; TP: total 24 

phosphorus; Al: Alcantarilla; CB: Cabezo Beaza; Ca: Calasparra; CC: Caravaca de la Cruz; Ci: Cieza; LH: La Hoya; 25 

MN: Molina Norte; ME: Murcia Este; PL: Puerto Lumbreras; SJ: San Javier; SP: San Pedro; Ye: Yecla. 26 
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 29 

Abstract 30 

Emerging pollutants, including pharmaceutical compounds, are producing water 31 

pollution problems around the world. Some pharmaceutical pollutants, which 32 

mainly reach ecosystems within wastewater discharges, are persistent in the 33 

water cycle and can also reach the food chain. This work addresses this issue, 34 

accounting the grey component of the water footprint (GWFP) for four of the 35 

most common pharmaceutical compounds (carbamazepine (CBZ), diclofenac 36 

(DCF), ketoprofen (KTP) and naproxen (NPX)). In addition, the GWFC for the 37 

main conventional pollutants is also accounted (nitrate, phosphates and organic 38 

matter). The case study is the Murcia Region of southeastern Spain, where 39 

wastewater treatment plants (WWTPs) purify 99.1% of the wastewater 40 

discharges and there is an important direct reuse of the treated wastewater in 41 

irrigation. Thus, the influence of WWTPs and reuse on the GWF is analysed. 42 

The results reveal that GWFP, only taking into account pharmaceutical 43 

pollutants, has a value of 301 m3 inhabitant-1 year-1; considering only 44 

conventional pollutants (GWFC), this value increases to 4,718 m3 inhabitant-1 45 

year-1. So, the difference between these values is such that in other areas with 46 

consumption habits similar to those of the Murcia Region, and without 47 

wastewater purification, conventional pollutants may well establish the value of 48 

the GWF. On average, the WWTPs reduce the GWFC by 90% and the GWFP by 49 

26%. These different reductions of the pollutant concentrations in the treated 50 
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effluents show that the GWF is not only due to conventional pollutants, and 51 

other contaminants can became critical, such as the pharmaceutical pollutants. 52 

The reuse further reduces the value of the GWF for the Murcia Region, by 53 

around 43.6%. However, the reuse of treated wastewater is controversial, 54 

considering the pharmaceutical contaminants and their possible consequences 55 

in the food chain. In these cases, the GWF of pharmaceutical pollutants can be 56 

used to provide a first approximation of the dilution that should be applied to the 57 

treated wastewater discharges when they are reused for another economic 58 

activity that imposes quality restrictions. For the case of agriculture in the Murcia 59 

Region, the dilution required is 2 (fresh water) to 1 (treated wastewater), taking 60 

into account the pollution thresholds established in this work. 61 

Keywords: Grey Water Footprint; Pharmaceuticals; Irrigation; Water 62 

Resources Management; Wastewater Treatment Plant; Murcia Region. 63 

 64 

1. Introduction 65 

"Emerging pollutants" are defined as contaminants such as chemical and 66 

pharmaceutical products applied by consumers that produce pollution of the 67 

aquatic environment (Kümmerer, 2011). Examples of emerging pollutants are 68 

surfactants, flame-retardants, personal care products, gasoline additives, 69 

biocides, polar pesticides, and their degradation products, microplastics, various 70 

pollutants tested for or suspected of endocrine disruption and pharmaceutical 71 

compounds (Petrie et al., 2015). They can be found in surface and ground 72 

waters since the recalcitrant behaviour of some of these pollutants means that 73 

they are not easily degraded (Petrie et al., 2015; Wang et al., 2016). Although 74 
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they are usually found in low concentrations (µg L-1), their effects on the 75 

environment in the short or long term are not completely understood (Mandaric 76 

et al., 2015). Currently, some of these pollutants are already included in 77 

monitoring plans, as in the case of the prioritisation of emerging pollutants 78 

initiatives (NORMAN, 2017). Moreover, a broad range of pollutants are 79 

controlled by the legislation outlined by the European Commission (Directive 80 

2000/60/EC, Directive 2008/105/EC, Directive 2013/39/EC). Traditionally, these 81 

have been chemicals of agricultural or industrial origin. Nevertheless, legislation 82 

is expected to include a greater number of derived chemicals, following the 83 

recent incorporation of the pharmaceutical compounds 17β-estradiol (E2), 17α-84 

ethinylestradiol (EE2) and diclofenac as priority emerging pollutants in the 85 

observation list (Decision 2015/495/EC). 86 

As mentioned before, this list of emerging pollutants includes 87 

pharmaceutical compounds that are widely used in human and veterinary 88 

medicine. In some cases, the damage to ecosystems is well known; for 89 

example, the severe injury of Nepalese and Himalayan vultures due to the 90 

veterinary use of diclofenac (Cuthbert et al., 2011). Since 2006, diclofenac has 91 

been banned to prevent further declines in vulture populations and a partial 92 

recovery has been observed in Nepal (Paudel et al., 2016). Carbamazepine, 93 

another pharmaceutical compound, is known to accelerate fish embryonic 94 

development, thus disturbing larval behaviour (Qiang et al., 2016). Although the 95 

effects of many other pharmaceutical residues are not known, there is a strong 96 

concern, as some studies have revealed that large amounts of pharmaceutical 97 

compounds are not necessary to provoke considerable damage in the 98 

biosphere (Quiang et al., 2016). Not only do they pose a risk to the 99 
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environment, they can also enter the food chain and affect humans (Prosser 100 

and Sibley, 2015). This issue cannot be considered as negligible in areas with 101 

scarce water resources where wastewater is often reused, even sometimes 102 

directly in irrigation without any treatment (Satterthwaite, 2016). 103 

The growing concern about the existence of pharmaceutical compounds 104 

in the aquatic environment has led to widespread measurements of these 105 

pollutants, but there are hardly any sets of homogeneous indicators that allow 106 

the comparison of the pollution issues across different geographic areas (Jiao et 107 

al., 2013). The grey water footprint (GWF) is one of these indicators. The GWF 108 

is part of the water footprint, which is composed of the colours green, blue and 109 

grey. The green water footprint is the volume of rainwater consumed during the 110 

production process (agricultural and forestry products). The blue water footprint 111 

is the consumption of water resources (surface and groundwater) or their 112 

diversion to another geographic area (transfers). The GWF is defined as the 113 

volume of fresh water that is required to assimilate the load of pollutants, based 114 

on natural background concentrations and existing ambient water quality 115 

standards (Hoekstra et al., 2011). So, the GWF assesses the impacts produced 116 

by the pollution load on the aquatic environment in terms of the volume of fresh 117 

water. In addition, the GWF can be applied according to a producer or 118 

consumer approach, differentiating pollution generated by economic activities 119 

from that of domestic consumption habits (Hoekstra et al., 2011). 120 

In recent years, numerous studies have assessed the GWF for 121 

conventional pollutants such as nitrate, phosphates and organic matter (Liu et 122 

al., 2012; Wu et al., 2016; Cazcarro et al., 2016; Gil et al., 2017; Pellicer-123 

Martínez and Martínez-Paz, 2018; Quinteiro et al., 2018). Nevertheless, scarce 124 
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information is available about the emerging pollutants, especially regarding the 125 

GWF produced by the presence of pharmaceuticals in the wastewater releases 126 

into aquatic ecosystems, since they are the main sources of these pollutants. 127 

So, this issue is less important in areas where WWTPs eliminate part of these 128 

pollutants, thus reducing the GWF. Although these facilities are not planned to 129 

completely eliminate pharmaceutical pollutants, for some of them they are able 130 

to lower the concentration found in the influent by almost 90% (Arriaga et al., 131 

2016; Fernández-López et al., 2016; Rozas et al., 2016; Wang et al., 2016; 132 

Díaz-Garduño et al., 2017; Martínez-Alcalá et al., 2017), in particular when the 133 

WWTPs have tertiary treatments (Zhang et al., 2015; Wang et al., 2016; Díaz-134 

Garduño et al., 2017). Unfortunately, the residual water is usually not purified by 135 

a WWTP in many geographic areas. For example, less than 1% of wastewater 136 

is treated on the African continent (http://www.wri.org/our-137 

work/project/eutrophication-and-hypoxia/sources-eutrophication). Therefore, 138 

some of the wastewaters along with their pollutants finally end up in the 139 

environment or are reused without any treatment for other activities such as 140 

irrigation. In both kinds of area (with or without WWTPs), the GWF can assess 141 

the pollution from pharmaceuticals in terms of the volume of fresh water 142 

consumption, helping water boards in two ways. On the one hand, once the 143 

GWF is assessed, this value can be used to analyse the sustainability of the 144 

pollution problems. For example, when the flows in receiving water bodies 145 

exceed the GWFs, the water bodies can withstand the pollution loads that they 146 

receive (Hoekstra et al., 2011). But, when the flows are lower than  the GWFs, 147 

the pollution cannot be supported and the GWF must be reduced (Pellicer-148 

Martínez and Martínez-Paz, 2016a). On the other hand, as GWF values 149 
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quantify the volumes of fresh water that are necessary to reduce the pollutants 150 

of an effluent to certain levels, they can show the order of magnitude of the 151 

volume with which it would be necessary to mix this effluent so as to be able to 152 

reuse it for other economic activities. 153 

This work has as its main and novel target the accounting of the GWF of 154 

pharmaceutical pollutants (GWFP) following their consumption, focusing on the 155 

discharge of these substances into the aquatic environment in the wastewater 156 

of several municipalities. The four pharmaceuticals studied are carbamazepine 157 

(CBZ), diclofenac (DCF), ketoprofen (KTP) and naproxen (NPX). These 158 

compounds are the most-common pharmaceutical pollutants according to their 159 

consumption in several European countries, their behaviour during wastewater 160 

treatment and the frequency with which they are detected in WWTPs 161 

(Camacho-Muñoz et al., 2009). Additionally, GWFs were also accounted 162 

considering conventional pollutants (GWFC) such as nitrate, phosphates and 163 

organic matter. This study was conducted in the Murcia Region, in the 164 

southeast of Spain. This geographic area has a very-productive irrigated 165 

agriculture and, given the scarcity of water, a large number of WWTPs have 166 

been built in order to increase the availability of good-quality water to be reused 167 

in this economic activity (Ródenas and Albacete, 2014). So, the effects of water 168 

treatment and reuse on the GWF are analysed for all pollutants (pharmaceutical 169 

and conventional). Finally, the implications of pharmacological pollutants with 170 

respect to the management of water resources, and in particular the reuse of 171 

wastewater in irrigation, are discussed. 172 

 173 

 174 
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 175 

2. Material and methods 176 

2.1. Study area  177 

The Murcia Region is located in southeastern Spain (Iberian Peninsula). 178 

It has an extension of 11,313 km2 and is entirely within the Segura River Basin 179 

(Grindlay et al., 2011). The climate of this region is semi-arid Mediterranean, 180 

with an average annual temperature of 18 ºC and scarce annual rainfall, around 181 

300 mm (Aparicio et al., 2017). Despite the scarce natural water resources, 182 

there is strong use of water for urban (including tourism along the coast), 183 

industrial and irrigation purposes (CHS, 2016). In fact, the consumption has 184 

increased in recent years, exceeding the limits of natural resources and 185 

resulting in a structural water deficit with an unsustainable tendency, as 186 

highlighted in hydrological planning (CHS, 2016). Due to the almost-constant 187 

shortage, important water-management measures have been taken in order to 188 

match growing requirements and water availability. This scarcity has been 189 

addressed through two strategies: modernisation of supply facilities, which has 190 

enabled the attainment of higher levels of profitability, and the use of non-191 

conventional resources. Regarding the latter, there are important transfers from 192 

the Tagus River Basin (Kroll et al., 2013), very-extensive use of groundwater 193 

(Martínez-Paz and Perni, 2011), desalination plants along the coast (Lapuente, 194 

2012) and significant direct reuse of treated wastewater effluents in irrigation 195 

(Figure 1). 196 

 197 

 198 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

9 

 

 199 

Figure 1. Location of Murcia Region and the geographic situation of the 12 WWTPs studied. 200 

WWTPs codes and location: Alcantarilla (Al); Cabezo Beaza (CB); Calasparra (Ca); Caravaca 201 

de la Cruz (CC); Cieza (Ci); La Hoya (LH); Molina Norte (MN); Murcia Este (ME); Puerto 202 

Lumbreras (PL); San Javier (SJ); San Pedro (SP); Yecla (Ye). 203 

 204 

The irrigated crops in Murcia Region have a millennial tradition, due to 205 

the combination of a benign climate with very-favourable land for agriculture 206 

(Gil-Olcina, 2009). Under these circumstances, irrigated agriculture has 207 

expanded and modernised in recent decades, becoming one of the most-208 

profitable agricultural businesses worldwide (Martínez-Paz et al., 2016). In this 209 

regard, the irrigated area is currently about 188,534 hectares, representing 17% 210 

of this geographic area (INE, 2012). In addition, in terms of economic 211 

agricultural exports (vegetables and fruits), this region is ranked third in Spain 212 

despite its small size (Cerdá et al., 2016). Achieving these milestones with such 213 
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scarce resources has been possible due to a complex and rational system of 214 

exploitation of water resources that connects the main irrigated areas with 215 

several sources of water. So, in the case of a lack of water from one source, it is 216 

possible to resort to another. Among these, wastewater has become a basic 217 

source because it is practically constant over time. In fact, 99.1% of wastewater 218 

is treated, 105-115 Hm3 year-1 during the period 2011-15 (ESAMUR, 2017), 219 

representing 10% of the natural water resources per year (CHS, 2016). Despite 220 

the high quality of the treated wastewater, it is possible to further improve some 221 

of its physical-chemical parameters due to connections in the complex system 222 

of exploitation that allow the mixing of water from different sources. For 223 

example, the salinity of wastewater from coastal municipalities is reduced using 224 

water from the transfer and the quality of desalinated water is improved by 225 

mixing it with treated wastewater. These physical-chemical parameters are 226 

usually conditioned by the type of land that receives the water or by the type of 227 

crop, as is the case of citrus with boron in desalinated water (Güler et al., 2015).  228 

As a whole, the 12 WWTPs studied here purify 70% of the region's 229 

wastewater, thus adequately representing the Murcia Region (Figure 1). The 230 

main treatments are conventional activated sludges, extended-aeration 231 

activated sludge processes and membrane bioreactors. All of them include 232 

tertiary treatment as the end point of the purification process. Of the treated 233 

wastewater, 34.4% is reused directly for irrigation, 60.2% is reused indirectly 234 

(1.60% by percolation into aquifers, while 58.6% is discharged into rivers, later 235 

being reused in wells or in derivations downstream) and 7.40% is discharged 236 

into the Mediterranean Sea (CHS, 2016). 237 

 238 
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 239 

2.2. Grey Water Footprint accounting 240 

 The GWF is calculated as follows (Hoekstra et al., 2011, Pellicer-241 

Martínez and Martínez-Paz., 2016b): 242 

�GWF� = max
 � Q� · Ceff�,
(Cmax
 − Cnat
)�																					GWF� = 0																		∀	�:	Cmax
 ≤ Cnat
													 					(1) 
Eq. (1) provides the GWF for an effluent (j) contaminated by several 243 

pollutants (k) for a reference time interval. This equation is applied for each 244 

pollutant (k) considered, and the maximum volume of fresh water required by 245 

one pollutant is the value of the GWF of this effluent, since it can dilute the rest 246 

of the pollutants such that they become harmless (Hoekstra et al., 2011; Wang 247 

and Wu, 2014). In Eq. (1), Qj is the flow of effluent (j); Ceffj,k are the 248 

concentrations of the (k) pollutants considered in the effluent (j); Cmaxk is the 249 

maximum concentration permitted in the receiving water body for each pollutant 250 

(k); and Cnatk is the natural concentration of the same pollutants (k) in the 251 

receiving water body, which must be zero in the case of non-natural compounds 252 

(Hoekstra et al., 2011). 253 

The GWF definition applies to discharges into water bodies, such as 254 

direct wastewater releases or discharges from WWTPs into natural streams 255 

(Morera et al., 2016). It is also applied to determine the GWF generated by the 256 

sweeping along of pollutants by surface runoff or by infiltration in aquifers, as in 257 

the case of excess fertiliser application to crops (Mekonnen and Hoekstra, 258 

2015). Therefore, if a return from a water use is reused in another economic 259 

activity, preventing pollutants from reaching water bodies (or reducing 260 
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considerably the load of pollutants), it does not generate a GWF. For example, 261 

the reuse of treated wastewater in irrigation (without adding industrial fertilisers) 262 

would be like another treatment step, as the green filters prevent the nutrients 263 

from reaching wet areas or aquifers (Fowdar et al., 2017). This is possible 264 

because the pollutant load of nutrients from treated wastewater is usually less 265 

than the needs of the crops. So, a GWF is generated only when industrial 266 

fertilisers are added and their excess ends up in a body of water, not when 267 

treated wastewater is used alone. 268 

In this case study, the reference time interval is the year 2015, Qj are 269 

data from the previously-mentioned 12 WWTPs (ESAMUR, 2017) and it is 270 

assumed that the inflows and effluents for each WWTP are the same. Ceffj,k are 271 

the concentrations of the pharmaceutical pollutants (CBZ, CBZ, KTP and NPX) 272 

obtained from Fernández-López et al. (2016). Conventional pollutants (nitrate, 273 

phosphates and organic matter) are measured as the total nitrogen (TN), total 274 

phosphorus (TP) and BOD5, respectively (ESAMUR, 2017).  275 

Regarding Cmaxk, there is neither legal restriction nor a unanimously-276 

recognized criterion for pharmaceutical pollutants. Therefore, the Predicted No 277 

Effects Concentrations (PNEC) criterion of these products in waters for living 278 

organisms is proposed. This criterion refers to the concentration of a chemical 279 

below which no adverse effects of exposure in an ecosystem are measured. In 280 

addition, this criterion is quite variable depending on the organism analysed 281 

(algae, invertebrate and fish) and the toxic critical effects studied (growth 282 

inhibition, reproduction inhibition, half-maximal effective concentration, lethal 283 

concentration for 50% of the population or lowest effect concentration). Also, it 284 

is important to consider the possibility of the presence of several 285 
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pharmaceutical compounds at the same time, establishing phenomena of 286 

synergism or antagonism in the organism toxicity (Trombini et al., 2016). For 287 

example, CBZ can be toxic from 0.1 or 100 mg L-1 and DCF from 0.0005 or 186 288 

mg L-1 (Tran et al., 2014). Although PNEC are weak with regard to reflecting the 289 

toxicity of several pharmaceutical compounds present at the same time, these 290 

values are also considered very conservative. So, the PNEC criterion is 291 

selected to assess the GWF, considering the values found in Gheorghe et al. 292 

(2016) for the no observed effect concentration in Daphnia magna. Whereas, 293 

for the conventional pollutants the maximum values have been taken as those 294 

allowed by the Spanish legislation on water management (BOE, 2008; BOE, 295 

2015). For Cnatk, it is considered that all wastewater ends up in a surface water 296 

body. Consequently, Cnatk is zero for pharmaceutical pollutants, but setting a 297 

value for conventional pollutants is more complicated due to a lack of 298 

information. Liu et al. (2012) described a method linking natural concentrations 299 

to the population density of the study area. To this end, it was assumed that 300 

river basins with population densities equal to or less than 1 inhabitant per 10 301 

km2 are unaltered. No numerical modelling is needed in this study as there are 302 

already measurements of the concentrations in the unaltered water bodies in 303 

the Murcia Region, where the population density is lower. The measurements 304 

made in these unaltered surface water bodies showed that most TN, TP and 305 

BOD5 concentrations were around zero (CHS, 2017), which allowed the 306 

establishment of null values for the natural concentrations (Cnatk) of all three 307 

pollutants. In the calculation of the GWF, discharges into the sea have also 308 

been considered (and the Cnatk considered are the same as those of the fresh-309 

water bodies). Thereby, discharges into the sea with large pollutant loads are 310 
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not excluded from this analysis and the option of changing a discharge’s 311 

destination (instead of a river, directly into the sea) cannot be proposed in order 312 

to reduce the value of the GWF. The data for the effluents (Qj and Ceffj,k) are 313 

summarised in Table 1, and the Cmaxk values are presented in Table 2. 314 

Table 1. Main characteristics of the influents and effluents of the WWTPs (Qj, Ceffj,k). 315 

WWTPs(j) Al* CB* Ca** CC* Ci* LH* MN* ME** PL* SJ* SP*** Y* 

W
W

T
P

 in
fl

u
en

ts
 

Qj (Hm3 year-1)a 2.45 7.83 0.62 1.65 2.09 17.4 5.37 42.5 0.48 2.53 2.69 1.68 

C
ef

f j,
k 

 p
ha

rm
ac

eu
tic

al
 (

µg
 L

-1
),

 c
on

ve
nt

io
na

l 
po

llu
ta

nt
s 

(m
g 

L-1
) 

CBZb 26.5 4.99 N.D. N.D. 21.8 17.4 N.D. 1.87 N.D. 0.56 N.D. N.D. 

DCFb 5.78 N.D. N.D. N.D. N.D. 2.01 N.D. 0.82 N.D. N.D. N.D. N.D. 

KTPb 2.52 N.D. N.D. N.D. N.D. 3.39 N.D. 0.54 N.D. N.D. N.D. N.D. 

NPXb 1.36 0.09 2.63 N.D. 0.91 2.67 N.D. 0.36 1.81 N.D. 8.92 N.D. 

BOD5
 a 676 420 533 408 564 597 786 262 407 152 190 493 

TN a 73 84 60 112 88 116 63 48 101 54 53 67 

TP a 11 7 12 9 11 8 8 7 6 9 5 13 

 WWTPs(j) Al* CB* Ca** CC* Ci* LH* MN* ME** PL* SJ* SP*** Y* 

W
W

T
P

 e
ff

lu
en

ts
 

Qj (Hm3 year-1) a 2.45 7.83 0.62 1.65 2.09 17.4 5.37 42.5 0.48 2.53 2.69 1.68 

C
ef

f j.
k 

 p
ha

rm
ac

eu
tic

al
 (

µg
 L

-1
),

 
co

nv
en

tio
na

l p
ol

lu
ta

nt
s 

(m
g 

L-1
) 

CBZb 11.9 1.45 9.91 2.40 N.D. 10.4 N.D. 2.46 14.1 2.02 8.59 6.22 

DCFb 0.39 N.D. N.D. N.D. N.D. 0.53 N.D. 0.39 N.D. N.D. N.D. N.D. 

KTPb 0.67 N.D. N.D. 0.15 N.D. 1.39 N.D. 0.34 N.D. N.D. N.D. N.D. 

NPXb 0.28 1.01 N.D. N.D. N.D. 0.94 N.D. 0.23 3.70 N.D. N.D. N.D. 

BOD5
 a 4 7 3 3 3 4 4 5 2 5 5 4 

TN a 12 31 6 5 9 56 11 9 6 6 7 5 

TP a 6 1 2 1 4 4 1 2 4 1 2 3 

aData obtained from ESAMUR (2017). 
bData obtained from Fernández-López et al. (2016): mean value of 4 replicates per sample. N.D.: Not detected. 

* reuse in irrigation 

** discharge into natural stream 

*** discharge into sea 

 316 

 317 

 318 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

15 

 

 319 

 320 

Table 2. Cmaxk allowed in surface water bodies for the pharmaceutical and conventional 321 

pollutants considered. 322 

Pharmaceutical pollutants Cmaxk (µµµµg L-1) Parameters of 
conventional 

pollutants 

Cmaxk (different 
units) 

CBZ 1 1.2 BOD5
 2 6 mg L-1 O2 

CBZ 1 0.45 TP 2 0.4 mg L-1 PO4 

KTP 1 0.56 TN 3 5 mg L-1 TN 

NPX 1 1.0   

1 Gheorghe et al. (2016). 
2 BOE 2008. 
3 BOE 2015. 

 323 

 324 

3. Results 325 

The situation described in the Murcia Region is present in many other 326 

territories: an area with scarce water resources in which wastewater is reused 327 

for irrigation. But, unlike many other areas, the extensive network of existing 328 

treatment plants, many of them directly connected to irrigation communities, 329 

allows us to pose three scenarios in which different possible GWFs can be 330 

discussed depending on if the wastewater is treated and/or reused. First, GWFs 331 

are obtained with the concentrations in the wastewater before it reaches the 332 

treatment plants (influents), whose values would be analogous to those in areas 333 

where wastewater is not treated. Second, GWFs are assessed using the 334 

concentrations in the effluents of the WWTPs, which are representative of those 335 
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territories where wastewater is treated but is not directly reused. Third, GWFs 336 

are accounted for considering also a direct reuse. This is conducted considering 337 

the particular characteristics of the Murcia Region. These results provide an 338 

idea or an order of magnitude of what the reuse of treated wastewater means 339 

for the GWF, since reuse diminishes the dispersion into the aquatic 340 

environment. Therefore, following these steps, the GWF results for 341 

pharmaceutical (GWFP) and conventional (GWFC) contaminants, calculated 342 

separately, are presented and compared. First, the values of the GWFP and 343 

GWFC are shown for the influents to the WWTPs. Second, the values for the 344 

effluents are given, evaluating the effect of the removal of pollutants by the 345 

WWTPs on the GWFP and GWFC. Finally, the GWFP and GWFC values of the 346 

effluents are presented considering their direct reuse in irrigation. 347 

 348 

3.1. Grey Water Footprint generated by the main municipalities in 349 

Murcia Region (WWTPs influents) 350 

In this section, the GWFP and GWFC of the WWTPs influents are 351 

presented; these represent the values that would be generated by the 352 

populations in 12 municipalities if there were no purification processes (Figure 353 

2a). In this case, the GWFP has a significant value of 263·106 m3 year-1. The 354 

municipalities that contribute most to this value are Murcia Este (66.5·106 m3 355 

year-1), Alcantarilla (58.0·106 m3 year-1) and La Hoya (46.2·106 m3 year-1). The 356 

results indicate that the critical contaminant is not the same for all 357 

municipalities. Overall, CBZ is responsible for 65% of the GWFP, while DCF and 358 

NPX have less weight in this global value: 25% and 10%, respectively. 359 

Meanwhile, KTP is not the critical pollutant in any municipality, since the volume 360 
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of fresh water required to dilute this pollutant in each influent is not capable of 361 

diluting the other pollutants to their established water quality standards. It 362 

should be noted that four of the studied municipalities do not generate a GWFP 363 

due to the low concentrations of these pharmaceutical pollutants in the 364 

analysed wastewaters (three are below the detection limits established by the 365 

methodology employed in Fernández-López et al. (2016)). The maximum value 366 

of the GWFP per inhabitant is for Alcantarilla (1,322 m3 inhabitant-1 year-1), 367 

followed by Cieza (1,041 m3 inhabitant-1 year-1) and San Pedro (980 m3 368 

inhabitant-1 year-1), with a wide range of variation (Figure 2b). So, although 369 

Murcia Este is the municipality that contributes most to the GWFP for the whole 370 

area, its inhabitants do not contribute the most individually, ranking fifth. On 371 

average, each inhabitant generates a GWFP of 301 m3 year-1.  372 

Figure 2. GWFP generated by the populations of the 12 main municipalities in Murcia Region, 373 

considering pharmaceutical pollutants (GWFP due to critical pollutants in the WWTPs influents): 374 

a) m3 year-1; b) m3 inhabitant-1 year-1. 375 

 376 
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Comparing the GWFP values with those obtained for conventional 377 

pollutants (GWFC), it can be observed that the former are lower in all the 378 

influents studied. So, the volume of fresh water needed to dilute the 379 

conventional pollutants is also able to dilute the pharmaceutical ones, and the 380 

GWFC would be the GWF generated by these municipalities. The GWFC 381 

reaches a value of 4,124·106 m3 year-1 as a whole for all the municipalities 382 

studied, organic matter (BOD5) being the critical conventional pollutant. The 383 

municipalities that contribute most to the GWPC are Murcia Este (1,063.2·106 m3 384 

year-1), Molina Norte (696.2·106 m3 year-1) and Cabezo Beaza (528.5·106 m3 385 

year-1), which are also the ones with the greatest populations (Figure 3a and 386 

Table 1). The analysis by inhabitants indicates that the GWFC varies between 387 

10,642 m3 inhabitant-1 year-1, in Molina Norte, and 2,171 m3 inhabitant-1 year-1, 388 

in Calasparra. On average, each inhabitant generates a GWFC of about 4,718 389 

m3 year-1 (Figure 3b). 390 

Figure 3. GWFP generated by the populations of the 12 main municipalities in Murcia Region, 391 

considering conventional pollutants (GWFC due to critical pollutants in the WWTPs influents): a) 392 

m3 year-1; b) m3 inhabitant-1 year-1. 393 
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 394 

 395 

 396 

3.2. Grey Water Footprint of treated effluents (WWTPs effluents) 397 

In this section, we present the GWF values of the effluents from the 398 

WWTPs of the 12 municipalities studied. As in the previous section, the results 399 

for the pharmaceutical pollutants are shown first, followed by those of the 400 

conventional ones. Subsequently, the results are compared and analysed 401 

together. 402 

In this scenario the GWFP diminishes to 194·106 m3 year-1, a 26% 403 

decrease, due to the action of the WWTPs. The analysis by municipalities 404 

indicates that the Murcia Este effluent has the highest GWFP (87.2·106 m3 year-
405 

1), followed by La Hoya (26.8·106 m3 year-1) and Alcantarilla (24.3·106 m3 year-
406 

1). The removal rates of each pharmaceutical pollutant are different in each 407 

WWTP, and the pollutant that provides the value of the GWFP in each WWTP 408 
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effluent has changed; now, CBZ is the only critical pollutant (Figure 4a). It is 409 

noteworthy that, although the GWFP decreases as a whole, in some 410 

municipalities it rises slightly, as is the case of Murcia Este, Calasparra, 411 

Caravaca de la Cruz, Puerto Lumbreras, San Javier and Yecla. This increase is 412 

due to the fact that some pharmaceuticals are not detectable in WWTPs 413 

influents (due to encapsulation in faeces, transformation into other compounds 414 

and retransformation after the treatment in the mother substance…), but they 415 

are detected in effluents. This is why a low value of GWFP appears now for 416 

three municipalities (Caravaca de Cruz, San Javier and Yecla) that previously 417 

had no value and that together only account for 8% of the GWFP in this 418 

scenario. When the GWFP is expressed per inhabitant, its value and dispersion 419 

with respect to untreated wastewater are appreciably reduced. The maximum 420 

value, found in San Pedro, is 823 m3 inhabitant-1 year-1. In average terms, a 421 

general decrease exists, from 301 to 222 m3 inhabitant-1 year-1 (Figure 4b). 422 

Figure 4. GWFP generated by treated wastewater, considering pharmaceutical pollutants 423 

(GWFP due to critical pollutant in the WWTPs effluents): a) m3 year-1; b) m3 inhabitant-1 year-1. 424 
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 425 

In the case of the conventional pollutants, the GWFC decreases by 90%, 426 

which demonstrates the effectiveness of the WWTPs in eliminating this kind of 427 

pollutant. The value of the GWFC for all WWTPs as a whole is reduced to 428 

411·106 m3 year-1. Murcia Este continues to contribute the most to this value of 429 

GWFC, being responsible for more than half (52%). The reduction of the GWFC, 430 

was greatest for Molina Norte (98%) and smallest for San Pedro (83%) (Figure 431 

5a). In the effluents, BOD5 ceases to be the critical pollutant; now, TP is 432 

responsible for 80% of the GWFC and TN for 20%. Per inhabitant, the values 433 

vary between 164 m3 year-1 (Caravaca de la Cruz) and 839 m3 year-1 434 

(Alcantarilla), the average being 470 m3 year-1 (Figure 5b).  435 

Figure 5. GWFC generated by treated wastewater, considering conventional pollutants (GWFC 436 

due to critical pollutants in the WWTPs effluents): a) m3 year-1; b) m3 inhabitant-1 year-1. 437 
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 438 

Although the global value of the GWFC is double that of the GWFP (411·106 m3 439 

year-1 versus 194·106 m3 year-1), there are three WWTPs where the value of the 440 

GWFP is greater than that of the GWFC: San Pedro, Puerto Lumbreras and 441 

Calasparra. This is because CBZ appears or its concentration increases in the 442 

effluents of these WWTPs, exacerbating the value of the GWFP, while the 443 

GWFC values are significantly reduced. So, the fresh water volume required to 444 

dilute the CBZ in these three WWTPs is capable of diluting all the pollutants 445 

analysed in this treated wastewater (DCF, NPX, KTP, TP, TN and BOD5), even 446 

the conventional pollutants. Therefore, the final value of the GWF of the treated 447 

effluents is due to both conventional (TP and TN) and pharmaceutical pollutants 448 

(CBZ) (see Figure 6a), reaching the value of 420·106 m3 year-1 (a little higher 449 

than the 411·106 m3 year-1 obtained with only conventional pollutants). Similarly, 450 

the value per capita rises slightly, to 480 m3 inhabitant-1 year-1 (Figure 6b). 451 

Figure 6. GWF generated by treated wastewater of WWTPs effluents, considering 452 

conventional and pharmaceutical pollutants (GWFP and GWFC of the critical pollutants in the 453 

WWTPs effluents evaluated jointly): a) m3 year-1; b) m3 inhabitant-1 year-1. 454 
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 455 

3.3. Grey Water Footprint in the Murcia Region 456 

In the Murcia Region, as has been pointed out previously, almost all the 457 

wastewaters are treated. These treated volumes are discharged into natural 458 

streams, infiltrate into aquifers, are sent into the sea or are directly reused. For 459 

the latter case there are legal concessions for the reuse by irrigation 460 

communities (CHS, 2016). Among the 12 WWTPs studied, nine send their 461 

effluents to direct reuse in irrigation, preventing the majority of their pollutants 462 

from reaching water bodies (assuming that their degradation, accumulation in 463 

soil or accumulation in crops do not generate a GWF). For that reason, as the 464 

pollutant load that would reach the water bodies is small, these nine effluents 465 

were not considered for the calculation of the GWF of the Murcia Region, and 466 

only the effluents of the three WWTPs that discharge directly into a water body 467 

(including the one that releases into the sea) were taken into account: 468 

Calasparra, Murcia Este and San Pedro. Consequently, evaluating the GWF 469 

jointly for pharmaceutical and conventional pollutants, the three treatment plants 470 

that discharge into the environment generate a GWF of 237·106 m3 year-1. This 471 
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supposes a reduction of 43.6% with respect to the value previously obtained 472 

after wastewater treatment (420·106 m3 year-1). The critical pollutant in 473 

Calasparra and San Pedro is CBZ, representing 10% of the total GWF, while in 474 

Murcia-Este it is TP (Figure 6a), representing the remaining 90%. If the GWF 475 

taking into account the WWTPs and reuse (237·106 m3 year-1) is extrapolated to 476 

the entire Murcia Region, the GWF increases to 339·106 m3 year-1 (GWFP and 477 

GWFC), which represents a value of 271 m3 inhabitant-1 year-1. 478 

 479 

4. Discussion  480 

Regarding the three scenarios evaluated, the first reveals how, in areas 481 

where no purification processes are employed, the GWF can reach values of 482 

around 4,718 m3 inhabitant-1 year-1 (Figure 3b), due to conventional pollutants 483 

(organic matter). This value indicates the fresh water per capita that would be 484 

necessary to reduce the pollutants in the wastewater effluents to acceptable 485 

levels. So, in areas with water stress (Falkenmark et al., 1989), in which the 486 

fresh water available is less than 1,000 m3 inhabitant-1 year-1, it would not be 487 

possible to dilute these pollutants. This indicates that in these territories there is 488 

no practical option other than to reuse wastewater directly, with the consequent 489 

health problems that this can involve. The second scenario (representative of 490 

areas where treated wastewaters are not directly reused) demonstrates that the 491 

WWTPs are very effective at eliminating conventional pollutants (especially 492 

organic matter), reducing the GWFC by around 90%. The pharmaceuticals are 493 

removed partially, reducing the GWFP to a lesser extent, around 26%. 494 

Therefore, in this case, it is likely that the GWF no longer depends on just the 495 

organic matter, since the WWTPs are very efficient at removing this 496 
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contaminant; other, partially-eliminated pollutants would become critical (for 497 

example, nitrate, phosphates) and some emerging pollutants could also be 498 

critical (such as CBZ). Consequently, part of the GWF of an area with WWTPs 499 

may be due to non-conventional pollutants, such as pharmaceuticals. Despite 500 

the significant reduction of the GWF effected by the WWTPs, the treated 501 

wastewater discharged into natural streams continues to generate an important 502 

GWF that reaches values around 480 m3 inhabitant-1 year-1 (Figure 6b). 503 

Although this is not as serious as in areas without WWTPs, above all in areas 504 

with plentiful water resources, it is not a negligible value. For example, and as a 505 

comparison, the United Nations (UN, 2010) proposes a value between 50 and 506 

100 litres of fresh water per inhabitant and day for domestic use, to ensure that 507 

basic needs are met and health is assured. This represents 18.3-36.5 m3 508 

inhabitant-1 year-1. So, domestic pollution, even if there is an efficient system of 509 

purification, requires a much-greater volume of fresh water, to ensure the 510 

assimilation of the rest of the pollutants by the environment, than domestic 511 

water consumption itself. The third scenario reveals that, in territories with 512 

WWTPs, the option of reusing their effluents can reduce the GWF significantly, 513 

although this reduction depends on the reuse rates of each territory; for the 514 

case of the present study it implies a decrease from 480 to 271 m3 inhabitant-1 515 

year-1 on average. This example value, while still high, could be inferior if the 516 

WWTP technology improved or the direct reuse ratio increased. 517 

Focusing now on direct reuse, it has been indicated previously that the 518 

treated effluents do not generate a GWF if they are used directly in irrigation. 519 

The conventional pollutants studied (organic matter, nitrate, and phosphates) 520 

would not generate an impact on the water environment since they are 521 
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degraded in the soil or consumed by the crops. In fact, nitrate and phosphates 522 

are necessary for crops, so if their concentrations in the soil are lower than the 523 

needs of the crops (as is usual) fertilisers are added to increase them. Similarly, 524 

pharmaceutical pollutants in treated wastewaters tend to accumulate in soil and 525 

crops (Carter et al., 2014), preventing many of them from reaching the aquatic 526 

environment. However, even if we assume that no pharmaceuticals reach any 527 

body of water, they may have negative impacts on crops. In this sense, the 528 

accumulation of pharmaceutical compounds in edible agricultural products has 529 

been confirmed (Prosser and Sibley, 2015; Carter et al., 2014). So, regarding 530 

reuse, pharmaceutical pollutants are more harmful than conventional ones. 531 

Therefore, the concept of the GWF can be adapted or extrapolated to the field 532 

of reuse in general. In this sense and in irrigation reuse, the GWF can be used 533 

to determine the volume of water with which it is necessary to dilute a certain 534 

effluent so that it can be used safely. But it is important to highlight that, 535 

previous to this, maximum concentrations for certain types of crops must be 536 

established for each pollutant, due to the possibility of bioaccumulation or 537 

effects on crop survival. For this case, assuming that the maximum 538 

concentrations employed for the PNEC criterion were similar to those that could 539 

be established in future legislation, the GWF due to pharmaceutical 540 

contaminants (GWFP) in WWTP effluents that are reused in irrigation would not 541 

be zero. 542 

Consequently, the GWF could be composed of two different values: one 543 

would be due to treated wastewater that goes to natural streamflows (3 544 

WWTPs: 237·106 m3 year-1) and another would arise when treated wastewater 545 

is reused in irrigation, due to pharmaceutical pollutants (9 WWTPs: 82.4·106 m3 546 
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year-1). So, in this scenario, the GWF would increase slightly, from 237·106 m3 547 

year-1 to 319·106 m3 year-1. Extrapolating these values to the Murcia Region 548 

produces a change from 338·106 m3 year-1 to 456·106 m3 year-1, an increase of 549 

118·106 m3 year-1 due to the pharmaceutical pollutants in the treated 550 

wastewater that is reused. Although this increase is not very high, and the 551 

concept of the GWF is being slightly altered, it shows the order of magnitude of 552 

the quantity of uncontaminated fresh water with which it is necessary to mix the 553 

pollutant load to reduce its concentration to the quality standards established. 554 

So, if the treated wastewater has a volume of 38.6·106 m3 year-1, to achieve the 555 

designated dilution it is necessary to mix this volume with an additional volume 556 

of fresh water of 79.4·106 m3 year-1 (to reach the indicated volume of 118·106 557 

m3 year-1). So, for this particular case, and according to the previously-558 

established criteria, it would be necessary, on average, to mix one volume of 559 

treated wastewater with two volumes of fresh water from another source without 560 

pharmaceutical pollutants (transfer, underground, surface or desalinised water). 561 

Although the load of contaminants is not eliminated, the dilution at least reduces 562 

their concentrations and thus the risk and concern related to the use of this 563 

water for irrigation. Regarding the case of the Murcia Region, the levels of 564 

dilution that are currently being used are higher than those indicated here, being 565 

of the order of two or 10 (fresh water) to one (treated wastewater). Therefore, 566 

according to this study, the pharmaceutical compounds studied here should not 567 

pose a risk in the food chain when the treated wastewater is used in this way in 568 

irrigation. 569 

 570 

5. Conclusions 571 
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In this work, GWF accounting for pharmaceutical pollutants (GWFP) was 572 

carried out in the Murcia Region. In the influents of the WWTPs, among the four 573 

pharmaceutical compounds studied, CBZ, DCF and NPX were the critical 574 

pollutants, whereas KTP was not found to be responsible for the GWFP. 575 

Nevertheless, the GWFP was low when compared to the GWF produced by 576 

conventional pollutants (GWFC). The great differences between the GWFP and 577 

GWFC suggest that, although water quality standards can vary between 578 

different legislations, conventional pollutants will also be critical in other 579 

geographic areas without WWTPs. 580 

The WWTPs have been shown to be very efficient for the conventional 581 

pollutants, while the pharmaceuticals are removed partially. The effect of the 582 

removal of the contaminants is transferred directly to both values, GWFP and 583 

GWFC. Nevertheless, the results indicate that achieving a GWFP or GWFC equal 584 

to zero is not a simple task since all the WWTPs studied have tertiary treatment. 585 

To do this, the purification rates of the WWTPs should be increased to values 586 

close to 100% - a fourth treatment step, such as osmosis, activated carbon or 587 

ozone filtration, being necessary. However, this aim could be achieved through 588 

reuse, thus saving important economic resources and encouraging a circular 589 

economy. The only drawback is that the pollutant concentrations of the effluents 590 

must be decreased to acceptable ranges for this secondary use. Otherwise, as 591 

can be observed in the example presented here, pharmaceutical pollutants 592 

could be a limiting factor. In these cases, an alternative that avoids increasing 593 

the purification costs and allows water reuse to continue is the mixture of waters 594 

from different origins. This is a habitual practice in zones of water scarcity but 595 

with connectivity of waters. To this end, the GWF concept is an indicator that 596 
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can be used to determine the volume of fresh water that needs to be added to 597 

an effluent to reduce its levels of pollutants to a specific concentration. So, the 598 

GWF, in addition to raising awareness of the effects of pollution on the 599 

environment, also shows the dilution of treated wastewater that is necessary to 600 

allow its safe reuse in another economic activity.  601 
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treatment plants and implications of the reuse. 

Highlights: 

• Pharmaceutical Grey Water Footprint (GWF) was accounted in Murcia 

Region. 

• GWF by conventional pollutants (organic matter, nitrates, and 

phosphates) was also accounted. 

• WWTPs were very efficient in reducing the GWF of both types of 

contaminants. 

• Reuse treated wastewater help to decrease conventional pollutants 

GWF. 


