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Abstract: This paper aimed to determine the grey water footprint (GWF) of geothermal water resources and to investigate the effect of
biochar adsorption on grey water footprint in Southeastern Turkey. In this paper, GWF has been calculated in terms of iron (Fe), arsenic
(As), manganese (Mn), boron (B), and chrome (Cr) concentrations for fifteen observation geothermal resources located in Southeastern
Anatolia Region. In this study, a new approach based on the GWF was developed in order to determine the geothermal water pollution.
Grey water footprints related to fifteen geothermal resources were investigated. In the second stage of the study, the effect of biochar
adsorption on GWF was estimated using Monte Carlo simulation. The results revealed that arsenic led to higher GWF than other
pollutant parameters in geothermal water resources. Biochar application could reduce the GWF according to Monte Carlo simulation.
The total average reduction of GWF would be approximately 95, 93.1, 87.5, 96, and 90% respectively for Fe, As, Mn, B and Cr pollution

if biochar adsorption is applied for geothermal water treatment.
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1. Introduction

The use of geothermal water is restricted owing to the
presence of some toxic materials such as boron, arsenic,
manganese, iron, chrome, and the other heavy metals
(Derin, 2019; Derin et al., 2020; Ernst et al., 2021). So,
geothermal water could be treated properly to remove
these pollutant substances using advanced water treatment
methods. Some assessment tools have been developed
in order to measure and monitor the pollution level of
geothermal water. One of these assessment methods is the
grey water footprint (GWF) developed by Water Footprint
Network (WEN) (WEN, 2014; Yapicioglu, 2020).

The grey water footprint (GWF) is a tool in order to
determine the lowest volume of fresh water required
diluting contaminant loads with regard to the existing
water quality standards (Morera et al., 2016). In this paper,
a new approach was developed based on the GWF for
the evaluation of geothermal water pollution in terms of
heavy metal pollution. Water scarcity has been described
as the lack of sufficient accessible freshwater resources to
meet the water requirements in a society. The control of
water supplies has a critical importance for the countries
that have water scarcity such as Turkey (Yapicioglu, 2019a;
Yapicioglu, 2020). It is important to preserve the water
supplies from pollutions. GWF is an indicator term to
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monitor the effect of pollutants on the water supplies. From
this perspective, GWF of geothermal resources located in
the Southeastern Anatolia Region, which contains heavy
metals, was investigated in this study.

Turkey, whichislocated on the Alp-Himalayan orogenic
belt, is among the first countries in the world in terms of its
geothermal potential because of the widespread formation
of geothermal systems. The Southeastern Anatolia Region
constitutes a part of this potential with existing resources.
The Southeastern Anatolia Region hosts important
geothermal systems. Geology, hydrothermal, geophysical,
and well information produced in previous studies in the
region show that the region has an important geothermal
potential (Baba et al., 2019; Derin et al., 2020). From this
viewpoint, GWF assessment of geothermal water resources
located in Southeastern Anatolia Region has been carried
out in this study.

Many researchers focused on grey water footprint
of surface water resources. In the literature, the studies
related to this topic are very limited. In a study by Serio
et al. (2018), they aimed to determine the relationship
between groundwater nitrate contamination and
agricultural practices, through a similar GWF approach.
Miglietta et al. (2017) investigated the grey water footprint
of groundwater in Italy for each chemical parameter,
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indicated an extensive pollution by Mercury, Vanadium,
and Ammonium. Aldaya et al. (2020) performed a
study on grey water footprint as an indicator for diffuse
nitrogen pollution for groundwater and surface water
resources. The main goal of this study is to determine
the contamination of geothermal water resources and to
investigate the effect of biochar adsorption on grey water
footprint in Southeastern Turkey. The novelty of this
study is that a new estimation model has been adapted for
grey water footprint of geothermal water resources. The
other originality of this work is biochar application for
geothermal water treatment, and this application could
be considered as a grey water footprint minimization
technique. Biochar application has been carried out
to treat geothermal water in order to reduce the GWE
Capsicum annuum (Urfa Isot pepper), which is traditional
crop of Turkey, could be used to generate biochar using
slow pyrolysis (Qambrani et al., 2017). In the final stage of
the study, it has been considered that biochar application
could be an alternative to minimize the GWE. The effect
of this process on the GWF has been determined using
Monte Carlo simulation considering treatment efficiencies
and pollutant removal capacities.

2. Materials and methods

2.1. The study area

The Southeastern Anatolia Region contains important
geothermal systems. The previous studies carried out
by MTA (Mineral Research and Exploration General
Directorate) show that it has high geothermal potential
(GAP, 2015). Therefore, geothermal water resources
located in Diyarbakir, Gaziantep, Mardin, Sanlwrfa, Siirt,
and Sirnak provinces were selected as the study areas.
Siirt (Billuris (1), Lif (2), Botan (3)), Sanhurfa (Karaali
(4) and Kabahaydar (5)), Sirnak (Ilicak (Spring water
(6), Zumrit spa (7), Beytiigsebap drinking water (8),
Kaniyagerm (9), Besta (I-1I) (10,11), Ikizce (12)),
Diyarbakir (Cermik (13)), Mardin (Germav (14)), and
Gaziantep (Kartalkoy (15)) are the observed geothermal
water resources for iron (Fe), arsenic (As), manganese
(Mn), boron (B), and chrome (Cr) concentrations in the
Southeastern Anatolia Region. Figure has demonstrated
the location map of study area. The major reasons for
selecting these observation resources are that they have
high potential of pollution, and they are close to the city
centers. In this study, heavy metal analyses have been
performed according to standard methods (APHA, 1995)
using ICP-MS technique by outsourcing service. Table 1
has demonstrated chemical analyses results of geothermal
water resources.

2.2. Estimation of GWF

The grey water footprint calculates the quantity of water
required to assimilate a contaminant load generated

from general activities (Hoekstra et al., 2011; Yapicioglu,
2019b). The GWF is an indicator of water pollution. The
basic calculation term developed by Hoekstra et al. (2011)
was given in Eq. (1). In Eq. (1), Lpollution indicates the
contaminant load observed in water, Cmax shows the
allowable maximum concentration of contaminants
according to the regulations, and Cnat presents the natural
concentration of contaminants in the body of water. In Eq.
(2), Lpollution was described. “a” means to the leaching-
runoff fraction and s indicates the amount of chemical
substance used in the soil at a to fertilize, manure, or
pesticides (Franke et al., 2013).

___Lpollution
GWF= (Cmax—Cnat) (1)
Lpollution = a X s 2)

The recommended estimation term for the GWF in the
Water Footprint Assessment (WFA) (Eq. (1)) (Hoekstra
et al, 2011) has been modified for geothermal water
treatment, in this study. A basic calculation model based
on the contaminant mass balance has been developed in
order to figure out the GWF in this paper. The modified
equation was given in Eq. (3).

(@xCg)

GWF = (Cmax—Cnat) (3)

At this modified version, treated groundwater volume
and the pollutant concentrations were considered. In Eq.
(3), Q represents the geothermal water flow rate (volume/
time) and Cg means to the concentration of a pollutantin a
geothermal water resource. Similarly, with the basic model,
Cmax indicates the permissible maximum concentration of
pollutant according to the legal standards, and Cnat shows
the natural concentration of contaminants in the body of
water. Cg could be obtained from the heavy metal analyses
in water using standards methods directly (APHA, 1995).
Treated water volume was defined using an automatic
flow meter. For Cnat determination, this paper used the
values reported by Chapman (1996), which are equal to
zero (cnat= 0) for anthropogenic substances. Cmax values
were ensured from World Health Organization (WHO)
Guidelines for Drinking-Water Quality (WHO, 2011).

2.3. Effect of biochar adsorption process using Monte
Carlo simulation

Biochar has gained the significant importance due
to its significant role in many environmental issues
and challenges in recent years (Qambrani et al., 2017;
Yapicioglu et al., 2020). It is cheaper from the other
treatment methods, and biochar could adsorb heavy metals
immediately. Biochar could be produced from Capsicum
annuum (Locally known name: Urfa Isot peppers) using
slow pyrolysis method. In this section, the effect of biochar
adsorption process was simulated to this study using Monte

1201



YAPICIOGLU and YESILNACAR / Turkish J Earth Sci

30 40
1 l
Russia N
BLACK SEA
=) =)
- -
TURKEY
Syria Iraq
MEDITERRANEAN SEA
T T
30 40
- 300000 400000 500000 600000 700000 800000 900000
1 I 1 1 1 I 1 1 1 1 | | I
[— L I
2 =)
o] . S
o TUNCELI . =
b _ BINGOL . —
= ELAZIS 8 vAN" _ o
g — [ ] g
X LATYA 7 ¢.¢‘ | S
= DI AKIR.  BATMA s 2
7 . 14 "
= DIYAMAN e t N
S _kmaras” S . —
ol i MARDIN =
= L _ . ANLIURFA * =
= AZIANTEP ;
o _ n
g . KiLi *‘- Observation Resource g
P
I : 0 55 110 220 L3
Syria e | 2
7 5
| | ] T I | T 1 | 1 T 1
250000 350000 450000 550000 650000 750000 850000

Figure. The location map of the study area.

Carlo simulation methodology. A reduction was estimated
using biochar treatment due to adsorption process of
pollutant in geothermal water. Monte Carlo simulation is a
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numerical method which composes random variables for
modelling the uncertainty of a system. Various probability
distributions have been carried out in order to model
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Table 1. Chemical characteristics of geothermal water resources.

Observation Resource Fe As Mn B cr cd cl Pb pH value
(ppm) | (ppb)  |(ppb) |(ppb) [(ppb) | (ppb) |(ppb) | (ppb)
Billuris 9 24.20 14.57 778 8.3 <0.05 200 <0.1 6.40
Lif 8 27.80 13.78 860 9.5 <0.05 223 <0.1 6.50
Botan 105 3.40 16.47 115 3.3 <0.05 26 0.1 7.02
Karaali 39 44.00 3.15 211 0.6 0.18 51 <0.1 8.80
Kabahaydar 79 1.80 24.27 454 5.5 <0.05 132 <0.1 8.90
Ilicak-Spring Water 9.3 0.60 9.75 11 2 0 <1 0.3 6.90
Ilicak-Ztimriit Thermal Water 9.5 333.10 21.64 1000 7.4 <0.05 |299 <0.1 8.50
Ilicak-Beytiissebap Drinking Water | 46 0.50 81.22 |17 2.7 0 2 <0.1 7.25
Ilicak-Kaniyagerm 10 335.20 1.95 171 3.2 0 38 <0.1 7.45
Besta-I 9.8 15.30 66.17 432 4.5 <0.05 43 <0.1 7.18
Besta-II 42 13.40 78.62 423 3.7 <0.05 43 <0.1 7.22
Ikizce 26 1.50 6.36 3364 16.5 <0.05 167 <0.1 8.01
Cermik 9.6 1.70 291 723 0.5 <0.05 129 <0.1 7.27
Germav 10000 3000.00 |49 400 300 <700 <4000 |10
Kartalkoy 9.1 1.10 0.05 101 0.8 <0.05 96 <0.1 6.50

the input variables such as normal, lognormal, uniform,
and triangular (Kroese et al., 2014). RISK 7.6 software by
Palisade was used to apply Monte Carlo simulation, in this
paper. The validation of simulation was performed by the
licensed software firm (Palisade). Volumetric Reserves
0-Model with no uncertainty module was selected by
implementing 10.000 iterations and 1 simulation.

The iterations (runs) are the tools to carry out the
simulation. A simulation contains 10.000 iterations.
Probability distribution was decided as lognormal
distribution. The uncertain inputs were GWEFbiochar
values related to biochar adsorption process. The outputs
were in the range of 85%-97% of adsorption capacity
(AC) of biochar. The adsorption capacities of heavy metals
by biochar were ensured from the previous studies in
the literature (Qambrani et al., 2017). In the end of the
simulation study, minimum GWF was determined with
biochar adsorption process. The model related to this
simulation was shown in Eq. (4). The minimum GWF is
the desired output according to this simulation study.

GWFmin = RiskOutput(“Lognormal”)+RiskLognorm
(GWPFbiochar; AC) (4)

GWFmin = Minimum grey water footprint

GWEFbiochar = Grey water footprint of biochar treatment

AC = Adsorption capacity of biochar

3. Results

3.1. GWF assessment of geothermal water resources
According to the analyses results, heavy metal
concentrations were higher than allowable limits (WHO,

2011) in some geothermal water resources. So, the values of
GWF were higher in these locations. Table 2 demonstrated
the GWF assessment results in details.

The results showed that the GWF values related to
arsenic (As) contamination was the highest in this study.
The results revealed that the highest GWF corresponded
to Germav (Mardin) geothermal resource (181440 m’/d).
It could be resulted from industrial activities in this city.
Especially, mineral industries are widespread in Mardin
province. Also, this geothermal resource is a hot spring
whichisanarsenic supply. In Germav (Mardin) geothermal
resource, GWF of Fe, Mn, B and Cr were 30240, 592.7,
241.9 and 3628.8 m?/d, respectively. The lowest GWF
corresponded to Mn contamination with the value of 0,6
m®/d. This GWF was calculated for Kartalkéy (Gaziantep)
geothermal resource. In Kartalkoy geothermal resource,
the values of GWF related to Fe, As, B and Cr were figured
outas 27.5,66.5,61.1,and 9.7 m*/d, respectively. In Lifand
Billuris (Siirt) resources, the highest GWF were related to
As contamination. The lowest GWF corresponded to Fe
contamination. In contrast, in Botan spring (Siirt), Fe
led to the highest GWF (317.5 m*/d) and Cr led to the
lowest GWF (69.5 m*/d). In Sanliurfa, Karaali geothermal
resource, As has the highest GWF (2661.1 m*/d) and Cr led
to the lowest GWF (7.2 m3/d). Similarly, in Kabahaydar
geothermal resource, Cr has the lowest with the value of
66.5 m*/d. Mn led to the highest GWF in this spring. In
Sirnak, (Besta I-IT) As and Mn led to the highest GWE, and
Cr led to the lowest GWE. In Cermik (Diyarbakir), B led to
the highest GWF and Cr led to the lowest GWE.
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Considering the total GWF of geothermal water
resources, Germav (Mardin) has the highest GWF with the
value of 216143.4 m*/d due to high arsenic contamination
and the lowest GWF related to Ilicak Spring Water (Sirnak)
(213.2 m*/d). As is the main pollutant parameter for GWF
assessment. Table 2 shows the values of total GWF on a
water resources basis.

3.2. Effect of biochar treatment on grey water footprint
In this study, the effect of biochar adsorption on GWF
was determined using Monte Carlo simulation. Table 3
demonstrated the simulation results. The results showed
that biochar adsorption could reduce the grey water
footprint of all observation resources.

Total average reduction of GWF is 92.3% if biochar
adsorption is carried out for geothermal water treatment.
The average reduction of GWF corresponded to arsenic
was 93.1%. The average reduction of GWF related to Fe
contamination is nearly 95% and the minimization of
GWF in terms of Mn contamination 87.5%. Reduction of
GWEF related to B and Cr contamination would be 96 and
90%, respectively. It was obvious that biochar adsorption
could reduce the water contaminants. It could dilute the
water composition.

4. Discussion

There are limited studies related to grey water footprint of
water resources. This study is unique, which investigates
the GWF of geothermal resources. Many developed
models for the GWF assessment were carried out for
surface water resources and wastewater treatment plants.
Many researchers focused on water consumption in terms
of water footprint assessment. In a study by Yapicioglu
(2020), a new GWF assessment tool was developed for
an industrial wastewater treatment plant. Also, Morera et
al. (2016) observed the GWF for a wastewater treatment
plant using a similar calculation model with this study.
The studies related to freshwater treatment plants were
limited in the literature. Serio et al. (2018) performed a
similar study on GWF of groundwater resources. They
used a similar methodology developed by Hoekstra et al.,
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