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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• The application of NF and RO mem-
branes to treat the spent geothermal 
water for agricultural irrigation of to-
mato plants. 

• Blending of product water after mem-
brane treatment to get suitable water 
quality. 

• A mixing using well water with the 
product water of NF (50%) and RO 
(60%) to obtain Quality II water. 

• The produced water obtained can be 
utilized for irrigating low-boron- 
sensitive crops. 

• The total cost of water production using 
NF membrane was $0.76/m3 while that 
of RO process was $1.56/m3.  

A B S T R A C T   

The quality of irrigation water is critical for enhancing agricultural productivity. As a result, this research was carried out with the aim of treating spent geothermal 
water before it is used for agricultural irrigation. While doing that, cost analysis of the system was taken into consideration as well. The product water was targeted to 
suit irrigation water standards for tomato plants. Two commercially available pressure driven membranes (NF8040-70 as NF membrane and TM720D-400 as RO 
membrane) were employed for this task. A constant applied pressure of 15 bar and 60% of water recovery were kept constant during the product water production 
while mode of operation for the membrane system was continuous. According to Turkish Ministry of Environment and Urbanization irrigation water standards and 
the results obtained from this study, it was clearly seen that both NF and RO product waters meet the quality I class irrigation water standards with respect total 
dissolved substances (TDS), electrical conductivity (EC), concentrations of Na+ and Cl− ions. Quality 1 means that the produced water will not cause any envi-
ronmental effect when employed for irrigation purpose. Nevertheless, the produced water was found not to obey the irrigation standards with respect to sodium 
adsorption ratio (SAR) and boron concentration (quality III class). Quality III explains that the water will cause soil infiltration problems when employed for 
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irrigation purpose. Since most of the minerals needed for plant growth were rejected by NF and RO membranes, an appropriate mixing ratio of the product water with 
well water for remineralization was determined. Mixing 50 and 60% of well water with the product waters of NF (50%) and RO (40%) membranes, respectively was 
found to be the optimum mixing ratios to produce the requested water quality for tomato irrigation. Quality II class irrigation water which can be applied with 
caution was targeted in terms of SAR as well as boron concentration (2–4 and 4–6 mg/L) while determining the mixing ratios. The cost of the product water was 
found as 0.76 and 1.56$/m3 for NF and RO processes, respectively.   

1. Introduction 

Water is used in all aspect of our daily activities. At the same time, 
water scarcity has been an issue in many nations in recent decades, 
particularly in developing countries. Among sectors where water is 
being used, the agricultural industry consumes a lot of water, mostly for 
irrigation. Agriculture requires a lot of freshwaters, especially in dry and 
semi-arid countries where rain fall is limited. About 70% of the world's 
freshwater resources are being utilized for the purpose of agriculture 
[1], meeting 45% of global food demand [2]. Irrigation and water 
management, according to Steduto et al. [2] have played a critical role 
in enabling countries to grow food crops even when there is no rain fall 
(dry season) and improve lives during the previous 50 years. The UN's 
Food and Agricultural Organization (FAO) projects that yearly grain 
output will rise by 140% by 2050, while overall world food production 
would rise by 70% [3]. For this reason, the total amount of water 
withdrawn due to irrigation activities is expected to rise by 11% [2]. 
However, water shortage and its impact on agricultural growth are 
becoming a major issue in many countries nowadays [4]. From 2030 to 
2040, a projected irrigation water demand growth of 4% was estimated 
by Caldere and Breyer [5]. While desalination requirement for irrigation 
is estimated to be 8.32 × 108 m3/day in 2030. Iran, China, and Pakistan 
alone contribute for over 55% of total irrigation water demand [5]. 
Water-saving irrigation and highly efficient water use have been adop-
ted to reduce water use, but they are still far from meeting the growing 
need of water in agricultural expansion [6]. Salty water or seawater is 
being considered for irrigation by the implementation of new crops and 
water management practices to combat freshwater scarcity and at the 
same time maintain agricultural sustainability [7,8]. Surely, the use of 
seawater for irrigation can significantly reduce the scarcity of water in 
agricultural systems [9]. However, using saline seawater for irrigation 
has numerous drawbacks, including the accumulation of salts in the soil 
[10] as well as the plant stress caused by increase in osmotic pressure, 
which has a negative impact on crop growth and crop productivity [11]. 
Therefore, it is of vital importance to explore other sustainable water 
sources such as wastewater reclamation and reuse as well as valorization 
of the spent geothermal water among others. 

Large volumes of water are being used by geothermal power plants 
for generation of electricity [12]. Using some portion of the spent 
geothermal water after the reclamation rather than consuming fresh 
water (from rivers or aquifer) can be utilized for industrial applications 
such as cooling applications or drying purposes to avoid excessive water 
consumption from the aquifer [13]. After the harvesting energy from 
geothermal fluids, the spent geothermal water can, therefore, be 
reasonably considered as a potential solution for industrial and agri-
cultural irrigation water problems. 

Exploring alternative water sources would undoubtedly relieve the 
load on currently available freshwater supplies. Utilization of the spent 
geothermal water for irrigation purpose is not possible without studying 
the physicochemical properties of that water. Physicochemical param-
eters for geothermal waters vary based on the depth upon which re-
sources are found, the geological properties of the rocks involved, and 
indeed the source of water supply. Anions and cations, as well as neutral 
molecules, are abundant in geothermal waters. It was reported that high 
boron and arsenic concentrations in the spent geothermal water are the 
major problems in the Aegean region of Turkey, making it inappropriate 
for agricultural use [14]. With such high concentrations of boron and 
arsenic, geothermal waters are not suitable for agriculture. Because, the 

spent geothermal water contains boron and arsenic at even higher 
concentrations than those found in seawater and other brackish water 
sources [14]. Therefore, direct application of spent geothermal water as 
agricultural irrigation water will surely cause some damages to both 
plants and other living organisms. On the other hand, boron is an 
essential micronutrient element for plants and living beings at some 
concentrations. However, its presence in either drinking or irrigation 
water at a high concentration will endanger plant growth as well as 
cause health problems for humans [15]. Therefore, the spent geothermal 
water can be categorized as not environmentally friendly when is uti-
lized for the agricultural irrigation in the area [16]. Boron toxicity has 
been observed to impact root growth in wheat, barley, and maize. 
Hence, excessive boron may harm wheat grown with geothermal water 
as an irrigation water source [17]. 

Electrocoagulation [18], ion exchange with clays [19], co- 
precipitation [20], continuous electrodeionization (CEDI) [21], ion ex-
change with polymeric chelating ion exchange resins [22,23], capacitive 
deionization (CDI) [24], adsorption-membrane filtration hybrid process 
[25], direct contact membrane distillation [26], membrane distillation 
process [27,28], and pressure-driven membrane processes are some of 
the methods presented in the literature for the treatment of either fresh 
or spent geothermal water. Thermal-driven desalination technologies 
account for about 31% of present worldwide desalination market, while 
pressure-driven membrane technologies like nanofiltration (NF) and 
reverse osmosis (RO) account for roughly 66% [28,29]. The RO tech-
nique, which dates to 1960s, is a membrane separation technology with 
an applied pressure as the main driven force for the separation. When 
compared to thermal technologies, the RO technologies require less 
energy input in the context of worldwide water scarcity and rising water 
pollution. Furthermore, ion rejection is excellent with modern RO 
membranes, with a rejection rate of not less than 99.9% in well-operated 
plants [30]. 

Numerous researchers have made a lot of efforts to treat the 
geothermal water and bring the water quality to agricultural irrigation 
standards [28–32]. Nonetheless, most of these studies were carried out 
either in a mini-pilot or laboratory scale test systems. Research about the 
real application of the obtained results for agricultural irrigation seems 
to be scarce, if any. 

The present work aimed to apply commercially available NF and RO 
membranes to treat the spent geothermal water discharged at the 
geothermal heating center located in Izmir, Turkey. The spiral wound 
NF and RO membranes (NF8040-70 as NF membrane and TM720D-400 
as RO membrane) were employed for this task. The irrigation water 
criteria given by Turkish Ministry of Environment and Urbanization 
were used to evaluate the produced water quality. Furthermore, the 
economic assessment of the membrane operation with each membrane 
was carried out as well. 

2. Materials and method 

A large pilot-scale NF/RO membrane system was installed in the 
geothermal heating center, Izmir, Turkey for reclamation of the spent 
geothermal water with a purpose of agricultural irrigation water pro-
duction. After the energy has been harvested for domestic heating, the 
spent geothermal water used in this study was obtained from the rein-
jection line of the heating center. The treated spent geothermal water 
was intended to be used as agricultural irrigation water in the future. 
Because the membranes to be utilized for the treatment of spent 

Y.A. Jarma et al.                                                                                                                                                                                                                                



Desalination 528 (2022) 115608

3

geothermal water are made of polymeric materials, they can only 
withstand temperatures up to 45 ◦C as prescribed by the membrane 
producers. Thus, cooling the spent geothermal water becomes necessary 
before subjecting it to the membrane treatment in a pilot-scale mem-
brane system. The spent geothermal water, which has a temperature of 
50–55 ◦C was, therefore, first cooled in two containers of 5 m3 before 
being treated in the pilot-scale membrane system. After the spent 
geothermal water was cooled down to the ambient temperature, the 
spent geothermal water was first pumped to sand and carbon filters as 
pretreatment for the removal of large particles and H2S respectively. 
Activated carbon was reported to be effective in the removal of H2S by 
adsorption [32–35]. The pilot-scale membrane system is equipped with 
cartridge filters (5 μm) for removal of particles that might possibly pass 
through sand and carbon filters. The spent geothermal water contains 
some inorganic species such as silica, Ca2+ and Mg2+ ions which can 
cause scaling on the active layer of the membrane, thereby threatening 
the productivity of the overall membrane system. As a result of that, the 
system was equipped with an antiscalant dosage pump feeding Ropur 
(PRI-3000 A) antiscalant at a concentration of 5 g antiscalant/m3-spent 
geothermal water to be treated. Furthermore, parameters such as 
permeate and concentrate flow rates, pressure at inlet and exit 
(permeate and concentrate sides) of the membranes are monitored 
through a control panel in the pilot-scale membrane system. The auto-
mation system is equipped with a PID controller, making it easy to set 
the desired water recovery and operational pressure without distur-
bance. Details of the pilot-scale membrane system employed in this 
study are given in Fig. 1. Two commercially available membranes, 
NF8040–70 (NF membrane) and TM720D-400 (RO membrane) pur-
chased from Toray Chemical Korea Inc. were employed for this task. 
Details of the membrane properties used in this study are given in 
Table 1. The mode of operation during the production of irrigation water 
was continuous. Water recovery and the applied pressure were kept 
constant at 60% and 15 bar, respectively throughout the study. Samples 
taken from feed and permeate streams, well water used for reminerali-
zation and mixtures of NF/RO permeates and well water were used for 
the quality analyses. Properties of the spent geothermal used in this 
study are given in Table 2. 

To calculate the sodium hazards on soil penetration, the sodium 

adsorption ratio (SAR), a dimensionless parameter that relates sodium 
concentration in irrigation water to the total of magnesium and calcium 
concentrations can be calculated using Eq. (1). Irrigation water quality is 
categorized into three groups: quality I, quality II, and quality III. 
Quality I water explains that the water would not harm crops or soil. 
Quality II water would have some negative impacts and should be uti-
lized with caution, while quality III water will have significant infiltra-
tion effects on the soil. 

SAR =
[Na+]

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
[Ca2+]+[Mg2+]

2

√ (1)  

where SAR is the sodium adsorption ratio, [Na+], [Ca2+] and [Mg2+] are 
the concentrations as mg/L, respectively. 

The Mg2+ hazard (MH) was estimated using Eq. (2) as proposed by 
Szaboles and Darab [36]. According to the literature, water is consid-
ered unsuitable for irrigation when MH is higher than 50%. 

MH (%) =
Mg2+

Mg2+ + Ca2+ × 100 (2)  

where Mg2+ and Ca2+ concentrations are expressed in mmol/L. 
Permeability index (PI) is another important parameter used for the 

evaluation of irrigation water quality. PI is categorized into three classes 
i.e., quality I (75%), quality II (25–75%) and quality III (25%, not 
suitable for irrigation). Eq. (3) is used to calculate PI as described by 
Dinka [37], Dinka and Tadesse [38]. 

PI(%) =
Na+ +

̅̅̅̅̅̅̅̅̅̅̅̅̅
HCO−

3
√

Na+ + Ca2+ + Mg2+ × 100 (3)  

where Na+, Ca2+, Mg2+, HCO3
− ion concentrations are all in mmol/L. 

The Hach-Lange HQ14D model multimeter was employed for 
measuring electrical conductivity (EC), pH, total dissolved substances 
(TDS), and salinity during each test. Curcumine method by means of 
JascoSSE-343 V-530 UV/vis model spectrophotometer was used for 
determination of the boron concentrations in water samples. The arsenic 
concentration in water samples was measured using ICP-OES (SM 3120 
B) method. Concentrations of Cl− , SO4

2− and F− ions were determined 

Fig. 1. Pilot-scale membrane treatment system.  
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using ion chromatography (Shimadzu IC 10 Ai Model) while Shimadzu 
AA-7000 model AAS was employed to measure the concentrations of 
Na+, Mg2+ and Ca2+ ions in water samples. The Hach Lange spectro-
photometer (model DR 3900) was used for the determination of silica 
concentration. 

3. Results and discussion 

3.1. Preparation of irrigation water for tomato plants from the spent 
geothermal water 

This study was conducted with the aim of producing agricultural 
irrigation water from the spent geothermal water by using membrane 
treatment processes. It is good to keep in mind that every plant requires 
a different quality of irrigation water. Therefore, it is of paramount 
importance to make sure that the produced water meets the quality of 
irrigation water required by the plant intended to be irrigated. 

In this study, we aimed to produce water with respect to tomato plant 
irrigation water standard prior to its use in the field tests. For this, we 
planned to produce water having low boron concentration (2–4 mg/L) 
and high boron concentration (4–6 mg/L). Table 3 depicts EC, concen-
trations of boron and arsenic together with pH for the requested water 
qualities by the agricultural people to irrigate the tomato plants during 
their field tests to check the resistance of tomato plants. 

The quality of irrigation water used in agriculture has a significant 
impact on crop yield, plant quality, as well as soil properties. According 
to the Turkish Ministry of Environment and Urbanization, the salinity, 
EC value, pH, ion toxicity (such as excessive amounts of boron, sodium, 
arsenic, etc.) and sodium hazards on soil infiltration are some of the 
water quality characteristics that should be considered when evaluating 
the irrigation water quality as shown in Table 4. Unfortunately, when 

the pressure-driven membrane technologies are used to produce irri-
gation water from wastewater or any other water source, some of the 
nutrients essential for plant growth are also eliminated. Nonetheless, 
certain quantity of each of these elements is required for plant growth 
and soil quality. In the review by Qadir et al. [41], emphasize of the 
relevance of Ca2+ to Mg2+ ratio in irrigation water was stated. It was 
implied that the ratio of Mg2+ to Ca2+ concentrations in irrigation wa-
ters and the exchangeable percentage of Mg2+ in soils as 25% is high 
enough to cause soil deterioration and have a significant influence on 
crop production. According to Xu et al. [42], the TDS level and con-
centrations of Na+, Mg2+, and Ca2+ions in water are the most important 
characteristics for agricultural irrigation. For the irrigation of sensitive 
crops, the SAR value tolerance limit of about 4 is required by the plants 
[43]. However, for most crops this limit is mostly between 8 and 18 
[43]. 

As stated in Table 4, other parameters such as SAR value, ion toxicity 
as well as EC of water must be taken into account before water can be 
utilized for agricultural irrigation. Table 5 shows details of the product 
water obtained from our study. Based on these results, it was clearly seen 
that both NF and RO product waters are suitable for irrigation with 
respect to the concentrations of Na+ and Cl− ions, EC as well as TDS. The 
pH value of the NF product water has complied with irrigation water 
standards while pH of RO membrane was found to be lower (5.5) than 
the standards (6.0–9.0). Nevertheless, the product water qualities ob-
tained from both NF and RO membranes was found not to be suitable for 
irrigation with respect to boron concentration and SAR values. The 
product water of NF membrane in the preliminary study showed that 
boron concentration was found to be higher (8.7 mg/L) than the 
requested values (2–4 and 4–6 mg/L). The EC and pH of NF permeate 
were within the recommended range (EC:0.9–1.5 mS/cm and pH: 
6.0–9.0), but both arsenic and boron concentrations in the NF permeate 
was above the recommended limits (As:10 μg/L and B: >6.0 mg/L). The 
EC values of the RO permeate in the preliminary study was found to be 
far away from the requested irrigation water quality. Therefore, the 

Table 1 
Properties of membranes employed in pilot-scale treatment system [39,40].  

Membrane Producer pH range Active membranearea (m2) Maximum pressure (bar) Maximum temperature (◦C) Ion removal (%) 

NF Toray 2–11  37.2  41.4  45 97a, 40–70b 

RO Toray 2–11  37.0  41.4  45 99.8c  

a MgSO4 removal. 
b Monovalent ion removal (NaCl). 
c Minimum salt removal. 

Table 2 
The characteristics of the spent geothermal water and well water.  

Parameter The spent geothermal water 

pH  8.52 
Conductivity (mS/cm)  1.8 
TDS (mg/L)  1230 
Cl− (mg/L)  199 
SO4

2− (mg/L)  164 
F− (mg/L)  7.0 
Na+ (mg/L)  411 
K+ (mg/L)  32 
Mg2+ (mg/L)  7.7 
Ca2+ (mg/L)  25 
B (mg/L)  12 
Si (mg/L)  55 
SiO2 (mg/L)  118 
As (μg/L)  170  

Table 3 
Recommended water quality values for irrigation of tomato plants.  

Irrigation water quality requested for tomato plant  

EC (mS/cm) B (mg/L) As (μg/L) pH 

High boron content 0.9–1.5 4–6 <10 >6 
Low boron content 2–4  

Table 4 
Agricultural irrigation water qualities [44].    

Degree of restriction on use 

Parameter Unit None 
(Quality I) 

Slight to moderate 
(Quality II) 

Severe 
(Quality III) 

Salinity 
EC mS/cm <0.7 0.7–3.0  >3.0 
TDS mg/L <500 500–2000  >2000  

Permeability 
SAR 0–3 EC: mS/ 

cm 
EC ≥ 0.7 0.7–0.2  <0.2 

3–6 ≥1.2 1.2–0.3  <0.3 
6–12 ≥1.9 1.9–0.5  <0.5 
12–20 ≥2.9 2.9–1.3  <1.3 
20–40 ≥5.0 5.0–2.9  <2.9  

Specific ion toxicity 
Na+ mg/L <69 >69  
Cl− mg/L <106.5 >106.5  
Boron mg/L <0.7 0.7–3.0  >3.0  

Other 
pH  6.0–9.0   
Arsenic μg/L <10    
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product water must be tailored according to the water quality requested 
for tomato irrigation. 

The arsenic concentration of the RO membrane has complied with 
irrigation water while arsenic concentration in NF membrane product 
water was found to be above the standard (>10.0 μg/L). The produced 
waters of NF and RO membranes have SAR values of 254.0 and 16.8, 
respectively (Table 5). These SAR values of the product waters are quite 
high, especially in case of the NF permeate making it not suitable for 
irrigation purpose. The NF and RO membranes eliminate more than 97% 
of divalent ions during the desalination process while NF membrane 
removes only 40–70% of monovalent ions. That is the reason why the 
product water obtained by the pressure driven membrane processes is 
generally not suitable for agricultural irrigation directly. Furthermore, 
the product water obtained by NF and RO membranes could be haz-
ardous to the soil in terms of the MH value when they are employed 
directly for irrigation purpose. The MH values of both NF and RO per-
meates were found as higher than 50%. The MH value should be lower 
than 50% for it to be appropriate for agricultural irrigation as mentioned 
by Szaboles and Darab [36]. The product water obtained by using both 
NF and RO membranes was found to be not suitable with respect to the 
PI value as well. Irrigation water should have a PI value of 25–75% for it 
to be suitable for irrigation purposes as mentioned by Dinka and Tadesse 
[37] while the irrigation water with PI value of less than 25% is 
considered not suitable for agricultural purpose. Therefore, the product 
water of NF and RO membranes must by tailored to fit specification for 
the irrigation water standards. 

There are numerous options for tailoring the irrigation water pro-
duced by the pressure driven processes for maximum agricultural output 
which includes;  

i. adding CO2 or lime for pH adjustment of the treated wastewater 
[45], 

ii. injecting missing elements into the treated wastewater by uti-
lizing dolomite mineral as Mg2+ and Ca2+ ions source in water,  

iii. using the NF concentrate stream after appropriate treatment as a 
supplier of divalent ions [46],  

iv. blending the product water obtained by the NF or RO membranes 
with water sources that contained those missing elements such as 
well water or seawater for re-mineralization [47]. 

Blending the produced water of NF and RO membranes with well 
water was considered to be a good option for re-mineralizing the 

produced water. The characteristics of well water employed for remi-
neralization of NF and RO permeates are given in Table 6. As can be 
seen, boron concentration in well water was negligible while the arsenic 
concentration was also below the maximum allowable limit for drinking 
water (˂10 μg/L). Therefore, blending the permeate water of NF and RO 
membranes with well water at a certain ratio will be suitable to prepare 
the irrigation water with respect to tomato plants in the future. 

Theoretical blending of the product water obtained from NF and RO 
membranes with well water was calculated first prior to tomato irriga-
tion. The agricultural group's recommendations and the irrigation water 
standards were taken into consideration for the determination of theo-
retical irrigation water quality. Generally, boron and arsenic concen-
trations, SAR value together with EC are among the major factors 
considered for the determination of the theoretical blending of NF and 
RO permeates with well water. 

Figs. 2 and 3 show the theoretical mixtures of NF and RO permeates 
with well water versus EC values. The red line in Figs. 2 and 3 represent 
the mixture of NF or RO permeate with well water. The top axis is the 
percentage of well water mixed with NF or RO permeate and varies from 
0 to 100% (from left to right). Above grey line is the quality III category, 
between grey and blue line is the quality II category while below blue 
line represent quality I category. When only NF or RO product water is 
considered, that is 0% of well water in the product water, the water 
quality clearly falls into quality III region according to the EC vs SAR 
plot. Keeping in mind that, quality II water was targeted for the mixture 
of NF or RO permeate and well water. Average water quality values for 
the theoretical mixture are shown in Table 7. Table 8 shows the 
measured and average recommended water quality values to be used for 
the irrigation of tomatoes at the farmer field of the geothermal heating 
center. 

Figs. 2 and 3 show also the SAR values with respect to EC from the 
calculations of theoretical blending. Based on these plots, it is clearly 
seen that 45% of well water as minimum amount must be blended with 
the NF permeate in terms of infiltration problems (SAR value). Because 
water infiltration occurs when irrigation water has a high sodium con-
tent in comparison to calcium and magnesium concentrations [38]. 
Excessive salt build-up in the soil causes a phenomenon called sodicity. 
It causes soil clays to swell, disperse, crusting and pore blockage in 
agricultural soils [48]. Hence, sodicity reduces the downward passage of 
water into and through the soil. Consequently, actively growing plant 
roots may not receive enough water, despite water accumulating on the 
soil surface following watering. On the other hand, 28% of well water as 
minimum amount must be blended with the RO permeate to eliminate 
the risk of soil infiltration. An optimum 50% of well water mixed with 
50% of the NF permeate was selected for irrigation water with high 
boron content while 60% of well water blended with 40% of the RO 
permeate was chosen as the optimum mixture for irrigation water with 
low boron content. It was clearly seen that the water quality of both NF 

Table 5 
Evaluation of the NF and RO permeate waters for agricultural irrigation.  

Parameter Unit NF RO 

Salinity 
EC mS/cm 0.856* 0.0234* 
TDS mg/L 346.0* 8.8*  

Permeability 
SAR – 254.6*** 16.7***  

Specific ion toxicity 
Na+ mg/L 180.0* 11.8* 
Cl− mg/L 129.0* 0.00* 
Boron mg/L 8.7*** 5.5***  

Other parameters 
pH – 6.9* 5.3*** 
Arsenic μg/L <23.0*** <10.0* 
SO4

2− mg/L 2.6ns 0.8ns 

F− mg/L 2.4ns 0.1ns 

SiO2 mg/L 93.8ns 3.5ns 

Ca2+ mg/L 0.5 ns 0.5 ns 

Mg2+ mg/L 0.5 ns 0.5 ns 

MH % 50.5 ns 50.5 ns 

PI % 99 ns 99 ns 

*Quality I, ***Quality III, ns No standard. 

Table 6 
The characteristics of well water.  

Parameter Value 

pH 7.16 
Conductivity (mS/cm) 1.769 
TDS (mg/L) 1366 
Cl− (mg/L) 276 
SO4

2− (mg/L) 180 
F− (mg/L) ND 
Na+ (mg/L) 105 
K+ (mg/L) 2.0 
Mg2+ (mg/L) 42 
Ca2+ (mg/L) 212 
B (mg/L) 0.21 
Si (mg/L) 12 
SiO2 (mg/L) ND 
As (μg/L) <10 

ND: Not determined. 
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and RO permeates blended with well water at the selected mixing ratios 
fell into the quality II category (in terms of SAR value). The blended 
water quality falls into the quality I category with respect to pH, EC, 

TDS, concentrations of Na+ and Cl− ions. 
Another important issue to be considered when evaluating irrigation 

water quality is the negative impact of high magnesium concentration 
on soil permeability. High magnesium concentration tends to make the 
soil more alkaline, particularly in saline-rich or sodic conditions, which 
could lead to a loss in agricultural yield [44]. Waters having an esti-
mated MH of >50% are considered inappropriate for agricultural irri-
gation and this will result in lower crop yields as explained by Szabolcs 
and Darab [37]. Therefore, the irrigation water having MH ≤50% is 
considered to be suitable and will surely increase the farm product 
output. The MH values of the NF and RO permeates blended with well 
water were found to be 24.77 and 24.86%, respectively. Indicating that 
this water will not cause any MH problem if they are employed for 
irrigation purpose. The product waters blended with well water was 
found to be appropriate for agricultural purposes in terms of PI values 
also. The PI values of NF (50%) and RO (40%) permeates blended with 
well water were found to be 86 and 89%, respectively. 

Table 8 shows the measured quality analysis of the NF and RO per-
meates blended at the optimum mixing ratio (50 and 40% for NF and RO 
permeates, respectively) with well water to be used for tomato irrigation 
in the future. The results showed clearly that the irrigation water to be 
used for tomato plants complied with the irrigation water standards. The 
product water was found to be in the quality II category with respect to 
SAR versus EC plot. Apart from boron (quality III), all other parameters 
fall under the quality I category according to irrigation water standards. 
Though the product water of both NF and RO membranes was found to 
be in quality III category with respect to boron concentration (meaning 
not suitable for irrigation), the threshold level of boron to be applied for 
growing tomatoes in the future irrigation tests is 6 mg/L. According to 
Regis et al. [49], tomato plant can tolerate up to 6 mg/L of boron in 
irrigation water. Therefore, the NF and RO permeates blended with well 
water will be utilized for the irrigation of tomatoes in the future. These 
mixtures were found to be suitable for irrigation purposes in terms of 
MH with a value of 25.9 and 16.0% for the mixtures of NF permeate-well 
water and RO permeate-well water, respectively as well. They were also 
suitable in terms of PI with a value of 95 and 66% for NF and RO per-
meates mixed with well water, respectively. 

3.2. Economic analysis of membrane processes for production of 
irrigation water from the spent geothermal water 

Various public and private institutions are tasked with developing 
efficient, reliable water and wastewater treatment methods. Wastewater 
treatment processes have been studied from a technological, economic, 
social, and environmental stand points by researchers [50,51]. It was 
also argued that the price of the product water should reflect on its 
scarcity value in the local area [52]. 

In this study, an economic analysis of the NF/RO membrane sepa-
ration process for production of the agricultural irrigation water for 
tomato plant from the spent geothermal water was carried out. The life 
span of the project was designed as 15 years. The recommendations of 
the membrane producer were considered for membrane replacement 
and its maintenance time. The cost of power was taken as the com-
mercial electricity cost in Izmir city, which is 0.13$/kWh after taxes (in 
2021). The monthly operator income is equivalent to 447.23$ after 
taxes, which was Turkey's subsistence wage as of February–June 2021. 
The average permeate flow rates of NF and RO membranes were 44.80 
and 20.40 m3/day, respectively, while pump efficiency (for both low 
and high pressure pumps) was taken as 85%. The electric consumption 
of low and high-pressure pumps was considered when calculating the 
power consumption of the NF and RO membranes, carbon, sand and 
cartridge filters. The costs of membranes were taken into consideration 
for calculation of the fixed cost (Table 9). The monthly wage of the 
operator, periodic maintenance cost, membrane cleaning cost, and cost 
of antiscalant were taken into consideration for calculation of the 
operational cost. Table 9 shows all parameters taken into consideration 
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Table 7 
Evaluation of NF and RO permeates blended with well water theoretically for 
agricultural irrigation.  

Parameter Unit NF permeate (mixed with 
50% well water) 

RO permeate (mixed with 
60% well water) 

Salinity 
EC mS/ 

cm  
1.313*  0.722* 

TDS mg/L  893.0*  553.0*  

Permeability 
SAR   17.9**  6.9**  

Specific ion toxicity 
Na+ mg/L  142.5*  49.1* 
Cl− mg/L  202.5*  110.4* 
Boron mg/L  4.5***  3.4***  

Other parameters 
pH –  7.0*  6.0* 
Arsenic μg/L  11.5***  <10* 
SO4

2− mg/L  91.3ns  72.5ns 

F− mg/L  1.2ns  0.05ns 

Ca2+ mg/L  106.3 ns  85.1 ns 

Mg2+ mg/L  21.3 ns  17.1 ns 

SiO2 mg/L  46.9ns  2.1ns 

MH %  24.77 ns  24.86 ns 

PI %  86 ns  89 ns 

*Quality I, **Quality II, ***Quality III, nsNo standard. 
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during techno-economic calculations while Table 10 shows the cost 
distribution of the NF and RO membrane processes to produce the irri-
gation water for tomato plants. The total cost of water production using 
the NF membrane was found to be 0.76 $/m3 while that of the RO 
process was found to be 1.56 $/m3. Studies with higher flow rates will 
have the lowest cost because the cost calculation findings were reported 
as per unit volume of the product water. Due to this fact, the cost of the 
RO process was found to be higher than that of the NF process. Because 
the permeate flux of the NF membrane was 60.23 Lm− 2 h− 1 while that of 
the RO membrane was calculated as 27.35 Lm− 2 h− 1. Nevertheless, the 
process costs of NF and RO processes will surely decrease when the plant 
capacity is increased. The product water produced from the RO 

membrane has a better quality compared with that of the NF membrane. 
Therefore, some compromise must be done between quality of the 
product water and the process cost. Costa and Pinho [53] reported the 
cost of water production using an NF membrane as 0.26 $/m3 while 
Greenlee et al. [54] informed as 0.62 $/m3 as the cost of the RO mem-
brane for brackish water treatment. 

The costs of the NF and RO processes found in this study are higher 
than the findings in the literature. Actually, the plant capacity plays a 
vital role in the final cost of the produced water. It was mentioned in the 
study conducted by Loutatidou et al. [55] and Pan et al. [56] that the 
desalination plants can be categorized into i) large-scale with an average 
capacity of >20,000 m3 per day, ii) medium-scale (average capacity of 
5000–20,000 m3 per day), iii) small-scale (average capacity of <500 m3 

per day). The cost of product water is inversely proportional to the plant 
capacity, meaning as the plant capacity increases the cost of product 
water decreases. The cost of the water produced by the NF process was 
found to be 0.42–0.53 $/m3 when the plant capacity was 3780 m3day− 1 

and 0.11–0.14 $/m3 for a plant capacity of 56,700 m3/day [57]. It is also 
good to keep in mind that as the TDS value of the water to be treated 
increases, the cost of the whole process will increase as well [58]. The 
cost of water production was found as 0.29–0.63$/m3 for a plant ca-
pacity of 4500–104,000 m3/day [58] and 0.26–0.54 $/m3 for 
40,000–46,000 m3/day plant capacity [59] for RO membrane while 
0.26 $/m3 for NF membrane [52]. Regis et al. [49] found the cost of 
fresh water from river to be 0.88 and 1.06 $/m3 for brackish water RO 
and NF membranes, respectively. Bhojwani et al. [60] reported the cost 
of water production by using the brackish water RO membrane as 0.712 
$/m3 when the plant capacity was 3785 m3/day. Price of the product 
water was found in the range of 5.66–12.98 $/m3 [57] and 12.99 $/m3 

[61] for small plants operating at a capacity of <20 m3/day. 
Based on the findings in this research, it was found that power 

consumption takes the highest share with 48 and 49% for NF and RO 
processes, respectively. Fixed and operational costs were found to be 38 
and 14% for the NF process while 42 and 10% for the RO process, 
respectively as shown in Figs. 4 and 5. Power consumption can be 
reduced by improving the energy management of both the NF and RO 
systems during the desalination process. To make the RO process cost- 
effective, energy should be collected from the high-pressure brine 
[62]. Energy recovery devices, for example pelton wheel, energy re-
covery booster pump (ERBP), turbo charger, and others can be used to 
recover the energy in the brine and re-direct it to increase the feed 
pressure to the membrane system [63]. As reported by Timur et al. [64], 
energy was recovered from the existing concentrate stream and circu-
lated back to the feed side during seawater desalination in Bodrum, 

Table 8 
Average characteristics of NF/RO permeates blended with well water and the recommended quality of irrigation water for tomato plant.   

EC (ms/ 
cm) 

TDS 
(mg/ 
L) 

Boron 
(mg/L) 

pH Na+

(mg/L) 
Mg2+

(mg/L) 
Ca2+

(mg/L) 
F−

(mg/ 
L) 

Cl−

(mg/L) 
SAR Arsenic 

(μg/L) 
SO4

2−

(mg/L) 

Mixture of the RO permeate (40%) and the 
well water (60%) 

1.069 528 3.0 6.8 53.2 20.4 106.8 0.3 154.8 4.9 <10 4.9 

Mixture of the NF permeate (50%) and the 
well water (50%) 

1.333 704 5.6 7.0 148.3 22.0 62.8 4.1 169.0 16.3 16.3 

Well water 1.790 900 0.2 6.8 101.9 7.7 51.1 7.0 199 7.0 7.0 
Irrigation water to be used 

for growing tomato plant 
With high 
boron 
content 

0.9–1.5 NS 4–6 >6 NS NS NS NS NS NS NS 

With low 
boron 
content 

NS 2–4 NS NS NS NS NS NS NS 

Water qualities of NF and 
RO permeates blended 
with well watera 

III I I III I I NS NS NS NS II I NS 

NS: Not specified. 
a Water qualities of NF (50%) permeate and well water (50%) along with RO permeate (40%) and well water (60%) mixtures were evaluated according to agri-

cultural irrigation water standards. 

Table 9 
Parameters used for techno-economic calculations.  

Parameter NF RO 

Values 

Plant capacity (m3/day) 44.8 20.2 
Membrane area of module (m2) 37.4 37.0 
Module length (m) 1 
Number of modules per pressure vessel 1 
Energy cost ($/kWh) 0.13 
Membrane cost ($) 690 513 
Operation time (h/year) 6000 
High pressure power consumption (kW) 5.5 
Low pressure power consumption (kW) 2.2 
Catridge filter cost ($/unit) 8.6 
Carbon filter cost ($/unit) 935.7 
Sand filter cost ($/unit) 792.5 
Pump efficiency (ηpump) [45] 0.85   

Table 10 
Unit costs for NF and RO processes.   

Unit NF RO 

Sand filter $/ m3 0.041 0.091 
Carbon filter 0.051 0.112 
Monthly service 0.031 0.068 
Cartridge filters 0.057 0.126 
Antiscalant cost 0.058 0.058 
Membrane cost 0.013 0.021 
Utility cost (tanks, pumps etc.) 0.132 0.292 
Operator salary 0.013 0.029 
Power consumption cost 0.36 (48%) 0.76 (49%) 
Total fixed cost 0.29 (38%) 0.64 (41%) 
Total operational cost 0.10 (14%) 0.16 (10%) 
Total 0.76 1.56  
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Turkey. The ERBP ERI PX model was employed in their study, where the 
RO system capacity was 100 m3/day. According to their findings, energy 
and cost comparison between a system that consist of energy recovery 
system and the one without energy recovery demonstrated a 54% of 
reduction in power consumption as well as the cost of the water pro-
duced [64]. The cost of product water was also found to be 0.57 $/m3 

when the ERBP system was incorporated with RO systems, while the cost 
of the product water was about 0.43 $/m3 when the turbine systems 
were incorporated with the RO system [64]. 

4. Conclusions 

With the goal of producing irrigation water for tomato plant, suc-
cessful treatment of the spent geothermal water was conducted utilizing 
the pressure-driven membranes in a pilot-scale system. According to the 
results obtained from this study, it was clearly seen that the direct 
application of the produced water from the pressure-driven membrane 
processes is not appropriate for both irrigation of the tomato plants and 
the soil stability. Hence, a post-treatment or polishing step must be 
added to the pressure-driven membrane process. An optimum of 50 and 

60% of well water could be blended with the NF and RO permeates, 
respectively to re-mineralize the product water as well as to decrease the 
boron concentrations in the produced water. The results of the quality 
analysis of the product water used for irrigating tomato plants agreed 
well with the theoretical calculations. After blending the permeates of 
NF and RO membranes with well water, apart from boron concentration 
all other irrigation water quality results complied with the irrigation 
standards (EC, SAR, TDS, pH, arsenic and specific ion toxicity). Never-
theless, the produced water in this study can be utilized for crops 
including alfalfa, sugar beet and sorghum cabbage, oats, bluegrass 
turnip, bluegrass, barley, cowpea, and cauliflower. From the economical 
point of view, it is clearly seen that the pressure driven membrane 
processes can be utilized for reclamation of the spent geothermal water 
for agricultural irrigation purposes. Although the costs of the product 
water treated with the pressure driven membranes (with NF 0.56 $/m3 

and with RO 1.56 $/m3) were a bit high, the cost will surely decrease 
when considered these processes in a full scale application. 

Novelty statement 

In this manuscript, assessment of nanofiltration and reverse osmosis 
membranes for treatment spent geothermal water in order to produce 
agricultural irrigation water for tomato plants was investigated for the 
first time using a pilot membrane treatment system installed in the 
geothermal heating center. An economical analysis for such treatment 
was also performed. 
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