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ABSTRACT 

 

PV CSP HYBRIDIZATION TO PRODUCE IRRIGATION WATER USING 

DESALINATION AND WASTEWATER TREATMENT 

 

 

 

Gedik, Eylül 

Master of Science, Mechanical Engineering 

Supervisor : Prof. Dr. Derek. K. Baker 

 

 

June 2023, 140 pages 

 

Wastewater reuse and reverse osmosis desalination have a large potential to meet 

the world’s increasing need for irrigation water to produce food. Huge 

opportunities exist for solar systems to power these water systems for fertile but 

arid regions with large solar and seawater resources along with several challenges. 

Photovoltaics (PV) and concentrating solar power (CSP) hybridization is a 

potential solution to power water systems as PV provides cheap electricity whereas 

CSP system with thermal energy storage (TES) allows the dispatching of electricity 

and high capacity factors (CF). In this study, three solar systems are considered to 

power wastewater treatment plant (WWTP) and reverse osmosis (RO) systems to 

produce agricultural irrigation water: 1) PV-only, 2) CSP with TES and 3) PV and 

CSP hybridization with TES. Novel operating strategies for CSP and PV+CSP 

plants are proposed according to the water system requirements. Also, two different 

operating strategies of RO are analyzed: 1) nominal load operation and 2) variable 

load operation. These systems are assessed for Erdemli, Mersin, Türkiye. It is 

proven that PV and CSP hybridization to power the quaternary treatment stage of 

an urban WWTP and a RO plant operating at variable loads results in the highest 

CF of water systems with the lowest levelized cost of water (LCOW) when the 
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systems are hybridized with their stand-alone capacities. The hybridization of PV 

and CSP is studied also parametrically. The overall water system CF of 77.6% is 

reached with 90.3% CF of the WWTP plant resulting in LCOW of 1.03 € m-3. 

Finally, the addition of the WWTP to the RO is found to decrease the LCOW and 

emission factor of the produced water by 9.6% and 6.9%, respectively. 

Keywords: CSP, PV, Hybridization, RO, WWTP 
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ÖZ 

 

DESALİNASYON VE ATIKSU ARITIMI İLE SULAMA SUYU ÜRETMEK 

İÇİN PV CSP HİBRİDİZASYONU 

 

 

Gedik, Eylül 

Yüksek Lisans, Makina Mühendisliği 

Tez Yöneticisi: Prof. Dr. Derek K. Baker 

 

 

Haziran 2023, 140 sayfa 

 

Atık suyun yeniden kullanımı ve ters osmoz tuzdan arındırma, dünyanın gıda 

üretimi için artan sulama suyu ihtiyacını karşılamak için büyük bir potansiyele 

sahiptir. Büyük güneş ve deniz suyu kaynaklarına sahip verimli ancak kurak 

bölgeler için bu su sistemlerine güç sağlayacak güneş enerjisi sistemleri için büyük 

fırsatlar mevcut olmakla birlikte çeşitli zorluklar da bulunmaktadır. Fotovoltaik 

(PV) ve yoğunlaştırılmış güneş enerjisi (CSP) hibridizasyonu, PV ucuz elektrik 

sağlarken, termal enerji depolamalı (TED) CSP sistemi planlanabilen elektrik 

üretimine ve yüksek kapasite faktörlerine (KF) izin verdiği için su sistemlerine güç 

sağlamak için potansiyel bir çözümdür. Bu çalışmada, tarımsal sulama suyu 

üretmek için atık su arıtma tesisi (AAT) ve ters osmoz (TO) sistemlerine güç 

sağlamak üzere üç güneş enerjisi sistemi ele alınmıştır: 1) sadece PV, 2) TED ile 

CSP, ve 3) PV ve TED ile CSP hibridizasyonu. Su sistemi gereksinimlerine göre 

CSP ve PV+CSP tesisleri için yeni işletim stratejileri önerilmektedir. Ayrıca, 

RO'nun iki farklı işletim stratejisi analiz edilmiştir: 1) nominal yük işletimi ve 2) 

değişken yük işletimi. Bu sistemler Erdemli, Mersin, Türkiye için 

değerlendirilmiştir. Kentsel bir AAT'nin dördüncül arıtma aşamasına ve değişken 

yüklerde çalışan bir TO tesisine güç sağlamak için PV ve CSP hibridizasyonunun, 
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sistemler tek başına kapasiteleri ile hibridize edildiğinde en düşük seviyelendirilmiş 

su maliyeti (SSM) ile su sistemlerinin en yüksek KF ile sonuçlandığı 

kanıtlanmıştır. PV ve CSP'nin hibridizasyonu parametrik olarak da incelenmiştir. 

AAT tesisinin %90,3'lük KF'si ile %77,6'lık genel su sistemi KF'sine ulaşılmış ve 

bu da 1.03 € m-3 SSM ile sonuçlanmıştır. Son olarak, TO'ya AAT'nin eklenmesinin 

SSM'yi ve üretilen suyun emisyon faktörünü sırasıyla %9,6 ve %6,9 oranında 

azalttığı bulunmuştur.  

Anahtar Kelimeler: CSP, PV, Hibridizasyon, TO, AAT 
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system, kWh 

EF   Efficiency factor of the turbine, - 

𝐹𝐶𝑂2,𝐶𝑆𝑃  Emission factor of CSP system, gCO2,eq kWh-1 

𝐹𝐶𝑂2,𝑃𝑉   Emission factor of PV system, gCO2,eq kWh-1 

𝐹𝐶𝑂2,𝑊   Emission factor of the produced water, gCO2,eq m
-3 

𝐹𝑈𝐸    Utilized electricity fraction, - 

ℎℎ𝑒𝑙𝑖𝑜𝑠𝑡𝑎𝑡  Heliostat height, m 

ℎ𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟  Receiver height, m 

ℎ𝑡𝑜𝑤𝑒𝑟   Tower height, m 

LF   Load factor of the turbine, - 

𝐿𝐶𝑂𝐸   Levelized cost of electricity, € kWh-1 

𝐿𝐶𝑂𝐸   Levelized cost of water, € m-3 

𝑚𝐻𝑇𝐹,𝐻𝑇  Mass of the heat transfer fluid in the hot tank, kg 

𝑚𝐻𝑇𝐹,𝐶𝑇  Mass of the heat transfer fluid in the cold tank, kg 

𝑚𝐻𝑇𝐹,𝐻𝑇,𝑏𝑒𝑔 Mass of the heat transfer fluid in the hot tank at the 

beginning of the hour, kg 

𝑚𝐻𝑇𝐹,𝐻𝑇,𝑒𝑛𝑑 Mass of the heat transfer fluid in the hot tank at the end of 

the hour, kg 

n Lifetime of the specified system, years 

OPEX   Operation and maintenance costs, €  

𝑂𝑃𝐸𝑋𝐸 Operation and maintenance costs of the specified energy 

system, €  
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𝑂𝑃𝐸𝑋𝑊 Operation and maintenance costs of the specified water 

system, €  

𝑂𝑃𝐸𝑋𝑒𝑙𝑒𝑐,𝑅𝑂  Electrical energy operating costs of RO, € 

𝑂𝑃𝐸𝑋𝑒𝑙𝑒𝑐,𝑊𝑊𝑇𝑃 Electrical energy operating costs of UV/H2O2, € 

𝑃𝐶𝑆𝑃   Electricity output of CSP plant, kWh 

𝑃𝑡ℎ Thermal energy that is converted to electricity by power 

block, kWhth 

𝑄𝐴𝑣,𝑇𝐸𝑆 Thermal energy that is available to the thermal energy system 

to be stored, kWhth 

𝑄𝑓𝑒𝑒𝑑   Feed flow rate, m3 day-1 

QHTF Thermal energy that can be transferred to heat transfer fluid, 

kWhth 

𝑄𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒  Permeate flow rate, m3 day-1 

𝑅𝑅   Recovery rate, - 

𝑟   Interest rate, - 

𝑠𝑐𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟  Receiver cost scaling exponent, - 

𝑠𝑐𝑡𝑜𝑤𝑒𝑟  Tower cost scaling exponent, - 

𝑆𝐸𝐶𝑅𝑂   Specific energy consumption of RO, kWh m-3 

𝑆𝐸𝐶𝑊𝑊𝑇𝑃  Specific energy consumption of UV/H2O2, kWh m-3
 

SOC   State of charge, - 

𝑆𝑂𝐶𝐻𝑇   State of charge of the hot tank, - 

𝑡   Year, years 

𝑇ℎ𝑜𝑡   Temperature of the heat transfer fluid at the hot tank, °C 
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𝑇𝑐𝑜𝑙𝑑   Temperature of the heat transfer fluid at the cold tank, °C 

𝑇𝑟𝑎𝑖𝑛𝑜𝑝𝑒,𝑎𝑛𝑛,𝑅𝑂 Total number of trains operated annually, - 

𝑇𝑟𝑎𝑖𝑛𝑅𝑂,𝑛𝑜  Train number of the RO system, - 

𝑈𝐹   Utilization factor, - 

𝑉𝐻𝑇𝐹   Total volume of the heat transfer fluid, m3 

𝑉𝑊,𝑎𝑛𝑛,𝑅𝑂  Annual water volume produced by RO, m3 

𝑉𝑊,𝑎𝑛𝑛,𝑊𝑊𝑇𝑃  Annual water volume treated by UV/H2O2, m
3 

𝑉𝑊,𝑎𝑛𝑛,𝑡𝑜𝑡   Annually produced total water volume, m3 

𝑉𝑊,𝑎𝑛𝑛   Annual water production of the specified water system, m3 

𝜂𝑔𝑟𝑜𝑠𝑠_𝑛𝑒𝑡  Gross to net efficiency of the turbine, - 

𝜂𝑡ℎ   Thermal efficiency of the turbine, - 

𝜌𝐻𝑇𝐹   Density of the heat transfer fluid, kg m-3 
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CHAPTER 1  

1 INTRODUCTION  

1.1 Motivation 

Food security has become a global challenge due to the increasing population and 

decreasing resources. Water is central to food production. Even though water is 

abundant on earth, only 2.5% of it is freshwater. Glaciers and permanent snow 

cover comprise 68.7% of this freshwater, leaving less than 1% of the water 

resources available for human use. Furthermore, only 0.3% of the freshwater 

resources are surface water, whereas fresh groundwater has a share of 29.9% in the 

total amount of freshwater [1]. 

Lately, agriculture accounts for 69% of the world’s water withdrawals [2]. For 

Türkiye, this ratio is even higher with 74% [3]. By 2050, agriculture is estimated to 

produce 60% more food globally, resulting in further stress on the freshwater 

resources [4]. 

UN Sustainable Development Goals (SDG) set priorities for global action. UN 

SDG Goal 2 targets ending hunger, ensuring food security, and promoting 

sustainable agriculture [5]. Expanding water activities such as desalination and 

wastewater treatment is aimed at Goal 6 to manage the availability and 

sustainability of water. Goals 7 and 13 of the Sustainable Development Goals 

target to promote the sustainable energy supply and reduce the effects of climate 

change. Similarly, the main objective of the Paris Agreement is to limit the global 

average temperature increase to 2 ℃, preferably 1.5 ℃, compared with the pre-

industry levels to decrease the impacts of climate change [6]. Considering the 

Sustainable Development Goals 2, 6, 7, and 13 and Paris Agreement together with 
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the “Leave No One Behind” principle, it is required to adopt low greenhouse gas 

emission strategies while securing food and water supply for everyone. 

Reuse of the treated wastewater and desalination can be addressed to support water 

and food security. Treated wastewater is reported to have the potential to meet 15% 

of the agricultural water demand besides being a good nutrient source for crops [2]. 

Seawater can serve as an additional water source through desalination and provide 

large volumes of water. Combining the treated wastewater's nutritional content 

with the large volumes of desalinated water results in a considerable amount of 

high-quality irrigation water. 

However, desalination and wastewater treatment processes can be highly energy 

intensive based on the technology adopted. In accordance with SDG 7 and Paris 

Agreement, powering those with renewable energy sources is crucial. The co-

location of arid but fertile lands with good solar resources near urban settlements 

and seawater resources creates a vast potential to produce agricultural irrigation 

water with sustainable solar resources. However, intermittent operation is not 

desired for water treatment plants, membrane desalination, and wastewater 

treatment, due to the higher operation and maintenance costs and the performance 

decline. Also, low capacity factors of the water systems can lead high unit costs of 

water due to high capital costs of those. Therefore, non-continuous energy supply 

and low capacity factors become significant concerns while the water treatment 

systems are powered with renewable energy resources. 

Considering the upfront cost and levelized cost of electricity (LCOE) decrease 

associated with photovoltaics (PV) technologies worldwide, and Türkiye’s large 

and mature market regarding PV, solar PV is a feasible option to produce 

electricity [7]. However, PV systems are mostly coupled with batteries which are 

not economical storage systems. Even though concentrating solar power (CSP) 

systems have higher LCOE, with thermal energy storage (TES), they deliver 

economically competitive dispatchable electricity when the solar resources are not 

sufficient and reach higher capacity factors. Therefore, the hybridization of PV and 
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CSP can result in a relatively continuous energy supply and high capacity factors 

with reasonable electricity prices. 

Türkiye is one of the ten countries with the largest agricultural production, and 

almost 25% of the population is employed in the agriculture sector [8]. However, 

Türkiye is a semi-arid region with 1350 m3 capita-1 of annual water availability, and 

it is expected that by 2030, these resources will decrease to 1000 m3 capita-1 with 

the increasing population [9]. Considering the urgent need for sustainable food 

production globally and the key role of Türkiye as a supplier, Türkiye needs to 

secure its food and water production with sustainable resources. 

1.2 System Descriptions 

1.2.1 Water Treatment Systems 

In this study, two water treatment systems are considered: UV/H2O2 as the 

quaternary treatment of an urban wastewater treatment plant and a reverse osmosis 

desalination system.  

1.2.1.1 Wastewater Treatment and Advanced Oxidation: UV/H2O2 

Wastewater treatment refers to the restoration of the water used and contaminated 

by human activity to the level of quality desired [10]. The treatment can be 

achieved by physical, chemical, or biological processes. 

Different resources classify the wastewater treatment stages differently; however, 

treatment stages can be conventionally described as [11] 

• Preliminary Treatment: The coarse constituents are removed to prevent 

maintenance or operational problems with the equipment, system, or 

operation.  
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• Primary Treatment: The suspended solids and organic matter are separated 

from the wastewater. The separation can be enhanced by the addition of 

chemicals or filtration. 

• Secondary Treatment: In addition to the suspended solids and 

biodegradable organic matter, also, the removal of the nutrients, nitrogen, 

phosphorus, or both can be performed. 

• Tertiary Treatment: The residual suspended solids are separated from the 

secondary effluent. Disinfection and nutrient removal are generally 

included in tertiary treatment. 

• Advanced Treatment: The remaining dissolved and suspended solids are 

removed when the previous steps are insufficient to meet the required 

quality criteria for water reuse. 

The wastewater can be categorized based on its source. Municipal wastewater is 

generated by a community's domestic, industrial, or commercial activities [12]. 

Urban wastewater also includes rainwater outflows or, more generally, urban 

runoffs [13]. 

Urban wastewater treatment is standardized in Europe by Council Directive 

91/271/EEC [14]. In 2022, EC tabled a proposal to update the directive to adapt to 

the current requirements and challenges. In this proposal [15], the EU re-defined 

the wastewater treatment stages as 

• Secondary Treatment: the step where the urban wastewater is treated by 

biological treatment and a secondary settlement or a similar process 

• Tertiary Treatment: the process where the removal of the nitrogen and 

phosphorus is performed 

• Quaternary Treatment: the stage where a broad spectrum of micro-

pollutants is removed from the urban wastewater 

to clarify and converge on the terminology [16].  
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Contaminants of emerging concern (CEC) is a term used to refer to microplastics 

and micropollutants. Microplastics are small solid particles of plastics. 

Micropollutants are tiny parts of daily products such as pharmaceuticals, industrial 

chemicals, cosmetics, and pesticides [17].  

Conventional WWTPs are not effective in removing CECs [18], [19], and their 

discharge to the environment creates serious health concerns; particularly when the 

effluent is used for agricultural irrigation [20]. Also, the antibiotic resistant bacteria 

and genes (ARB&ARG) existing in wastewater requires special attention. 

Therefore, more advanced treatment technologies should be applied to remove 

CECs and ARB&ARGs from the wastewater and meet the criteria for wastewater 

reuse for agricultural irrigation. 

Advanced oxidation processes (AOPs) can be employed as the quaternary 

treatment stage of urban wastewater plants. AOPs generate hydroxyl radicals that 

are highly reactive and nonselective to degrade the organic contaminants and 

recalcitrant chemicals [21], [22]. The UV/ H2O2 process is a typical AOP. In the 

presence of UV light, the hydrogen peroxide's photolysis produces hydroxyl 

radicals which abate a wide range of CECs and ARB&ARGs [20]. 

Also, it is crucial to emphasize that the energy consumption of the UV/H2O2 

treatment is solely in form of electricity. 

1.2.1.2 Desalination and Reverse Osmosis 

Desalination is the process of producing fresh water from saline water by removing 

the dissolved salts. Conventional desalination methods can be classified into two 

categories: thermal methods and membrane methods [23]. In thermal processes, 

heat is introduced to the saline water to separate salts and water, primarily by 

evaporation. On the other hand, in membrane methods, separation occurs mainly 

through a membrane. Multistage flashing and multi effect distillation (MED) are 
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well-known examples of thermal processes, whereas reverse osmosis (RO) and 

electrodialysis are the most common membrane methods.  

Currently, RO constitutes 65% of the global online desalination capacity as it is a 

relatively simple and mature process [24]. Among the other desalination methods, 

RO has one of the lowest specific energy consumption (SEC). Its energy 

consumption is solely in form of electricity and in the range of 2.5-4.0 kWh m-3 

[25], [26].  

Osmosis is the natural transportation of water molecules from a low concentration 

solution to high concentration solution through a semipermeable membrane. The 

solute molecules are rejected during osmosis, whereas water molecules are allowed 

to pass until the osmotic equilibrium is achieved. When an external pressure higher 

than the osmotic pressure difference is applied on the high concentration side, the 

water molecules are forced to move from the high concentration to the low 

concentration side [27]. This process is known as reverse osmosis. The osmosis, 

osmotic equilibrium, and reverse osmosis are schematically represented in Fig. 1.1. 

 

 

Figure 1.1. Schematic representation of a) osmosis, b) osmotic equilibrium, and c) 

reverse osmosis [27]. 

Depending on the quality of the water to be desalinated, the RO processes can be 

divided into two subgroups: brackish water reverse osmosis (BWRO) where the 

salinity of the source water is between 500 mg l-1 and 10 000 mg l-1, and seawater 
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reverse osmosis (SWRO) where 35 000 mg l-1 is the approximate level of the 

salinity [27], [28].  

Three streams are associated with seawater RO desalination: feed, permeate, and 

concentrate. Feed is the seawater which is the input of the system with high salt 

concentration. Permeate is the stream allowed by the membrane with low salt 

concentration, and it is desalinated water. Finally, concentrate is the highly 

concentrated stream that includes the salts rejected by the membrane, and it is 

called brine. 

1.2.2 Solar Energy Systems 

Solar energy is utilized to power the water treatment systems using two different 

technologies: photovoltaics (PV) and concentrating solar power (CSP). The type of 

concentrating solar power studied here is the central receiver (CR) with thermal 

energy storage (TES). 

1.2.2.1 Photovoltaics 

PV technology generates electricity from semiconductor materials when they are 

irradiated by photons [29]. This phenomenon is called the photovoltaic effect.  

PV systems mainly include modules, inverters, converters, and, optionally, storage 

systems. Modules are the components where the solar radiation is converted to 

direct current through the photovoltaic effect. Currently, crystalline silicon is the 

most common module material with two types, monocrystalline and 

multicrystalline [30].  The solar-to-electricity efficiency of monocrystalline cells is 

around 15-20%, whereas multicrystalline cells have lower efficiencies but are more 

economical [31]. The modules are connected in series to form strings, and strings 

are mounted in parallel to form PV arrays [32]. Tracking systems can be added to 

PV arrays to increase the electricity output. Based on the degree of freedom, 
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tracking systems can be analyzed in two subgroups, one-axis tracking and dual-axis 

tracking. Dual-axis tracking systems can produce more electricity than fixed and 

single-axis tracking PV systems with increased demand for maintenance and 

complexity in design and control [30]. Inverters convert the direct current produced 

via PV modules into alternating current to maintain the compatibility of the 

generated power with AC-powered equipment and grid. Converters change the 

input voltage to a desired value to regulate and boost the system output [33]. 

Finally, storage systems can be added to PV systems to match the delivery of the 

PV system with the demand, as solar radiation is variable. Even pumped hydro 

storage is an option as the storage system, usually battery systems are coupled with 

PV installations with a variety of options such as lead-acid, Pb-Sb, Li-ion, NiMH, 

NiCd, Zn-air, etc. [34]. 

1.2.2.2 Concentrating Solar Power and Central Receiver Systems 

Concentrating solar power systems utilize concentrated solar radiation to generate 

heat, electricity, or fuels by the addition of other technologies. CSP systems can 

use only the direct beam component of solar radiation, unlike PV technologies 

where diffused irradiation can also be used. The term concentrating solar power 

(CSP) herein specifically refers to electricity generation. 

The CSP plants are basically constituted of four main components: solar collector, 

receiver, power block and optionally but mostly, thermal energy storage system 

[35]. In conventional CSP technologies, the direct beam solar irradiation is 

concentrated and reflected to the receiver by the collector field, then transferred to 

a heat transfer medium in the form of thermal energy. The gained thermal energy is 

used either to operate a power block to produce electricity or to be stored in 

thermal energy storage system to be utilized later [36].  

The main technologies of CSP are shown in Fig. 1.2; linear focus systems: a) linear 

Fresnel collectors, b) parabolic trough collectors, and point focus systems: c) 
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central receivers, and d) parabolic dish collectors, ordered by increasing 

concentration ratio where concentration ratio is defined as the ratio of aperture area 

to the absorber area [37].  

Central receiver systems have considerable potential and advantage in electricity 

production as they can reach higher temperatures compared to linear focus systems 

resulting in more efficient steam cycles or gas turbines with higher exergies [36].  

 

 

Figure 1.2. Currently available CSP technologies (Adapted from [38]). 

Central receiver systems are based on a large array of heliostats that concentrates 

the solar radiation onto a receiver located at the top of a high tower [39]. The 

concentration ratios associated with the central receiver systems can reach up to 

1000 [37]. The highly concentrated solar radiation is absorbed by the receiver, 

converted into thermal energy, and transferred to a heat transfer medium. The heat 

transfer/storage media can be in the form of either liquid (e.g., molten salts) [40], 

gas (e.g., air) [41], or solid (e.g., ceramic particles) [42].   
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TES system decreases the temporal mismatch between the energy demand and 

supply, and improve dispatchable electricity generation. One of the most 

convenient TES configurations, also adapted in this study, is a two-tank storage 

system where molten salt is the heat transfer/storage fluid. Typically, a Rankine 

cycle is coupled with molten salt TES as the power cycle of the CSP plant. The 

operating principle of this configuration is straightforward. First, the cold molten 

salt is sent to the receiver, heated, and pumped to the hot molten salt storage tank. 

The hot molten salt is fed to the power block and transfers heat to the water by a 

heat exchanger, and steam is produced to operate the turbine. The cooled molten 

salt returns to the cold storage tank, is pumped to the receiver and heated once 

again. 
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CHAPTER 2  

2 LITERATURE REVIEW 

2.1 Literature Review of PV CSP Hybridization 

The hybrid PV and CSP plants are classified into two groups: a) compact and b) 

non-compact systems. The two technologies are integrated into a single plant in 

compact systems. On the other hand, in non-compact systems, the PV and CSP 

plants are physically distinct, and their operation is independent from each other. 

Non-compact systems are attributed to have high flexibilities in terms of 

integration and operational strategies, as the hybridization is done by means of 

electricity dispatching strategies. Also, compared to stand-alone PV and CSP 

technologies, significantly higher capacity factors are obtained with non-compact 

hybridization [43]. The hybridized PV and CSP scheme used in this study is “non-

compact”; therefore, the literature review is focused on this type. An example of a 

non-compactly hybridized PV CSP system is presented in Fig. 2.1. 

 

Figure 2.1. Non-compact CSP PV hybridization (Adapted from [44]). 
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The PV and CSP non-compact hybridization has gained attention in recent years; 

there are several ongoing commercial projects. Atacama I/ Cerro Dominador, Chile 

is an operational plant consisting of 110 MW CSP and 100 MW PV with a 17.5 

hour capacity molten salt thermal storage system [45]. Noor Energy I, Dubai, is 

implementing a project, 700 MW CSP and 250 MW PV capacity, with 15 hours of 

the thermal storage system.  This solar complex aims to reach 24 hours of 

electricity supply [46]. Lately, China announced more than 25 CSP+PV projects to 

be built until 2024 [47].  

In addition to the commercial plants described above, there are several modeling 

and dispatching approaches for PV CSP hybridization in the literature.  

Green et al. [48] studied a PV-CSP system for Atacama and suggested a 

dispatching strategy where CSP responds to PV production with multiple priority 

levels. They found that capacity factors even higher than 90% are achievable. 

Starke et al. [49] conducted a techno-economical study where they analyzed two 

hybrid PV CSP plants with TES for Atacama, with parabolic trough collectors or 

central receiver, both combined with PV by putting a constraint on the capacity 

factor for the supply of baseload energy to the grid. They concluded that by 

hybridization, the CSP plants could achieve capacity factors higher than 80% with 

a 30-40% percent reduction in solar field size and a 1.5-7% decrease in LCOE 

depending on the CSP type. 

Pan [50] studied a similar case for South Africa; a central receiver with TES was 

added to PV systems to provide base load to the grid, and capacity factors up to 

90% were reached with lowered LCOE. 

Zhai et al. [51] analyzed two different PV-CSP systems, PV+ Battery+CSP+TES 

and PV+CSP+TES, where the battery storage of PV was replaced with TES. Also, 

they compared two different dispatch strategies for the hybridized PV CSP plant, 

conventional, where the electricity outputs of the two systems do not interfere with 

each other, and constant-output strategy, where two systems operate synergistically 
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to deliver a constant output. The results showed that solar energy can be utilized 

better with a PV+CSP+TES system with lowered LCOE than a 

PV+Battery+CSP+TES configuration in a constant output strategy. 

Moser et al. [52] also analyzed a hybrid PV CSP plant compared to a standalone 

CSP and PV+battery scheme for Northern Chile to meet the baseload demand. 

They found that at low renewables share of up to 40%, PV without battery results 

best economically; between 40-70% solar share, PV+battery is the cheapest option 

and, for more ambitious solar shares, i.e.,>70%, CSP+PV delivers the lowest 

LCOE. 

A new integration scheme where PV and CSP were combined with a mutual 

thermal energy storage system was introduced by Giaconia et al. [53]. They 

showed that their scheme with a 24 hour storage capacity was able to meet 67% 

and 90% of the power demand of a typical Mediterranean region where the load 

varies hourly, daily, and also seasonally, and an industrial district in the sub-

Saharan region with constant power demand, respectively. They compared the 

LCOE of the hybridized scheme with the PV scenario, and only 0.057 and 0.041 

€ kWh-1 increase was observed in LCOE. 

As the viability of PV+CSP was verified, the research trends have been directed to 

the optimization of the hybrid plant.  

Petrollese and Cocco [54] conducted an optimization study for a hybrid PV CSP 

scheme where minimizing LCOE was the objective function of the study. The 

system was assessed for two locations, Ottana, Italy (low DNI) and Quarzazate, 

Morocco (high DNI), with different load durations and capacity factor 

requirements. It was demonstrated that hybridization is cost-effective independent 

of location or targeted capacity factor when power generation is required for the 

whole day. 

Starke et al. [55] suggested a multi-objective optimization procedure based on their 

previous study to design and size hybrid CSP and PV system where LCOE, total 
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investment cost, and capacity factor were set as the objective functions. The 

capacity factor was found to achieve 85%, and the LCOE was observed to be lower 

than isolated CSP plants. 

Bravo and Friedrich [56] presented a two-stage optimization method with multiple 

objectives for a hybridized PV CSP power plant where operational information was 

supplied to the design process. It was proven that the dispatchable generation can 

be increased, and the LCOE can be reduced simultaneously.  

2.2 Literature Review of Renewable Powered Desalination 

Renewable powered RO desalination has been widely studied in the literature for 

different scales: for islands [57] where energy and water supply are costly, for rural 

areas [58], and for cities [59].  

Wang et al. [60] investigated possible hybridized energy schemes with PV, wind 

turbines, CSP with TES, and cogenerating MED and batteries to supply 100% RE 

based electricity and water obtained from the RO of an island. They focused on 

minimizing the overall costs of the hybridized energy scheme instead of seeking 

the lowest CSP cost. The scheme with WT, CSP, MED, RO, and batteries resulted 

in the lowest cost and achieved 100% RE share. 

Casimiro et al. [61] conducted an analysis to compare the annual performance of a 

CSP+RO plant with a CSP+MED system for the co-generation of electricity and 

freshwater for Trapani, West Sicily, Italy. They concluded that RO is more 

favorable for Trapani considering higher capacity factors of both the energy and 

water system. 

Laissaou et al. [62] conducted a techno-economic study to compare two RO plants 

powered by stand-alone PV and CSP systems for Tenes, Algeria, to explore the 

impact of variable load operation of the desalination plant. They found that the 

variable load operation is more suitable for RO plant to compete with power 
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fluctuations. Also, they concluded that CSP results better both in terms of 

economic and technical aspects compared to PV. 

The electricity and freshwater co-generation systems have been studied with 

PV+CSP as the power supply and MED as the thermal desalination method. 

Valenzuela et al. [63] studied a PV+CSP+MED cogeneration plant for Atacama 

Desert, Chile. They concluded that the sizes of the PV and CSP power systems 

should be determined depending on whether freshwater or electricity production is 

prioritized. 

Similarly, Mata-Torres et al. [64] conducted a thermoeconomic analysis of a 

PV+CSP+MED system located in Northern Chile. They reached the same 

conclusion as Valenzuela et al. [63], as water production reduces with increased 

PV capacity while a net increase in electricity generation is observed. 

Also, as the base of this current study, the hybridization of PV with CSP for RO 

desalination for the Canary Islands was investigated by Silvestre [65]. It was 

demonstrated that PV+CSP powered RO can result in lower LCOW than grid 

powered RO considering the island’s isolated location. Also, the parametric study 

showed that capacity factors even higher than 90% were achievable.  

As this study focuses on solar powered RO desalination, the operational 

characteristic of the plant should also be addressed. Conventional RO plants are 

operated continuously; however, when renewable energy systems power the 

desalination plants, fluctuations in power and intermittent operation are inevitable. 

Though RO is a mature and well-studied process, the variable load and non-

continuous operation still need to be investigated.  

The variation of power provided by RES due to the availability of resources raised 

the studies of operational strategies of RO. The Safe Operating Window (SOW) 

concept was first proposed by Feron to handle both the intermittency and the power 

fluctuations of a wind-powered RO plant [66]. Broadly, SOW sets the limits of the 

RO operation based on membrane specifications and operational requirements. 
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Pohl et al. [67] identified four operational strategies within SOW, i. constant feed 

pressure, ii. constant permeate recovery, iii. constant feed flow, and iv. constant 

concentrate flow, to be used for a SWRO system with fluctuating power supply. 

They concluded that a constant recovery rate is the optimum strategy as it provides 

fairly good permeate quality, low pressure variations, and a broad load range with 

low SEC.  

Similarly, Richards et al. [68] conducted a study to determine the SOW and 

investigate operational strategies for a RE powered BWRO system. They validated 

that the constant recovery rate is the best strategy based on the same criteria as Pohl 

et al. [67]. 

Ruiz-Garcia and Nuez [69] investigated the boron rejection of a single stage 

SWRO under variable operating conditions. They demonstrated that boron 

rejection should also be considered as a factor for determining SOW.  

Besides the operational strategies, analyzing the effect of the non-continuous or 

instable RO operation on the membrane is also significant, as any deterioration or 

fouling of the membrane causes deviations from the designed operation. Scaling 

and biofouling are the most dominant mechanisms responsible from performance 

decline in the case of RO. Scale results from the precipitation of dissolved metal 

salts in the seawater on the membrane [70]. The severity of scaling depends on the 

feed water composition and recovery rate. As a substantial amount of the water 

content of feedwater is utilized as permeate, the concentration of the salts reaches 

the solubility limits, and the precipitated salts start to accumulate on the surface of 

the membrane as scale. By using antiscalants, the chemicals which can maintain 

the salt in the solution even if the limit of solubility is outreached, the scaling 

control is available. On the other hand, biofouling is described as the growth of 

bacteria on the surface of the membrane surface [70]. Biofouling is enhanced when 

the fluid is stagnant near the membrane surface, which is the case for shutdowns of 

RO. Periodic treatment of membranes and disinfection of the water can control the 

biofouling. 
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Several studies in the literature inspected the impact of intermittent or fluctuating 

power supply on the membrane and, associatively, on the process.  Richards et al. 

[71] examined the effects of alternating solar radiation on a solar powered BWRO 

system performance experimentally. They first experimented with constant solar 

irradiance at different levels as the reference case. They compared the periodic 

fluctuations of i) magnitude, ii) frequency, and iii) on-time period with the base 

scenario. They mainly concluded that above a certain threshold of solar radiation, 

the system can produce high quality permeate independent of the fluctuations. 

They also found that the shutdowns can result in a natural backwash which disrupts 

the concentration polarization layer. 

Gormaly and Bilton [72] experimentally investigated the short-term membrane 

fouling behavior of a PV+battery powered RO system by quantifying the variations 

in the membrane permeability under intermittent operation, antiscalants addition, 

and rinsing. They improved their study by testing real groundwater with extended 

shutdowns and validating their lab-scale results with a pilot-scale system to assess 

the compatibility of two results obtained with two different membrane sizes and 

configurations [73]. Both studies highlighted the need to rinse the membrane for 

intermittent operation with antiscalant additions, as the antiscalants can serve as a 

nutrient source for bacterial growth during the shutdown periods. 

Besides the short term assessment of membrane performance, the long term 

intermittent operation of RO was also examined. Ruiz-Garcia and Nuez [74] 

analyzed a full-scale BWRO plant constantly operating 9 hours per day over 14 

years with antiscalants and rinsing. They found that the SEC value of the plant 

increased by around 20%, with a 50% decrease in membrane permeability in 14 

years with only one chemical cleaning. They claimed that intermittent operation is 

feasible in the long term, and with proper and frequent chemical cleanings, the 

performance of the BWRO can be improved. 
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2.3 Literature Review of Advanced Oxidation Processes 

The literature mainly focuses on the investigation of the level of degradation of 

CEC and ARB&ARGs instead of the energy source of the AOP processes. Several 

sources compare the UV/H2O2 process with other AOPs with different conditions, 

contaminants, and purposes [75]–[80].  

As the main objective of this study is the investigation of the system-level 

modeling of a WWTP quaternary stage with RE resources, not the contaminant 

degradation assessment, no more studies are presented here, and the relevant 

studies are referred in the following chapters of this study. 

2.4 Objective and Scope 

Before defining the objective and scope of this study, the findings from the 

literature are summarized, and the associated research gaps are addressed.  

As presented in Section 2.1, PV CSP hybridization was studied well in literature, 

and its viability and feasibility for electricity production were proved in several 

publications. Accordingly, its commercialization started and is progressing with 

increasing attention.  

Renewable energy resources, particularly solar resources, were widely investigated 

in literature to supply energy to the desalination systems as described in Section 

2.2. Accordingly, the potential problems regarding the non-continuous operation of 

RO systems associated with renewable energy resources were examined in 

different aspects. Based on the literature, it is concluded that fluctuating energy 

supply does not have a significant additional adverse effect on the membrane in 

either short or long term if the process is designed deliberately. Also, it was shown 

that the adverse effects of RO intermittent operation can be reduced with adequate 

measures. However, it should be noted that the cleaning or rinsing of the RO, a 

fundamental requirement for intermittent operation, is an additional step and labor 
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to the process. The frequent shut-off/start-up instances with short off periods are 

undesirable as they add operational complexity to the RO. Therefore, the 

operational strategy of the RE powered RO systems should be adaptable to variable 

energy supply, and target to minimize the frequent stop/start instances and enhance 

the continuous operation of the desalination plant.  

In conclusion, even though many published studies and commercial projects 

hybridize PV and CSP for electricity production, the modeling and operation of 

hybridized energy systems for water treatment systems are different from those as 

the operational limits and requirements of water systems possess new restrictions 

on the energy system. As mentioned in Section 2.2, Silvestre [65] proposed 

PV+CSP hybridization to power a RO desalination plant. Even though only the 

nominal load operation of the RO plant was considered and the strategy of the 

PV+CSP hybridization was fairly simple in his study, the results are already quite 

promising. It is expected that with the variable load operation of the RO plant and a 

more sophisticated control scheme of the PV+CSP plant, the LCOW can be further 

decreased, and the operation of the RO plant can be improved with increased CF 

and continuous operation of trains. 

Also, solar-powered of WWTPs/ WWTP treatment stages needs to be more widely 

investigated in the literature. Even though the combination of treated wastewater 

and desalination has a vast potential to meet the need for the irrigation water also in 

alliance with SDGs of the EU, there is no published work that combines seawater 

desalination and wastewater treatment for agricultural irrigation water production.  

Hence, this study aims to model, simulate and assess a stand-alone water system 

comprised of UV/H2O2 quaternary treatment of a WWTP and a RO plant, which 

can operate at variable loads, powered by non-compactly hybridized PV and CSP 

system to produce water for agricultural irrigation. 
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CHAPTER 3  

3 METHODOLOGY 

3.1 Overview of the Systems 

In this study, 3 different energy system scenarios are analyzed: 

1. PV-only without storage 

2. CSP with TES 

3. Non-compactly hybridized PV and CSP with TES. 

Please note that the hybridization of PV with CSP is represented by “PV+CSP” in 

this thesis. Also, in the following sections and chapters, CSP and PV+CSP always 

includes the TES.  

As the water system scenarios, 2 different systems are considered: 

1. RO-only  

2. RO and UV/H2O2 quaternary treatment of a WWTP 

Please note that the water system comprising of both RO and UV/H2O2 quaternary 

treatment of a WWTP is represented by “RO+WWTP” in this thesis. 

The overview of the overall system with hybridized energy scenario and combined 

water scheme is presented in Figure 3.1. 
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3.2 Technical Analysis 

In this section, the technical model definitions, simulation details, assumptions, 

operating strategies, inputs and key performance indicators of the water and energy 

systems are presented. 

3.2.1 Modeling and Simulations 

This section aims to provide the details of the modeling and simulation of the 

systems studied. 

3.2.1.1 Water Systems 

Two different complementary water systems are analyzed in this study: UV/H2O2 

quaternary treatment of a WWTP as the prioritized water source and RO 

desalination plant as the complementary one.  

Please note that the water system comprising of both RO and WWTP is represented 

by “RO+WWTP” in this thesis. 

3.2.1.1.1 Wastewater Treatment System  

In this work, the wastewater treatment plant is not modeled. The stages before the 

quaternary treatment of the wastewater plant are considered previously constructed 

and operated with a grid connection for discharging the treated water to the 

Mediterranean Sea without any reuse. For the reuse purpose, the quaternary 

treatment part, UV/H2O2 treatment, is added and connected to the solar systems. 

When there is not enough energy from solar systems, the quaternary treatment of 

the wastewater is not operated, and the treated water from the conventional plant is 

discharged to the Mediterranean Sea. On the other hand, when solar systems 
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produce electricity, the effluent of the conventional wastewater treatment plant is 

treated with UV/H2O2 process to be used for agricultural irrigation purposes. 

The following assumptions are made for the wastewater treatment system: 

1. The hourly, daily and seasonal fluctuations of the wastewater supply are 

neglected, and the supply is assumed to be constant throughout the year. 

2. The quaternary treatment is operated only at the design load. 

3. The specific energy consumption of the wastewater treatment plant is taken 

as constant. 

In the following sections of this thesis, WWTP stands for the quaternary treatment 

of wastewater treatment, UV/H2O2 treatment unless otherwise stated.  

3.2.1.1.2 Reverse Osmosis System  

The reverse osmosis process is simulated using Toray DS2 [81] in this study. 

TORAY DS2 is a free software released by TORAY to design and manage RO 

membrane systems for different operational conditions [82]. 

The simulations are conducted to find the specific energy consumption (SEC) of 

the process at the design load and partial loads; and ensure that the permeate 

quality meets the irrigation water requirements. It should be emphasized that SEC 

is one of the most significant parameter related to water systems. It is the measure 

of the energy intensity of the plant. SEC is defined as the energy requirement per 

m3 of freshwater obtained, and it is in form of electricity for RO systems. 

The RO configuration is determined as multi train, single stage, single pass with no 

feed bypass. The definitions regarding RO configurations are explained as follows: 

• Train: In this study, the train is defined as the sub-unit of the reverse 

osmosis system. In more detail, it is the group of pressure vessels that are 

controlled together. Each train of the RO plant can be shut down or started 

independently. 
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• Stage: In a single stage system, the seawater enters the RO and leaves it 

either as desalinated water or brine. On the other hand, in a two-stage 

system, the brine of the first stage serves as the feed of the second stage. 

The additional stages increase the recovery rate as brine is further 

concentrated; however, it also results in higher energy consumption. 

• Pass: In single pass systems, the seawater is fed to the RO system, and 

separation occurs. If high quality water is required as the product, i.e., 

drinking water, single pass may not be sufficient. In that case, the permeate 

of the first pass is fed to the second pass to be further desalinated.  

• Feed Bypass: Feed bypass corresponds to blending of the feed water with 

the permeate. This can be applied to meet the permeate quality 

requirements when the permeate is too demineralized. It is a common 

configuration to produce irrigation water from brackish water, which has 

lower salt concentrations than seawater. 

The schematical representation of the reverse osmosis configuration proposed in 

this study is given in Figure 3.2. 

 

Figure 3.2. Schematical representation of the RO configuration with single stage, 

single pass with no feed bypass. 

With the employed RO configuration, two different operational modes are studied: 
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1. Nominal Load Operation where each train is operated only at nominal load 

or turned off in a binary manner. 

2. Variable Load Operation where the trains are allowed to operate between 

any load between their minimum safe load and nominal load. 

For the variable load operation, the operational strategy is selected as constant 

recovery as suggested by Pohl et al. [67] and Richards et al. [68], and the reverse 

osmosis system is simulated accordingly.  

The recovery rate, RR, is the ratio of the permeate flow rate, 𝑄𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒, to the feed 

flow rate, 𝑄𝑓𝑒𝑒𝑑 , as shown in Eqn. 3.1. 

 𝑅𝑅 (%) =
𝑄𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒

𝑄𝑓𝑒𝑒𝑑
∗ 100   (3.1) 

The procedure of the RO simulation is described as follows: 

Step 1: The feedwater data is entered. The water type, temperature, pH, and 

concentrations of the cations and anions present in the seawater are defined. 

Step 2: The system configuration is selected. The number of stages, passes, etc., are 

determined at this step. 

Step 3: The nominal permeate flow rate is defined. This value corresponds to the 

design flow rate of each train. 

Step 4: The recovery rate is defined. 

Step 5: From the product library, the membrane is selected according to the system 

requirements. 

Step 6: The number of pressure vessels and elements for each pressure vessel is 

decided based on the recovery rate, the desired permeate flow rate, and the selected 

membrane type. Also, the efficiencies of the pumps and energy recovery device are 

defined. 
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Step 7: The system is run, and the operation report is published. The report 

contains the ion concentrations of the permeate and concentrate, the warnings, 

errors, and cautions regarding the operation, and most importantly, the SEC of the 

process.  

For nominal load operation, the procedure is stopped at Step 7.  

For variable operation, with the same  

• seawater data,  

• system configuration  

• membrane type  

and by keeping 

• the recovery rate  

• the number of pressure vessels and elements 

as constant, these additional steps are followed: 

Step 8: The permeate flow rate is decreased by 5% increments of the design flow.  

Step 9: The simulation is run and the report of the operation is published. The 

permeate quality and specific energy consumption are found. 

For variable load operation, the simulations are continued by decreasing the 

permeate flow rate until the system reaches its safe operational limits. The 

minimum load of the reverse osmosis plant is determined based on the membrane 

specifications, limitations, and operational requirements.  

Then, the SEC values obtained for each permeate flow rate are fitted to an equation 

to estimate the specific energy consumption of the plant at any load between the 

minimum safe load and the design load. 

The following assumptions are followed for the reverse osmosis system: 
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1. The performance decrease of the system due to aging of the membranes, 

fouling, scaling etc., is neglected. 

2. The RO is assumed to constitute 71% of the total energy consumption of 

the desalination plant [25], [83]. The simulated SECs for RO are divided by 

71% to calculate the SEC of the overall desalination plant. 

3.2.1.2 Energy Systems 

It is of significance to recall that the energy requirement of water systems is 

exclusively in the form of electricity. Therefore, the energy systems of this study 

aim to supply solely electricity. 

The energy systems analyzed in this study are simulated to different extents 

through System Advisor Model (SAM) [84], and the outputs are further processed 

with MATLAB [85]. SAM is a free software released by National Renewable 

Energy Laboratory (NREL) to model several types of RE systems and conduct 

techno-economic analysis of those [86]. 

Three scenarios are considered: a) PV-only, b) CSP with TES, and c) PV+CSP 

with TES, all isolated from grid.  

According to EU, RE powered off-grid desalination systems are crucial for isolated 

regions due to the associated high costs, and limited accessibility or availability 

regarding the connection of desalination systems to the electricity grid [87]. It 

should be emphasized once again that the RO is an energy intensive process, and it 

is claimed in [88] that the reliance and dependence of this installation on the 

existing infrastructure is the main challenge for implementation of this technology 

in remote areas. Hence, several studies in literature have focused on the stand-alone 

desalination systems powered by RE systems for isolated regions [89]–[92]. 

Furthermore, UV/H2O2 method can and should also be included in the discussion, 

as its electricity requirement is also significant.  
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Even though, the discussions and studies of off-grid energy systems are mainly 

focused on isolated regions, it is noteworthy to state that the integration and deep 

penetration of renewable energy systems to pre-existing grids is not free of 

problems even in mainland. It is often concerned whether the current grids could 

accommodate the considerable variable electricity supplies from renewable energy 

resources [93]. The integration and penetration of these renewable energy resources 

with variable nature to the grid initiates several challenges, such as system stability, 

voltage control, need for demand and supply forecasting and management [94].  

It is clear that at high capacities, water systems create a significant additional 

demand and require huge solar installations which could affect the grid greatly. 

Therefore, investigation of the off-grid water treatment systems is essential for 

isolated regions, and also for mainland with grid reliability issues. Hence, in this 

study, the energy systems used to power water systems, RO desalination and 

UV/H2O2 wastewater treatment are taken as isolated from grid. 

Also, please note that the hybridization of PV with CSP is represented by 

“PV+CSP” in this thesis. 

3.2.1.2.1 PV Plant  

The PV system is simulated through SAM, and the hourly electricity generation of 

the PV plant is exported directly to MATLAB.  

Perez Model is used in the SAM PV simulations as it accounts for circumsolar 

solar diffusion and horizon brightening in addition to the isotropic diffuse radiation 

[95]. Perez Model uses empirically derived coefficients. Compared to the isotropic 

sky and HDKR model available in SAM, it is more complex, detailed, and 

computationally intensive [96]. 

The assumptions made for the modeling of the PV plant can be listed as follows: 
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1. The PV plant is assumed to have no parasitic losses when there is no 

electricity generation.  

2. The lifetime of the PV plant is taken as 25 years. The PV panels are 

reported with 25-30 year lifetimes in [97] and [98].   

3. The degradation rate is assumed as zero even though the degradation rate is 

reported as around 0.5% year-1 [99], [100]. 

3.2.1.2.2 CSP Plant  

A central receiver (CR) CSP system is simulated through SAM with a thermal 

energy storage consisting of two storage tanks. In this study, the terms central 

receiver and power tower are used interchangeably. 

As will be explained in Section 3.2.2.2, in this study, the CSP plant is not operated 

with respect to the control scheme of SAM. SAM aims to provide the maximum 

possible hourly electricity output as default. However, in this study, the CSP 

system operation is regulated based on the water system requirements and 

operating strategies. Therefore, to be able to manipulate the CSP plant's hourly 

electricity production according to the requirements of this study, the solar 

collector field and the power tower are separated from the power block and thermal 

energy storage system. The solar field and power tower are simulated through 

SAM, and hourly results for the thermal energy that can be transferred to heat 

transfer fluid, QHTF, in the receiver are taken as the output from SAM and exported 

to MATLAB for the electricity production and thermal energy storage system 

calculations.  

As the control scheme proposed by SAM is not used, a slightly different approach 

is employed in the simulations. SAM, by default, defocuses the heliostat field when 

the storage is full. However, as the result of the operating strategy proposed by this 

work, the desired hourly electricity production of the CSP plant is different from 

SAM simulations. Hence, due to the discrepancy between the hourly electricity 
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production of this study and SAM’s default control scheme, the hourly state of 

charge of the TES is also different between two approaches. Therefore, to eliminate 

the risk of defocusing of the heliostat field due to SAM’s operating strategy, the 

storage system is oversized to 36 hours for the SAM simulations of the CSP 

system. By oversizing the storage system, it is ensured that the receiver can achieve 

maximum radiation that can be reflected by the heliostat field instead of having 

reduced incident irradiation due to the storage system limitations resulted from 

SAM’s control scheme which does not reflect the operational characteristics of the 

CSP system studied here. Then, the thermal energy available to the heat transfer 

fluid, QHTF, is found as the output of the SAM simulations. After finding the 

maximum energy that can be gained by the molten salts, the actual thermal storage 

system capacity is defined in MATLAB. Depending on the state of charge of the 

thermal energy storage system, the excessive energy that can not be used in either 

power block or TES is discarded by the MATLAB model, indicating the 

defocusing of heliostats. 

Thermal to electricity conversion of the CSP turbine is represented by Eqn. 3.2 

 𝑃𝐶𝑆𝑃 = 𝑃𝑡ℎ ∗ 𝐸𝐹 ∗ 𝜂𝑡ℎ ∗ 𝜂𝑔𝑟𝑜𝑠𝑠_𝑛𝑒𝑡  (3.2) 

where 𝑃𝐶𝑆𝑃, 𝑃𝑡ℎ, 𝜂𝑡ℎ and 𝜂𝑔𝑟𝑜𝑠𝑠_𝑛𝑒𝑡 is defined as the electricity output of CSP plant, 

thermal energy that is converted to electricity by power block, thermal efficiency 

and gross to net efficiency of the turbine, respectively. Here, the CSP electricity 

output is constrained to be between the minimum load and nominal load of the 

turbine. 

The thermal efficiency, 𝜂𝑡ℎ was calculated by PSA with Engineering Equation 

Solver and found to be 41.78% [65]. The thermal efficiency of the Rankine Cycle 

is reported as 42% for GemaSolar PowerPlant in Sevilla [101], [102] for CR 

system with a similar power block capacity. Therefore, the thermal efficiency value 

used in this study can be concluded to be in good agreement with the reported 

thermal efficiency values of similar turbine capacities. 
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The efficiency factor, EF, of the turbine serves as a correction factor of the thermal 

efficiency for partial load operations of the turbine based on the load factor. The 

load factor, LF, is defined as the ratio of electricity output at a partial load to the 

nominal electricity output of the turbine. Subsequently, EF is defined as the ratio of 

thermal efficiency at a partial load to thermal efficiency at nominal load. The 

efficiency factor is expressed as a function of load factor according to the study 

conducted by PSA [65] and presented in Eqn. 3.3 as a function of the load factor. 

 𝐸𝐹 = −0.4615𝐿𝐹3 + 0.8333𝐿𝐹2 − 0.2291𝐿𝐹 + 0.8572  (3.3) 

The energy available to the thermal energy system, 𝑄𝐴𝑣,𝑇𝐸𝑆, is determined by Eqn. 

3.4.  

 𝑄𝐴𝑣,𝑇𝐸𝑆 = 𝑄𝐻𝑇𝐹 −
𝑃𝐶𝑆𝑃

𝐸𝐹∗𝜂𝑡ℎ∗𝜂𝑔𝑟𝑜𝑠𝑠_𝑛𝑒𝑡
  (3.4) 

State of charge, SOC, is defined as the level of charge of the tank relative to its 

capacity. As an example, the definition of the state of charge of the hot tank, 

𝑆𝑂𝐶𝐻𝑇, is presented by Eqn. 3.5 

 𝑆𝑂𝐶𝐻𝑇 =
𝑚𝐻𝑇𝐹,𝐻𝑇

𝜌𝐻𝑇𝐹∗𝑉𝐻𝑇𝐹
  (3.5)        (3.4) 

where 𝑚𝐻𝑇𝐹,𝐻𝑇, 𝜌𝐻𝑇𝐹 and 𝑉𝐻𝑇𝐹 corresponds to the mass of the heat transfer fluid 

present in the hot tank, heat transfer fluid density and total heat transfer fluid 

volume, respectively. Accordingly, the mass of the heat transfer fluid inside the 

cold tank, 𝑚𝐻𝑇𝐹,𝐶𝑇, can be found by Eqn. 3.6. 

 𝑚𝐻𝑇𝐹,𝐶𝑇 = (𝜌𝐻𝑇𝐹 ∗ 𝑉𝐻𝑇𝐹) − 𝑚𝐻𝑇𝐹,𝐻𝑇  (3.6) 

The details of charging of the TES is provided in Figure 3.3, where the relevant 

equations and the strategy are also shown. 
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The electricity generation of CSP plant with discharging of the TES when 𝑄𝐻𝑇𝐹 is 

not sufficient is covered by Eqn. 3.7 

 𝑃𝐶𝑆𝑃 =
𝑄𝐻𝑇𝐹+(𝑚𝐻𝑇𝐹,𝐻𝑇,𝑏𝑒𝑔−𝑚𝐻𝑇𝐹,𝐻𝑇,𝑒𝑛𝑑)∗𝑐𝑝,𝐻𝑇𝐹∗(𝑇ℎ𝑜𝑡−𝑇𝑐𝑜𝑙𝑑)/3600

𝐸𝐹∗𝜂𝑡ℎ∗𝜂𝑔𝑟𝑜𝑠𝑠_𝑛𝑒𝑡
 (3.7) 

where 𝑚𝐻𝑇𝐹,𝐻𝑇,𝑏𝑒𝑔, 𝑚𝐻𝑇𝐹,𝐻𝑇,𝑒𝑛𝑑, 𝑐𝑝,𝐻𝑇𝐹, 𝑇ℎ𝑜𝑡 and 𝑇𝑐𝑜𝑙𝑑 corresponds to the mass of 

the heat transfer fluid in the hot tank at the beginning of the hour, the mass of the 

heat transfer fluid in the hot tank at the end of the hour, the specific heat capacity of 

the heat transfer fluid, temperature of the heat transfer fluid at the hot tank and 

temperature of the heat transfer fluid at the cold tank, respectively. 

The assumptions for the modeling of the CSP plant are listed as follows: 

1. The specific heat capacity of the molten salt is taken as constant. 

2. The TES is assumed to be adiabatic. The TES efficiency is reported as 

98.5% in [103]; therefore, the adiabatic assumption is reasonable. 

3. The piping system and heat exchangers are assumed to have no heat losses. 

4. The turbine is not modeled or simulated as transient. Even though this is a 

major simplification, the CSP power block is operated by forecasting the 

number of consecutive hours when there are no solar resources and 

distributing the energy stored in TES among those hours to maintain the 

continuous operation of the turbine and RO trains as will be explained in 

Section 3.2.2.2 in detail. Therefore, the ramping rate and decrease in energy 

production are assumed to be minimal. 
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3.2.1.2.3 PV+CSP Plant 

As the PV and CSP systems are hybridized non-compactly, the modeling and 

simulation approach is the same, regardless of whether the systems are alone or 

hybridized. The PV and CSP systems are modeled separately as explained in 

Sections 3.2.1.2.1 and 3.2.1.2.2, but operated synergetically as will be explained in 

Section 3.2.2.2 extensively. 

3.2.2 Operating Strategies 

In this section, the operational strategies of the water and energy systems are 

presented. 

3.2.2.1 Water Systems 

The specific energy consumption, SEC, of the quaternary treatment of the WWTP 

is lower than the specific energy consumption of the RO plant. Also, wastewater 

production is inevitable, where water withdrawal from the sea for desalination is 

optional. Therefore, the WWTP operation is always prioritized over the RO plant 

operation. 

3.2.2.1.1 Wastewater Quaternary Treatment Operating Strategy 

The UV/H2O2 system is operated at only nominal load with predetermined unit 

capacities. The unit corresponds to the group of UV lamps that are controlled 

together. Each unit of the quaternary treatment can be shut down or started 

independently. 

By the nominal load operation of the UV/H2O2 system, each unit is operated only 

at nominal load or turned off in a binary manner depending on the available energy. 
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The operating strategy of the quaternary treatment of WWTP is shown in Figure 

3.4. The number of operated WWTP units and energy available to RO after the 

WWTP operation is found by following the presented strategy. 

 

 

Figure 3.4. The operating strategy of the quaternary treatment of WWTP. 

3.2.2.1.2 Reverse Osmosis Desalination Operating Strategy 

As mentioned previously, two different RO operating strategies are proposed: 

nominal load operation and variable load operation. 

By nominal load operation, each RO train is operated only at nominal load or 

turned off in a binary manner. As a reminder, train is defined as the sub-unit of the 

reverse osmosis system. In more detail, it is the group of pressure vessels that are 

controlled together. Each train of the RO plant can be shut down or started 

independently. 
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The nominal operating strategy of the reverse osmosis desalination system is 

presented in Figure 3.5. 

 

 

Figure 3.5. The operating strategy of RO plant for nominal load operation. 

On the other hand, with variable load operation, the trains are allowed to operate 

between any load between their minimum safe load and nominal load. The variable 

load operating strategy of the reverse osmosis desalination system is given in 

Figure 3.6. Variable load RO operation is expected to lead to better utilization of 

the electricity by the RO plant as the energy threshold for train operation is 

decreased. Also, with the variable load operation strategy proposed here, the 

maximum number of RO trains is operated at lower loads, which is the same for all 

trains, instead of operating fewer trains at nominal load. This way, the number of 

start-stop instances is targeted to be minimized. Also, considering that SEC 

decreases as the permeate flow rate decreases for constant recovery ratio [67], this 

strategy results in reduced specific energy consumption.
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3.2.2.2 Energy Systems 

All the energy systems presented in this study are isolated from the grid, and their 

electricity production is used only by the water systems. 

3.2.2.2.1 PV Plant Operating Strategy 

As the PV system considered here is not coupled with any storage system, the 

electricity produced by the PV is directly used by the water systems. 

In the case of excess electricity, when the water systems cannot utilize all the 

electricity produced, the PV curtailment or dissipation of the excess electricity is 

required. It should be noted that excess electricity generation is inevitable when RO 

is operated with nominal load operating strategy due to strict energy requirement of 

trains even though the PV system is undersized. 

3.2.2.2.2 CSP Plant Operating Strategy 

Regarding the operation of the CSP plant, two different strategies are studied. 

1. Base Strategy: The nominal turbine output is targeted at all hours. The base 

strategy for CSP operation is shown in Fig. 3.7. In this strategy, the CSP plant 

is operated independently from the water systems requirements without any 

interaction or feedback, only by aiming to produce maximum hourly electricity 

output. 

2. Proposed Strategy: The proposed strategy aims to operate the CSP plant in 

coordination with the water systems. The requirements and restrictions of the 

water systems are included in the CSP plant operating strategy to improve the 

performance of energy and water systems. Figure 3.8 presents the proposed 

strategy for CSP operation.  
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In this strategy, when the thermal energy that can be transferred to heat transfer 

fluid in the receiver, QHTF, is zero, and the TES is not fully discharged, the 

number of consecutive hours in which QHTF is zero is forecasted and the energy 

stored in the TES is distributed among these hours to have the continuous 

operation of the CSP turbine and RO system with certain restrictions. In other 

words, the continuous operation of the turbine at partial loads for more 

extended periods is preferred instead of the nominal load operation for a limited 

duration. This way, the operating hours of the CSP turbine and water systems 

are targeted to be increased and the shut-downs of both CSP turbine and RO 

trains are aimed to be eliminated or at least minimized. It should be noted that 

in addition to RO trains, the frequent start-ups, shut-downs, and steep load 

gradients of CSP turbine are also undesirable as they cause high thermal 

stresses which result in reduced lifetime of the turbine [104], [105]. 

Also, the excess electricity generation of the CSP system is aimed to be 

prevented with this strategy as the CSP system studied here is isolated from the 

grid, i.e., the excess energy cannot be injected into the grid and needs to be 

dissipated. Besides the waste of enormous practical value of already produced 

but unused electricity for a grid-isolated scenario, this situation also increases 

the LCOE of the CSP system which is already comparatively higher. Hence, 

the minimum load of the turbine is re-addressed by setting the minimum 

electricity requirement of the water system which is just equal to or above than 

the minimum turbine load as the new minimum load of the turbine. The 

determination of the minimum electricity requirement of the system and the 

minimum turbine load is provided in Fig. 3.9 and 3.10 for nominal load RO 

operation and variable load RO operation, respectively. In addition to the re-

setting of the minimum turbine load, the CSP generation between the minimum 

and nominal turbine load is also determined such that water systems can 

completely utilize all the electricity produced by CSP. The determination of 

intermediate CSP turbine loads is presented in Fig. 3.11 and 3.12 for nominal 

and variable RO operation, respectively.  
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Figure 3.11. The determination of CSP output at intermediate loads of turbine for 

the proposed CSP operating strategy for the nominal load operation of RO. 
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Figure 3.12. The determination of CSP output at intermediate loads of turbine for 

the proposed CSP operating strategy for the variable load operation of RO. 
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All in all, with the proposed CSP operating strategy, the minimum load of the 

turbine and electricity produced by the CSP system is tailored according to the 

water system requirements and limitations in addition to the CSP system 

restrictions. 

3.2.2.2.3 PV+CSP Plant Operational Strategy 

While operating the PV+CSP system, PV is always prioritized to power the water 

systems when there is solar radiation. During those hours, the CSP system serves as 

the complementary energy system to supply electricity. CSP firstly supports the PV 

system when the PV electricity generation is not sufficient to operate the water 

systems in the pre-defined operational ranges, and secondly stores energy in TES to 

power the water systems in the absence of solar resources. This strategy targets to 

take advantage of the cheaper PV electricity whenever possible, expand the 

operation time of water systems and decrease the impacts of the variable solar 

resources on the RO plant by the CSP plant. The operating strategy of the PV+CSP 

system is provided in Fig. 3.13 and 3.14 for QHTF>0 and QHTF=0, respectively. 

As in the case of the CSP-alone plant, again, the CSP plant of PV+CSP is operated 

in coordination with the water systems. However, with the hybridization, the 

hourly produced PV electricity imposes an additional constraint in the operational 

strategy of the CSP system.  The minimum load of the turbine for PV+CSP scheme 

is re-defined and its determination is presented in Fig. 3.15 and 3.16 for nominal 

and variable RO operation, respectively. It should be noted that with PV CSP 

hybridization, the value of the corrected minimum turbine load varies hourly as the 

electricity demanded from CSP changes hourly depending on the supply of the PV 

system whereas the corrected minimum turbine load is a single value applicable to 

all hours in the CSP scenario. Also, the method provided in Fig. 3.11 and 3.12 is 

used to decide on the CSP electricity at intermediate loads for nominal and variable 

RO operation, respectively.  
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3.2.3 Key Performance Indicators 

This section provides the key performance indicators used to evaluate the technical 

performance of the systems. 

3.2.3.1 Specific Energy Consumption 

The specific energy consumption, SEC, is the most significant parameter related to 

water systems. It is the measure of the energy intensity of the plant. SEC is defined 

as the energy requirement per m3 of freshwater obtained. It is worth emphasizing 

once more that in case of UV/H2O2 and RO, the energy requirement is purely 

electricity. 

3.2.3.2 Capacity Factor 

The capacity factor, CF, is the ratio of the actual production of a system over the 

production that would be achieved if the system was operated at nominal capacity 

throughout the year. 

The capacity factor, CF, of the energy systems is found by Eqn. 3.8 

 𝐶𝐹 =
𝐸𝑎𝑛𝑛

𝐶𝑎𝑝𝐸∗8760
  (3.8) 

where 𝐸𝑎𝑛𝑛 and 𝐶𝑎𝑝𝐸 corresponds to annual electricity production and installed 

hourly capacity of the energy system, respectively. Also, 8760 is the number of 

hours in a typical year.  

Similarly, capacity factor, CF, of water systems is computed through Eqn. 3.9 

 𝐶𝐹 =
𝑉𝑊,𝑎𝑛𝑛

𝐶𝑎𝑝𝑊∗365
  (3.9) 
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where 𝑉𝑊,𝑎𝑛𝑛 and 𝐶𝑎𝑝𝑊 corresponds to annual water production and installed daily 

capacity of the water system, respectively. 365 is the number of days in a typical 

year.  

3.2.3.3 Utilization Factor 

The utilization factor, UF, is the ratio of the sum of hours each train is operated to 

the product of number of trains and the total number of hours over the year. It is 

only applicable where the variable load operation is employed for RO as utilization 

factor is precisely equal to the capacity factor for nominal load operation.  

The utilization factor, 𝑈𝐹, is found by Eqn. 3.10 

 𝑈𝐹 =
𝑇𝑟𝑎𝑖𝑛𝑜𝑝𝑒,𝑎𝑛𝑛,𝑅𝑂

𝑇𝑟𝑎𝑖𝑛𝑅𝑂,𝑛𝑜∗8760
  (3.10) 

where 𝑇𝑟𝑎𝑖𝑛𝑜𝑝𝑒,𝑎𝑛𝑛,𝑅𝑂 and 𝑇𝑟𝑎𝑖𝑛𝑅𝑂,𝑛𝑜 are the total number of trains operated 

annually and the train number of the RO system, respectively. 

While CF is an indicator of the overall system performance, UF provides an 

understanding of how the sub-components of the system are operated. Considering 

the RO system where the continuous operation of trains is desired, with a variable 

load RO strategy, several trains can be operated at partial loads instead of fewer 

trains operating at nominal load. Even though CF is almost the same for both 

scenarios, the UF of the former case is higher. 

3.2.3.4 Utilized Electricity Fraction 

The utilized electricity fraction, FUE, represents the fraction of the utilized annual 

electricity by water systems over the total annual electricity production. It is a non-

dimensional measure of the excess electricity production of the energy systems. 

The utilized electricity fraction, 𝐹𝑈𝐸 , is calculated through Eqn. 3.11 
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 𝐹𝑈𝐸 =
𝐸𝑎𝑛𝑛,𝑢𝑡

𝐸𝑎𝑛𝑛
   (3.11) 

where 𝐸𝑎𝑛𝑛,𝑢𝑡 and 𝐸𝑎𝑛𝑛 stands for the annual utilized and total electricity 

production, respectively. 

3.2.3.5 Emission Factor 

The emission factor of the produced water is evaluated to assess the environmental 

impact of water production. The emissions considered here are only restricted to 

CO2 emissions of the electricity production with different energy systems to 

operate the water systems.  

Life cycle assessment (LCA) is defined as a technique to analyze the 

environmental effects of a product’s or system’s life by considering all its stages, 

starting from the extraction of the raw materials until the disposal phase [106]. It is 

also referred to as cradle-to-grave analysis. Even though renewable energy 

technologies are associated with zero carbon emissions, a certain amount of CO2 is 

emitted throughout their life cycles, such as during the manufacturing and mantling 

processes. By accounting for all stages of their life, LCA provides an inclusive 

method to quantify the impacts of the systems in question on the environment. 

As the end product of this study is water, the emissions are converted from 

gCO2,eq kWh-1 to gCO2,eq m
-3 of produced water. The emission factor of produced 

water, 𝐹𝐶𝑂2,𝑊, is calculated by Eqn. 3.12 

 𝐹𝐶𝑂2,𝑊 =
𝐸𝑎𝑛𝑛,𝐶𝑆𝑃,𝑢𝑡∗𝐹𝐶𝑂2,𝐶𝑆𝑃+𝐸𝑎𝑛𝑛,𝑃𝑉,𝑢𝑡∗𝐹𝐶𝑂2,𝑃𝑉

𝑉𝑊,𝑎𝑛𝑛,𝑡𝑜𝑡
   (3.12) 

where 𝐸𝑎𝑛𝑛,𝐶𝑆𝑃,𝑢𝑡, 𝐸𝑎𝑛𝑛,𝑃𝑉,𝑢𝑡, 𝐹𝐶𝑂2,𝐶𝑆𝑃, 𝐹𝐶𝑂2,𝑃𝑉, and 𝑉𝑊,𝑎𝑛𝑛,𝑡𝑜𝑡 correspond to 

annual utilized energy to produce water supplied by CSP system, annual utilized 

energy to produce water supplied by PV system, the emission factor of CSP 

system, the emission factor of PV system, and annual produced total water volume, 

respectively. 
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3.2.4 Inputs 

3.2.4.1 The Location 

Two main criteria are targeted to be fulfilled during the determination of the 

location for which the proposed system is run: 

1. It should have large solar resources to be utilized by the solar energy 

systems. 

2. It should be at a coastal region to have easy access to the seawater for the 

RO system. 

Fig. 3.17 shows the daily and annual DNI of Türkiye. As marked in Fig. 3.17 with 

the black frame, Mersin is one of the most promising coastal region in Türkiye 

considering the solar resources.  

 

Figure 3.17. The daily and annual DNI of Türkiye in which Mersin is shown with 

the black frame [107]. 

Also, regarding vegetative production, Mersin is ranked as the 4th top city in 

Türkiye with a good diversity of crops [108]. In terms of tomato production, which 
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can be considered as a suitable candidate to be irrigated by the produced water, in 

greenhouses, Mersin is reported as the 3rd top region in Türkiye, Erdemli being one 

of the leading districts [109].  

Therefore, the model is run for Erdemli, Mersin, Türkiye. The hourly 

meteorological data is obtained from Meteonorm 7.2 [110] and used as the input of 

SAM. The latitude, longitude, and annual DNI of Erdemli, Mersin, Türkiye are 

provided in Table 3.1. 

Table 3.1 Lattitude, longitude, and annual DNI of Erdemli, Mersin, Türkiye [110]. 

Parameter Value Unit 

Lattitude  36.68 ° 

Longitude 34.31 ° 

Annual DNI 1635 kWh m-2 

 

3.2.4.2 Water Requirement for Irrigation and Supply Scheme 

Irrigation constitutes 77% of Türkiye’s water consumption, with 44 billion m3 per 

year. It is reported that 6.96 million hectares are irrigated in Türkiye in 2022 [111]. 

Simply, the agricultural irrigation water requirement of agricultural land is 

calculated as 6 321.84 m3 ha-1. This value is in the range of actual water demanded 

and water supplied for Türkiye per hectare, according to [112].  

Even though 87 764.4 hectares of Erdemli’s surface area is suitable for agriculture, 

only 20 300.6 hectares of it is irrigated, while 46.6% of it is not used at all [113]. 

Using the average agricultural irrigation water consumption of Türkiye per hectare, 

6 321.84 m3 ha-1, and the irrigated land in Erdemli, the annual water consumption 

is calculated as 128.34 million m3 year-1 which corresponds to 351 608.57 m3 day-1 

if the water demand is targeted to be met by daily water production.  
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When the crop types are analyzed, it is seen that approximately 50% of the lands 

are cultivated for citrus with a huge share of lemons. Boron removal is challenging 

in reverse osmosis desalination, and citrus types, lemon in particular, are boron 

sensitive crops [114]. Therefore, by excluding the water demand of citrus, the daily 

production of water systems is determined to be 180 000 m3 day-1.  

As there is no complete available data regarding Erdemli, Mersin’s urban 

wastewater production, San Javier Wastewater Treatment Plant from Murcia, Spain 

is used as a sample plant. The plant is designed and operated to discharge the 

treated water to the Mediterranean Sea or to be used in agricultural irrigation. The 

sludge of the plant is also used for agriculture. Therefore, the profile of the 

mentioned WWTP is very suitable to the objective of this study. According to the 

San Javier Wastewater Treatment Plant data, the average daily treated flow is 7 410 

m3 day-1 for the population of 40 822. Erdemli’s population is 147 512, according 

to Turkish Statistical Institute [115]. By upscaling the wastewater generation of 

San Javier for Erdemli based on the number of inhabitants of San Javier and 

Mersin, the urban wastewater production of Erdemli is found as 26 776 m3 day-1. 

This value complies with the estimations of wastewater amount of Erdemli for 

2020 and 2030 with 23 695 and 28 363 m3 day-1, respectively [116]. This value is 

also in compliance with the estimation of the Turkish Statistical Institution 

regarding average wastewater production per capita per day, 189 liters, resulting in 

27 880 m3 day-1 for Erdemli’s population [117].  

All in all, the wastewater treatment plant of Erdemli is assumed to treat 

30 000 m3 day-1. As the daily production of water systems is determined to be 

180 000 m3 day-1, the RO plant is sized to produce 150 000 m3 day-1. 

The nominal water supply targeted through different systems is represented in 

Table 3.2. 

 

 



 

 

58 

Table 3.2 Targeted water supply through different systems. 

Category Value Unit 

Total Water Supply 180 000 m3 day-1 

Treated Wastewater 30 000 m3 day-1 

Desalinated Water 150 000 m3 day-1 

 

Even though the approach above excludes many parameters, such as  

• irrigation methods 

• characteristics of different crop types and soil 

• cultivation periods and durations of different crop types 

• seasonal or daily fluctuations in the water requirement  

• hourly, daily or seasonal fluctuations in wastewater generation 

still, it is sufficient and representative enough for this study as  

• the water systems are undersized compared to water requirements, and the 

water production can always be supported by additional units or plants 

depending on the demand 

• water storage can be employed to compensate for the water demand 

fluctuations. 

Also, even if the systems were oversized, they would serve as an initiative and 

resource for the irrigation of unused or non-irrigated lands suitable for agriculture. 

3.2.4.3 Wastewater Treatment System Inputs 

In summary, the quaternary treatment technology for this work is decided as 

UV/H2O2 and its capacity is determined as 30 000 m3 day-1 as described previously.  

As the modeling and simulation of the quaternary treatment of the wastewater plant 

is beyond the scope of this study, experimental data provided by CIEMAT-PSA is 
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used regarding the UV and H2O2 doses required to achieve sufficient treatment of 

the urban wastewater. Table 3.3 presents the technical inputs of the of UV/H2O2 

treatment. 

Table 3.3 Technical inputs of UV/H2O2. 

Category Value Unit Comment 

Unit size 2 000  m3 day-1 Assumed 

Number of units 15 - Assumed 

UV dose  1.59  kJ l-1 Provided by PSA 

H2O2 dose 25 mg l-1 Provided by PSA 

 

The UV dose is converted from kJ l-1 to kWh m-3, and found as 0.44 kWh m-3. It is 

stated in [118] that only 30% of the electricity can be converted to UV radiation. 

However, the experiments showed lower values regarding the efficiency [119], 

[120]. Therefore, UV efficiency is taken slightly lower than 30%, as 25% in this 

study.  

The UV lamps for UV/H2O2 treatment are major contributors to electricity 

consumption. The peripheral device electricity consumption is assumed as 10% of 

UV lamp consumption [121]. Some studies [122] do not account for pump power 

at all, whereas others [101], [102] show that the pump power is much lower than 

the UV lamp consumption, especially for long illumination time which is the case 

also for this study. However, as a conservative approach, the pump power is 

assumed as 10% of the UV lamp consumption in this study. 

The breakdown of the UV/H2O2 energy consumption is presented in Table 3.4. 

Baresel et al. [123] predicted 20% less energy consumption for full-scale plants in 

comparison to pilot plants. Therefore, the auxiliary electricity consumptions of the 

UV/H2O2, besides the primary consumptions provided in Table 3.4, are assumed to 

be compensated by the larger scale of the plant.  
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Table 3.4 Breakdown of the UV/H2O2 energy consumption. 

Category Value Symbol Unit 

UV Lamp  1.77  EUV kWh m-3 

Peripheral Electrical Devices 0.18 0.1EUV kWh m-3 

Pump Power 0.18 0.1EUV kWh m-3 

Total 2.12 1.2 EUV kWh m-3 

 

3.2.4.4 Reverse Osmosis System Inputs 

The Mediterranean seawater composition introduced to Toray DS2 is presented in 

Table 3.5 and Table 3.6.  

The range of the average flux of the system should be determined based on the 

feedwater quality. As the fouling tendency of the membrane increases due to the 

feedwater composition, the system limitations become stricter. In seawater reverse 

osmosis systems, the high fluxes of the permeate create a high risk of fouling. The 

fouling causes more frequent need for cleaning, reduced capacity, increased feed 

pressure requirement and reduced membrane life [124]. On the other hand, the low 

brine flux causes the concentration polarization [125]. Concentration polarization 

increases the osmotic pressure, subsequently, the pressure requirement of the 

process; reduces the flux and selectivity of the membrane leading to the 

performance decrease of the process [126]. Therefore, to ensure the desired 

performance of the process and increase the membrane life, the design flux range 

of 12-17 LMH provided in the datasheet [81] of the membrane is followed when 

the variable load strategy is employed. 

 

 

 



 

 

61 

Table 3.5 The cations in Mediterranean seawater composition [81], [127]. 

Cations Value (mg l-1) 

Calcium 415 

Magnesium 1302 

Sodium 11 544 

Potassium 388 

Barium 0.01 

Strontium 6.3 

Ammonium 0 

Iron  0 

 

Table 3.6 The anions in Mediterranean seawater composition [81], [127]. 

Anions Value (mg l-1) 

Bicarbonate 146 

Chloride 20 500 

Sulphate 2790 

Nitrate 0 

Fluoride 0 

Silica 5 

Boron 5 

 

The typical recovery rate for seawater reverse osmosis plants is at most 35-50% 

[70]. As the salt concentration of the brine increases throughout the process due to 

the membrane separation of the water, it imposes a high osmotic pressure and, 

subsequently, becomes a restriction regarding the maximum practical recovery rate. 

The RO system is composed of several pressure vessels connected in parallel. 

These vessels typically house 6-8 membrane modules connected in series (referred 

as element in Table 3.5) [128]. The recovery rate is proportional to the number of 
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modules as the concentrate of one module becomes the feed of the other module 

and is further concentrated.  

The highest energy consumption in reverse osmosis is due to the high 

pressurization requirement of the feedwater to overcome the osmotic pressure and 

provide the desired flow rate of the permeate. Energy recovery devices (ERD) are 

commonly utilized in seawater reverse osmosis plants to recover the pressure of the 

brine. The utilization of this pressure significantly reduces the specific energy 

consumption of the plant [129]. Isobaric energy recovery devices enable the 

decoupling of the pumps and ERD resulting in flexibility in design and operation 

[130]. Zein et al. [131] also used an isobaric energy recovery device while 

assessing the variable load operation of a reverse osmosis plant powered by solar 

energy. The efficiency of isobaric energy devices is reported to reach 97% in [130], 

[132] and implemented as 97% in [133]. Toray DS2 [81] also reports it as 96%; 

hence, it is taken as 96% in this study. Finally, the pump efficiencies are assumed 

as 80% as the default value recommended in Toray DS2 [81] and implemented in 

[134]. 

The technical inputs of the RO system are provided in Table 3.7. 

Table 3.7 The technical inputs of the RO system. 

Parameter 150 Trains 15 Trains 

Feedwater flow rate (m3 day-1) 1 750 – 2 500 17 500 – 25 000 

Permeate flow rate (m3 day-1) 700 - 1 000 7 000 - 10 000 

Recovery 40% 40% 

Element Type TM820M-400 TM820M-400 

Number of pressure vessels 11 110 

Number of elements in each vessel 6 6 

Pump Efficiency 80% 80% 

ERD Efficiency 96% 96% 
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3.2.4.5 Energy Requirement of the Water Systems 

Even though the results of the SEC of the RO plant are presented in Section 4.1 in 

detail, to justify the sizing of the energy systems, the design SEC of RO is 

presented in Table 3.8 together with the SEC of the UV/H2O2 treatment. 

Table 3.8 The specific energy consumption of UV/H2O2 treatment and RO plant at 

design load. 

System SEC (kWh m-3) 

UV/H2O2 2.12 

RO 3.24 

 

The energy requirements of two different water supply scenarios with a total 

capacity of 180 000 m3 day-1 is shown in Table 3.9.  

Table 3.9 The energy requirement of two different water supply scenarios with a 

total capacity of 180 000 m3 day-1. 

Water System Required Energy (MWh) 

RO only 24.3 

RO+WWTP 22.9 

 

It is essential to keep in mind that the water supply from WWTP is the water 

treated by UV/H2O2. The details of the energy system design and the relevant 

inputs are provided in Sections 3.2.4.6, 3.2.4.7 and 3.2.4.8 only for RO+WWTP 

system as this combined water scheme is the main focus of this study. The energy 

system inputs of RO only scenario can be found in Appendix A. 
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3.2.4.6 PV System Inputs 

The surface azimuth angle determines the east-west orientation of the PV array. In 

SAM, facing north, east, south, and west is represented by 0, 90, 180, and 270 

degrees, respectively [84]. 

Tilt or slope is the angle between the horizontal and the surface of the PV module. 

0 and 90 degrees correspond to the horizontal and vertical orientation, respectively 

[135]. As a rule of thumb, the latitude of the location in question can be defined as 

the optimal array tilt angle for simplicity, even though the actual tilt angle varies 

depending on the project requirements [84]. 

The technical details of the PV system are provided in Table 3.10. 

Table 3.10 The technical inputs of the PV system. 

Parameter Value Unit 

Module type SunPower SPR-E20-440-COM - 

Inverter type SunPower: SPR-24000m-3-H - 

DC to AC Ratio 1.1 - 

Capacity  27.5 MWdc 

Tracking 1 Axis (tilted N-S axis) - 

Tilt angle  Latitude ° 

Surface azimuth angle  180 ° 

 

3.2.4.7 CSP System Inputs 

Design Point DNI is the DNI value at which the system generates the rated power. 

A higher design point DNI value indicates that fewer heliostats are required. The 

low design point DNI values can cause excess energy especially for systems 

without TES, whereas high design point DNI can lead to low capacity factors 

[136]. 
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Solar Multiple, SM, is the ratio of thermal power that can be generated by the solar 

field to the thermal power requirement of the power block at the design point [137]. 

The solar multiple should be close to 1 in plants without a storage system. 

It should be noted that SAM optimizes the tower height and heliostat field based on 

the initial value entered as the tower height, as SAM finds the local optimum. The 

initial guess for the tower height is entered as 160 m by taking the Gemasolar CSP 

plant with 19.9 MWe production capacity and the tower height of 140 m as the 

reference [138]. 

Finally, the minimum state of charge is defined to avoid deep discharging of the 

molten salt thermal storage tanks as suggested by Silvestre [65]. 

The technical inputs of the central receiver CSP system are presented in Table 3.11. 

Table 3.11 The technical inputs of the central receiver CSP system for WWTP with 

30 000 m3 day-1 and RO plant with 150 000 m3 day-1 capacity. 

Parameter Value Unit 

DNI design point  800 W m-2 

Solar multiple 3 - 

Design turbine gross output  25.5 MWe 

Turbine gross to net efficiency 90% - 

Turbine operating range 30%-100% - 

HTF fluid 60% NaNO3, 40% KNO3 - 

Hot tank fluid temperature  575 ℃ 

Cold tank fluid temperature 290 ℃ 

Storage size 12 h 

Initially charged volume of hot tank 30% - 

Minimum state of charge  2% - 

Maximum flow rate to the receiver  518.3 kg s-1 
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Also, the specific heat capacity of the HTF fluid is taken as 1.5174 kJ kg-1 ℃-1 at 

the average HTF temperature [40]. 

3.2.4.8 PV+CSP System Inputs 

As the first approach, the systems are hybridized using the individual inputs of PV 

and CSP systems provided in Tables 3.10 and 3.11. 

3.2.4.9 Emission Factor Inputs 

Table 3.12 represents the CO2 emission factors of the solar energy systems based 

on their life cycle assessments (LCA). Even though it is not clarified in [139] 

whether the emission factor of the grid for Türkiye is based on LCA, the reported 

value remains within the range of the presented CO2 emission factors in [140] 

calculated based on LCA for coal and natural gas which constitutes the majority of 

the resources used for electricity generation in Türkiye [141]. 

Table 3.12 The CO2 emissions of different energy systems. 

Energy System Emission Factor (gCO2eq kWh-1) Reference 

PV 85.33 [142] 

CSP (Central Receiver) 85.67 [142] 

Grid 724.40 [139] 

 

3.3 Economic Analysis 

In this section, the details of the economic analysis conducted for water and energy 

systems are provided. The relevant modeling approach, assumptions and inputs are 

also shown. 
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3.3.1 Modeling, Simulations and Key Performance Indicators 

Levelized cost of electricity (LCOE) is a measure to evaluate the costs of electricity 

production considering its lifetime and compare different electricity generation 

technologies. The lifetime costs can be classified as 

• Capital Costs (CAPEX): Capital costs are the upfront expenditures to build 

a power plant. 

• Operation and Maintenance Costs (OPEX): Operation and maintenance 

costs are the costs that occur to operate a power plant. These costs can also 

be further categorized as fixed and variable costs. 

o  Fixed Operation and Maintenance Costs: Fixed costs are 

independent of the electricity generation of the plant. They are 

generally given based on per installed capacity. 

o Variable Operation and Maintenance Costs: Variable costs are 

directly related to the electricity production of the plant. They are 

defined as per kWh electricity production of the plant. 

• Disposition Costs: Disposition costs incur when the systems reach the end 

of their lifetime. The disposition costs for solar systems are neglected as the 

scrap value of the materials and the equipment mostly compensate for the 

disposition costs [143]. 

It is worth emphasizing that LCOE is not an absolute measure to guide investment 

decisions; instead, it is a simple relative criterion to compare different systems.  

The LCOE is governed by Eqn. 3.13 

 𝐿𝐶𝑂𝐸 =
𝐶𝐴𝑃𝐸𝑋𝐸+∑

𝑂𝑃𝐸𝑋𝐸𝑡
(1+𝑟)𝑡

𝑛
𝑡=1

∑
𝐸𝑎𝑛𝑛,𝑢𝑡𝑡

(1+𝑟)𝑡
𝑛
𝑡=1

  (3.13) 

where r, n, t, 𝐶𝐴𝑃𝐸𝑋𝐸, 𝑂𝑃𝐸𝑋𝐸𝑡
 and 𝐸𝑎𝑛𝑛,𝑢𝑡𝑡

 are the discount rate, the lifetime of 

the specified system, year, capital costs of the specified energy system, annual 

operation and maintenance costs of the specified energy system in year t and, 
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annually utilized electricity production of the specified energy system in year t, 

respectively.  

It should be noted that the LCOE in this study is evaluated based on the utilized 

portion of the total electricity production of the energy systems. 

As the final objective of this analysis is to estimate the water production costs, not 

electricity costs, another measure is required. Similar to LCOE, to compare the unit 

cost of water production produced by different water systems and powered by 

different energy systems, the levelized cost of water (LCOW) is evaluated.  

The associated costs of the water systems are limited to CAPEX and OPEX. The 

disposition costs are again assumed to be zero, as many studies don’t account for 

the disposition costs of the water systems [120], [134], [144]–[147]. 

The LCOW is found by Eqn. 3.14  

 𝐿𝐶𝑂𝑊 =
𝐶𝐴𝑃𝐸𝑋𝑊+∑

𝑂𝑃𝐸𝑋𝑊𝑡
(1+𝑟)𝑡

𝑛
𝑡=1

∑
𝑉𝑊,𝑎𝑛𝑛𝑡

(1+𝑟)𝑡
𝑛
𝑡=1

  (3.14) 

where 𝐶𝐴𝑃𝐸𝑋𝑊, 𝑂𝑃𝐸𝑋𝑊𝑡
 and  𝑉𝑊,𝑎𝑛𝑛,𝑡 stands for capital costs of the specified 

water system, operation and maintenance costs of the specified energy system in 

year t, and the annual water production of the specified water system in year t, 

respectively. 

The OPEX associated with the water systems strongly depends on the LCOE as the 

electrical consumption is one of the significant contributors regarding the operating 

costs of the reverse osmosis and quaternary wastewater treatment system. 

Therefore, the effect of the LCOE is reflected through the LCOW. 

As a further comment, carbon pricing is a powerful and widely adopted strategy in 

Europe to help countries reduce their carbon dioxide emissions and support their 

green transition [148]. Unfortunately, Türkiye has no direct carbon pricing now, 

but the price of carbon is embedded in the cost of the fuels implicitly as taxes 

[149]. Even though carbon pricing should be included in the LCOE and LCOW 
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model when European countries are assessed, currently, it does not apply to 

Türkiye. 

The following assumptions are followed: 

• The discount rate is taken as the interest rate, and it is assumed as constant. 

• The degradation rate of the systems and the reductions in their production 

are neglected. Electricity and water production are assumed to be constant 

throughout the lifetime of the systems. 

• The lifetime of all systems is taken as the same. 

3.3.2 Inputs 

The cost inputs are provided in their original currencies in the relevant sections and 

converted to € using the conversion factor shown in Table 3.13. Table 3.13 

presents the general economic inputs of all systems. 

Table 3.13 General economic inputs used for all systems. 

Category Value Unit 

Interest rate [150] 8.5 % 

Lifetime 25 years 

USD to Euro conversion factor 0.9 - 

 

3.3.2.1 PV System Inputs 

The economic inputs of the PV system are presented in Table 3.14. It should be 

noted that the O&M costs of the PV system are fixed costs by installed capacity. 
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Table 3.14 PV system capital and operation and maintenance costs [151]. 

Category Value Unit 

Capital Costs   

Module  0.33 USD WDC
-1 

Inverter  0.04 USD WDC
-1 

Structural Components 0.15 USD WDC
-1 

Electrical Components 0.12 USD WDC
-1 

EPC Overhead 0.08 USD WDC
-1 

Installation, Labor and Equipment 0.13 USD WDC
-1 

Sales Tax 0.04 USD WDC
-1 

Permitting Fee 0.02 USD WDC
-1 

Developer Profit 0.07 USD WDC
-1 

Contingency 3 % of the CAPEX 

O&M Costs   

O&M Expenses 16 USD (kW-year)-1 

 

3.3.2.2 CSP System Input 

The economic inputs of the CSP system are provided in Table 3.15. 

Land costs are estimated as 10 000 USD acre-1 as the default value of SAM and not 

corrected for Türkiye as the land costs vary tremendously depending on the soil 

quality, location and purpose of use, and there is no relevant data available in the 

literature in this regard. Also, it is found in [152] that the land costs are almost 

negligible considering the other costs of the central receiver CSP system. 

Therefore, it is concluded that the correction of land costs for Türkiye is not 

necessary for this study.  
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Table 3.15 CSP system capital and operation and maintenance costs [153]. 

Category Value Unit 

Capital Costs   

Site improvements 16 USD m-2 

Heliostat field 140 USD m-2 

Tower Cost See Equation 3.15. 

Receiver Cost See Equation 3.16. 

Thermal Energy Storage 22 USD kWht-1 

Power Cycle 1 040 USD kWe-1 

Balance of plant 290 USD kWe-1 

Contingency 7 % 

EPC & Owners Cost 13 % 

Sales Tax 5 % 

Land Cost 10 000 USD acre-1 

O&M Costs   

O&M Fixed Cost 66 USD (kW-year)-1 

O&M Variable Cost 3.5 USD MWh-1 

 

The CAPEX of the tower, 𝐶𝐴𝑃𝐸𝑋𝑡𝑜𝑤𝑒𝑟, and receiver, 𝐶𝐴𝑃𝐸𝑋𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟, is governed 

by the Eqns. 3.15 and 3.16 according to [84], 

     𝐶𝐴𝑃𝐸𝑋𝑡𝑜𝑤𝑒𝑟 = 𝐶𝑜𝑠𝑡𝑓𝑖𝑥,𝑡𝑜𝑤𝑒𝑟 ∗ exp (𝑠𝑐𝑡𝑜𝑤𝑒𝑟 ∗ (ℎ𝑡𝑜𝑤𝑒𝑟 −
ℎ𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟

2
+

ℎℎ𝑒𝑙𝑖𝑜𝑠𝑡𝑎𝑡

2
))  (3.15) 

 𝐶𝐴𝑃𝐸𝑋𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 = 𝐶𝑜𝑠𝑡𝑟𝑒𝑓,𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 ∗ (
𝐴𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟

𝐴𝑟𝑒𝑓,𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 
)

𝑠𝑐𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟

  (3.16) 

where ℎ𝑡𝑜𝑤𝑒𝑟, ℎ𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 and ℎℎ𝑒𝑙𝑖𝑜𝑠𝑡𝑎𝑡 corresponds to the heights of tower, receiver 

and heliostat, respectively, and 𝐴𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 is the area of the receiver. The values of 

the remaining parameters which appear in Eqns. 3.15 and 3.16 are shown in Table 

3.16. 
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Table 3.16 Inputs for Eqns. 3.15 and 3.16 [84]. 

Category Explanation Value Unit 

Eqn 3.11    

𝐶𝑜𝑠𝑡𝑓𝑖𝑥,𝑡𝑜𝑤𝑒𝑟 Fixed tower costs 3 000 000 USD m-2 

𝑠𝑐𝑡𝑜𝑤𝑒𝑟 Tower cost scaling exponent 0.0113 - 

Eqn 3.12    

𝐴𝑟𝑒𝑓,𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟  Receiver reference area 1571 m2 

𝐶𝑜𝑠𝑡𝑟𝑒𝑓,𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 Receiver reference cost 103 000 000 USD 

𝑠𝑐𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 Receiver cost scaling exponent 0.7 - 

 

3.3.2.3 RO System Inputs 

The RO system is sized as 150 000 m3 day-1 as an addition to the WWTP capacity 

of 30 000 m3 day-1 as provided in Table 3.2. The same economic inputs of RO are 

also used for only desalination scenario with 180 000 m3 day-1. 

The RO system economic inputs are provided in Table 3.2 

Table 3.17 RO system economic inputs [154]. 

Category Value Unit Comments 

CAPEX 1 119 USD (m3 day-1)-1 P.I.C. 

Fixed OPEX    

Parts 10.95 USD (m3 day-1)-1 P.I.C. 

Labour 20.82 USD (m3 day-1)-1 P.I.C. 

Membranes 10.95 USD (m3 day-1)-1 P.I.C. 

Variable OPEX    

Chemicals 0.07 USD m-3 P.W.P. 

Electrical Energy See Equation 3.17. 
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The RO OPEXs’ are classified as variable or fixed here to better understand the 

effect of the capacity factor on the water economics. Please note that the parts, 

labor, and membrane costs are taken as fixed OPEX, based on installed capacity, in 

this study to account for the extra costs which may occur due to variable load 

operation. 

Electrical energy operating costs of RO, 𝑂𝑃𝐸𝑋𝑒𝑙𝑒𝑐,𝑅𝑂, is governed by Eqn. 3.17 

 𝑂𝑃𝐸𝑋𝑒𝑙𝑒𝑐,𝑅𝑂 = 𝑆𝐸𝐶𝑅𝑂 ∗ 𝐿𝐶𝑂𝐸 ∗ 𝑉𝑊,𝑎𝑛𝑛,𝑅𝑂  (3.17) 

where 𝑆𝐸𝐶𝑅𝑂, 𝐿𝐶𝑂𝐸 and 𝑉𝑊,𝑎𝑛𝑛,𝑅𝑂 are the specific energy consumption of RO, 

levelized cost of electricity and annual water volume produced by RO, 

respectively. 

3.3.2.4 UV/H2O2 System Inputs 

The CAPEX of the WWTP depends on the characteristics of the wastewater to be 

treated, the purpose, process and equipment specifications such as the contaminants 

present in the water, UV transmittance of the water, volume of the UV unit, the 

residence time, the desired flow rate of the treated water, used chemicals, etc. 

Therefore, the CAPEX of the UV/H2O2 process is unique to each case and requires 

careful design and assessment. It is not possible to find a complete dataset 

regarding CAPEX of full-scale UV/H2O2 treatment that is generically valid. So, the 

CAPEX is estimated using the cost breakdown presented by [155] where all the 

other costs are calculated based on the AOP reactor cost. The UV reactor cost is 

found by upscaling the value indicated by [119] which uses a similar UV dose and 

illumination time for the process. Also, it should be noted that, the CAPEX found 

here is in the same order of the magnitude but higher than the values reported in 

[123], [156] for commercial plants whose details are not clarified.  

The UV/H2O2 system economic inputs are presented in Table 3.18. 
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Table 3.18 UV/H2O2 system economic inputs (P.I.C: per installed capacity as m3 

day-1, P.W.P: per m3 water production) 

Category Value Unit Comment Reference 

CAPEX 8.21 Million USD Total [119], [155] 

Fixed OPEX     

Labor 0.33 € (m3 day-1)-1 P.I.C. [120] 

Variable OPEX     

H2O2  0.0375 € m-3  P.W.P. PSA 

Replacement of parts 0.008 USD (m3 day-1)-1 P.I.C. [157] 

Electrical Energy See Equation 3.18. 

 

Electrical energy operating costs of UV/H2O2, 𝑂𝑃𝐸𝑋𝑒𝑙𝑒𝑐,𝑊𝑊𝑇𝑃, is governed by 

Eqn. 3.18 

 𝑂𝑃𝐸𝑋𝑒𝑙𝑒𝑐,𝑊𝑊𝑇𝑃 = 𝑆𝐸𝐶𝑊𝑊𝑇𝑃 ∗ 𝐿𝐶𝑂𝐸 ∗ 𝑉𝑊,𝑎𝑛𝑛,𝑊𝑊𝑇𝑃  (3.18) 

where 𝑆𝐸𝐶𝑊𝑊𝑇𝑃, 𝐿𝐶𝑂𝐸 and 𝑉𝑊,𝑎𝑛𝑛,𝑊𝑊𝑇𝑃 are the specific energy consumption of 

UV/H2O2, levelized cost of electricity and annual water volume produced by 

UV/H2O2, respectively. 
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CHAPTER 4  

4 RESULTS 

In this section, WWTP refers to the UV/H2O2 quaternary treatment stage. 

4.1 RO Plant Specific Energy Consumption 

The RO plant is simulated for permeate flow rates between 70% to 100% of the 

design flow rate in 5% increments.  The SEC of the RO system is found to vary 

between 2.04 kWh m-3 and 2.30 kWh m-3 which corresponds to the minimum load 

and design load, respectively. However, to include the other systems’ energy 

consumption and evaluate the overall energy consumption of the complete RO 

plant, the found SECs are corrected, as explained in Section 3.2.1.1.2. The 

variation of the operational parameters in the load range is presented in Figure 4.1.a 

and Figure 4.1.b for 1 000 m3 day-1 and 10 000 m3 day-1 train capacities, 

respectively.  

The SEC is observed to decrease by 11.2% for the 70% load operation compared to 

the design load as a direct result of 11.3% reduction in feed pressure requirement as 

presented in Fig. 4.1. 

The quality of the produced water by desalination is suitable to be used in 

agricultural irrigation in Türkiye according to [158]. 
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Figure 4.1. Variation of the operational parameters of the RO with constant 

permeate recovery rate of 40% for a) 1 000 m3 day-1 b) 10 000 m3 day-1 train 

capacity. 
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The simulated permeate flow rates and the corresponding overall energy 

consumptions are fitted to a polynomial function to be used in the model for the 

variable operation of the RO plant and presented in Fig. 4.2 (a) and (b) for 1 000 

m3 day-1 and 10 000 m3 day-1 train capacities, respectively. 

 

Figure 4.2. The overall SEC of the RO plant in the determined operational range 

with a) 1 000 m3 day-1 and b) 10 000 m3 day-1 train capacities. 
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4.2 Validation  

The earliest version of the models for PV, CSP, PV+CSP and RO-nominal load 

operation was validated by Silvestre’s study [65] for Canarian Islands, reported and 

submitted to EC in SolarTwins Deliverable: D3.1 [159]. 

The previous version of the models and operating strategies, without WWTP 

addition, was presented in SolarPACES 2022, and the study was accepted as full 

paper [160]. 

Finally, here, the turbine electricity generation model of this study is compared 

with SAM’s. The capacity factor of the CSP plant found by SAM with its default 

electricity production strategy and the capacity factor computed for the base CSP 

strategy analyzed in this study are compared in Table 4.1 for RO+WWTP.  

Table 4.1 Validation of the CSP electricity generation model used in this study 

with SAM. 

Source Capacity Factor (%) Error (%) 

SAM simulation 49.5  

2.9 
This study 48.1 

 

Even though the proposed electricity generation model in this thesis is relatively 

simple compared to SAM’s, the annual performance characteristics are in good 

compliance with a 2.9% error. The model used in this study excludes the start-up 

and ramping rates and associated additional inefficiencies of the turbine; however, 

on the other hand, the SAM model results in higher gross to net efficiencies than 

the estimated gross to net efficiency defined as the input. It can be concluded that 

the reduced outputs of the turbine due to the transient states are compensated by the 

higher hourly gross to net efficiencies than the estimated one; hence, the electricity 

generation model proposed in this study is able to represent the annual performance 

of the system. 
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4.3 RO+WWTP Powered by PV 

The PV system is run for the combined water systems of reverse osmosis and 

UV/H2O2 treatment, referred as WWTP in this section.  

The PV energy system performance is first analyzed through the utilized electricity 

fraction, FUE, and LCOE. The CF of the PV plant is found to be 22.2%. However, 

as the PV system is isolated from the grid and the sub-units of the water system, 

i.e., trains for RO and units for WWTP, have thresholds to start operating, all of the 

PV generation may not be used by the water systems. As explained in Section 

3.3.1, the LCOE is determined based on the utilized electricity instead of the total 

electricity production, i.e., LCOE depends on FUE. The relation between the 

fraction of the utilized electricity and the LCOE of PV is provided in Fig. 4.3 for 

nominal and variable RO operation. The WWTP operating strategy is always the 

same; therefore, it does not affect FUE or LCOE. As shown in Fig. 4.3, The FUE is 

the lowest with the nominal load operation of RO plant with 15 trains as the 

threshold electricity requirement of each train to operate is the highest; therefore, 

4.8% of the electricity production of PV cannot be used. As a result, the highest 

LCOE is observed in this scenario. The higher modularization of the RO plant 

enables higher utilization of the PV energy as the overall energy requirement of the 

RO plant is more discretized by the higher number of trains; therefore, 4.5% 

increase in FUE is observed with a 4.2% decrease in LCOE for 150 trains nominal 

load scenario compared to 15 trains one. Switching to variable load operation 

increases the utilization of the generated PV electricity as expected by lowering the 

start-up and operating energy requirement; as a result, FUE values up to 99.9% are 

reached with 150 trains variable load scenario. 
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Figure 4.3. The FUE and LCOE of the PV system to power the WWTP+RO system 

with 1 000 m-3 and 10 000 m-3 RO train capacities with nominal and variable RO 

operation. 

Figure 4.4 presents the individual and overall CFs and LCOWs of PV powered 

WWTP and RO systems, and UF of RO for different RO operational strategies and 

configurations. The WWTP capacity is found to be 44.3% for all cases as the 

operation of WWTP is always prioritized over RO operation, and the PV 

generation is always the same as no operating strategy is employed for the PV 

system as there’s no storage system. Considering the CF of individual systems 

together with their installed capacities, the water production of the PV powered 

WWTP constitutes 7.4% of the overall water production potential, which results in 

varying WWTP contributions between 27.9% and 25.2% to the actual water 

production depending on the overall water production where the installed capacity 

of WWTP is only 16.7% of the total water system capacity. 

Concerning the economic performance of the WWTP plant, as the CF of the 

WWTP system is always the same, the LCOW of the WWTP plant changes only 

with LCOE. The variation of LCOE is found to be less than 5.0% as depicted in 

Fig. 4.3, and the reflection of this decrease in LCOE on the LCOW of WWTP is 

found to be even smaller with a maximum decrease of 1.5% and concluded to be 

almost negligible. Notably, Fig. 4.4 reveals that the LCOW of RO is significantly 

higher than the LCOW of WWTP regardless of the modularization and operating 
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strategy of RO. The huge gap between LCOW of RO and WWTP is caused by 

higher capital costs, lower CF, and the higher SEC of the RO plant compared to 

WWTP and reaches its maximum for the case where the CF of RO is lowest. For 

15 trains RO configuration with nominal load operation, the maximum ratio of 

LCOW of RO to LCOW of WWTP is identified as 4.8.  

As illustrated in Fig. 4.4, the higher modularization of the RO plant, i.e., increasing 

train number from 15 to 150, results in a 5.6% increase in the CF of RO with a 

5.0% reduction in LCOW of RO which in turn reduces the overall LCOW by 3.7% 

for the nominal load operation. A significantly more remarkable performance 

improvement is observed when the operational strategy of RO is switched to 

variable load operation; a 14.5% increase is observed in CF with a 12.2% decrease 

in LCOW of RO, which leads to a 9.1% reduction in overall LCOW for 15 train 

RO configuration. The increase of the capacity factor by the variable load RO 

operation can be attributed to two main reasons, first, the better utilization of the 

produced PV electricity due to lowered start-up and operating energy requirement 

of RO trains, and the lower SEC values of the RO plant at partial loads where 

variable load operation aims to operate the maximum number of RO trains at 

partial loads instead of a limited number of trains at nominal load. Associatively, 

the decrease in LCOW of RO can be explained by lowered SEC and decreased 

effects of capital costs of RO on the unit cost of water as the produced volume is 

increased with the increased capacity factor of RO. Even though the impact of 

LCOE reduction on LCOW of WWTP is found to be insignificant, still, it should 

be noted that due to the RO system being more energy intensive, the effect of 

LCOE on LCOW should not be neglected where LCOE is also dependent on 

utilized electricity. Any increase observed in CF of the RO plant indicates an 

increase in the utilized energy which results in lower LCOE. Overall, the lowest 

LCOW is found to be 1.34 € m-3 where the CF of the RO is the maximum at 26.3% 

with 150 trains RO configuration and variable load strategy. The CF of 29.3% is 

achieved for overall water systems with the mentioned scheme. However, it is 

essential to note that higher RO modularization does not lead to a significant 
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improvement, either on CF or LCOW, in case of variable load RO operation, the 

increase of CFs and decrease of LCOWs are found to be less than 1.0%. 

Finally, the UF stands as an indicator of the operated trains of the RO plant. For the 

nominal case scenario, the CF and UF are precisely the same as the trains are either 

operated in design load or shut down. However, at variable loads, the operated train 

number is increased as a result of the proposed variable load operating strategy of 

the RO plant. For the 15 train configuration, the UF increased by 42.0% with 

variable load operation compared to the nominal load strategy. 

 

Figure 4.4. The individual and overall CFs and LCOWs of RO+WWTP, and UF of 

RO plant with 1 000 m-3 and 10 000 m-3 RO train capacities with nominal and 

variable RO operation powered by PV. 

However, the increase in UF does not necessarily lead to a reduced number 

shutdown/start-up instances. Figure 4.5 shows the trends of hourly PV generation, 

operated RO train number and WWTP unit number for the first 72 hours of the 

year for 15 units WWTP and 15 trains RO configuration for the first 72 hours of 

the year with nominal and variable RO operation. Fig. 4.5 clearly illustrates that the 
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intermittent operation of the WWTP and RO plants is inevitable due to the 

fluctuations of the solar resources as there’s no storage system coupled with the PV 

plant. As already presented in Fig. 4.4, the variable load operation increases the CF 

remarkably; however, Fig. 4.5 shows that it also causes an increase in the number 

of shut-down and start-up instances of the RO plant. When the hours with PV 

generation are examined, e.g. hours of 8-16, 32-40 and 56-64, it is observed from 

Fig. 4.5.b that the variable RO load operation results in a higher number of active 

RO trains; and consequently, an escalated number of start/stop instances compared 

to the nominal RO load operation presented in Fig. 4.5.a. 

Hence, it is concluded that operating the RO at variable loads is advantageous for 

enhanced water production; however, the proposed variable load strategy should be 

re-considered for PV-only powered RO system depending on what is prioritized, 

better energetic performance or less number of shut-down/start-up instances. As 

another strategy of the variable load RO operation, instead of operating all possible 

trains at lower loads, the maximum number of trains can be operated at design load 

and the minimum number of trains can be operated at partial loads to reduce the 

turn-off and turn-on instances at the cost of higher SEC. 
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Figure 4.5. The trends of the PV electricity generation, operated trains of RO and 

operated units of WWTP with 15 units WWTP and 15 trains RO configuration with 

a) nominal load b) variable load strategy of the RO plant in the first 72 hours of the 

year for PV powered RO+WWTP.  

4.4 RO+WWTP Powered by CSP 

The single value outputs of the CSP system simulated in SAM and exported to 

MATLAB are provided in Table 4.2 for the RO+WWTP water supply scenario. 
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Table 4.2 The outputs of the central receiver CSP system with 22.9 MWe net 

turbine capacity and 12 hours of storage capacity to power a RO plant with 150 000 

m3 day-1 capacity and a WWTP with 30 000 m3 day-1 capacity. 

Parameter Value Unit 

Total land  776.44 acres 

Number of heliostats 2789 - 

TES thermal capacity  741.90 MWhth 

Receiver height  12.23 m 

Receiver outer diameter  10.12 m 

Tower height  125.16 m 

HTF volume  3440 m3 

Max flow rate to the receiver 518.33 kg s-1 

 

The fraction of the utilized energy over the produced energy is higher than 99% for 

all cases. Therefore, FUE is concluded to have a negligible effect on the LCOE, and 

LCOE solely depends on the capacity factor. Figure 4.6 represents the CF and the 

LCOE of the CSP plant for two different operating strategies. Even though the 

available thermal energy to the heat transfer fluid is the same for all cases, as 

shown in Fig. 4.6, the CF of the CSP with the proposed strategy is 3.8% lower than 

the base case. This decrease in CF is associated with the higher inefficiencies of the 

turbine due to the decrease in the EF as the partial load operation of the turbine is 

promoted with the proposed CSP operational strategy. As any decrease in CF 

increases the effect of the capital costs on the unit cost of electricity, this 3.8% 

reduction in the CF of the CSP system leads to a 4.0% rise in the LCOE.  
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Figure 4.6. The CF and LCOE of the CSP system with the base and proposed CSP 

strategy to power the WWTP+RO system with 1 000 m-3 and 10 000 m-3 RO train 

capacities with nominal and variable RO operation. 

The operational pattern of the WWTP units and RO trains is provided in Figure 4.7 

for the base and proposed operating strategy of the CSP plant with 15 units WWTP 

and 15 trains RO configuration with the nominal and variable RO operating 

strategy for the first 72 hours of the year. The first 72 hours of the year are selected 

as the example to have the same initial condition for all cases as the state of charge 

of the TES is the same for the beginning of the year, but it changes differently 

throughout the year depending on the CSP operating strategy. As Fig. 4.7 suggests, 

the number of the operated trains mostly follows the same trend in both nominal 

and variable load operations with the base strategy as this strategy aims to provide 

the nominal turbine output. When the CSP turbine operates at the nominal load, all 

the RO trains operate at the design load. Therefore, the only difference occurs in 

the hours when the turbine operates at a partial load. In those hours, the variable 

load strategy enables more RO trains to operate as can be observed in Figure 4.7.a 

and 4.7.b for hour 52. On the other hand, Fig. 4.7.c and 4.7.d clearly demonstrate 

that the proposed CSP operation, which aims to distribute TES energy among the 

hours with QHTF=0, results better in terms of continuous operation of the units and 
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trains compared to the base strategy. Taking hours of 26-33 as the example, it is 

observed that proposed CSP strategy enables all WWTP units to operate and 

reduces the number the RO trains which are turned off. The same performance 

improvement is also achieved between hours of 53-60. 

It is vital to emphasize that the continuous operation of WWTP units and RO trains 

is also the indicator of the continuous electricity production of the turbine, whose 

intermittent operation is not desirable as frequent start-ups/shut-downs and steep 

load gradients reduce the lifetime of the power block due to the high thermal 

stresses in the steam cycle components. Hence, it is proved that the proposed CSP 

strategy does not only improve the operation of the water systems, but also the 

operation of CSP power block. Considering both water and energy systems, the 

best strategy is concluded to be the variable load operation of RO with the 

proposed CSP plant operation among all combinations of CSP and RO operating 

strategies. 
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Figure 4.7. The trends of the QHTF, operated trains of RO and operated units of 

WWTP with 15 units WWTP and 15 trains RO configuration with a) base CSP and 

RO nominal load strategy, b) base CSP and RO variable load strategy, c) proposed 

CSP and RO nominal load strategy and d) proposed CSP and RO variable load 

strategy. 
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Also, it should be emphasized that any increase in the CF of the WWTP plant is 

appreciated not only because its SEC is lower than RO but also as it promotes the 

reuse of the already existing wastewater whose generation is inevitable due to 

urban activities, and which will be discharged to the sea if not treated by the 

quaternary treatment. The reuse of the WWTP is energetically, economically and 

environmentally more desirable than seawater desalination. 

Figure 4.8 presents the individual and overall CFs and LCOWs of the RO and 

WWTP systems and UF of the RO plant for different CSP and RO operating 

strategies and train capacities. The advantage of the proposed CSP strategy, already 

demonstrated in Figure 4.7 for the 72 hours of the year, is also prominent when the 

capacity factor of the WWTP is compared for the base and proposed strategy. The 

increased operation hours of the CSP turbine at lower loads with the proposed CSP 

strategy lead to the higher capacity factors of the WWTP. Comparing the variable 

RO load with 15 trains for the base and proposed CSP strategy, a 38.2% increase is 

observed in CF of the WWTP with a 6.0% decrease in CF of RO while the overall 

CF of the water system is almost kept the same with a 1.4% increase.  

Concerning the installed capacities and capacity factors of the water systems, the 

water production from WWTP has the share of 8.1% and 11.3% in the total water 

production potential, and 16.9% and 23.0% in the actually produced water for the 

variable RO operation with 15 trains for the base and proposed CSP operating 

strategies, respectively. The increase in the water volume provided by WWTP and 

its contribution to total water production results in a 5.6% decrease in LCOW of 

WWTP and a 3.4% increase in LCOW of RO, resulting in a 1.4% decrease in total 

LCOW. The lowest LCOW, 1.36 € m-3
,
 is observed with the proposed operating 

strategy of CSP and variable load RO operation as a direct implication of the 

increased share of WWTP in the water production where the LCOW of the WWTP 

is 58.0% lower than RO’s. Nonetheless, taking a step back, it is worth highlighting 

that the overall LCOW does not show a significant improvement even when the 

increase in CF of WWTP is quite remarkable; however, as discussed previously, 

the main advantage of the proposed CSP strategy is mainly related to the increased 
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lifetime and decreased maintenance requirements of the energy and water systems, 

and enhanced utilization of the wastewater. 

 

Figure 4.8. The individual and overall CFs and LCOWs of RO+WWTP, and UF of 

RO plant with 1 000 m-3 and 10 000 m-3 RO train capacities with nominal and 

variable RO operation powered by CSP with base and proposed operating strategy. 

Overall, it is concluded that the best technical, economic, and operational 

performance of the water systems is obtained with the proposed CSP strategy 

coupled with the variable RO operation. 

4.5 RO+WWTP Powered by PV CSP Hybridization 

After discussing the individual performance characteristics of PV and CSP plants 

and the RO+WWTP plant operated by those, in this section, the hybridization of 

the PV and CSP is examined. The PV and CSP systems are hybridized using their 

stand-alone installed capacities as a first approach.  
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It has already been demonstrated and discussed that the proposed CSP operating 

strategy is more advantageous than the base strategy regarding higher capacity 

factors of the WWTP plant, which is the prioritized water resource, avoided excess 

electricity generation and reduced intermittent turbine and RO train operation. 

Therefore, for the conciseness of this study, the PV+CSP system will be analyzed 

only with the novel PV+CSP operating strategy proposed in this study. 

Figure 4.9 represents the individual and overall CFs and the LCOEs of the PV and 

CSP plant with different RO train capacities and operating strategies. As discussed 

previously in Section 4.3, the water system operating strategies do not affect the CF 

of the PV since no operating strategies are adopted for PV due to the lack of 

storage system that allows dispatching of the electricity. Concerning the CSP and 

overall performance of the energy systems, no significant difference is observed 

between the cases neither for CF nor LCOE, the overall LCOE shows a 1.6% 

decrease at most. This is mainly because the hourly electricity production of the 

CSP plant in the proposed operating strategy is designed to adapt to any water 

system configuration; therefore, the different water system configurations do not 

have any remarkable impact on the LCOE. 

 

Figure 4.9. The individual CFs and individual and overall LCOEs of the PV+CSP 

with 1 000 m-3 and 10 000 m-3 RO train capacities with nominal and variable RO 

operation. 
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The operational pattern of the CSP turbine, WWTP units and RO trains is 

displayed in Figure 4.10 for 15 units WWTP and 15 trains RO configuration with 

nominal and variable RO operation for the first 72 hours of the year with PV+CSP 

scheme. At first glance, the fluctuations in the number of the operated trains of RO 

are remarkable with the nominal load RO operation. These fluctuations are entirely 

related to the nature of the solar resources and turbine operation limits. The 10th 

hour of the year can be taken as an example to understand the reason for these 

fluctuations better. As can be seen, even though QHTF is non-zero, the electricity 

production of the CSP plant is zero when PV generates 20.4 MW of electricity 

which is lower than the design energy requirement of the water system, 22.9 MWe. 

In this particular hour, the remaining electricity demand of the water system after 

the electricity supplied by PV is less than the minimum safe operating limit of the 

turbine load. Therefore, even though QHTF and TES are available for the power 

block of the CSP system to operate, the turbine is not operated due to the turbine 

safe operation limits. As a result of the available electricity to RO, 13 RO trains are 

operated when the nominal load operation is adopted for RO. The mentioned 

behavior is observed also at all other hours where PV electricity production 

decreases the unfulfilled electricity demand of the water system from the CSP 

system below the CSP turbine safe operational limits, and subsequently, the rapid 

fluctuations in operated RO train number occur in these hours. Therefore, it can be 

concluded that with the nominal load operation of RO, the operation of the RO 

system is still quite susceptible to solar resources. The variable load RO operation 

is able to dampen these fluctuations as it allows higher numbers of RO trains to 

operate at partial loads instead of a limited number of trains at design load. 

Considering the hours of 12-18, it is shown in Fig. 4.10.c that all RO trains are 

operated continuously with variable load RO operation without experiencing any 

shutdown due to the fluctuations in electricity supply. The same trends are 

observed in all other hours, eg. between 30-41 and 59-62, where nominal load RO 

operation causes tremendous swings in the operated train numbers. 
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Even though the stable operation of the water systems is achieved to a certain 

extent, the fluctuations in the CSP electricity output should also be discussed. It 

should be noted that the CSP electricity generation trend is also stabilized during 

the hours with no solar resources by the proposed CSP operating strategy by 

distributing the TES energy among those hours; however, the fluctuations in CSP 

turbine electricity generation are not eliminated for the periods when the PV 

electricity production and non-zero QHTF coincide. It is crucial to bear in mind that 

the energy system is isolated from the grid; and, the LCOE is calculated based on 

the utilized fraction of the produced electricity as presented in Section 3.3.1. In 

other words, any unused portion of the produced electricity increases the LCOE. 

Hence, excess electricity generation is undesirable, especially for the CSP system 

where LCOE is already remarkably high. As a result, the lowered CSP production 

during PV operation is inevitable to prevent the electricity production from 

exceeding the hourly electricity requirement of the water systems. Therefore, these 

fluctuations cannot be avoided unless the system is connected to the grid to sell the 

excess generation or additional systems are added to the overall system to exploit 

the excess electricity. Finally, it is worth noting that the operation of all WWTP 

units is maintained continuously for 65 hours without any shutdowns with the 

PV+CSP hybridization.  
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Figure 4.10. The trends of QHTF, the PV and CSP electricity generation, operated 

trains of RO and operated units of WWTP with 15 units WWTP and 15 trains RO 

configuration with a) nominal load b) variable load strategy of the RO plant in the 

first 72 hours of the year for PV+CSP powered RO+WWTP. 

Figure 4.11 presents the individual and overall CFs and LCOWs of RO and 

WWTP, and UF of the RO powered by hybridized PV and CSP systems for 

different RO operating strategies and train capacities. As depicted in Fig. 4.11, the 

CF of the WWTP exceeds 80% for all cases regardless of the RO configuration or 
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operating strategy as a direct implication of the proposed PV+CSP operating 

strategy which prolongs the turbine operation. The energy requirement of whole 

WWTP plant is less than the minimum turbine load; therefore, the whole WWTP 

plant operates at all hours in which CSP turbine produces electricity.  

On the other hand, the RO variable load operating strategy increases the CF factor 

of the RO by 6.9% resulting in a 5.0% decrease in LCOW compared to the nominal 

load strategy for 15 trains configuration. Also, the UF of the RO reaches 68.5% 

with the variable load operation for 15 train configuration, where the CF factor is 

59.3%. Interpreting this 15.5% improvement in the number of operated trains 

reflected by UF and the stabilized trend of the number of operated trains shown in 

Fig. 4.10.c concurrently, it is concluded that variable load RO operation brings the 

RO system operation closer to the desired operational characteristics. 

The higher modularization, i.e., a higher number of trains, does not significantly 

improve either the CF or the LCOW. The maximum improvement regarding the 

higher modularization is observed with nominal load RO operation with a 1.6% 

increase in CF and a 1.3% reduction in LCOW. Among all cases, the lowest 

LCOW, 1.142 € m-3, is achieved with 150 trains RO configuration with the overall 

water system CF of 63.23% whereas the 15 trains configuration results in the CF of 

63.17% with LCOW of 1.143 € m-3. All in all, it is concluded that the higher 

modularization does not lead to any significant performance improvement either 

technically or economically. Also, it is worth addressing that higher modularization 

results in higher capital and operational costs theoretically; however, due to the 

lack of detailed economic data, these increases in the costs cannot be exhibited by 

the economic key performance indicators. Hence, considering the associated 

complexity with higher modularization, and additional RO costs remained 

unreflected on LCOW, there is no explicit benefit of higher modularization of RO 

plant especially for variable load operation in the scope of this work. 
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Figure 4.11. The individual and overall CFs and LCOWs of RO+WWTP, and UF 

of RO plant with 1 000 m-3 and 10 000 m-3 RO train capacities with nominal and 

variable RO operation powered by PV+CSP. 

4.6 Comparison of Different Energy Scenarios for RO+WWTP 

As the analysis of the individual energy systems is completed, it is concluded that 

• the variable load RO operating strategy is favorable, mainly considering the 

ideal operation of turbine and RO trains for the energy systems including 

CSP. Also, slight improvements are observed in LCOW and CF compared 

to nominal load RO operation. 

• the variable load RO operating strategy is favorable considering the CF and 

LCOW for the PV system; however, the start-up shut-down instances of RO 

membrane are increased by the proposed strategy of the variable load 

operation. 
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• the higher modularization does not significantly affect the CF and LCOW 

especially when the variable load RO operating strategy is adopted. 

In this section, the different energy systems used to power RO+WWTP systems are 

compared with 15 train RO configuration. As the advantage of proposed CSP 

operating strategy is clearly demonstrated in Section 4.4, the base strategy of CSP 

is not included here.  

Firstly, the CF and LCOE of different energy scenarios to power RO+WWTP plant 

with nominal and variable load operation of a 15 train RO plant are compared in 

Figure 4.12. The CF of PV does not change either based on energy scheme or RO 

operating strategy as the PV system has no operating strategy. As Figure 4.12 

suggests, the lowest LCOE, 0.057 € kWh-1, is observed when the PV-only scenario 

is used to power the water systems where RO is operated with the variable load RO 

strategy. On the other hand, the LCOE is increased by almost a factor of 4 when 

the stand-alone CSP is employed as the energy system of RO+WWTP. This huge 

LCOE discrepancy is mainly associated with the higher capital costs of the CSP 

plant compared to the PV plant. When PV and CSP systems are hybridized, the 

LCOE of the CSP system further increases by 40.5%, reaching 0.31 € kWh-1. This 

remarkable increase in the LCOE of the CSP is a direct result of the 29.0% 

decrease in the capacity factor of the CSP with the hybridized scenario compared to 

the CSP-alone scenario. This reduction in CF is mainly associated with the 

inevitable coincidence of the hours with PV generation and non-zero QHTF. As 

previously explained in Section 4.5, when the remaining energy requirement of the 

water systems after the PV electricity supply is less than the minimum turbine load 

of the CSP system, the CSP system is not operated for the PV+CSP scenario. In 

those hours, the incident irradiation on the receiver is stored in TES if the storage 

system is not fully charged. However, due to the consecutive hours with the 

described pattern of the solar resources, the TES becomes full, and the heliostats 

are defocused more frequently compared to the CSP system. Hence, in addition to 

restrictions imposed by the minimum turbine load regarding electricity production, 
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the TES capacity also limits the utilization of solar resources through the CSP plant 

when the PV+CSP hybridization is considered. As a direct result of the reduced 

electricity production of the CSP plant, the effect of the investment costs of the 

CSP system becomes more prominent on the unit cost of electricity. However, 

despite the increased LCOE of the CSP plant, the overall LCOE of the hybridized 

solar systems is found to be 0.19 € kWh-1, 9.4% less than the CSP-alone scenario 

thanks to the contribution of cheap PV electricity. However, as already 

demonstrated in the previous chapters of this thesis, the LCOE is not the conclusive 

indicator for the economical performance of water systems since CF of the water 

systems also has a considerable effect on the LCOW.  

 

Figure 4.12. Comparison of CF and LCOE of PV, CSP, and PV+CSP systems to 

power WWTP+RO system with 10 000 m-3 RO train capacity with nominal and 

variable RO operation. 

Figure 4.13 compares individual and overall CFs and LCOWs of RO+WWTP 

powered by different energy scenarios. As Figure 4.13 presents, the capacity factor 

of the WWTP plant shows a 52.6% and 86.2% increase when the water systems are 

powered by CSP and PV+CSP, respectively, compared to PV-only system for 

variable load operation of RO. This increase is achieved not only due to the storage 

system introduced by the CSP system but also due to the operating strategy of the 
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energy systems which include CSP. The WWTP electricity requirement in this 

study is less than the allowed minimum turbine output and WWTP operation is 

always prioritized than RO; therefore, all WWTP units are operated whenever the 

CSP turbine operates. As CSP turbine operation is prolonged by the proposed CSP 

strategy; as a direct result, the CF of the WWTP plant is also enhanced. 

Considering the larger picture, the highest CF of the combined water systems, 

63.2%, is reached with the hybridization of PV and CSP as expected since the 

installed energy system capacity is increased with the hybridization.  

When the LCOW is analyzed for different energy supply scenarios, it is observed 

that the PV-only system with nominal RO operation shows the highest LCOW with 

1.48 € m-3. If this unit cost of water is broken down, the second lowest LCOW of 

the WWTP and the highest LCOW of the RO plant are found to be associated with 

PV only scenario. It should be reminded that the lowest LCOE belongs to the PV-

only plant as already shown in Fig. 4.12. Hence, the effect of the lowest LCOE is 

observed in the LCOW of WWTP as the capital costs of the WWTP plant are 

comparable with its operational costs; the low LCOE results in low electricity 

consumption, and consequently, the low LCOW of the WWTP plant. On the other 

hand, for the RO system, the associated capital costs are significantly higher, two 

orders of magnitude, compared to WWTP. Therefore, despite the lowest LCOE is 

obtained by the PV plant, the highest LCOW of RO is attained due to the dominant 

effects of the capital costs of the RO system on the unit cost of water caused by the 

lowest annual RO water production designated by CF of RO. The highest LCOW 

of the WWTP is observed with the CSP scenario. The correlation between LCOE 

and LCOW of WWTP explained for the PV case is also valid for the CSP scenario; 

therefore, the system with the highest LCOE resulted in the highest LCOW of 

WWTP. Finally, and most importantly, the lowest LCOW, 1.14 € m-3 is achieved 

with the PV+CSP hybridization. Further breaking down the LCOW, it is observed 

that the lowest LCOW of RO is also associated with the PV+CSP scenario. This is 

primarily attributed to the enhanced CF of RO system as the LCOE is 216.7% 

higher than PV-only scheme as shown in Figure 4.12.  
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Figure 4.13. The comparison of individual and overall CFs and LCOWs of 

RO+WWTP, and UF of RO plant with 10 000 m-3 RO train capacity with nominal 

and variable RO operation powered by PV, CSP, and PV+CSP. 

To assess the environmental impact of the different energy systems, the emission 

factor of the produced water is analyzed. The contribution of RO and WWTP to the 

total water production and the emission factor of the water are presented in Figure 

4.14 for different energy systems. Before evaluating the results, it should be 

underlined that the emission factor of the produced water is a direct indicator of the 

average SEC of the water produced since the emission factors of PV and CSP 

systems are almost the same as presented in Table 3.12. At first glance, it is 

observed that the variable load RO operation results in lower emission factors than 

the nominal load RO operation regardless of the energy system. This is a direct 

result of the proposed variable load RO operating strategy in which a higher 

number of trains are operated at lower loads instead of operating fewer trains at 

nominal load. It should be recalled that SEC of RO reduces at partial loads 

compared to nominal load as demonstrated in Fig. 4.1; therefore, the variable load 

RO operation always results in lower emission factors. Specifically, the variable 
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load RO operation leads to a reduction in the emission factor by 5.1%, 3.3% and 

3.8% for PV-only, CSP and PV+CSP schemes, respectively. 

Even though the emission factors of PV and CSP are almost the same, 85.33 and 

85.67 gCO2eq kWh-1, the emission factor of water is the lowest with PV with 

variable load RO operation as provided in Fig. 4.14. This is first explained by the 

lower emission factor of PV compared to CSP, and secondly, higher WWTP 

contribution to the total capacity factor of the water systems considering that the 

SEC of the WWTP is lower than RO. The highest shares of WWTP in actual water 

production are observed as 27.9% and 25.3% for PV case with nominal and 

variable RO operating strategies, resulting in the lowest emissions per m3 of water 

produced. Even though CSP addition to PV system results in 2.2% and 3.5% 

increase in emission factor for nominal and variable load RO operation compared 

to PV-only scheme, these increases can be interpreted as acceptable considering 

79.3% and 67.7% increase in CF, respectively. On the other hand, the highest 

emission factor is found with the CSP scenario and nominal load RO operation as 

255.9 gCO2eq m
-3. PV+CSP hybridization decreases the emission factor by 0.12% 

and 0.63% with a 26.3% and 29.0% improvement in CF for nominal and variable 

load RO operation compared to the counterparts of the CSP scenario.  

Of particular significance, it is noteworthy that solar energy systems reduce the 

emission factor of water approximately by 88% compared to the grid regardless of 

the system details. 
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Figure 4.14. Comparison of the contribution of RO and WWTP to the total water 

production and emission factor of water with 10 000 m-3 RO train capacity with 

nominal and variable RO operation powered by PV, CSP, and PV+CSP. 

4.7 Comparison of RO+WWTP System with RO-only System  

In this section, the RO+WWTP system is compared with the RO-only system with 

the same overall water production capacity, 180 000 m3 day-1, to demonstrate the 

influence of the addition of WWTP to the water production systems. Even though 

it is already presented in Section 3.2.4.5, it is worth recalling that the nominal 

energy requirement of the system increases by 6.1% for the RO-only scenario 

which also results in a 6.2% and 7.6% increase in the land use of PV and CSP 

systems, respectively. 

The systems are evaluated only for variable load RO operating strategy with 

10 000 m3 day-1 train capacity as the advantage of this scheme has already been 

demonstrated in previous sections. 
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Figure 4.15 presents the contributions of RO and WWTP to the CF of the overall 

water systems and the associated LCOWs. As the first observation, the overall 

capacity factor of the water systems is almost the same regardless of the energy 

system; the addition of WWTP increased the overall CF at most by 1.9% for the 

PV case. For almost the same overall CF, the WWTP has the share of 25.3%, 

23.0%, and 21.7% in the actual water production of systems powered by PV-only, 

CSP and PV+CSP, respectively where the installed WWTP capacity only 

constitutes of 16.7% of the overall water production capacity. These contributions 

are achieved as a direct result of the prioritized WWTP operation and they are truly 

valuable since the reuse of the wastewater is augmented which would be 

discharged to sea otherwise, and desalination would use higher energy to produce 

fresh water from seawater.  

Concerning the economic aspect, LCOW is decreased with the addition of WWTP 

regardless of the energy system. This LCOW decrease is primarily associated with 

the lower LCOW of WWTP induced by lower capital costs and operating costs 

compared to RO including lower SEC. As can be inferred from Fig. 4.15, the 

LCOW of WWTP is found to be 23.4%, 41.7%, and 44.7% of the LCOW of RO 

with WWTP+RO scheme powered by PV, CSP, and PV+CSP, respectively. 

Subsequently, the contribution of the WWTP water production reduces the overall 

LCOW by 12.9%, 10.0%, and 9.6% compared to RO-only scenario for PV, CSP 

and PV+CSP schemes, respectively. 
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Figure 4.15. Comparison of the contribution of RO and WWTP to the total water 

production for RO-only and RO+WWTP scenarios and associated LCOWs with 10 

000 m-3 RO train capacity and variable RO operation powered by PV, CSP, and 

PV+CSP. 

Figure 4.16 presents the emission factor of the produced water by RO-only and 

RO+WWTP powered by different energy systems. It is previously explained that 

the emission factor of the water is a direct indicator of the average SEC of the 

produced water. Therefore, it is to be expected that the system of RO+WWTP 

results in lower emissions than RO-only plant regardless of the energy system as 

the SEC of the WWTP is lower than RO. Numerically, the addition of WWTP 

decreases the emission factor of water by 2.6%, 7.2% 6.9% for PV-only, CSP, and 

PV+CSP scenarios, respectively, compared to the RO-only scenario. These 

reductions in emission factors avoid 491.3, 509.2, and 636.1 tonnes of CO2 

emission per year for PV-only, CSP, and PV+CSP scenarios, respectively. 
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Figure 4.16. Comparison of emission factor of water for RO-only and RO+WWTP 

scenarios with 10 000 m-3 RO train capacity and variable RO operation powered by 

PV, CSP, and PV+CSP. 

It is concluded that utilizing the WWTP in addition to RO by reducing RO capacity 

to have the same daily capacity to produce irrigation water is advantageous 

energetically, economically, and environmentally. 
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with the increased values of solar multiple. As explained in Section 3.2.4.7, solar 

multiple is a measure of oversizing the heliostat field, resulting in higher incident 

irradiation on the receiver. Therefore, it is reasonable to enhance the storage 

capacity of the TES as solar multiple increases to take advantage of the increased 

incident irradiation. 

Figure 4.17 presents the effect of the storage capacity and installed PV capacity on 

LCOW and CF of water systems for SM=2.5. As the first observation, the lowest 

LCOW, 1.035 € m-3, and the highest CF of the water systems, 69.75%, are found 

with 16 hours of storage and 37.5 MW installed PV capacity for SM=2.5.  

 

Figure 4.17. The parametric results of CF and LCOW of RO+WWTP with varying 

installed PV capacities and TES storage capacities for SM=2.5. 

Figure 4.18 presents the effect of the storage capacity and installed PV capacity on 

LCOW and CF of water systems for SM=3. The lowest LCOW, 1.032 € m-3, and 

the highest CF of the water systems, 74.03%, are observed with 20 hours of storage 

and 37.5 MW installed PV capacity for SM=3. 
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Figure 4.18. The parametric results of CF and LCOW of RO+WWTP with varying 

installed PV capacities and TES storage capacities for SM=3. 

Figure 4.19 presents the effect of the storage capacity and installed PV capacity on 

LCOW and CF of water systems for SM=3.5. The lowest LCOW, 1.034 € m-3, and 

the highest CF of the water systems, 77.59%, are observed with 20 hours of storage 

and 37.5 MW installed PV capacity for SM=3.5. 

Evaluating all results together, it is found that increasing installed PV capacity, SC, 

and SM improves the individual and combined CF of the water systems. Therefore, 

the highest CF of overall water systems, 77.6%, is found for SM=3.5, SC=24 hr, 

and PV=37.5 MW. With this particular energy system, the CF of the RO and 

WWTP reaches 90.3% and 75.1%, respectively.  

However, the same conclusions cannot be drawn for LCOW. Even though the 

increase in the PV capacity for the same storage capacity and the increase in 

storage capacity for the same SM decreases LCOW, the higher SM does not 

necessarily result in lower LCOW when the other variables are the same. This is 
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attributed to the dominant effect of heliostat field costs which rise as SM values are 

increased. When two systems with SM=3 and SM=3.5 are compared with SC=20 

hr, and PV=37.5 MW, the lower LCOW is observed for SM=3 value, being 0.9% 

less than the LCOW found for SM=3.5 even though 2.8% improvement is observed 

in CF of water systems with higher SM.  

 

Figure 4.19. The parametric results of CF and LCOW of RO+WWTP with varying 

installed PV capacities and TES storage capacities for SM=3.5. 

All in all, the lowest LCOW is found to be 1.03 € m-3 with SM=3, SC=20 hr, and 

PV=37.5 MW.  

It is indispensable to mention that the achieved CF for WWTP, 90.3%, is quite 

promising, especially considering that the WWTP system is slightly oversized in 

this study. Based on the results presented, the continuous treatment of wastewater 

even for the whole year is concluded to be plausible. 

Even though PV=37.5 MW results in the best technical and economic performance 

of the system among other PV installation capacities for any SM and SC, it should 
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be noted that it also results in excess electricity production or PV curtailment as the 

installed PV capacity is considerably higher than the nominal energy requirement 

of the water systems. The exemplary case is selected as SM=3.5, SC=24 hr case 

where the highest CF is reached with PV=37.5 MW to observe the effect of the PV 

excess electricity generation. The FUE of the PV and overall solar systems, and the 

overall capacity factor of the water system are presented in Figure 4.20.a. whereas 

the LCOE of PV and LCOW are shown in Figure 4.20.b. As depicted from Figure 

4.20.a, the excess energy generation of PV becomes evident for PV=37.5 MW case 

with 7.3% non-utilized electricity production of PV plant, leading to non-utilization 

of 3.4% of the total electricity production. As the fraction of non-utilized PV 

electricity increases, the LCOE of the PV also increases since the LCOE is 

calculated based on the electricity generation utilized by water systems. 

Specifically, it causes a 7.8% increase in the LCOE with PV=37.5 MW compared 

to PV=22.5 MW. However, at the same time, the CF of the water systems is 

improved by 9.6% with this 15 MW increase of the installed PV capacity. 

Assessing these results concurrently, despite the increase in LCOE of PV, the 

LCOW is found to decrease with increasing PV capacity due to the increased CF of 

the water system and reach its minimum with 1.03 € m-3 with 37.5 MW installed 

PV capacity. A milder scenario regarding the generation of excess electricity is the 

PV=32.5 MW; in this case, the non-utilized portion of produced electricity can be 

considered insignificant where FUE and FUE,PV are 98.2% and 99.2%, respectively. 

Compared to PV=22.5 MW, the decrease of LCOW is 4.3% despite the 1.8% 

increase in the LCOE of the PV system. Considering the 7.1% increase in CF of the 

water systems and the 4.3% reduction of overall LCOW, it is reasonable to 

compromise the excess energy corresponding to 0.8% of the total electricity 

generation. Therefore, considering the improvements in water system performance, 

PV systems with higher capacities than the nominal electricity requirement of the 

water system are viable to be installed by the cost of excess electricity generation 

or PV curtailment.  
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Figure 4.20. a) The FUE of the PV and overall solar systems, and the overall CF of 

the water system, and b) LCOE of PV and overall LCOW with varying installed 

PV capacities for SM=3.5 and SC=24 hr. 

As a final word, even though mostly minimizing the LCOW or maximizing the CF 

of the water systems are studied as the objective in the literature and taken here as 

the main design consideration, the land use of the energy systems should be a 

severe concern, especially considering the fertile land occupation when these 

systems are installed in the agricultural regions.  
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CHAPTER 5  

5 CONCLUSIONS AND FUTURE WORK 

5.1 Conclusions 

The reuse of urban wastewater and seawater reverse osmosis desalination can be 

potential solutions to meet the world’s increasing need for agricultural irrigation 

water. Solar systems hold huge potential to power these water systems for fertile 

but arid regions with good solar and seawater resources, but there are also several 

technical and economic challenges of solar powered water treatment systems that 

needs to be addressed.  

In that sense, PV CSP hybridization is investigated as a promising solution to 

power water treatment systems in this thesis. Three solar systems are considered to 

power the quaternary stage of an urban WWTP and seawater RO plant to produce 

agricultural irrigation water: 1) PV-only, 2) CSP with thermal energy storage, and 

3) PV and CSP hybridization with thermal energy storage. Novel operating 

strategies for CSP and PV+CSP plants are proposed according to the water system 

requirements. Also, two different operating strategies of RO are analyzed to 

improve RO performance: 1) nominal load operation and 2) variable load 

operation. The models are run for Erdemli, Mersin, Türkiye.  

It is demonstrated that the proposed operating strategies of CSP and PV+CSP 

systems coupled with the variable load RO operating strategy improve the 

continuous operation of turbine and RO trains and dampen the effects of variable 

nature of solar resources on water systems. 

It is proven that PV and CSP hybridization with variable load operation of RO 

results in the highest CF of water systems with the lowest LCOW when the 

systems are hybridized with their stand-alone capacities. With the PV and CSP 
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hybridization, the LCOW is found to be decreased by 14.9% and 16.3%, with 

116.3% and 29.0% increase in CF of water systems compared to PV-only and CSP 

scenarios, respectively. 

The WWTP+RO plant is compared with the RO-only plant for the same daily 

water production capacity. The addition of WWTP is found to result in 12.9%, 

10.0%, and 9.6% lower LCOW compared to the RO-only scenario for PV, CSP, 

and PV+CSP schemes, respectively. Also, the emission factor of water decreases 

by 2.6%, 7.2%, and 6.9% for PV-only, CSP, and PV+CSP scenarios, respectively 

with the introduction of WWTP. 

Finally, the hybridization of PV and CSP is studied parametrically for WWTP+RO. 

The overall water system CF of 77.6% is reached with 90.3% CF of the WWTP 

plant resulting in LCOW of 1.03 € m-3. 

5.2 Further Opportunities and Future Work 

Even though the TES integration into other renewables, specifically PV, has gained 

attention in recent years, the low efficiencies and energy losses during electricity-

heat-electricity conversion hinder its practical application, and more studies are 

needed to confirm its economic benefits before its commercialization [43]. As the 

LCOW is found to decrease with increased PV capacity in this study, and it is 

shown that PV occupies less land compared to the CSP heliostat field, the TES can 

be analyzed as the storage system of PV to utilize excess PV production to explore 

its technical, economic, and environmental viability. 

The water systems should also be analyzed with grid connected energy systems in 

addition to the off-grid scenario considered here. A smart grid is a network which 

combines and integrates electrical information using advanced control and 

information technologies to balance the demand and supply [161]. Considering the 

increasing penetration of renewables to the grid globally and application targeted 

renewable energy installations, water systems in this study, smart grids and grid 
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connected RE systems can offer several advantages with more advanced state of art 

technologies and improved operating strategies of both water systems.  

The accelerated transition to sustainable energy resources is expected to raise the 

global competition for land [162]. Therefore, the land use of energy systems 

deserves particular attention, especially if they are land intensive. To retain their 

position in the global market and gain competitive advantage, the land use of solar 

systems also needs to be studied extensively. Hence, this study, in which the solar 

systems are required to be installed in agricultural regions, can be enriched with 

future studies to optimize their land use.  

Even though it is not examined in this study, brine disposal is a challenging and 

controversial topic in desalination considering its environmental impacts. The brine 

salinity reaches up to 200% of the seawater, resulting in reduced oxygen solubility 

and the formation of convective currents due to variations in density. In addition to 

increased salinity, chemical additives such as antiscalants, coagulants, etc., and 

particles of heavy metals caused by corrosion increase the turbidity and 

discoloration of the water and affect the light penetration. The mentioned issues 

subsequently result in changes in photosynthesis, metabolic and growth rates of the 

organism in the seawater, and even mortality of those [163]. Hence, the aspect of 

brine management also needs to be studied as a part of desalination studies to 

achieve a holistic approach. 

Circularity has gained a growing emphasis lately concerning the rapid depletion of 

resources and associated vulnerability of linear paradigms. The linear water 

economy is encouraged to evolve into a circular one, where the reuse of water is 

promoted and associated byproducts is proposed to be used as the feedstocks of 

other processes with economical values [164]. Brine mining [165] and energy 

harnessing from salinity gradients [166] are two examples of valorization of the 

brine as a resource. Similarly, the sludge of the urban wastewater treatment plants 

holds huge potential regarding sustainable resource management. The sludge of 

water treatment can be reused as pollutant adsorbent, soil conditioner, or even 
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construction material [167].  In conclusion, the opportunities associated with water 

system byproducts need to be explored to contribute to the promoted circularity 

practices.   

Also, the emission analysis of this study only includes the emissions of energy 

systems, excluding the CO2 emissions of the life cycles of the WWTP and RO 

plants. A detailed LCA of the solar powered water treatment systems could provide 

valuable insights regarding the environmental impacts of the proposed system here. 

Direct sunlight can be used for some photo-driven AOPs instead of UV lamps 

[120], [168], [169] and it is commented in [170] that it can be an attractive solution 

for small WWTP plants. Even though, the UV/H2O2 studied in this thesis cannot be 

considered as a small WWTP, opportunities related to the use of direct sunlight 

could be investigated to advocate the utilization of solar energy as the primary 

energy source and to eliminate the high costs associated with UV lamp electricity 

consumption.  

Most importantly, as these systems are oriented to meet urgent needs detected 

globally and have practical purposes, their applicability and acceptance should also 

be investigated. According to the recent findings of [171] and [172], the use of 

desalinated water and treated wastewater in agricultural irrigation are still 

penalized by stakeholders due to the lack of knowledge, awareness, or experience. 

Considering Türkiye’s immature market in utility-scale CSP technologies, and lack 

of experience in desalination plants, and insufficient practices regarding the reuse 

of treated wastewater, the social acceptance of these technologies, the attitude of 

the stakeholders, public perception, and policy aspects require special attention and 

investigation. 
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APPENDICES 

A. The Energy Systems for RO-only Plant 

Table A.1 The technical inputs of the PV system for RO plant with 180 000 

m3 day-1 capacity. 

Parameter Value Unit 

Module type SunPower SPR-E20-440-COM - 

Inverter type SunPower: SPR-24000m-3-H - 

DC to AC Ratio 1.1 - 

Capacity (MW) 29.2 MWdc 

Tracking 1 Axis (tilted N-S axis) - 

Tilt angle Latitude ° 

Surface azimuth angle 180  ° 

 

Table A.2 The technical inputs of the central receiver CSP system for RO plant 

with 180 000 m3 day-1 capacity. 

Parameter Value Unit 

DNI design point  800 W m-2 

Solar multiple 3 - 

Design turbine gross output 27.03 MWe 

Turbine gross to net efficiency 90% - 

Turbine operating range 30%-100% - 

HTF fluid 60% NaNO3, 40% KNO3 - 

Hot tank fluid temperature 575 ℃ 

Cold tank fluid temperature 290 ℃ 

Storage size 12 h 

Initially charged volume of hot tank 30% - 
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Table A.3 The single value outputs of the central receiver CSP system with 24.3 

MWe net turbine capacity and 12 hours of storage capacity to power a RO plant 

with 180 000 m3 day-1 capacity. 

Parameter Value Unit 

Total land  835.1 acres 

Number of heliostats 2978 - 

TES thermal capacity 787.3 MWhth 

Receiver height  12.18 m 

Receiver outer diameter 10.56 m 

Tower height  126.022 m 

HTF volume 3650 m3 

Max flow rate to the receiver 550.04 kg s-1 

 


