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This study examines the feasibility and economic performance of Forward Osmosis (FO) desalination systems powered by Concentrated Solar Power (CSP) technologies, specifically Parabolic Trough (PT) and Linear Fresnel Reflector (LFR) systems. The study evaluates two operational scenarios: batch-mode operation without Thermal Energy Storage (TES) and continuous operation with TES. Seawater serves as the Feed Solution (FS), while Dimethyl Ether (DME) is used as the Draw Solution (DS), recovered through a thermal separation process powered by CSP. Key performance metrics analysed include the Capacity Factor (CF), Levelized Cost of Thermal Energy (LCoT), and Levelized Cost of Water (LCoW). Results indicate that in the non-TES scenario, where the FO system operates for 8 h per day, the PT system achieves the lowest LCoW, ranging between $0.74/m3 and $1.91/m3, while the LFR system exhibits slightly higher costs at $0.89/m3 to $2.38/m3. However, this batch-mode operation limits system efficiency and results in excess unused solar energy due to defocusing. In contrast, the TES scenario enables 24-h continuous operation, significantly increasing CF to 99.73% for LFR but also raising costs. The LCoW for LFR in this configuration ranges from $1.69/m3 to $3.48/m3, with the high cost of TES driving up LCoT between 7.72 and 11.60 c$/kWhth. The findings highlight a fundamental trade-off: while TES enhances operational stability, it introduces prohibitive storage costs, making batch-mode CSP-FO configurations more economically viable. FO module costs significantly impact LCoW, with thermal energy OPEX dominating cost composition in TES cases, while FO CAPEX becomes more influential at higher module prices. Additionally, lower solar field output temperatures reduce LCoW in non-TES scenarios, whereas in TES cases, storage costs remain the primary determinant of economic performance. This study contributes to the growing body of research on sustainable desalination by critically assessing CSP-FO integration under real-world constraints. Compared to conventional RO or MED systems, CSP-FO presents a viable alternative in regions where direct solar-driven desalination is preferred. Future research should prioritize reducing TES costs through alternative storage materials, exploring hybrid CSP-PV-FO configurations, and enhancing FO membrane efficiency to improve overall system feasibility and scalability in arid regions.
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1 Introduction

Forward osmosis (FO) has gained attention as an alternative desalination technology due to its lower energy requirements and higher water recovery efficiency compared to conventional methods like reverse osmosis (RO) (Cath et al., 2006). Unlike RO, which relies on hydraulic pressure, FO operates based on osmotic pressure differences across a semi-permeable membrane, reducing the reliance on high-pressure pumps and minimizing energy consumption (McGinnis and Elimelech, 2007). This makes FO particularly attractive for regions facing energy constraints and water scarcity, such as the Middle East.

A key determinant of FO system efficiency is the selection of an appropriate draw solution. Various draw solutions have been investigated, each with distinct advantages and limitations. Ammonium bicarbonate has been widely studied due to its high osmotic pressure and ease of regeneration (McGinnis and Elimelech, 2007). However, its volatility and potential environmental impact restrict large-scale implementation. Consequently, researchers have explored alternative draw solutions, including organic compounds and ionic liquids (Zhang et al., 2014; Xie et al., 2015). Dimethyl ether (DME) has emerged as a promising candidate due to its high osmotic pressure, low molecular weight, and efficient thermal separation from product water (Sato et al., 2014). Unlike other draw solutions, DME can be efficiently regenerated using low-grade thermal energy (Foo et al., 2024), making it particularly well-suited for integration with concentrated solar power (CSP). However, further research is needed to evaluate its scalability and economic feasibility in large-scale FO desalination systems. A comparison of the osmotic efficiency, stability and energy requirements for regeneration are shown in Table 1.



TABLE 1 Comparison of different draw solutions for FO systems.
[image: Table1]

This comparison highlights why DME is an optimal choice for FO desalination, particularly when paired with CSP for sustainable thermal energy recovery.

CSP has demonstrated significant potential as a renewable energy source for desalination, particularly in regions with high solar irradiance (Mahmoud et al., 2023). Unlike photovoltaic (PV) systems, which suffer from efficiency losses at elevated temperatures, CSP technologies—including parabolic troughs (PT), solar towers (ST), and linear Fresnel reflectors (LFR)—maintain efficiency at higher temperatures and offer thermal energy storage (TES) capabilities (Lovegrove and Stein, 2012; Abdelrazik et al., 2023). This enables stable and continuous desalination operations without reliance on conventional energy storage methods. Recent research has explored various hybrid desalination configurations, including CSP-RO, CSP-MED (Multi-Effect Distillation), and CSP-FO systems (Alghassab, 2024). However, comprehensive assessments of CSP-FO integration remain limited, particularly regarding economic trade-offs and long-term operational viability (Moharram et al., 2021).

Despite significant advancements in desalination technologies, integrating FO with CSP remains an underexplored area, requiring a thorough evaluation of technical feasibility, economic viability, and long-term sustainability. Studies on CSP-driven desalination have primarily focused on RO and MED, with limited consideration for FO (Abdelrazik et al., 2024), despite its potential advantages in reducing energy consumption and operational costs (Mahmoud et al., 2023). Moreover, the lack of large-scale pilot projects and real-world case studies on CSP-FO integration has hindered its adoption (McMillan et al., 2023). Addressing these gaps requires a contextualized assessment of CSP-FO systems within the broader desalination landscape, particularly in arid regions where water scarcity and high solar potential make this integration highly relevant.

The Gulf Cooperation Council (GCC) countries, including Saudi Arabia, face critical water scarcity issues due to their arid climates and limited natural freshwater resources. These nations currently rely heavily on energy-intensive desalination processes, predominantly RO, which are susceptible to efficiency losses under high-temperature conditions (Bartels et al., 2008). The adoption of a CSP-FO system offers a potential alternative, aligning with the strategic goals of diversifying energy portfolios and reducing environmental impact across the region (Atanasovska, 2016). Moreover, this aligns with broader sustainability objectives outlined in regional development frameworks, such as Saudi Arabia’s Vision 2030 (2016). Given the high solar irradiance levels and increasing interest in renewable energy solutions in the GCC, assessing CSP-FO integration under these conditions provides valuable insights into the practicality and scalability of such systems due to its arid climate and limited natural freshwater resources.

The integration of Concentrated Solar Power (CSP) with Forward Osmosis (FO) desalination presents a promising alternative for sustainable water production, particularly in regions with high solar energy potential. While CSP-driven desalination has been widely studied in configurations such as CSP-MED (Multi-Effect Distillation) and CSP-RO (Reverse Osmosis), there remains a notable research gap in the comprehensive assessment of CSP-FO systems, particularly regarding economic trade-offs, membrane performance at high temperatures, and large-scale scalability (Tiwari et al., 2022).

The feasibility of CSP-FO depends on several critical factors, including the stability of FO membranes under thermal stress, energy recovery efficiency, and the overall cost-effectiveness compared to other solar desalination methods (Elwardany et al., 2024). Some studies have highlighted the potential of hybrid CSP-FO systems in leveraging solar thermal energy for water treatment, yet there is a lack of systematic analysis on operational sustainability and capital investment requirements (Alghassab, 2024). The work of Elwardany et al. (2024). provides valuable insights into solar-driven desalination, particularly in hybrid membrane-based configurations, emphasizing the need for further exploration of energy optimization in these systems.

Given the strategic significance of diversifying energy portfolios and reducing environmental impact, it is imperative to conduct detailed techno-economic evaluations that examine long-term viability, cost-effectiveness, and integration challenges associated with CSP-FO desalination. This research addresses the interplay between solar energy availability, membrane durability, and the economic feasibility of large-scale implementation, ensuring that CSP-FO systems can be a viable and sustainable solution for addressing water scarcity challenges.

The techno-economic feasibility of a CSP-FO system using DME as a draw solution, focusing on operational parameters such as CSP technology selection, capacity factor (CF), TES, solar field output temperature, and overall system costs was evaluated in this study. The analysis compares batch-mode FO operation without TES and continuous operation with TES to assess trade-offs between cost and efficiency. By addressing these aspects, the study provides critical insights into the suitability of FO-CSP desalination for high-temperature environments and contributes to the advancement of sustainable water treatment solutions.



2 Methodology

This study evaluates the integration of Forward Osmosis (FO) desalination with Concentrated Solar Power (CSP) systems in addressing water scarcity in arid regions, particularly in the Gulf Cooperation Council (GCC) countries. The methodology focuses on utilizing Dimethyl Ether (DME) as the Draw Solution (DS) in the FO process, which operates at low pressure to transfer water from pre-treated seawater to the DS. CSP technologies provide the thermal energy required to regenerate the DS, ensuring efficient and sustainable water desalination.


2.1 System configuration and CSP technologies

Two CSP technologies were analysed:

• Parabolic Trough (PT): Uses steam as the Heat Transfer Fluid (HTF) for thermal energy delivery.

• Linear Fresnel Reflector (LFR): Utilizes thermal oil as the HTF, enabling efficient heat storage and transfer.

These CSP systems were evaluated under two operational scenarios:

1. Without Thermal Energy Storage (TES): The FO system operates as a batch process for 8 h daily, resulting in a Capacity Factor (CF) of approximately 33%. The solar field is sized to supply the required thermal energy directly during peak sunlight hours.

2. With TES: A TES system using thermal oil enables continuous 24-h operation, increasing CF to over 99%. This configuration allows heat storage for night time operation, enhancing operational reliability and water production.



2.2 FO system design and operation

The FO system was designed using hollow fibre membranes, which operate at low pressure (~2–3 bar) and do not require expensive pressure vessels, making it cost-effective.



2.3 Membrane fouling and flux stability

In practical applications, membrane fouling—caused by biofouling, scaling, and organic deposition—can significantly reduce water flux over time. The system performance depends on how long the membrane maintains a specific flux before cleaning or replacement is required.


2.3.1 Fouling impact on flux over time

• Initial Flux Performance: FO membranes generally exhibit high water flux in the first 24–48 h, depending on feedwater composition and pre-treatment (Cath et al., 2006).

• Flux Decline Over Multiple Cycles: Studies indicate that flux decreases by 10–30% within the first 100–200 h of continuous operation due to organic fouling and scaling (Ghaffour et al., 2013; Linares et al., 2016).

• Mitigation Strategies: Implementing periodic membrane cleaning, and optimizing draw solution concentration can extend membrane lifespan (McGinnis and Elimelech, 2007).

The specific number of cycles or operational hours before reaching a critical flux threshold depends on membrane material, feed water conditions, and system maintenance. Future work should evaluate long-term flux stability under varying operating conditions to optimize system performance.

The desalination system was modelled to produce 1,000 m3/day of fresh water. However, in the non-TES scenario, the FO system’s capacity was increased to 3,000 m3/day to maintain the same daily water output during limited operational hours. Simulations were performed to evaluate system performance at different solar field output temperatures, ranging from 90°C to 160°C.




2.4 Performance evaluation metrics

The study assessed key performance indicators:

• Capacity Factor (CF): Measures system utilization across different configurations.

• Levelized Cost of Thermal Energy (LCoT): Determines the economic feasibility of CSP-driven FO desalination.

• Levelized Cost of Water (LCoW): Evaluates the overall cost-effectiveness of water production.

CF significantly influences both LCoT and LCoW, as a higher CF in the TES scenario reduces the cost impact of capital expenditures over time. Conversely, the lower CF in the non-TES scenario results in higher costs due to underutilization of system capacity.



2.5 Location selection and solar resource availability

Jubail in Saudi Arabia, located on the Arabian Gulf coast in the Eastern Province, was selected as the study site due to its high solar irradiance (1662.8 kWh/m2/year, Meteonorm v.7) and existing desalination infrastructure. This ensures realistic assessment conditions for integrating CSP-FO technology within the broader desalination sector in GCC countries.



2.6 Desalination process modeling

The desalination process consists of:

• Feed Solution (FS): Pre-treated seawater with a salinity of 45,000 ppm (matching Arabian Gulf conditions), yielding an osmotic pressure of 34.37 bar.

• Draw Solution (DS): DME, with an osmotic pressure of ~120 bar, providing a strong osmotic gradient for water extraction.

• Hollow Fibre FO Membranes: Facilitate water transfer without requiring high hydraulic pressure.

• Regeneration Unit: A stripping tower condenses and recycles evaporated DME for reuse.



2.7 CSP system and thermal energy supply

Two CSP systems from different manufacturers were used to provide heat for DS regeneration:

• PT System: Uses steam as HTF for high-temperature thermal energy delivery.

• LFR System: Uses thermal oil, ensuring stable and efficient heat transfer over extended periods.

Thermal energy sources were analysed in terms of efficiency, heat loss, and compatibility with FO operation, ensuring optimal performance under varying solar conditions. The properties of the CSP systems are listed in Table 2.



TABLE 2 Properties of the PT and LFR systems.
[image: Table2]



2.8 Contextualization within existing research

Despite significant advancements in desalination technologies, limited research exists on CSP-FO hybrid systems. Most previous studies have focused on CSP-RO and CSP-MED [(e.g., Mahmoud et al., 2023; Al-Ghamdi et al., 2022)], with few comprehensive evaluations of CSP-FO integration. Given the lower energy footprint of FO compared to RO and its potential for coupling with CSP, this study contributes to bridging this knowledge gap by systematically evaluating cost, scalability, and operational challenges.



2.9 Data collection and analysis

The study relies on:

• Solar irradiance data from Meteonorm v.7 to simulate real-world solar field performance.

• Economic data (capital and operational costs) from published CSP and FO desalination cost assessments.

• Sensitivity Analysis: Evaluates the impact of variations in FO membrane costs, CSP efficiency, and TES performance on LCoT and LCoW.

This structured approach ensures a transparent, data-driven evaluation of CSP-FO systems, contributing to the broader field of sustainable desalination research in arid regions.



2.10 Integrated CSP-FO system

Heat is exchanged between the FO system and the CSP system through a heat exchanger. Figure 1 shows the interface between the solar field without TES and the FO system, wherein the heat exchanger (HX-1) is used to supply thermal energy to the DS regeneration unit of the FO system. In the CSP with TES case, hot HTF exchanges heat with the HTF in the TES tanks, which in turn would supply heat to the DS regeneration system through a heat exchanger.

[image: Figure 1]

FIGURE 1
 Schematic of an FO system integrated with a CSP system without TES.


The DS regeneration system initially operated at 160°C, with thermal energy requirements ranging from 25 to 35 kWhth/m3 and electrical energy demands of 0.3–0.5 kWh/m3 (based on manufacturer specifications and industry reports). Additional cases were analysed at 140°C and 120°C, allowing a comparative assessment of energy efficiency. The 90°C and 100°C cases were excluded due to reduced thermal regeneration efficiency, which could compromise system performance.



2.11 Thermal energy storage (TES) considerations

PT systems in this study were assumed to operate without TES. However, TES is commonly used in PT systems in commercial CSP plants, the inclusion of TES in PT systems, while technically feasible, presents significant economic challenges due to the high cost of molten salt or alternative storage media, increased capital investment, and additional operational complexities. In the LFR system, thermal oil was used as HTF, enabling TES to achieve a CF of over 99%. The TES capacity was optimized based on a heat balance model, ensuring sufficient energy storage for overnight FO operation. In non-TES cases, the solar field size was adjusted to maintain a CF between 33.5 and 34.5%.



2.12 Capacity of FO and CSP systems

The FO system was designed to produce 1,000 m3/day of freshwater when operated continuously with TES. In non-TES scenarios, the system operates only 8 h/day, requiring a higher throughput of 3,000 m3/day during operational hours to maintain the same daily water output.

Thermal power output requirements were calculated as follows:

• TES Case: 3,000 m3/day × 25 kWhth/m3 = 3,125 kWth required from CSP.

• Non-TES Case: 1,000 m3/day × 25 kWhth/m3 = 1,042 kWth required from CSP.

These calculations do not consider CSP efficiency losses due to dust accumulation, optical degradation, or seasonal variations, which should be included in future refinements.



2.13 Operational scenarios and regional context

The selection of TES and non-TES scenarios was driven by the need to balance capital expenditure (CAPEX) and operational reliability. TES systems provide higher CF but require additional investment, while non-TES systems are cheaper but have limited operational hours. This trade-off is critical in GCC countries, where electricity subsidies, land availability, and solar infrastructure development influence economic feasibility.

By systematically examining these factors, this study contributes to the advancement of sustainable desalination strategies in arid climates while addressing gaps in CSP-FO integration research.


2.13.1 Techno-economic analysis

Techno-economic analysis of the CSP-FO system was performed by evaluating the Levelized Cost of Thermal Energy (LCoT) and the Levelized Cost of Water (LCoW). LCoT is calculated as a function of the CAPEX, OPEX and the total thermal energy generated in a year by the CSP system (Equation 1). CAPEX is dependent on the solar field area, the specific solar field cost, the HTF system cost and the TES system cost. OPEX is a function of the operating cost of the solar field and the operating cost of the storage. Solar field costs of small-scale systems are high (see Table 3) and those of large-scale systems get reduced significantly (~150 $/m2).

[image: image]

where the Capital Recovery Factor (CRF) is calculated as Equation 2:

[image: image]

and i is the discount rate (%/year), n is the amortization period in years and k is the yearly insurance rate (%). i was considered as 5%, n as 25 years and k as 0%.



TABLE 3 CAPEX and OPEX of the CSP systems.
[image: Table3]

Similarly, the LCoW is calculated as Equation 3:

[image: image]

FO CAPEX includes the FO system (membranes, DS regeneration unit) and the FO OPEX includes chemicals, electricity, thermal power, fixed O & M, and FO membrane replacement. As the thermal power is provided by the CSP system, the LCoT was taken as the cost of thermal energy being supplied to the FO system.

Following Linares et al. (Linares et al., 2016), it was assumed that the FO membranes constitute about 29.4% of the FO CAPEX cost and the cost of membranes was assumed as 450 $/module (equal to commercial RO module cost), 504.5 US$,1 600 US$, 1,000 US$, and 1,500 US$. Furthermore, the chemical costs and fixed O & M costs were considered similar to SWRO systems. The chemical costs were also varied as 0.025 $/m3 (Linares et al., 2016), 0.05 $/m3, 0.075 $/m3, and 0.111 $/m3 to consider variations that could be seen across different locations and conditions. Table 4 lists the costs associated with the FO system.



TABLE 4 CAPEX and OPEX of the FO systems.
[image: Table4]

The integrated CSP-FO system is shown in Figure 1. The Heat Transfer Fluid (HTF) loops can consist of either the PT collectors or the LFR collectors. The number of FO membranes needed are obtained by dividing the production capacity by the flux of individual membranes. The number of membranes needed for 1,000 m3/d are 824 and the number of membranes replaced yearly, considering 5% replacement are 42. Three cases were considered, with the first case consisting of a PT system without TES, the second case consisted of an LFR system without TES and the third case being an LFR system with TES. The CF, the LCoT, the LCoW, the effect of solar field output temperature, the effect of TES and the variation of various components of LCoW due to varying solar field cost, the FO module cost and the TES were evaluated and are presented in the next section.



2.13.2 Simulation of the CSP systems

The PT system was simulated using the online tool provided by PT manufacturer which provides the estimates of energy generated. The LFR simulations were performed using the Repository of Solar Simulation Sources for Industrial Processes (RESSSPI), an on-line simulation tool which gives the cost and energy performance estimates of solar energy systems applied in industrial processes.2 However, only the energy performance estimates were used from RESSSPI, with the techno-economic calculations done in-house. RESSSPI uses an evolution of the simulation engine of SHIPcal (Frasquet, 2016), which has been theoretically validated using TRNSYS.





3 Results and discussion

This section presents the performance and cost analysis of the CSP-FO system under two operational scenarios: without Thermal Energy Storage (TES) (batch mode operation) and with TES (continuous operation). The findings include the impact of CSP system capacity factors, energy utilization, Levelized Cost of Thermal Energy (LCoT), Levelized Cost of Water (LCoW), and the influence of FO module costs and solar field output temperatures on overall system efficiency and economics. Results are structured to improve clarity, using figures and tables to highlight key trends.


3.1 Capacity factor analysis: CSP without TES (batch mode)

The capacity factor (CF) of the CSP systems increases with an increase in the solar field aperture area. However, in the absence of TES, excess solar energy generated beyond system demand is lost due to defocusing. Figure 2 illustrates the CF variation for PT and LFR systems, showing that without TES, a CF of 33.6% is required to meet the daily production demand of 1,000 m3/day within an 8-h operation window.

[image: Figure 2]

FIGURE 2
 Capacity factor variation with an increase in the solar field aperture area of the PT and LFR system without TES. The black squares show the PT system and the grey circles represent the LFR system.




3.2 Solar energy utilization and defocused energy

Solar energy utilization plays a crucial role in system efficiency. Figure 3 presents the solar radiation, utilized energy, and defocused energy for the LFR system at different months (January, July, and December) with a 17,424 m2 aperture area. Excess energy produced during peak radiation periods must be defocused, reducing overall efficiency.

[image: Figure 3]

FIGURE 3
 Solar radiation, utilized energy and defocussed energy in the LFR system at 17,424 m2 (110 × 6 collectors) solar aperture area during the months of January, July and December. TES was not considered (FO run in batch mode). Solar radiation is shown on the secondary y-axis.


To further illustrate the effect of system sizing, Figure 4 compares the defocused energy for a smaller solar field aperture area (12,672 m2). This demonstrates that improper sizing leads to substantial energy losses, emphasizing the importance of optimized field design.

[image: Figure 4]

FIGURE 4
 Solar radiation, utilized energy and defocussed energy in the LFR CSP system at 12,672 m2 (80 × 6 collectors) solar aperture area during the months of January, July and December. TES was not considered (FO run in batch mode). Solar radiation is shown on the secondary y-axis. This indicates that the aperture area selection with operation hours is well suited with required CF.




3.3 Economic evaluation: LCoT and LCoW for CSP-FO without TES

Thermal energy costs significantly influence desalination economics. Figure 5 shows the LCoT and LCoW trends for PT and LFR systems at different aperture areas.

• At low aperture areas, LCoT remains low due to minimal energy wastage.

• As aperture area increases, LCoT rises as more energy is defocused.

• The lowest LCoW for LFR is $0.875/m3, corresponding to an LCoT of 1.67 c$/kWhth, but the capacity factor at this point is only 25.09%, making it impractical.

• At 33.6% CF, the LCoT and LCoW for LFR are 2.03 c$/kWhth and $0.93/m3, respectively. For PT, the values are 1.71 c$/kWhth and $0.83/m3, showing PT achieves a lower LCoW than LFR at a lower aperture area.

[image: Figure 5]

FIGURE 5
 (a) LCoT and LCoW for the LFR system (specific solar field cost 150 $/m2 and FO module cost 504.5 $, solar field output temperature 160°C). (b): LCoT and LCoW for the PT system (specific solar field cost 150 $/m2 and FO module cost 504.5 $, solar field output temperature 160°C).




3.4 CSP-FO system performance with TES (continuous operation)

In the TES case, the system operates 24/7, significantly improving the CF but adding storage-related costs. Figure 6 illustrates how CF increases with larger TES storage volumes (2,000 m3, 4,000 m3, 4,500 m3), demonstrating diminishing returns beyond a certain TES size.

[image: Figure 6]

FIGURE 6
 (a) CF and TES variation for LFR when the TES volume is changed. TES is shown on the secondary vertical axis and is represented by markers and lines in red color. CF is shown using the primary vertical axis and values are represented by markers and lines in black colour. (b) LCoT for LFR is shown using black and grey markers for different TES volumes and aperture areas. CFs are shown in red. (c) LCoW for LFR is shown using black and blue markers for different TES volumes and aperture areas. CFs are shown in red (specific solar field cost 150 $/m2 and FO module cost 504.5 $, solar field output temperature 160°C).


For TES storage of 4,500 m3 and a CF of 99.51%, the LCoT is 7.69 c$/kWhth and the corresponding LCoW is $2.19/m3. Although CF can be pushed to 100% by increasing the aperture area, this results in excessive energy losses due to defocusing, leading to increased LCoT.



3.5 Impact of FO module costs on LCoW (without TES)

The FO module cost is a key determinant in LCoW composition. Figure 7 illustrates how variations in FO module pricing affect the cost distribution in the PT CSP-FO system without TES:

• When FO module cost is low ($450/module), thermal energy cost dominates LCoW (68%).

• As FO module cost increases ($1,500/module), thermal cost contribution drops to 29%, making FO CAPEX the largest factor.

[image: Figure 7]

FIGURE 7
 PT CSP-FO case with no TES (FO run in batch mode) at 160°C solar field output. (a) % LCoW components at a variable FO element cost and 300 $/m2 solar field cost. (b) % LCoW components at 504.5 $/FO (see Table 4) element and 300 $/m2 solar field cost (c) % LCoW components at 1,500 $/FO element and 150 $/m2 solar field cost.


A similar trend is observed for LFR (Figure 8), but LFR systems exhibit slightly higher O&M thermal costs due to increased system expenses.

[image: Figure 8]

FIGURE 8
 LFR CSP-FO case with no TES (FO run in batch mode) at 160°C solar field output. (a) % LCoW components at a variable FO element cost and 355 $/m2 solar field cost. (b) % LCoW components at 504.5 $/FO element and 355 $/m2 solar field cost (c) % LCoW components at 1500 $/FO element and 150 $/m2 solar field cost.




3.6 Impact of FO module costs on LCoW (with TES)

In continuous-mode FO operation (TES scenario), thermal energy remains the largest cost component. Figure 9 illustrates:

• Even with FO module costs of $1,500/module, thermal energy constitutes 83.5% of LCoW, indicating that TES costs are a major economic barrier.

• Reducing TES costs is necessary to improve economic feasibility.

[image: Figure 9]

FIGURE 9
 LFR CSP-FO case with TES at 160°C solar field output. (a) % LCoW components at a variable FO element cost and 355 $/m2 solar field cost. (b) % LCoW components at a variable FO element cost and 150 $/m2 solar field cost. (c) % LCoW components at 504.5 $/FO element and 355 $/m2 solar field cost (d) % LCoW components at 1500 $/FO element and 150 $/m2 solar field cost.




3.7 Influence of solar field output temperature on LCoW

The solar field output temperature influences CF, LCoT, and LCoW. Figure 10 presents the effect of varying output temperatures (160°C, 140°C, 120°C) on LCoW:

• For non-TES cases (PT & LFR): LCoW decreases as temperature drops due to improved thermal efficiency.

• For TES cases (LFR only): Temperature variations have minimal impact, suggesting that higher TES storage volumes neutralize efficiency gains from lower operating temperatures.

[image: Figure 10]

FIGURE 10
 (a) Influence of solar field cost and the solar field output temperature on the LCoW in the PT non-TES case. (b) Influence of solar field cost and the solar field output temperature on the LCoW in the LFR non-TES case. (c) Influence of solar field cost and the solar field output temperature on the LCoW in the LFR with TES case.




3.8 Summary of key findings

Key findings of this study are summarized in Table 5.



TABLE 5 CAPEX and OPEX of the FO systems.
[image: Table5]




4 Conclusion

While TES enables continuous operation, it introduces prohibitive storage costs, making non-TES configurations more viable for regions where batch-mode desalination aligns with water demand patterns. The study also highlights that FO module cost plays a significant role in determining LCoW, with thermal energy costs dominating at lower module prices and amortized FO CAPEX becoming the primary cost factor as module prices increase.

Compared to existing literature on CSP-driven desalination, these findings align with studies that emphasize the economic burden of TES in solar thermal applications but diverge in demonstrating that lower solar field temperatures in non-TES scenarios contribute to better cost efficiency. The minimal impact of temperature variations in TES cases supports prior studies indicating that storage costs overshadow efficiency gains in high-CF CSP configurations.



5 Key implications and future research directions

• Cost Reduction Strategies for TES: Future work should explore alternative storage materials and hybrid storage solutions to mitigate the cost penalty of TES.

• Hybridization with PV Systems: Investigating CSP-PV-FO hybrid systems may provide a more cost-effective approach, leveraging PV for electricity generation while maintaining CSP for thermal regeneration.

• Optimization of FO Membranes: Research should focus on enhancing membrane longevity and performance, particularly in terms of reducing energy losses associated with draw solution regeneration.

• Economic Sensitivity Analyses: Further economic modelling incorporating real-world financial parameters (e.g., discount rates, subsidies, operational contingencies) is needed to validate the long-term feasibility of CSP-FO desalination.

Overall, this study provides a comprehensive evaluation of CSP-FO integration, identifying key trade-offs between cost, efficiency, and scalability while outlining actionable research pathways for making CSP-driven desalination a commercially viable solution for arid regions.
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