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Abstract. Salinity gradient power (SGP), also known as blue energy, represents a promising 
renewable energy (RE) source that can diversify global RE portfolios and address energy security 
challenges. The Philippines, with its extensive network of estuaries where river outflows meet the 
sea, offers a strategic opportunity for deploying SGP technologies like the pressure retarded osmosis 
(PRO). PRO utilizes the osmotic energy produced when freshwater diffuses through a semi-
permeable membrane into seawater, generating pressurized flow that can drive turbines for electricity 
generation. This paper explores the energetic and economic feasibility of stand-alone PRO-based 
power generation in the Philippines, highlighting its potential to support the country’s transition to 
RE. The work employed a process simulation that integrates unit operation models with mass and 
energy streams. Key economic indicators were evaluated, including net present value (NPV) for total 
project feasibility, internal rate of return (IRR) for the annualized return rate, and discounted payback 
period (DPP) for the time needed to recover investments. The levelized cost of PRO energy (LCOE), 
reflecting the lifetime cost per kWh produced, was compared against benchmarks from other RE 
sources. Results indicate the viability of PRO, demonstrating a positive NPV at a 10% discount rate, 
with a 7-year DPP and an IRR of 12.16%. The study found that the LCOE value of $0.17 per kWh, 
using cellulose triacetate membranes with approximately 90% efficiency, is cost-competitive with 
other RE sources. However, advancements in membrane properties, particularly durability and water 
permeability, are essential to improving both cost-effectiveness and scalability of PRO power plants. 
This investigation emphasizes the potential of blue energy as a RE source uniquely suited to 
archipelagic countries like the Philippines. By prioritizing innovation in membrane technology, PRO 
can transition from an emerging technology to a cornerstone of sustainable energy strategies, aligning 
with global carbonization efforts. 

Introduction 
The Department of Energy's Philippine Energy Plan for 2023-2050 projects that the Philippines' 

annual peak power demand will increase from 12,113 MW in 2022 to 48,014 MW by 2050 [1]. To 
meet this rising demand, the Philippine government aims to boost its total installed power capacity 
from 453.8 TWh in 2020 to 111.5 TWh in 2050. The new capacities for power generation under this 
scheme will result in a composition that will consist of 14.05% coal, 34.98% natural gas, and 50.73% 
renewable energy (RE) by 2050. 

Coal-fired power plants dominated the mix at 59.57% in 2022. This dependence on coal for energy 
is correlated with harmful emissions that have resulted in a global climate crisis [2]. The fight against 
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climate change and its disastrous impacts made necessary shifting toward clean energy sources. A 
transition to an energy infrastructure that is based on renewable technologies should have 
considerable positive effects on the economy at the national and international levels. 

The International Renewable Energy Agency (IRENA) underscores the need to achieve a 90% RE 
share in the world’s electricity production by 2030 to realize the goals of the Paris Agreement [3]. 
This approach is crucial in reducing emissions and keeping the global average temperature rise to 
1.5°C by the end of this century. The RE sector in the Philippines includes hydropower, geothermal, 
solar, biomass, and wind resources [1]. However, significant issues remain: solar and wind are often 
constrained by their inherent intermittence, which depends on solar radiation and wind speed. 
Therefore, the development of effective energy storage solutions is crucial, although most of the 
current systems suffer from the issues of high costs [4] as well as the possible contributions towards 
overall greenhouse gas (GHG) emissions [5]. 

Here, salinity gradient energy (SGE), also called blue energy, has the potential to be an alternative 
green energy source. Blue power can substantially impact the global energy balance in the future. 
Research suggests that the total volume of all rivers pouring into the sea has the potential to generate 
blue energy between 1.4 and 2.6 TW that can sufficiently meet the power requirements of over 80% 
of the global population [6]. For the Philippines, this technology presents and opportunity to enhance 
energy security, reduce reliance on imported fossil fuels (accounting to 63% of the energy mix in 
2022 [1]), and deliver reliable power to coastal communities. 

In addition to its technical potential, the potential of blue energy, particularly through the 
implementation of SGE, offers considerable environmental benefits. Unlike coal-fired plants, SGE 
systems generate net-zero carbon emissions, significantly mitigating the contributions to climate 
change. Furthermore, SGE operates continuously, unaffected by weather variability, making it a 
reliable complement to the intermittent nature of solar and wind sources. Notably, research conducted 
by Mashrafi et al [7]demonstrates that PRO results in the lowest net GHG emissions among RE 
technologies, as it does not require an energy storage system or the extensive use of rare earth 
elements, a requirement often associated with other RE technologies such as solar PV and wind. This 
distinctive advantage highlights the promising role of SGE in the transition towards sustainable 
energy solutions. 

SGE is derived from the osmotic pressure difference from varying ionic concentrations typically 
between freshwater and seawater. Two main SGE technology types, reverse electrodialysis (RED) 
and pressure-retarded osmosis (PRO), utilize semi-permeable membranes to harness the osmotic 
potential and generate electricity through a hydraulic turbine [8–13]. RED generates electricity from 
the controlled mixing of two water bodies with different salinities. The typical RED configuration 
involves the arrangement of cation and anion exchange membranes assembled in stacks between a 
pair of electrodes to form high- and low-salinity compartments [14]. The salinity difference between 
the saltwater and freshwater passing through these membranes results in the transport of positively 
and negatively charged ions, creating a net charge transport that can be efficiently converted into 
electrical energy through redox reactions [9]. 

Similarly, PRO technologies generate energy from the difference in salt concentration between 
saltwater and freshwater. In PRO, a semi-permeable membrane separates the draw (saltwater) and 
feed (freshwater) solutions, allowing the osmotically driven permeation of the feed to the draw 
chamber. The pressure surge on the seawater side drives the hydraulic turbine to generate electricity 
[9]. PRO is being explored as a promising technology to enable blue power [7,15], and is the subject 
of investigation in this work. 

Several studies have focused on assessing the economics of PRO technology using different 
approaches and measurement standards. In a study by Mashrafi et al [12], a life cycle cost analysis 
(LCCA) was used to evaluate the economic feasibility of the PRO system. This system sourced brine 
from a seawater desalination plant and assessed two scenarios for transferring treated wastewater 
from nearby plants as feed solutions. The LCCA findings revealed a relatively high levelized cost of 
energy (LCOE) for the PRO system, ranging from $ 0.62/kWh to $ 0.69/kWh. This cost is not 
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competitive compared to mainstream RE sources like wind ($ 0.23/kWh) and solar ($ 0.13/kWh). 
The study identified transmission and pretreatment costs as significant contributors to the high LCOE. 

Al-Musawi et al. [16] used the LCOE to assess the economic viability of PRO technology across 
different hyper-saline (defined as having >30 g/L NaCl) draw solution concentrations and varying 
flow rates. The results showed that, like other RE sources, the LCOE for PRO ranged from 
$0.0563/kWh to $0.0721/kWh, implying that osmotic energy has the potential to be harnessed. The 
lower limit of the LCOE was achieved when the draw solution concentration was 44.1 g/L. 

The work of Khasawneh et al [17] integrated three PRO power plants using different combinations 
of feed and draw solutions. While all plants were found to be technically viable for power generation, 
only the PRO plant running at a high osmotic pressure difference was deemed economically feasible 
with an LCOE of $ 0.056/kWh. This configuration maximizes power density and minimizes the 
required membrane area. As per their conclusions, the project’s financial viability depended heavily 
on the prices of membranes and energy recovery devices. Though the study was carried out on high 
salinity differences, it provided important insights into how optimizing system components and 
membrane performance improves the economic feasibility of PRO systems. These findings may also 
hold for moderate salinity gradients. 

These findings were reinforced by Matsuyama et al [18], who examined the performance of a 
commercial hollow fiber PRO membrane module using seawater as the draw solution and treated 
sewage as the feed solution. They reported an estimated cost of power generation of $ 0.20/kWh when 
operating with 1×106 m3 of seawater per day. Improving membrane water permeability and salt 
permeability could achieve this level of operation. 

The study of Obode et al [19] evaluated the performance of both single- and multi-stage PRO 
systems, using LCOE as the primary economic indicator. Findings indicate that while high salinity 
water for draw solution is promising for electricity generation, its economic viability is heavily 
contingent on membrane properties and system configuration. At the current membrane properties, 
the LCOE for PRO stands at $ 0.352/kWh, rendering it non-competitive compared to other RE 
sources. However, assuming ideal membrane properties, the LCOE dropped to $ 0.0704/kWh, 
demonstrating significant cost-reduction potential by improving membrane technology. 

Given the Philippines' extensive coastlines, numerous estuaries, and river networks, SGE has a 
large potential as a RE source. To the authors’ knowledge, there has been no assessment of the 
potential of this blue energy source in the country. This paper presents the first exploration of the 
potential of SGE as a source of blue power for the Philippines and its contribution to the country’s 
energy mix. It evaluates the energetic and economic viability of implementing a full-scale 1 MW 
PRO power plant, considering in the analysis Cagayan de Oro River as a freshwater source and 
Macajalar Bay as a saltwater source (Fig. 1). 

 
Fig. 1. Location and conceptual layout of the PRO power plant in Cagayan de Oro City, 

Philippines. 
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Materials and Methods 
This section presents details of the PRO power plant conceptual model, the procedure used to 

determine energy requirements, and the assumptions applied to carry out the assessment of economic 
feasibility. A flow diagram illustrating the methodology is presented in Fig. 2. 

The proposed PRO power plant consisted of a pretreatment system, the PRO system, pumps and 
circulation system, and the hydraulic pressure converter system. The diagram showing the various 
processes of the PRO power plant which is the subject of the present study is given in Fig. 3. 

The PRO facility commences its operation by sourcing seawater and river water, which undergo 
filtration treatments before entering the PRO system. To maintain equipment integrity and prolong 
membrane life, it is crucial for streams to contain minimal solids. Ultrafiltration efficiently removes 
particles and suspended solids from the feed water (river water) and draw solution (seawater) entering 
the PRO system, thus preventing membrane fouling caused by these contaminants [20–22]. This 
results in more stable and efficient operation, ultimately reducing maintenance costs. 

A booster pump is utilized to propel seawater toward the membrane. To minimize the pumping 
energy needed by the booster pump, the incoming seawater stream first passes through the pressure 
exchanger [19,23], where it is pressurized by the brackish solution discharged from the PRO module 
[18]. Water flows across the semi-permeable membrane in the PRO module due to the osmotic 
pressure difference, transforming the chemical potential from the salinity differences into hydraulic 
pressure.  This pressure is harnessed to drive a turbine, which is connected to an electric generator 
that generates electricity from the turbine's mechanical energy. Through osmosis, 90% of river water 
permeates the membrane [24], increasing the seawater flow and creating a pressurized brackish 
solution. This solution is then split into two streams: 2/3 of the flow is used to drive the pressure 
exchanger, while the remaining 1/3 powers the Francis-type turbine to generate electricity [14]. The 
non-permeating portion of the intake feed water stream, known as the freshwater bleed, is recycled 
back into the process for reuse. 

 
Fig. 2. Methodological framework for evaluating the salinity gradient energy. 

The PRO System. 
At the heart of the PRO is the osmotic-driven flow of water through the semi-permeable membrane 

from a low concentration feed water into a pressurized high-concentration draw solution. Throughout 
this process, water permeating through the membrane progressively dilutes the draw solution while 
concentrating the feed water. This process continues until an equilibrium in chemical potential is 
attained across the membrane. 

The types of membranes used in PRO are essential for optimizing energy generation efficiency. 
For optimal performance, membranes should exhibit high water permeability, superior salt rejection 
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to sustain the osmotic driving force, minimized structural parameters to reduce internal concentration 
polarization—which is a significant contributor to fouling—and sufficient mechanical strength to 
withstand the hydraulic pressures encountered during operation [25]. Over the past decade, multiple 
studies have highlighted significant advancements in the properties of novel PRO membranes [26], 
accompanied by performance validation. These investigations cover a range of membrane types, 
including hollow fiber membranes [27,28], innovative thin-film composite membranes designed to 
achieve high-power density [29,30], and high-strength hollow fibers enhanced with carbon quantum 
dots incorporated into the membrane matrix [31]. Additionally, zwitterionic modification of 
membrane surfaces has demonstrated remarkable hydrophilicity, which effectively reduces the 
adsorption of foulants [32]. The incorporation of nanomaterials into membranes has also led to 
enhanced resistance to membrane fouling and improved hydrophilicity, resulting in higher 
permeability [26,33]. 

 
Fig. 3. Process flow diagram for the PRO power generation system in Cagayan de Oro City, 

Philippines. 
The proposed PRO power plant described in this study will be located at the delta where the 

Cagayan de Oro River flows into Macajalar Bay. This location strategically utilizes the salinity 
gradient between the bay's saline waters and the river’s outflow to maximize the osmotic pressure for 
PRO power generation. The salinity of the feed water and draw solution was expressed in terms of 
the total dissolved solids (TDS), with NaCl being the most abundant dissolved salt. 

The van’t Hoff equation serves as a critical tool in the analysis and optimization of PRO systems. 
This equation is based on the assumption of ideal solution behavior, which indicates that solute 
interactions are negligible. In the case of NaCl as the solute, this assumption holds true for mass 
fraction concentrations in both the feed water (0.00013) and the draw solution (0.02949) below 0.09 
[34]. The osmotic pressure difference between the feed water (f) and draw solution (d) was 
determined via the van’t Hoff equation is valid [17,24,35]. 

∆Πosm = iR
MNaCl

�TdSNaCl,d - TfSNaCl,f�,        (1) 

where i is the ionic concentration per dissociated solute molecule (for NaCl i = 2), R is the universal 
gas constant, T is the temperature in K, MNaCl is the molar mass of the solute, and S is the salinity in 
g/L. ∆Πosm serves as the theoretical upper limit for the driving force facilitating the transport of water 
[36]. 

In the modeling of PRO systems, the ∆Πosm is mitigated by the externally applied hydraulic 
pressure (∆P). This interaction establishes a net driving force (∆Πosm − ∆P) that dictates the water 
flux across the membrane. The complete theoretical osmotic pressure difference cannot be achieved. 
To maximize the power density of the semi-permeable membrane, it is optimal to utilize half of the 
osmotic pressure difference [24,37]. 

ΔPh = 1
2

ΔΠosm           (2) 
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Water flux through the membrane, Jw [in m3/m2-s], was calculated using the following [17,18,38]: 

Jw = A (ΔΠosm - ΔPh)          (3) 

where A is the water permeability coefficient of the membrane. The volumetric discharge rate of the 
brackish water (Qbr) was calculated based on the assumed intake draw solution to feed water ratio 
(Qd Qf⁄ ) of 1.5 [24,39]. 

Qbr = JwAm + Qd = 2.4Qf         (4) 

since JwAm = 0.9 Qf. Am is the total membrane area, which was determined based on power plant 
capacity of 1 MW and power density of the cellulose triacetate membrane [24,40]. 

Pumps and Circulation System. 
The mechanical energy balance described in Eq. 5 assumes steady-state operation and adiabatic 

conditions for the pump. It also assumes negligible changes in the fluid's potential energy and 
turbulent flow. 

1
2
�vout

2  - vin
2 � + 1

ρ
(Pout - Pin) + ∑ F + Ws,p = 0       (5) 

The total energy loss due to friction accounts for losses in turbulent flow through equivalent 
lengths of pipes with relative roughness (Ff), and through bends and fittings (Fb). 

Ff  = 4f ΔL
D

v2

2
           (6) 

where f is the friction factor, ΔL is the length of pipe, v is the fluid velocity, and D is the pipe diameter. 

Fb = k v2

2
           (7) 

where k is a fitting-specific coefficient. 
The effective pump work, which factors in an overall pump efficiency (η) of 70-75% was calculated 
as: 

Wactual,p = Ws
ηp

.            (8) 

Hydraulic Pressure Conversion System. 
The pressure exchanger is a crucial energy-recovery device in the PRO system, functioning 

similarly to a fluid piston. It enhances efficiency by transferring energy from the pressurized draw 
solution to the incoming feed water through continuously rotating ducts, all while preventing mixing. 
This recycling of hydraulic energy minimizes the external energy required to pressurize the feed 
solution, thus improving the net power output of the PRO system. 

Recent studies highlight the importance of pressure exchangers in hybrid PRO configurations, 
particularly when integrated with reverse osmosis (RO) or desalination plants. In these setups, energy 
from saline brine can be harnessed to reduce operational costs [28,41]. For instance, Kim et al. [28] 
revealed that the incorporation of isobaric pressure exchangers in PRO-RO systems can lead to energy 
savings of approximately 42%, significantly boosting economic feasibility. Nevertheless, optimizing 
the pressure exchanger efficiency relies heavily on accurate flow rate matching and the minimization 
of irreversible losses [28,42,43], especially in systems with fluctuating salinity gradients. 

Initially, the pressure exchanger is supplied with low-pressure draw water and a portion of brackish 
water from the PRO module. Subsequently, it transfers the high-pressure energy from the brackish 
water to the low-pressure energy of the draw water. Upon exiting the pressure exchanger, the high-
pressure draw water is directed toward the membrane module. 

The pressure of the draw water at the exit was determined by applying the overall mechanical 
energy balance as detailed in Equation 5, accounting for negligible changes in kinetic energy and 
energy losses arising from friction. 
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Ws,j = ṁj

ρj
 �Pout,j - Pin,j�         (9) 

where j is a stream identifier, 𝑚̇𝑚j is the mass flow rate of the stream, ρj is the stream density, and Pin,j 
and Pout,j are the pressures of the streams entering and exiting the pressure exchanger. The stream 
densities used in the calculations were 1,022.65 kg/m3 and 1,012.94 kg/m3 for draw water and 
brackish water, respectively. Considering a 98% efficiency for the pressure exchanger [44], the 
exiting draw water pressure was computed from Eq. 10. 

ṁd
ρd

 �Pout,d - Pin,d� + ηPX Ws,b = 0        (10) 

where ηPX is the pressure exchanger efficiency. 
Analogous to calculating effective pump work, effective hydraulic turbine work was determined 

using Eq. 11. 

Wactual,t =  ηt Ws,t          (11) 

where ηt was assumed to be 90% [26]. 

Economic Analysis. 
Determining economic viability requires undertaking a detailed examination of the project’s 

expected cost structure and revenues to evaluate its economic sustainability over time. This analysis 
involved quantifying capital expenditures (CapEx), operating expenses (OpEx), and revenue 
forecasts as well as performing sensitivity analysis on these elements to assess possible risks and 
uncertainties. The aim is to ensure that the investment provides an adequate return relative to the 
financial commitments across the lifespan of the investment.  Key financial indicators, including net 
present value (NPV), internal rate of return (IRR), discounted payback period (DPP), and levelized 
cost of energy (LCOE), offer a comprehensive assessment of the project's profitability and 
competitiveness in the energy market. 

Preliminary cost estimation techniques were employed to approximate the initial costs of the 
proposed PRO power plant. CapEx estimates were derived from a combination of vendor quotations 
and established costing models [45,46], yielding a baseline calculation for essential components such 
as pre-treatment systems, piping, membrane modules, pressure exchangers, and turbines. 

The power law was employed to extrapolate the costs of equipment with a known capacity based 
on the costs associated with a comparable piece of equipment of different capacities, as illustrated by 
Eq. 12 [46]. 

Cost of equipment A
Cost of equipment B

= �Capacity of equipment A
Capacity of equipment B

�
0.6

       (12) 

Similarly, historical costs that may have fluctuated due to shifts in economic conditions were 
adjusted using appropriate cost indices, as shown in Equation 13. 

Present cost
Original cost

= � Index value at present
Index value at time original cost was obtained

�      (13) 

CM, which stands for the membrane module's overall cost, was calculated by multiplying the 
module's unit cost [47] with the number of modules required to produce the planned power output. 

OpEx was determined by combining expenses for membrane replacement, labor, maintenance, 
and repair. In this work, it was assumed that the membranes would last (LM) 5 years [19,48,49], and 
the power plant using PRO would have a lifespan (N) of 15 years [16,19]. The annual operating cost 
for membrane replacement (Cop,mr) was estimated as [17,19]. 

Cop,mr= CM
N

 � N
LM

 - 1�.          (14) 

Annual costs of equipment maintenance and repairs was set at 2% of the fixed capital investment 
[17]. 
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The DPP accounts for the time value of money, thus providing a more precise assessment of 
investment viability than the conventional payback period. NPV was calculated by discounting the 
expected future cash flows to their present value at a discount rate (r) of 10%, as shown in Eq. 15. 

NPV = ∑ Ct
(1 + r)t - C0          (15) 

where Ct is the net cash flow during period t. The IRR was estimated by finding the r that makes the 
net NPV of all cash flows from the investment equal to zero. It represents the project’s expected 
annual return, useful for assessing whether the investment meets the required r of 10%. The LCOE 
represents the minimum cost of energy required to achieve break even over the operation lifespan of 
the PRO system [50]. This metric was calculated from Eq. 16. 

LCOE = NPV
Wactual,t

          (16) 

where the total energy production of the system (Wactual,t) is 1 MW. System up-time was set at 
7,896 hours. 

A sensitivity analysis was conducted to determine how fluctuations in key parameters affect the 
system’s performance and economic feasibility. This analysis ensures the factors that have the 
greatest impact on the results are determined. 

Results and Discussion 
Table 1 presents the computed power output from the PRO system utilizing feedwater sourced 

from the Cagayan de Oro River and draw solution derived from Macajalar Bay. The plant achieved 
an annual net energy generation of 7.322 GWh. Based on this output, the facility's energy efficiency 
was determined to be 93%. The substantial net output points to the PRO system’s viability as a RE 
source, demonstrating its capacity to generate considerable electricity with comparatively minimal 
operational energy input. 

Table 1. Flow rates and net energy generation of PRO power plant in Cagayan de Oro City, 
Philippines. 

∆Πosm bar 25.96 
ΔPh bar 12.98 
Qf 106 m3/d 0.07193 
Qd 106 m3/d 0.1079 
Qbr 106 m3/d 0.1726 

Wactual,t GWh/y 7.896 
Wactual,p GWh/y 0.5740 

Net energy GWh/y 7.322 

The analysis of the potential energy generation from the full-scale PRO system reveals promising 
results for blue energy production, indicating a strong potential for efficiency in harnessing osmotic 
energy. Nevertheless, the financial outlook is equally crucial to determining its overall feasibility. 
Fig. 4(a) presents the contribution of the various components to the CapEx of a PRO power plant. A 
substantial portion of the budget is directed toward the pressure exchanger (60%) and the PRO 
module (32%) [17], critical components that affect the overall efficiency of the osmotic energy 
conversion process. 

Fig. 4(b) shows how the operational cost components are distributed in a PRO power plant. 
Membrane replacement, as well as maintenance and repair, dominate the OpEx, each accounting for 
38% of the total cost. This highlights the critical role that membrane performance and durability play 
[17,19], as well as the need for routine maintenance, in driving OpEx. The high cost of membrane 
replacement indicates that the membrane deteriorates over time from exposure to draw solutions or 
contaminated feed water. Maintenance and repair expenses refer to routine servicing that the system 
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carries out to ensure that it works in a reliable manner. A focus on future optimization initiatives must 
be placed on improving the durability of membranes and developing better maintenance methods to 
address the low efficiency and high operational costs resulting from the wear and tear of such 
elements. 

 
(a)                                                                             (b) 

Fig. 4. Breakdown of (a) capital and (b) operating costs for a PRO power plant. 
A projected NPV of $265,452 shows that the power plant using PRO technology will create 

significant value over its lifetime, more than covering the present-day equivalent of the initial 
investment. This suggests that the investment is financially viable and warrants further pursuit. 

The IRR of 12.16% exceeds the typical discount rate of 10%, implying that the project could 
deliver returns higher than comparable investments with similar risk profiles. Investors will have an 
interesting project in this case, since it has the potential for a fair return rate. 

The 7.03-year DPP is justified, owing to the large capital outlay and the long operational lifetime 
of the project. However, competition from other RE initiatives that offer better payback periods must 
be considered as well. For instance, solar photovoltaic (PV) systems exhibit DPPs ranging from 1 to 
5 years [51–53], which provides a more rapid return on investment and may render the 7-year DPP 
less appealing to potential investors. Despite the 7-year DPP, a higher IRR than the cost of capital, 
coupled with a positive NPV, indicates that the investment remains viable. 

The energy industry in the Philippines relies heavily on coal and oil imports [1], especially in the 
production of thermal power. This makes the economy vulnerable to the changes in the global pricing 
of fossil fuels that tend to be affected by political conflicts, supply chain interruptions, and demand 
changes. These weaknesses have a detrimental impact on electric power pricing, something that could 
be complicated even further by fluctuating exchange rates. The PRO power plant is clearly well-
positioned in this energy market with an LCOE of $0.17/kWh. This dependence on imports poses a 
critical risk to the stability and predictability of the country's energy market. In the current energy 
market context, an LCOE of $0.17/kWh positions the PRO power plant as highly competitive. The 
rising cost of conventional energy sources, driven by fluctuating fuel prices, has made alternative 
energy sources that are cheaper or comparable in cost to conventional options more desirable to 
investors. 

Sensitivity Analysis. 
A sensitivity analysis was carried out to gain a clearer understanding of how changes in key 

assumptions might affect the overall profitability of the plant.  The project's ability to withstand 

Engineering Innovations Vol. 16 45



market changes was assessed by looking into these potential fluctuations, and the main risk factors 
that can affect its financial results were determined. 

 
Fig. 5. Influence of parameter variations on the net present value of the PRO power plant. 

Fig. 5 shows the sensitivity of the NPV for the PRO power plant project to variations in key cost 
parameters, namely CapEx, OpEx, selling price, land cost, and discount rate. Each parameter was 
altered by ±10%, and the effects on NPV are presented. 

The electricity selling price serves as the primary factor influencing the NPV of the project. It 
exhibits the strongest direct correlation with NPV; for example, a ±10% change in the selling price 
can result in substantial fluctuations in NPV, as demonstrated in Table 2. However, this relationship 
comes with significant risks. The revenue generated from the sales of electricity exposes the project’s 
financial performance to market price volatility. Such volatility is driven by various factors, including 
competition and shifts in energy demand, representing a considerable challenge. Additionally, when 
electricity prices decline to around $0.267 per kWh, especially in conjunction with high discount rates 
exceeding 10%, it often results in a negative NPV, as further emphasized in Table 2. 

Securing strategic electricity pricing through long-term contracts or favorable market conditions 
may improve the project’s profitability. Implementing sound revenue optimization strategies, for 
example, standardizing power purchase agreements (PPAs) or establishing carbon-pricing 
mechanisms is crucial because of the significant impact of electricity selling price on the NPV. Other 
determinants such as variation in energy demand, changes in legislation or competition from other 
RE sources have an impact on the economic performance of the PRO power plant as well. Thus, it 
will be imperative to manage price risks and to guarantee stable proceeds from electricity sales to 
enhance the viability and profitability of the project in the long term. 

CapEx represents a crucial initial investment necessary for the success of a project. It has been 
noted that there exists a moderate negative correlation with CapEx and the NPV. An increase in 
CapEx necessitates greater or more sustained cash flow, along with a larger initial capital outlay. 
Conversely, a decrease in the CapEx lowers the breakeven point, enabling the project to quickly 
generate positive returns. However, there are significant risks associated with this expenditure. Given 
that NPV is sensitive to CapEx, mismanagement during the early stages of the project implementation 
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can erode profit margins and delay the project’s DPP, thereby reducing its appeal to investors. 
Implementing an efficient project design coupled with the optimum procurement strategies and 
adequate risk management is imperative in achieving project profitability. 

While OpEx may not have the same pronounced effect on the power plant’s NPV, the continuous 
operating costs incurred over the lifespan of the power plant, such as membrane replacement, labor, 
maintenance, and repair, are critical considerations in long-term financial planning. OpEx is 
particularly relevant given the demands of technology. The power plant based on PRO technology 
relies on the continuous functionality of the membranes to efficiently convert osmotic pressure into 
useful energy. However, issues such as fouling and scaling reduce overall energy output [22,54–56] 
and simultaneously increase operational costs,  affecting profitability. To mitigate the adverse effects 
of fouling, equipment needs to be routinely serviced, and membranes replaced regularly. These 
recurrent and periodic maintenance activities contribute to OpEx [7,57,58]. Furthermore, unplanned 
maintenance can result in downtime, complicating operational efficiency and overall performance. 
The sensitivity of NPV to OpEx highlights the need to optimize operational efficiency and reduce 
downtime throughout the plant’s lifespan. Several strategies can be employed such as optimizing 
advanced membrane technologies and implementing predictive maintenance to be able to reduce 
costs and improve the performance metrics. 

When considering land costs, it is important to recognize that while they may appear marginal, 
they possess significant strategic value. Compared to other financial variables like CapEx, OpEx, and 
the pricing of electricity sales, land acquisition costs have a relatively minor impact on the project's 
overall profitability. Land use for PRO power plants tends to be significantly lower than conventional 
RE installations, such as solar PV or wind energy systems [7], which require extensive land areas to 
accommodate large arrays of solar panels or turbine farms [59–62]. While the effect of land costs on 
the project’s NPV is marginal, it is nevertheless a critical consideration in the site selection for the 
PRO facility. The volatility in land prices in coastal areas is influenced by factors such as proximity 
to water for productive uses and stringent regulatory environment. The project’s overall viability 
could be affected where land prices are high or where regulations increase land purchase costs. The 
PRO system’s use of the osmotic pressure gradient between river water and seawater for energy 
production makes it suitable for integration into existing coastal or industrial infrastructure. Extensive 
land acquisition is thus circumvented, which reduces the vulnerability to land pricing fluctuations on 
the project’s overall economic viability. Consequently, even though land acquisition is not a primary 
driver of NPV fluctuations, strategic site selection and cost-efficient land procurement approaches 
are important for enhancing project financial performance. 

In contrast to CapEx and OpEx, which experience a pronounced decrease in NPV as their values 
increase, the effect of changes in the discount rate on NPV is relatively minimal within the -10% to 
+10% range. However, this impact becomes critical at higher rates. For example, at a 10% discount 
rate, the cost of electricity at $0.267 per kWh results in a negative NPV of -$21.57 million. Moreover, 
when discount rates exceed 12%, it becomes necessary to raise electricity prices to maintain the 
project's viability. 

Several key risks are associated with this scenario. A primary concern is the potential for escalating 
financing costs, which can arise from macroeconomic changes such as inflation and interest rate 
increases. Additionally, the long lifespans of these projects can intensify the effects of discounting 
on future cash flows, highlighting the importance of careful consideration of these factors in financial 
planning. The findings suggest that the performance of a power plant utilizing PRO technology is not 
highly sensitive to short-term variations in market interest rates, provided those changes remain 
within a reasonable range. Nonetheless, it is important to recognize that, although the discount rate 
may appear to have limited impact within the narrow range tested, its influence on NPV becomes 
more significant when considering larger deviations, as evidenced in Table 2. 

At a selling price of $0.27/kWh, the NPV remains positive at lower discount rates, but experiences 
a swift decline as the discount rate increases. This implies that for projects seeking returns below this 
price level, variations in the discount rate have strong, if not compelling, implications on the NPV of 
the project. Such sensitivity indicates that even with high discount rates, the project’s financial 
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prospects are still at risk. It suggests that lower electricity prices do not allow the project's cash flows 
to cover the more expensive cost of capital. Consequently, the financial viability of the project is 
critically tied to sustaining lower discount rates. 

Table 2. Sensitivity of NPV [million $] to discount rate and electricity selling price for a PRO 
power plant in Cagayan de Oro City, Philippines. 

Discount rate (r) 

Electricity selling price [$ per 
kWh] 
 $0.267   $0.270   $0.284  

6%  86.15   139.09   385.94  
8%  32.29   84.10   325.69  
10% (21.57)  29.11   265.45  
12%  (75.44)  (25.88)  205.21 
14%  (129.30)  (80.87)  144.97 

An increase in the discount rate, driven by macroeconomic shifts or rising financing costs, results 
in a proportional decrease in NPV at all levels of electricity prices. This aligns with established 
financial theory, which posits that a higher discount rate – which represents the opportunity cost of 
capital – diminishes the present value of projected future cash flow, particularly for long-term projects 
like PRO power plants, where cash inflows are realized over an extended period. For all the electricity 
selling prices analyzed, the project's NPV stays positive even at 6% and 8% discount rates indicating 
that the project is financially viable. Given the long operational lifespan of PRO power plants and the 
fact that their primary revenue streams come from steady, long-term energy production, securing low 
financing costs and minimizing risk premiums are crucial for maintaining project viability. 

However, as the discount rate increases to 12% and 14%, NPVs become negative at lower 
electricity prices. The project’s viability, therefore, relies on sufficiently high electricity pricing that 
offsets the adverse effects caused by an increase in the discount rate. The project would then need 
financial optimization or modifications in operational parameters to ensure profitability. 

To address the 7-year payback period and enhance the financial viability of the PRO power plant 
project in Cagayan de Oro City, several strategic recommendations are proposed. First, securing long-
term power purchase agreements (PPAs) with local off-takers, such as the Cagayan Electric Power 
and Light Co. (CEPALCO), industrial consumers, or wastewater treatment facilities is essential. Such 
agreements will help stabilize revenue streams, thereby mitigating the project’s exposure to 
fluctuations in the spot market. By negotiating government-backed PPAs at or above $0.27 per kWh, 
project developers can establish predictable cash flow, which, in turn, will improve the project's NPV 
and lower the overall cost of capital. 

Second, the project’s economic outlook may be substantially improved through the utilization of 
incentives offered under the Philippines' Renewable Energy Act of 2008 (Republic Act No. 9513). 
Eligible PRO plants may qualify for feed-in tariffs (FITs), which guarantee above-market rates for 
clean electricity. Additional incentives include the provision of corporate income tax holidays and 
value-added tax exemptions on imported membranes and RE equipment. Moreover, the duty-free 
importation of advanced membrane modules can significantly reduce CapEx. Furthermore, funding 
opportunities provided by the Philippines’ Department of Science and Technology (DOST) and the 
Department of Energy (DOE) could play a crucial role in offsetting research and development costs 
during the demonstration phase. Such financial support not only diminishes associated financial risks 
but also facilitates the acceleration of technology maturation processes. 

Advocacy for PRO-specific subsidies under RA 9513 should prioritize facilities that utilize non-
freshwater feed streams, such as municipal brine effluent and industrial wastewater, to align with 
national water-energy nexus objectives. To further enhance returns and promote long-term 
sustainability, project developers should be encouraged to invest in infrastructure that effectively 
reduces non-revenue water (NRW), including advanced leak detection and recovery systems. These 
initiatives will not only improve operational efficiency but also bolster the case for sustained policy 
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support and private investment in PRO, recognizing it as a strategic complement to the Philippines’ 
RE portfolio. 

A third avenue for enhancing financial viability lies in the exploration of carbon finance 
mechanisms, such as the Clean Development Mechanism (CDM) under the United Nations 
Framework Convention on Climate Change (UNFCCC) or emerging domestic carbon-trading 
platforms. These mechanisms may provide an additional revenue stream by monetizing reductions in 
GHG emissions. 

Operations can also be optimized, and costs reduced through targeted strategic initiatives 
addressing CapEx and OpEx. On the CapEx side, it is advisable for the City Government and project 
partners to negotiate bulk purchasing or leasing arrangements with membrane suppliers, particularly 
those engaged in the Mindanao desalination sector, thereby securing more favorable pricing terms. 
The implementation of a modular PRO plant design would facilitate phased execution aligned with 
municipal demand projections, allowing for the amortization of CapEx across multiple budget cycles. 
Additionally, situating the PRO facility in proximity to the Macajalar Bay desalination and 
wastewater treatment complexes could effectively lower land acquisition costs while enabling the 
utilization of intake, discharge, and utility infrastructure. 

In terms of OpEx, investing in advanced, fouling-resistant membranes may prolong service life 
and reduce the frequency of replacements. The integration of Internet of Things (IoT)-enabled sensors 
within the membrane modules will allow for real-time monitoring of pressure differentials and salt 
passage rates, thus facilitating the development of predictive maintenance schedules intended to 
minimize unplanned downtime. Finally, establishing a training partnership with local technical 
schools and the Cagayan de Oro City Water District (COWD) would promote a specialized 
workforce, thereby reducing reliance on external contractors and enhancing in-house operational 
efficiency. 

Potential Environmental Impacts of the PRO Project 
Positive Impacts. 
The project presents a promising pathway toward cleaner energy production by offering a low-

carbon alternative to traditional fossil fuel-based power generation. It aligns with the Philippines’ RE 
goals, aiming to diversify the energy mix, address the country's growing electricity demand, and 
reduce dependence on imported fossil fuels. By integrating a clean, locally sourced energy solution 
into the grid, the plant supports national objectives of reducing GHG emissions and promoting 
sustainable economic development. Utilizing the natural osmotic pressure difference between 
seawater drawn from Macajalar Bay and freshwater from the Cagayan de Oro River, PRO has the 
potential to significantly decrease GHG emissions, making it a compelling component in global 
efforts to combat climate change. While the current scale of PRO deployment is modest compared to 
solar and wind energy, its low operational carbon footprint positions it as a valuable contributor in a 
diversified RE portfolio. 

In contrast to traditional thermal power plants, which release considerable amounts of air 
pollutants like sulfur dioxide, nitrogen oxides, and particulate matter [63,64], the PRO technology 
generates minimal emissions during operation. The lack of combustion processes alleviates concerns 
associated with smog formation, acid rain, and respiratory health risks for nearby communities. 
Consequently, PRO provides a cleaner and safer operational profile that is in line with increasingly 
stringent environmental regulations and the growing public demand for sustainable energy solutions. 

Another advantage of the PRO technology is in its capacity to integrate seamlessly with existing 
water treatment infrastructure. When used in conjunction with desalination or wastewater treatment 
plants, PRO systems can effectively utilize process byproducts that often present management 
challenges, such as brine or brackish water. This synergy not only enhances resource efficiency but 
also lowers the operational costs associated with water treatment facilities. Additionally, employing 
PRO to recover energy from waste streams addresses two vital sustainability goals: improving energy 
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efficiency while simultaneously minimizing the environmental impacts associated with waste 
disposal. 

Negative Impacts. 
Filtration processes for seawater and river water play a vital role in preventing membrane fouling 

in PRO systems. However, these processes inevitably generate waste streams, including removed 
suspended solids, which can smother benthic habitats, diminish light penetration, and adversely affect 
fish and invertebrate populations [65,66]. 

The mixing of water with the draw solution results in a brackish effluent that, if not managed 
properly, could severely impact estuarine ecosystems. Elevated salinity levels may disrupt the 
delicate equilibrium between freshwater and saltwater systems, posing a threat to aquatic biodiversity, 
particularly in sensitive regions such as the Cagayan de Oro River estuary. Species that are 
specifically adapted to particular salinity ranges might experience stress, suffer population declines, 
or even face local extinction [67,68]. Additionally, long-term alterations in ecosystems could lead to 
reduced fishery productivity, adversely affecting the livelihoods of communities that rely on estuarine 
resources. 

The proposed plant's demand for freshwater resources may further strain an already stressed water 
system in Cagayan de Oro City, where non-revenue water levels have exceeded 50% due to leakage 
and illegal connections [69]. Increased competition for limited water supplies could exacerbate 
tensions between the facility and local communities, especially during periods of drought or low river 
flow. 

Strategies to Mitigate Negative Impacts. 
The potential ecological risks to estuarine ecosystems linked to the discharge of removed solids 

during the filtration processes of the proposed PRO plant necessitate stringent compliance with 
regulatory frameworks designed to minimize ecological harm and safeguard downstream users. This 
includes adherence to the Water Quality Guidelines and General Effluent Standards of 2016 [70]. 
Consequently, it is imperative that robust environmental regulations govern not only the permissible 
limits on discharges but also the practice for treating and disposing of residual solids. 

The establishment of wetland buffers between discharge points and estuaries presents a natural 
and effective strategy for mitigating the environmental impacts associated with PRO technology. 
These vegetated buffers provide an element of passive remediation that requires minimal energy input 
compared to engineered systems, thereby aligning with the low-carbon principles characteristic of 
RE projects. Wetlands, which are often populated by resilient plant species such as mangroves and 
seagrasses, can significantly reduce the risk of salinity imbalances in sensitive estuarine ecosystems 
by sequestering excess salts and nutrients from discharged brine or wastewater. 

Furthermore, the development of partnerships with local industries represents a strategic approach 
to the sustainable management of brine or brackish water. By repurposing these high-salinity streams 
for industrial applications, it is possible to substantially reduce the volume of environmentally 
detrimental discharges. For instance, coastal salt production facilities could effectively utilize 
concentrated brine, as exemplified in the Mega-ton Water System [71], converting what would 
otherwise be a waste byproduct into a valuable resource. Similarly, aquaculture facilities that focus 
on salt-tolerant species can incorporate brackish water into their operations, thereby enhancing 
resource efficiency. Collaborative efforts of this nature not only advance the goals of environmental 
sustainability but also yield reciprocal economic advantages, thereby promoting circular economy 
principles within the local community. 

To alleviate river water demand, particularly in regions already experiencing water stress, such as 
Cagayan de Oro, a strategic approach would involve utilizing treated wastewater as a source of feed 
water. By capitalizing on wastewater streams from the various industries, particularly those located 
along the Macajalar Bay area, the PRO system can circumvent the additional extraction of freshwater 
resources. This approach not only reduces the ecological risks typically associated with diverting or 
altering estuarine salinity regimes, such as biodiversity loss, vegetation die-off, disruptions to nutrient 
cycling [72–74]but also brings economic advantages. 
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Comparative Analysis between PRO Technology and Traditional Renewables 
Cost. 
The LCOE of $0.17 per kWh points to the economic competitiveness of the PRO technology 

compared to other RE alternatives [16,75]. It is noteworthy that this potential niche of the PRO may 
be augmented through advancements in membrane technology [7,16], as well as the incorporation of 
the PRO into hybrid systems to reduce the overall costs associated with the process [76,77]. 

The LCOE for solar PV systems and offshore wind technologies have seen a significant decline 
over the last few years. This reduction can be attributed to technological advancements and economies 
of scale, which have improved efficiency and lowered costs overall. However, in some regions, the 
LCOE for solar PV and other renewables continues to be at or above $0.17 per kWh [78–80]. Such 
heterogeneity can be attributed significantly to locational issues such as the availability of renewables, 
economic and financial conditions and policy instruments. For instance, in regions with less optimal 
solar resources, higher land costs, or weaker grid infrastructure, solar PV can be priced closer to or 
even above the $0.17 per kWh threshold [81]. Offshore wind usually has a higher LCOE because of 
the substantial capital and operational costs involved in installing and maintaining turbines in marine 
settings. However, the LCOE for offshore wind can exhibit considerable variability, especially in 
regions where maritime logistical challenges, grid integration complexities, and permitting 
procedures entail increased costs [82,83]. 

Table 3. Levelized cost of energy (LCOE) comparison of renewable energy technologies, 
emphasizing the competitiveness of pressure-retarded osmosis (PRO), solar photovoltaic (PV), and 

offshore wind systems. 

Technology LCOE range 
($ per kWh) 

Key cost factors Notes 

PRO (blue energy) 0.17* Membrane efficiency, 
hybrid system 
integration, R&D 
advancements 

Competitive with 
renewables; costs may 
decrease further with 
membrane tech 
improvements 
[7,16,76,77]. 

Solar PV 0.026 – 0.422 Resource availability 
[84], land costs, grid 
infrastructure [85], 
regional policy incentives 

Declining costs globally, 
but regionally variable 
(e.g. higher in areas with 
weak solar resources) 
[78–81]. 

Offshore wind 0.016 – 0.285 Marine installation/ 
maintenance, grid 
integration, logistics [86] 

High capital/operational 
costs; location-
dependent challenges 
inflate LCOE in some 
regions [82,83]. 

* this study 
Scalability. 
While the PRO technology presents an innovative approach to RE generation, it faces notable 

challenges. The semipermeable membrane is a crucial component in ensuring efficient energy 
production, and achieving commercial viability necessitates membranes that can sustain power 
densities above 6.5 W/m2. The Statkraft project, a real-world pilot PRO plant, demonstrated that this 
threshold is indeed achievable; it successfully reached power densities of approximately 13.5 W/m2 
when integrated into the Mega-ton project, which primarily focused on seawater desalination [71,77]. 
Moreover, PRO is geographically limited to areas with salinity gradients, such as estuaries and 
desalination brine outfalls, which significantly restricts its broader applicability. While PRO currently 
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serves as a small-scale solution, its modular design allows localized deployment near costal industries 
(e.g. desalination facilities) or wastewater treatment plants [76]. 

In contrast, solar and wind energy technologies have established themselves on a global scale, with 
solar power boasting an installed capacity of around 1,420 GW and wind energy at around 1,017 GW 
worldwide [87]. Their modular designs enable deployment across a wide variety of environments, 
i.e. from residential rooftops to expansive offshore farms, highlighting their versatility and scalability. 

Environmental Impact. 
PRO systems operate with minimal carbon emissions, thereby positioning them as a comparatively 

clean energy source. Nevertheless, ecological concerns remain, particularly regarding potential 
disruption to salinity regimes in estuarine ecosystems and competition for water resources. 
Importantly, the environmental footprint of PRO can be significantly mitigated through integration 
with desalination facilities or wastewater treatment processes, where high-salinity brine streams can 
be effectively repurposed, reducing the standalone environmental effects. 

While solar and wind energy play crucial roles in global decarbonization efforts, they are not 
without their own environmental challenges. The production of solar panels necessitates extensive 
mining of silica-containing materials and metals such as cadmium, aluminium, copper, nickel, 
gallium, selenium, and tellurium, leading to substantial carbon footprints [88]. Furthermore, 
photovoltaic panels can become hazardous e-waste at their end-of-life phase, posing environmental 
and health risks [89]. Wind turbines also contribute to the mortality of birds and bats [90,91] and face 
recyclability challenges, especially concerning composite turbine blades [92]. Additionally, the 
installation of both solar and wind energy systems requires substantial land take, which amplifies 
their environmental footprint due to land-use competition and habitat disruption [93,94]. 

Conclusions and Recommendations 
This study gives an assessment of the technical and economic feasibility of a full-scale PRO 

facility for SGP generation in the Philippines, utilizing the Cagayan de Oro River as the feedwater 
source and Macajalar Bay as the draw solution. The findings reveal that the PRO system achieves a 
remarkable energy efficiency of 93%, resulting in an annual net energy output of 7.322 GWh. 
Moreover, the estimated LCOE of $0.17/kWh ranks PRO technology at a competitive level with other 
RE sources, but only under certain circumstances. 

The financial assessment indicates a positive NPV of $265,452, an IRR of 12.16%, and a DPP of 
7.03 years. These metrics suggest that the PRO power plant is a sound investment. However, the 
extended DPP may deter investors from supporting the project, especially when it is compared with 
PV systems and other RE options with faster returns. Nevertheless, the sensitivity analysis highlights 
the resilience of the PRO system, with NPV being particularly sensitive to factors like electricity 
selling prices, CapEx, and OpEx. The LCOE and profitability of the proposed PRO power plant can 
be improved by enhancements in membrane technology and operational efficiencies. 

The viability of this project is contingent upon strategic interventions that address its projected 
seven-year payback period alongside inherent ecological risks. Financial assessments highlight the 
necessity for stabilizing revenue streams through long-term PPAs with stakeholders such as the 
CEPALCO or industrial consumers. Such agreements can effectively mitigate exposure to market 
volatility and enhance the project's NPV. Additionally, the implementation of government incentives 
outlined in the RA 9513, including feed-in tariffs, tax exemptions, and grants, serves to augment the 
economic feasibility of the project by alleviating CapEx and operational risks. 

From an environmental perspective, PRO technology emerges as a promising low-carbon 
alternative to fossil fuel reliance, thereby aligning with national decarbonization objectives. However, 
the ecological consequences, particularly those associated with potential disturbances to estuarine 
ecosystems due to salinity imbalances and competition for water resources, necessitate the 
establishment of proactive mitigation strategies. Measures such as repurposing treated wastewater, 
developing wetland buffers, and forging industrial partnerships for brine reutilization represent best 
practices reflective of circular economy principles. These strategies not only decrease freshwater 

52 Engineering Innovations Vol. 16



demand but also convert waste streams into valuable resources, ultimately enhancing both 
environmental integrity and economic viability. 

A comparative analysis with solar and wind energy technologies reveals the distinctive advantages 
of PRO. Despite the inherent limitations posed by geographic dependencies on salinity gradients, 
PRO’s LCOE at $0.17 per kWh and its minimal land-use requirements afford it a unique position as 
a complementary energy solution within coastal or industrial contexts. In contrast to solar and wind 
energy, which contend with challenges related to material-intensive manufacturing processes and 
habitat disruption, the integration of PRO technology with existing water infrastructure mitigates 
standalone environmental impacts. Moreover, advancements in membrane technology, as 
demonstrated by initiatives such as Statkraft’s pilot plant, suggest substantial potential for improved 
power densities and expanded applicability across diverse environments. 

Based on the findings of this study, the following recommendations are proposed: 
1. Membrane technology enhancement. The economic viability of the proposed PRO power 

plant can be significantly improved by enhancing membrane performance, especially relating 
to water permeability [18] and fouling resistance. The use of more durable and efficient 
membrane technologies has the potential to reduce OpEx associated with membrane 
replacement and maintenance. 

2. Optimization of operational efficiency. Looking into the large contribution of the OpEx, 
particularly with respect to membrane maintenance and system efficiency, it is surmised that 
the use of more advanced predictive maintenance and automation of the systems would 
significantly reduce the occurrence of downtime and lower OpEx. In addition, applying novel 
techniques to optimize energy conversion processes as well as minimizing energy losses can 
further improve the system’s performance. 

3. Market strategies for electricity pricing. The sensitivity analysis underscored the substantial 
impact of electricity selling prices on the project's financial viability. To mitigate revenue 
risks and achieve financial viability, it is necessary to either secure long-term PPAs or target 
markets with a more stable electricity price. This strategic improvement would internally 
increase the return on investment and would equally help with reducing market risk exposure. 

4. Government and policy support. It is evident that the PRO technology has an immense 
potential to aid the growth of the RE sector in the Philippines, hence the need for policies 
from the government to reinforce and broaden the incentives for RE initiatives, one of which 
is blue energy sources of energy such as PRO. Adding PRO technology in the mix of the RE 
resources deployed in the country will not only help to diversify energy sources in the country 
and lower its dependence on external fossil fuels, but also contribute to the improvement of 
energy self-sufficiency and environmental sustainability. 

5. Expansion of site assessments. Though the present research is limited to Cagayan de Oro City, 
it is recommended that other prospective sites in the Philippines, especially those with notable 
salinity gradient regions, be explored in-depth. This could further enhance the comprehension 
of SGP generation in the entire country and assist in locating areas that would be most 
advantageous for the use of PRO technology. 

Future Outlook 
The proposed PRO power plant in Cagayan de Oro City presents a blueprint for scaling 

decentralized energy solutions for coastal communities. However, expanding its capacity beyond 1 
MW entails addressing various technical, economic, and environmental challenges. The development 
and testing of next-generation membranes with customized surface chemistries and hierarchical pore 
structures will be critical for maintaining high water flux and salt rejection under elevated hydraulic 
pressures. To scale capacities to 1–5 MW, membrane areas will need to reach approximately 10,000–
50,000 m². Thus, pilot‐testing modular membrane skids in both serial and parallel configurations will 
be crucial for validating performance under real-world fouling conditions and pressure cycles. 
Current pilot projects, such as the Statkraft prototype and the Megaton Water Initiative, have 
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demonstrated power densities exceeding 10 W/m², suggesting significant potential for scalability 
provided that membrane costs are reduced and modular designs are optimized. 

Hybrid systems integrating PRO with solar, wind, or desalination infrastructure could significantly 
boost energy output and grid stability, especially in coastal regions that exhibit salinity gradients. For 
instance, integrating PRO with desalination plants could mitigate brine disposal issues while 
simultaneously producing clean water and energy, particularly relevant to water-stressed areas like 
the Middle East and North Africa. In summary, while PRO is unlikely to rival solar and wind as 
dominant RE technologies, it offers significant promise as a complementary solution in specific niche 
applications, particularly in coastal areas with significant salinity gradients or at industrial sites 
looking to repurpose waste brine streams. 

Comprehensive life-cycle and cost-benefit assessments at scales exceeding 1 MW are needed to 
quantify the long-term environmental and economic viability of PRO in tropical regions. The global 
relevance will be further enhanced by evaluating hybrid configurations, such as PRO-solar and PRO-
wind co-location, to optimize RE yield per unit of land or water resource. 

Globally, PRO’s niche is found in regions where freshwater converges with seawater, such as river 
deltas, industrial coastal zones, and areas near hypersaline lakes. Countries with extensive coastlines, 
including Indonesia, Brazil, and India, can utilize PRO to diversify their RE portfolios while 
addressing localized challenges related to the energy-water nexus. However, achieving scalability 
necessitates tackling site-specific ecological risks, such as salinity disruption, through adaptive 
strategies like dynamic brine dilution and AI-driven discharge management. Insights gained from the 
integration of treated wastewater as feedwater underscore the importance of adopting circular 
economy approaches, which can be effectively replicated in regions such as California or Israel, 
where water reuse is a priority. 

Economically, achieving economies of scale will depend on reducing CapEx through standardized 
membrane manufacturing and leveraging green financing mechanisms. The proposed project in 
Cagayan de Oro City, with its LCOE of $0.17 per kWh, aligns with costs observed in early-stage 
solar and wind projects, suggesting PRO could follow a similar cost-reduction trajectory with 
sustained R&D. International collaboration, such as joint ventures under ASEAN’s RE frameworks 
or European alliance for osmotic energy, could accelerate innovation and policy alignment. 

Ultimately, the future of PRO depends on effectively transitioning from pilot-scale achievements 
to commercial viability. By integrating osmotic energy into hybrid systems, advocating supportive 
policies, and emphasizing ecological protections, PRO has the potential to become a cornerstone of 
sustainable energy strategies in coastal regions worldwide. Rather than competing with established 
renewable sources, PRO can complement them. The proposed Cagayan de Oro project highlights that 
PRO’s global relevance is not in replacing solar or wind, but in filling critical gaps in the renewable 
landscape, particularly at the intersection of water and energy sustainability. 

References 
[1] Department of Energy, Philippine Energy Plan: Transitioning to Reliable, Clean and Resilient 

Energy (Volume 1), 2023. https://doe.gov.ph/sites/default/files/pdf/pep/PEP_2023-
2050_%28Volume_I%29.pdf (accessed October 28, 2024). 

[2] T.Q. Donaghy, N. Healy, C.Y. Jiang, C.P. Battle, Fossil fuel racism in the United States: How 
phasing out coal, oil, and gas can protect communities, Energy Res Soc Sci 100 (2023) 103104. 
https://doi.org/10.1016/j.erss.2023.103104. 

[3] International Renewable Energy Agency (IRENA), Tripling renewable power and doubling 
energy efficiency by 2023: Crucial steps toward 1.5 C, (2023). 

[4] I. Gwayi, S.P. Ayeng’o, C.Z.M. Kimambo, Selection of electrochemical and electrical energy 
storage systems for off-grid renewable energy mini-grids: A review, Clean Eng Technol 25 
(2025) 100906. https://doi.org/10.1016/J.CLET.2025.100906. 

54 Engineering Innovations Vol. 16



[5] Y. Jiao, D. Månsson, Greenhouse gas emissions from hybrid energy storage systems in future 
100% renewable power systems – A Swedish case based on consequential life cycle 
assessment, J Energy Storage 57 (2023) 106167. https://doi.org/10.1016/J.EST.2022.106167. 

[6] A. Emdadi, P. Gikas, M. Farazaki, Y. Emami, Salinity gradient energy potential at the hyper 
saline Urmia Lake – ZarrinehRud River system in Iran, Renew Energy 86 (2016) 154–162. 
https://doi.org/10.1016/j.renene.2015.08.015. 

[7] S. AL Mashrafi, N. Diaz-Elsayed, J. Benjamin, M.E. Arias, Q. Zhang, An environmental and 
economic sustainability assessment of a pressure retarded osmosis system, Desalination 537 
(2022) 115869. https://doi.org/10.1016/J.DESAL.2022.115869. 

[8] J. Lee, Y. Shin, J. Kim, S. Hong, Feasibility and challenges of high-pressure pressure retarded 
osmosis applications utilizing seawater and hypersaline water sources, Desalination 581 
(2024) 117578. https://doi.org/10.1016/J.DESAL.2024.117578. 

[9] T. Withers, S.P. Neill, Salinity Gradient Power, Comprehensive Renewable Energy, Second 
Edition: Volume 1-9 1–8 (2022) 50–79. https://doi.org/10.1016/B978-0-12-819727-1.00109-
6. 

[10] M. Essalhi, A. Halil Avci, F. Lipnizki, N. Tavajohi, The potential of salinity gradient energy 
based on natural and anthropogenic resources in Sweden, Renew Energy 215 (2023) 118984. 
https://doi.org/10.1016/J.RENENE.2023.118984. 

[11] X. Zhou, W. Bin Zhang, J.J. Li, X. Bao, X.W. Han, M. Myintzu Theint, X.J. Ma, An 
electrochemical system for salinity gradient energy harvesting, Energy Convers Manag 255 
(2022) 115315. https://doi.org/10.1016/J.ENCONMAN.2022.115315. 

[12] M.K. Purkait, M. Sharma, P.P. Das, C.-T. Chang, Potential for power production using salinity 
gradients, Blue Energy Extraction Using Salinity Gradients (2024) 1–26. 
https://doi.org/10.1016/B978-0-443-21612-1.00002-3. 

[13] M. Sharma, P.P. Das, A. Chakraborty, M.K. Purkait, Clean energy from salinity gradients 
using pressure retarded osmosis and reverse electrodialysis: A review, Sustainable Energy 
Technologies and Assessments 49 (2022) 101687. 
https://doi.org/10.1016/J.SETA.2021.101687. 

[14] S. Chae, H. Kim, J. Gi Hong, J. Jang, M. Higa, M. Pishnamazi, J.Y. Choi, R. Chandula 
Walgama, C. Bae, I.S. Kim, J.S. Park, Clean power generation from salinity gradient using 
reverse electrodialysis technologies: Recent advances, bottlenecks, and future direction, 
Chemical Engineering Journal 452 (2023) 139482. 
https://doi.org/10.1016/J.CEJ.2022.139482. 

[15] M. Malankowska, Z. Su, K. Karlsen, M. Flaskjær Buhl, H. Guo, L.S. Pedersen, M. Pinelo, 
Novel membrane modifications for pressure retarded osmosis as a new way for sustainable 
power generation from salinity gradients, Chem Eng Sci 297 (2024) 120221. 
https://doi.org/10.1016/J.CES.2024.120221. 

[16] O.A.H. AL-Musawi, A.W. Mohammad, H.B. Mahood, E. Mahmoudi, W.L. Ang, A.A.H. 
Kadhum, Energy Comparison and Cost Estimation of Pressure-Retarded Osmosis Using Spiral 
Wound Membrane, Desalination Water Treat (2024) 100732. 
https://doi.org/10.1016/J.DWT.2024.100732. 

[17] Q.A. Khasawneh, B. Tashtoush, A. Nawafleh, B. Kan’an, Techno-Economic Feasibility Study 
of a Hypersaline Pressure-Retarded Osmosis Power Plants: Dead Sea–Red Sea Conveyor, 
Energies (Basel) 11 (2018) 3118. https://doi.org/10.3390/en11113118. 

 

Engineering Innovations Vol. 16 55



[18] K. Matsuyama, R. Makabe, T. Ueyama, H. Sakai, K. Saito, T. Okumura, H. Hayashi, A. 
Tanioka, Power generation system based on pressure retarded osmosis with a commercially-
available hollow fiber PRO membrane module using seawater and freshwater, Desalination 
499 (2021) 114805. https://doi.org/10.1016/J.DESAL.2020.114805. 

[19] E.I. Obode, A. Badreldin, S. Adham, M. Castier, A. Abdel-Wahab, Techno-Economic 
Analysis towards Full-Scale Pressure Retarded Osmosis Plants, Energies (Basel) 16 (2022) 
325. https://doi.org/10.3390/en16010325. 

[20] D. Dardor, M. Al Maas, J. Minier-Matar, A. Janson, A. Abdel-Wahab, H.K. Shon, S. Adham, 
Evaluation of pretreatment and membrane configuration for pressure-retarded osmosis 
application to produced water from the petroleum industry, Desalination 516 (2021) 115219. 
https://doi.org/10.1016/J.DESAL.2021.115219. 

[21] G. O’Toole, L. Jones, C. Coutinho, C. Hayes, M. Napoles, A. Achilli, River-to-sea pressure 
retarded osmosis: Resource utilization in a full-scale facility, Desalination 389 (2016) 39–51. 
https://doi.org/10.1016/J.DESAL.2016.01.012. 

[22] M. Tagliavini, M.U. Babler, Simulation of spiral-wound pressure retarded osmosis for 
harvesting osmotic power: Module-level modeling and implications of feed pre-treatment, 
Desalination 574 (2024) 117184. https://doi.org/10.1016/J.DESAL.2023.117184. 

[23] T.M. Mansour, T.M. Ismail, K. Ramzy, M. Abd El-Salam, Energy recovery system in small 
reverse osmosis desalination plant: Experimental and theoretical investigations, Alexandria 
Engineering Journal 59 (2020) 3741–3753. https://doi.org/10.1016/J.AEJ.2020.06.030. 

[24] A. Naghiloo, M. Abbaspour, B. Mohammadi-Ivatloo, K. Bakhtari, Modeling and design of a 
25 MW osmotic power plant (PRO) on Bahmanshir River of Iran, Renew Energy 78 (2015) 
51–59. https://doi.org/10.1016/J.RENENE.2014.12.067. 

[25] M. Malankowska, Z. Su, K. Karlsen, M. Flaskjær Buhl, H. Guo, L.S. Pedersen, M. Pinelo, 
Novel membrane modifications for pressure retarded osmosis as a new way for sustainable 
power generation from salinity gradients, Chem Eng Sci 297 (2024) 120221. 
https://doi.org/10.1016/J.CES.2024.120221. 

[26] S.N. Rahman, H. Saleem, S.J. Zaidi, Progress in membranes for pressure retarded osmosis 
application, Desalination 549 (2023) 116347. https://doi.org/10.1016/J.DESAL.2022.116347. 

[27] J.H. Low, J. Zhang, W.P. Li, T. Yang, C.F. Wan, F. Esa, M.S. Qua, K. Mottaiyan, S. Murugan, 
M. Aiman, A. Dhalla, T.S. Chung, C. Gudipati, Industrial scale thin-film composite membrane 
modules for salinity-gradient energy harvesting through pressure retarded osmosis, 
Desalination 548 (2023) 116217. https://doi.org/10.1016/J.DESAL.2022.116217. 

[28] Y. Kim, G. Lee, J. Byun, S. ho Lim, S. Lee, Y.G. Park, Optimizing energy efficiency in 
desalination: Performance evaluation of seawater reverse osmosis and pressure retarded 
osmosis hybrid systems, Desalination 601 (2025) 118557. 
https://doi.org/10.1016/J.DESAL.2025.118557. 

[29] S.J. Moon, S.M. Lee, J.H. Kim, S.H. Park, H.H. Wang, J.H. Kim, Y.M. Lee, A highly robust 
and water permeable thin film composite membranes for pressure retarded osmosis generating 
26 W·m−2 at 21 bar, Desalination 483 (2020) 114409. 
https://doi.org/10.1016/J.DESAL.2020.114409. 

[30] A. Shadravan, M. Amani, A. Jantrania, Feasibility of thin film nanocomposite membranes for 
clean energy using pressure retarded osmosis and reverse electrodialysis, Energy Nexus 7 
(2022) 100141. https://doi.org/10.1016/J.NEXUS.2022.100141. 

[31] W. Gai, D.L. Zhao, T.S. Chung, Novel thin film composite hollow fiber membranes 
incorporated with carbon quantum dots for osmotic power generation, J Memb Sci 551 (2018) 
94–102. https://doi.org/10.1016/J.MEMSCI.2018.01.034. 

56 Engineering Innovations Vol. 16



[32] Y. Shi, M. Zhang, H. Zhang, F. Yang, C.Y. Tang, Y. Dong, Recent development of pressure 
retarded osmosis membranes for water and energy sustainability: A critical review, Water Res 
189 (2021) 116666. https://doi.org/10.1016/J.WATRES.2020.116666. 

[33] M. Javadi Azad, A.R. Pouranfard, D. Emadzadeh, W.J. Lau, E. Alipanahpour Dil, Simulation 
of forward osmosis and pressure retarded osmosis membrane performance: Effect of TiO2 
nanoparticles loading on the semi-permeable membrane, Comput Chem Eng 160 (2022) 
107709. https://doi.org/10.1016/J.COMPCHEMENG.2022.107709. 

[34] Y.Y. Liang, Review of analytical and numerical modeling for pressure retarded osmosis 
membrane systems, Desalination 560 (2023) 116655. 
https://doi.org/10.1016/J.DESAL.2023.116655. 

[35] F.J. Aschmoneit, C. Hélix-Nielsen, Submerged-helical module design for pressure retarded 
osmosis:A conceptual study using computational fluid dynamics, J Memb Sci 620 (2021) 
118704. https://doi.org/10.1016/J.MEMSCI.2020.118704. 

[36] G. Han, S. Zhang, X. Li, T.S. Chung, Progress in pressure retarded osmosis (PRO) membranes 
for osmotic power generation, Prog Polym Sci 51 (2015) 1–27. 
https://doi.org/10.1016/J.PROGPOLYMSCI.2015.04.005. 

[37] S. Yagnambhatt, S. Khanmohammadi, J. Maisonneuve, Demonstration of a real-time 
maximum power point tracker for salt gradient osmotic power systems, Appl Energy 376 
(2024) 124205. https://doi.org/10.1016/J.APENERGY.2024.124205. 

[38] A. Shadravan, M. Amani, A. Jantrania, Feasibility of thin film nanocomposite membranes for 
clean energy using pressure retarded osmosis and reverse electrodialysis, Energy Nexus 7 
(2022) 100141. https://doi.org/10.1016/J.NEXUS.2022.100141. 

[39] F. Helfer, C. Lemckert, Y.G. Anissimov, Osmotic power with Pressure Retarded Osmosis: 
Theory, performance and trends – A review, J Memb Sci 453 (2014) 337–358. 
https://doi.org/10.1016/J.MEMSCI.2013.10.053. 

[40] H.W. Chung, J. Swaminathan, L.D. Banchik, J.H. Lienhard, Economic framework for net 
power density and levelized cost of electricity in pressure-retarded osmosis, Desalination 448 
(2018) 13–20. https://doi.org/10.1016/j.desal.2018.09.007. 

[41] D. Li, Z. Mo, A.G. Fane, Q. She, A multifunctional desalination-osmotic energy storage 
(DOES) system for managing energy and water supply, Desalination 581 (2024) 117608. 
https://doi.org/10.1016/J.DESAL.2024.117608. 

[42] F. Di Michele, E. Felaco, I. Gasser, A. Serbinovskiy, H. Struchtrup, Modeling, simulation and 
optimization of a pressure retarded osmosis power station, Appl Math Comput 353 (2019) 
189–207. https://doi.org/10.1016/J.AMC.2019.01.046. 

[43] N. AlZainati, S. Yadav, A. Altaee, S. Subbiah, S.J. Zaidi, J. Zhou, R.A. Al-Juboori, Y. Chen, 
M.H. Shaheed, Impact of hydrodynamic conditions on optimum power generation in dual stage 
pressure retarded osmosis using spiral-wound membrane, Energy Nexus 5 (2022) 100030. 
https://doi.org/10.1016/J.NEXUS.2021.100030. 

[44] A. Das, A.K. Rao, S. Alnajdi, D.M. Warsinger, Pressure exchanger batch reverse osmosis with 
zero downtime operation, Desalination 574 (2024) 117121. 
https://doi.org/10.1016/j.desal.2023.117121. 

[45] J.R. Couper, W.R. Penney, J.R. Fair, S.M. Walas, Chemical Process Equipment: Selection and 
Design, 2nd ed., Gulf Professional Publishing, 2005. 

[46] M.S. Peters, K.D. Timmerhaus, R.E. West, Plant Design and Economics for Chemical 
Engineers, 5th ed., McGraw-Hill Chemical Engineering Series, 2003. 

Engineering Innovations Vol. 16 57



[47] R. Makabe, T. Ueyama, H. Sakai, A. Tanioka, Commercial Pressure Retarded Osmosis 
Systems for Seawater Desalination Plants, Membranes (Basel) 11 (2021) 69. 
https://doi.org/10.3390/membranes11010069. 

[48] I. Ibrar, S. Yadav, O. Naji, A.A. Alanezi, N. Ghaffour, S. Déon, S. Subbiah, A. Altaee, 
Development in forward Osmosis-Membrane distillation hybrid system for wastewater 
treatment, Sep Purif Technol 286 (2022) 120498. 
https://doi.org/10.1016/j.seppur.2022.120498. 

[49] A. Fadaei, Y. Noorollahi, P. Pakzad, H. Yousefi, Development, 4E-analysis, and optimization 
of a seawater thermal energy-driven desalination system based on seawater source heat pump, 
multi-effect desalination, and pressure retarded osmosis with reduced effluent concentration, 
Energy Convers Manag 298 (2023) 117746. https://doi.org/10.1016/j.enconman.2023.117746. 

[50] J. Xu, Y. Liang, X. Luo, J. Chen, Z. Yang, Y. Chen, Towards cost-effective osmotic power 
harnessing: Mass exchanger network synthesis for multi-stream pressure-retarded osmosis 
systems, Appl Energy 330 (2023) 120341. https://doi.org/10.1016/j.apenergy.2022.120341. 

[51] N. Saddari, N.S. Agyemang Derkyi, F. Peprah, Technical and Economic analysis of solar PV 
electricity generation under the net metering scheme at Sunyani Teaching Hospital (STH), 
Ghana, Renewable and Sustainable Energy Transition 6 (2025) 100097. 
https://doi.org/10.1016/j.rset.2024.100097. 

[52] F. Kyeremeh, Z. Fang, F. Liu, F. Peprah, Techno-economic analysis of reactive power 
management in a solar PV microgrid: A case study of Sunyani to Becheam MV feeder, Ghana, 
Energy Reports 11 (2024) 83–96. https://doi.org/10.1016/j.egyr.2023.11.031. 

[53] N.H. Leite, C.P. Guzman Lascano, H.G. Valente Morais, L.C. Pereira da Silva, Impact of the 
net-metering policies on solar photovoltaic investments for residential scale: A case study in 
Brazil, Renew Energy 231 (2024) 120788. https://doi.org/10.1016/j.renene.2024.120788. 

[54] S.M. Matta, M.A. Selam, H. Manzoor, S. Adham, H.K. Shon, M. Castier, A. Abdel-Wahab, 
Predicting the performance of spiral-wound membranes in pressure-retarded osmosis 
processes, Renew Energy 189 (2022) 66–77. https://doi.org/10.1016/j.renene.2022.02.125. 

[55] S. Lee, Y.C. Kim, S.-J. Park, S.-K. Lee, H.-C. Choi, Experiment and modeling for performance 
of a spiral-wound pressure-retarded osmosis membrane module, Desalination Water Treat 57 
(2016) 10101–10110. https://doi.org/10.1080/19443994.2015.1043494. 

[56] S.J. Einarsson, L. Guan, L.N. Sim, T.H. Chong, B. Wu, Fouling behaviours and mitigation in 
pressure-retarded osmosis processes with geothermal water/brine-based draw solutions, 
Journal of Water Process Engineering 51 (2023) 103485. 
https://doi.org/10.1016/j.jwpe.2023.103485. 

[57] N.A. Pham, D.Y.F. Ng, K. Goh, Z. Dong, R. Wang, Assessing the potential of integrally 
skinned asymmetric hollow fiber membranes for addressing membrane fouling in pressure 
retarded osmosis process, Desalination 520 (2021) 115347. 
https://doi.org/10.1016/j.desal.2021.115347. 

[58] S. Liu, W. Song, M. Meng, M. Xie, Q. She, P. Zhao, X. Wang, Engineering pressure retarded 
osmosis membrane bioreactor (PRO-MBR) for simultaneous water and energy recovery from 
municipal wastewater, Science of The Total Environment 826 (2022) 154048. 
https://doi.org/10.1016/j.scitotenv.2022.154048. 

[59] A.S.M.M. Hasan, P. Kesapabutr, B. Möller, Bangladesh’s pathways to net-zero transition: 
Reassessing country’s solar PV potential with high-resolution GIS data, Energy for Sustainable 
Development 81 (2024) 101511. https://doi.org/10.1016/j.esd.2024.101511. 

 

58 Engineering Innovations Vol. 16



[60] O. Turkovska, K. Gruber, M. Klingler, C. Klöckl, L. Ramirez Camargo, P. Regner, S. Wehrle, 
J. Schmidt, Methodological and reporting inconsistencies in land-use requirements misguide 
future renewable energy planning, One Earth 7 (2024) 1741–1759. 
https://doi.org/10.1016/j.oneear.2024.09.010. 

[61] Y. Wang, B. Liu, H. Peng, Y. Jiang, Locating the suitable large-scale solar farms in China’s 
deserts with environmental considerations, Science of The Total Environment 955 (2024) 
176911. https://doi.org/10.1016/j.scitotenv.2024.176911. 

[62] D. Covelli, E. Virgüez, K. Caldeira, N.S. Lewis, Oahu as a case study for island electricity 
systems relying on wind and solar generation instead of imported petroleum fuels, Appl Energy 
375 (2024) 124054. https://doi.org/10.1016/j.apenergy.2024.124054. 

[63] S. Castelluccio, S. Fiore, C. Comoglio, Environmental reporting in Italian thermal power 
plants: insights from a comprehensive analysis of EMAS environmental statements, J Environ 
Manage 359 (2024) 121035. https://doi.org/10.1016/J.JENVMAN.2024.121035. 

[64] R. Kumawat, L. Gidwani, K.B. Rana, Comparative analysis of life cycle assessment of biogas-
powered and coal-powered power plant for optimized environmental operation, Heliyon 10 
(2024) e39155. https://doi.org/10.1016/J.HELIYON.2024.E39155. 

[65] X. Jiang, X. Song, Q. Yu, J. Yang, T. Wang, H. Lu, J. Zeng, X. Guo, Effects of environmental 
changes on vegetation growth and macroinvertebrate communities of eelgrass meadows in 
Northern China, Glob Ecol Conserv 59 (2025) e03554. 
https://doi.org/10.1016/J.GECCO.2025.E03554. 

[66] J. Theilen, V. Sarrazin, E. Hauten, R. Koll, C. Möllmann, A. Fabrizius, R. Thiel, 
Environmental factors shaping fish fauna structure in a temperate mesotidal estuary: Periodic 
insights from the Elbe estuary across four decades, Estuar Coast Shelf Sci 318 (2025) 109208. 
https://doi.org/10.1016/J.ECSS.2025.109208. 

[67] C.T. Shifa, S.K. Dayananda, X. Yanjie, K.A. Rubeena, S. Bin Muzaffar, A. Nefla, T. Jobiraj, 
P. Thejass, O.R. Reshi, K.M. Aarif, Long-term anthropogenic stressors cause declines in 
kingfisher assemblages in wetlands in southwestern India, Ecol Indic 155 (2023) 111062. 
https://doi.org/10.1016/J.ECOLIND.2023.111062. 

[68] G. Marchessaux, N. Barré, V. Mauclert, K. Lombardini, E.D.H. Durieux, D. Veyssiere, J.J. 
Filippi, J. Bracconi, A. Aiello, M. Garrido, Salinity tolerance of the invasive blue crab 
Callinectes sapidus: From global to local, a new tool for implementing management strategy, 
Science of The Total Environment 954 (2024) 176291. 
https://doi.org/10.1016/J.SCITOTENV.2024.176291. 

[69] F.D. Rosete, Cagayan de Oro leaks cost water district over P700 million in 2022 alone, Rappler 
(2024). 

[70] Department of Environment and Natural Resources (DENR), Water Quality Guidelines and 
General Effluent Standards of 2016 , Https://Pab.Emb.Gov.Ph/Wp-
Content/Uploads/2017/07/DAO-2016-08-WQG-and-GES.Pdf (n.d.). 
https://pab.emb.gov.ph/wp-content/uploads/2017/07/DAO-2016-08-WQG-and-GES.pdf 
(accessed April 13, 2025). 

[71] M. Kurihara, H. Takeuchi, SWRO-PRO System in “Mega-ton Water System” for Energy 
Reduction and Low Environmental Impact, Water (Basel) 10 (2018) 48. 
https://doi.org/10.3390/w10010048. 

[72] D.A. Lemley, M. Nunes, J.B. Adams, G.C. Bate, Regional-scale assessment of eutrophic 
condition indicators in subtropical temporarily closed estuaries, Estuar Coast Shelf Sci 304 
(2024) 108850. https://doi.org/10.1016/J.ECSS.2024.108850. 

Engineering Innovations Vol. 16 59



[73] L. Van Niekerk, J.B. Adams, D.G. Allan, S. Taljaard, S.P. Weerts, D. Louw, C. Talanda, P. 
Van Rooyen, Assessing and planning future estuarine resource use: A scenario-based regional-
scale freshwater allocation approach, Science of The Total Environment 657 (2019) 1000–
1013. https://doi.org/10.1016/J.SCITOTENV.2018.12.033. 

[74] J. Day, R. Lane, M. Moerschbaecher, H.C. Clark, M. Allison, E. Meselhe, A.S. Kolker, R. 
Hunter, P. Kemp, J.Y. Ko, R. Twilley, J.R. White, R. DeLaune, J. Stephens, C. Chenevert, E.F. 
Sanchez, D. Sinha, Patterns and mechanisms of wetland change in the Breton sound estuary, 
Mississippi River delta: A review, Estuar Coast Shelf Sci 313 (2025) 109065. 
https://doi.org/10.1016/J.ECSS.2024.109065. 

[75] L. Reichenberg, F. Hedenus, M. Odenberger, F. Johnsson, The marginal system LCOE of 
variable renewables – Evaluating high penetration levels of wind and solar in Europe, Energy 
152 (2018) 914–924. https://doi.org/10.1016/j.energy.2018.02.061. 

[76] W.Y. Chia, S.R. Chia, K.S. Khoo, K.W. Chew, P.L. Show, Sustainable membrane technology 
for resource recovery from wastewater: Forward osmosis and pressure retarded osmosis, 
Journal of Water Process Engineering 39 (2021) 101758. 
https://doi.org/10.1016/J.JWPE.2020.101758. 

[77] M. Llamas-Rivas, A. Pizano-Martínez, C.R. Fuerte-Esquivel, L.R. Merchan-Villalba, J.M. 
Lozano-García, E.A. Zamora-Cárdenas, V.J. Gutiérrez-Martínez, Pressure Retarded Osmosis 
Power Units Modelling for Power Flow Analysis of Electric Distribution Networks, Energies 
(Basel) 14 (2021) 6649. https://doi.org/10.3390/en14206649. 

[78] O. Alıç, A holistic techno-economic feasibility analysis of residential renewable energy 
systems: An insight into Turkish case, J Energy Storage 94 (2024) 112433. 
https://doi.org/10.1016/j.est.2024.112433. 

[79] G. Aquila, E. de O.P. Coelho, B.D. Bonatto, E. de O. Pamplona, W.T. Nakamura, Perspective 
of uncertainty and risk from the CVaR-LCOE approach: An analysis of the case of PV 
microgeneration in Minas Gerais, Brazil, Energy 226 (2021) 120327. 
https://doi.org/10.1016/j.energy.2021.120327. 

[80] D. Roy, S. Zhu, R. Wang, P. Mondal, J. Ling-Chin, A.P. Roskilly, Techno-economic and 
environmental analyses of hybrid renewable energy systems for a remote location employing 
machine learning models, Appl Energy 361 (2024) 122884. 
https://doi.org/10.1016/j.apenergy.2024.122884. 

[81] M. Đukan, D. Gut, A. Gumber, B. Steffen, Harnessing solar power in the Alps: A study on the 
financial viability of mountain PV systems, Appl Energy 375 (2024) 124019. 
https://doi.org/10.1016/j.apenergy.2024.124019. 

[82] J.Y. Ozato, G. Aquila, E. de Oliveira Pamplona, L.C.S. Rocha, P. Rotella Junior, Offshore 
wind power generation: An economic analysis on the Brazilian coast from the stochastic 
LCOE, Ocean Coast Manag 244 (2023) 106835. 
https://doi.org/10.1016/j.ocecoaman.2023.106835. 

[83] A. Ioannou, A. Angus, F. Brennan, Stochastic Prediction of Offshore Wind Farm LCOE 
through an Integrated Cost Model, Energy Procedia 107 (2017) 383–389. 
https://doi.org/10.1016/j.egypro.2016.12.180. 

[84] C.M.M.R.S. Silva, P.N.D. Premadasa, D.P. Chandima, J.P. Karunadasa, P. Wheeler, Optimum 
sizing and configuration of electrical system for telecommunication base stations with grid 
power, Li-ion battery bank, diesel generator and solar PV, J Energy Storage 123 (2025) 
116704. https://doi.org/10.1016/J.EST.2025.116704. 

 

60 Engineering Innovations Vol. 16



[85] S. Motiwala, S. Kumar, A.K. Sharma, I. Purohit, Enhancing performance of operational utility-
scale solar PV projects in India through re-powering: Potential and techno-economic 
assessment, Energy for Sustainable Development 83 (2024) 101574. 
https://doi.org/10.1016/J.ESD.2024.101574. 

[86] M. Daoudi, I. Daoudi, A. Idrissi, I. Ihoume, N. Arbaoui, O. Ben lenda, A. Riad, Analyzing life 
cycle costs and carbon emission reduction of a first offshore wind farm in africa under the 
climatic conditions of Morocco: Case study, Physics and Chemistry of the Earth, Parts A/B/C 
139 (2025) 103937. https://doi.org/10.1016/J.PCE.2025.103937. 

[87] International Renewable Energy Agency (IRENA), Renewable Capacity Statistics 2024, Abu 
Dhabi, 2024. 

[88] X. Hu, A. Elshkaki, L. Shen, The implications of circular economy strategies on the future 
energy transition technologies and their impacts: Solar PV as a case study, Energy 313 (2024) 
133972. https://doi.org/10.1016/J.ENERGY.2024.133972. 

[89] S. Preet, S.T. Smith, A comprehensive review on the recycling technology of silicon based 
photovoltaic solar panels: Challenges and future outlook, J Clean Prod 448 (2024) 141661. 
https://doi.org/10.1016/J.JCLEPRO.2024.141661. 

[90] J.C. Garvin, J.L. Simonis, J.L. Taylor, Does size matter? Investigation of the effect of wind 
turbine size on bird and bat mortality, Biol Conserv 291 (2024) 110474. 
https://doi.org/10.1016/J.BIOCON.2024.110474. 

[91] A. Moustakas, P. Georgiakakis, E. Kret, E. Kapsalis, Wind turbine power and land cover 
effects on cumulative bat deaths, Science of The Total Environment 892 (2023) 164536. 
https://doi.org/10.1016/J.SCITOTENV.2023.164536. 

[92] Y. Zhao, M. Wang, J. Lin, W. Liu, L. Chen, Z. Wang, B. Sun, X. Li, Exploring recycling 
strategies for retired wind turbine blades: The impact of policy subsidies and technological 
investments using a game-theoretic approach, J Clean Prod 490 (2025) 144628. 
https://doi.org/10.1016/J.JCLEPRO.2024.144628. 

[93] M.R. Elkadeem, A. Younes, J. Jurasz, A.S. AlZahrani, M.A. Abido, A spatio-temporal 
decision-making model for solar, wind, and hybrid systems – A case study of Saudi Arabia, 
Appl Energy 383 (2025) 125277. https://doi.org/10.1016/J.APENERGY.2025.125277. 

[94] V. Kati, C. Kassara, P. Panagos, L. Tampouratzi, D. Gotsis, O. Tzortzakaki, M. Petridou, M. 
Psaralexi, L. Sidiropoulos, D. Vasilakis, S. Zakkak, A. Galani, N. Mpoukas, The overlooked 
threat of land take from wind energy infrastructures: Quantification, drivers and policy gaps, J 
Environ Manage 348 (2023) 119340. https://doi.org/10.1016/J.JENVMAN.2023.119340. 

  

Engineering Innovations Vol. 16 61


