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Abstract: A new methodology for hybrid energy systems (HESs) was developed, namely the 

HY4RES model, tailored for the water sector, covering hybrid energy objective functions and grid 

or battery support using optimization algorithms in Solver, MATLAB, and Python, with evolution-

ary methods. HOMER is used for hybrid microgrids and allows for comparison with HY4RES, the 

newly developed model. Both models demonstrated flexibility in optimizing hybrid renewable so-

lutions. This study analyzed an irrigation system for 3000 m3/ha (without renewables (Base case) and 

the Proposed system—with PV solar and pumped-hydropower storage to maximize cash flow over 

25 years). Case 1—3000 m3/ha presented benefits due to PV supplying ~87% of energy, reducing 

grid dependency to ~13%. Pumped-hydropower storage (PHS) charges with excess solar energy, 

ensuring 24 h irrigation. Sensitivity analyses for Case 2—1000—and Case 3—6000 m3/ha—high-

lighted the advantages and limitations of water-energy management and system optimization. Case 

2 was the most economical due to lower water-energy needs with noteworthy energy sales (~73.4%) 

and no need for the grid. Case 3 led to increased operating costs relying heavily on grid energy 

(61%), with PV providing only 39%. PHS significantly lowered operating costs and enhanced sys-

tem flexibility by selling excess energy to the grid.  

Keywords: irrigation systems; new model HY4RES; HOMER; hybrid renewable energy; PV solar; 

pumped-hydropower storage (PHS); microgrid optimization 

 

1. Introduction 

With the growing concern about reducing environmental footprints, there is a global 

push to become less dependent on fossil fuels and other non-renewable sources of energy. 

To face the environmental problems and ensure a sustainable future for the next genera-

tions, the shift to clean and renewable energy sources is mandatory [1–4]. Within this ob-

jective, replacing the use of traditional batteries, which are often harmful to the environ-

ment, with other ways of storing energy, such as pumped-hydropower storage (PHS) is a 

significant step forward as a renewable alternative that has already proved beneficial and 

efficient for energy storage as water potential energy in upper reservoirs. 

Some studies are presented for small communities to have access to electricity with 

a scheme to provide irrigation facilities and water supply using a photovoltaic system 
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(PV) as the primary energy source for the pumped-hydro storage, showing a satisfactory 

net present cost and 100% of power supply probability [5–10]. 

Integrating storage technologies into hybrid energy systems (HESs) enhances stabil-

ity and increases renewable energy (RE) integration. This research reviews pumped-hy-

dro storage (PHS) in stand-alone or grid-connected RE-based HESs, focusing on reliabil-

ity, cost-effectiveness, and environmental impact. Optimization techniques, including me-

taheuristics and advanced methods, are applied. PHS shows significant techno-economic 

and environmental benefits over battery storage, with GA, Solver, or particle swarm opti-

mization being the most effective methods for cost and environmental efficiency. Other 

authors used HOMER Pro version 3.16.2 software to model irrigation systems which re-

sulted in a combination of a submersible pump, PV modules’ rated capacity, and a battery 

bank size, which indicates that using a storage system allows for constant water flow for 

irrigation systems. Also, exploring solar water pumping, some research shows that a PHS 

and/or battery bank are economical solutions for improving irrigation systems [11–16]. 

For these solutions, economic models were developed to ascertain the economic feasibility 

of the hybrid plant. Hence, high-fidelity software (i.e., HOMER® 3.16.2, HY4RES—the 

newly developed tool—, Python3, MATLAB® R2024a, and MS 365 Excel® (Version 2407 

Build 16.0.17830.20056)—Solver models) was utilized for both the design analysis and en-

ergy system optimization [17–22]. 

Henceforth, this research develops the implementation of an interesting comparison 

between hybrid energy models, i.e., the developed one, HY4RES, and the existent one, 

HOMER, as innovative and interesting approaches applicable in irrigation systems that 

use renewable energies as their main energy sources, powered by solar panels, PHS, and 

the electric grid as the secondary source when renewable components are not available. 

For energy storage, the solution uses hydropower and pump storage whenever pos-

sible, reducing the use of batteries. The main objective is to minimize environmental im-

pact and create a hybrid scheme as self-sufficient as possible depending on loads and pro-

duction. In addition, the system needs to be economically viable, with the sale of the ex-

cess clean generated energy to the electric grid contributing to the project’s financial profit 

and sustainability [23–26]. 

Throughout this investigation, a full simulation of an irrigation system operation will 

be designed and analyzed, including the system characterization, its different compo-

nents, the interaction between sources’ availability, operation mechanisms, and economic 

performance evaluation showing the associated benefits, flexibility, and feasibility. The 

irrigation system, of 6000 hectares, is located in southern Spain, on the Guadalquivir River 

basin, with crop fields of mainly citrus trees. The irrigation is run 24 h, pressurized and 

supplied with water from the upper reservoir. 

For this purpose, this research explored a new model, HY4RES (Hybrid for Renewa-

ble Energy Solutions), under the scope of the research project HY4RES (Hybrid Solutions 

for Renewable Energy Systems) EAPA_0001/2022 within the INTERREG ATLANTIC 

AREA PROGRAMME, specifically to test its consistency, performance, ability, flexibility, 

and reliability when compared with HOMER (Hybrid Optimization of Multiple Energy 

Resources), a widely known commercial software. Both were designed to assist in the op-

timization of microgrids and distributed energy systems. Widely used in the energy sec-

tor, HOMER aids in planning, designing, and analyzing microgrid projects, especially 

those incorporating renewable energy sources. Instead, HY4RES is a tailored model that 

was developed, where the combination of elements and the flexibility of operation are 

added values requiring knowledge of mathematical languages and optimization algo-

rithms [27–30]. In both models, key features are identified, which include the following: 

• Versatile system modeling: supports off-grid, grid-tied, and hybrid systems combin-

ing multiple energy sources (solar, wind, diesel generators, and battery storage); 

• Optimization: minimizes costs or emissions by optimizing the energy resource mix, 

considering load demands and renewable energy variability; 
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• Simulation: provides detailed insights into system performance, reliability, and eco-

nomic viability through time-based simulations; 

• Economic analysis: evaluates cost-effectiveness, including capital and operating 

costs, and provides key financial metrics (in HY4RES the net present value (NPV) or 

in HOMER the net present costs (NPC = −NPV), internal rate of return (IRR), and 

payback period); 

• Renewable integration: integrates various renewable sources and battery storage sys-

tems; 

• Grid interaction: models grid-tied systems for selling or buying power and designs 

reliable off-grid systems; 

• Sensitivity analysis: allows for the analysis of the effect of key parameter changes on 

system performance and economics; 

• User interface: features an intuitive graphical interface with visualization tools for 

data interpretation and presentation. 

In terms of applications, both (the HY4RES and the HOMER) models (i) provide re-

liable, affordable electricity solutions to remote or underserved areas; (ii) develop resilient 

systems for grid outages or natural disasters; (iii) optimize energy systems for businesses 

to reduce costs and enhance sustainability; and can (iv) create robust power solutions for 

different types of operations. 

Besides this, HY4RES, a newly developed model, and HOMER, as a commercial en-

ergy model, also present the following main advantages: 

• Model a wide range of energy systems and scenarios; 

• Identify cost-effective and sustainable energy solutions; 

• HOMER is trusted by professionals, researchers, and policymakers globally. 

In summary, the research to develop the HY4RES model uses the algorithm of Solver, 

in Excel, or the Python language for single- or multi-objective optimization functions. 

However, a simpler algorithm can be conducted via a non-linear generalized reduced gra-

dient (GRG) method, which often finds the best local solutions. However, to enhance pre-

cision, the multistart option was selected, combining GRG’s speed with the evolutionary 

method’s accuracy based on genetic algorithms (GAa). This approach aims for a global 

solution with a population size of 200 and a default convergence of 0.0001. Decision vari-

ables include hydropower, grid, and solar factors, constrained between 0 and 1, with the 

definition of irrigation hours allowed. On the other hand, HOMER is a powerful commer-

cial tool for designing and optimizing energy systems with renewable and distributed 

resources. Its ability to model complex interactions, optimize configurations, and perform 

detailed economic analyses makes it invaluable for developing efficient, reliable, and sus-

tainable microgrids. It employs a blend of linear programming, heuristic optimization, 

and mixed-integer linear programming, using tools such as C++20, Python3, and 

MATLAB R2024a. HOMER’s iterative approach, integrating simulation feedback and heu-

ristic methods (e.g., genetic algorithms) effectively navigates non-linearities and discrete 

decision variables, enhancing scenario analysis and components’ selection. 

Hence, this research work is structured as follows: Section 1, as formerly presented, in-

cludes a recent literature review on the subject of hybrid energy solutions and optimization 

models, in particular for HY4RES, a newly developed model, and HOMER, a commercial soft-

ware. Section 2 presents the materials and methods used in this research. Section 3 presents 

the main components of the hybrid system defined in both the HY4RES and HOMER models, 

and Section 4 presents the Results and Discussion for the economic optimization objective 

function for different scenarios of exploration for the HY4RES and HOMER models. Lastly, 

Section 5 presents the main conclusions and limitations of each model. 

2. Materials and Methods 

The methodology used to develop this research study is based on HY4RES (Hybrid 

for Renewable Energy Solutions), a newly developed model built to create a tailored 
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hybrid energy system that better suits the water sector and process industry applications. 

It is versatile in terms of objective functions, hydraulic circuit characterization, economic 

performance indicators, CO2 emissions, hydro production and pump energy consump-

tion, and grid or battery support. HOMER (Hybrid Optimization Model for Electric Re-

newables) is a simulation and optimization tool developed to model hybrid energy mi-

crogrids. It contains a highly developed economic model, taking into account factors such 

as capital costs, operation and maintenance, and component replacement. HY4RES is not 

specifically for electric components, as HOMER better covers these components, but more 

specifically covers the hydraulic and mechanical components’ integrated behavior. 

For both models, some auxiliary tools are required for hydraulic simulators for hydro 

and pump systems, as presented in Figure 1a. In Figure 1b a brief scheme of the economic 

analysis is provided. 

 
 

(a) (b) 

Figure 1. Base methodology. (a) Main components of the simulation and analysis, and (b) economic 

analysis procedure. 

Using this kind of methodology, this research aims to evaluate the technical and eco-

nomic viability of the system to be implemented by optimizing the components to find 

the best combination that minimizes total costs and meets water-energy nexus require-

ments (Figure 1). 

For the HY4RES model, the flowchart explains the tailored optimization model that 

can be defined (Figure 2) depending on the considered elements in the hybridization. For 

this study, the HY4RES model was optimized to maximize the yearly grid cash flow, via 

variation of the hydropower and pump energy that is attributed, according to what is 

feasible, with the following defined restraints: minimum and maximum reservoir volume, 

maximum required hydropower, maximum available solar energy, and maximum grid 

energy to supply the pumps. 
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Figure 2. Brief flowchart explaining the complex tailored and flexible model for HY4RES. 

The HOMER model uses the following approach, as explained in Figure 3. 

 

Figure 3. HOMER model definition. (a) Base methodology, (b) case study’s location, and (c) defined 

microgrid with solar PV, grid, load as irrigation, converter, and PHS. 

To perform correct simulations, detailed data on the system components are defined 

to create different steps, as shown in Figure 3a. The selection of the location of the project 

will influence the available radiation (Figure 3b), wind, and water availability, as well as 

the topography in terms of reservoir implantation. The microgrid for the irrigation case 

study is presented in Figure 3c. 

After the definition of the hybrid solution and restrictions imposed for each model oper-

ation, the obtained results will show the influence of various parameters, taking into account, 
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firstly, the behavior and functioning of the system in terms of energy (production/need) and, 

secondly, the economic aspect, in which a comparison is made between the new optimized 

hybrid renewable system and the current system (Base-case) without renewables. 

For this research, three cases were studied, varying the volume of water made avail-

able annually for irrigation. The sequence used was 3000 m3/ha for Case 1, as the reference 

design, 1000 m3/ha for Case 2, and, finally, 6000 m3/ha for Case 3. These water allocations 

are based on common water designations for the yearly irrigation season of the under-

analysis region and the range of crops cultivated (citrus trees). For all cases, the setup used 

in both models, HY4RES and HOMER, is the same within each model limitation, with 

only varying volumes of water allocation in HY4RES and load variation for each case in 

HOMER. HY4RES is a new model developed for this research, capable of being applied 

in Solver MS365, Python3, and MATLAB R2024a and is quite flexible in terms of the water 

allocations to be applied in the water sector where the pump and hydropower are crucial 

to integrate other intermittent renewables, while HOMER is a commercial model widely 

used in the renewable energy design projects environment. 

3. System Components 

3.1. Solar PV Resource 

Solar PV panels are a reliable source of renewable energy, harnessing the sun’s power 

to generate electricity using natural resources without emitting harmful pollutants. In an 

economic aspect, this source is highly profitable due to the decreased installation costs and 

maintenance expenses making it a cost-effective investment over time. Utilizing solar PV 

panels as the primary energy source for irrigation systems is particularly advantageous as 

they provide a consistent energy supply while reducing the dependence on fossil fuels and 

lowering operational costs. For these reasons, the case studies aim to install 9 MW of solar 

energy. HY4RES used PVGIS as auxiliaries in the estimation of PV solar and Wind sources 

and used WaterGems for pump and hydropower hydraulic circuits operation, respectively. 

HOMER has its library for different types of PV panels and wind turbines but has quite 

limited capacity for the simulation of water allocation and hydraulic circuits. 

The HY4RES model easily defines the desired power to be installed that is suited to 

the hydraulic system components and different configurations, such as irrigation, drink-

ing, and process industries with water allocation, pump, and hydropower stations, com-

bined with other renewables, complemented with grid or batteries or nothing. The 

HOMER model presents modular pre-defined elements that need to use multipliers to 

obtain the desired power installed. In this case, a generic PV component of 1 kW was cho-

sen to simulate this installation with several components that were then increased to 9000 

to achieve 9 MW of capacity. Additionally, the slope was set to 33 degrees and the derating 

factor to 86%, to replicate the solar system used in the HY4RES model. This derating factor 

is a scaling factor applied to the PV array power output to account for reduced output in 

practical operating conditions. 

The power from the PV solar can be calculated using Equation (1) [31]. 

𝑃𝑃𝑉 =  𝑌𝑃𝑉𝑓𝑃𝑉 (
𝐺𝑇

𝐺𝑇,𝑆𝑇𝐶
) [1 + 𝛼𝑃(𝑇𝑐 − 𝑇𝑐,𝑆𝑇𝐶)] (1) 

where the variables have the following representations: 

𝑌𝑃𝑉 = power output during standard test conditions in kW; 

𝑓𝑃𝑉 = derating factor of solar PV; 

𝐺𝑇 = incident solar irradiance in kW/m2; 

𝐺𝑇,𝑆𝑇𝐶 = incident solar irradiance at standard test conditions which is 1 kW/m2; 

𝛼𝑃 = temperature co-efficient of power; 

𝑇𝑐 = cell temperature of solar PV in °C; 

𝑇𝑐,𝑆𝑇𝐶 = cell temperature under standard test conditions which is 25 °C. 
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Regarding the economic analysis, the acquisition price used was 425 EUR/kW, total-

ing EUR 3,825,000 (considering a 50% reduction due to government benefits). The yearly 

operation and maintenance costs are estimated to be 1% of the initial investment, amount-

ing to EUR 76,500 [21]. In HOMER, the solar irradiation data were obtained from the 

NASA Power database built on the defined project location, where the annual average 

daily radiation is 4.85 kWh/m2/day. Figure 4 shows the distribution of the solar data across 

different months. The peak daily radiation occurs in July, with 7.76 kWh/m2/day, while 

the lowest daily radiation is in December, with 2.14 kWh/m2/day. According to these val-

ues, it can be concluded that the defined project’s location (in Alentejo, in the South of 

Portugal), receives a substantial amount of solar irradiation throughout the year, enabling 

a large energy production from PV solar panels. 

 

Figure 4. Solar source from NASA power database with monthly average values of daily radiation 

and clearness index. 

3.2. Electric Load 

It is necessary to determine the electric load that needs to be met as the first step in 

sizing any electrical system. This involves calculating the total energy demand for irrigation, 

taking into account the power and operation hours. By understanding the specific energy 

requirements, it is possible to size the rest of the components such as the storage and con-

verter, ensuring efficient and reliable operation for the creation of a better-suited system. 

In these models, three different loads were used to simulate the energy required for allo-

cating 1000, 3000 (reference system), and 6000 m3/ha of water annually for an irrigation field 

of 6000 ha. The studied values were obtained based on hourly energy consumption data. 

These values are distributed throughout the analyzed average year as presented in Table 1. 

Table 1. Hourly energy and water required for irrigation throughout the year. 

Water Need 1000 m3/ha—Case 2 3000 m3/ha—Case 1 6000 m3/ha—Case 3 

Months 
Energy 

kWh 

Water 

Irrigation 

m3/h 

Energy 

kWh 

Water 

Irrigation 

m3/h 

Energy 

kWh 

Water 

Irrigation 

m3/h 

Jan 0 0 0 0 0 0 

Feb 0 0 0 0 0 0 

March 269 564,516 807 1,693,548 1614 3,387,096 

April 393,67 833,333 1181 2,499,999 2362 4,999,998 

May 470,33 1,209,677 1411 3,629,031 2822 7,258,062 

June 740,67 1,666,667 2222 5,000,001 4444 10,000,002 

July 806,67 1,774,194 2420 5,322,582 4840 10,645,164 

Aug 649,67 1,451,613 1949 4,354,839 3898 8,709,678 

Sep 347,33 666,667 1042 2,000,001 2084 4,000,002 
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Oct 0 0 0 0 0 0 

Nov 0 0 0 0 0 0 

Dec 0 0 0 0 0 0 

Figure 5 is focused on 3000 m3/ha to explain some data related to the energy monthly 

load profile. 

 

Figure 5. Monthly energy load profile (in each hour) distributed along an average year. 

In the defined case study, the irrigation season starts in March with low energy re-

quirements, increasing until the peak load of 2420 kWh in July. The season ends in Sep-

tember, with energy consumption dropping to 0 kWh from October to February. The an-

nual average energy consumption is 22,194 kWh, and the average daily consumption is 

924.79 kWh. These values are presented in more detail in Figure 6. 

 

Figure 6. Required load for every hour and day of the year. 

3.3. Grid Energy 

The grid plays a key role in a highly consumed energy irrigation system, to make it 

doable and profitable. The aim is to use renewable energy to meet all the energy needs for 

a defined irrigation scheme. However, if there is not enough solar energy, the grid must 

provide the necessary power to maintain the normal functioning of the system. When 

there is an excess of energy production from the PV solar, this surplus must be used to 

provide the pump energy needed to fulfill the upper water pond, and the excess is sold to 

the grid, making the system profitable. This balance between using solar energy to feed 

water pumps to fill the upper pond and the irrigation needs and, when necessary, com-

plementing the energy from the electric grid, allows for the optimization of the system. 

The hourly values of energy price and the sellback rate of the grid in an average year 

were defined using real price data from the system location. These values were imported 

into the HY4RES and HOMER models, resulting in Figure 7. 
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Figure 7. Grid power price and sellback rate for every hour of the day and day of the year. 

After defining the grid prices, the HOMER model needs to be adapted to be able to 

replicate real operating conditions and restrictions imposed by the system operation and 

compare it with the HY4RES model, the developed tailored model. A specified parameter 

is the “prohibit grid sales from the battery below a sellback price of 0.20 EUR/kWh”, to 

prevent depleting the reservoir for energy sales instead of storage since HOMER does not 

use water reservoirs. The set value corresponds to the maximum sellback rate. 

3.4. Pumped-Hydropower Storage (PHS) 

One of the most popular and effective types of energy storage is pumped-hydro stor-

age (PHS). This type of storage technique consists of having two water reservoirs posi-

tioned at two different levels. The energy is stored by retaining water in the higher-eleva-

tion reservoir and, when needed, the water is released from the upper reservoir, flowing 

through a hydro-turbine driven by gravity to produce hydropower. During periods of 

surplus renewable energy production or lower demand, the excess energy is used to 

pump the water from the lower reservoir back to the upper one. 

In the selected irrigation system, a variation is made using the upper reservoir and a 

nearby river (with no necessary defined volume) as the lower one. Despite this modifica-

tion, the working procedure remains the same. Additionally, this particular PHS serves a 

dual purpose by also providing water for irrigation from the top reservoir. 

HY4RES privileges the pump and hydropower operation, water needs, and the stor-

age of water volume in the top reservoir, which affords the potential for water allocation 

that HOMER is not able to suit. Hence, HY4RES uses the following formulation: PHS op-

eration depends on solar if it is available or not available, as expressed via Equation (2), 

where Hneedi is the required hydropower energy to satisfy the energy needs, in kWh, else 

with the energy needed (𝐸𝑛
𝑖 ) satisfied by the solar energy, and if there exists a surplus of 

it, then the PHS is set for pump mode to use that same energy to pump water to the higher 

reservoir, expressed as Equation (3), where PSi is the available renewable energy to be used 

by the pumps, in kWh. 

Hneed
i = En

i − Si ,   If > 0 (2) 

Else PS
i = Ss+w

i  ,   If > 0 (3) 

Regarding the turbine operation, the PHS system only produces hydropower if there 

is enough water stored in the top reservoir, already discounting the water allocation for 
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irrigation (Equation (4)), and in reverse mode as a pump, the water allocation subtraction 

is also considered in Equation (5). 

VR
i−1 − Ai − Vt

i ≥ Vmin (4) 

VR
i−1 − Ai + Vp

i ≤ Vmax (5) 

where VRi−1 corresponds to the reservoir volume at the end of the previous hour, 𝐴𝑖 is the 

water allocation to be guaranteed, Vti to the turbine volume, both in m3, and Vpi corre-

sponds to the pumped volume, in m3. The turbine volume is computed by the following 

formula, Equation (6), based on [17–22]: 

Vt
i =

α. Hneed
i . 3600. 103

9800. ηt. Ht
 (6) 

with the variable (α) being the hydropower factor, a value between 0 and 1; Hneedi is the 

required hydropower energy for energy needs, in kWh; ηt the average turbine + generator 

efficiency; and Ht is the average turbine head. 

In the pump mode, the feasible renewable energy for the pump (PF−Si) in kWh is ob-

tained via Equation (7): 

PF−S
i = β . PS

i (7) 

The grid contribution for the pump station plus the available renewable energy for the 

pump (PSi) multiplied by its factor (β) is lesser or equal to the nominal power (PN), as 

described with the following Equation (8): 

If   β . PS
i + γ . PN ≤ PN (8) 

On the other hand, HOMER needs to define a specific type of component, PH 245 

kWh, with the specifications presented in Table 2. 

Table 2. HOMER component vs. real system PHS specifications. 

PHS Unit HOMER PH 245 kWh Real System PHs 

Storage capacity [m3] 1000 1,078,627 

Power output [kWh] 245 264,534 

Discharge period [in hours] 12 12 

Efficiency [%] 90 90 

Effective head [m] 100 100 

Since the specifications between HOMER components and the real system need ad-

aptations, the number of components was defined as 1078 to achieve the storage capacity 

and power output of the real system using Equation (9). 

E [kWh] = 9.81 ρwater Vres Hhead ƞ/(3.6 × 106) (9) 

where the variables have the following representations: 

• E is the energy stored in kWh; 

• ρwater is the density of water, 1000 kg/m3; 

• Vres is the volume of the reservoir in m3; 

• Hhead is the available head in m; 

• ƞ is the efficiency of the energy conversion and must consider losses like turbine ef-

ficiency, generator efficiency, and hydrodynamic losses. 

Then, in the HOMER model, it was imposed that the minimum value of the reservoir 

is 10.96% of its total capacity. This value attends to avoid problems with the turbine and 

pump system. The initial state of charge of the reservoir at the beginning of the year is set 
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to be 76%, after the simulation of the upper reservoir volume variation based on the 

HY4RES model. 

To implement this type of energy storage, the initial investment was set to be EUR 

2,240,000 to install the turbines and modify the pumps, assuming the top reservoir and 

some pipes are already installed, since other necessary components were already in-

stalled. The operation and maintenance costs were set to be EUR 94,000/year [21,22]. 

3.5. Converter and Controller 

For the HOMER model, an electric converter is considered as a device that changes 

electrical energy from AC to DC or vice-versa depending on the type of equipment to be 

installed. In a system under analysis, where components work together using different 

forms of energy, a converter is vital for the system’s operation. It is divided into two parts: 

a rectifier and an inverter. An inverter converts direct current (DC) to alternating current 

(AC), which is essential for connecting the PV panel and the PSH (DC) to the load or grid 

(AC) (see Figure 3). A rectifier converts AC to DC, which is not used in this solution, except 

in the critical case where the grid provides power for the PSH. On the other hand, the 

controller is the final piece in the design of this system in HOMER, adjusting the system’s 

operation to meet desired objectives by changing its priorities and the way components 

interact. The strategy chosen in HOMER was Load Following (LF). According to 

HOMER’s explanation, when excess energy is needed, grid purchases are made only to 

meet the primary load demand. Lower priority objectives, such as charging storage, are 

not supplied unless renewable energy is available. In the HY4RES model, these electric 

devices do not need to be defined, since this model does not consider electric components. 

4. Results and Discussions 

The defined irrigation system presents different water allocations, with the status quo 

or the reference solution being for 3000 m3/ha. Sensitivity analyses are carried out for 

lower and higher values of the water allocation, such as 1000 and 6000 m3/ha, to enhance 

the system’s ability and operation behavior, as well as in terms of economic indicators and 

energy purchase and production for each case study. 

There are main variables to better interpret the results and find the best option for the 

system by evaluating the following parameters: 

• Net present cost (NPC): this is the difference between the present value of all costs, 

including operation and maintenance (O&M) costs and replacement costs over the 

project’s lifetime, and the present value of the revenue the project earns over its entire 

lifetime; 

• Levelized Cost of Energy (LCOE): this is the ratio of the total average cost of produc-

ing electrical energy to the total electrical energy produced by the system; 

• Operation and maintenance (O&M) Cost: these are the costs associated with the op-

eration and maintenance of the equipment, such as the pumped-hydro storage (PHS), 

photovoltaic (PV) panels, and converters. HOMER uses the O&M costs for different 

systems as input to calculate the total O&M cost of the system over the complete 

project cycle. 

With NPC representing the difference between the current value of all the costs in-

cluding O&M costs, replacement costs for the lifetime of the project, and the present value 

of the revenue the project earns over its entire lifetime, the projects should be designed in 

such a way as to reduce the NPC [27]. HOMER uses the discount rate to calculate the NPC. 

The NPC can be calculated using the following Equations (10) and (11) [28]: 

NPC =
TAC

CRF
; NPC = −NPV (10) 

CRF =
i(1+i)N

(1+i)N   (11) 
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where the variables have the following representations: 

TAC = total annualized cost; 

CRF = Capital Recovery Factor; 

N = number of years; 

i = annual interest rate 10% [21,22]. 

Levelized Cost of Energy (LCOE) is the ratio of the average cost of electrical energy 

produced and the total electric load served by the system. This can be calculated using the 

following Equation (12): 

LCOE =
Cann,tot

Eserved
 (12) 

where the variables have the following representations: 

Cann,tot = total annualized cost, in EUR; 

Eserved = total electric load served, in kWh. 

The O&M costs are the costs associated with the wear and tear of the equipment such as 

PV solar, pump, and hydropower equipment. These can be variable or fixed costs associated 

with the project. These usually cover the maintenance of the pump and hydropower systems, 

and other equipment. Models receive the O&M costs for different systems as input and calcu-

late the total O&M cost of the system over the complete cycle of the project [30,32–41]. 

4.1. Case 1—3000 m3/ha (Status Quo) 

By running the simulation models for 25 years of lifespan, and using the load of 3000 

m3/ha, the results are presented and explained. Starting with the project economics, Table 

3 presents a comparison between a Base case (using energy from the grid) and the proposed 

system (prioritizing energy from renewables, namely PV and PHS, whenever available) 

under investigation, with a discount rate of 10%. The Base case only takes into account the 

reservoir and the grid, buying all the energy from it. It has a fixed maintenance cost of 

EUR 74,000 associated with the operation of the pumps that supply water to the top res-

ervoir, with no initial investment since it already exists. 

Table 3. HOMER economics from the Base case (grid) versus proposed system (PV and PHS). 

Economic Indicators Base Case Proposed System 

NPC EUR 9,138,886 EUR 8,488,475 

Initial Capital EUR 0.00 EUR 6,074,559 

LCOE EUR 0.124/kWh EUR 0.072/kWh 

O&M EUR 1,006,813/yr EUR 266,009/yr 

Analyzing the results, both models present similar outcomes, and it can be concluded 

that the system under study (with renewable energy) is more profitable compared to the 

base system (from the grid). The initial investment is significant, at ~EUR 6.0 million, com-

pared to the system with no initial costs. However, the operation and maintenance (O&M) 

costs are significantly lower, amounting to only a quarter of the initial investment in the 

first year of operation, and further decreasing due to the applied discount rate. This dif-

ference in values is attributable to the PV panels supplying energy, with any excess being 

sold, and the PSH system charging and discharging daily. This operation reduces the need 

for energy purchases from the grid, as it feeds the system for a few hours each day. After 

25 years of operation (Figure 8), the benefits of the new system become evident with a cost 

difference of ~EUR 650,000 compared to the base system, completely offsetting the initial 

investment. While the base system suffered a loss of EUR 9.1 M over 25 years, the pro-

posed system has only EUR 8.4 M in costs of energy. Additionally, it is important to em-

phasize the reduction in the cost of energy, from EUR 0.124/kWh to EUR 0.072/kWh. 
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(a) (b) 

Figure 8. Cumulative NPV, over years of the systems´ operation (discounted): (a) HY4RES model 

and (b) HOMER model. 

As power input for the irrigation system, the PV solar will provide the highest energy 

contribution producing between 75 and 86% of the whole energy required, buying only 

25–14% of total energy from the grid, which greatly reduces operating costs. Also, from 

consumption values, the grid sales have a percentage of 37.3%, with the remaining 62.7% 

used for irrigation in the HOMER model. The HY4RES model exhibits a similar behavior, 

emphasizing the importance of renewables (i.e., PV solar and PHS) (Figure 9). Small dif-

ferences are justified by the type of data used from different databases and the character-

istics of PV solar panels. 

 
(a) 

 
(b) 

Figure 9. Monthly energy production from renewables: PV and grid for a year. (a) HY4RES and (b) 

HOMER. 
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Analyzing Figure 10, as expected, the PV power output varies with the hour of the 

day, and with the day of the year, on a smaller scale. This figure has a color graph and 

confirms this information by displaying a yellow stripe (6000–9000 kW) between 10 a.m. 

and 7 p.m. which corresponds to peak production power, and another color gradient from 

green to purple (5000–1000 kW) for the rest of daylight hours, with the most visible being 

the two-tone blue line. In black (0 kW) is the power output during nighttime. The solar 

power output is the same for all cases. 

 

Figure 10. Variation of PV power output with hours of the day and days of the year. 

For the pumped-hydro storage (PHS), Table 4 presents some important parameters 

to take into consideration. Analyzing these values, the losses are significant when com-

pared with the energy in and out, however it is on purpose. The PHS is responsible not 

only for energy storage but also for supplying water for irrigation which means a large 

loss of water that could be used to generate hydropower. 

Table 4. PHS parameters. 

Average Values PHS 

Energy in [kWh/yr] 7,005,947 

Energy out [kWh/yr] 1,996,314 

Losses [kWh/yr] (in HOMER) 4,943,877 

Usable Nominal Capacity [kWh] 243,984 

Knowing the water volume used for irrigation every hour, throughout the year, it 

was possible to calculate the amount of energy loss and transform that value into effi-

ciency by knowing the energy input. The HOMER Pro version 3.16.2 software cannot sim-

ulate water needs, as a volume unit, especially water supply in a pumped-hydropower 

storage solution between two reservoirs (i.e., an upper and a bottom one). Therefore, to 

account for the required water for irrigation, it is necessary to impose energy dissipation 

on the PHS, to ensure that the lost energy equals the energy consumption by the pumps 

to store water in the upper reservoir, for later use in irrigation. 

The state of charge of the water storage tank is also one of the essential parameters in 

both the economic and functional evaluation of the system. Figure 11 shows two different 

graphs of the state of the reservoir over the course of a year, respectively, from HY4RES 

and HOMER. It can be seen that there is a big drop in the month of April and from then 

on it stays close to the minimum value for the rest of the irrigation season, which is not an 

ideal situation. 
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(a) 

 
(b) 

 
(c) 

Figure 11. Charge of the water storage reservoir hourly throughout the average year: (a) HY4RES 

through energy balance; (b) HOMER variation of the state of charge; (c) state of the charge related 

to the hour of the day throughout the year. 

Since the water reservoir cannot remain at the minimum state of charge for more than 

1 h due to irrigation requirements, this minimum value needs to be increased to ensure 

continuous irrigation. To know the minimum value in HOMER, the maximum duration 

in which the reservoir stayed at the minimum level was evaluated. Compared to the res-

ervoir capacity of 1,078,627 m3, this corresponds to 17.7%. Adding this to the absolute 

minimum level of 10.96%, the final minimum reservoir level to assure irrigation through-

out the year is 28.7%. 

Figure 12 shows all the main parameters when evaluating this irrigation system over 

a year using HY4RES and HOMER. In January and February, there is no irrigation; the 

primary load is 0 kWh, so all the energy produced with PV solar is sold to the grid after 

filling the reservoir. In March, the irrigation season begins, so part of the energy produced 

is now used to meet the load requirements with any excess used to charge the storage and 

sold to the grid. The pumped-hydro storage starts working, as well as the fluctuations in 

the state of charge for the reservoir. In HOMER, when these values are below 0 (in Figure 

12b top) it means that it is turbinating (generating energy) and above 0 is pumping (spend-

ing energy). In April, there is a slight increase in the load, resulting in a noticeable sharp 

decrease in the state of charge of the reservoir due to increased water turbine activity to 

generate power. When the storage reaches its minimum value, it becomes necessary to 
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purchase energy from the grid. Since there is no excess energy, there are no sales. As the 

reservoir approaches its minimum value and only charges by a few percentage points per 

day, the combination of solar energy and storage becomes insufficient to supply irrigation 

for the entire day, necessitating more frequent use of the grid. 

 

 
(a) 

 
(b) 

Figure 12. Overview of energy balance for both models for the water allocation of 3000 m3/ha: (a) 

HY4RES and (b) HOMER. 
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After providing an overview of the system’s performance over the course of an aver-

age year, Figures 13–15 offer a more detailed analysis throughout a single day in different 

months. On 20 March, as seen in Figure 13, from midnight to almost 7 a.m., the PHS sup-

plied power (indicated by the green line below 0) to ensure the irrigation, with no need 

for any grid purchases due to the top reservoir level (around 85%). At 6 am, the PV panel 

begins generating energy from solar radiation, reducing the need for hydropower. By al-

most 7 a.m., the PV output matches the load, stopping the power production from the 

PHS. As soon as there is a surplus of energy produced by renewables, it is used to pump 

water to the top reservoir, storing energy. Between 8 a.m. and 6.30 p.m., power generation 

exceeds demand, allowing for the charging of the storage and an increase in the water 

level of the top reservoir. The cycle repeats as the absence of solar energy is compensated 

for with the PHS. HY4RES evaluates better the PHS and irrigation water allocation. 

 
(a) 

 
(b) 

Figure 13. System behavior for 20th March of the analyzed average year: (a) HY4RES and (b) 

HOMER. 

Analyzing the data for 23 April, the concept remains the same, but with a higher load, 

which places greater demand on the PHS during nighttime hours making the state of 

charge of the storage less stable (Figure 14). It is also evident that the reservoir reaches its 

minimum value, forcing the purchase of energy from the grid until solar energy becomes 

sufficient. Subsequently, the reservoir begins to refill, and the rising percentage is shown 

in both graphs. 
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(a) 

  
(b) 

Figure 14. System behavior for 23 April of the analyzed average year: (a) HY4RES and (b) HOMER. 

In the peak load month, for 9 July (Figure 15), the system’s behavior follows the same 

pattern as previously described. However, the reservoir is at or near its minimum capacity 

during this period, requiring more energy from the grid as it has less capacity to provide 

power. This analysis is more sensible in HY4RES simulations where the reservoir charges 

throughout the day, beginning to provide power for irrigation energy needs and water 

allocation at the top reservoir. Consequently, during the night period, the energy is pur-

chased from the grid and, in HY4RES, also from the PHS. Nevertheless, the PHS, with its 

charging capability during the day, still manages to supply power together with PV solar 

for the irrigation requirements for approximately 7 h, reducing the need for power pur-

chase from the grid by a few hours daily. 

 
(a) 
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(b) 

Figure 15. System behavior for a day on 9 July: (a) HY4RES and (b) HOMER. 

A similar pattern of energy balance over a week is obtained with both models (Figure 

16). HY4RES has an upper reservoir water level that needs to follow the operation con-

straint conditioning and, at the same time, all the hydropower and pumping processes, as 

well as the water allocation for irrigation supply. This model is more specific, incorporat-

ing in its optimization all the interaction components of the system, in which the energy 

for pumping, to guarantee enough water, is crucial to satisfy 24 h of irrigation and is an 

important imposed restriction. HOMER has a simpler definition because some conditions 

cannot be defined as tailored to each system’s characteristics as HY4RES, which requires 

a more complex controlled simulation process, depending on the imposed water-energy 

nexus restrictions and operating conditions, as specified in Figure 2. 

 
(a) 
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(b) 

Figure 16. The behavior of the system over one week in the middle of June, for similar input data: 

(a) HY4RES and (b) HOMER. 

4.2. Case 2—1000 m3/ha 

In this case, the HY4RES model was used with ease, and the HOMER model with the 

necessary adjustments in load and water requirements to simulate an allocation of 1000 

m3/ha per year, with some factors to approach the real operation system. The economic 

results are presented in Table 5. 

Table 5. HOMER economics from the Base case versus the proposed system. 

Economic Indicators Base Case Proposed System 

NPC EUR 3,494,210 EUR 3,597,546 

Initial Capital EUR 0.00 EUR 6,074,559 

LCOE EUR 0.1426/kWh EUR 0.03911/kWh 

O&M EUR 384,950/yr EUR 272,234/yr 

The HY4RES model uses a different database for PV solar and calculates the PHS 

system taking into consideration all the defined hydraulic circuits’ and hydraulic ma-

chines’ (i.e., pumps and turbines) efficiencies, bearing in mind all the restrictions imposed 

by the irrigation system operation and government or region to selling PV solar only after 

5 years of production. HOMER has an easier interactive platform, enables modular and 

compact use of its input data library, and is not so easy to adopt restrictions in terms of 

water irrigation allocation. Comparing the values, the Base case has no initial investment 

and an O&M cost of EUR 384,950 in the first year, which is then reduced due to a 10% 

discount rate, resulting in a NPC of EUR 3,494,210 after 25 years. For the case under study, 

with renewables, the NPC is slightly higher due to the initial investment of EUR 6.07 mil-

lion, with an operating cost of EUR −272,234, indicating a profit each year of operation. 

After 15 for HY4RES or 25 years for HOMER, because all restrictions cannot be considered 

as for HY4RES, both systems present similar result patterns in terms of economic ten-

dency. However, with each passing year, the system under proposal reduces its cost, while 

the Base case only increases. Benefits associated with the water value paid by farmers, 

crop production, selling and exportation, and other associated agriculture benefits are not 

considered in both models since they are benefits downstream of the implemented sys-

tem. Thus, it is only a matter of waiting a few years after the proposed system with 
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renewables to see a return on the total initial investment. A graphical representation of 

this explanation is shown in Figure 17. 

  

(a) (b) 

Figure 17. Cumulative cash flow, over the years of the system’s operation: (a) HY4RES and (b) 

HOMER. 

The focus here is also on the O&M costs, with grid sales making this value negative, 

indicating a profit of EUR 442,734 for the first year. This indicates significant cost savings 

and reduced dependence on the grid, achieved through the use of renewables. 

The difference from the 3000 m3/ha case is that, as the load and energy needs are 

lower, more energy is sold to the grid, resulting in a significant profit. Additionally, with 

less energy lost (i.e., in water for irrigation), the pumped-hydro storage (PHS) system be-

comes more efficient, providing more power when the PV panel is not sufficient or during 

night hours, thereby reducing costs in grid purchases. 

As seen from the comparison of energy purchases and sales from/to the grid, the Base 

case buys all the energy it needs from the grid, while the proposed system makes abso-

lutely no purchases from the grid throughout the year, selling only energy. These energy 

sales depend on the surplus, so the value is higher during the months without irrigation 

or with less water-energy needs, and lower during the hottest months, when irrigation is 

more intense, requiring more energy. 

According to these results, the system is capable of operating without the need to use 

the grid, making it 100% autonomous. As for the electrical production and consumption 

values, HOMER provides the following results (Tables 6 and 7). 

Table 6. Electrical production during a year. 

Production kWh/yr % 

PV panel 15,537,755 100 

Grid purchases 0 0 

Table 7. Electrical consumption during a year. 

Consumption kWh/yr % 

AC Primary Load 2,700,380 26.6 

Grid Sales 4,827,330 73.4 
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For this equivalent HOMER-model-derived water allocation, PV solar produces al-

most 100% (Figure 18) of the energy used, and 27% of that energy is used for irrigation, 

with the remaining ~73% being sold to the grid. 

 
(a) 

 
(b) 

Figure 18. Monthly electric production comparison between PV and grid for a year: (a) HY4RES and 

(b) HOMER. 

For the pumped-hydro storage, Table 8 presents some important parameters for en-

ergy and nominal capacity. 

Table 8. PHS parameters. 

PHS Value 

Energy in [kWh/yr] 3,026,828 

Energy out [kWh/yr] 1,317,962 

Losses [kWh/yr] (HOMER) 1,643,110 

Usable Nominal Capacity [kWh] 228,887 

The losses in Table 9 play a crucial role in the HOMER model to factiously simulate 

the irrigation system, representing the energy loss in the PHS, in order to be able to allo-

cate water for irrigation during the year. Considering that the energy that enters via PHS 

is 3,026,828 kWh in a year, the losses in HOMER correspond approximately to 55%. In this 

case, as shown in Figure 19, the state of the charge of the reservoir is near 100% in both 

models (i.e., HY4RES and HOMER) all year, so the energy that enters the PHS is much 

lower than the reference case of 3000 m3/ha due to being almost full all year. In HY4RES, 

the water allocation may be input data, but in HOMER it is achieved via losses. 
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Table 9. HOMER economics from the Base case versus the proposed system. 

Economic Indicators Base Case Proposed System 

NPC EUR 17,606,450 EUR 17,893,550 

Initial Capital EUR 0.00 EUR 6,074,559 

LCOE EUR 0.1197/kWh EUR 0.1217/kWh 

O&M EUR 1,939,669/yr EUR 1,302,596/yr 

Figure 19 shows the state of the reservoir over the course of the analyzed average 

year. It can be seen that, in this case, it has three-times-less load than the previous one, 

which requires less energy from the solar panel and the PHS, leading to better charging 

during daylight hours and less discharging during night hours. This difference means that 

the reservoir remains close to its maximum level throughout the year, only changing in 

the most critical months. 

 
(a) 

 
(b) 

 
(c) 

Figure 19. Variation in the state of charge of the water storage reservoir every month: (a) HY4RES; 

(b) HOMER; and (c) state of charge of the water storage reservoir hourly throughout the year. 



Energies 2024, 17, 4037 24 of 37 
 

 

Once again, Figure 20 contains all the important parameters for evaluating this sys-

tem with both models when the water allocation is 1000 m3/ha. 

Compared with the 3000 m3/ha, our reference case, the differences can be seen mainly 

in the large volume of energy sales throughout the year, only decreasing according to the 

energy needs for irrigation, but always with very high values. Another major difference is 

the level of the reservoir, which always remains close to the maximum value but fulfills 

its purpose of supplying water and energy to the irrigation system during the irrigation 

season and is therefore constant at 100% outside this period. 

The red line in the top graphs (Figure 20a,b) shows the energy required for irrigation, 

which, compared to the solar energy produced, is very low, thus allowing the excess to be 

used to charge the reservoir and then be sold to the grid. 

 

 
(a) 
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(b) 

Figure 20. Overview of how the system behaves over a year, for a water allocation of 1000 m3/ha: (a) 

HY4RES and (b) HOMER. 

The system behavior is consistent throughout the year, so it was chosen to show only 

one day in July—the month with the highest energy and water requirements—for this 

analysis. In Figure 21, the blue line has a quite low value throughout the irrigation season 

for the grid purchase, as formerly discussed. The pumped-hydro storage maintains the 

system’s operation during daylight hours, and when the PV panel is not sufficient, the 

decrease in the state of charge of the reservoir is shown by the black curve. When there is 

excess energy production from the PV panel, the green line shows a positive value, indi-

cating energy consumption by the PHS in pump mode to fill the water reservoir, thereby 

increasing the state of charge. This optimization demonstrates precisely how the system 

should operate. 

 
(a) 
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(b) 

Figure 21. System behavior for a day in July: (a) HY4RES and (b) HOMER. 

4.3. Case 3—6000 m3/ha 

For this case, using the same configurations as in the previous analysis and changing 

only the energy load and water needs, a different system behavior was observed, with 

more restrictions on water-energy availability. 

In Table 9 the economic analysis results are presented. 

For this case, the NPC value is slightly higher for the system under study (with re-

newables) (with a difference of EUR 287,100) than for the Base case (only grid) due to the 

high initial investment. After 25 years, it is still not economically beneficial compared to 

the system with no initial capital. However, the proposed system is not entirely dismissi-

ble, as the operating and maintenance costs are lower, with a substantial difference of EUR 

637,073 for the first year of operation, which is then reduced by the 10% discount rate. 

Therefore, it is only a matter of a few years before the proposed system economically out-

performs the Base system and becomes the most profitable. 

Figure 22 confirms the previous analysis, as the distance between the two respective 

lines of each system reduces, suggesting the economic approximation of the proposed 

system (with renewables) and the consequent return on the investment made. 

  
(a) (b) 

Figure 22. Cumulative cash flow, with the discount rate, over the years of the system’s operation: 

(a) HY4RES and (b) HOMER. 



Energies 2024, 17, 4037 27 of 37 
 

 

One notable difference from Cases 1 and 2 already studied is the absence of energy 

sales to the grid, even outside the irrigation season. 

As for the electrical production and consumption values, the following Tables 10 and 

11 provide more information. 

Table 10. Electrical production during a year. 

Production kWh/yr % 

PV panel 15,537,755 61.3 

Grid Purchases 9,828,213 38.7 

Table 11. Electrical consumption during a year. 

Consumption kWh/yr % 

AC Primary Load 16,201,985 100 

Grid Sales 0 0 

As power input, the solar panel produces 42% of the whole energy required, buying 

58% of the total energy from the grid which allows for the reduction in some operating 

costs (Figure 23). 

 
(a) 

 
(b) 

Figure 23. Monthly electric production comparison between PV and grid for a year: (a) HY4RES and 

(b) HOMER. 

Analyzing the parameters of pumped-hydro storage, Table 12 provides the main in-

formation. 

Table 12. PHS parameters. 

PHS Value 

Energy in [kWh/yr] 9,165,9548 

Energy out [kWh/yr] 1565 

Losses [kWh/yr] (HOMER) 9,320,491 

Usable Nominal Capacity [kWh] 243,956 

The presentation of the water reservoir level for this case over the course of a year is 

shown in Figure 24. Initially, the reservoir starts at 76% similar to the other cases, rising slowly 
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until the irrigation season begins, at which point it drops abruptly to the minimum level, re-

maining there throughout the irrigation period, rising only when it ends. The rapid fall is a 

result of the low efficiency of the system in terms of excessive water allocation for the reservoir 

capacity, which was not noticeable in the previous cases, for lower water allocations. 

 
(a) 

 
(b) 

 
(c) 

Figure 24. Variation in the state of charge of the water storage reservoir every month: (a) HY4RES; 

(b) HOMER; (c) state of charge of the water storage reservoir hourly throughout the year. 

Starting with a comparison with the previous cases, in the first two months of the 

year and the last three (when there is no irrigation), the energy produced by the solar 

panel was used to feed the PHS until the reservoir volume reached 100%, which was rel-

atively quick. Afterward, all the energy produced was sold to the grid since there was no 

load and the storage was full. Since the reservoir never reaches maximum capacity, no 

energy is sold to the grid during the irrigation season. The HY4RES model, after the irri-

gation season, puts in operation the PHS to sell energy to the grid, allowing for associated 

benefits (Figure 25). 



Energies 2024, 17, 4037 29 of 37 
 

 

 

 
(a) 

 
(b) 

Figure 25. An overview of how the system works over a year showing the main parameters under 

evaluation: (a) HY4RES and (b) HOMER. 

The PHS system is an energy storage method that works based on two reservoirs at 

different water levels. When there is an excess of PV solar energy, the water is pumped 

into the top reservoir, and when there is not enough PV solar, the water is relieved to 

generate energy. Since HOMER does not take into account the water allocation to supply 

irrigation, the measure imposed was to reduce the efficiency so that the energy lost 
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corresponded to the energy that would not be turbined due to the water used for irriga-

tion. In the HY4RES model, this is considered and formerly explained, which makes the 

HY4RES model more adaptable to water needs in the water sector systems. 

During the non-irrigation period, the HOMER behavior should be similar to other cases, 

using the excess energy to fill the storage and then selling the excess, producing a profit. 

During the irrigation period, there is practically no energy generation by the turbines, 

as there is no excess water available, and considerable assistance from the electrical grid 

is needed for the system to be able to withstand the imposed loads. 

Figure 26 shows the reduction in the reservoir level when the hydropower starts, 

producing only a small amount of energy, as indicated by the green curve with a value 

slightly below 0, just a few hours after the irrigation season begins. When the reservoir 

reaches its minimum level, it becomes necessary to buy energy from the grid until solar 

production exceeds the imposed load. 

 
 

(a) (b) 

Figure 26. System behavior as soon as the irrigation starts: (a) HY4RES and (b) HOMER. 

In April (Figure 27), the behavior remains the same: during the hours without sunlight, 

the energy used is bought from the grid because the reservoir is at its lowest level, and dur-

ing the sunny hours, the PV panel ensures irrigation and the excess is used to pump water 

into the reservoir; in the HY4RES model, this effect is significant. Filling the reservoir is nec-

essary to supply water for irrigation, but its energy production is not relevant. 

 
 

(a) (b) 

Figure 27. System behavior for a day in April: (a) HY4RES and (b) HOMER. 
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In the most critical month (Figure 28), July, there is a notable decrease in the excess 

energy produced by the renewable energy source, increasing grid purchases and decreas-

ing the energy supply to the PHS in pump mode. 

  
(a) (b) 

Figure 28. System behavior for a day in July: (a) HY4RES and (b) HOMER. 

4.4. Summary 

Figures 26–28 reveal a difference of approximately EUR 650,000 in the NPC, despite 

the initial investment of EUR 6.07 M. This difference is justified by the operating and 

maintenance costs, which go from EUR 1,006,813 (Base case) to EUR 266,009 (proposed 

system under study) in the first year. 

Starting with a general analysis comparing the three cases studied after 25 years of 

operation and using the same configuration and parameters for all three, it can be con-

cluded that the first case is the best design application for the proposed system under 

study. This is because it is the most economically profitable, with a lower NPC compared 

to its Base case (only grid purchased) (Table 13). Additionally, it behaves very closely to 

the idealized system, and its components are correctly sized for the annual water availa-

bility of 3000 m3/ha. Regarding the NPC, this concept is a cost balance that accounts for 

the initial investment and operation and maintenance costs. Within the considered 

lifespan of 25 years of the project, the Base system in Cases 2 and 3 is economically less 

expensive than the proposed system under study. 

Table 13. Economic parameters for the three cases. 

Water Allocation 1000 m3/ha 3000 m3/ha 6000 m3/ha 

Economic 

Indicators 
Base Case 

Proposed 

System 
Base Case 

Proposed 

System 
Base Case 

Proposed 

System 

NPC [EUR] 3,494,210 3,597,546 9,138,886 8,488,475 17,606,450 17,893,550 

Initial Capital 

[EUR] 
0.00 6,074,559 0.00 6,074,559 0.00 6,074,559 

LCOE [EUR/kWh] 0.1426 0.03911 0.1243 0.07234 0.1197 0.1217 

O&M [EUR/yr] 384,950 272,234 1,006,813 266,009 1,939,669 1,302,596 

However, the proposed solution presents several other benefits not quantified in this 

study. In terms of electrical production and consumption (Tables 14 and 15), the volume 

of water available for irrigation and hydropower and the power installed in PV solar are 
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crucial parameters in the optimization for searching for the best design and operation with 

fewer limitations and higher satisfaction. 

Table 14. Electrical production for a year for the three cases. 

Water Allocation 1000 m3/ha 3000 m3/ha 6000 m3/ha 

Production kWh/yr % kWh/yr % kWh/yr % 

Pv panel 15,537,755 100 15,537,755 87 15,537,755 39 

Grid Purchases 0 0 2,400,457 13 9,828,213 61 

Table 15. Electrical consumption for a year for the three cases. 

Water Allocation 1000 m3/ha 3000 m3/ha 6000 m3/ha 

Consumption kWh/yr % kWh/yr % kWh/yr % 

AC Primary Load 2,700,380 27 8,100,810 63 16,201,985 100 

Grid Sales 4,827,330 73 4,827,330 37 0 0 

5. Conclusions 

A new methodology to develop and analyze hybrid energy systems (HESs) is pre-

sented based on a newly developed model built specifically to create tailored hybrid en-

ergy systems that better suit the water sector and process industry applications by using 

the HY4RES (Hybrid for Renewable Energy Solutions) model. It is versatile in terms of 

objective functions, hydraulic circuit characterization, namely pump energy consumption 

and hydropower production schemes, water allocation associated with the water sector 

(i.e., drinking, wastewater, irrigation, and process industry systems), calculating eco-

nomic performance indicators, CO2 emissions, and also allow grid or battery support. The 

HY4RES model presents several mathematical formulations and different optimization 

algorithms based on Solver, in Excel, or it can all be developed in Python for single- or 

multi-objective optimization functions and multi-variables. In this research, a single algo-

rithm was selected to conduct the non-linear generalized reduced gradient (GRG) method, 

which often finds the local best solutions combined with the multistart option, with the 

evolutionary method based on genetic algorithms (GAs), to improve the accuracy and the 

global optimum solution. 

To compare and complement this approach, the methodology also uses the HOMER 

(Hybrid Optimization Model for Electric Renewables) model as a simulation and optimi-

zation tool developed to model hybrid energy microgrids. It contains a highly developed 

economic model, taking into account its library for renewable sources, capital costs, oper-

ation and maintenance, and component replacement. HOMER better covers the microgrid 

electric schemes, while HY4RES is more specifically for hydraulic and mechanical com-

ponents’ integrated behavior. Both models show their flexibility in the optimization of 

hybrid renewable solutions, presenting similar pattern results that were analyzed in de-

tail, enhancing the advantages and limitations of each model. For both models, some aux-

iliary tools are required for hydraulic simulators for a better characterization of hydro and 

pump initial design solutions. 

In this research, the application was defined as a Base case, with no renewables for 

an irrigation system based on a pump hydraulic circuit to pump water to a top reservoir 

from a river, to guarantee a 3000 m3/ha of water allocation for an irrigation system of 6000 

ha. The Proposed system uses the same water allocation but considers the implementation 

of renewable sources, such as PV solar and pumped-hydropower storage (PHS) requiring 

the application of optimization to better find the best energy solution in terms of maximi-

zation of cash flow along 25 years of a project lifespan (Case 1). Sensitivity analyses were 

also developed for two additional case studies: Case 2—for 1000 m3/ha—and Case 3—for 

6000 m3/ha—of water allocation with several consequences in the energy system behavior 

in terms of water-energy nexus management, energy solution hybridization and 
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optimization, and system flexibility. This sensitivity analysis allows us to enhance the so-

lutions’ advantages and limitations, such as the following: 

o In terms of energy, Case 1—3000 m3/ha—proves to be beneficial. The PV panel sup-

plies ~87% of the energy produced, while only ~13% is bought from the electricity 

grid. The PHS works as expected, charging during hours of excess solar energy pro-

duction and progressively discharging during hours without sunlight. This provides 

energy for irrigation 24 h a day, as an objective of this selected irrigation system, 

reducing the need to purchase energy from the grid. The storage system is highly 

effective, supplying energy throughout the night and almost the entire night in the 

most critical months, even when the reservoir is near its minimum level. The PHS’s 

contribution is remarkable, reducing dependence on the grid and lowering the sys-

tem’s operating costs. The HY4RES model shows the dynamics of PHS operation 

with a great contribution to the system profit by selling energy to the grid, taking into 

account, for this analysis, cash flow optimization; 

o Case 2—1000 m3/ha—was expected to be the most economically advantageous in all 

aspects, since the volume of water used for irrigation is the lowest, which conse-

quently reduces energy requirements and improves the efficiency of the PHS. How-

ever, the NPC values are practically identical, differing by only EUR 100,000. For the 

Base case (with no renewables implementation and energy supplied only by the 

grid), there is no initial investment and an O&M cost of EUR 384,950 in the first year, 

resulting in a NPC of EUR 3,494,210. The proposed system under study, on the other 

hand, starts with an initial investment of EUR 6.07 million, which is realistic but very 

highly associated with the RES implementation. In the first year of operation, it 

makes a profit of EUR 272,234 and continues to be profitable each year, returning 

around EUR 3 million of the initial investment. This puts it on a bit higher level than 

the Base case system, which is very positive economically. In terms of energy balance, 

the system’s behavior is ideal as it does not need to buy energy from the electric grid 

and sells 73.4% of the energy it produces. From a general perspective, the developed 

and built models for this application are highly efficient, with their strengths includ-

ing low operating costs and not requiring energy purchases from the grid; 

o For Case 3—6000 m3/ha—the volume of water allocation used for irrigation is very 

high, leading to rising operating costs. Combined with the initial investment, the Pro-

posed system simulation resulted in a higher NPC value of approximately EUR 

200,000 compared to the Base case, making it the least profitable application of the 

system alerting for a correct optimization analysis depending on the water-energy 

needs. The Proposed system (with renewables) under study is significantly aided by 

the PV solar panel, which produced 39% of the required energy. Consequently, 61% 

of the energy is purchased from the grid, but the system allowed for the reduction of 

part of the O&M value. Irrigation requires a high volume of water, which means that 

there is no excess water available to generate hydropower and therefore it shall be 

complemented by the grid. 

HOMER, for the higher water allocation, fails in terms of water management in res-

ervoirs towards pump and hydropower operation, to ensure water needs, whereas 

HY4RES, the newly developed model, is capable of accounting for the water volume var-

iable and managing the system to meet both energy and water needs. Hence, in HOMER, 

the hydropower unit operates with solely the energy target, but HY4RES takes into ac-

count the available volume to satisfy water requirements for consumption. All these fac-

tors culminate in Case 3—with the higher water allocation—being the less profitable applica-

tion among the three case studies. It also puts on display the optimization models´ skills 

and the system’s operation behavior. 

Regarding the developed integrated methodology, the HY4RES and HOMER models 

proved to present invaluable simulations and optimization tools, equipped with a well-

developed and accurate energy management estimation and economic indicators that 



Energies 2024, 17, 4037 34 of 37 
 

 

were tailored for more modular designs and water-energy nexus managing, guiding to-

wards the best optimization solutions. Despite their advantages and limitations, it was 

possible to simulate the Base case and the Proposed system using both models showing 

the flexibility and sustainability of hybridization of irrigation systems with a near-ideal 

accuracy. This was true both economically, with detailed cost implementation and mainte-

nance component analyses, and energetically, showing the system’s dynamic behavior 

and the influence of specific parameters depending on the previously imposed conditions. 

Results closely matched the best outcomes that were expected for the analyzed irrigation 

system. Consequently, important results were obtained on the feasibility of applying the 

system across different scenarios, considering factors such as location, available resources, 

and component specifications. 

Although the values are not coincident between both models (i.e., the HY4RES and 

the HOMER models), the result patterns, type of system behavior, and evolution of water-

energy allocation, depending on each system characteristic, are quite similar. The differ-

ences in values can easily be explained by the HOMER model not being able to en-

sure/control with 100% satisfaction the water consumption for irrigation, which makes the 

system easier and more flexible. It ends up always optimizing for values of lower energy 

consumption and lower pumped-hydropower storage and uses mainly energy from the 

grid. Both models have their strengths, whereas HOMER is suited for a deep techno-eco-

nomic analysis optimization with energy consumption as the unique variable, the 

HY4RES model is designed to manage two consumption factors, water and energy, in-

creasing its complexity but diminishing elasticity in its results, as seen through this re-

search work. Nevertheless, this model serves as a guideline model for systems with a wa-

ter-energy nexus that requires the assembly of multiple energy sources, renewable or not, 

for a variety of applications. The implementation of a PHS system deeply influences the 

logic behind the design of the HY4RES model, as it considers the consumption/storage of 

both energy and water volume. This contrasts with the HOMER model, which explains 

the difference in the obtained results. Additionally, HY4RES may serve as a basis for fu-

ture updates on the HOMER Pro version 3.16.2 software to allow for the detailed analysis 

of systems with water needs, apart from energy. 

In conclusion, this study has highlighted the significant benefits of exploring the Pro-

posed irrigation system in addressing the identified challenges. It presents an innovative ir-

rigation model that harnesses solar radiation to generate energy, stores this energy effi-

ciently without relying on batteries, and minimizes dependence on the grid. By achieving 

these objectives, the system effectively reduces greenhouse gas emissions, diminishes reli-

ance on fossil fuels and conventional batteries, and ultimately contributes to a more sustain-

able future. This underscores its potential to make a meaningful environmental impact and 

pave the way toward greater sustainability in energy use and agricultural practices. 
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Nomenclature 

Acronyms  

AC Alternating Current 

CO2 Carbon Dioxide 

CRF Capital Recovery Cost 

DC Direct Current 

GA Genetic Algorithm 

GRG Generalized Reduced Gradient 

HES Hybrid Energy System 

HY4RES Hybrid for Renewable Energy Solutions 

LCOE Levelized Cost of Energy 

LF Load Following 

NPC Net Present Cost 

NPV Net Present Value 

O&M Operation and Maintenance 

PH Pumped-Hydro 

PHS Pumped-Hydropower Storage 

PSH Pumped-Storage Hydropower 

PV Photovoltaic 

RE Renewable Energy 

TAC Total Annualized Cost 

Variables  

Ai Water consumption [m3] 

Cann,tot Total annualized cost [Eur] 

Eni Energy needs [kWh] 

Eserved Total electric load served [kWh] 

fPV PV derating factor 

g Gravity acceleration [9.81 m/s2] 

GT Total incident solar irradiance [kW/m2] 

GT,STC Total incident solar irradiance at STC [1 kW/m2] 

H Pump head [m] 

Hneedi Required hydropower [kWh] 

Ht Average turbine head [m] 

i Annual interest rate [%] 

N Number of years 

PF-Si Feasible renewable for pump [kWh] 

PN Pump nominal power [kW] 

PPV PV power generated [kW] 

PSi Available renewable for pump [kWh] 

Si Solar energy [kWh] 

SS+Wi Renewable surplus [kWh] 

Tc Cell temperature of Solar PV [ºC] 

Tc,STC Cell temperature at STC [25 ºC] 

Vmax Maximum reservoir volume [m3] 

Vmin Minimum reservoir volume [m3] 

Vpi Pumped volume [m3] 

VRi Reservoir volume [m3] 

VRi−1 Previous reservoir volume [m3] 

Vti Turbine volume [m3] 

YPV Power output at STC [kW] 

α Hydropower factor 

αP Temperature coefficient of power 
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β Renewable factor 

γ Grid factor 

ηt Average turbine efficiency [%] 

ρ Water density [kg/m3] 
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