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Abstract: The performance evaluation of a screw type dewatering system for bio-digestate in
Nepal demonstrates significant potential for improving the usability and efficiency of bio-
digestate as a fertilizer. Remarkable modifications in the previous include a 5 HP motor
running at 1440 RPM with a gear reduction ratio of 1:40, a spring assembly system at the
outlet, and a fine sieve. Testing and performance analysis at different operating speeds using
a variable frequency drive revealed an optimal performance at 8 RPM, where the system
achieved a liquid yield of 92.02% and an extraction efficiency of 73.12%. The installation
cost of the machine was NPR 384,000, with a payback period of 2 years, six months, and two
days. The internal rate of return (IRR) was calculated at 28.53%, while the net present value
(NPV) was NPR 179,006.35. This study indicates that operating the dewatering system at
lower speeds may improve efficiency and effectiveness in the dewatering process. This
makes the machine a viable option for producing organic fertilizer and addressing Nepal’s
significant need for fertilizer.

Keywords: screw type dewatering system; bio-digestate; performance evaluation; liquid
yield; extraction efficiency

1. Introduction

Anaerobic digestion of organic waste results in the production of biogas.
Anaerobic digestion is the treatment method in which the waste with high organic
content is breakdown to produce biogas [1]. The biogas plants are based on the
phenomenon of biological decomposition of organic materials in the absence of air.
For biogas production, main inputs are manure and sew bio digestate from biogas
plants, a nutrient-dense residue, often requires dewatering to enhance its usability as
a fertilizer by reducing moisture content. This process ensures improved handling,
transportation, and effective application in agricultural practices. The slurry from
biogas plants, rich in moisture content, poses challenges in handling, management,
and transportation. In this research, a SolidWorks-designed screw-type dewatering
system is employed to extract liquid from the slurry: making it viable for commercial
use. Testing and performance analysis are conducted at different operating speeds
using a variable frequency drive. The evaluation indicates a production capacity of
79.9 kg/h for the dewatering system, with liquid yield, extraction efficiency, and
extraction loss at 92.02%, 73.12%, and 27.60%, respectively age, straw, households
and industrial organic waste, maize and grass silage. The byproduct of the biogas
plant is called slurry which can be used as a high nutrient fertilizer [2]. Biogas slurry
has high water content of almost 90%, which arises the concern of dewatering and
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drying before using in agriculture.

According to WECS 2021, Nepal has built 433,173 small-scale and 343 large-
scale biogas plants across the nation [3]. The Terai region of Nepal has the largest
share of 51.99% of the installed domestic biogas plant and Bagmati province has the
highest installed share of 25.88%. The fifteen periodic plans of the Government of
Nepal have targeted to install further 200,000 domestic biogas plants and 500 large
size biogas plant [4]. These biogas systems have the potential to generate a
significant amount of nutrient-rich slurry. The valuable nutrients in the slurry can
greatly benefit crop growth without harming the environment [5]. Moreover, using
slurry can reduce the need for costly imported fertilizers, contributing to the
profitability of the agricultural sector. By incorporating slurry into farming practices,
biogas technology becomes a sustainable source of rural energy. This not only saves
traditional fuel resources but also decreases the reliance on chemical fertilizers,
thereby having a positive impact on agriculture.

The application of biogas slurry as a fertilizer offers significant environmental
benefits, particularly in reducing greenhouse gas emissions. By capturing methane
during the anaerobic digestion process and converting it to biogas, the potential
release of methane—a potent greenhouse gas—is significantly reduced.
Additionally, biogas slurry reduces dependence on synthetic fertilizers, which are
energy-intensive to produce and often result in the emission of nitrous oxide, another
potent greenhouse gas. The organic matter in biogas slurry can also enhance soil
carbon sequestration, further reducing atmospheric carbon dioxide levels. Beyond
mitigating greenhouse gas emissions, biogas slurry improves soil health due to its
rich content of essential nutrients such as nitrogen, phosphorus, and potassium,
which are vital for crop growth. Its application enhances soil fertility, leading to
better crop yields. The organic matter in the slurry improves soil structure, increasing
its water retention capacity and reducing erosion. Moreover, the addition of organic
material from the slurry stimulates microbial activity in the soil, promoting nutrient
cycling and overall soil health.

Furthermore, using biogas slurry as a fertilizer can significantly reduce water
pollution caused by runoff from synthetic fertilizers. The organic nature of the slurry
ensures a slower release of nutrients, reducing the risk of nutrient leaching into water
bodies and preventing eutrophication. This combination of environmental benefits
makes biogas slurry an effective and sustainable alternative to synthetic fertilizers,
supporting both agricultural productivity and environmental conservation [6].

Dewatering is the treatment process to reduce the moisture content in the slurry
output [7]. Dewatered slurry can be handled as. a solid material, rather than as a
liquid material, and hence can be easily transported, stored, managed and used.
Among various dewatering technologies such as centrifugal press, belt filter, screw
press dewatering technology is widely used for high and low concentration sludge.
The dewatering technology separates the moisture content in the slurry and hence
improves the utilization of the bio slurry along with making it commercially viable
as the organic fertilizer. The advantages of dewatering of the slurry are: dewatering
decreases the volume, lowers the storage and the transportation cost; produces a
material which helps in composting; and removes ponding and runoff [§].

The slurry generated from biogas plants poses a formidable challenge due to its
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inherently high moisture content, complicating its handling, management, and
transportation. The current limitations in dewatering technology constrain the
utilization of slurry to the immediate vicinity of the biogas plant, contributing to a
degradation in its overall quality even within this constrained scope. Notably, the
absence of efficient dewatering methods necessitates resorting to traditional
approaches, characterized by prolonged processing times and a demand for
substantial storage space. Consequently, these drawbacks render the slurry
impractical for commercial applications, underscoring the pressing need for
advancements in dewatering technologies to enhance the viability and utility of
biogas plant by-products. The aim of this research is to conduct performance
evaluation of screw type dewatering system for bio-digestate.

Limitations

The study focuses on dewatering and slurry obtained from anaerobic digestion
of organic waste. It does not consider the effect and segregation of inorganic waste
like plastics, glass etc. in the biogas digester.

2. Literature review

2.1. Biogas slurry

Biogas slurry, the byproduct of anaerobic digestion in a biogas plant, is a
nutrient-rich organic fertilizer with around 93% water and 7% dry matter. The dry
matter consists of 4.5% organic and 2.5% inorganic content [9]. It contains
phosphorus, potassium, zinc, iron, manganese, copper, 1.6% nitrogen,1.55%
phosphorous, and 1.00% potassium [10]. When combined with organic fertilizers,
the slurry enhances the carbon/nitrogen ratio, resulting in increased yields of cotton,
wheat, maize, and rice by 6.5%, 8.9%, 15.2%, and 15.9%, respectively [9]. Biogas
slurry serves as an environmentally safe organic fertilizer, producing macro and
micro nutrients while having lower levels of heavy metals compared to synthetic
fertilizers. It can reduce chemical fertilizer use by 15% to 25%, promoting bio-
pesticide activities, beneficial microbe growth, biochemical levels in plants, and
maintaining soil physio-chemical properties, ultimately improving plant health.

2.2. Dewatering technology

Dewatering technology is essential for enhancing the utility and commercial
viability of bio slurry as organic fertilizer. By effectively reducing moisture content,
it significantly decreases the volume of the slurry, leading to lowered storage and
transportation costs. This process also facilitates composting, contributing to the
organic fertilizer’s effectiveness. Additionally, dewatering eliminates ponding and
runoff issues, creating a more sustainable approach. It optimizes the air-drying
process, ensuring the bio slurry achieves an ideal consistency for efficient utilization
as organic fertilizer. These advantages highlight the importance of incorporating
dewatering technology into our processes, aligning with our commitment to cost-
effectiveness, environmental sustainability, and optimized resource utilization.



Energy Storage and Conversion 2024, 2(3), 1431.

2.3. Types of dewatering technology [11]

Dewatering methods for slurry can be categorized into natural and mechanical
approaches, each offering unique advantages. Natural dewatering relies on gravity
settling and porous surfaces, as seen in sludge drying beds where liquid evaporates
gradually. Mechanical dehydration, on the other hand, uses machinery and processes
to remove moisture efficiently. This includes the use of centrifugal presses, which
employ centrifugal force to separate moisture from the slurry, enhancing the drying
process. Belt filter presses utilize continuous filtration with a belt, effectively
removing moisture from the slurry. Rotary drum filters leverage rotation to separate
moisture, setting the stage for subsequent drying processes. These methods improve
the dewatering efficiency of slurry, leading to better drying outcomes and increased
utility as organic fertilizer. Table 1 shows the comparison of six different types of
dewatering system based on various criteria.

Table 1. Comparison of different types of dewatering system [12].

Type Cake dryness  Solid recovery  Process/drying time Operating cost  Capital cost Chemical

% solid % solid capture ~ Time (measurement) Usage
Vacuum filters 1645 85-95 Fast (minutes or hours) High Moderate Moderate
Filter presses 40-60 80-95 Very fast (minutes or months) High High High
Centrifugal press 20-35 85-90 Fast (minutes or hour) Moderate Low High
Drying beds 25-60 90-100 Slow (weeks or months) Very low Low Low
Sludge lagoons 2040 90-100 Very slow (months or years) None Very low None
Gravity/low pressure 10-50 90-96 Moderate (days or weeks) Low Moderate

2.4. Selection of dewatering technology

The characteristics of the dewatering technology vary according to different
attributes such as cake dryness, solid recovery, drying time, operating cost,
maintenance required, and so on. The comparison of different dewatering
technologies is mentioned in. Figure 1 shows the comparison of various artificial
technologies on the basis of total solid content.

TOTAL SOLID CONTENT (%)
FILTER PRESS 21.50%
SCREW PRESS
BELTPRESS
ROLLER PRESS 3850%
HYDROCYCLONE 26.50%
CENTRIFUGAL SEPARATION
FLIGHTED CONVEYOR SCREEN
ROTATING SCREEN 18%
VIBRATING SCREEN
INCLINED STATIONARY SCREEN 3740%
SCREEN SEPARATION 2250%

Figure 1. Comparison of different dewatering technologies.

Screw presses are adept at effective dewatering, making them suitable for a
variety of production processes where the separation of particles from liquids is
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crucial [13]. These dewatering devices consume less energy compared to alternative
types, resulting in reduced overall operating costs over their lifespan [14]. Screw
press technology is advantageous for sludge dewatering in comparison with others
for the following reasons. Recent advancements in screw press technology have
significantly improved efficiency, surpassing their earlier counterparts. These
modern screw presses excel in the dewatering of sludge with elevated solids content,
leading to the formation of a more concentrated sludge cake and a substantial
volume reduction. This heightened efficiency directly translates into cost savings for
wastewater treatment plants. Moreover, the operational expenses associated with
screw press technology are notably reduced compared to centrifuges, as it requires
less energy and produces minimal noise and vibration. This diminished operational
impact reduces the need for additional measures such as soundproofing and vibration
isolation. Notably, screw presses can achieve higher solids content in dewatered
sludge compared to centrifuges, resulting in a more concentrated sludge cake and a
decreased volume of waste for disposal. Furthermore, the lower number of moving
parts in screw presses translates to lower maintenance requirements compared to
centrifuges [15].

Table 2 shows the performed structural and computational fluid dynamics
simulation for different type of screws for screw press technology.

Table 2. Comparison of different types of screw.

Deformation (mm) Equivalent stress (MPa) Equivalent strain (mm/mm)
Types of screw and shaft

Max Max Min Max Min
Constant pitch screw with straight shaft ~ 0.2129 46.19 0.0046493 0.00024385 3.6288 x 1078
Variable pitch screw with straight shaft 0.21344 45.035 0.0083044 0.00022607 7.1824 x 1078
Constant pitch screw with tapered shaft 0.17151 43.941 0.0259 0.00022244 4.1637 x 1077
Variable pitch screw with tapered shaft 0.17116 46.285 0.048465 0.00023649 3.1202 x 1077

According to the findings, the constant pitch screw with the tapered shaft shows
the least amount of distortion, indicating that it has better structural integrity overall.

3. Materials and methodology

A comprehensive and well-structured methodology was developed, covering all
essential steps for the study. The research commenced with a review of existing
literature and assessments, followed by the design and modeling of the technology.
The detailed sequence of the methodology is depicted with a Figure 2.

Literature SR =

Review, SWOT Analysis election o _

. : : screw type Design and
on biogas shurry of Different S Mo deline
and dewatering Technologies svstem )

technologies =
Result and Performance Fabricatiop and
Conclusion Analysis Installation

Figure 2. Methodological flowchart.
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3.1. Design and modeling

Detail design and drawing of dewatering technology considering the size of the
biogas plant, byproduct of the biogas plant, waste input in the biogas plant,
proportion of organic waste, etc. was done in this phase. The drawing of plant layout
and schematic drawing indicating different parts of the dewatering system and their
specifications was developed in this phase. The rough specification for the
dewatering technology for the biogas plant is indicated in Table 3.

Table 3. Rough specification for the dewatering system.

S.N. Parameter Specification

1 Name Dewatering system

2 Application Organic waste dewatering work
3 Feed capacity 0.5 to 1 ton/day

5 Mechanism Belt filter press rotary drum filter, screw press
6 Electric motor Chopper: 2 kW, squeezer: 5SkW
7 Chopper type Multi blade/double screw

8 Squeezer type Single conical

9 Screen type Perforated

10 Screen size 2 mm

11 Material used Mild steel

The screw-type dewatering system was designed using SolidWorks, employing
its advanced features for precise modeling. This facilitated the creation of a detailed
and optimized representation of the machine’s structure as shown in Table 4.

After the assembly simulation was performed to test the performance and
reliability of the system in different load and performance conditions.

The Figure 3 is the conceptual design of the dewatering system that was
designed in SolidWorks software and Figure 4 shows the detailed design of the
system.

Table 4. Modelling of parts.

Modeled part

Description

Collector

After the water has been sorted from the solids that have been dried, it is collected by a collector. It
guarantees effective drainage and makes water removal easier. Design and placement of the collector
are essential for efficient water and output products management.
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Table 4. (Continued).

Modeled part

Description

Hopper
A hopper is where material that is fed into a machine. Upon entering the hopper, the material is
directed toward the machine’s screw. It is an essential component since it makes loading efficient.

Sieve

A sieve or screen is used to separate the particles from the liquids during the dewatering stage of a
screw press machine. With the help of a wire mesh, the sieve is designed to capture solid particles
while allowing water to pass through it. The design of the model is presented here in the figure.

Frame

The frame of a screw press machine provides a sturdy structure to hold the numerous components of
the machine and withstand the stresses generated during use. The frame is typically built out of steel
or other robust materials that are strong, resilient, and deformation-resistant.

Screw

A screw featuring a constant pitch and a gradually tapering shaft ensures uniform thread spacing.
With the capacity to handle fluctuating flow rates and efficiently transport materials from one end to
the other, this design enhances the conveyance of materials.

Assembled final model
Figure here shows the final model with all the individual components assembled into a single and
complete model. It mainly represents the visual form of real machine used as dewatering system.

Figure 3. Conceptual model of the system.
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COUPLER FOR SCREW AND GEARBOX

HOPPER

(I L] Lt LU L

Figure 4. Detailed design of the system.
Table 5 shows the detailed design and formula for designing the system.

Table 5. Detailed design.

Power requirement

To Overcome the inertia of shaft and screw

The volume of hollow tapered cylinder section; volume, V = mr2[

The net volume of flight V,,o; = volume of flights — Volume of hollow shaft

Power to overcome this mass = Weight x Mean Peripheral velocity (v,,)

U = Ty X N /60 where, Ty, is the mean lead of the screw, and N is the rpm of the screw.

Convey the biogas effluent slurry

e capacity of the screw press is Q (l:l—f) = 15nd?t,, Ny pg,c [16]

D = screw diameter (160 mm)

t,, = screw lead (69 mm)

N = rotational speed (10 rpm)

¢ = correction factor based on the angle of inclination (0.7),

1 = filling coefficient of the screw cross section (0.125 for high abrasive materials)

ps1 = density of biogas slurry (1100 kg/m?)
QLps1Fmte [17]

Power required to convey the slurry is P, = Py

where,

Q is the conveying capacity

L is the projected length of the screw conveyor (0.92 m)
Fp,t 1s the material factor per Kw.

To press and separate slurry

e Power to separate slurry, P = FVn
where,

F = Force required to separate the slurry
Vm = Mean velocity

F = Pressure x Total surface area

Vim = tmN/60 where t is pitch of the screw

To overcome friction and other losses

e Frictional force, F = p X Np = 0.35 X 31.0068 X cos30 = 9.3984 kN
Considering other losses as 10% of frictional loss, then P, = 0.10808 x 1.1 = 0.11888 kW

Overall power required

o P=P1+P2+P3+P4
P =1.13128hp
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3.1.1. Power required to overcome the inertia of the shaft and screw

The design of the shaft is tapered and it is a hollow shaft. The Figure 5 is the
drawing of the screw with dimensions.

Figure 5. Dimension of screw press.

The assessment outlines the calculations for the mass and power requirements
of a hollow tapered shaft within a screw press system. The total volume and mass of
the shaft and flights were calculated to assess the system’s weight. Combined, they
amount to a total mass of approximately 34.526 kg. Using this mass, and accounting
for the mean peripheral velocity, the power required to overcome the system’s
weight was estimated to be about 0.0039 kW. This power requirement is crucial for
ensuring the efficient operation of the screw press.

3.1.2. Power required to convey the biogas effluent slurry

The analysis focuses on the power required to convey biogas effluent slurry
using a screw press system. The throughput capacity of the screw press is determined
by factors such as screw diameter, screw lead, rotational speed, and the density of
the biogas slurry. The system’s capacity was calculated to be approximately 79.9
kg/h. The power needed to convey the slurry is estimated based on the conveying
capacity, the projected length of the screw conveyor, and other factors such as
material factor and density. This leads to a calculated power requirement of around
0.29 kW. In summary, the analysis identifies the necessary power to effectively
convey the biogas slurry through the screw press system, ensuring efficient
operation. The low power requirement demonstrates the system’s efficiency in
managing the biogas effluent slurry.

3.1.3. Power required to press and separate slurry

The optimum pressure to separate biogas effluent slurry into solid and liquid
constituents is approximately 1.74 MPa [18]. The examination focuses on the power
required to press and separate biogas effluent slurry using a screw press system. The
optimum pressure for separation is around 1.74 MPa, but the analysis uses 60% of
the optimum, equating to 0.696 MPa. The force required to separate the slurry is
calculated as the product of the compression pressure and the total effective area of
0.04455 m?, resulting in a total force of approximately 31.01 kN. The mean velocity
of the screw press is calculated using the screw pitch and rotational speed, resulting
in a mean velocity of 0.0115 m/s. The power required to press and separate the slurry
is then calculated as the product of the force and mean velocity, leading to a power
requirement of approximately 0.36 kW. This power estimation is crucial for the
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efficient operation of the screw press in separating biogas effluent slurry into its
solid and liquid constituents. Ensuring the system operates within this power range
will facilitate the effective separation process and contribute to optimal system
performance.

3.1.4. Overall power required

Therefore, the power of the motor shall be greater than 1.13128 hp i.e., 2
horsepower electric motor is considered. The evaluation assesses the power required
to overcome friction and other losses in a screw press system. The frictional force is
calculated using the friction coefficient, resulting in approximately 9.4 kN. The
power needed to overcome this friction is calculated to be 0.10808 kW. Accounting
for other losses (10% of frictional loss), the total power required increases to
0.11888 kW. The overall power required for the screw press operation is calculated
as the sum of the power required for mass, slurry conveyance, pressing and
separating slurry, and frictional losses, totaling 0.7672232 kW (1.02844 hp).
Including a 10% additional compensation for safety, the final power requirement is
approximately 1.13 hp. Therefore, a motor with a rating of at least 2 horsepower is
recommended to ensure efficient and reliable operation of the screw press system.

3.2. Fabrication and installation

Based on the specifications developed, a bill of quantities of goods and
accessories was prepared and hence goods available within the country and outside
the country were procured by proper channels during this phase. While procuring the
goods, the quality of the accessories was checked to verify that they match the
specifications developed along with after-sales service of the accessories. Table 6
shows the list of fabricated components that are used to fabricate dewatering system.

Table 6. List of fabricated components.

S.N. Fabricated parts/components

1 Screw (Constant pitch, tapered shaft)
2 Sieve and cage

3 Covering

4 Stand/frame

5 Collector

6 Gearbox

The various technologies that were fabricated are dewatering technology as well
as coupling system. The fabrication/installation was done with standard processes
and procedures in the workshop at the Pulchowk campus, IOE, Nepal as shown in
Figure 6.

10
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Figure 6. Fabrication of system.

Some of the parts such as motor and pump required for the operation were
purchased and integrated to the system. The system as a whole is integrated of
different sub systems and components. Each system and component have their own
function, so they were fabricated separately and assembled together.

The assembly of these part was carried out to get the fully functioning plant.
The fabricated system is connected to a currently operating biogas plant. The outputs
of the dewatering system i.e., dry slurry was evaluated. The dewatering technology
was rigorously tested for strength and weakness in various parts. The weak part of
the system had to be replaced so that the technology can perform reliably and
durably throughout its lifetime.

3.3. Performance analysis

First the power requirement for the operation of the plant considering all the
forces and inertia that come into play during operation was calculated. This included
power required to overcome the inertia of the shaft and screw, power required to
convey the biogas effluent slurry, power required to press and separate slurry, power
required to overcome friction and other losses and overall power required.

Physical and chemical parameters associated with the dry, wet slurry, and liquid
discharge have been evaluated, and based on that the effectiveness of the system has
been determined. The various parameters associated with the dewatering plant such
as liquid yield, liquid discharge, extraction efficiency, extraction loss, and liquid
extracted was evaluated.

4. Results and discussion

The evaluation of the machine was carried out using the expression given
below:

11
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100 X W%
Yo Wle + VVTW
100 X W%
N X WfS
100 x [I/st - (I/Vle + Ver)%]
El == W
fs

where,
W, = liquid extracted (in kg)
W, = residual liquid in output cake (in kg)
Wy, = feed sample (in kg)
Ly, = liquid yield (%)
L, = extraction efficiency (%)
E, = extraction loss (%).
Table 7 shows the result of the test carried out on the dewatering system.

Table 7. Test results.

Test No. Feed sample Wys (kg RPM Weight of cake W, (kg)  Liquid extracted W, (kg)  Weight of liquid in cake W, (kg)

1 10 36 1.82 6.1 1.14
2 10 25 1.76 6.37 0.92
3 10 18 1.61 6.48 0.84
4 10 12 1.38 6.61 0.74
5 10 10 1.25 6.69 0.68
6 10 8 1.12 6.8 0.59

4.1. Performance analysis

From the plant, the performance analysis was done by taking different
parameters under consideration. At the different speed (RPM), liquid yield,
extraction efficiency and extraction loss are calculated. The data of the weight of
cake, weight of liquid in cake, and liquid extracted was taken from the table above.
The biogas slurry samples, after undergoing a pre-treatment process of sun-drying
for 24 h, have been subjected to dewatering, with an initial weight of 10 kg
consistently maintained for feeding at machine. As the RPM settings decreases from
36 to 8, several key trends emerge which are listed in the Table 8.

Table 8. Performance analysis.

Test No. RPM Liquid yield, L, (%) Extraction efficiency, L, (%) Extraction loss E; (%)

1 36 84.25 65.59 27.60
2 25 87.38 68.49 27.10
3 18 88.52 69.68 26.80
4 12 89.93 71.08 26.50
5 10 90.77 71.94 26.30
6 8 92.02 73.12 26.10

It shows that as the speed decreases the Liquid yield percentage increases, along
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with the extraction efficiency. The value of extraction efficiency reaches a maximum
value of 73.12% at 8 RPM. Further, the value of extraction loss decreases as we
decrease the speed. This shows the lower RPM setting increases the overall
efficiency of the plant.

4.1.1. Liquid yield

As shown in the Figure 7, the liquid yield decreased with the increase in the
speed of the shaft. The highest liquid yield was observed to be 92.16% at 8 rpm
whereas the lowest liquid yield was 87.02% at 36 rpm. The decrease in liquid yield
with increase in rpm is due to the result of splashing liquid to the wall of the

machine.
Liquid Yield Vs Speed
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£ 37.00% \
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Speed, rpm
Figure 7. Liquid yield.

4.1.2. Extraction efficiency

The extraction efficiency of the dewatering system decreased with the increase
in the speed of the shaft. The highest extraction efficiency was observed to be
73.12% at 8 rpm whereas the lowest 65.59% was observed at 36 rpm. As shown in
Figure 8. It is evident that extraction efficiency is greater at a low RPM setting.

Extraction Efficiency Vs Speed
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S 72.00% \94%
71.00% : Lk
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68.00% o,
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66.00% i
65.00%

Extraction Efficier

v
™® 65.59%

0 5 10 15 20 25 30 35 40
Speed, rpm

Figure 8. Extraction efficiency.
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4.1.3. Extraction loss

The extraction loss has increased with the increase of speed. The highest loss
was found to be 27.60% at 36 rpm whereas the lowest was 26.10% at 8 rpm as
shown in Figure 9. The graph shows the trend between Extraction loss and speed
(rpm). The extraction loss increased with the increase in speed, which indicates that
once speed increases, the slurry moves fast and vibration occurs.

Extraction Loss Vs Speed

28.00%
g 27.50% et ® 27.60%
-2 27.00% 7
8 __e7680% 27.10%

% 26.50% _o—76.50%
_26.30%
o v

26.00% #26.10%

0 5 10 15 20 25 30 35 40

Speed, rpm

Figure 9. Extraction loss.

4.2. Financial analysis

The cost of the dewatering machine for the consumer will be NRs 384,000.
Three laborers will be required for operating the machine and packing the fertilizer,
with a monthly wage of NRs 19,000 per laborer, including salary and benefits. This
sums up to a total annual labor cost of NRs 684,000. Assuming the dewatering
machine operates for 300 days annually, the operation of the machine involves a 5
HP motor and a 1 HP slurry pump, running for 7 h per day. The cost of electricity for
operating the machine is estimated to be NRs 93,958.2 annually. Additionally, the
annual maintenance cost of the dewatering machine is assumed to be 10% of the
total cost, amounting to NRs 38,400 as shown in Table 9.

Table 9. Cash flow.

S. No. Cash flow (annual) Amount (NRs)
1 Initial cost 384,000

2 Operating cost 93,958.2

3 Labor cost 684,000

4 Maintenance cost 38,400

5 Interest @ 10% annually 38,400

6 Income 1,008,000

If we consider a biogas plant of 30 m®, then the output of the plant would be
1200 kg/day. The compression ratio of the machine by weight is 7, then the output
will be 171 kg per day. With the efficiency of 70% the output per day will be 120 kg
per day. Market value of 1 kg organic fertilizer is Rs 25.

The payback period is the required number of years to gain the original capital
where annual income = 1,008,000.
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Abbreviations

WECS
CPS
kW

Annual expenses = Operating cost + Labor cost + Maintenance cost + Annual
interest on investment = 93,958.2 + 68,4000 + 38,400 + 38,400 = 854,758.2
Now,

Net annual profit = Net annual income — Annual expenses = 1,008,000 — 854,758.2
=153,241.8

Therefore,
Investment 384,000

Annual profit - 153,241.8
= 2 years 6 month 2 days

Payback period = = 2.505844 years

5. Conclusion

The study assessed a screw-type dewatering system for biogas digestate to
improve the commercial viability of bio slurry as an organic fertilizer. The system
showed a production capacity of 79.9 kg/h, with a liquid yield of 92.02%, extraction
efficiency of 73.12%, and extraction loss of 27.60%. Results from the study
demonstrated that as the speed of the screw decreased, the overall efficiency of the
dewatering system increased. Lower RPM settings resulted in higher liquid yield and
extraction efficiency, while reducing extraction loss. The optimal performance was
observed at 8 RPM, providing the highest extraction efficiency and lowest extraction
loss.

In conclusion, the screw-type dewatering system shows promising potential for
enhancing the utility and commercial viability of bio slurry as an organic fertilizer.
By effectively reducing the moisture content in biogas digestate, the system can
improve handling, storage, and transportation, making bio slurry more accessible for
agricultural use. The study’s findings suggest that implementing this technology in
biogas plants could offer significant environmental and economic benefits,
supporting sustainable energy and agricultural practices.
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1. Introduction

Significant steps have already been taken in the last decades in the direction of
developing RES as a replacement for energy production from fossil fuels. Even
though fossil fuels are responsible for air pollution and greenhouse gas emissions, a
substantial part of the total production still relies on them. This is because RES, such
as wind power and photovoltaics, depend on the prevailing weather conditions, the
time of the day and the season of the year. These elements render RES highly
associated with uncertainty and unpredictability. These two major disadvantages of
RES for the generation of electricity could be mitigated with storage, working as a
buffer for generation-load imbalances: excess RES generation could be stored for
consumption at a later time when demand is higher than generation. However,
storage is still quite expensive [1], making conventional power plants still necessary
for power balancing and for ensuring stability and reliability in the grid.

The necessity of energy storage is imperative in order to increase the level of
independence of power systems from fossil fuels through the higher penetration of
RES. The global pumped storage hydropower capacity increased by more than 30%
in roughly a decade, from some 100 gigawatts in 2010 to more than 139.9 gigawatts
in 2023, accounting for 90% of total electrical energy storage capacity. Pure pumped
storage hydropower capacity worldwide from 2010 to 2023 [2,3]. These systems aim
to overcome the problems deriving from the further penetration of RES to the power
system, as effectively as possible. However, small-scale energy storage is dominated
by batteries. Their modularity allows them to reach significant capacity (in the order
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of tens of MWh) at a lower total initial cost, mainly because PHS systems of the
same scale still face spatial limitations and immense civil-work costs. However, even
if the development of battery storage has made significant steps, their cost per kWh
is at least 3 times greater than PHS [4]. Indeed, according to Li et al. [5], the LCOS
of batteries typically ranges between 30 and 40 US$/kWh, while Smallbone et al.
[6] reports that LCOS for PHS is estimated between 10 and 15 US$/kWh.
Furthermore, there is still an ongoing debate whether batteries are environmentally
safe or really recyclable at a reasonable cost [7,8]. Additionally, unlike batteries, the
number of cycles of charging and discharging for PHS, does not shorten its
operational lifespan of the system or impact its efficiency [9]. Finally, there are
concerns regarding the future availability of raw materials that are used during the
manufacturing of batteries and the impact of rising prices on battery production costs
[8].

The most common turbine technology employed in pico-hydro projects is the
pump used as turbine (PAT), mainly due to its low purchase cost resulting from the
wide commercial availability of pumps (wide variety between 1.7 kW and 160 kW
range). According to Bideris Davos and Vovos [10], the purchase cost of PATs is on
average 5 times lower than conventional turbines, and only tends to become
comparable (2 times lower) for outputs greater than 40 kW. However, PAT
technology is not as well documented as turbines, the determination of their BEP
when operating as turbines still presents a major challenge.

PATs are effective mainly when used in locations with controllable water flow
variation [11] since they do not possess an adjustable guide vane mechanism and
thus their adaptability in fluctuating flow rates and head is rather limited. In practice,
in order to improve their operational flexibility the combined employment of
hydraulic and electrical regulation is required [12]. Pérez-Sanchez et al. [13]
performed a thorough review regarding the various empirical methods employed to
predict the BEP of a PAT and proposed an improved approach to both BEP prediction
and the construction of the characteristic curves. A numerical model to predict the
BEP of PATs when the actual pump characteristics from catalogues are available is
established in Barbarelli et al. [14]. The results demonstrated high accuracy when
the detailed geometrical parameters of the pumps were provided. In the study of
Venturini et al. [15], a physics-based simulation model was developed that utilizes
the performance curve of pumps in order to predict the performance curves of PATs.
In Pugliese and Giugni [12], an operative framework is developed under which the
preliminary selection of PATs from a manufacturer’s database is optimized in terms
of energy production and payback periods. Fecarotta and McNabola [16] and
Nguyen et al. [17] aim at the optimal location of PATs. However, they simulate them
as simple head losses rather than real machines and disregard their feasible region
by assuming constant efficiency. Finally, they ignore the rotational speed variations
that fluctuating operating conditions create on the runner.

Very few micro-scale PHS systems have been implemented. They can be found
in commercial and residential buildings. In combination with a renewable energy
source, they are used to store the excess of generated electrical energy and return it
back to the consumption later, when the RES cannot cover the demand.
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The first completed micro-scale PHS system was constructed in the
Goudemand apartment building complex in the Arras region of France, counting 240
apartments and housing approximately 700 people. At one of the buildings, 2.16
kWp of PV panels, 2 small vertical-axis wind turbines with a total power of 1000 W
and a hybrid storage system consisting of a PHS system and a stack of lead-acid
batteries have been installed [18]. When the electrical energy production from RES
exceeds the energy demand, the excess energy charges the batteries. When the
batteries are fully charged, pumping of water starts. Conversely, when the energy
demand exceeds the production, batteries start providing energy to the building and
when fully discharged, energy production from the PHS unit begins. The PHS
system uses the 30-meter height of the building to store water in the appropriately
sealed 60 m? upper reservoir placed on the roof. The lower reservoir is located in the
building’s basement consisting of 5 rectangular plastic tanks, 10 m* each. To pump
water from the lower to the upper reservoir, a multistage 1.5 kW pump is installed,
while for the energy production a Pelton 450 W turbine is used. The water flow
supplying the turbine is regulated by an electric valve. The battery system operating
in parallel with the PHS system, consists of 12 lead-acid battery cells with a total
capacity of 2400 Ah. Although the useful energy capacity of 3.5 kWh for the
hydroelectric system is considered small compared to the battery capacity (24 kWh),
it is essential because it extends the batteries’ lifespan by 1000 cycles.

Another completed micro-scale PHS system was implemented at the Negundo
innovation center in the Froyennes area of Belgium. The energy supply to this
facility is provided by PV panels with a total capacity of 110.2 kWp power and 4
wind turbines with a capacity of 2.4 kWp each. The installed PHS system uses an
existing artificial 1500 m? basin, for collecting run-off water from roofs and roads,
as the upper reservoir. An underground tank with a capacity of 650 m?, located near
the buildings is used as the lower reservoir. These 2 reservoirs are connected through
a piping system with a total length of 80 m and an internal diameter of 335 mm.
Between the upper and the lower reservoir, a pump with a variable frequency drive
is installed, which also functions as a turbine (PAT) and is able to generate a
maximum of 7 kW of power [19].

Other implementations of micro-scale PHS systems can be found in some
remote areas and villages, which are not connected to the main grid. In such cases,
the primary energy sources are PV parks or small wind turbines. Their possible
excess energy is stored by the PHS system and returned to the consumers when
power demand exceeds production. An example of such as system is described
below.

A micro-scale PHS system, combined with PVs and batteries, has been
constructed in the isolated village of Mersina on Donoussa Island, Greece. This
remote village is not connected to the grid which supplies the rest of the island. The
main purpose of this system is to provide uninterrupted power supply to the 13
houses of the village, covering the basic electricity needs of the residents: lighting,
TVs and refrigerators. The system is powered by 18 kWp of PV panels. Two identical
150 m? water tanks are used as upper and lower reservoirs with an elevation
difference of 100 m. The micro-hydraulic system consists of a 6 kVA water pump
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and a turbine connected to a 7.5 kW DC generator. During the day, the electrical load

of the village is totally covered by PVs through an inverter, and the excess electrical

energy pumps water to the upper tank. At night, the stored water is directed to the
lower reservoir, rotating the turbine and providing electric power to the village. The
entire system is also accompanied by a 100 Ah battery array, to cover peak demand

that exceeds the 7.5 kW of the hydro-generator, for a short period of time [20].

The constructed micro-scale PHS systems, presented above, suffer from certain
disadvantages. Their small-sized reservoirs and their low-power pumps and turbines,
provide a reduced energy storage capacity, compared with the PV generation. To
overcome this reduced capacity, the installation of a battery system was more than
necessary, rendering the whole installation unsustainable. Additionally, in
Goudemand and Donoussa PHS systems, separate pumps and turbines were used,
which increased further the initial cost of the installation. Furthermore, in all the
aforementioned examples, the PHS system was constructed several years ago when
the development of such micro-scale systems was still in its early stages. As a result,
their efficiency remained low and their cost quite high. These disadvantages
hindered the further implementation of micro-scale PHS systems.

In this paper, a micro-scale hybrid PHS and PV system freed from most of the
issues of similar systems mentioned above, specifically sized and configured for the
AGH, is proposed. Even if the AGH is a fictitious installation, it roughly describes
a very common demand profile for a great number of hotels around the
mediterrancan sea. Therefore, the conclusions drawn from this work can be
expanded to a great number of sea-side hotels or installations of similar size.
Specifically, first the system is dimensioned and the estimation of the total cost of
the project is carried out. Existing literature and data from the market have been
combined and verified in order to create up-to-date cost models. The economic
viability of the project is assessed by the most popular indexes for similar hydro-
power projects: PP and LCOE. These 2 indexes, especially when used in conjunction
with one another, provide useful insights for assessing the investment profitability
and success.

The main contributions and results of the paper are summarized below:

e  Results indicate that the combined operation of micro-PHS systems and PVs
provide an economically sustainable option, with payback periods that range
below 6 years.

e  The PAT system performance map is evaluated for both nominal and part load
operation for both pump and turbine modes.

e  Results also indicate that the LCOE value for the selected PAT is calculated
0.08202 €/kWh and is much lower than other energy storage systems [21].
Furthermore, it is demonstrated that micro-PHS can be a financially viable

small-scale storage solution when the location and characteristics of the installation

permits significant cost cuts in civil works. The case study in this paper concerns the

AGH, mainly, due to its location, which is close to both a hill for placing the upper

reservoir and the sea for using it as a lower reservoir. Generation performance is

quite high, too, since the Mediterrancan weather in Greece boosts PV generation

(days are sunny for most of the year) and the hotel’s roof can accommodate

20



Energy Storage and Conversion 2024, 2(3), 1515.

significant PV capacity. We have also examined the possibility of higher exploitation
of PHS by taking advantage of the cheaper electricity rates during the night to store
energy, in order to cover part of the demand during the more expensive time-of-use
during the day.

All effort has been given, so that the analysis contains realistic data for most
operating and financial factors: civil work costs, PV installation costs, pump storage
costs, energy production, tariffs for energy purchase from the utility and a precise
PAT model that estimates the varying efficiency of PHS under part-load conditions.
It has to be noted that this last factor is usually ignored in most studies. The purpose
of this paper is to demonstrate that, under some typical conditions, a micro-scale
PHS system may be viable solution that can coexist in the so-defined AGH.

The structure of the paper is as follows. Section 2 contains the methodology
used to simulate the average Greek hotel, as an energy consumer, PV generation
throughout the year, pump-storage system efficiency and operation under full and
partial load conditions. Section 3 contains the mathematical model used to calculate
PV excess generation or deficiency with respect to the varying load and the amount
of water pumped or used for power generation at the PAT and the conditions that this
is happening with respect to different strategies and financial incentives. Section 4
contains the cost models and assumptions made to estimate the cost of the system,
as well as the compensation scheme of the generated power from the PV or the PAT
during operation as a turbine. In the same section the financial indexes used to assess
the financial viability of such a project are described. In Section 5, the results from
the operational and financial assessment are presented. Conclusions, as well as
suggestions for future work, are contained in the last section.

2. Methodology

2.1. The average Greek hotel

In this paper, the AGH was chosen as a case study for analyzing and
implementing a modern micro-scale PHS system. First, the dimensions of the AGH
must be defined so that its energy profile can then be constructed precisely. We
assume that a PHS system could be implemented either at a 4-star or 5-star hotel due
to its significant capital cost. We opted for the 4-star hotel, because there is a limited
number of 5-star hotels in Greece. Since the majority of hotels in Greece are at
seaside, it is assumed that the AGH is located at such a location, near the city of
Kalamata. Consulting the “Hellenic Chamber of hotels” [22], an average newly built
4-star hotel consists of 70 rooms. By utilizing data from governmental regulations
regarding the individual areas of hotel spaces [23], an average area for the hotel of
2600 m? was obtained. This area can be reasonably divided as follows: 1st and 2nd
floor will occupy an area of 700 m? each, the ground floor 810 m? (assuming a lobby,
a reception and administrative rooms) and the basement of the building 400 m?.

Having estimated the dimensions of the AGH, its energy profile will be
illustrated. Greek regulations classify buildings according to their energy
consumption and performance into the following scale categories: A, B, C, D, E, F,
G [24]. Class “A” characterizes an energy efficient building, while class “G”
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indicates an energy inefficient building. The criteria considered for categorizing
buildings according to this scale, include the thermal insulation characteristics of the
building’s external surfaces and its design, the active and passive heating, cooling
and ventilation systems, the method of hot water production, the quality of natural
ventilation and air conditioning. Obviously, the AGH occupied with the PHS system,
should belong to energy classes A or B, as it would make no sense to have a highly
sophisticated and expensive storage system and have abundance of energy wasted,
as it is the case in a lower class. Since most of the 4-star Greek hotels belong to “B”
energy class, this class is also assumed for the AGH. According to the Energy
Inspections of buildings for the year 2021 by the Ministry of Environment and
Energy, and the “Building energy efficiency regulation” in Greece Hellenic [24], an
annual electricity consumption of 223 kWh/m? is expected from the AGH. This
consumption includes only electrical energy, since all thermal needs are solely
covered by heat pumps. By multiplying the total area of the AGH with the energy
consumption per m?, the total annual energy consumption for the building is
obtained, which equals 580 MWh.

Average Greek hotel
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Figure 1. Average monthly power demand of the AVG with respect to the month of
the year. It is assumed that the average daily demand is constant throughout each
month of the year.

To complete the energy profile of the AGH, since pumping depends on the
difference between PV generation and demand, its daily and annual load curves must
be constructed. Due to the lack of data for specific 4-star seaside Greek hotels, we
had to use data from other Mediterranean hotels found in literature, which fitted the
profile of the AGH well: four stars, seaside, similar climate, volume and demand.
First, we used the mean daily power demand of a hotel in Malta. The power demand
was provided as an average value for all days of the same month [25]. In order to
get the estimate for AGH’s mean demand (Figure 1), we had to scale up those values,
in order to make sure that the total aggregate (i.e., annual demand) equals that of the
AGH (580 MWh). Similarly, the estimated variation of demand throughout the day
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has been based on an Italian hotel [26]. The demand curve was provided per square
meter (Figure 2), so it had to be scaled up, so that its average value is equal to the
daily averages provided for each month in Figure 1. It is assumed that during a
month, the daily demand curves calculated with the above procedure, do not change

(Figure 3).
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Figure 2. Daily demand curve of AGH (adjusted from hotel with similar profile in

50

Average hourly power per m?

45

N
o

w
]

w
o

[
wm

N
(=]

-
w

-
o

N

Provenzano [26]).

10 15
hour

55 January 56 February 565 March
< = <
= 2= =
5 100 5 100 5 100
3 3 3
[e] (o] [e]
0 0 0
0 10 20 0 10 20 0 10 20
hour hour hour
200 April 200 May 200 June
< = <
= =, =
55 100 55 100 5 100
[o] (o] [e]
o o o
0 0 0
0 10 20 0 10 20 0 10 20
hour hour hour
200 July 200 August 200 September
S = <
= = X
5 100 5 100 5 100
= = S
(e} o [e]
o o o
0 0 0
0 10 20 0 10 20 0 10 20
hour hour hour
200 October 200 November 200 December
= = =
= % X
5 100 5 100 5 100
2 2 =
o o o
o o o
0 0 0
0 10 20 0 10 20 0 10 20
hour hour hour

Figure 3. Daily demand curves for each month of the year for AGH.
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2.2. PV generation

It is assumed that the RES which provides electrical energy to the AGH is PVs.
This energy source is preferred among others (such as wind turbines) mainly because
of its low installation and maintenance cost for a micro-scale project. PVs are also a
RES that does not have an aesthetic impact to the hotel, as the panels cover the roof
of the building.

To obtain the energy production curves from PV panels, some basic data for the
AGH and the PV technology need to be determined first. The panels cover the entire
surface area of the 700 m? roof, tilted at the optimal angle of 35 degrees and having
the optimal orientation towards the south, for maximum yearly yield. The irradiation
curves for the region of Kalamata were retrieved from the European platform PVGIS
European Commission [27].

Choosing the appropriate PV technology for the system plays a pivotal role in
the final production curves of PVs. Solar panels from monocrystalline silicon have
been chosen, because they are the recommended solution for limited spaces (such as
the hotel roof top) due to their higher efficiency among other commercially
widespread technologies, at a reasonable cost. If further increase of PV’s energy
production is sought, sun tracking bases are suggested. However, this technology,
displays a much higher installation and maintenance cost, which would probably not
be bearable for the average Greek hotel. For the above reasons, constant bases have
been selected. Simulation results presented in Section 5 demonstrate that they are
sufficient to cover the AGH’s energy needs, considering the high number of sunny
days in Greece.
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Figure 4. Daily PV energy production curves for each month of the year.
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The PV daily production curves have been calculated by applying the daily
irradiance curves obtained from the PVGIS platform on the array of panels, assumed
to be covering the whole rooftop of AGH and then by assuming an average efficiency
factor of 22% for monocrystalline silicon solar panels (Figure 4).

2.3. Pump storage

PAT is one of the most common turbine technologies used for pico/micro scale
projects, mainly due to its low purchase cost resulting from the wide commercial
availability of pumps. Moreover, they are proven robust and require little
maintenance, with a lifespan typically greater than 20 years Le Marre et al. [28]. The
power output of the PAT in turbine mode is given by Equation (1) [29]:

Pr(W)=vy:Qr-Hr ny-ny @))
where y is the specific weight of water (9810 N/m3), where Qr is the volumetric
flow rate (m3/s) through the turbine, Hy is the turbine’s working head (m), while
n, and ng is the turbine’s hydraulic efficiency and generator’s efficiency,
respectively.

However, despite being highly sufficient in pump mode, their performance
prediction in turbine mode is still based on empirical relations and prediction
methods, since the characteristic curves in turbine mode are not typically provided
by the manufacturers [30]. Among the various analytic models available in literature,
the equations of Yang et al. [31] are widely applied because they provide the best
accuracy for both flow rate and head ratio estimation, according to Pugliese et al.
[32]. Moreover, unlike other models, they correlate PAT performance in turbine
mode with PAT performance in pump mode. The latter is always provided by the
manufacturer, and thus, their implementation becomes simple and straightforward.
The estimation of the BEP in turbine mode when the BEP in pump mode is available,
can be determined according to the expressions presented in Table 1. PAT
performance in turbine mode and operating away from the BEP is calculated by
Equation (2) [33]. Among the other expressions available in the literature, this model
was selected because the values obtained by CFD analysis and by the model
forecasts accurately the PATs’ performance in off-design operating conditions that
are close to the BEP (with max discrepancy 3%), while a slight mismatch is shown
when operating far from it (max discrepancy 10%), as it is explained in the study of
Novara and McNabola [34].

Qr

T,BEP

Qr

T,BEP

Hr

2

2
= 0.2394- < ) + 0.769 -

HT,BEP

Table 1. Correlation of BEP in turbine mode with BEP in pump mode. Subscripts T and P refer to turbine and pump

mode.
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where N = 075 is the specific speed of the turbine.
t
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3. PHS operation schemes

In this section, the mathematical model of the PHS system, which estimates the
energy stored (pumping) or recovered (generating) from it is presented.

3.1. Pumping

Pumping is the process of storing energy in a PHS system by pumping water
from a lower tank to a higher tank. In our case this is happening under two possible
schemes of operation: a) pumping only during excess PV generation and b) pumping
during excess PV generation and during lower prices for purchased electricity from
the grid, in a time of use billing system, such as the Greek. Both of them are detailed
below.

3.1.1. Pumping only during excess PV generation

The energy production curve of PVs during daytime follows a pattern as shown
in Figure 4. PVs start producing electrical energy in the morning and stop producing
around sunset, so the duration depends on the time of the year. The peak production
is observed at midday hours and its magnitude also depends on the time of the year
and the clarity of the sky of that day. During peak production and depending on the
demand of the AGH at that time of the year, PV generation exceeds demand, and this
excess energy can be stored at the PHS system. Practically, this is done by a control
system that continuously checks the hotel’s hourly power demand and the hourly
power production from the PV panels. The hours of the day, which generation
exceeds consumption, their difference is calculated, and the possibility of pumping
is examined, according to the following algorithm.

Table 2. BEP of the PAT system in pump mode.

Pppep (KW) Qp,pep (M’/h) Hppgp (m) nppep (%)
15 275 20 92

25 460 20 92

35 645 20 92.5

45 830 20 92.5

55 1000 20 92.5

65 1200 20 93

75 1380 20 93

85 1560 20 93.5

Each PAT has its own nominal power consumption and a corresponding water
supply when operating as a pump (Table 2). According to this nominal power
consumption and the difference between generation and demand, the algorithm
allows pumping or not and calculates the amount of water in the tank every hour of
the day. First, the hours needed for the upper reservoir to be filled if the PAT operates
continuously at its nominal power are determined. Two cases are then examined:

o If the difference between generation and demand is greater than the nominal
power of the PAT, then the PAT is assumed to be pumping water with nominal
flow by consuming nominal power. If during this mode of PAT’s operation, we
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calculate that enough water has been pumped to fill in the upper tank, then we
assume that pumping stops, and the tank is full. After this point in time, PV
generation is assumed capped to the amount equal to demand, until demand
becomes higher than generation again, which means that PV generation does not
need to be capped longer.

If these hours are fewer than those during which the excess power from the PV
exceeds the power demand by an amount greater than the consumption of the
PAT, the hours when the difference is the greatest are selected. In this case the
PAT operates in its nominal power.

If the difference between generation and demand is lower than 50% of the
nominal power of the PAT, then the PAT is not pumping any water. This is
because, we have assumed that operating the PAT as a pump in lower than half
load would cause unacceptably high wear, cavitation effect and generally losses,
significantly reducing its lifetime and increasing maintenance costs. During this
time the PV generation is capped to an amount equal to demand, until the demand
surpasses possible PV generation again.

If the difference between generation and demand is between 50% and 100% of
the nominal power of the PAT, then the PAT is pumping water, but with a flow
and efficiency lower than nominal. In this range of operation, the height remains
constant, but the pumping efficiency, the rotational speed of the PAT and the
water supply are changing. From the simulation of the PAT based on its operating
model, the power values and the corresponding efficiencies for water flow rates
0f 0.8, 0.6 and 0.5 of the nominal values were obtained. It was observed that the
correlation between the PAT’s power and the water flow is almost linear. Thus,
the water flow as a function of surplus PV power can be obtained. The BEP and
performance of the PAT system in pump mode for different flow rates and power
outputs is displayed in Figure 5. By calculating these subnominal flow rates for
each hour of the day, the amount of water pumped to the upper tank, thus the total
amount of water in the tank, can be calculated. If the tank becomes full, pumping
stops. After this point in time, PV generation is assumed capped to the amount
equal to demand, until demand becomes higher than generation again, which
means that PV generation does not need to be capped longer.
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Figure 5. PAT performance in pump mode for different flow rates for (a) 15 and 25
kW; (b) 35 and 45 kW; (¢) 55 and 65 kW; (d) 75 and 85 kW.

In any case, the amount of water pumped in the upper tank is automatically
subtracted from the lower tank.

3.1.2. Pumping during excess PV generation and cheaper tariff

In subsection 3.1.1 the operation of the pumping system is limited to time
periods that PV generation is greater than demand. This practically means that it
operates only during the day. In this subsection, an analysis is conducted concerning
the extension of the operation of the PHS system in a second daily cycle, during the
night, using the cheaper tariff provided by the electrical utility during that time.
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In Greece, some of the electricity suppliers provide a time-of-use billing option,
giving a cheaper tariff for electrical energy consumed during 8 specific hours of the
day. This reduced tariff takes place from 23:00 to 07:00 between 1 May and 1
November and from 02:00 to 08:00 and 15:00 to 17:00 for the rest of the year. In the
present analysis, for simplicity of calculations, it was assumed that the cheaper tariff
begins from 02:00 and ends at 07:00 throughout the year. It will be demonstrated
from the simulation results in Section 5, that keeping only the night part of the
cheaper tariff throughout the year, did not affect the pumping pattern. During winter
afternoons, even if PV generation is reduced when compared with the summer, the
much lower demand keeps PV excess power at a sufficient level to make the cheaper
tariff useless.

The prices for daytime and nighttime electricity tariffs from the most popular
supplier in Greece (PPC) for every month of the year 2023 are presented in Table 3
[35]. It has to be noted that the tariff prices presented in this table, must be considered
only as indicative, as they may vary significantly from supplier to supplier, from
year to year and from country to country. Therefore, in order for such a pumping
scheme to make sense, a basic principle must be met: the ratio of the night electricity
tariff over the daytime tariff should be less than the cycle efficiency of the PHS
system, which is calculated by multiplying the individual efficiencies of pumping
and generating. Otherwise, there is no reason for night pumping, since the cost of
the consumed energy by the PAT is certainly more than the financial gain derived
from the morning generation.

Table 3. Daytime and nighttime electricity tariffs.

Daytime tariff (€/kWh) Nighttime tariff (€/kWh) Ratio nighttime/daytime
January 0.404 0.314 0.777
February 0.218 0.138 0.633
March 0.238 0.154 0.647
April 0.214 0.124 0.579
May 0.208 0.118 0.567
June 0.204 0.114 0.559
July 0.204 0.114 0.559
August 0.204 0.114 0.559
September 0.204 0.114 0.559
October 0.217 0.114 0.525
November 0.256 0.129 0.504
December 0.256 0.129 0.504

The pumping process during the night is much simpler than the corresponding
procedure during the noon (excess of PV generation). For the precise definition of
the pumping hours at night, the system needs to predict the power demand during
the next morning’s hours from the end of the nighttime tariff until the time when the
entire AGH’s load is covered by PVs. Since such a precise prediction is quite
difficult to make, the estimation of the next day’s consumption is the consumption
of the previous day. This can be ecasily assumed because it was considered in
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subsection 2.1 that during a month, the daily load curve of the AGH remains
practically constant.

In the case of pumping at night, the algorithm followed for pumping water to
the upper reservoir is easier than the corresponding procedure of pumping at noon.
At night, there is no point in operating the pump below its rated power and maximum
efficiency. The required pumping hours to fill the upper tank are calculated
according to the nominal water flow at the PAT’s nominal power. It should also be
checked if the 7 h of cheaper electricity are sufficient for the pump to fill the upper
tank, according to its nominal power and flow. If the upper tank becomes full, the
pumping operation stops. In the case of operating the PHS system in two daily
cycles, the midday pumping due to excess PV generation is completely independent
of the nighttime pumping with cheaper electricity tariff, which greatly simplifies the
calculations.

3.2. Generation

Generation is the process in PHS systems during which energy is recovered
from the upper water tank by letting water flow to the lower tank through the hydro
generator. In our case, both pumping and generation is performed by the same
device, PAT. Generation is performed when demand surpasses PV generation, no
matter what scheme is followed during pumping (see Section 3.1).

The decision process when the generation takes place is simpler than the
pumping process for both pumping schemes, analyzed in subsections 3.1.1 and 3.1.2.
In the first scheme (pumping occurs only at midday from PV excess energy), the
stored energy is recovered in order to cover part of the demand of the hotel during
the afternoon or evening. Due to the high demand during these hours, it is considered
that all the PATs studied in this paper are operating in their nominal power. Even for
the PAT with the highest nominal power (85 kW), the maximum power the generator
can provide to the hotel is quite lower from the demand during the evening. Thus,
the calculations are simplified, and the PAT is operating at its BEP.

Once the pumping process is completed at midday, the PHS control system
calculates the time required for the PAT to operate, in order to empty the upper
reservoir and recover energy to the hotel. Then, based on the load data from the
previous day (since the prediction for the next day is uncertain and inaccurate), the
hours during which the peak load is observed, are identified. Finally, prioritizing the
hour with the highest peak load and in descending order to the hour with the lowest
power demand, energy is recovered from the PHS system. When the upper reservoir
is emptied, the PAT stops generating.

Similarly, once the nighttime pumping is completed, according to subsection
3.1.2, the energy recovered from the AGH in the morning is calculated, based on the
stored water quantity in the tank and the nominal water flow of the PAT. The PAT is
chosen to operate at its nominal power during production, so that maximum
efficiency is achieved. Thus, the PAT operating at its BEP can provide the maximum
energy and financial gain to the AGH.

The BEP of the PAT system in turbine mode, as calculated by Equation (2) and
Table 1 is displayed in Table 4. However, for all cases, turbine cannot operate at its
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nominal head Hr ggp, as it exceeds the total elevation of the upper reservoir /7 =20
m, and therefore, it would have to operate at a lower Hr. PAT performance in turbine
mode and operating away from the BEP is calculated by Equation (2) [33], while the
results for all cases are displayed in Table 5.

Table 4. BEP of the PAT system in turbine mode.

Prpep (KW) Qrpep (m’/h) Hypgp (m) nrpgp (%)
24 345 26.3 82.6

41 577 26.3 83.5

57 807 26.1 83.9

74 1039 26.1 84

89 1252 26.1 84.2

106 1498 259 84.2

122 1723 259 84.2

136 1942 25.8 84.1

Table 5. PAT performance for turbine mode for Hy =15 m and N = 1500 RPM.

Pr (kW) Qr (m’/h) Hy (m) nr (%)
8.77 214 15 75
14.6 359 15 75
20.62 504 15 75
26.54 649 15 75
31.97 782 15 75
38.45 940 15 75
44.22 1081 15 75
50.09 1225 15 75

3.3. Daily cycle

The process of pumping and generation described in Sections 3.1 and 3.2,
respectively, should be automated in a real-world system. The flowchart below
(Figure 6) describes the algorithmic process that should be followed by any
automation equipment aiming at maximizing the performance of the PHS system.
The flowchart is divided in two parts: daily and night operation. In daily operation,
the energy production is compared with the AGH’s demand. When PV production
exceeds demand, the PHS system can pump water to the upper reservoir until either
the upper tank becomes full or the available excess energy is reduced to zero. In
these situations the PAT can operate as a pump only when the difference between
generation and demand is greater than the half of the PAT’s nominal power.
Otherwise, pumping stops or never begins. In night operation, the ratio between
daytime and nighttime energy tariffs is compared with the PHS system’s overall
efficiency. If the ratio is lower than system’s efficiency, the PHS system starts
pumping water at night. Pumping procedure stops either when the necessary volume
of water has been pumped to the upper reservoir or the nighttime tariff has ended. In
both situations, when the nighttime reduced billing stops, the PHS system begin
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generation. The required equipment that could implement this automation logic is
described in subsection 4.2.2.
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Figure 6. Flowchart describing the automatic logic followed by PHS system for optimal performance.
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A daily cycle of the suggested PHS schemes is explained below, so that the
reader has a clearer view of the combined operation of pumping and generation. In
Figure 7, the difference between daily demand and PV generation during a typical
day of a month of June, is presented with the blue curve. It can be noticed that there
is excess generation during noon (negative values) that without the PHS system
would have to be fully capped. The operation of the PHS system with a 25 kW PAT,
increases demand during pumping and covers part of the demand during generation
(red curve). This exchange of energy from and to the PHS can be noticed as the
difference between the two curves. Area “D” is the excess PV energy diverted to
pumping according to the scheme presented in subsection 3.1.1. Obviously, much
less PV power has to be capped during that period (area “C”). Additional energy can
be stored (area “A”) using the cheaper time-of-use night tariff, according to
subection 3.1.2. That stored energy is supplied to the AGH when the more expensive
time-of-use tariff starts at 7 am (area “B”). The energy stored during excess PV
generation is supplied to AGH when demand is greater than PV generation again in
the evening (area “E”).

175
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0 1 2 3 4 5 6 7 8 9 1 1 12 13 14 15 16 17 18 19 20 21 22 23 2«
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Figure 7. Impact of PHS system on demand of the AGH with PV generation.

Table 6 summarizes the different energy amounts that are exchanged between
the PV (generation), PHS (storage) and AGH (demand). During July and October,
two months of the year that the AGH operates close to its capacity (high touristic
season, thus high demand) pumping during the night increases (“A” in Figure 8c,d),
so that the savings from the difference of day and night tariffs are maximized (“B”
in Figure 8c,d). April, a month that AGH has a rather low demand (low touristic
season), but the PV generation is rather efficient (long sunny days, but low ambient
temperatures) a great amount of PV energy is capped (“C” in Figure 8b). On the
contrary, during October, the storage capacity of the PHS is underused during the
day (“D” in Figure 8d), due to the relevantly high demand (high touristic season)
but relevantly low PV generation (see October in Figure 4), Obviously, the under-
usage of PHS during the evening leads to much less energy recovered as well (“E”
in Figure 8d). For the rest of the cases, storage capacity is better used during the day
(“D” in Figure 8a—c), plus much more energy is recovered during the evening (“E”
in Figure 8a—c).
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Figure 8. 25 kW PHS system daily performance under different demand and
generation conditions: (a) January; (b) April; (c) July; (d) October.
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Table 6. Energy amounts exchanged between the PV (generation), PHS (storage)
and AGH (demand).

A B C D E
January 44.62 27.9 134.6 130.7 81.61
April 22.31 13.95 268.0 130.7 81.61
July 89.57 55.8 103.8 130.7 81.61
October 89.57 55.8 18.8 79.4 48.83

4. Cost models

In this section, the indexes used to assess the financial viability of the simulated
project are described. Furthermore, the cost models and assumptions made to
estimate the overall cost of the system to be installed and maintained will be
explained. Finally, the compensation scheme of the generated power from the PV or
PAT will be described. The implementation of the PHS achieves attractive payback
periods (5 years on average), which are in accordance with those of micro
hydroelectric projects employing PATs, that typically range between 2 and 5 years,
according to Pugliese and Giugni [12], Laghari et al. [36], the fact that the renewable
energy overproduction is not wasted due to storage leads to low LCOE values
(approximately 0.09 €/kWh) that are in compliance with other RES technologies
with storage.

4.1. Financial indexes

For the evaluation of the investment and for proving that a micro-scale PHS
system is feasible and economically viable, two separate financial indexes are
presented and calculated in this subsection: LCOE and PP.

The LCOE is a method by which the price per energy unit that balances out the
total cost of the project is obtained. The calculation of the LCOE can be performed
either over a one-year period or over the lifetime of the project, with the latter
method providing greater accuracy [37]. The mathematically calculation of the
LCOE is given by Equation (3) [38]:

s I +M, + tFt

1+

—Z" E, 3)
t@+r)t

where I; represents the investment cost in year ¢ (€), M; in the operation and

maintenance cost in year ¢ (€), F; stands for the fuel cost in year ¢ (€), E; is the

LCOE =

generated electrical energy from the power unit in year ¢ (€), r is the discount rate
and n represents the lifetime of the installation.

In our case, the energy production unit is the PVs in combination with the PHS
system. The lifetime of the entire system is limited to 25 years due to the PVs panel’s
lifetime. Additionally, a zero-discount rate and a zero-fuel cost (as PVs are a RES)
are considered. The investment cost in year ¢, is fully depreciated in the first year of

construction. Thus, Equation (3) is simplified as follows:
10 + n- Mt

LCOE=——
. @)
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The denominator of Equation (4) includes the total generated electrical energy
for the AGH over its operating years and consists of three components. The first one
is the total energy generated from the PVs and received directly by the hotel (£py).
The second one refers to the total energy generated by the PHS system during the
evening (E.y) and the third one refers to the total energy generated by the PHS system
during the morning (Ew). Thus, Equation (4) can be described as follows:

Lcog = — ot Me )
n- (Epy + Eey + Eny)

On the other hand, PP is one simpler financial index than LCOE, for evaluating

the investment and is referred to the time needed for an investment to recover its
initial outlay, in terms of profits or savings. The calculation of PP is given by
Equation (6):

Iy
- (6)
Gan

where /o represents the total investment cost, and G, stands for the annual energy

PP =

gain by the operation of the system.

4.2. System costs
4.2.1. PVs

The total cost of the photovoltaic installation consists of the individual costs of
the panels, inverters, constant mounting bases, electrical equipment and the
installation works.

Starting with the panels, for a total installation capacity of 150 kWp, 273
monocrystalline silicon panels are required, each costing €190. Thus, the total cost
amounts to €51,870. To convert the DC current generated by the PVs into AC, to can
be connected to the AGH’s electrical system, three 3-phase DC/AC inverters without
transformers, with 50 kW nominal power and €3300 cost each, are required. For
supervising and monitoring the PV installation, a communication unit is selected,
costing €100. The mounting system of the 273 PV panels on the flat floor of the
AGH will be carried out using fixed mounting brackets with a total cost of €19,040.
For the proper operation and control of the PVs and for their connection with the
AGH, electrical panel boards, energy meters, suitable solar cables, circuit brakers
and relays are required. The cost of this electrical equipment is estimated at €14,800.
Finally, the labor cost for the panels’ installation amounts to €24,000 and includes
the transportation of the equipment to the hotel and their installation.

Thus, the total investment expenses for the PVs amount to €148,440 (including
taxes). If this is divided by the installed capacity, the cost per installed kWp is €990.
This cost is derived from an offer obtained from a company in Greece [39] and
involves material prices for the year 2023. Indeed, the cost per installed kWp (€990)
is very close to the cost determined theoretically by Tzouras [37] in his study (€975)
for the installation of monocrystalline silicon PV panels with fixed bases on a roof.
The annual maintenance expenditures for the PVs have been calculated at €2019 and
cover panel maintenance, cleaning and insurance.

4.2.2. PHS

Reservoirs
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The Goudemand example, mentioned in the introductory Section of this work,
has placed the upper reservoir on the roof of the building. However, such a
construction requires the structural reinforcement of the building’s roof to support
the tank, as well the reinforcement of the adjacent floors, in order to overcome the
limitations regarding the stability. This problem escalates as the volume of the upper
tank increases. In our case, where the upper reservoir has a volume of 2100 m?, the
indicative cost of reinforcing the building amounts to €1,274,350, according to a
study by a civil engineer [40], rendering the entire system unsustainable and
uneconomical. Therefore, the construction of an artificial hill in the hotel’s vicinity
for the placement of the upper tank could be a more sustainable solution. In this case,
according to a study by a civil engineer [40], the cost of constructing an embankment
hill amounts to €128,000, much lower than the cost of building’s reinforcement. The
expenditures for the upper reservoir could be minimized by using an existing hill
close to the hotel, for placing the upper tank. This assumption has been handled in
this paper. Therefore, the only expense related to the reservoirs is the construction
cost of the upper tank, which according to a civil engineer’s study, amounts to
€268,140.

Reservoir costs are the main force of ambiguity about the total cost and
implementation of the suggested system to a hotel. Indeed, the suggested system
cannot be implemented in all existing hotels. In order for the cost of the tanks to be
bearable from the hotel owners, a nearby hill is required to provide the required
elevation. In this work, we have assumed that this elevation is provided by the
surrounding landscape within the hotel property and only the reservoir will have to
be constructed on top of it. Otherwise, this elevation will have to be created with
appropriate civil work, which, as already mentioned, will cost approximately
€128,000 in Greece. Of course, the exact cost is hard to define, as it heavily depends
on location of the hotel and the cost of the required workforce and expertise:
different costs apply to a small island, seaside town etc. Furthermore, most Greek
hotels may be near the sea that could be used as the lower “tank” but access to the
sea may not always be possible at a reasonable cost, due to geomorphological, legal
or practical reasons. Of course, that cost also varies greatly, depending on the level
of hydraulic works required to connect the system to the sea, as well as the cost of
purchasing or hiring land in between or even acquiring appropriate permits from the
authorities. Finally, even if there is a natural elevation for the upper reservoir within
the property and the sea shore is accessible for use as a lower reservoir, energy
savings from PHS operation may not always adequate to compensate for the loss of
revenue from using the occupied space otherwise, e.g., building a garden, kiosk or
even another hotel wing.

PATs

In this paper, the analysis included the study of 8 different PATs with power
ranging from 15 to 85 kW. The estimation of the electro-mechanical equipment cost
for the PAT Cgm system is provided by the most recent expressions available in the
literature Alzohbi [41], Novara et al. [42], Saidur et al. [43], which are presented in
Table 7. PAT estimation is usually correlated as a function of power (Pgrp), head
(Hgep) and flow rate (Ogep) at design point. In the same table, the individual cost of
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the PAT-generator set Cpar+gen [42] and the inverter required by PATs for the
regulation of their shaft speed Ciyy [43], is provided. In this case, total cost Cewm is
given by the sum of these two individual costs, contrary to the expression found in
Alzohbi et al. [41], which directly calculates Cem. Implementing the equations,
shown in Table 7, for the PAT cost, based on cost models found in the literature
mentioned above, the Cem per analyzed PAT is calculated and presented in Figure
9. It is observed that, the deviation between the final costs calculated by the two
approaches is insignificant. For the evaluation of the LCOE and payback period, the
annual operation and maintenance cost Cosm of the PAT were considered 15% of
Crwm, as it is suggested from various studies by Marini et al. [44], De Marchis et al.
[45], Hammond et al. [46].

Table 7. Calculation of Cgy, based on cost models found in the literature.

Expression Related Cost References
1355.6 X Pgpp®2?° x Hppp %10%° (€) PAT + gen + inverter ~ Alzohbi [41]
11,913.91 X Qggp X Hgpp"® + 1289.92 (€) PAT + gen Novara et al. [42]
1239.9 + 165.72 X P(€) Inverter Saidur et al. [43]

mmm Inverter [43] mwmm PAT+gen [42] ==e==Total [42]+[43] ====Total [41]
45
40
35
30

~~
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Figure 9. Total electro-mechanical equipment cost (Cem), PAT-generator set cost
(Crat+cen) and inverter cost (Ciny) estimation with respect to different pumping
capacities.

[, T =

Sometimes due to unexpected leakages of the tanks, the upper reservoir can be
emptied earlier than calculated and the PAT can be operating with almost zero water
pressure. This can cause serious damage to the PAT, such as wear and cavitation. To
overcome this unexpected situation, pressure gauges are installed within the tanks,
which, once the water level exceeds a minimum threshold, stop the generation.

Piping system and electro-valves

For transferring water from the upper to the lower reservoir and vice versa,
flexible PVC, 16-bar pipes are the most appropriate. Their connection with the
reservoirs and with the inlet and outlet of the pump is achieved through a flange and
a neck, while the sealing of the connection is ensured using electrofusion. For the
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entire piping installation, the following are required: 20 meters of flexible PVC pipe,
4 metal flanges, 4 necks and 4 electrofusions. Their cost ranges according to the
internal and external diameter of each PAT as shown in Table 8.

For regulating water flow during generation, electro-valves with pneumatic
actuator are selected. Their size depends on the external diameter of the PAT and

hence their cost, which is also shown in Table 8, varies for each PAT studied.

Table 8. Total costs for PATSs, piping system and electro-valves.

PAT nominal power (kW) PAT cost (€)

Piping system cost (€)

Electro-valve cost (€)

15
25
35
45
55
65
75
85

9085.66 971.16 651.76
13,480.90 1571.76 808.84
17,876.13 1571.76 808.84
22,271.36 2485.96 1193.33
26,444.59 4021.24 1670.00
31,061.83 4021.24 1670.00
35,383.06 5602.00 3439.70
39,704.29 5602.00 3439.70

Automation system

An automation system is needed by PHS to operate according to the operating
schemes explained in Section 3. This system consists mainly of a PLC. The PLC
receives data from pressure meters, placed inside the reservoirs, and from the energy
analyzer, and acts through a SCADA software on the electro-valve to control
production. For connecting and disconnecting the PAT during the power generation,
PLC acts on automations and relays in the low voltage electric panel board. The
individual cost of these systems is presented in Table 9 and is constant, regardless
of the nominal power of each PAT.

Table 9. Total costs for the components of automation system.

Automation Cost (€)
Programmable Logic Controller (PLC) 520.00
Energy analyzer 360.00
2 pressure meters 480.00
SCADA software 1200.00
Electrical equipment 1500.00

4.3. Total system cost

In the following Table 10, the total cost of the system for the different
configurations is provided. As the reservoir and the automation system remains the
same, indifferent of the PAT size, the total cost becomes a function of PAT size, since
PAT size also determines the rest of the costs (piping system and electro-valves).
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Table 10. Total system cost with respect to PAT size.

PAT nominal power (kW) Total system cost (€)
15 431,349.6
25 436,501.5
35 440,896.7
45 446,590.7
55 452,775.8
65 457,393.1
75 465,064.8
85 469,386.0

4.4. Compensation scheme

It is considered that in a zero feed-in system, PV generation cannot be injected
to the grid or cannot be compensated. In zero-feed grids, the transmission system is
overly stretched, and no more permits can be given for net-metered or by-all-sell-all
systems [47]. This is not an unusual situation already for many grids with high
penetration of RES, such as the Greek system. Net metering started in Greece in
2013 and is about to end in 2024. With a net-metering system, consumers who have
installed PVs on the roof of their homes, can inject the excess energy into the grid
and be paid about that by the reduction of their energy bills. Now, such a system is
replaced by a net-billing system. Similar results should be expected, though, if the
system was simulated as a net-billing system [47], as this compensation scheme also
incentivizes self-consumption of RES generation, such as the one provided by the
PHS. Thus, consumers who have already installed a PV system at their homes, or
are about to make such an installation, should find other ways to store the excess
energy. From now on, in Greece, the only way the electricity to be reduced is by
storing the excess generation through a PHS system and by covering parts of the
peak demand with that energy.

The comparison between the reduced electricity bills and the electricity bills
the AGH would pay without PVs and PHS, is the measurable compensation received
by the operation of combined PVs and PHS. Separate analysis will follow: a) one
that will calculate the cost of electricity for the AGH without PVs, which will be
used as a base case, b) one with PVs but no PHS and ¢) one with both PVs and PHS
in place. This way, the part of the compensation received purely by the operation of
PHS will also be calculated, as a difference between the results of analysis b) and ¢).

5. Operational and financial assessment

In this Section, the methodology described in Section 2 is used to simulate the
demand of the AGH, PV generation and PHS operation. The PHS system is assumed
to take advantage of all the special properties of the AGH and is appropriately
dimensioned for it (see subsection 4.1.1). The operation of the overall system is
simulated and analyzed. The output of this analysis becomes the input for the
financial assessment of the project. An AGH without the PHS is first considered as
a benchmark case. Then its performance and financial attributes are compared with
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the same system, but with a PHS installed. The impact of both pumping schemes is
considered (see subsections 3.1.1 and 3.1.2). The common system properties
between all cases are the energy profile of the AGH, presented in Section 2.1, and
the PV generation estimated in Section 2.2.

5.1. PV generation only

From the electricity tariffs presented in subsection 3.1.2 and the demand curves
provided in Section 2.1, the annual energy cost for the AGH without PVs and PHS
can be calculated. This cost amounts to 192,432 €/year.

With the PVs installed at the rooftop, covering part of the demand during
daytime and having all excess generation during noon capped, the energy
expenditures are reduced by 76,876 €/year to 115,556 €/year.

5.2. PVs and storage of excess generation at PHS

In this case, the PHS system pumps water only once per daily cycle, during
excess PV generation, according to the scheme detailed in subsection 3.1.1. The
results deriving from this analysis for different sizes of PATs (first column) are
presented in Table 11. The new annual energy costs for each PAT size in order to
cover AGH’s demand are listed in the second column. By subtracting those costs
from the annual energy cost of operating the system without PHS (Section 5.1), the
profit from PHS operation can be calculated (third column). Using the annual costs
and profits, the LCOE and the PP are also calculated according to Section 4.3, and
listed in columns four and five, respectively.

Table 11. Annual energy cost and profits for the operation of the PHS system according to the scheme presented in

subsection 3.1.1.

PAT (kW) Energy cost (€) Profit from PHS operation (€) LCOE (€/kWh) PP (yr)
15 107,070.83 8485.30 0.08512 5.05
25 104,781.04 10,775.09 0.08655 4.98
35 104,651.25 10,904.88 0.08978 5.02
45 105,253.73 10,302.40 0.09036 5.12
55 105,554.79 10,001.34 0.09780 5.21
65 106,863.69 8692.44 0.10282 5.34
75 108,212.44 7343.69 0.10833 5.52
85 107,286.81 8269.32 0.11063 5.51

5.3. Storage of excess PV generation and energy from the grid during
lower tariff at PHS

The last case concerns the operation of the PHS system twice per daily cycle:
a) when PV generation is greater than AGH’s demand, and b) during the night, using
the lower energy tariff provided by the grid. From the analysis conducted in this case
(Table 12), even if more energy was purchased from the grid, the total energy cost
has been reduced further from nighttime pumping (third column). In the same table,
the LCOE and the PP for this case are also calculated according to Section 4.3.
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Table 12. Annual energy cost and profits for the operation of the PHS system according to the scheme presented in

subsection 3.1.2.

PAT (kW) Energy cost (€) Profit from PHS operation (€) LCOE (€/kWh) PP (yr)
15 106,844.22 226.61 0.08268 5.04
25 104,370.69 410.35 0.08202 4.96
35 104,056.37 594.88 0.08354 4.99
45 104,560.43 693.30 0.08661 5.08
55 104,847.64 707.15 0.08926 5.17
65 105,397.13 1466.56 0.09334 5.20
75 107,343.96 869.22 0.09902 5.47
85 106,356.96 929.85 0.10230 5.45

5.4. Comparison of results between cases

Figure 10 presents a comparison of the economic indexes calculated for the
AGH for various PAT sized for the same PHS system under the two different
pumping schemes: pumping water once in a daily cycle (Section 5.2) and pumping
twice in a daily cycle (Section 5.3). It can be easily noticed that PPs and LCOEs are
comparable to other RES technologies with storage.

. P.P. - pumping once ina daily cycle mmmm P.P. - pumping twice in a daily cycle

e | COE - pumping once in a daily cycle LCOE - pumping twice in a daily cycle
0.115 5.6
0.11 5.5
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- 5.1
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Figure 10. LCOE and PP of PHS system pumping either once or twice in a daily
cycle.

First, if pumping takes place only when there is excess PV generation (i.e., once
in a daily cycle) then the bigger the PAT becomes the more the LCOE increases.
There is an optimal size of 25 kW, though, that fits AGHs demand and generation
profile, providing the minimum PP. Furthermore, if the profits from PHS operation
with respect to different PAT sizes are compared, then the 35 kW PAT is the optimal
choice offering 10,904.88 €/year.

Interestingly, the same PAT size of 25 kW is considered as optimal, if the LCOE
and PP are chosen as the economic assessment indexes for a PHS system that pumps
water also during the cheaper energy tariff (pumping twice in a daily cycle). The
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results presented so far indicate that the construction of a micro-scale PHS system
in buildings with a profile close to that of the AGH is feasible and economically
viable. Obviously, if investment decisions are based on PP or LCOE they may be
different from those derived from profit comparison: 25 kW PAT in the first case and
35 kW PAT in the second case. That happens because when comparing profits, the
total costs of the installation are not taken into consideration.

The average LCOE from all PAT cases considered, is approximately 0.09
€/kWh. This value is in the range of 0.05 and 0.18 €/kWh, for PHS large-scale
systems found in the literature by Zakeri and Syri [21], Mohsen Ibrahim Abd El-
Rahman [48]. Considering now the PPs presented in Sections 5.2 and 5.3 for all PAT
cases, we can observe that the system needs approximately 5 years to recoup the
total investment. An average PP of 5 years for such a system is quite short, especially
when compared to its lifespan of 25 years. This is explained by the fact that the
annual profit provided by the system is quite high and when combined with the initial
installation cost, a very short PP is achieved. Concluding, LCOE and PP indexes
show that a micro-scale PHS system in combination with a PV installation, can
provide electricity at a quite low total cost per kWh, compared with other methods
of storage, such as batteries etc. [6,21].

6. Conclusions

In this work, a micro-scale PHS system has been suggested as energy storage
for the AGH with PVs installed at its roof. Appropriate modelling of PV generation
and demand throughout the year, allowed a good estimation of the excess generation
available for storage. Since time-of-use tariffs exists in Greece, the extension of the
pumping operation during the cheaper tariff was also investigated. PAT operation for
PATs with different nominal power has been modelled for part load, both in pumping
and generating mode. Such modeling of PATs in the economic assessment of PHS
systems has not been previously presented. The simulation results of the overall
system provided solid evidence that a micro-scale PHS system is a viable
investment, if attention is paid in taking advantage of special properties of the
installation in order to reduce installation costs (using the sea as the lower tank for
PHS, covering the roof with PV etc.). The size of the PAT also plays pivotal role.
Depending on the financial index used during decision, a different PAT size may
qualify as the best choice. In the case of the AGH, it was proven that a 25 kW PAT
is sufficient when LCOE or PP is considered, and 35 kW PAT is better if the profit
is the decisive factor.

For the PHS system of the AGH, described in this paper, it was assumed an
average upper reservoir volume of 2100 w.m. By increasing this volume, the PHS
system’s capacity is also increased and therefore, more water can be pumped and
exploited through the day. A preliminary expansion of the system’s capacity is
possible, since a large amount of PV generation remains unexploited with the use of
the 2100 g.m. tank. An alternative way to reduce the unexploited energy from PVs,
after energy has already been stored through the PHS system, is the shift of hotel’s
energy-intensive processes (such as laundry, kitchens or water heating) to those
hours during the day when this excess energy is available. Long-term, the collection
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of the rainwater to the upper reservoir would certainly improve PHS system’s total
energy efficiency. Greece is predominantly a rainy country, with big amounts of
rainfalls throughout the year. The collection of this water would decrease the daily
required water for fulfilling the upper tank and consequently the energy needed from
the pump. The above-mentioned possible solutions of increasing the dimensions of
the PHS system and exploiting the rainfall waters, in conjunction with the better
dimensioning of the PV’s installation and selection of the required equipment, will
lead to a much better and more sustainable energy storage system for the AGH.
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Abbreviations

AGH Average Greek Hotel

BEP Best Efficiency Point

RES Renewable Energy Sources
LCOE Levelized Cost of Energy
LCOS Levelized Cost of Storage

PP Payback Period

PV Photovoltaic

PVGIS Photovoltaic Geographical Information System
PLC Programmable Logic Controller
PAT Pump As Turbine

PHS Pumped Hydro Storage
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Abstract: This research endeavor investigates the natural convection flow of Williamson fluid
in the region between two vertical parallel flat plates via a porous medium. Impacts of viscous
dissipation, joule heating, exponential space, and thermal-dependent heat sources (ESHS/THS)
are invoked. Mass transfer is also studied in accounting for chemical reaction impact. The
governing non-linear PDEs are reduced to ODEs in non-dimensional form under adequate
transformation relations. The numerical technique, namely, Runge-Kutta fourth-order, is
utilized to tackle the problem with the shooting method. Additionally, second-law analysis is
presented in terms of entropy production. The effects of numerous regulating parameters
occurred in the problem relevant to flow, heat and mass transport, and entropy production are
discussed via graphical mode of representation. Moreover, the quantities of physical
significance are computed, displayed in graphical form, and discussed. For verification of
acquired results, a comparison is also made using HPM with prior research, which was found
to be in excellent agreement. It is concluded that the fluid temperature field enhances with
upsurging values of pertinent parameters. The influence of the convective surface parameter
and order of reaction are found to make augmentation in mass diffusion. Further, the effect of
joule heating is noticed to increase the rate of heat transfer, while the reverse scenario is
observed with upsurging values of heat source parameters. The influence of viscous dissipation
is seen to increase entropy production.

Keywords: Williamson fluid; velocity slip; THS; ESHS; viscous dissipation; porous medium;
joule heating; chemical reaction; entropy production; convective boundaries; HPM

1. Introduction

The channel flows are the fundamental configurations in fluid dynamics. The
study of convection flow in channels has been a prominent field of research interest
for its important engineering applications, e.g., in electrochemical processes, heat
exchangers, solar energy collectors, fibrous insulation, and so forth. Several
researchers have considered the natural convection problems of viscous fluids in the
region between two vertical flat plates, including Bruce and Na [1], Aung et al. [2],
Vajravelu and Sastri [3], Rajagopal and Na [4], Cheng et al. [5], Ziabakhsh and
Domairry [6], Narahari and Dutta [7], Kargar and Akbarzade [8], Rashidi et al. [9],
Hatami et al. [10], etc.

The overhead investigations were carried out for the clear fluid flows. None of
these studies considered flow via a porous medium. In thermal-free convection via
porous medium, the fluid flow is driven by buoyancy forces. These forces occur
because of density variations due to temperature gradients in the fluid. The interest in
the study of convection via porous medium is inspired by its significance in
widespread practical and engineering applications, for example, solar power
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collectors, drying processes, heat removal in nuclear reactors, groundwater pollution,
thermal insulation, etc. A considerable number of studies on convection flow problems
of viscous fluids via porous medium in the region between two vertical parallel plates
under the influence of Lorentz force have been reported by many researchers, such as
Rapits et al. [11], Chamkha [12], Singh and Pathak [13], Das et al. [14], and many
others. MHD flow continues to be of interest to researchers due to its wide range of
practical applications in manufacturing processes, MHD power generators,
astrophysical fluid dynamics, plasma aerodynamics, and geophysical fluid dynamics.
Besides, in medical therapies like laparoscopic treatment, MHD with joule heating
plays a significant role. In recent years, Asha and Sunitha [15], Swain et al. [16],
Ramesh et al. [17], Ali et al. [18], etc. have examined the effects of MHD with joule
heating.

Williamson fluid, a pseudoplastic non-Newtonian fluid, was introduced by
Williamson [19]. The investigations of such fluid flows are significant because of their
important practical applications, such as in the drawing of polymer sheets, the
production of adhesives, photographic film production, and so on. Vasudev [20]
investigated heat transport in the peristaltic flow of Williamson fluid in the region
between horizontal parallel plates via a porous medium. Considering the impact of
Lorentz force, the natural convection flow of Williamson fluid in the region between
vertical parallel plates via porous medium was proposed by Subramanyam et al. [21].
Swaroopa and Prasad [22] proposed free convection Williamson flow in the region
between parallel walls under consideration of radiation and Lorentz force impact. An
analytical investigation of Williamson fluid-free convective flow in an upright channel
with permeable walls, considering viscosity and radiation effects, was presented by
Ajibade et al. [23]. Forced convection in Williamson flow via a porous medium was
carried out by Qawasmeh et al. [24]. Pattanaik et al. [25] have analysed Williamson
flow via porous medium in the existence of nanoparticles in a parallel plate channel
due to thermal buoyancy, considering Lorentz force and radiation impacts. Usman et
al. [26] have examined heat transport in Williamson fluid flow in a ciliated channel
with permeable walls under the influence of Lorentz force via porous media.

In nature and industries, many transport processes occur where thermal and mass
transport take place parallelly as a consequence of the joint buoyancy effects of
thermal and species diffusion. The heat and mass transport phenomenon is also
encountered in chemical process industries, for instance, polymer production and food
processing. The occurrence of reactions and their order in such phenomena influence
the performance and features of the product obtained. Grosan et al. [27] examined the
impact of thermophoretic transport of particles in mixed convective heat and mass
transport in a vertical parallel plate channel. Reaction influence on convection flow of
power law fluid in the existence of porous medium, invoking heat and mass transport,
was examined by Ibrahim et al. [28]. Uwanta and Hamza [29] discussed the impact of
suction or injection on the exothermic reaction of Arrhenius kinetics, thermal
diffusion, and the time-dependent convective flow of viscous Newtonian fluid in the
region between two infinite upright parallel permeable plates. Prasannakumara et al.
[30] studied reaction and radiation influence on Williamson fluid flow with
nanoparticles in porous medium influenced by stretchy surfaces. Singh and Kumar
[31] investigated heat and mass transmission in micropolar fluid flow in porous
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channels, considering chemical reactions with radiation influence. Mallikarjun et al.
[32] analysed fully developed mixed convection flow in a vertical channel,
considering heat production, absorption, and reactions of first order. Thermal and mass
transport in the convective flow of Williamson fluid outside a cylinder via porous
medium, under assumptions of the boundary layer, was investigated by Loganathan
and Dhivya [33]. Huang [34] has examined thermal and mass transport in convective
flow via porous medium along an inclined surface, considering Lorentz force
influence. Nazir et al. [35] have considered surface chemical reactions in the flow of
Walter’s B fluid past a paraboloid, including heat and mass diffusion. Olkha and
Kumar [36] have reported heat and mass transport in free convection flow of non-
Newtonian fluid via porous medium in the region between two vertical cylinders,
considering chemical reaction impact. Olkha and Kumar [37] have also investigated
melting heat transport in non-Newtonian fluid flow via porous medium produced by a
curved surface stretching non-linearly, including mass transport and reaction
influence.

The consideration of convective boundary conditions in heat transport problems
is significant in engineering processes, e.g., thermal energy storage, gas turbines,
nuclear plants, and so forth. Srinivas et al. [38] studied thermal and mass diffusion in
the pulsating flow of viscous Newtonian fluid in a horizontal channel via porous
medium, considering slip flow and convective boundary constraints, including
Lorentz force and chemical reaction. Oyelakin et al. [39] employed convective surface
boundary conditions, including velocity slip in time-dependent non-Newtonian flow
in the existence of nanoparticles including influence of heat transport characteristics.
Such constraints on the convection slip flow of Williamson fluid produced by a
stretchy surface, considering Lorentz force and Joule heating, were employed by
Sharada and Shankar [40]. Zeeshan et al. [41] explored the radiative Couette-
Poiseuille flow of nanofluid in a channel with chemical reactions considering
convective boundaries, Joule heating, activation energy, and viscous dissipation.
Convective boundary conditions to discuss heat transport in the flow of Casson fluid
in the region between inclined permeable parallel plates, invoking the impacts of flow-
thermal properties, were considered by Neeraja et al. [42]. Jagadeesh and Reddy [43]
have employed convective boundary conditions in 3-D convection non-Newtonian
couple stress flow in the existence of nanoparticles influenced by a stretchable sheet,
considering Lorentz force, radiation, and reaction.

The exponential space-dependent heat source procedure is probably more suited
for excellent thermal processes since a minor size augmentation of the heat source
leads to a significant improvement in the thermal field. Several researchers have
considered exponential space- and thermal-dependent heat sources (ESHS/THS) in
their studies conducted on viscous Newtonian and non-Newtonian fluid flows in
various aspects, including Zaigham Zia et al. [44], Thriveni et al. [45], Mahanthesh et
al. [46], Nagaraja and Gireesha [47], Swain et al. [48], Hasibi et al. [49], Sharma et al.
[50], etc.

Entropy, a key thermodynamic irreversibility parameter, occurs in the second law
of thermodynamics. The analysis of entropy production makes a significant
contribution to thermal systems design decisions and thus supports optimization of
cost and energy in science and engineering areas like the cooling of electronic devices,
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heat exchangers, energy storage systems (Yessef et al. [51], Chojaa et al. [52], Loulijat
et al. [53], and Hamid et al. [54]), etc. Bejan [55,56] presented pioneering work on
entropy production and its optimization. Baytas [57] analysed entropy production in
free convection via porous medium along with thermal transport and mass transport
in a tilted permeable enclosure. Makinde and Eegunjobi [58] proposed the rate of
entropy and Bejan number in viscous couple stress flow in an upright channel filled
with porous material in the existence of buoyancy forces. Das et al. [59] examined
entropy production in pseudo-plastic fluid flow in the existence of nanoparticles in a
channel having permeable walls under convective heating. Analysis of heat transport
in natural convection and entropy production inside a channel including a permeable
plate mounted at the lower wall was performed numerically by Maskaniyan et al. [60].
Yusuf et al. [61] examined the entropy production number in the bioconvective flow
of pseudoplastic fluid in the existence of nanoparticles along an aligned semi-infinite
porous plate under convective boundaries, considering magnetic field, Joule heating,
viscous dissipation, and chemical reaction. Olkha and Dadheech [62] numerically
analysed entropy production in the flow of three different fluids (Williamson fluid,
Casson fluid, and viscous fluid) produced by a permeable stretching sheet. Entropy
production in the free convection of nanofluid via porous medium in a square
configuration including heated corners, in the existence of Lorentz force, has been
discussed by Reddy et al. [63]. Entropy production in Jeffery fluid flow in tilted
permeable pipe via porous medium applying convective boundary constraints in the
existence of an applied magnetic field has been investigated by Raje et al. [64]. In
natural and forced convection slip flow in the region between vertical parallel
permeable plates, entropy production has been discussed by Balamurugan et al. [65].

In view of the aforementioned studies, this work investigates gravity-driven
Williamson fluid flow in the region bounded by two vertical parallel flat plates under
convective surface boundary constraints. Slip flow is considered a porous medium
under Lorentz force impact. In heat transport analysis, viscous dissipation, joule
heating, and non-uniform heat source contributions are accounted for. Mass transport
is also discussed in light of the existence of the reaction effect. Apart from that,
second-law analysis is invoked in the study in terms of entropy production, which
completes the heat transport analysis. The Runge-Kutta 4th order technique is
employed for numerical simulations on MATLAB. Additionally, the influence of
pertinent parameters on wall shear stress, rate of heat transport, and mass transport
rate is exhibited in a graphical way and discussed. A comparison of the results obtained
with previously published data shows an excellent match.

2. Problem formulation

We consider the fully developed, steady flow of an incompressible Williamson
fluid in the region bounded by two vertical, infinitely parallel flat plates situated at a
distance 4 apart (as Figure 1 depicts). We choose x —axis parallel to the flow,
opposite to the gravitational field, and y — axis is considered perpendicular to it. The
fluid flow is considered via porous medium, and a uniform magnetic field By is
applied in the perpendicular direction of flow. Convective boundary constraints
relevant to heat and concentration are applied at the channel walls along with velocity
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slip. Moreover, the impacts of viscous dissipation, exponential space-and thermal-
dependent heat sources, joule heating, and higher-order chemical reactions are
accounted for. A cartesian coordinate system is considered. The plates are assumed of
infinite length in x — and z —directions, all physical quantities are, therefore, treated
as functions of y only.

X-axis
i1 T et
dy
v
dar
dac dac
Dg— =~k (C,~C) E | By S E(G=C)
v=0 y=h
y-axis

Figure 1. Systematic diagram for present problem.

With the aforementioned considerations, the regulating equations are

d% | ur d {(d”)2}+ [Br (T = To) + fe(C = Co)] — v — oBv = 0 (1)
—+—=—1( — - ——v—o0B§v =
d’T I dvy /dv\? y
il Z (= x0T _ * _ _Z 2.2 _
gzt u | g | (G) +0HT —To) + Qihy ~To) xp () + 083w = @
d%c n
Dp ay? kn(C—Cp)" =0 3)
and the relevant boundary constraints are considered as
dv dT dc
aty=0:v=lE,KE=—hf(TW—T),DBE=—hS(CW—C), \
ty=mvea1 T e~ % = hc, 0 @
aty =nv = dy,Kdy— rllo :de— s\~0 ’

where v is the axial velocity of the fluid, T is the temperature of the fluid, T is the
temperature of the right wall, C is the concentration of the fluid, y is the viscosity, p
is the density, I' is the time constant, S is the coefficient of thermal expansion, B is
the coefficient of mass expansion, C, is the concentration at the right wall, ¢ is the
electrical conductivity, By, is strength of magnetic field, K, is the permeability of the
porous medium, k is the thermal conductivity, U is the reference velocity, Ay is the
convective heat transfer coefficient, /4  is the convective mass transfer coefficient, Dg
is diffusion coefficient, Q" is the thermal based heat source coefficient, Q" is the
exponential heat source coefficient, T,, is temperature of left wall, C,, is the
concentration at the left wall.
Invoking the following non-dimensional quantities
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v T—T c-C
V:E’":%’GZTW—;O' :CW—COO )
Equations (1)—(3) reduce to following non-dimensional form,
d*v dvd*v Gr  Gc _—
d_772+W€%d_r]2+_ —¢> DV —-Ha“V =0 (6)
d?0 We dVy dVy? S
d_r)2+Br [1 +T% <%> + Qr0 + Qg exp(—m) + Ha*Br V= =10 (7)
d’¢
Ty~ SeKnd" = (8)
and the corresponding boundary conditions in non-dimensional form are:
V=Ld—V 0= 1+id—8 ¢=1+id—¢ atn =
dn’ Bi;, dn’ Bi, dn’ ©)
A Ay S A R
dn’ Bi;, dn’ Bi, dn’
where, We =2 T'U/ h is the non-Newtonian parameter, Br = uU?/k(T,, — Tp) is
the Brinkman number, Q; = Q;*h*/k is the THS parameter, Qr = Qz*h*/k is the
ESHS parameter, Ha = Byh,/o/u is the Hartman number, D = h? /Ky is the porous
medium parameter,Gr = gB+(T,, — Ty)h® Ju? is the thermal Grashof number, Gc =
gBc(C,, — Co)h®/v? is the solutal Grashof number, Re = Uk /v is Reynolds number,
Sc =v/Dg is the Schmidt number, K, = k,(C,, — Co)" *h*/v is the chemical
reaction parameter, L = [/h is the velocity slip parameter, Bi; = hhg/k is thermal
Biot number, Bi, = hh;/Dg is the solutal Biot number.
3. Quantities of physical significance
The quantities of physical importance (skin-friction coefficient, Nusselt number,
and Sherwood number) respectively, given by
Cr =m,Nu :—K(TW—TO) and Sh =—DB(CW_CO) (10)
where shear stress (7,,), heat flux (q,,), and mass flux (j,,) are given by
v I [0v\° aT _ ac
T = H {@ +5(5) }yzo'qw T ("@)FOJW = Ps (@)Fo an

On substituting values from Equation (11) and Equation (5) into Equation (10),
the obtained non-dimensional expressions are as follows:

. — dV+We<dV)2 Ny — (de) She— (d¢)
I~ lan * 2 \dp n:o’ “= dn ,7=0' — \ap (12

4. Entropy generation

The dimensional entropy production for the current problem is given as
K dT\? D /dC\? dcdT M Fduy 1 u 1 3
s =13(5) *a (@) * 7 Go)| hl mal e s ®
where the terms on right side in Equation (13) are entropy contributions due to heat
transport, mass transport, viscous dissipation, porous medium, and magnetic field
respectively.
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The non-dimensional entropy generation (NS) is defined as

S K (Tyy—To)?
NS = === where S, = —2——

Thus, the non-dimensional entropy production (NS) is expressed as

NS = (de)z N Q2 [0 (dqb) Lo do d¢ + (1 N We dV) <dv>2 + (HaY2V? 4 DV?
“\an) "o ¢ e \an) Tdndn| T o 2 dn/\dn “ (14)
where,
_(d6\? ® do de We dv [dV? _
ST_(E) ’ d)c ( ) +dndn] Sf_ (1+ 2 dn)(a) ’ SM_

(Ha)?V?, and Sp = DV2 represent the irreversibility corresponding to heat transfer,
mass transfer, viscous dissipation in porous medium, and magnetic field, respectively.
0r = (T, —Ty)/Ty represent the temperature difference parameter, Q. = (C,, —
Co)/C, represent the concentration difference parameter, ¢ = RDC,/k represent the
diffusion parameter.

5. Numerical methodology

The Runge-Kutta fourth-order method with a shooting approach is utilized to
tackle the system of nonlinear ODEs (6)-(8) numerically under the boundary
conditions (9). Non-linear ODEs (6)-(8) including boundary constraints (9), are
initially transformed into simultaneous nonlinear DEs of first order; they are then
further changed into an initial value problem by applying the shooting approach.

av do
(V,%,B, i’ O, dn) V1, Y2, Y3 Y V5: Vo) (15)
dy,  dys  dys
E—}’ZJE—)’@ n =Y (16)
Gr Gc
@ _ _Re y3 + ReVs — Dy, — (Ha)ZY1 (17)
dn 1+Wey,
dy, B We 2 2 2
%__ r 1+73’2 Y2° — Qrys — Qg exp(—n) — (Ha)*Br y, (18)
28 _ Seky(ys)" (19)
dn n

The boundary conditions are as follows:

1 1
y1(0) = Ly,(0),y,(0) = a1, y3(0) = 1 + Ey4(0),y4(0) =ayys(0) =1+ B_.)’6(0): V6(0) = a3,y,(1)
1 %) (20)

1 1
= —Ly,(0),y5(1) = B_i1y4(1)' ys(1) = B_i2y6(1)

where, a4, @, and a3 are the initial guesses.

6. Homotopy perturbation method

We use He’s homotopy perturbation approach [66—68] to solve the presented
problem analytically. According to HPM, the differential Equations (6)—(8) satisfied
by f(1), 0(n) and ¢(n) are separated into two parts, the linear component Z(f),
2(60), and #(¢) and the non-linear component N (f), N (8), and NV (¢p) and may be
expressed as follows:
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LLHI+NS)—gm) =0 (21)
HO) + N (0) — h(n) =0 (22)
Q((P) + N(¢>) - 1(77) =0 (23)
where Z(V) = pm 2,Q(H) = HP) =
N(V) = Z_ZZTVJ“E +E¢>—D V — Ha?V,
N(©) =Br|1+2° Z; (3—;)2 +Qr 6 + Qg exp(—n) + Ha?Br V2,

N(p) = =ScK,¢", gn) =0, h(n) =0, and I(n) = 0. With the homotopy
technique, we create a homotopy V(n,p):2 x [0,1] = R, 6(n,p): 2 X [0,1] » R,
and ¢ (1, p): 2 x [0,1] - R which satisfies the following equation

A -p)[HAV) - Zup] +p[2V)+ N (V) —gm] =0, pelo1] (24)

A —p)[A6) — 46y + p[#O) + N(6) — ()] =0, pe[01] (25)

1 -p)[A) — L) +p[#P) + N(¢)—Im] =0, pel01] (26)
Equations (24)—(26) can be written as

(1- )d2 + v —+ W av dv Gr9+GC DXV —Ha?V|=0 27
P p dn? edndr)2 Re Re¢ 4 B 27)

d?6 d29 We dVy (dvy? , ,
(1_p)d_T]2+p d—r’2+BT‘[1+T% (%) +QT9+QE€JCP(—T])+HCI Br xV =0 (28)

¢ % 2
1-pP s ( =S¢ anb) (29)

In Equatlons (24)—(26), p is an embedding parameter, u,, 8, and ¢, is an initial
guess, which satisfies the boundary conditions (9). It can be consider the solutions of
the Equations (24)—(26) as a power series in p as follows:

0

Tnp) = ) v v* (30)
k=0

80Lp) = ) 6, p* (1)
k=0

¢(n,p) = Z i (M) p* (32)
k=0

where vy, 6y, ¢ are unknown function of 7. The approximate solutions (by taking
p — 1) are given by

o0

VoD =71 = ) v (33)
k=0

0 =0, 1) = ) 0,1 (34)
k=0

d@) = F0, D) = ) i) (35)
k=0

using the Equations (9), (30)—(32) into Equations (24)—(26), equating the coefficients
of like powers of p, we get
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e = 0,00) = 1 0Dy = 2D
C;zne 0.6,(0) - 1+Bi1d0;1§0)’ ot )_Btlde;sn 6
‘ilz—:z" = 0,¢0(0) = 1+—— Blz ¢°(O) Go(D) = = d¢;n(1)
L d*vy dvyd®v, Gr Gc 5
p: dn? + e%d_772+ﬁ 0+§¢0—(D + Ha*)vy, =0,
21(0) = dv;;()),vl(l) __ dv;él)
Ci;gz + Br (1 %ii—?) (C;—I:;)Z + Q78 + Qge™" + Ha?Brvé = 0, 37)
6,(0) = id ;;0),91(1) - Biild%?gl)
d;fl Sekuh = 0.6100) = 50 200 = g 0D
b 02121]22 <(il_1:70 Ofiznil * %in?) ¥ 22 Ot _¢’1 — (D +Ha*)v; =0,
v,(0) =1L dv;go)’ v,(1) = —L dv;sl)
6221792 + Br (2 ;We 2—1:70)2—1:706;—1;1 + Qr0, + 2Ha?Brvyv, = 0, (38)
0,0) = - 22 6,01) - Biild‘);;”
i—ff— SCK b = 0,620) = - B2 (1) = 2D

Similarly, we can obtam other coefficients with the help of MATLAB software.
Solving these linear ordinary differential equations using corresponding boundary
conditions with the help of MATLAB and substituting in the Equations (33)—(35), we
can find homotopy perturbation solutions for various values of parameters.

7. Results and discussion

In this section, various graphs are drawn to display the effects of various
parameters that occurred in the problem. Throughout the numerical computations, we
considered Gr =1, Ha =03,D =0.5,Br =2,Qr =0.2,Q0; =02,Re =1, Sc =
05,K,=05,n=2,L=0.1, Gc =1, Bi; = 100, and Bi, = 100, as fixed. The
MATLAB based RK-4th order technique is utilized to tackle the system of regulating
Equations (6)—(8) along with boundary constraints (9). For the validity of the results
obtained, a comparison is made with previously reported studies by Singh and Paul
[69] and Ajibade et al. [23], as presented in Table 1. The validity of the study’s
findings is confirmed by a high level of agreement between the two sets of data.
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Table 1. Comparison for V() and 8(n) when Re = Gr = 1.0 and values of other parameters are taken zero.

Present study

Singh and Paul [69] Ajibade et al. [23]
n RK 4 HPM

V() 0(n) V() 0(n) V() 0(n) V() o(n)
0 0 1 0 1
0.1 0.02850 0.900 0.02819 0.900 0.02850 0.900 0.02850 0.900
0.2 0.04800 0.800 0.04800 0.800
0.3 0.05950 0.700 0.05916 0.700 0.05950 0.700 0.05950 0.700
0.4 0.06400 0.600 0.06400 0.600
0.5 0.06250 0.500 0.06238 0.500 0.06250 0.500 0.06250 0.500
0.6 0.05600 0.400 0.05600 0.400
0.7 0.04550 0.300 0.04553 0.300 0.04550 0.300 0.04550 0.300
0.8 0.03200 0.200 0.03200 0.200
0.9 0.01650 0.100 0.01653 0.100 0.01650 0.100 0.01650 0.100
1.0 0 0 0 0

Figures 2—10 show the impacts of various pertinent parameters such as thermal
Grashof number (Gr), mass Grashof number (Gc), Reynolds number (Re), non-
Newtonian fluid (Williamson fluid) parameter (We), Hartmann number (Ha), porous
medium parameter (D), velocity slip parameter (L), chemical reaction parameter
(K;,), thermal Biot number (Bi,), solutal Biot number (Bi,), Schmidt number (Sc),
exponential space (Qg) -and thermal-dependent (Qr) heat source parameters,
Brinkman number (Br), temperature difference parameter (£27), concentration
difference parameter (£2), and diffusion parameter (¢¢) on fluid flow, thermal, and
concentration fields.

The effects of D and Ha on the velocity distribution V() are exhibited in Figure
2. It is observed, from this figure, V(1) lessens with upsurge in the value parameter D.
The reason behind this is that raising the porous medium parameter (or decreasing
permeability) Darcy resistance which opposes the flow upsurges. Fluid flow also
lowers with augmentation in Ha parameter value. An increase in Ha value results in
increase of Lorentz force, which acts in a transverse direction. Hence, the flow field
shrinks with the upsurging value of the parameter Ha.
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Figure 2. Velocity variation for D and Ha.
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The impacts of Gr and Gc¢ on fluid velocity V() are displayed in Figure 3. We
concluded, V() enhances for increasing values of Gr and Gc because a greater
Grashof number conveys a larger buoyancy force, which causes upsurge in velocity
field.

Figure 4 illustrates the impact of Br and L on pace of the flow. With rising
values of Br and L, fluid velocity V(1) is found to grow. Upsurge in value of Br
makes enhancement in viscous heating, which raises fluid kinetic energy and hence
the pace of the flow improves. As the flow slip parameter (L) rises, the flow in the
channel increases, and the effect is more apparent in the middle portion of the channel.
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Figure 3. Velocity variation for Gr and Gc.
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Figure 4. Velocity variation for L and Br.

Figure 5 depicts the impact of Re and We on velocity distribution. It is found
that V(1) lessens with rising value of Re. The impact of the Williamson parameter is
also observed to shrink the velocity field. Physically, an upsurge in We parameter
value implies an increase in stress relaxation time, which causes a reduction in fluid
flow and thus lowers the velocity profile. The effect is prominent in almost half of the
lower portion of the channel.
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Figure 6 depicts the impacts of rising THS parameter and ESHS parameter
values, i.e., Q7 and Q on the pace of the flow. The figure reveals that with a rise in
the values of Q and Qf fluid velocity increases. It may happen due to the higher
kinetic energy of fluid molecules.
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Figure 5. Velocity variation for We and Re.
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The effect of the THS and ESHS parameters i.c., (Q, and Q) on the energy
profile 8(n) is exhibited in Figure 7. This graphical representation shows that when
the value of Qr and Qy grows, the temperature profile improves because heat
production improves as the values of heat source parameters (Qr, and Q) increase.

Figure 8 reveals the effect of ascending Br and Bi; values on the temperature
distribution 8(n). The figure displays that fluid temperature 6(7n) increases with
upsurging the values of Br and Bi;. Physically, an increase in Brinkman number value
enhances viscous heating, which causes an augmentation in fluid flow temperature and

58



Energy Storage and Conversion 2024, 2(3), 515.

thus the magnifies thermal profile. Thermal Biot number Bi; involves heat transfer
coefficient. Bi; = 0, i.e., there is no heat transfer, and Bi; > 0 means heat transfer
rate increases, which causes an increase in the temperature profile.
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Figure 9 indicates the variation in concentration distribution ¢ (1) corresponding
to Sc and K,,. This figure depicts that concentration distribution, ¢p(n) is reducing
with an augmentation in Sc and K,, values. The reason behind this is a reduction in
mass diffusivity as the Schmidt number (Sc) value upsurges.

Figure 10 exhibits the variation in concentration distribution ¢(n) for ascending
values of n and Bi,. It is quite obvious from these figures that ¢p(17) enhance for
improving the values of n and Bi,.
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Figures 11-14 are sketched to depict the pertinent parameters impacting entropy
production NS. These figures show more entropy production near the lower wall in
comparison to that near the upper plate.

Figure 11 shows variation in NS due to the rising Brinkman number value. We
observed, NS upsurges for ascending Br values. The reason behind, as Br is a
parameter for viscous heating, and more heat is produced for larger values of Br which
causes enhancement in NS and hence NS profile magnifies.

Figure 12 is drawn to exhibit the effect of Grashof numbers (Gr, and Gc) on NS.
It depicts NS profile magnifies for ascending values of Grashof numbers, and the
effect is significant in the entire channel width, and this is due to elevated friction
(shear) near the walls.

Figure 13 is plotted to show the impact of Reynolds number (Re) and diffusion
parameter (¢p-) on NS. It is noticed that an increase in Re values causes a reduction in
NS and hence NS profile shrinks with ascending Reynolds number. This may be
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attributed to the decrease in velocity, which results in a decrease in heat transfer and
hence, a decrease in entropy generation. It is seen in this graph that upsurging value
of the parameter ¢, cause upsurge in NS value and hence the corresponding profile
improves. This is attributed to the increased convection currents driven by the
differences in the densities of the fluid under the influence of gravitational forces,
leading to increased heat production.

In Figure 14, the impact of the temperature difference parameter ({2;) and
concentration difference parameter (£2.) is shown on the entropy generation number.
The figure shows that the rising f2; value lowers NS and the corresponding profile
diminishes due to the assumption that the temperature difference between the wall of
the channel and fluid layers is sufficiently small. It depicts that irreversibility levels
heightens with upsurge in £2; values. A greater mass is deposited on the surface of the
plates as concentration increases, resulting in higher pressure being exerted on the
walls of the plates, which causes higher rates of entropy generation.
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Figure 12. Entropy variation for Gr and Gc.
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The values of the wall shear stress in terms of skin friction coefficient (Cf) and
rate of heat transport in terms of Nusselt number (Nu) for the rising values of the
relevant parameters are shown in Figures 15 and 16. It is observed that the wall shear
stress decreases by raising the values of Re, Ha, D, while, the parameters: Gr and Gc
enhance it. The Nusselt number decreases with the growing value of the parameters
Br, Qr, Q, and Bi; however, scenario changes in case of ascending values of Ha, as
can be seen from the figure. Furthermore, Figure 17 illustrates the variation in the
Sherwood number (S4) for ascending values of pertinent parameters. It is concluded
that enhancement in values of the parameters K,,, Sc, Bi, augments S/ while, effect
of the parameter n is seen to reduce it.

62



Energy Storage and Conversion 2024, 2(3), 515.

jrenssst
Re=20,23,26

1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2

0.94 T T T T T

0.92
p

0.9

Nu
o
(o2
S

q
0.8

Bi, = 35, 65, 200
0.78 Oy, | ]
Q_ =0.30,0.33,0.35
0.76 E
0.74 . . .
0 0.2 0.4 0.6

Figure 16. Nusselt number for Br, Qr, Ha, Bi;, and Q.

1.45 T T

1.4

1.3

1.25

Sh

1.2

: - ! EREL
, ISEN TIRIILE
108 s o 'ﬂ:ﬁe‘égl:}:ﬂ:{%}%{%xwm»wn.uww
i 00

Sc
Figure 17. Sherwood number for Sc, K,,, n, and Bi,.

63



Energy Storage and Conversion 2024, 2(3), 515.

References

8. Conclusions

In this research, we consider the fully developed steady-state laminar, natural
convection flow of Williamson fluid in a vertical channel via porous medium. The
velocity slip and the convective boundary conditions are applied. The contributions of
higher order chemical reaction, viscous dissipation, Joule heating, and non-linear heat
sources (ESHS/THS) are accounted for. Second-law analysis is presented in terms of
entropy production. A numerical approach namely, Runge-Kutta 4th order is
employed to tackle the problem with the shooting method. A comparison is also made
using HPM (Homotopy Perturbation Method) in order to validate the findings. The
conclusions of this study are:

1) Velocity field shrinks with rising values of D, Ha, Re, and We.
2) Velocity field upsurges with augmentation in values of Gr, Gc, Br, L, Qr, and

Qk-

3) Temperature distribution magnifies with the rising values of Qr, Qg, Br, and Bi;.
4) Concentration distribution increases for rising values of n and Bi,, while it

lessens for enhancement in values of Sc and K;,.

5) Entropy production upsurges as values of Br, Gr, Gc, 27, and ¢, are increased,
but it decreases as values of Re and Q21 are increased.
6) Skin friction coefficient upsurges with enhancement in values of Gr and G¢ while,

the trend is changed in case of the parameters Re, Ha, D.

7) Nusselt number is observed to decrease with Br, Qr, Q, and Bi; while, scenario
changes in case of increasing values of Ha.
8) Rate of concentration transport upsurges with enhancement in values of K, Sc,

and Bi, however, scenario changes in case of ascending values of n.
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Abstract: This study addresses the critical role of wind power forecasting in ensuring stable
and reliable power system operations. Wind power forecasting is critical for the efficient
operation of plants, time scheduling, and the balancing of power generation with grid
integration systems. Due to its dependency on dynamic climatic conditions and associated
factors, accurate wind power forecasting is challenging. The research delves into various
aspects, including input data, input selection techniques, data pre-processing, and forecasting
methods, with the aim of motivating researchers to design highly efficient online/offline
models on weather-based data. The overarching goal is to enhance the reliability and stability
of power systems while optimizing energy resource utilization. The analysis reveals that hybrid
models offer more accurate results, highlighting their significance in the current era. This study
investigates different Wind Power Forecasting (WPF) models from existing literature, focusing
on input variables, time horizons, climatic conditions, pre-processing techniques, and sample
sizes that affect model accuracy. It covers statistical models like ARMA and ARIMA, along
with Al techniques including Deep Learning (DL), Machine Learning (ML), and neural
networks, to estimate wind power.

Keywords: forecasting; neural networks; pre-processing; time series; wind power forecasting

1. Introduction

Rising demands for energy with a limited supply of fossil fuels have motivated
the world to depend on renewable sources of energy, which include solar power, ocean
power, geothermal power, biomass power, wind power, etc. These renewable energies
act as an alternative solution to meet the huge demand of the world population [1].
Amongst which is wind power energy, which is highly rated as an as an encouraging
and favorable power energy resource with abundant availability on the earth surface.
In this current scenario, as demand for fossil fuels increases at a faster rate, there is a
requirement to shift towards renewable energies. This leads to the use of the use of
technology to find innovative solutions related to renewable energies. Hence Wind
power forecasting has become one of the emerging research fields related primarily to
electrical engineering. Several academicians and researchers are focused on the
development of algorithms and related tools for forecasting wind power [2,3].
Ambitious goals are set by many nations to increase the generation of renewable
energy to integrate into grid power, where a major contribution is expected from wind
energy in order to reach these goals. But at the deeper levels, we can view uncertainty
significantly and variability inherently in the generation of wind power, posing
challenges in integrating wind power with grid power [4]. Generating wind energy is
highly uncertain because it depends on the velocity of the wind, which is highly
uncertain in nature. Also, wind farms are developing rapidly, creating the need for
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better forecasting methods of wind power generation. If these forecasting methods are
accurate in computing the amount of wind power generated in the future, the cost
incurred in balancing the system will be less. In the case of large windmill farms where
wind power generation is on a large scale, substantial savings can be implied for the
owners of the wind farm, increasing the overall efficiency of the system to a
considerable level [2,5]. These power systems have a fundamental problem as the
operators are unable to predict the schedule of generation of wind power due to its
variability. Such inherent characteristics lead to commercial and technical
implications for wind power systems and their effective planning and operation. Wind
energy prediction power provides data on expected wind energy generation at specific
time slots over a certain time interval. Hence, the critical aspect of the operation and
integration of wind power totally depends on wind power forecasting [4]. Figure 1
shows the way wind power forecasting takes place.

Traditional
Statistical Data Forecasting
Model

Modern
Historical Data Forecasting
Model

Figure 1. Wind power forecasting.

The necessity of forecasting for proper operation in power generation is part of
planning for the future. However, the need for wind forecasting for wind power
generation is given below:

e  Wind power generation is variable in nature.

e  The matching of supply and demand for power.

e  The wind forecast system provides grid operators with a means to forecast and
align electricity production and consumption.

e  Operation planning decisions for the determination of the size, type, and
economical location of wind power plants are to be planned in the future.

e Being able to predict wind output will make the electric grid work better under
variable conditions.

e It is necessary for successful contract negotiations between suppliers and
customers.

¢  Building of bidding strategies by the power suppliers and derivation of plans by
the consumers in order to maximize the usage of utilities by purchasing electricity

from pools [4].

Various approaches to forecasting wind power broadly fall into three main
categories. The first categorization is based on a physical approach to meteorology,
where various physical factors at the building of the model must be considered, which
include humidity, roughness of the surface, temperature of the location, terrain quality,
height of the hub, etc. The second approach is the statistical approach, which aims to
find the relationship between the variables of the input of the wind power generation
system and the output variables based on the data sets available in history. In this
correlation, cross-correlation and auto-correlation functions are involved in wind
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power forecasting. In large-scale forecasting and long-term prediction, advantages are
achieved by physical methods, whereas, in the short term, statistical methods are found
to be good. Forecasting accuracy can be improved over time. To span the horizon,
researchers focus on a hybrid method that combines both physical methods and
statistical methods. Numerical prediction of weather, such as wind speed prediction,
can be done by employing statistical methods/hybrid methods based on the input
variables. Several approaches in the literature approve hybrid methods for forecasting
in a better way. A training data set has to be selected that has great influence in
establishing a model of statistical forecasting. In the approach of wind power
forecasting, input variables that are non-linearly related to the output wind power can
be easily constructed if the samples of training are the same as those of predicting the
day [4-0].

In the wind forecasting models, they are categorized based on different
technologies according to their accuracy. A comparative analysis of wind forecasting
approaches is as follows in Table 1.

Table 1. Comparative analysis of wind forecasting approaches.

Wind forecast approach  Advantages Features Disadvantages
Physical approach Focuses on how the wind flow flows around along with SCADA Data Time-consuming
wind farm, their manufacturer’s power curve and estimation NWP Expensive
over the wind power output range. Transformation to Hub ~ Rebuilding is difficult
Several sub-models are assigned together to translate the Spatial refinement
NWP forecast with the grid points (Roughness)
Statistical approach Emulating the relation between each meteorological NWP Misinterpretation in
prediction where it attains the historical measurements and ~ SCADA Data data
other generation output using the statistical models. Statistical Model Improper validation in
Each parameter has their own estimated data without any Kalman Filters data
phenomenon of physical medium into account. ARMA
Hybrid approach In some of the WPF systems, they generally combine the Combination Diminished Type
two approaches along with other approaches to improve the SCADA Data Divides between two
forecast range. NWP categories
Time-Series Losses
Expensive
New casting model Alternative way of forecasting based on the purpose. Statistical Model Only small scale in
Tradeoff between the NWP costs and utility over the range
forecast. Timescale for few
hours
Regional forecasting In some on-line information, the SCADA systems are NWP Forecast Expensive
measured mandatorily for the large farms. Up scaling Online SCADA Operation Time Limit
approaches developed to forecast multiple farms Up scaling

The objective of this review paper is to provide a comprehensive overview and
critical analysis of the current state-of-the-art of WPF methodologies, techniques,
challenges, and advancements. The contribution of the review aims to fulfill several
objectives, including:

(1) Provide a comprehensive summary of existing literature and research findings
in Wind Power Forecasting (WPF), covering historical developments, key concepts,
and fundamental principles.

(2) Evaluate and categorize different methodological approaches used in WPF,
including statistical methods, machine learning (ML), deep learning, and physical
modeling techniques.
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(3) Examine data sources for WPF, such as time series, meteorological data,

turbine characteristics, and ancillary data, and explore data pre-processing techniques

for cleaning, normalization, and feature engineering.

2. Background

In the literature technical survey, several techniques were applied to forecast wind
power, i.e., hard (ARIMA-Autoregressive Integrated Moving Average, ARIMA-
Wavelet & Mixed modeling approaches) and soft computing techniques (ANN). An
appropriate model is adopted using algorithms that take physical phenomena into

account to control the process. Therefore, in this section, we discuss the objectives and

outcomes of wind power predictive models in existing literature, as shown in Table 2.

Table 2. Objective and outcomes of wind power predictive models.

Ref.

Objective

Outcome

(1]

[10]

[11]

Different ANN models are used to improve the WPF accuracy for short &

very short-term time span basis.

For the selection of inputs of the reference wind power station of the

concerned wind farm meteorological information is considered.

The random fluctuations in the wind a natural process will cause challenges
to the electrical system designers. It is necessary to forecast wind power

with higher accuracy on short term basis.

The integration of wind farms output generation with electricity grid is a
tough challenge for the continuous and proper functioning of electricity
supply system. So, a precise and highly accurate wind power prediction
system is required for the efficient operation of wind farm with electricity

grid integrated system.

For improving the prediction accuracy, a hybrid model using variational
mode decomposition (VMD), long & short memory network (LSTM) is
used. In this, data has been pre-processed through VMD algorithm and

forecasting has been carried out using LSTM.

In this WT is used for input data pre- processing, PSO is used for optimal

tuning of neural network model for WPF.

To forecast the wind power SVM and gray based model have been
implemented for suitable and efficient forecast with higher accuracy. The

gray model can work efficiently using small data at input level.

The proposed paper was on literature in which different input selection and
neural network models with pre-processing have been analyzed.

In the particular, seasonal proper weather predictions of wind data have

proven useful for the wind power generation for industry.

On the basis of Euclidean distance and angle cosine algorithms a novel
clustering methodology has been proposed for short term WPF. The
forecasting has been performed using neural network model.

The Markov chain model is implemented to forecast accurately the time
series data of wind collected from wind farm on short term time span basis.

New ANN models were proposed by varying the
number of prior hours at input layer of ANN model.
Achieve better accuracy in terms of mean absolute
relative error (MARE) up to 7.5%. Further for long time
span forecasting more degree of improvement is
required.

In this, least square fitting & batch normalization (BN)
techniques has been used to pre-process the input data.

The proper forecasting performance was compared with
the other neural networks (NN) based models such as:
back propagation & Gaussian regression.

The proposed model achieved forecasting accuracy in
terms of mean absolute error of 1534.5 KW and RMSE
0f 2345.89 KW on 1hours a-head basis.

The proposed model outperformed and have accuracy of
6.378 in terms of NAPE which is far better from other
NN based model

As compare to other bench mark and statistical models
the accuracy is better.

The hybrid model is most accurate and efficient one but
they take more time to forecast.

Electricity production depends on the many factors in
addition to the wind conditions; the capacity factor is a
suitable indicator to quantify the effects of wind
fluctuations on production.

The results in terms of accuracy proved the superiority
of proposed model as compare to others.

In an Indian geographical location of Jodhpur city in
Rajasthan has been taken into consideration and achieve
better forecast error.

3. Wind power forecasting techniques

During the wind energy power forecasting process, data such as wind pace

(speed), historical data, wind direction in the farm with respect to speed of the wind,

and data on historical production of power in the wind farm are utilized. Wind power
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system output is composed of output values of generated power at different horizons
of forecasting. But there is variation in the prior hours before the hour of forecasting,
along with the forecasting horizon length. In the literature, various methods of wind
forecasting have been discussed, which are classified broadly based on the structure
of the model, their operation, and the data sets. In a few other models that are
subsequently explained, further reference station wind farm data, historical data on
wind speed, and data on direction of wind are utilized. In this section, we categorize
power forecasting and wind speed based on the input data variables, time-scaling,
generated output power, and the method of forecasting.

3.1. Input data

According to input data, we can classify deterministic wind speed forecasting into
two subclasses: the NWP model, i.e., numerical weather prediction models working
on a time series basis, and the purely time-based series model. NWP models are
developed by meteorologists for predicting weather based on the simulation of the
Earth’s atmosphere. This model of NWP is an approximate numerical solution
depending on the equations of the atmospheric processes and the changes occurring in
them [14-17]. The related primary equations utilized in this model are energy
conservation, water conservation, mass conservation, momentum conservation, and
the state equation. The NWP model divides the Earth’s atmosphere into three-
dimensional cubes with horizontal model resolution and vertical model resolution,
respectively. Orography is represented by the horizontal resolution, whereas the
phenomenon of weather is represented by the vertical resolution [18]. The resolution
size is influenced profoundly by the model. For example, only limited details will be
available in coarse resolution from the heights and valleys of the mountain. Better
resolution is obtained by higher resolution, but it involves more computation. Both at
the regional and global levels, NWP models are applicable. Less time and low
computational resources are required by time series data compared to NWP data for
modeling and operation. Traditionally, forecasting in the long term utilizes the
approach of Measure Correlate Predict (MCP) [19]. This approach to MCP considers
the measured value of wind speed at the wind farm, which is then correlated with the
meteorological station data taken for the long term utilizing the technique of linear
regression. But there are so many problems related to time series data, meteorological
data planning, the measurement of precise data from meteorological stations, and the
availability of calibrated weather stations. In many countries, the number of
meteorological weather stations is limited as the management of these stations is
considerably high. Thus, for input selection, some of the statistical tools can be
utilized, like correlation, auto-correlation, cross-correlation, and partial auto-
correlation [20,21].

3.2. Time-scales

In forecasting, the time scale involved depends on the requirements of the end
user, the conditions involved technically, and situations of regularity. In the literature,
there is limited data on the forecasting time scales. However, considering the literature,
we can categorize the time scale into four divisions from very short to long-term
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forecasting, i.e., VST, ST, MT, and LT forecasting. The time scale for VST forecasting
ranges from a few seconds to 30 min. The generation of wind power can be forecasted
at various time scales based on the application intended. Wind power forecasting for
active turbine control typically ranges from milliseconds to minutes, which is
generally referred to as Very Short-Term (VST) forecasting. Trading of energy or
management of power systems requires forecasting ranging from 48 to 72 h, such that
decisions on conventional power plants are taken to provide commitment for a
particular power unit and for optimizing power dispatch from these plants. These kinds
of forecasting are termed short-term forecasting [19,22].

Maintenance of conventional power plants with wind farms can be planned by
forecasting 5 to 7 days ahead, which is termed long-term forecasting. Offshore wind
farm maintenance is expensive; hence, importance is given to maintenance under
optimal planning. The prediction of wind power based on temporal resolution can
range from 10 min to a few hours, depending on the length of the forecast. Wind power
(energy) forecasting can be improved by involving more input values and providing
uncertain estimates with conventional predictions [22].

3.3. Power output

Forecasted output can be obtained in two ways. The first is the direct method, by
which we can obtain the forecasted wind power through supervisory control and data
acquisition; hence, this method is called the direct method. Another method involves
wind speed forecasting, based on which a power curve is drawn for converting this
forecasting into output wind power. This method is termed the indirect method.

3.4. Forecasting methods

These are the following forecasting techniques at present:

Persistence Method: Persistence Method also known as the Native Predictor,
depends on the high correlation between current wind speed and future wind speed
values. It is assumed that at ‘t’ time, the current wind speed is the same at ‘¢ + A¢’ time,
such that the equation is v (¢ + Af) = v(¢). This method is known for providing good
accuracy even at very short levels of forecasting [23].

3.4.1. Physical method

This method indeed requires physical meteorological data such as temperature,
roughness of the local surface, pressure, power curves of wind turbines, and obstacles
involved in prediction. This physical method is categorized into two different
categories, which include the D (diagnostic) model and the CFD model, i.e., the
computational fluid dynamic model. The CFD model simulates fields of wind flow
dynamically, whereas the diagnostic model utilizes boundary layer parameterization.
These diagnostic models are ideally appropriate for wind flow in areas such as flat
landscapes, but computational fluid dynamics models are suitable for areas where
wind speed is considered over complex terrains. Commercially, wind power
forecasting (WPF) utilizes the NWP model for providing input data for the forecasting,
which is then refined accordingly to obtain the forecasted output wind speed for the
onsite conditions. The interpolation of wind speed can be downscaled based on the
physical methods that utilize a mesoscale or microscale model for obtaining the wind
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farm hub height. The resolution attained along with the domain size range
differentiates whether it is a mesoscale (meso) model or a microscale (micro) model.
The power is estimated using forecasted wind flow or speed. The easiest way is to
apply and use the power curve from the manufacturer. The scaling errors can be
corrected by the approach of Model Output Statistics (MOS). Understanding physical
behavior is enabled by the physical models incorporated into orography. Complex
numerical systems can be solved by these models using initial conditions generated
using regional forecasting and global forecasting. In such models, historical data are
less important. But for wind prediction to be done accurately, extensive information is
required on the wind farm's characteristics and the roughness of the surface [23].

3.4.2. Statistical method

In statistical methods, recursive techniques are utilized to obtain relations based
on the time series data. Precise prediction is obtained by these models in a cheaper and
casier way for short-term forecasting. As there is an increase in time, there is a
degradation in the accuracy obtained from the statistical model. Predefined
mathematical models are not involved; hence, these models depend on the patterns.

3.4.3. Artificial intelligence/machine learning method

The inputs for the statistical model are historical data; hence, these models are
independent of the model’s internal state. A statistical time series method for wind
energy forecasting may be developed based on various techniques like SVM, ANN
models, regression models, etc.

Artificial neural network (ANN)

ANN, i.e., the artificial neutral network model, was proposed in 1934 by
McCaullloch and Pits. The workings of this network are identical to those of the human
brain; hence, it is able to make decisions by biological neurons. In the human brain, a
neuron is able to perform various processes in parallel and analyses various patterns.
This similar technique can be utilized for solving non-linear mathematical problems
such as image processing, wind forecasting, etc. In this ANN model, training is
provided continuously for obtaining the best weight value to plot input to output. ANN
involves three layers, namely the input, hidden, and output layers. This network is
based on two different algorithms, i.e., the LM (Levenberg Marquardt) algorithm and
the Pola-Ribiere algorithm, to predict the output value. Its basic idea is represented in
Figure 2.

/ input }/hidden layer} output

1!
layer ! ' layer
1!

(a) (b)
Figure 2. ANN (Artificial Neural Network).
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Regression model

In this model, dependent and independent variables are related to each other. This
model involves fitting a straight line to the data. Assumption is made that the mean
wind speed, being the dependent variable, has a normal distribution. The direction of
wind, pressure, temperature, and precipitation are considered independent variables.
The values of the dependent variables and independent variables are associated
together. As the number of independent variables influences the dependent variables,
in this case, multivariate regression is applicable instead of univariate regression [24].

Support vector machine

This technique was introduced in 1995 by Vapnik and Cortes using statistical
learning. Initially, this approach was developed for the process of pattern recognition,
but now this technique is utilized in several processes such as diagnosis of faults,
retrieval of images, computation of regression, forecasting, etc. This model is trained
based on time series, which is similar to a neural network model, and overfitting curves
or local minima are not required in this technique. The basic SVM architecture is
shown in Figure 3.
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Figure 3. SVM (Support Vector Machine).
Where Y: Output function, b: bias [25].

Forecasting models based on physical method

This method interacts between geographical and meteorological data sets. The
relationship between the dynamic motion of the wind due to the solar radiation in the
atmosphere and the physical state is obtained by utilizing statistical equations and
functions [26].

Numerical weather prediction

This study represents the current measurement of weather practiced to forecast
the future weather state. The perfect solution is to utilize the NWP model, where the
forecast horizon ranges from one day to several days. Hence, this technique is valuable
for forecasting in several applications, e.g., PV (solar) forecasting, wind forecasting,
etc. This model is also able to predict the cloud transient variation, which is the greatest
obstacle to the solar irradiance of the ground. The future conditions are predicted using
the NWP model after assimilation of the existing findings.
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Empirical model

The first empirical model was proposed by Hargreaves and Samani in 1982 and
is used to represent the activities for creating models both through experiments and
observation. The evolution of several other models is based on variations in factors
such as sunshine hours, content of water vapor, minimum and maximum temperature,
temperature, pressure, wind direction, guest speed of the wind, humidity, etc. Wind
power is the key parameter measured for most of the empirical models. Future values
of wind power forecasting can be determined by an empirical model, which is the
technique that establishes the relationship between linear and non-linear wind power
and meteorological variables.

Forecasting technique based on the ensemble method

The method commonly used for solar irradiation forecasting is the ensemble
method, which predicts with greater precision than the isolated method. In an
individual model, several factors are considered in order to model it accurately.
Integrating two or more methods for the forecasting process is termed a hybrid
approach. A hybrid model combines two or more linear or non-lincar models for
forecasting. Based on the literature, hybrid models involve several techniques, such as
preprocessing, postprocessing, and optimization.

Deep learning

Deep prediction can be done in an accurate way using a deep neural network. It
provides a good result as it involves a number of hidden units, and the learning of this
model is based on continuous training. The passing of information occurs from one
layer to the next. Initially, weights are assigned; finally, the result is obtained by
summing the weights obtained.

4. Factor affecting wind power forecasting

There are so many other factor/parameter that ensure model forecasting accuracy,
either directly/indirectly. These factors affect wind power generation. Wind power
forecasting (WPF) depends on forecast horizons, geographical conditions, climatic
variability, testing period, normalization, and pre-processing technique.

4.1. Forecast horizon

The time horizon issue is related to the future period for which the model is
forecasting. This period may be from 1 minute to several hours or days. According to
areview of the literature, forecast horizons can be broadly classified into four different
categories [27]:

Very-short-term forecasting (1 min to several minutes ahead). This category
includes forecasts ranging from 1 min to several minutes ahead, typically used for
immediate decision-making and operational planning.

Short-term forecasting (1 h to several hours/days ahead). Encompassing forecasts
from 1 h to several hours or days ahead, this category is vital for short-range planning,
energy scheduling, and grid management.
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Mid-term forecasting (1 month to 12 months ahead). Covering forecasts from 1
month to 12 months ahead, this horizon is crucial for medium-range planning, resource
allocation, and market analysis.

Long-term forecasting (12 months to several years ahead). Extending from 12
months to several years ahead, this category is essential for strategic planning, policy
formulation, and investment decisions in the energy sector.

4.2. Climatic variability

The variables in the input data may be systemic, endogenous, and exogenous. On
various combinations of input parameters, different models behave differently. In most
studies, ANN gives importance to meteorological and geographical variables. The
increased number of irrelevant meteorological parameters/data’s degrades the
performance and accuracy of the model. Therefore, the appropriate and suitable
parameters have to be selected to increase the performance and accuracy of a model.

4.3. Preprocessing techniques

The model’s accuracy can be increased using the pre-processing technique for
input data sets. The input data sets for a particular targeted site obtained from every
entity are extremely unpredictable and abnormal. The preprocessing techniques used
on the data were used to increase or scale down the data element. Many researchers
have used wavelet transform (WT) to pre-process the input time series into different
constituents, while EMD further dissects the input series into various constituent parts.
This combined use of WT and EMD algorithms allows for a more comprehensive
decomposition of the input series, aiding in the improvement of model accuracy [28].

4.4. Training and testing period

The training and testing cycle is also an important factor that affects the accuracy
of the model. Various studies have shown that the large collection of training data sets
enhances learning capacity and also improves accuracy [26].

4.5. Geographical location

The model behavior changes according to the geographical location, and different
wind locations affect its performance [4-6,29-35].

5. Outcomes of the literature survey

The typical wind forecasting has forced the researchers to treat the problem as a
forecasting issue in various domains, which include the planning stage, executing the
operational stage, and balancing a power system in real time. Hence, in order to take
care of the efficient forecasting issues that are related to wind power forecasting
techniques, these are some outcomes after a deep study:

Much research is also focused on seasonal wind energy generation, which is
affected by numerous factors despite wind-flowing conditions. In order to quantify
wind speed variability, the impact capacity factor is an important indicator to take care
of.
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The pre-processing of data, which involves classification, plays an important role
in accurate forecasting.

Identification of the forecasting issues with different time series and scales using
a different hybrid model for accurate and efficient forecasting.

As ANN is one of the most viable means, conventional algorithms have the ability
to get proper and efficient forecasting of wind power.

Various developed hybrid models can be effectively compared with some other
forecasting models for predicting their performance and evaluation in predicting the
efficient forecasting of the power system.

Much research has also proposed an ANN model that emerged by using assorted
1-hour time intervals elected for the input value using layer parameters and an output
layer with hidden layers of neural networks along with wind farm reference stations.

6. Conclusion

Wind power forecasting plays an important and crucial role in reliable, stable,
and efficient power system operations. Currently, a number of studies are going into
the field of wind power forecasting to develop methodologies in order to achieve better
forecasting accuracy levels. Each model/technique developed has its own
characteristics as per the available input data used, along with its parameters
characterized on the basis of forecasting horizons. In this, a review has been done on
wind power forecasting at an intermediate stage, and it also requires more reliable data
clustering/pre-processing tools to obtain more accurate results. From the review
analysis, it has been analyzed that hybrid models, which involve data pre-processing
and learning tools, present more accurate results and are the need of the present era.
Hence, using the outcomes of this research, it will be very easy for power system
researchers to design new models for forecasting wind power.
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Abstract: The electroosmosis phenomenon in porous media finds widespread applications in
various fields such as microfluidic systems, polymer electrolyte membrane fuel cells, oil and
gas engineering, wastewater sludge dewatering, groundwater dynamics, etc. Therefore, the
electroosmotic flow mechanism in porous media has attracted broad interest from multiple
disciplines. This paper provides an overview of the physical mechanisms and mathematical
models for electroosmosis in porous media. The background of electric double layer theory
and state-of-the-art research progress on pore-scale models for electroosmotic flow through
porous media are reviewed. Two typical and significant research topics, electroosmosis under
pressure coupling effects and nanoscale electroosmotic phenomena, are then focused on. The
advances in theoretical analysis, numerical simulation, and experimental measurements are
summarized. Finally, the potential research directions for electroosmotic flow in porous media
are addressed.

Keywords: electroosmosis; porous media; electric double layer; pressure coupling effect;
nanoscale

1. Introduction

The electrokinetic phenomenon refers to the relative motion between solid and
liquid phases or the generation of electric potential in colloidal systems where solid
and liquid coexist under the influence of an applied electric field. Electrokinetic
phenomena are generally classified into four categories [1]: electrophoresis,
electroosmosis, streaming potential, and sedimentation potential. However, these four
kinds of electrokinetic phenomena may coexist and have strong relationships with
each other (as shown in Figure 1).

Liquid stationary,
solid particle motion

Reciprocal process

Sedimentation
potential

Electrophoresis

Relative motion
caused by external
electric field

Relative motion generates

Electrokinetic Phenomena potential difference

Streaming

Electroosmosis .
potential

Reciprocal process

Liquid moving,
solid stationary

Figure 1. The relationship between electrokinetic phenomena.
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In 1809, Russian scientist Ruess first observed the directed movement of clay
particles under the influence of an electric field in experimental studies, which was
termed electrophoresis [2]. And the solid clay particles may induce the movement of
charged particles in the liquid phase, which is known as electroosmosis.
Electroosmosis (also called electroosmotic flow, or EOF) can be considered the
reverse process of electrophoresis. In 1852 and 1859, German physical chemists
Wiedemann [3] and Quincke [4], respectively, found that when pressure is applied to
a liquid passing through a porous ceramic plate, a potential difference is generated in
the direction of flow. This phenomenon is called streaming potential. In 1878, German
physicist Dorn [5] observed the settling of particles under the influence of gravity,
resulting in a sedimentation potential. All of these phenomena mentioned above are
collectively referred to as electrokinetic phenomena. Both the solid and liquid phases
have charges on their surfaces, and the charges on the solid surface attract charges
with equal magnitude but opposite polarity, forming an electric double layer (EDL)
structure at the interface between the solid and liquid phases. The schematic diagram
of electrokinetic phenomena is shown in Figure 2.

Electrophoresis: Electroosmosis: Flow caused by Electromigration: Ion
Directed migrationof electrophoresis or electromigration migration in an electric field
charged solid particles i
\\@
B

Figure 2. The schematic graph of electrokinetic phenomena.

Electrokinetic phenomena have been widely applied in various fields such as oil
and gas engineering [6], energy and environmental technology [7], biomedical science
[8], chemical industry [9], etc. In practical industrial applications, when an electric
field acts on a charged fluid, the charged particles in the fluid are subjected to the force
of the electric field, resulting in fluid flow. Studying this flow phenomenon is crucial
for improving industrial production efficiency and reducing production costs, making
in-depth research on the electroosmotic flow phenomenon of great significance.
Electroosmotic flow is a key aspect of electrokinetic phenomena, describing the flow
behavior of charged fluids at the microscale under the influence of an electric field.
The application of electroosmotic flow covers a wide range of fields. For example, in
the petroleum industry [10], the flow rate of oil can be increased by applying an
external electric field, which enhances the oil recovery rate accordingly. In the field
of microfluidic devices [11], lab-on-a-chip technology enables the miniaturization of
sample preparation, reactions, separations, and detection techniques by using
electrokinetic phenomena. In terms of cooling technology [12], the application of
electrokinetic phenomena in microchannel cooling has potential for improving cooling
performance. In sludge dewatering and treatment [13], the surface water can be
effectively removed by electroosmosis. In the biomedical field, a minimally invasive
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technique using a microneedle array combined with reverse iontophoresis has been
employed to non-invasively extract interstitial fluid from the cellular interstitium
below 25 millimeters from the skin surface. This technology enables more convenient
medical devices for blood glucose monitoring [14] and drug delivery [15]. In the field
of human-computer interaction, the development of tactile interaction devices utilizing
electroosmotic pump arrays, such as tactile gloves [16], provides more immersive and
realistic interactive experiences in virtual reality, augmented reality, and gaming. In
the field of energy, electroosmotic flow is used for ion transport and mass separation
in batteries, fuel cells, and supercapacitors [17].

Despite the significant progress made in electroosmosis research over the past
few decades, there are still some drawbacks and limitations. The eletroosmosis
phenomenon involves the coupling of multiple physical processes, such as the electric
field, fluid mechanics, and electrolyte mass transfer. Current research often focuses on
studying these processes separately, neglecting the interactions and coupling effects
between them. And with the development of micro- and nanotechnology, the
mechanisms of electroosmosis in nano-scale porous media are significant and attract
broad interest. As a result, a comprehensive understanding of the electroosmotic flow
behavior in complex and multiscale systems still requires further investigation.
Therefore, this paper provides an overview of electrokinetic phenomena and an up-to-
date review of eletroosmosis through porous media. The background and
fundamentals of EDL are first introduced. And the pore-scale mathematical models of
eletroosmosis through porous media are summarized and reviewed. Then,
electroosmosis under pressure coupling effects and nanoscale electroosmotic
mechanisms are explored. The research progress on theoretical analysis, numerical
simulation, and experimental measurement in these two fields is presented. Finally,
the possible and valuable research topics in electroosmosis through porous media are
pointed out.

2. EOF in porous media

2.1. EDL theory

The EDL structure at the solid-liquid interface primarily discusses the
distribution patterns of ions and the corresponding variations of potential with distance.
Since the late 19th century, several physical models have been proposed to understand
EDL and its mechanisms. In 1879, Helmholtz [ 18] first proposed a parallel plate model
for EDL.

o= 505;/10 (1)

where o represents the surface charge density of the solid, ¢, is the relative permittivity

of the medium between the plates, ¢ is the permittivity of vacuum, yy is the surface
potential, and ¢ is the distance between the parallel plates. Between 1910 and 1913,
Gouy [19] and Chapman [20] proposed a diffuse EDL model by introducing a
diffuse layer into the Helmholtz model. That is, there are two electric layers at the
charged interface in an electrolyte solution: the inner and outer layers (Figure 3a).
This model is capable of characterizing the potential variation with distance from the
plate. In 1924, Stern combined the Helmholtz model and the Gouy-Chapman model
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to propose the Stern EDL model [21]. It consists of two parts: the stern layer and the
diffuse layer. The layer adjacent to the surface is named the compact layer or Stern
layer; the diffuse layer is between the Stern layer and the interior of the liquid phase.
As shown in Figure 3b, the potentials of the solid phase and the Stern layer are o and
ws, respectively. And ¢ and ¢ denote the Stern layer thickness and potential at the

diffuse layer boundary, respectively.

In order to study the EOF through porous media, the capillary model is generally
employed to characterize the electroosmosis path. As shown in Figure 4, the potential
at the capillary wall is denoted as yo, the potential at a distance of r is denoted as w(7),
and the excess charge density is denoted as p(»). By employing the Stern EDL model

and considering a monovalent electrolyte, the Poisson equation becomes:
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e ®
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(a) Gouy-Chapman diffusion double layer model.

1d [ dyp@)) _ _p()
rdr dr &0
Stern layer

Sliding surface  Diffusion layer

w(r)
v g :
200 |
Vs %\@ @ @
@8 @ g
00\g 9. 0°
2 o9g0 ©
%e@eq}y@ @
B r

(b) Stern double layer model.

Figure 3. Diffusion electric double-layer model.
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(b) Electric double layer phenomenon in capillaries.

Figure 4. Schematic diagram of capillary double layer.

Based on Boltzmann equation, the charge density can be gotten as:
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where k is the Boltzmann’s constant, 7 is temperature, # is the Avogadro number and
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e is the elementary charge. By using Debye—Hiickel approximation
sinhey(r) _ eyp(()
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to very small values of potential.

It should be noted that this approximation would only be applicable

The Poisson-Boltzmann distribution equation then becomes

1dr dy(r) 5
_— = 4
rdr [r dr Y () @
where K = gzzesz is the reciprocal of the EDL thickness. For a cylindrical capillary,
ocr

the boundary conditions are as follows:

W) _,
Y(r) =9 dr |- (5)
Y(R) =y
Then, the analytical solutions for Y (r) and p(r) are:
Io(kr)
V) =Yo7 oy ©)
p(r) = _fofr’czlpo% (7)

where I, is the modified Bessel function of the first kind of zero order. The velocity
profile v(7) through a tortuous capillary under an electric field U can be expressed by:
Eo&rPoE Io(xr)
= - 8
where u is fluid viscosity, Lo is the representative length of the porous media, E=U/Ly
is applied electric field gradient.

2.2. Progress on EOF

Porous media are composed of minerals (such as silicates, oxides, and
carbonates) or other materials (such as polymers and biomaterials), and these porous
materials typically carry charges due to isomorphic substitutions in their structure. In
order to explore the EOF mechanism in porous media, theoretical analysis, numerical
simulations, and experimental studies have been conducted on EOF in ideal and
simplified devices, including capillaries, parallel plates, and microchannels. And the
influences of device shape and size on EOF were investigated in detail.

In 1965, Rice and Whitehead [22] conducted a systematic theoretical analysis on
electrokinetic phenomena in narrow cylindrical capillaries using the Debye-Hiickel
approximation, which is only applicable in small surface potential. Later, Levine et al.
[23] and Olivares et al. [24] extended the theory proposed by Rice and Whitehead by
dividing the capillary into low surface potential regions and high surface potential
regions and solving for the surface potential in each region. In 1990, Ohshima and
Kondo [25] derived simple approximate analytical formulas for electroosmotic
velocity, volume flow rate, current, and streaming potential in the study of the
electrokinetic effect between two parallel plates. In 1997, Mala et al. [26] explored the
influence of the electrokinetic effect on the liquid flow characteristics in
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microchannels between two parallel plates. In 2013, Luong and Sprik [27] conducted
U-tube experiments in saturated porous media to measure the relationship between the
electrokinetic effect and electric field strength, aiming to assess the permeability and
pore structure of the material. In 2020, Luo and Keh [28] analyzed the electrokinetic
flow and accompanying electrical conduction of salt-free solutions in charged circular
capillaries along the axial direction. They solved for the electrostatic potential
distribution and fluid velocity distribution within the capillary channel. In 2022, Ning
et al. [29] utilized a fractal capillary bundle model to develop the electro-
hydrodynamic coupling process in non-steady pressure-driven flows. They derived
analytical expressions for the potential distribution and velocity distribution within the
channels.

Capillary models with different geometries have been proposed to study EOF in
porous media. For example, Paillat et al. [30] studied the EOF in porous media based
on a single capillary; Wu and Papadopoulos [31] used cylindrical and annular capillary
bundle models to study the EOF in porous media; and Pascal et al. [32] examined the
impact of rectangular, cylindrical, and annular ideal capillaries on the EOF flow rate
in porous fibrous media. Since the pore structures of porous media indicate random
and irregular characteristics, fractal geometry has been proposed to develop a pore-
scale model for EOF in porous media. In 2013, Bandopadhyay et al. [33] used fractal
theory to study EOF characteristics in porous media with irregular or non-uniform
terrain features, investigated the influence of the conductivity tensor on domain
morphology and solid fraction, and compared it with the equivalent Darcy
permeability. In 2015, Liang et al. [34] analyzed the electroosmotic characteristics in
fractal porous media and investigated the factors that influence the height difference.
In 2020, Thanh et al. [35] obtained theoretical expressions for the electroosmotic
pressure coefficient and permeability of porous media based on a tortuous fractal
cylindrical capillary bundle model. In 2023, Xu et al. [36] established a new pore-scale
physical model for EOF in sludge porous media and derived the analytical expressions
for EOF flow rate and permeability.

The external electric field or pressure has been proposed on the microchannel
walls to modulate the electroosmotic effect and thereby control the fluid velocity and
flow distribution. In 2011, Vennela et al. [37] studied the Sherwood number due to the
combined flow driven by pressure and electroosmotic flow in porous microtubes. In
2013, Dutta [38] theoretically investigated the electroosmotic flow characteristics of
nanofluidic separation of non-neutral analytes by combining the forward pressure
gradient with the counteracting force electroosmotic flow field. In 2019, Kou and
Dejam [39] studied the dispersion phenomena caused by pressure and electroosmotic
flow in channels surrounded by permeable porous media. In 2019, Rosenfeld and
Bercovici [40] employed an electroosmotic pump to control capillary flow, where the
applied voltage could regulate the capillary driving speed. They investigated the
filling, mixing, and transport of liquids in a microfluidic paper-based analytical device.
In 2020, Godinez-Brizuela and Niasar [41] mainly investigated the flow generated by
the simultaneous action of pressure and electroosmotic flow in charged porous media
and studied the pore-scale effects in mixing and dispersion processes. In 2024,
Terutsuki et al. [42] utilized the electroosmotic flow generated by the combination of
anion and cation hydrogels to achieve electroosmotic flow-controlled delivery,
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thereby realizing chemical transport. In 2024, Mondal and Chaube [43] investigated
the peristaltic flow of unstable, viscous, and incompressible fluids in capillary
channels under two-dimensional conditions. They simplified the model and derived
analytical expressions for the electroosmotic characteristics, considering the thin EDL
situation.

3. EOF with pressure effect

Both pressure-driven and electroosmosis-driven flow are important methods for
fluid propulsion. Compared with common pressure-driven flow, electroosmosis-
driven flow offers advantages such as low cost, high efficiency, a long lifespan, ease
of operation and control, etc. The pressure-driven flow generally forms a parabolic
velocity profile (Figure 5a), while the electroosmosis-driven flow exhibits a plug-like
flow profile (Figure 5b). The uniform velocity distribution across the cross-section
enables the precise separation of samples by electrophoresis.

[ | | |
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(a) Pressure-driven velocity profile. (b) Electroosmosis-driven velocity
profile.

Figure 5. Velocity profile of pressure-driven and Electroosmosis-driven flow.

When considering the pressure effect in electroosmotic flow, the choice of an
appropriate model depends on the specific conditions and requirements of the system.
Two commonly used models for incorporating the pressure effect in electroosmotic
flow are the Helmholtz-Smoluchowski (HS) model and the Modified Helmholtz-
Smoluchowski (MHS) model. The HS model is only suitable for low-pressure
systems. While the effect of fluid compressibility is included in the MHS model.

The flow rate of EOF with pressure effect depends on the applied electric field,
zeta potential of the channel walls, fluid properties (viscosity, conductivity), channel
geometry, pressure gradient, and even the presence of additional external forces.
Various empirical or semi-empirical equations have been proposed to describe the
EOF flow with pressure, that is, simultaneous pressure and electroosmosis-driven
flow. As illustrated in Table 1, there is a clear difference between these available
models for flow rate. Rice and Whitehead [22] proposed a narrow, straight cylindrical
capillary model based on the double-layer theory and Boltzmann equation. They
derived the electroosmotic flow velocity and electroosmotic flow rate and discussed
the relationship between electroosmotic phenomena and flow radius. Kobayashi et al.
[44] designed a vertical electroosmotic experimental setup, considering factors such
as gravity, pressure, and electric field forces. They got the potential distribution,
electroosmotic flow velocity, and electroosmotic flow rate in capillary channels.
Paillat et al. [30] used a cylindrical straight capillary model, the pore radius of which
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is much larger than the EDL thickness, to derive the electroosmotic flow velocity.
Vennela et al. [37] used a two-dimensional cylindrical micro-pore model based on the
EDL theory and the Boltzmann equation and explored the relationship between the
Sherwood number and the Debye length. Dutta [38] carried out a numerical simulation
on a two-parallel-plate channel model to investigate the charge separation in
nanofluids. They derived a normalized electroosmotic flow velocity equation. Thanh
et al. [35] utilized a curved cylindrical channel model based on fractal theory and
obtained electroosmotic flow velocity and electroosmotic flow rate inside the channel.

The pressure-driven flow through a cylindrical and tortuous capillary with a
radius of R can be characterized by the Hagen-Poisecuille equation. Thus, according to
Equation (8) under the Debye-Hiickel approximation, the flow velocity under the
simultaneous effect of pressure and electric field can be written as:

1 AP gy&.|C|E Iy(kr)
- _ Rz 2N ocr _ 9
v(r) 4#( r )LT + 1o (k) )
Therefore, the volumetric flow rate in the capillary is given by:
R mR*AP meye,|J|R?E 21,(kR)
R) = 2nrdr = — — — 10
4(R) Lv(r) e = TRl T, [ KRIo(KR) (10)

where 7, is the first-order modified Bessel function of the first kind.
21; (kR)

[KRIo(kR)]

be observed that as the radius R of the capillary increases, the value of C approaches

Figure 6 illustrates the variation of C = 1 — with the radius R. It can

to 1. Therefore, the flow rate in a single capillary under simultaneous effect of pressure
and electric field can be simplified as:
TR* AP N meosr|{|R%E

q(R) = — (11
8u Ly U
Table 1. Flow rate of EOF with pressure effect.
Flow rate Geometric model References
v(r) = i(a2 —-r?) - iE [1 G narrow straight cylindrical capillary model [20]
4u 4t Iy(ka) N ey priary
L &KE, [ Iy(ka) (d/2 - 6)? — a? dP) o
v(r) = P < XTI ) -1)+ " <_E vertical straight cylindrical capillary model [39]
ap Io(r/8) — Io(a/Bo) o . .
— T 2 2y 2 |40 0 0
v(r) L (r* —a*) — Ep, 85 [ 1o(a/80) cylindrical straight capillary model [28]
2p 2 E I
v(r) = et [1 - (1) ] _ £y [1 G two-dimensional cylindrical micro-pore model [35]
4u a u Iy(ka)
wrn 3 1 —cosh(xy™)/ cosh(k/2)
vi(r) = 3 a1+ ff{ 1= tanh(ry")/ (</2) } two-parallel-plate channel model [36]
1 AP g46,.C Iy(kr)| 4V o
v(r) ” (a®—=12) L + p [1 )| I curved cylindrical channel model [33]
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Figure 6. Variation of the dimensionless coefficient C with the dimensionless ratio

of pore size to Debye length.

4. EOF in nano porous media

Most of the available research was performed on the EOF in porous media with
a regular pore size, where the thickness of the EDL can be neglected. However, the
electroosmotic phenomenon in porous media with micro- to nanoscale pores is greatly
influenced by the EDL because the thickness of the EDL is comparable to the radius
of the capillary, and the EDL poses a certain hindrance to fluid flow. The classical
Poisson-Boltzmann equation cannot accurately describe the particle distribution inside
micro-nano channels/pores, especially in the region close to the solid phase. This is
mainly due to the fact that the interactions between ion-ion and solid wall atom-ion
are neglected in the continuum theoretical models, which become significant at the
nanoscale. Therefore, the EOF in nanoscale porous media brings new challenges and
attracts broad interests.

In order to measure the velocity distribution, concentration distribution, and flow
patterns inside micro- and nano-scale channels and pores, a few experimental
techniques were proposed and applied (as shown in Table 2). So far, visualization
experiments can be broadly categorized into trajectory line methods [45], bright field
observation methods [46], micro-PIV particle velocimetry methods [47], LIF (laser-
induced fluorescence) methods [48], and chromatography techniques [49]. The
trajectory line method, also known as trajectory analysis, involves tracking the
movement path and velocity of tracer particles to obtain the fluid’s flow trajectories
and velocity distribution. The bright field observation method utilizes high-speed
cameras or microscopes to directly observe the flow behavior inside channels or pores,
capturing real-time flow images for studying fluid flow and separation phenomena.
The Micro-PIV (Particle Image Velocimetry) particle velocity measurement method
employs laser illumination and high-speed imaging technology to track the positions
of tracer particles at different time intervals, thereby obtaining information about the
fluid velocity field and other parameters. Laser-Induced Fluorescence (LIF) utilizes
laser illumination to excite fluorescent tracers in the fluid, capturing the signals with
a camera or spectrometer to obtain information about fluid concentration distribution
and particle transport. Chromatography techniques are employed to study the

90



Energy Storage and Conversion 2024, 2(3), 480.

separation and diffusion of fluids in channels or pores. By measuring the degree of
separation and transfer rates, information about fluid concentration distribution and
separation efficiency can be obtained. These visualization experimental techniques
provide quantitative analysis of flow behavior inside micro- and nano-scale channels
and pores. By combining these experimental techniques, researchers can investigate
the physical mechanisms of fluids at the microscale and establish related mathematical
models.

Table 2. The visualization experimental methods for nanoscale EOF.

Types Characteristic Parameter References
Trajectory Line Contact measurement, direct and simple, lower accuracy, . .
. . ’ ’ ’ 4

Method two-dimensional field measurement streamline, velocity [43]
Bright-field Non-contact measurement, direct observation, simple flow pattern. velocit [50]
Observation Method ~ structure p > y
Micro Particle Image ~ Non-contact measurement, high accuracy, capable of velocity vectors, flow field distribution, 51]
Velocity measuring both planar and three-dimensional velocity fields  concentration
L I . .. . locit 1 fl tt

aser Induced Non-contact measurement, high precision and resolution velocity vectors, Flow patietn, [52]
Fluorescence concentration, temperature

h t h Non-contact t, two-di ional fiel . .
Chromatography on-contact measurement, two-dimensional field Two-dimensional flow field [49]
technology measurement

With the rapid development of computer technology, simulation methods
including molecular dynamics simulation (MD), Monte Carlo simulation (MC),
Brownian dynamics simulation (BD), and dissipative particle dynamics simulation
(DPD) have been frequently adopted to study and understand EOF mechanisms in
nanoscale porous media.

The MD utilizes Newton’s equations of motion to numerically solve the classical
mechanics equations for molecular systems, obtaining the system’s trajectory and
calculating its structural characteristics and properties. This method is known for its
high accuracy in computational results. Marx and Hutter [53] provided a detailed
introduction to ab initio MD, including the fundamental theory, electronic structure
calculations, and simulation techniques. Kim and Darve [54] investigated EOF in
charged nanoscale channels with different surface roughness using equilibrium and
non-equilibrium MD. Zhang et al. [55] developed a three-dimensional MD model for
EOF in rough nanoscale channels to explore the influence of surface roughness on
nanoscale EOF. Rezaei et al. [56] studied the EOF of an aqueous solution between
parallel silicon walls using MD, considering the effects of changes in the EDL
structure characteristics. Gogoi et al. [57] discussed in detail the EOF characteristics
of rectangular graphene nanoscale channels with different charge configurations using
non-equilibrium MD. Dehkordi et al. [58] investigated the effect of external
clectrostatic forces and external electric fields on the density, velocity, atomic
structure, temperature, and agglomeration of Fe3Os nanoparticles in copper
microchannels using MD.

The MC method is a numerical computation method guided by probability and
statistical theory. It has been proposed in computational simulation for discrete
systems. Freund [59] conducted atomic simulations of EOF in nanoscale channels
using MC to study ion distributions. Lee et al. [60] numerically investigated the effect
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of alternating current EOF on the performance of a biosensor unit composed of 400
nanometer wires using the MC method. Xin et al. [61], based on the improved
fundamental measure theory and partial perturbation density functional theory, studied
the distribution and density of ions in charged cylindrical pores with MC.

The BD can be used to simulate molecular motion and interactions, where
molecules are treated as moving in a continuous medium and subject to various forces
such as van der Waals forces, electrostatic forces, and solvent molecule forces. Marry
et al. [62] obtained the distribution of counterions in mesoscale charged porous media
using BD and Poisson-Boltzmann. Panwar and Kumar [63] employed BD to study the
stretching and transport of flexible polymers in complex EOF.

The DPD is a mesoscale particle-based simulation algorithm, where a particle
represents a group of atoms retaining important chemical characteristics in order to
simulate the system with fewer particles instead of individual atoms. Using DPD,
Duong [64] proposed a mesoscale method to describe EOF in micro/nanofluidic
devices that were too large to be simulated using ab initio methods. Moshfegh and
Jabbarzadeh [65] conducted explicit mesoscale simulations of EOF in nanoscale
channels using an extended DPD approach. Smiatek and Schmid [66], who used DPD
to simulate EOF in nanoscale channels under different surface slip conditions and ion-
strength fluids, introduced appropriately tuned wall-fluid friction to systematically
adjust the slip length at the channel boundaries from negative to infinitely large values.

5. Concluding remarks

EOF in porous media is an important physical phenomenon with wide-ranging
potential applications in various fields. This mini-review provides an overview of the
physical mechanisms and mathematical models of EOF in porous media. Up-to-date
progress on EOF mechanisms in porous media has been summarized. And two
subtopics, simultaneous pressure and electroosmosis-driven flow and nanoscale EOF,
have been explored. The advances in these two subfields are reviewed. The present
review helps understand the complex EOF mechanisms and explore potential
applications of EOF in engineering and industry.

Based on the present review, the following topics may be future research
directions: (1) The unique EOF properties of novel porous materials can be explored
for potential applications in energy, the environment, biomedical fields, etc. (2)
Attention can be directed towards the coupling of electroosmosis with other physical
phenomena such as electrochemical reactions, heat conduction, and mass transfer.
These multiphysical fields may help explore the role of EOF in broader domains, such
as battery technology, electrochemical sensors, and microfluidic control. (3) As
illustrated in this paper, EOF mechanisms for microscale and mesoscale porous media
have attracted broad interest. A few mathematical models have been proposed.
However, multiscale EOF phenomena may coexist in multiscale porous media where
multiple physical mechanisms govern EOF. Therefore, it is necessary to develop
physical models and numerical methods applicable to different scales, thereby
bridging the microscopic EOF with macroscopic system performance.
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