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Abstract

This study presents the design and numerical evaluation of a single-tank
thermocline thermal energy storage (TES) system for solar thermal
applications aimed at improving energy access in rural Ethiopia through small
to medium-scale concentrated solar power (CSP) integration. A two-
dimensional model using Computational Fluid Dynamics (CFD) and the Finite
Element Method (FEM) simulated unsteady, incompressible laminar flow and
heat transfer in a vertical cylindrical tank modelled as an isotropic porous
medium. The system used water as the heat transfer fluid and operated
between 55°C and 98°C, with a height-to-diameter ratio of 1.2. The
computational mesh included 3,938 domain elements and 192 boundary
elements, with a maximum element size of 0.01 m. During charging, hot water
introduced at the top formed a thermocline that moved downward, reaching a
thickness of 0.263 m after 7,200 seconds. The flow remained laminar, with a
peak velocity of 0.02 m/s and a Reynolds number of about 1,078, while a
pressure gradient of 2.49 kPa developed from top to bottom. The performance
index was approximately 0.95, indicating strong stratification and minimal
mixing. During discharging, reverse flow from the bottom reached a velocity of
0.002 m/s with a Reynolds number near 769, and the thermocline rose to 0.25
m by 7,200 seconds, maintaining separation of hot and cold zones. Enthalpy
increased from 2.25 J/m3to 2.55 J/m?3 during charging and decreased from 4.0
J/m3 to 3.75 J/m? during discharging, reflecting efficient energy storage and
release. Overall, the results confirm stable thermal stratification, high energy
efficiency, and the suitability of the proposed water-based thermocline TES for
cost-effective, off-grid solar thermal energy applications.

Keywords: Concentrated solar power, computational fluid dynamics,
thermocline, thermal energy storage
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List of acronyms and their full description.

Acronyms Full Name Acronyms Full Name

HTF Heat Transfer Fluid \Y Velocity

TES Thermal Energy Storage \ Volume

CSP Concentrated Solar Power P Pressure

DEM Discrete Element Method F Body Force

CFD Computational Fluid Dynamics Re Reynolds Number

CHP Combined Heat and Power G Gravitational Acceleration Vector
CHT Computational Heat Transfer B Thermal Expansion Coefficient
FEM Finite Element Method T Stress Tensor

FDM Finite Difference Method ) Dynamic Viscosity

PV Photovoltaic m Mass Flow Rate

H Height k Thermal Conductivity

1. Introduction

The rising demand for clean energy has made solar thermal
systems vital in reducing reliance on fossil fuels. However, the
intermittent nature of solar radiation limits their reliability (Dincer &
Rosen, 2011). Among TES methods, single-tank thermocline systems
are preferred for their simplicity, lower cost, and reduced
infrastructure needs. These systems use thermal stratification to
separate hot and cold fluids within a single tank (S. Flueckiger et al.,
2011). Filler materials like quartzite or silica rocks are added to
improve heat capacity and maintain stratification by reducing fluid
mixing (Zhang et al., 2016). Single-tank thermocline thermal energy
storage systems provide a cost- and space-efficient alternative to
traditional two-tank setups by utilizing natural fluid stratification,
with water-based designs offering greater economic feasibility for
low- to medium-temperature applications (Fernandez et al., 2021;
Lou et al., 2020, 2021; Qin et al., 2012). However, challenges such
limited

as thermocline degradation, understanding of key

operational parameters, and oversimplified one-dimensional
modelling motivate this study, which develops a detailed two-
dimensional model to more accurately analyse flow, heat transfer,
and stratification, thereby improving efficiency and addressing

critical research gaps.

Many rural communities in Ethiopia lack access to reliable grid
electricity and depend on costly diesel generators, biomass, and

kerosene, which limit basic needs such as lighting, cooking, and

refrigeration while contributing to deforestation and health risks
from smoke exposure. Small- to medium-scale concentrated solar
power (CSP) (Atsbeha et al.,, 2026; Kahsay et al., 2025) systems
present a clean and sustainable alternative, but their reliability
depends on integrating thermal energy storage (TES) to overcome
solar intermittency. Although water-based single-tank thermocline
TES offers a cost-effective and locally adaptable solution, such
systems remain underdeveloped in Ethiopia and performance data
is limited. This project therefore aims to design and simulate a single-
tank thermocline TES system for solar thermal applications, focusing
on optimizing heat transfer and storage efficiency to support CSP
deployment in rural communities. By reducing material costs,
minimizing energy losses, and improving power reliability, the
proposed system can enhance the feasibility of off-grid solar
solutions, guide future prototype development, and support
sustainable energy policies to bridge the energy gap in Ethiopia’s
underserved regions.

A thermocline thermal energy storage (TES) tank stores hot fluid
at the top and cold fluid at the bottom, separated by a sharp
temperature gradient called the thermocline (Zhu et al., 2022). This
stratification allows a single tank to act as both hot and cold
reservoirs, reducing cost and space compared to two-tank systems
(Inlet, 2023). Ideally, the thermocline would be infinitesimally thin,
maximizing efficiency, but in practice, mixing causes it to thicken
over time (Angelini et al., 2014). Solar energy (Atsbeha et al., 2024,

2025), mainly harnessed through photovoltaic (PV) and solar
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thermal systems, benefits from TES integration, which enables
energy use during cloudy periods or at night through repeated
charging, storing, and discharging cycles (Dincer, 2002). Among TES
methods, sensible heat storage is the simplest, relying on
temperature changes without phase transitions. Water, due to its
high specific heat capacity, low cost, and effectiveness below 100 °C
(Atsbeha & Gebremariam, 2026), is a particularly suitable medium,
and the stored heat is calculated as:
e (1)

Q = medT = me(TF - Tl)
T;

Where Q=

stored

Amount of thermal energy released

m = The mass of material used to store thermal energy (kg)

Cp

in the form of sensible heat (K])

Tm (4)
Q = m. CP,S . dT + m. AHm
Ty

Q= J™m.Cps.dT + m. AHy, + ff; m. Cp,.dT ©l

Where, Ty,: temperature of the phase change, AH,,: enthalpy
of the phase change, Cpg: solid phase PCM heat capacity, Cp;:
liquid phase PCM heat capacity
Single-tank thermocline thermal energy storage (TES) systems
provide a cost-effective alternative to conventional two-tank
designs, reducing capital costs by nearly one-third, with natural rock
fillers lowering overall CSP plant costs by up to 35% (Boubou et al.,
2021). Research emphasizes maintaining thermal stratification and
minimizing mixing through optimized flow design, porosity

adjustment, and filler selection, with studies showing efficiency

. . K
= the specific heat of the material to store thermal energy ( ]/Kg°C) gains of 30~70% depending on parameters such as HTF velocity, filler

Tg, T; = final and initial temperature (°C), respectively
When mass is expressed in terms of density and volume, the
equation takes the following form:

Q= p*xCpxVx(Tg—T) (2)

where, p: density of the storage material [kg/m3] and
V: volume occupied by the storage material [m?]
This equation is very important to bear in mind when choosing the
storage materials, the important thermal properties are the

volumetric heat capacity (p * Cp), which dictates the energy storage
density capability, and the heat diffusivity (DLC), which reflects the
*Lp

rate of the heat released and absorbed. Latent heat storage uses
phase change materials like paraffins and salt hydrates to store
energy during melting and solidifying, offering higher energy density
and stable temperatures compared to sensible heat storage
(A1234.Pdf, n.d.). However, it faces challenges like low thermal
conductivity, subcooling, and higher material costs. The stored
thermal energy of PCM at different heating stages can be calculated
as follows:
T2 (3)

Q = m. CP,S . dT
T

sphericity, and tank sectioning (Al, 2012; Jadhav et al., 2020; Sentirk
Lule & Asaditaheri, 2022; Types, 2024; Z. Yang & Garimella, 2010).
Low-cost fillers like quartzite and alumina improve stratification and
storage duration (Bayon & Rojas, 2014; Cascetta et al., 2021; He,
Wang, et al., 2019; Li et al., 2018; Mira-Hernandez et al., 2015). while
phase change materials (PCMs) offer higher energy density but face
challenges in control and efficiency (Bonanos & Votyakov, 2021; Guo
et al.,, 2021). Despite extensive numerical work, experimental
studies remain limited, with most simulations employing porous-
medium and CFD-based models to capture transient heat transfer
and flow dynamics (Bayon et al., 2014; S. M. Flueckiger & Garimella,
2012; Ismail & Stuginsky, 1999). Thermocline TES systems fall within
broader TES categories sensible, latent, and thermochemical storage
(Chang et al., 2020; Review, 2024). Recent CFD studies highlight the
importance of axial porosity, outlet temperature distribution,
charging time, and pressure drop in performance optimization
(Alptekin & Ezan, 2020; Elfeky et al., 2022; He, Qian, et al., 2019;
Hoffmann et al., 2016; Hu et al., 2020; Junli et al., 2023; X. Yang &
Cai, 2019). In CSP plants, thermocline tanks operate as thermal
batteries, storing excess solar heat in hot and cold layers for later

discharge to drive steam turbines. Literature consistently shows that
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with proper flow control, intermediate height-to-diameter ratios
(H/D = 1-2), and structural provisions for thermal expansion, single-
tank TES can match the thermal performance of two-tank systems
while significantly reducing cost, making them highly suitable for
future CSP deployment.

The objective of this study is to design and numerically evaluate a
water-based single-tank thermocline thermal energy storage (TES)
system for solar thermal applications, focusing on optimizing
thermal stratification, minimizing mixing, and improving heat
transfer efficiency. The significance of this research lies in providing
a cost-effective, locally adaptable solution for off-grid concentrated
solar power (CSP) deployment, particularly in rural Ethiopian
communities (Kahsay et al.,, 2025), by reducing material costs,
enhancing energy reliability, and supporting sustainable energy
policies. The findings aim to guide future prototype development,
inform CSP system design, and contribute to bridging the energy
access gap in underserved regions.

Table 1

Summary of scaled-down values.

2. METHODOLOGY

2.1 Tank Design and Geometry
The thermocline tank is a vertical cylindrical vessel designed to hold

the water volume corresponding to both the hot and cold fluid

3
inventory. Based on the assumed 625 mTflow, and a target of at

least ~4 hours of storage, a volume on the order of 1250 m? is
needed. We take tank height of 26.3688 m and a diameter of
21.974 m. This geometry yields an aspect ratio of H/D = 1.2, within
the range found effective in literature for good stratification (Zhu et
al., 2022). The storage tank is designed for a discharge period of 4
hours and an operating temperature between 55°C and 98°C (Zhu et
al., 2022). A working fluid of liquid water is used to store the required
energy. Those values are tried to scale down by 100 and the scaled

values are summarized in Table 1.

Parameter Original (m) Scaled Values (m) Change
Height 26.3688 0.263688 +100
Diameter 21.974 0.21974 +100
Volume 1250 m3 0.00125 m?3 +1M
Flow rate 625 m3/h 0.000625 m3/h +1M
Inlet velocity 0.00045779 m/s 0.00045779 m/s Same
Energy storage capacity Q Q + 1000000 +1M
Charging/discharging time t t+ 10000 + 10k

The materials used to model the thermocline packed bed
thermal energy storage with sensible filler are: Heat Transfer Fluid
(HTF): Used to transport heat from the heat source (solar collector)
to the storage tank during charging and to transfer heat from the
storage tank to the load (boiler) during discharging. Sensible liquid
water (sensible storage), Tank wall material (steel wall and insulation
material), Modelling tools (Ansys fluent, COMSOL, and Excel)

The required parameters specifications/ assumptions for the
modeling of the system are: HTF operating temperatures: the
selected heat transfer fluid temperatures are, 371.15 k cold

temperature and 328.15 k hot temperature. Tank Material: Steel is

used for constructing the tank wall, while wood ash serves as the
insulating material for the tank. System Layout: The system features
a thermocline tank filled with liquid water, storing both hot and cold
energy in a single tank hot fluid is located at the top, while cold fluid
remains at the bottom, as shown in Figure 1. The cylinder is installed
vertically with a charging inlet at the top and a discharging inlet at
the bottom. Figure 1 illustrates the typical configuration of the
thermocline TES tank and the computational domain. The system
comprises a vertical cylindrical tank that utilizes solid particles as the

heat storage medium, forming a packed-bed thermal storage area.
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Additionally, the inlet and outlet ports, located at the top and
bottom of the tank, enable the flow of HTF in and out of the tank.

Figure 1

The computational domain of the charging and discharging process.

For choosing tank height and diameter dimensions, we considered
the relation bellow diameter/height: The Hight and diameter of the
tank can be selected based on the Ansys fluent simulation of the best
height to diameter ratio.

D\? (6)
Viank = T0* (_) *H
2
Table 1 the flow rate is proportionally scaled down by 100 and the
inlet velocity is almost similar V1 = 0.00045779 m/s So, to
determine the small inlet tank velocity or the asymmetric velocity

apply the continuity equation as 0.001831m/s.

2.2 Mathematical Model

The continuity equation in a cylindrical coordinate system is
expressed as follows:

V.u=0 (7)

Where V = delta operator" or "gradient operator, u = ur, us, uz

Equation (7) applies to incompressible fluids, where p (r, z, t) = c,
with t representing time, and z and r denoting the axial and radial
directions, respectively.

In cylindrical coordinates (r, 6, z), the divergence of the velocity

field u = (ur, ue, u;) is given by:

_1dCur 1900 ouz (8)

V.u r or r a6 0z

For an incompressible fluid, the density p is constant, which implies
that the divergence of the velocity field must be zero:

V.u=0 9)
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Diank = 21.974 meter and H = 26.3688 meter

3 2
Q:Axv=625mT=n*(E) X Vi but D1 = 21.974 m and

2

D2=0.21974 m which is small diameter and from Table 1.

By substituting the expression for the divergence in cylindrical

coordinates, we obtain:

la(rur+16U9+%=o (10)
r or r 00 0z

This equation indicates that the overall divergence of the velocity
field, including its radial, angular, and axial components, must be
zero for the fluid to remain incompressible. This condition
corresponds to the continuity equation in cylindrical coordinates
for an incompressible fluid.
The form of the momentum equation in a cylindrical coordinate
system is as follows:

pi—t+p(u.V)u=-Vp+V.T+f (11)
where: p is the fluid density, u is the velocity vector, p is the static
pressure, T is the stress tensor, f represents body forces (e.g.,
gravity).

The stress tensor t for a Newtonian fluid is given by:

T=p[(V.u+ (V.u)"] (12)
where W is the dynamic viscosity.
Body Force: The body force term f can include various forces such
as gravitational force. In this case, it is given by:

F=-pB+(T-Trf). g (13)
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where: B is the thermal expansion coefficient, T is the temperature,
Trefis the reference temperature, g is the gravitational acceleration
vector. In cylindrical coordinates (r, 0, z), the components of the

momentum equation are as follows:

8Ur 8Ur U6 8Ur U260 8Ur 8p 2 (14)
— 4t U —+——-—+U—)=-—+ -
st U s T s x UZ.SZ) st u(vtur
Ur 2 8U6
—-=—)+F
r2 r2 &6
5U6 5U6 UG 8UB  Ur.Ue 5Uz 1 8p (15)
— U —+——+ +U—)=--—/+
p(at U 7T 5o r UZ.SZ) r 80
2 8Ur uo
2
+Z— — )+F
IJ.(VUG r2 86 rZ) 0
8Uz 8Uz U6 8Uz 8Uz 8p 2 (16)
—+U—+——+Ur—)=-—+uVeu, + Fr
5t "sr r 80 ZSZ) 5z MV

Combining these components, we get the momentum equation in

cylindrical coordinates:

pi—:+p(u.V)u=-Vp+V.T-pB(T—Tref)g (17)
The temperature distribution is determined using the

diffusion/convection equation, as shown below:
pcpi—f+pcpu.VT=-v. (AVT (18)
where Cp represents the specific heat capacity at constant pressure

and A denotes the thermal conductivity.

thermal energy storage (TES) tank treated as an isotropic porous
medium with solid spherical particles. By discretizing the domain into
finite elements and using Backward Differentiation Formula (BDF) for
time integration, FEM effectively captures flow patterns and heat

transfer, while exploiting symmetry to simplify computations and

The standard turbulence model is used as follows:
S (k)+ V. (puk) = [0+ L) VK + G+ Gos e (19)

> (pe) + V. (puk) = V. (Vo) + p = (c1G - cze) (20)

where Gk is the turbulent kinetic energy generated by the velocity
gradient, Gb is the turbulent kinetic energy generated by
buoyancy, k $ € are fluid turbulent kinetic energy and turbulent

dissipation rate, respectively.

2.3 Computational Method and Fluid Dynamics

Mechanical and thermal issues in complex systems can be
addressed through experimental, analytical, or numerical
approaches, with numerical methods often preferred for intricate
problems. Computational Fluid Dynamics (CFD) and Computational
Heat Transfer (CHT) are key numerical tools that solve the Navier—
Stokes and energy equations, respectively, using techniques such
as finite difference, finite volume, and finite element methods.
Advances in computing power and software have greatly enhanced
their accuracy and efficiency, making them essential for analyzing
fluid flow, heat transfer, and complex interactions across
engineering applications. In this study, the Finite Element Method

is employed to develop a two-dimensional model of a thermocline

accurately predict the tank’s thermal behavior. Results will be validated

against literature and visualized through 2D isothermal contours

and streamlines, illustrating temperature, time, and spatial

relationships and its numerical process is summarized in Figure 2.

Figure 2

Flow chart of the numerical process.

Start )

v

Drawino Phvcical Maodel >

v

v

D/mine Tvne of Analvsis >

v

C Imnort the Desien Model to Analvsis >

Select Material )

%

https://rayu.ed

Select Fine FElements Size of Mech Annlvqic)

v

f Apply load & boundarv Conditions >
K

<


https://rayu.edu.et/
https://rayajsd.org/index.php/rjsd/

Atsbeha et al.

RJISD 1(2):2026

No

2.4 Boundary Conditions and Solver Settings

The straightforward design of the single storage tank allows for the
use of a structured quadrilateral element grid and an axisymmetric
plane model for simulation. Calculations are carried out using
Fluent’s two-dimensional, double-precision solver, which utilizes a
coupled, implicit, and axisymmetric approach to ensure both
accuracy and efficiency. The physical model incorporates unsteady

heat transfer and a turbulence model.

ubD
Re = 2% (20)
n
pub 985 % X 1.831 X103 x 021974 m

(Re = 1078, indicates laminar

3.667 Xx10~*Pa.s

flow (typical for inlet pipes or high velocities). Turbulence generally

occurs for Re>4000 during charging process and Re = % -

962.01 X8 % 1.831 x1073® x 0.21974 m
m3 S

=07 X10-%Pas = 769, The very low Reynolds

number indicates that the flow remains fully laminar throughout the

Table 2.
p = 866.19608 + 1.22008T - 0.00261T? (22)
0= 1.779 x1075 (22)
8.276269—0.086986T+0.00221T2
Table 2

Properties of water during charging (55 °C) & discharging (98 °C) process.

discharging process. In the simulation, the inlet and outlet are
defined as a velocity inlet and outflow, respectively. To simplify the
model, several assumptions are made: the tank is rigid, cylindrical,
and adiabatic; the flow is incompressible; the porous filler is
homogeneous with constant porosity; only the charging process is
considered; radiation and phase change effects are neglected; and
water is used as the working fluid with constant thermal properties.

2.5 Physical Parameters of Working Fluid

The working fluid is water, operating at standard pressure with
temperatures ranging from 328.15 K to 371.15 K. Using the
physical property data for water, fitting correlations have been
developed to calculate the fluid's density, dynamic viscosity, and
thermal conductivity within this temperature range. The overall
properties of water during the charging and discharging processes

are summarized in

k=-46.99+24.106 X (1-e ——)+23.58177 x (1 (23)
48.09069
_ T
-e 4-8.104-24—)
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No. Parameters Charging Process (T = 55 °C) Discharging Process (T = 98 °C)
1 Density (p) 985 kg/m?3 962.01 kg/m3
2 Dynamic viscosity (1) 0.3667x103 pa. s 0.5036x107%pa. s
=3.667x107* kg/m. s =5.036x107* kg/m. s
3 Specific heat (Cp) 4.18 kj/kg. °C 4.18 kj/kg.°C
4 Thermal conductivity (k) 0.630 W/(m-K) 0.662 W/(m-K)

2.6 Mesh Generation

Mesh generation divides a continuous domain into finite elements
to enable numerical analysis. In this study, a structured quadrilateral
mesh was used for the rectangular thermal energy storage tank,
providing numerical stability, accurate gradient calculations, and
reduced discretization errors compared to triangular meshes.

Tetrahedral and hexahedral elements fill the tank’s fluid volume to

Table 3. Taking mesh element size = 0.01 and velocity = 0.001831

m/s so the time step size is calculated as:

Table 3

Some of the main mesh element parameters.

support solutions of governing equations such as the Navier—Stokes
equations. Boundary conditions, including no-slip walls and pressure
outlets, are applied appropriately, with a finer mesh near walls to
resolve high-gradient regions. The final mesh consists of 3,938
domain elements and 192 boundary elements, achieving a balance
between computational efficiency and simulation accuracy. Key

mesh parameters are summarized in

mesh Element size (m) (24)

Time step size = T
inlet velocity (?)

No. Mesh Parameters Values Values

1 Maximum element size 0.001 m

2 Minimum element size 2.2x10%m

3 Maximum element growth rate 1.15

4 Resolution of Curvature 0.3

5 Resolution of narrow regions 1

6 Predefined size User Defined
Figure 3

2D Mesh of Tank Geometry and Internal Fluid Domain
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The two-dimensional mesh layout within the storage tank is shown
in Figure 3. Choosing an appropriate mesh for a specific model
generally involves selecting suitable element types and sizes. In this
study, the Quadrilateral Meshing technique is applied. Due to the
axisymmetric nature of the model, only the right half of the tank is
meshed. The maximum element growth rate controls how much the
element size can increase from finer to coarser regions and must be

2.7 Mesh Independence Test
Figure 4

equal to or greater than one. Here, it is set to 1.15, allowing the
element size to grow by up to 25% between adjacent elements. The
curvature factor represents the ratio of the boundary element size
to the radius of curvature, with the product of these two values
determining the maximum allowable element size along curved
boundaries. A lower curvature factor results in a finer mesh in those

regions.

Temperature profiles along the tank axis for three different Mesh Sizes and grid numbers

= Wiesh Size 0.001 m
95 | |—=— Mesh Size 0.0008 m
Mesh Size 0.0005 m
a0 ot T i
&
o 8 /’rh
=] _f;'
g 75 [
a
¢
2 70 ¥
S
65 ¥ 4
‘-"v
B ferrerrrs e
55
0 0.05 0.1 0.15 0.2 025 03

Height of Tank {(m)

As shown in

Figure 4, the mesh size and grid density significantly influence the
temperature distribution within the TES tank. Across all mesh sizes
(0.001 m, 0.0008 m, 0.0005 m) and grid counts (29,040, 45,210,
115,940), temperature rises from approximately 60 °C at the bottom
to around 90 °C at the top, reflecting effective thermal stratification.
Smaller mesh sizes and higher grid densities improve the resolution
of transient temperature gradients but have minimal impact on the
final steady-state distribution. Similarly, temperature profiles along
the tank wall for varying mesh dimensions show negligible
differences, validating that a maximum mesh size of 0.001m
provides sufficient accuracy. These results confirm the robustness of
the model and its reliability for simulating thermal behavior in the
charging phase of the tank.

3. Results and Discussion

3.1 Thermal Performance Results (CFD)

Temperature ("C)

100

i (29040 grid numbers)

95 | | —=— (45210 grid numbers)
(115940 grid numbers)
a0 - i
r 4
a5 ';
ao 7
75 f
70 /
;.i'
65 2
50 fessrmre T
85
0 0.05 01 0.15 0.2 0.25 0.3

Height of Tank {m)

CFD simulations of the charging process show the gradual formation
and downward movement of the thermocline layer within the tank.
Initially at 55 °C, the tank develops a hot layer at the top as 98 °C
water is injected, with a sharp interface indicating effective
stratification. Over time, the thermocline moves downward as the
hot region expands, limiting the volume of high-temperature water
available for storage and slightly reducing TES performance. A
thicker thermocline further lowers efficiency, making thermocline
thickness a critical parameter for evaluating system performance

using the TES performance index.

k=1—%
In this study, the thermocline thickness 6 and the tank height H are
key indicators of thermal stratification in the TES system, with a
higher performance evaluation index reflecting greater efficiency.

Numerical simulations were performed using liquid water as the
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heat transfer fluid to examine how time and flow velocity affect
temperature distribution. Initially, the thermocline is very thin,
representing the mixing zone between incoming hot water and
initially cold fluid, and it grows to approximately 0.263 m during
charging. Despite this expansion, the thermocline remains much
smaller than the total tank height, ensuring that most of the tank
volume is effectively hot or cold. The performance evaluation index
reached about 0.95, indicating only ~5% energy loss due to mixing.
This high stratification efficiency results from low inlet velocity and
density-driven stabilization, aligning with previous findings of ~95—
96% efficiency for water-based thermocline TES tanks (Bouhlel et al.,

2023).

3.2 During the charging process

3.2.1 Pressure and Velocity Profile for Charging Process

Figure 5

In this analysis, diagrams illustrating velocity, pressure distribution,
and streamlines for single-phase liquid water during the charging
phase are presented. Liquid water serves as the heat transfer fluid
(HTF) within the thermal energy storage (TES) tank. The observed
flow characteristics closely resemble those obtained using other
HTF configurations, indicating consistency in fluid behavior. These
visual representations effectively convey the internal dynamics of
fluid motion, pressure variation, and streamline development
within the storage system. The velocity distribution, in particular, is
a critical indicator for interpreting and analyzing the flow behavior.
Simulation results provide insights into velocity magnitudes for
each material up to a 120-minute duration. Since the flow
characteristics remain largely unchanged throughout the charging
cycle, the velocity field, pressure distribution, and streamline plot
are all depicted at the 120-minute mark (equivalent to 7200

seconds).

Velocity magnitude distribution across the entire surface of the TES tank during the charging cycle and Enlarged view of the
velocity field near the tank wall, highlighting detailed flow behavior during charging.
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Throughout the charging and discharging phases of a thermal
energy storage (TES) system utilizing liquid water as the heat transfer
medium, pressure contour plots may reveal regions of negative
gauge pressure within the tank. These low-pressure zones typically
arise when internal tank pressure drops below atmospheric levels,
which can result from phenomena such as thermal contraction

during the cooling phase, rapid fluid outflow during discharge, or

3

0 0.1
Tank Redias, R (m)

irregular thermal expansion during the charging process. In systems
that are sealed or insufficiently vented, such conditions may lead to
the formation of partial vacuums, particularly around inlet and
outlet ports or near the tank’s upper section. While these negative
pressure areas are commonly observed in simulation environments,
they can also occur in actual systems lacking proper pressure

regulation. If unaddressed, such pressure imbalances can contribute
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to structural stress, initiate cavitation, or allow air to enter the

system.

As illustrated in Figure 5, the velocity magnitude within the TES
tank varies during the charging phase. In this stage, the heated fluid
descends from the top of the tank toward the bottom. Figure 5

displays the velocity field across the entire tank, while a detailed

Figure 6
Pressure contour inside of the TES tank for charging cycle.
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As shown in Figure 6, the gauge pressure contour illustrates the
pressure distribution inside the TES tank. A pressure contour
represents lines of equal pressure, also known as isobars. As shown
in the figure, there is a slight pressure gradient from the top to the
bottom of the tank. Specifically, the gauge pressure near the top
surface is approximately 2.52 kPa, while at the bottom it drops to
around 0.03 kPa. This creates a pressure difference of approximately
2.49 Pa between the two points. Although measurable, this variation
is relatively small compared to atmospheric pressure, indicating a
modest internal pressure distribution during the charging phase. The
above Figure 7 illustrates the streamline distribution within the TES
tank, with arrow lines indicating the direction of fluid flow. The
streamline pattern reveals that the flow remains laminar throughout

the tank, with no evidence of turbulence or flow separation.

The directional arrows clearly depict a downward movement of
the fluid, consistent with the charging process, where hot fluid

enters from the top and moves downward through the packed bed.

view focused on the region adjacent to the tank wall. This localized
view reveals that variations in velocity magnitude are primarily
confined to a narrow zone along the tank's boundary. To enhance
visual interpretation, a color-coded scale is used to represent the
velocity values red indicates higher velocities, while blue denotes
lower ones. The peak velocity observed within the tank reaches up

to 0.02 meters per second.

Figure 7
Streamline distribution inside the TES tank during the charging cycle
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The smooth and orderly nature of the streamlines confirms stable
and controlled flow behavior during this phase of operation, which
is essential for maintaining thermal stratification and efficient

energy storage.

3.2.2 Temperature Profile During Charging Process

The temperature profile serves as a vital tool in heat transfer
analysis, representing the distribution of temperature across each
segment of the 2D geometry. Since the study involves transient heat
transfer, the temperature of every individual mesh element can be
tracked at specific time intervals. In this section, the temperature
distribution along the vertical height of the storage bed is presented
for various moments during the charging process. Additionally,
surface temperature variations of the TES tank are displayed for
different heat transfer fluids. To enhance clarity, line graphs of the
surface temperature profiles are included, providing insight into how
the temperature gradients develop over time. Due to the axial

symmetry of the TES tank, the simulation is conducted on one-half
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of the tank geometry, allowing the analysis to focus on a
representative portion. The resulting 2D surface temperature
distribution provides a realistic depiction of thermal behavior within
the tank, illustrated through a color-coded scheme. The simulation
spans a total duration of 120 minutes (7,200 seconds), enabling clear
visualization of the evolving temperature profile over time. In this

analysis, liquid water is used as the heat transfer fluid, with its

Figure 8

temperature ranging from 55 °C to 98 °C. Temperature profiles are
presented at specific time intervals: 0 seconds, 1,800 seconds, 3,600
seconds, 5,400 seconds, and 7,200 seconds. The initial three sub-
sections of this section focus on a single-stage thermal energy
storage configuration, where the tank is entirely filled with a uniform

phase.

Presents: (A—E) two-dimensional representations of the temperature profile within the TES tank at 0, 1800, 3600, 5400, and 7200
seconds, respectively; and (a—e) line graphs showing the variation of temperature with tank height at the same time interval
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The above Figure 8 displays the thermal behavior within the 2D
domain of the TES tank during the charging process. Sub Figure 8 (A—
E) illustrates the temperature distributions at various time steps,
while Sub Figure 8 (a—e) presents the corresponding line plots for
each time interval. In the color-coded diagrams, blue represents
lower (colder) temperatures, and red indicates higher (hotter)
temperatures. At the initial moment (0 seconds), the entire tank is
at the baseline temperature of 55 °C, reflecting the initial condition.
A slight temperature gradient can be observed near the top surface
of the tank, which occurs as the incoming hot fluid begins to interact

with the colder fluid already present.

60 I

% 55 65 75 85 95

Temprature T (°C)

By 1,800 seconds, a distinct thermocline zone emerges around 0.2 m
from the bottom of the tank, where the temperature transitions
rapidly this is clearly visible in Figure 8(a). The steep gradient in this
region signifies the development of the thermocline, a narrow zone
separating the hot and cold fluid layers. As the process continues,
the thermocline moves downward, appearing near 0.14 m at 3,600
seconds, 0.08 m at 5,400 seconds, and 0.02 m at 7,200 seconds. The
slope of the temperature curve reflects the sharpness or thickness
of the thermocline layer, with a steeper gradient indicating a thinner
is considered more

thermocline zone. A thinner thermocline

effective, as it minimizes heat diffusion into the colder regions
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below. However, over time, the thermocline gradually flattens due
to ongoing heat transfer from the hot fluid to the cold. In all cases,

the region above the thermocline maintains a temperature close to

3.3 During the Discharging Process

3.3.1 Pressure and Velocity Profile for Discharging Process

Figure 9

the inlet fluid, while the region below remains at the lower, initial

temperature.

(a) Velocity magnitude (mm/s) across the entire surface of the TES tank, and (b) a detailed view near the tank wall during the

discharging cycle.
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As shown in Figure 9 illustrates the velocity magnitude within
the TES tank during the discharging cycle, which is the reverse of
the charging process. In the discharging phase, hot fluid moves
from the bottom to the top of the tank. Panel on the lest side
shows the velocity distribution across the entire tank, while panel
on the right focuses on a zoomed-in view near the tank wall. As

Figure 10

Pressure contour within the TES tank during the discharging cycle.
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The above Figure 10 presents the gauge pressure contour inside
the TES tank during the discharging cycle. In contrast to the charging
cycle, the pressure is slightly higher near the bottom of the tank,

where the fluid enters, and gradually decreases toward the top.

Tank Radius, Ro(.:‘)
observed in the charging cycle, velocity variations are seen near
the tank boundary, though they are confined to a narrow region
close to the wall. For clarity, a color scale is used to represent the
velocity magnitudes, with the maximum velocity recorded in the

tank being 2 mm/s.

Figure 11

Streamlines within the TES tank during the discharging process.
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Specifically, the pressure at the bottom is approximately 2.52 kPa,
while at the top it is about 0.03 kPa, resulting in a pressure difference

of roughly 2.49 kPa, which remains relatively low.
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The streamlines within the TES tank, with the upward arrows
indicating the flow direction as shown in Figure 11. This flow is

opposite to that observed during the charging cycle.

3.4 Temperature Distribution for discharging Process

This section presents the temperature profile along the bed
height at various time intervals during the discharging cycle. In this
phase, the heat transfer fluid enters the TES tank from the bottom.
Surface temperature profiles of the TES tank are shown for different
heat transfer fluids, each corresponding to its respective phase.
These are accompanied by line graphs to illustrate the development
of temperature profiles over time. The data presented in this section
specifically uses liquid water as the heat transfer fluid, with
temperatures ranging from 98 °C to 55 °C. Temperature profiles are
provided for time intervals of 0 seconds, 1,800 seconds, 3,600
seconds, 5,400 seconds, and 7,200 seconds. Figure 18 presents the
temperature profile within the thermal energy storage system (TES)
tank. Subfigures A to E illustrate the 2D temperature fields, while
subfigures (a) to (e) display the corresponding line plots. In these
figures, blue indicates lower (colder) temperatures, and red signifies
higher (hotter) temperatures. At time zero, the TES tank is at its

initial uniform temperature of 98 °C.

By 1800 seconds, a thermocline layer characterized by a steep

temperature gradient emerges around a height of 0.05 m. This

sharp temperature transition, clearly visible in

Figure 12 (A-E), marks the thermocline, where the

temperature shifts more rapidly than in other regions of the tank. As
time advances, the thermocline zone moves upward: to
approximately 0.15 m at 3600 seconds, 0.2 m at 5400 seconds, and
0.25 m at 7200 seconds. A steeper temperature curve indicates a
thinner thermocline, which is preferable, as it reduces heat transfer
from the hot fluid to the cold one. Over time, the thermocline layer
becomes more diffuse due to prolonged thermal interaction
between the hot and cold regions. Below the thermocline, the fluid
temperature aligns with the cold inlet temperature, while above it,

the fluid remains at a higher, heated state.
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Figure 12

(A-E) 2D representation of the temperature profile inside the TES tank at 0, 1800, 3600, 5400, and 7200 seconds, respectively, for solid rocks. (a-e) Line
diagrams of temperature versus tank height inside the TES tank at 0, 1800, 3600, 5400, and 7200 seconds, respectively.
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3.5 Enthalpy Vs Time during Charging and Discharging

Process

Figure 13, titled "Enthalpy vs. Time during Charging (2D
Axisymmetric TES)," illustrates the temporal variation of enthalpy
(J/m3) in a thermal energy storage (TES) system during the charging
process. Over 0 to 7200 seconds, the enthalpy increases steadily

from approximately 2.25 J/m?3to around 2.55 J/m3. This continuous

62 69 76 83 S0
Temprature, T(°C)

rise signifies the absorption and storage of thermal energy within
the system. The upward trend underscores the effective charging
behavior of the thermal energy storage (TES) system, emphasizing
the crucial role of enthalpy monitoring in optimizing energy
storage efficiency. A comprehensive understanding of this
behavior is vital for enhancing the performance and reliability of

thermal energy systems across a wide range of applications.
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Figure 13

Enthalpy vs Time during charging and Discharging (2D Axisymmetric TES).
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The above Figure 13 titled "Enthalpy vs. Time during
Discharging (2D Axisymmetric TES)," illustrates the variation in
enthalpy (J/m3) over time as a thermal energy storage (TES)
system undergoes discharging. Over a period of 7,200
seconds, the enthalpy gradually decreases from
approximately 4.0 J/m3 to around 3.75 J/m3, indicating the
steady release of stored thermal energy. This downward trend
highlights the effective discharge behavior of the TES,
underscoring the importance of enthalpy tracking in managing
energy output. A clear understanding of these dynamics is
crucial for optimizing the performance and efficiency of TES
systems in practical energy applications.
4. Conclusion and Recommendations
This study numerically investigated the performance of a
single-tank thermocline thermal energy storage (TES) system
for solar thermal applications in off-grid environments using
water as the heat transfer fluid and low-cost solid filler
materials. A two-dimensional Computational Fluid Dynamics
(CFD) model based on the Finite Element Method (FEM) was
developed to evaluate the system operating between 55°C
and 98°C. During charging, a distinct thermocline with a

thickness of approximately 0.263 m formed after 7200 s,

producing strong thermal stratification and a charging

1000 2000 3000 4000 5000 6000 70OO B0O0O

Time [s]

efficiency of about 95%. Laminar flow was maintained
throughout charging and discharging, with Reynolds numbers
of approximately 1078 and 769, maximum velocities of 0.02
m/s and 0.002 m/s, respectively, and a stable pressure drop of
about 2.49 kPa, confirming efficient heat storage, minimal
thermal mixing, and stable flow behavior.

A structured quadrilateral mesh with a maximum element
size of 0.1 m ensured mesh-independent and accurate
simulations. During discharging, the thermocline moved
upward while maintaining a sharp temperature gradient,
demonstrating effective heat retention and energy recovery.
Enthalpy analysis confirmed steady energy storage and
release, highlighting the system's stable thermal
performance. Overall, the results demonstrate that the water-
based thermocline TES system provides efficient solar thermal
storage with high thermal stratification, minimal mixing, and
stable laminar flow, making it a promising solution for
decentralized energy applications. Validation against
published studies further confirmed the model's accuracy and
reliability. Future work should investigate alternative heat
transfer fluids and filler materials, extend the model to three-

dimensional analyses, and include experimental validation
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and economic assessment to improve

implementation.
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	Abstract
	This study presents the design and numerical evaluation of a single-tank thermocline thermal energy storage (TES) system for solar thermal applications aimed at improving energy access in rural Ethiopia through small to medium-scale concentrated solar power (CSP) integration. A two-dimensional model using Computational Fluid Dynamics (CFD) and the Finite Element Method (FEM) simulated unsteady, incompressible laminar flow and heat transfer in a vertical cylindrical tank modelled as an isotropic porous medium. The system used water as the heat transfer fluid and operated between 55°C and 98°C, with a height-to-diameter ratio of 1.2. The computational mesh included 3,938 domain elements and 192 boundary elements, with a maximum element size of 0.01 m. During charging, hot water introduced at the top formed a thermocline that moved downward, reaching a thickness of 0.263 m after 7,200 seconds. The flow remained laminar, with a peak velocity of 0.02 m/s and a Reynolds number of about 1,078, while a pressure gradient of 2.49 kPa developed from top to bottom. The performance index was approximately 0.95, indicating strong stratification and minimal mixing. During discharging, reverse flow from the bottom reached a velocity of 0.002 m/s with a Reynolds number near 769, and the thermocline rose to 0.25 m by 7,200 seconds, maintaining separation of hot and cold zones. Enthalpy increased from 2.25 J/m³ to 2.55 J/m³ during charging and decreased from 4.0 J/m³ to 3.75 J/m³ during discharging, reflecting efficient energy storage and release. Overall, the results confirm stable thermal stratification, high energy efficiency, and the suitability of the proposed water-based thermocline TES for cost-effective, off-grid solar thermal energy applications.
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	Abstract
	The aim of this study is to address how smallholder farmers perceived climate change and the need to analyze the link between local perceptions and climatic data, which is very crucial to design context interventions and policies toward supporting adaptation measures. This study collected data from 384 randomly selected respondents in 18 kebeles over three districts, using focus group discussions, climate data analysis (Mann-Kendall tau test and Sen’s slope), descriptive statistics, and an order logit model. Most respondents reported that climate had changed notably with raised temperatures, declined rainfall, and a delayed rainy season as well as an increased intensity of drought and flood. Climatic patterns confirmed a significant increase in minimum and maximum temperatures during most seasons and years. While rainfall trends exhibited inter-seasonal variability, a significant increase was observed in long wet and autumn periods. Key findings reveal that the link between farmers’ perceptions and climatic patterns revealed strong correlations with temperature changes but some inconsistencies regarding rainfall trends. The order logit model results revealed that the respondents’ farm experience, educational level, livestock ownership, exposure to crop failure, total income, access to climate change information, and farmland fertility have significantly influenced their perceptions. Focusing interventions on these socio-demographic, institutional, and risk exposure variables will positively enhance farmers’ perceptions of climate change, which, in turn, can contribute to enhanced ecological resilience to climate change.
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	Abstract
	Barley is a vital crop for smallholder farmers in Ethiopia’s highlands, but productivity is constrained by poor soil fertility and inadequate fertilizer management. A field experiment was conducted in Southeastern Tigray during the 2017/18 Ethiopian cropping rainy season to evaluate the effects of macronutrients (N and P) and micronutrients (Fe and Zn) on barley yield, yield components, and grain quality. A split-plot design with three replications was used, with three N and P treatments (MA1 = control, MA2 = 100 kg Urea ha⁻¹ + 100 kg DAP ha⁻¹, MA3 = 50 kg DAP ha⁻¹ + 50 kg Urea ha⁻¹) as main plots and four Zn and Fe foliar treatments (P1 = control, P2 = 25 kg Zn ha⁻¹, P3 = 25 kg Fe ha⁻¹, P4 = 12.5 kg Zn ha⁻¹ + 12.5 kg Fe ha⁻¹) as subplots. Results showed that combining macronutrients and micronutrients produced better responses than either alone. The combination of 100 kg Urea ha⁻¹ + 100 kg DAP ha⁻¹ with 12.5 kg Zn ha⁻¹ + 12.5 kg Fe ha⁻¹ gave the highest grain yield (2.62 t/ha and 2.17 t/ha), Fe content (374.8 mg kg-1 and 155.3 mg kg-1), and protein content (15.6% and 12.4%) at Dejen and Kedamay-weyane, respectively. This nutrient combination is recommended to improve barley yield, grain Fe, and protein content in the study area.
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  Q =   ∫   T i   T f  m  C P dT           =         m  C P  (  T F −  T i )    


  Q = Amount   of   thermal   energy  stored released in   the   form   of   sensible   heat    ( KJ )


  m = The   mass   of   material   used   to   store   thermal   energy   ( kg )


   C P = the   specific   heat   of   the   material   to   store   thermal   energy    (  KJ  Kg ℃ )


   C P = the   specific   heat   of   the   material   to   store   thermal   energy    (  KJ  Kg ℃ )


   T F ,    T i = final   and   initial   temperature    ( ℃ ) ,   respectively


   T F ,    T i = final   and   initial   temperature    ( ℃ ) ,   respectively


  Q =         ρ ∗  C P ∗ V ∗  (  T F −  T i )  


  where ,   ρ : density   of   the   storage   material    [  kg   m 3 ]   and  


  V :   volume   occupied   by   the   storage   material   [  m 3 ]
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   λ  ρ ∗  C P


  Q =   ∫   T 1   T 2  m .  C  P ,   S .   dT
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