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This study presents a detailed analysis of a packed bed thermal energy storage sys-
tem, supported by a critical review of similar configurations in the literature. The 
research emphasizes the impact of working fluids on overall system performance. 
Key parameters including thermal storage capacity, heat transfer mechanisms, pres-
sure drop, air-flow velocity, biomass feed rate, and heat transfer fluid temperature 
are assessed for their roles in determining system behavior. The main objective is to 
develop an innovative system that integrates an ORC with a single flash geothermal 
unit. Thermodynamic assessments, covering both energy and exergy analyses, were 
performed using MATLAB in conjunction with the CoolProp library to ensure precise 
thermophysical property data. Departing from conventional geothermal set-ups, this 
study introduces a novel ORC-SFGEO integration. While R245fa remains a bench-
mark working fluid, the study also evaluates low global warming potential alterna-
tives including R1233zd(E), R1234ze(Z), R1234ze(E), and R1234yf commonly used 
in heat pumps to enhance thermodynamic and environmental performance. Results 
show that the integrated system yields a 40% performance increase compared to sim-
ilar systems in the literature. The energy and exergy efficiencies of the base system, 
without a heat pump, are 24.26% and 7.51%, respectively. When the HPS is integrat-
ed, exergy efficiency improves by 55.5%, addressing fluctuations in solar input. 
Key words: packed bed thermal energy storage, ORC, waste heat recovery, 

single flash geothermal energy cycle, exergy analysis

Introduction 

With the growing global energy demand, integrating thermal energy storage (TES) 
with RES such as solar, wind, geothermal, and biomass has become critical for reducing de-
pendence on fossil fuels and ensuring uninterrupted energy supply. Forecasts indicate that TES 
technologies will comprise nearly 60% of the total heat storage capacity between 2030 and 
2050. Furthermore, compared to hydrogen storage and lithium-ion batteries, TES is consider-
ably more cost-effective [1, 2].

Among TES technologies, packed bed thermal energy storage (PTES) systems have 
received considerable attention in both experimental and theoretical research. These systems 
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typically consist of a tank filled with suitable packing materials and a heat transfer fluid (HTF), 
which may be either a liquid or gas. Liquid HTF allow operation at lower Reynolds numbers, 
minimizing pumping power, while gas HTF, like air, benefit from low viscosity and high tem-
perature operation [3].

Jan’s research applied a multi-objective optimization strategy to air operated, thermo-
cline-layered PTES systems to enhance exergy efficiency and reduce material costs. The study 
found that a narrow top-truncated cone design offered the highest exergy efficiency, and the 
method used reduced computation time by up to 99% [4]. In a related 2019 study, Singh et al. 
[5] used a modified 1-D two-phase Schumann model to simulate a 175000 m³ conical packed 
bed. The system exhibited over 98% energy and exergy efficiency under optimal parameters like  
3 cm rock diameter and 0.6 m insulation thickness. Hassan et al. [6] reported that the smallest 
cone cross-section in TES design resulted in the highest exergy performance, recovering 33% 
of stored energy with only 4.22 kW fan power required.

Pressure drop, a critical factor in PTES efficiency, is influenced by packing materi-
al porosity and other parameters like particle diameter, air-flow velocity, and tank geometry 
 [3, 7, 8]. Trevisan et al. [9] found that using larger gravel and medium particles offered eco-
nomic benefits while enhancing performance. Gautam and Saini [10] study noted that while 
higher air-flow rates increase energy consumption, they are also shaped by the tank’s L/D as-
pect ratio, which affects the overall flow and heat transfer behavior [11]. To further optimize 
PTES performance, system parameters such as pressure drop, outlet temperature, insulation 
thickness, fan power, thermal capacity, Reynolds, Nusselt, and Biot numbers, and material costs 
must be simultaneously tuned. For example, Charmala developed empirical correlations to esti-
mate Nusselt numbers and heat transfer coefficients for different PTES packing geometries and 
materials, assisting designers in system development [2, 12-17].

Research also highlights various integration methods to boost PTES performance. 
Christian’s density based optimization with rock and sand packing improved TES system per-
formance by 46% [18]. Cardenas  et al. [19] showed that an aspect ratio of 0.6 mm and 4 mm 
particles maximized exergy efficiency (98.24%) while enabling drying during sunless periods. 
Atalay and Cankurtaran [20]  reported that a solar air collector integrated PTES system had a 
6.82-year energy pay-back period, cutting CO₂ emissions by 99.60 tons. Lamrani and Draoui 
[21] TRNSYS-based Moroccan climate study showed that PTES-enhanced solar wood drying 
could reduce drying time by 15% and pay-back time by 33%.

Waste biomass, such as olive pomace, can be dried in PTES systems and combusted in 
ORC systems for sustainable energy recovery. The ORC working fluid choice particularly low 
GWP alternatives like R1233zd(E), R1224yd(Z), and R1234ze(Z) affects system performance, 
emissions, and material compatibility [22, 23]. Despite slight efficiency tradeoffs, they offer 
substantial environmental benefits compared to traditional fluids like R245fa. 

Finally, literature lacks studies integrating ORC-SFGEO with PTES, though they 
promise low cost, sustainable power generation [24-26]. Turkey’s olive rich regions offer po-
tential for using dried pomace in PTES supported ORC systems, enabling local energy pro-
duction, better waste management, and improved drying efficiency up to 18% [27, 28]. This 
study proposes an innovative, integrated approach to enhance sustainable energy recovery and 
regional development.

Material and method

In the system considered, a hybrid waste energy conversion system has been devel-
oped by integrating olive pomace biomass, dried through an air solar collector supported PTES 
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system, with an ORC system and a single flash geothermal energy cycle. Additionally, a heat 
pump system has been integrated as an alternative to packed bed storage due to the intermittent 
nature of solar energy. This hybrid energy system is an innovative approach that combines so-
lar, biomass, and geothermal energy to provide both electricity generation and heating.

The system’s operating principle is illustrated in fig. 1. Solar energy is harvested via 
supported air collectors and stored in a packed bed heat storage unit, later used for drying 

Figure 1. Schematic Model of PTES 

Table 1. Energy and exergy balance equations of PTES components
Component Exergy balance

Solar collector  
solarin u destsolar losssolarEx Ex Ex Ex= + +   

Packed bed storage  
u fan packed,a destpacked packed,loss2Ex W Ex Ex Ex+ × = + +    

Geothermal separator  
sep16 sep17 sep18 destsep losssepEx Ex Ex Ex Ex= + + +    

Biomass burner  burnerbio terminol7 pomash terminol6 destburner lossburnerEx Ex Ex Ex Ex Ex+ = + + +     

Heat exchanger 1  
9 terminol6 13 terminol7 destheatexc1 lossheatexc1Ex Ex Ex Ex Ex Ex+ = + + +     

Heat exchanger 2  
12 18 13 21 destheatexc2 lossheatexc2Ex Ex Ex Ex Ex Ex+ = + + +     

Orc turbine  
9 10a turb1 destturb1 lossturb1Ex Ex W Ex Ex= + + +    

Geothermal turbine  
17 19a turb2 destturb2 lossturb2Ex Ex W Ex Ex= + + +    

ORC condenser  
10a 14 11 15 destbiocond lossbiocondEx Ex Ex Ex Ex Ex+ = + + +     

ORC pump  
12 pumpbio 11 destbiopump lossbiopumpEx W Ex Ex Ex+ = + +    

Geothermal pump  22 pumpgeo 20 destgeopump lossgeopumpEx W Ex Ex Ex+ = + +    

Evaporative condenser  
19a 27 20 23 destcondsog losscondsogEx Ex Ex Ex Ex Ex+ = + + +     

Compressor  23sog 24sog kompsog destkompsog losskompsogEx Ex W Ex Ex− + = +    

Air cooled condenser  27sog 19 23sog 20 destcondsog losscondsogxEx Ex Ex Ex E Ex+ = + + +     

Reducing valve  
25sog 27sog destgensog lossgensogEx Ex Ex Ex− = +   
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olive pomace biomass. The analytical model incorporates governing equations for the air so-
lar collector, packed bed, and biomass combustion chamber components [11, 29]. Following 
the approach of Mumma and Marvin, temperature differentials are central to modelling the 
packed bed’s thermal profile. The 2 m gravel bed is discretized into 20 sections, each spaced  
10 cm apart. Fan power requirements are derived from pressure drop estimations. The biomass 
combustion chamber equations are sourced from established models [7, 26, 27, 30]. Table 1 
summarizes energy and exergy balance equations for each PTES component, critical for evalu-
ating thermodynamic behavior and system efficiency.

Energy and exergy analysis

In the general system analysis, the system boundary is defined to exclude the heat 
pump, while including all other system components. The thermodynamic assumptions consid-
ered for the PTES system are: the system operates under steady-state conditions, changes in 
potential and kinetic energy are neglected, friction losses are neglected, the ambient pressure 
and temperature are taken as P0 = 101.325 kPa and T0 = 25 °C. The key parameters and design 
values critical for determining the performance of the analyzed TES and conversion system are 
summarized in the table below, tab. 2 [7, 26, 31-35]. 

The exergy analysis table, tab. 3 presents the thermodynamic performance and ex-
ergy losses of each component of the system in detail. This analysis is crucial for identifying 
the main sources of inefficiency within the system and pinpointing optimization opportunities. 
Sustainability analysis in energy systems plays a crucial role in assessing the environmental 
benefits or adverse impacts of these systems, particularly in terms of their environmental con-
tributions and waste generation [36].

Results and discussion

In the system performance analysis, MATLAB was employed for numerical model-
ling, while thermophysical properties of the working fluids were determined using the COOL-
PROP library. Reported second law efficiency values range from 4.7%-93%, indicating varying 
degrees of exergy losses. Enhancing these values is critical for improving the sustainability and 

economic feasibility of thermal energy systems. 
Recent high efficiencies, such as those reported 
by Alice and Paul, reflect notable advancements 
in the field [37-39]. Dejene’s study investigated 
a parabolic solar collector coupled with a gravel 
packed bed cooker for tropical regions, achiev-
ing 30% cooking efficiency and 66.7% thermal 
storage efficiency under high solar irradiance, 
while dropping to 22.08% under low irradiance 
[40]. Figure 2 illustrates that 60% of exergy 
destruction occurs in the biomass combustion 
chamber, 22% in heat Exchanger 1 and the ORC 
condenser, and 18% in remaining components.

As shown in fig. 3(a), minimizing the pressure drop in the packed bed storage system 
is crucial due to its significant impact on the system’s exergy efficiency. A reduced pressure 
drop lowers the required fan power, thereby enhancing the overall performance of the system. 
In fact, as the pressure drop, Dp decreases, the fan power consumption, Wfan also decreases ap-
proximately linearly.

Figure 2. The exergy destruction rates of 
PTES components
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Table 2. Operating tables of PTES 
Parameters Units Values

Solar radiation, I [Wm–2] 779.03
Solar radiation temperature, TSun [K] 6000
Solar collector area, Ascol [m2] 6
Air specific heat capacity, Cp,a [kJkg–1K–1] 1008
Specific heat capacity of moist air, Cp,va [kJkg–1K–1] 0.72
Ambient temperature, Tamb [K] 298.15
Solar collector outlet temperature, Taout [K] 348.15
Solar collector inlet temperature, Tain [K] 298.15
FR (Շ α) [–] 0.60
FR UL [–] 3
Packed bed inlet temperature, Taipacked [K] 348.15
Packed bed sections, Apacked [m2] 4
Air inlet velocity into the packed bed, Va [ms–1] 0.20
Air density, qa [kgm–3] 1.10
Inlet temperature from collector to packed bed, Tai [K] 348.15
Initial temperature of packed bed, Tbi [K] 298.15
Charging time, t [second] 28800
Void fraction, ɛ [–] 0.30
Sphericity of storage material, φ [–] 0.80
Pebble stone density, qs [kgm–3] 1920
Pebble stone specific heat capacity, Cp,s [Jkg–1K–1] 835
Packed bed volume, Vb [m3] 8
Pebble stone diameter, De [m] 0.05
Pebble stone thermal conductivity, Ks [Wm–1K–1] 2
Bed length, L [m] 2
Number of bed materials, N [–] 20
Time range, Δt [second] 900
Ra [kJkg–1K–1] 0.2870
Isentropic Turbine 1 efficiency, µst1 [–] 0.85
Isentropic Turbine 2 efficiency, µst2 [–] 0.83
THsog K 313.15
Pump motor isentropic efficiency, µpump [–] 0.95
Isentropic compressor efficiency, µsc [–] 0.85
Water specific heat capacity, Cp,geo [kJkg–1K–1] 4.18
Olive pomace specific heat capacity, Cp,pom [kJkg–1K–1] 1.63
Therminol specific heat capacity, Cp,therminol [kJkg–1K–1] 1.53
The R-245fa specific heat capacity (Cp,r245fa) [kJkg–1K–1] 1.36
The R-1234yf specific heat capacity (Cp,r1234yf) [kJkg–1K–1] 1.28
Olive pomace moisture content, wb [%] [–] 14.60
Water voparization enthalpy in olive pomace, hfgolivepom [kJkg–1] 2500
Air excess coefficient, λ [–] 0.20
C [%] [–] 52.90
H [%] [–] 8.94
N [%] [–] 2.54
O [%] [–] 31.82
S [%] [–] 0
Ash [%] [–] 3.80
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Table 3. The PTES energy, exergy and exergy destruction values

Components Exergy fuel 
flow [kW]

Exergy product 
flow [kW]

Exergy 
destruction [kW]

Exergy 
efficiency 

Solar collector 4.36 0.20 4.14 0.04

Packed bed storage 0.22 0.15 0.07 0.63

Biomass burner 2328.30 741.71 1562.90 0.30

Heat exchanger 1 741.71 449.29 291.52 0.60

ORC turbine 332.25 288.02 36.45 0.84

ORC condenser 326.07 50.14 275.79 0.15

ORC pump 33.37 30.78 2.59 0.92

Heat exchanger 2 260.26 175.66 84.38 0.67

Geothermal seperator 858.10 806.02 50.77 0.93

Geothermal turbine 314.01 263.27 50.43 0.83

Evaporative condenser 99.83 38.34 61.47 0.38

Geothermal pump 0.20 0.01 0.18 0.94

Compressor 180.58 153.49 21.74 0.84

Air cooled condenser 102.50 26.04 76.45 0.25

Expansion valve 545.64 450.98 94.64 0.82

Geothermal flash overall 0.05

ORC overall 0.36

Heat pump overall 0.14

General overall 0.07

Figure 3. (a) The effect of pressure drop on fan power consumption and  
(b) effect of void fraction on packed bed Tbm, energy, and exergy efficiency

As shown in fig. 3(b), critical parameters such as void fraction, pressure drop, fan 
power capacity, Tbm, and exergy efficiency significantly impact the performance of the packed 
bed storage system. In this study, a void fraction value of 0.3 was used to achieve the mini-
mum pressure drop, optimizing system performance. However, this value can still be further 
optimized, indicating potential for additional improvement. Table 4 compares packed bed 
heat exchanger efficiencies from Turkakar [41] and the present PTES model. At Tamb = 15 
°C, Turkakar reported 46.42%, while this study achieved 65.57% (relative error: 0.41%). At  
20 °C, efficiencies were 61.9% and 64.82% (error: 0.04%). At 25 °C, 63.84% (current) vs. 
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77.38% (Turkakar), with a 0.17% error, all below 2%. Atalay [7] experimentally studied a 
solar dryer with packed bed thermal storage, reporting orange slice moisture reduction from  
93.5%-10.28%, and exergy efficiency from 50.18%-66.58%. As shown in fig. 4(a), the energy 
and exergy analysis of packed bed results obtained are consistent with the findings of [7, 41].

Table 4. The PTES model verification study

Conditions
[41] 

 Packed bed exchanger 
efficiencies [%]

[7]  
Packed bed exchanger 

efficiencies [%] 
Relative error [%]

Tamb = 15 0C 46.42 65.57 0.41
Tamb = 20 0C 61.9 64.82 0.04
Tamb = 25 0C 77.38 63.84 0.17

Turkakar [41] emphasized that air-flow above 0.1 m/s minimizes fan power and en-
hances tank performance. This study uses 0.2 m/s inlet air velocity for optimal exergy efficiency.
As illustrated in fig. 4(b), increasing the mterminol flow rate from 2.06-10.33 kg/s leads to a 
marked reduction in overall energy efficiency (en eff. overall) from 29.06%-22.07% and ex-
ergy efficiency (ex eff. overall) from 9.84%-6.57%. Simultaneously, the biomass input mpom 
increases from 0.01-0.05 kg/s, indicating an inverse relationship with efficiencies due to rising 
thermodynamic losses. Colantoni et al. [26] reported electrical efficiencies of 12.7%-19.4% 
for a pomace-fueled ORC system using an LHV of 23.75 MJ/kg, while the current study uses 
27.41 MJ/kg. Mellalou et al. [27] achieved 36.91% exergy efficiency, compared to 63% here. 
Table 5 shows that R1233zd(E) provides the highest turbine output (162 kW at 100 °C) among 
the fluids analyzed, emphasizing the importance of working fluid choice in optimizing ORC 
performance.

Figure 4. (a) The effect of flow velocity on pressure drop and 
(b) effect of olive pomace flow rate on exergy efficiency

Table 5. Comparison of turbine work rates for ORC fluids based on 
turbine inlet temperature

ORC turbine
inlet teperature [°C]

WR245fa 
[kW)]

W R1233zd(E) 
[kW]

W R1234ze(Z) 
[kW)]

W R1234ze(E) 
[kW] 

70 3.10 3.33 2.20 2.43
80 55.26 59.42 39.25 43.41
90 104.48 112.34 74.22 82.09
100 150.66 162 107.02 118.37
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Conclusions

This study assessed a sustainable hybrid energy system for integrating, convert-
ing, and storing multiple energy sources. In the PTES system, increasing olive pomace flow 
rate reduced overall energy efficiency from 29.06%-22.07% and exergy efficiency from  
9.84%-6.57%, indicating higher irreversibilities. 

Maximum exergy efficiency was achieved at an air velocity of 0.2 m/s. The biomass 
combustor exhibited the highest exergy destruction (1562.90 kW), followed by heat Exchanger 
1 (291.52 kW) and the ORC condenser (275.79 kW). The geothermal separator (93%), ORC 
pump (92%), and geothermal pump (94%) had the highest efficiencies, while the solar collector 
(4%), ORC condenser (15%), air-cooled condenser (25%), and evaporative condenser (38%) 
showed the lowest.

Overall exergy efficiencies were 5% (geothermal), 36% (ORC), and 14% (heat 
pump). Integration of the heat pump improved packed bed efficiency by 55.5%, reaching 98%. 
Literature reports efficiencies from 4.7%, Dhivagar et al. [37], to 93%, Tosatto et al. [38]. Fan 
power use was minimized at air velocities >0.1 m/s, with 0.2 m/s selected for high performance 
(error <2%). R1233zd(E) delivered the highest ORC turbine work (162 kW at 100 °C), while 
R1234ze(Z) was lowest. Overall, the system provides an efficient, scalable model for sustain-
able energy use, especially in agricultural waste rich regions.
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