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Abstract 

A fast increase in power generation from renewable sources is creating the need for a larger contribution 
from power generation from other sources. This demands more flexible power generation systems, 
making energy storage a necessity to integrate flexible power generation with the grid demand.  Thermal 
energy storage is a good option to be integrated with Rankine power cycles. Particularly, sensible heat 
stored in concrete offers the option for integration with power plants in a flexible and cost competitive 
way. This paper reports research results performed by Lehigh University for the development of a thermal 
battery cell (TBC) capable of operating at temperatures up to 450°C. The Lehigh TBC integrates a concrete 
matrix, engineered to provide enhanced thermal and mechanical properties, and thermosiphon elements 
capable of dual action operation, engineered to enable charging and discharging on a single thermal 
battery unit. Components for the TBC were researched in the laboratory, and an integrated single-
thermosiphon, 10 kWhth TBC was designed and tested.  Efficient heat transfer to/from the storage media, 
was demonstrated in the lab. The 10 kWhth TBC was tested under several different charging and 
discharging conditions and proven to be resourceful. Test results demonstrate the feasibility of the 
concept to store sensible thermal energy in concrete between 300°C and 400°C, with fast charging and 
discharging performance provided by the thermosiphon, suited for fast ramping of the power generation 
unit. The Lehigh University team is working on the design, construction and testing of a scale-up 100-
kWhth TBC prototype which will integrate multiple optimized thermosiphons, a constrained concrete 
formulation, and computationally optimized charge/discharge plenums. 

1. Introduction 

The need to reduce carbon dioxide (CO2) emissions to mitigate the impact of greenhouse gases on the 
severity of global climate change has promoted an  increase in the use of energy from renewable sources. 
The contribution of energy from renewable sources has increased on the grid, creating a scenario where 
fossil fired power plants are faced, with the necessity to operate at conditions different than their 
intended design, such as cycling and operating below minimum low-load design condition. These new grid 
conditions have forced fossil fuel fired power plants to become flexible, in order to adapt to new electrical 
system operator market opportunities.  

Since power generation from renewables has not raised yet to satisfy the grid demand, fossil fuel fired 
power plants need to continue being operated during the transition to a carbon-constrained future. To 
allow a smooth transition, research on fossil fuel fired power plants flexibilization has become very active.  
The use of thermal energy storage integrated with fossil fuel fired power plants is one of the options for 
power plants flexibilization. (Cao et al., 2020) integrated a high-temperature energy storage-aided cycle 
into the steam-water cycle of a conventional coal power plant to assess the round-trip efficiency of the 



integrated concept. (Richter et al., 2015) modeled and validated a detailed non-steady coal fired power 
plant steam generator in Modelica/Dymola using the library Clara (Clausius-Rankine) and demonstrated 
an efficient increase in load as a result of the integration of thermal energy storage with the plant steam 
cycle.  A study that investigates the feasibility of integrating thermal energy storage with thermal power 
plant steam cycles, considering different charging and discharging locations was also performed by (Li, D., 
Zhang, W., & Wang, 2018). This study demonstrated that thermal energy storage integration allows a 
faster response to load demand changes. The integration of a steam accumulator, known as Ruths 
storage, into a coal power plant to increase its flexibility was investigated by (Richter et al., 2019). It was 
found that the integrated energy storage is capable of allowing load change at a constant firing rate. In 
another study, storing the main steam sensible and latent heat during load ramping-down, in a molten 
salt  and phase changing material, respectively, was proposed by (Wei et al., 2021). The stored heat was 
reused to heat the feed water and condensate water during the load ramping process, proving that the 
proposed operational concept improves the operational flexibility of a coal power plant and can make the 
unit operate at the lowest stable load. Furthermore, (Li & Wang, 2018) studied a strategy to integrate 
high-temperature thermal storage to the thermal power steam cycle of a power plant, identifying suitable 
charging and discharging locations in the steam cycle. The results showed the feasibility of extracting 
steam from the steam turbine to charge the thermal storage system and then discharge the stored heat 
to the power generation cycle, achieving a faster response to grid load demand changes. Finally, (Trojan 
et al., 2019) analyzed the improvement in the flexibility of a 200 MWe unit by the integration of hot water 
storage tanks. A maximum increase in the unit power output resulted when hot water from the storage 
tanks was discharged to the boiler. 

The studies conducted on thermal energy storage integration to fossil fuel power plants as an option to 
improve power plant flexibility has motivated research on thermal battery concepts capable of storing 
sensible heat in a thermally stable solid media, such as concrete, for easy integration with the thermal 
cycle of a fossil power plant. Additionally, solid media materials selected for this particular application 
should be cost-effective from a $/kWh point of view. 

Several research groups have conducted investigations for the development of thermal batteries to store 
sensible heat in solid storage media to be used in different applications, such as solar power plants. Their 
results have shown the feasibility of storing sensible heat in solid storage media at relatively high 
temperatures. (Laing et al., 2006) reported development of two-storage system, composed of modules 
with two different storage materials and a tubular heat exchanger integrated into the storage material, 
with a capacity of 350 kWhth each and a maximum operating temperature of 390°C. (Laing et al., 2009) 
reported test results of a 20 m3 solid media storage module operated in the temperature range from 
300°C and 400°C during 100 cycles.  This project focused on the cost reduction of the heat exchanger and 
the high temperature concrete storage material.  An approach for cost reduction using heat transfer 
structures with high thermal conductivity inside the concrete was presented by (Laing et al., 2012). In 
another research, (Tamme et al., 2004) analyzed solid media storage material properties and the 
geometry of the storage system as essential parameter for the economic optimization process of solid-
state thermal batteries. (Salomoni et al., 2014) described the guidelines for designing a concrete storage 
module using a finite element method for the design of a scaled storage prototype. An experimental and 
numerical study of thermal energy storage using concrete, with upgraded thermo-mechanical properties, 
was conducted by (Giannuzzi et al., 2017). In this study, a new design of thermal cycling of storage 
elements for operation up to 400°C and based on the Joule effect heating was proposed. Additionally, an 
energy storage medium consisting of quartzite as a main component was presented by (Bergan & Greiner, 
2014). This thermal energy system consists of steel pipes casted into concrete modules arranged in 
parallel and series which can be operated between 100 and 550°C. (Hoivik et al., 2019) also presented the 



performance of a two 500 kWhth thermal energy storage tested at the Masdar Institute Solar Platform at 
temperatures up to 380°C. This thermal energy storage system has a modular design consisting of steel 
pipe heat exchangers casted in concrete. The experimental results after 6,000 hours, confirmed the 
stability of material properties and showed no signs of degradation of the storage material. 

This report describes experimental results of Lehigh University’s new development on sensible thermal 
energy storage in concrete, which includes a novel approach regarding the way energy is transferred 
to/from the storage media during the charging and discharging process. 

2. Concrete-Thermosiphon Thermal Battery Concept 

Different than other thermal batteries where the heat transfer fluid (HTF) flows through pipes casted in 
large blocks of concrete or through thermal elements accommodated in series and parallel in a modular 
configuration, the novel thermal battery reported in this paper is configured with a dual action 
thermosiphon embedded in concrete engineered to operate up to 400°C with enhanced thermal and 
mechanical performance. This battery can operate with different types of heat transfer media, such as 
steam, flue gas or any other HTF, as well as heat transformed from electrical energy input if an easy access 
to low-cost renewable electric power is applicable. 

The thermosiphon is a dual action device that can be used for charging and discharging purposes as shown 
in Figure 1. The dual action thermosiphon consists of a vacuumed pipe filled with an organic fluid . During 
the charging process as shown in Figure 1a), the bottom part of the thermosiphon (charging evaporator), 
which is below the concrete portion, is heated to evaporate the charged fluid that is inside the 
thermosiphon.  Once evaporated, the fluid vapor raises, and it is condensed along the thermosiphon 
section that is inside the concrete (charging condenser).  The condensed fluid returns to the evaporator 
along the thermosiphon pipe wall by gravity. In the charging condenser, the fluid’s latent heat is 
transferred to the concrete. Because of the small temperature difference between the condenser and the 
evaporator, the effective thermal conductivity of the thermosiphon is higher than 10,000 W/m-K.  As a 
result, an isothermal behavior is created along the length of the thermosiphon which allows a radial only 
heat transfer inside concrete.  

 
Figure 1.  Dual action thermosiphon operation: a) charging and b) discharging 



During the discharging process as shown in Figure 1b), the thermosiphon fluid is evaporated along the 
section of the thermosiphon embedded in the concrete (discharging evaporator), due to the high 
temperature of the concrete. The heat stored in the concrete during the charging process is now 
transferred to the fluid to allow its evaporation. The thermosiphon fluid vapor condenses at the top part 
of the thermosiphon outside the concrete portion (discharging condenser) and then returned to the 
bottom again by gravity. In the discharging condenser, the fluid latent heat is transferred to a heat transfer 
media. 

3. Experimental Setup 

Based on the concept described above, Lehigh University designed a 10 kWhth TBC. This module was 
designed by embedding a dual action thermosiphon concentrically in a concrete cylinder enclosed in a 
steel jacket. The TBC was designed for operation with heated air as heat transfer media for both charging 
and discharging. The charging evaporator and the discharging condenser consist of two separate steel 
plenums designed for optimized flow field and heat transfer with thermosiphon finned sections inside of 
them, transferring heat by convection during the charging and discharging processes.  A schematic of the 
Lehigh 10 kWhth TBC is shown in Figure 2.  

 
Figure 2.  Lehigh University 10-kWhth TBC schematic 

The experimental test rig consists of a 10.5 ft long thermosiphon concentrically embedded in a 14 in 
diameter, 7 ft long, concrete cylinder. The concrete cylinder was casted inside a 14 in schedule 40 steel 

pipe. The average concrete specific heat (Cp), density () and thermal conductivity (k) in the operation 
temperature range 300-400°C are 1.1 kJ/kg K, 2,300 kg/m3 and 1.88 W/m-K, respectively. The 
thermosiphon used in this test has a 1.5 in inside diameter (ID), a 1.9 in outside diameter (OD), a 10.5 ft 
length and is made of a low carbon pipe 25% filled in volume with the thermosiphon thermal fluid. Low 
carbon steel serrated circular fins with 1 in height were fitted at both ends of the thermosiphon to increase 



the heat transfer area. The finned section length at the bottom and top of the thermosiphon is 18 in and 
21 in, respectively. The TBC was insulated with a 5 in mineral wool layer. The insulation was covered with 
aluminum foil to reduce radiation heat losses. Figure 3a shows a photograph of the thermosiphon 
embedded in the concrete cylinder and the serrated circular fins on one end. 

 
Figure 3.  a) Finned thermosiphon embedded in concrete; b) Insulated concrete cylinder and plenums 

Two 75 kW electrical heaters were used as energy supply to heat the air  used as heat transfer media for 
the charging and discharging processes.  The air temperature used for charging and discharging was 433 
°C and 185°C, respectively.  Two 3/8 in thick low carbon steel plenums were fabricated and connected 
with the top and bottom steel jacket flange  of the concrete cylinder. Each plenum consists of two adapting 
parts from a 3 in diameter pipe to a 20 in by 18 in by 24 in rectangular box.  Figure 3b shows a picture of 
the system with plenums and insulation layer installed in place. 

Twenty-five type K thermocouples, with an accuracy of ± 0.75%, were placed longitudinally through the 
thermosiphon and radially inside the concrete. A Campbell-Scientific CR9000X data logger was used to 
record the temperature history during the testing. The thermocouples were placed inside concrete at five 
equidistant levels with a 21 in spacing staring from the bottom surface of concrete.  For each vertical level, 
five equidistant thermocouples were placed along the radial direction with a 1.5 in spacing starting from 
the thermosiphon surface. Figure 4 illustrates the position of the thermocouples in the experimental 
setup. Additionally, thermocouples were placed on the external surface of the insulation layer,  and at the 
inlet and outlet of two plenums. The ambient temperature was also recorded during the testing.  The air 
flow rate was measured at 25°C using an electronic flowmeter with an accuracy of ± 5%.     



 

Figure 4.  Thermocouples position in experimental setup 

The piping and instrumentation diagram (P&ID) of the experimental setup is shown in Figure 5.  At the 
beginning of the charging process, the valves located at the inlet and outlet of the charging plenum (Valves 
Charge 1, 2 and 3) are open to allow the hot air to flow through the charging plenum while the valves 
located at the inlet and outlet of the discharging plenum (Valves discharge 1, 2 and 3) are closed to prevent 
any air flowing through the discharge plenum. 

 
Figure 5.  Experimental setup P&ID 

After the charging process and holding periods are concluded, the valves located at the inlet and outlet of 
the charging plenum are closed to stop air flowing through it while the valves located at the inlet and 
outlet of the discharging plenum are open to allow the colder air to flow through this plenum. 
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4. Experimental Results 

During the charging process, air at 433°C was circulated through the insulated plenum located at the 
bottom of the concrete module. An air mass flow rate of 0.16 kg/s was used for all the tests. As shown in 
Figure 6 from a charging test, 10 kWh thermal energy storage objective is achieved after 6.3 hours, 
including energy stored in concrete, thermosiphon pipe and steel jacket. The specific capacity of the 
Lehigh University TBC (including the storage material, the dual action thermosiphon and the steel jacket) 
is 47.2 kWh/m3. 

 

Figure 6.  Energy stored in TBC during charging 

Figure 7 shows the corresponding temperature of the air at inlet and outlet of the charging plenum and 
thermosiphon-concrete interface during the charging process. A temperature difference of 30°C between 
the air inlet and outlet temperatures is shown in Figure 7. This demonstrates that an effective heat 
transfer between the air and the fins occurs inside the plenum.  The maximum temperature difference 
along the length of thermosiphon is 8°C which is observed between the top and bottom of the 
thermosiphon. This temperature difference along the thermosiphon confirms the isothermal behavior of 
the thermosiphon is well maintained during the charging testing. Furthermore, this temperature 
distribution along the thermosiphon height allows to consider the heat transfer in the concrete only in 
radial direction. During the testing, it is found that the average thermosiphon temperature first rapidly 
increased from 200°C to 335°C in an hour and then slowly increased from 335°C to 360°C in the next five 
hours due to the limitation of the air input temperature constantly at 433°C.  

  
Figure 7.  Temperatures of air, thermosiphon and concrete during charging process 



Figure 8  shows concrete temperature contours at the beginning and the end of the charging process. As 
expected, the temperature distribution along the vicinity of the thermosiphon is constant while the 
distribution propagates into the concrete mainly in the radial direction. The temperature propagation in 
relation to the bottom and top of the concrete is due to the use of only one thermosiphon to heat the 
concrete mass needed to store 10 kWhth.   

 
Figure 8.  Concrete temperature contours at the beginning and end of the charging process 

In the next stage of this research, several thermosiphons in an optimized distribution will be embedded 
to reach uniform radial and axial temperatures in the concrete.  The beginning of the 100 kWhth TBC 
construction and assemble is shown in Figure 9. 

 
Figure 9.  Beginning of 100 kWhth construction and assemble 



During the discharging process, air at 185°C was circulated through the discharging plenum at the top of 
the concrete module. Four tests were performed using four different air mass flow rates:  0.16, 0.11, 
0.011, and 0.008 kg/s. After a duration of 3.8 hours, the thermal energy discharged from the module was 
5.9, 5.6, 4.9 and 4.2 kWhth, respectively.  The history of released energy amount during the discharging 
testing is shown in Figure 10.   

 

Figure 10.  Energy discharged during discharge tests 

The discharging initial conditions, for the four discharge tests, were the same as well as the tests duration.  
The energy transferred to the air was 4.3, 4, 1.7 and 1.3 kWhth for each one of the air mass flow rates.  
The results for the four discharging tests are presented in Table 1.   

Table 1.  Discharge tests results 

Test 

Test 
time 
[h] 

Air mass 
flow 

[kg/s] 

Energy from  
Concrete 
[kWhth] 

Energy 
to Air 

[kWhth] 

1 3.8 0.16 5.8 4.3 

2 3.8 0.11 5.5 4.0 

3 3.8 0.011 4.8 1.7 

4 3.8 0.008 4.2 1.3 

Figure 11 shows the air and thermosiphon-concrete interface temperatures for the discharging process 
test performed using an air mass flow rate of 0.008 kg/s.  The air temperature difference between the 
inlet and outlet of the plenum decreases slightly with time and it is approximately 30°C at the end of the 
discharge test. This reduction is expected as the thermosiphon temperature decreased with time.  The air 
temperature difference, between the plenum inlet and outlet, demonstrates that an effective heat 
transfer between the air and the fins occurs inside the plenum.   



   
Figure 11.  Air, thermosiphon and concrete temperatures of 0.008 kg/s discharging test 

Figure 12 shows the concrete cylinder temperature contours at the beginning and the end of the 
discharging process when an air mass flow rate of 0.008 kg/s was used.   

 
Figure 12.  Concrete temperature contours at the beginning and end of 0.008 kg/s discharge test 

5. Conclusions 

A dual action thermosiphon embedded inside concrete with optimized thermal and mechanical behavior 
concept  was demonstrated at Lehigh University as a feasible way to storage thermal energy for fuel fired 
power plant flexibilization. The concrete-thermosiphon thermal battery demonstrated to have a rapid 
heat transfer response to/from the storage media. Testing performed at chosen air mass flow rate showed 
the proposed thermal battery system has the ability to be charged and discharged in the temperature 



range between 300 and 400°C. A small temperature difference along the thermosiphon length during both 
charging and discharging testing is found demonstrating the thermosiphon is able to maintain an 
isothermal behavior during the operation of the system. It is confirmed based on the measurements that 
the heat transfer throughout concrete is mainly on the radial direction, which can be used as a practical 
assumption for analytical studies. An air temperature difference between the plenum inlet and outlet, 
during the charging and discharging processes, indicates that an effective heat transfer between the air 
and the fins occurs inside the plenums. 
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