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ABSTRACT  

In the United States, the building sector accounts for 40% of all energy use, and buildings are responsible for more than two-thirds of electricity consumption. 

Buildings remain the major driver of energy-related carbon emissions, and such emissions are projected to increase in the years ahead because of urbanization 

and population growth. To accomplish the low carbon energy goal in the building sector, phase change material (PCM)–based thermal energy storage (TES) 

is increasingly being adopted because it offers several advantages, such as reducing building peak load and energy consumption, enabling large scale deployment 

of renewables, and improving grid stability. 

The integration of TES with thermally anisotropic building envelopes (TABEs) is a promising solution because, TABE can redirect natural thermal 

energy from a building using hydronic loops to TES, and the stored energy can be used later for heating and cooling applications. In this study, we 

experimentally investigate the thermal performance of a novel fin-tube heat exchanger TES system designed for potential integration with a TABE. An 

experimental rig for a 5-gal PCM fin-tube heat exchanger system with water as the heat transfer medium is described which records temperatures at the 

heated and cooled boundaries of the system. Experimental observations provide insight into the role a TES system can play in offsetting a building’s heating 

and cooling demand and also offer a means to characterize the performance of PCMs for building applications. The scale and study presented in this work 

will help in the design of future thermal storage systems optimized for storage capacity while also accounting for overall system costs for building applications. 

INTRODUCTION  

The building sector accounts for 75% of electricity and 40% of all energy use in the United States (Baldwin et al. 

2015). The heating and cooling demands of buildings—such as heating, ventilation, and air-conditioning systems; water 

heating; and refrigeration—represent nearly 50% of total building energy consumption (Goetzler et al. 2017). 

https://www.energy.gov/doe-public-access-plan


Furthermore, heating and cooling of buildings account for more than 10% of global energy consumption and carbon 

dioxide emissions (Ürge-Vorsatz et al. 2015). Given the significance of thermal loads to building electricity consumption, 

thermally based storage technologies are vitally important in the pursuit of a clean energy economy and for managing 

energy for the built environment.  

One critical factor that affects the space heating and cooling load is the building envelope, the structure that 

separates the indoor environment from the ambient conditions. To reduce building energy consumption, recent work 

developed a thermally anisotropic building envelope (TABE) system (Biswas et al. 2020). TABE consists of alternating 

layers of thermally conductive sheets of metal and insulation layers embedded in a building envelope to move heat or 

thermal energy in a preferred direction. The conductive metal layers are connected to hydronic loops, which collect 

natural thermal energy from diurnal weather conditions on the exterior side of the TABE roof (Shen et al. 2023). When 

TABE is coupled with a heat sink or source, recent findings for single-family residential buildings show annual savings 

of 19%–26% in cooling energy use and 13%–26% in heating energy use under weather conditions representative of 

Phoenix and Baltimore (Biswas et al. 2020). 

While the application of TABE for building thermal management shows promise in reducing heating and cooling 

loads, one fundamental challenge to overcome is the mismatch of available natural thermal energy and building energy 

demand over a wide range of timescales. To help address this mismatch, thermal energy storage (TES) systems offer 

unique benefits by enabling time-shifted matching of building energy demand with the diurnal swings of the natural 

environment (Akeiber et al. 2016; Heier et al. 2015; Henry et al. 2020). The resulting flexibility from TES integration 

allows greater reliance on renewable sources, reduces costly grid reinforcement, and, more importantly, decarbonizes 

buildings by storing off-peak power (Al-Yasiri &Szabó 2021; Parameshwaran et al. 2012). Phase change materials 

(PCMs) having a large latent heat are promising for building thermal storage applications because they can absorb and 

release energy at a steady temperature (for pure single PCMs). Among the different classes of PCMs, solid-liquid PCMs 

are advantageous because of their large latent heat energy capacity, low volumetric changes between phases, and 

favorable transition temperatures. Although PCMs offer advantages of high energy density from their latent heat; the 

relatively low thermal conductivity of PCMs limits the system’s power density and overall storage efficiency. One 

common method to increase the power density is to mix high-conductivity material with PCM, forming a composite 

structure in the form of particles, matrices, and fins (Agyenim et al. 2010; Fan &Khodadadi 2011; Shatikian et al. 2005). 

However, with the introduction of thermal conductivity materials, energy density of the PCM is reduced relative to pure 

PCM materials because metal conductors have low heat capacity, which creates a tradeoff between energy and power 

densities for thermal storage applications (Tamraparni et al. 2023; Woods et al. 2021).  

As we consider thermal storage for building applications, it is important to evaluate the cooling power capacity or 

the heat transfer rates of PCM/metal thermal storage system. However, the nature of heat transfer in such systems is 

complex because the heat transfer in such systems is not an intrinsic material property but rather depends on the 

geometry, boundary condition, and magnitude and type of thermal load. In this work, we experimentally investigate the 

thermal performance of a 0.019 m3 (5-gal) fin tube heat exchanger system designed for potential integration with TABE. 

For typical buildings, peak heating, and cooling loads last 3–4 hours. Here, we seek to design and optimize a thermal 

storage system that can utilize 90% PCM volume, with an objective to utilize 75% of the stored latent energy in 3 hours 

and 90% of the stored latent energy in 4 hours with a temperature difference of 5.55°C (10°F). Within the scope of this 

work, we first describe an experimental test apparatus, which allows for simultaneous heating and cooling of two 0.019 

m3 (5-gal) PCM heat exchangers. Second, we demonstrate a method to evaluate the energy storage capacity. Third, we 

report preliminary results from the test apparatus and provide a method to evaluate the thermal state of charge (SOC) 

of the PCM heat exchanger using the test apparatus. The demonstrated method can be used in the future to characterize 

the performance of PCM material and systems for building energy storage applications.  

 

 



EXPERIMENTAL 

Apparatus 

The thermal energy storage capacity of a 5-gal PCM heat exchanger was evaluated using the experimental setup 

shown in Figure 1. Two 5-gal storage tank heat exchangers—shown as tank 1 and tank 2—were used to incorporate a 

fin and tube heat exchanger with PCM as the thermal storage medium.  

 

 

Figure 1    Schematic of the experimental setup for characterizing the performance of a 5-gal PCM heat exchanger 

system. Flow setup for the heat exchanger system shows a chiller and a heater supplying water for cooling and heating 

cycles, respectively, with solenoid valves to switch between the cycles. When solenoid valves are activated, flow from 

the chiller to the tank 1 heat exchanger is blocked and allowed to move to the tank 2 heat exchanger, as shown by the 

blue dotted line. Similarly, flow from the heater to the tank 2 heat exchanger is blocked and allowed to move to the 

tank 1 heat exchanger, as shown by the red dotted line. The return lines from the heat exchangers follow the dotted 

lines that pass through the flow meter and back to the heater or chiller for heating or cooling, respectively. 

 

The storage medium in the heat exchanger has inlet/outlet manifold connections of copper tubing (0.635 cm 

[0.25 in.] tube size) that pass through the top plate of the tank. Water as the heat transfer medium was supplied to the 

inlet side of the tanks using centrifugal-type pumps, which were connected through a differential proportional valve and 

a three-way solenoid valve. Solenoid valves control heating and cooling cycles for the heat exchanger, whereas the 

proportional valve controls the flow rate of the water supplied to the thermal storage system. A paddlewheel-type water 

flow meter was used at the outlet of the heat exchanger to measure the flow rate of the water supplied to the system. 



The flow meters were calibrated in situ using the gravimetric calibration method, where a known amount of water 

through the flow meter was captured for a given time. The measured volumetric flow rate was compared with flow 

meter readings, and the uncertainty in measurement for flow meters was ± 1% of the reading. Temperature sensors 

were used at the inlet/outlet connections of the tanks, and sensors with different probe lengths were also inserted into 

the tank through the top plate to measure the transient temperature response of the thermal storage medium. 

Uncertainty for the temperature sensors used in this study was ± 0.5°C, measured using a calibrated microbath. In this 

study, data were recorded using a data logger (CR3000, Campbell Scientific) for temperature and flow rate 

measurements. Additionally, solenoid valves were controlled through a relay to switch between heating and cooling for 

the thermal storage systems. A water chiller connected to a plate fin heat exchanger supplied cold water to the thermal 

storage system during the cooling cycle. For the heating cycle, a water bath circulator connected to the plate fin heat 

exchanger was used, as shown in Figure 1. 

Method 

For a cooling cycle in the tank 1 heat exchanger, the chiller was set at 17.4°C (63.32°F). It was used to allow cold 

water to flow to the heat exchanger inlet using the pump, flowing through the proportional and solenoid valve, 

exchanging heat with the storage medium, and then returning to the pump. Similarly, for a heating cycle in the tank 2 

heat exchanger, the heater was set at 28.5°C (83.3°F) for hot water to flow to the inlet and then return to the pump, as 

shown in Figure 1. The switch between the cooling and heating cycles for tank 1 and tank 2, respectively, begins when 

the solenoid valve blocks flow from the chiller (for tank 1) and simultaneously allows water to flow from the heater to 

the inlet, as represented by the red dotted line in Figure 1. At the same time, the solenoid valve connected to tank 2 

blocks the flow from the heater, allowing cold water from the chiller to enter, represented by the blue dotted line shown 

in Figure 1. 

Figure 2 shows images of the fin and tube heat exchanger that was optimized for energy and power densities for 

building thermal storage. Within the scope of this paper, the design and optimization of the heat exchanger using PCM 

will not be described here but can be found in a recent study (Rendall et al. 2023). The heat exchangers were made with 

copper tubes (0.635 cm [0.25 inch] tube size, 7.8 cm [3.07 inch] tube spacing) and aluminum fins (1.5 cm [0.59 inch] fin 

spacing, 0.8 mm [0.031 inch] fin thickness). They have a total height of 30.48 cm (12 in.), length of 22.86 cm (9 in.), and 

breadth of 22.86 cm (9 in.). In this study we employed PCM with a phase change temperature of 23°C (73.4°F), which 

was filled into the tanks installed with the heat exchanger, as shown in Figure 2(C). The thermophysical properties of 

the PCM provided by the manufacturer are listed in Table 1.  

 

Figure 2    (A) Fin and tube heat exchanger used in this study. (B) Fins were altered at the sides to accommodate 

the heat exchanger inside the 5-gal tank. (C) Heat exchanger installed inside the tank with inlet and outlet connections. 

 

 



 

 

           Table 1. Thermophysical Properties of PCM  

Material 

Thermal 
Conductivity 

W/m-°C  
(Btu-in./h-ft2-°F) 

Specific Heat 
J/g-°C  

(Btu/lb.-°F) 

Latent Heat 
J/g (Btu/lb) 

Melting 
Point 

°C (°F) 

Density 
kg/m3 (lb/ft3) 

Temperature 
Glide 

°C (°F) 

PCM 
0.15 (0.09) liquid, 
0.25 (0.14) solid 

1.99 (0.47) liquid, 
1.84 (0.43) solid 

201 (86.41) 23 (73.4) 
830 (51.81) liquid, 

910 (56.8) solid 
2 (3.6) 

RESULTS AND DISCUSSION 

From the temperature recordings at the inlet and outlet of the heat exchanger, the rate of heat transfer (W) across 

the heat exchanger is calculated using 

 

  𝑄̇ = 𝑚̇𝑐𝑝(𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡)  (1) 
 

where 𝑚̇ is the mass flow rate measured from the mass flow meter (kg/s), 𝑐𝑝 is the specific heat of water (J/kg °C), 

and 𝑇𝑖𝑛 and 𝑇𝑜𝑢𝑡 are the inlet and outlet temperatures (°C), respectively. Figure 3(a) shows the inlet and outlet 

temperatures recorded for the tank 2 heat exchanger with PCM during the heating cycle. When hot water enters the 

heat exchanger, it exchanges heat with PCM storage and returns through the outlet to the heater. As the heat front 

moves from the supplied hot water to the PCM storage, the outlet temperature shows a steady drop, as shown in Figure 

3(a). Similarly, Figure 3(b) shows a gain in temperature for the tank 2 outlet during the cooling cycle. Using Equation 

(1), heat rates as a function of time for the heat exchanger were calculated as shown in Figure 3(c and d). 

 

Figure 3    Plots of (a) inlet and outlet temperatures from the tank 2 heat exchanger with PCM when heating, (b) 

inlet and outlet temperatures when tank 2 is cooling, (c) heat rate as a function of time for tank 2 when heating, and (d) 

heat rate as a function of time for tank 2 when cooling. 

  

The total thermal energy storage without considering the losses in the system can be calculated using 

 

  𝑄𝑡𝑜𝑡𝑎𝑙 = ∫ 𝑄̇𝑑𝑡
𝑡

0
= ∫ 𝑚̇𝑐𝑝(𝑇̇𝑖𝑛 − 𝑇̇𝑜𝑢𝑡)𝑑𝑡

𝑡

0
  (2) 

 



where 𝑄𝑡𝑜𝑡𝑎𝑙 is the total thermal energy stored without considering the losses in joules, and 𝑄̇ is the heating rate 

(W) calculated over total time 𝑡 (in seconds) for the thermal storage media. To estimate heat losses in the system, we 

employed Newton’s law of cooling, where the system at 40°C (104°F) was cooled to ambient temperature conditions. 

The temperature difference between the system tank and ambient as a function of time is shown in Figure 4.  

 

Figure 4    Temperature difference between the system tank and the ambient conditions as a function of time. 

 

To estimate the heat loss from the TES tank, tank 1 was initially filled with water and connected to the water heater 

set at 40°C (104°F), followed by cooling of the system to ambient temperature conditions. We employed Newton’s law 

of cooling, and the rate of heat loss from the tank to the environment was calculated by using Equations (3) and (4), 

 

  ∆𝑇 =  ∆𝑇𝑜𝑒− 
𝑡

𝜏  (3) 
 

  𝜏 =
𝑚𝑐𝑝

𝑈𝐴
 (4) 

 

where ∆𝑇 is the temperature difference between the system and the environment measured in Celsius, ∆𝑇𝑜 is the 

temperature difference at time 0, 𝑡 is the total time the system interacts with the environment in seconds, and 𝜏 is the 

time constant measured in seconds. The time constant can be further defined using Equation (4), where 𝑚𝑐𝑝 is the 

lumped total thermal capacitance (J/K) of the heat exchanger and water measured, 𝑈 is the overall heat transfer 

coefficient(W/m2-K), and 𝐴 is the total surface area of the TES system interacting with the environment measured in 

square meters. In this study, the heat loss rate of the system (UA) from Equation 4 is 0.5 W/K. Incorporating the heat 

loss into Equation (2), the total energy stored by the TES system can be calculated as 

 

  𝑄𝑡𝑜𝑡𝑎𝑙,𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = ∫ 𝑄̇𝑑𝑡
𝑡

0
− 𝑈𝐴(𝑇(𝑡)−𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡)  (5) 

 

where 𝑄𝑡𝑜𝑡𝑎𝑙,𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 is the total energy stored for the TES system after correction in joules, 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 is the 

indoor ambient temperature, and 𝑇(𝑡) is the tank temperature measured in Celsius. 

 

In addition to inlet and outlet temperatures of the system, we also recorded temperature response from PCM 

thermal storage to estimate the overall energy storage capacity. Figure 5 shows the plot of temperature response from 

the PCM storage tank during heating and cooling. Temperature data in Figure 5 represent recordings from sensors at 

different spatial locations along the height of the tank, suspended in PCM storage. The results shown in Figure 5(a) 

indicate that variations in the onset of melting are primarily due to different heat rates experienced at different locations 

of the PCM. In general, temperature sensors close to the heat exchanger undergo melting, whereas melting times are 

longer for regions away from the fins, as shown in Figure 5(a). Figure 5(b) shows a similar behavior in temperatures, 



where variations in the PCM storage are due to the slower heat transfer rates farther from the fins. Additionally, we 

observe subcooling behavior in the temperature response, followed by an increase in temperature; this could possibly 

be attributed to the freeze front from the PCM pushing the probes toward the fins and/or warmer regions of the PCM, 

thereby resulting in a slight increase in temperatures. 

 

 

Figure 5  Plots of (a) temperature vs. time for PCM storage media during the heating cycle and (b) PCM 

temperatures from the PCM tank the during cooling cycle. Temperature data were recorded from locations at the top, 

middle, and bottom, along the height of the PCM tank – measured from the bottom surface to the top of the PCM 

tank. 

 

Furthermore, using Equation (5) of total energy stored and the heat loss from the system, the thermal state of 

charge (SOC) for the system can be estimated as 

 

  𝑆𝑂𝐶 =
𝑄𝑡𝑜𝑡𝑎𝑙,𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑−𝑄𝐻𝑋−𝑄𝑝𝑐𝑚,𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐

𝐶𝑚𝑎𝑥
  (6) 

  𝑄𝐻𝑋 = ∫ 𝑚ℎ𝑥𝑐𝑝,𝐻𝑋𝑑𝑇𝑑𝑡
𝑡

0
 (7) 

  𝑄𝑝𝑐𝑚,𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 = ∫ 𝑚𝑝𝑐𝑚𝑐𝑝,𝐻𝑋𝑑𝑇𝑝𝑐𝑚𝑑𝑡
𝑡

0
  (8) 

 

where  𝑄𝐻𝑋 is the total energy stored by the heat exchanger thermal mass in joules, 𝑄𝑝𝑐𝑚,𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 is the specific 

heat energy stored up to the PCM transition temperature (in joules), and 𝐶𝑚𝑎𝑥 is the maximum thermal energy storage 

capacity (joules) defined by the total mass of PCM multiplied by the PCM latent heat capacity. In addition, 𝑚ℎ𝑥 

represents the measured mass of the heat exchanger (2.45 kg [5.4 lb.]), 𝑐𝑝,𝐻𝑋 is the specific heat of the heat exchanger 

(0.8 kJ/kg-K [0.191 Btu/lb.-°F]), 𝑚𝑝𝑐𝑚 is the mass of PCM in the tank (kg), and 𝑑𝑇𝑝𝑐𝑚 is defined as the temperature 

difference measured from the transition temperature (Celsius) of the PCM. 

Using Equations (6)–(8), we evaluate the SOC for the system at 0.0000252 m3/s (0.4 GPM) flow rate and a 

temperature difference of 5.55°C (10°F) as shown in Figure 6. The SOC is of interest because it provides critical 

information on charging and discharging rates that is highly useful when designing for building thermal storage 

applications. Here we observe that the system used around 5 and 6.5 hours to discharge 75% and 90% of the stored 

latent energy, respectively. To further improve the discharge or charge performance, the heat transfer rate between the 

PCM and heat exchanger can be improved by increasing the thermal conductivity of PCMs and/or increasing the fin 

spacing. Furthermore, selecting PCMs with large latent heat storage, compatibility of the PCM with the heat exchanger, 

and cyclic stability of the PCM have to be considered, when adopting new PCM materials. As a result, this approach 

creates a tradeoff between TES system thermal performance and cost per energy stored ($/kWH), because the cost of 

additional fins relative to high conductivity PCMs must be considered. In future work, we will seek to increase the flow 

rate of the system to increase the rate of charge or discharge in an effort to meet the desired goals of 75% discharge of 



stored latent energy in 3 hours and 90% discharge of stored latent energy in 4 hours. 

 

Figure 6  Phase of PCM evaluated as a function of time for heating and cooling at 0.0000252 m3/s (0.4 GPM) 

and temperature difference of 5.55°C (10°F) with respect to the PCM transition temperature. (Note: This evaluation 

was with an insulation level that resulted in 0.5 W/K heat exchange with ambient conditions.) 

CONCLUSION 

This paper developed and demonstrated a medium-scale 5-gal thermal storage system, which integrates a novel fin 

and tube heat exchanger with a solid/liquid phase change material, for potential integration with a thermally anisotropic 

building envelope system. Preliminary results for the thermal storage system showed that the state of charge of the 

system using a phase change material with a phase change temperature of 23°C (73.4°F) was 75% in 5 hours; 

furthermore, 90% of the stored energy was discharged in 5 hours when evaluated at a temperature difference of 5.55°C 

(10°F) with respect to the PCM transition temperature. To further improve the discharge or charge performance, the 

heat transfer rate between the PCM and heat exchanger can be improved by increasing the thermal conductivity of 

PCMs and/or increasing the fin spacing. The experimental apparatus and methodology described in this study can be 

used for future systems to determine the PCM/heat exchanger performance, ultimately maximizing economic and 

environmental benefits through thermal storage in buildings. 
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NOMENCLATURE 

𝐴 =  area, m2 (ft2)  

𝑐𝑝 =  specific heat capacity, J/g-°C (Btu/lb-°F)  

𝑚 =  mass, kg (lb) 

𝑚̇ = mass flow rate, kg/s (lb/h) 

𝑄 =  total energy stored, J (Btu) 

T =  temperature, °C (°F) 

𝑡 =  time, s (h) 

𝑈 = overall heat transfer coefficient, W/m2-K (Btu/h-ft2-°F) 

𝜏 = time constant, s (h) 



Subscripts 

HX =  heat exchanger 

pcm =  phase change material 

max =  maximum 

in =  inlet 

out =  outlet 

total  =  total energy stored 
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