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Abstract. The article addresses the need to improve the performance of hot 

water systems in buildings by proposing a novel technique based upon the use 

of PCM. A heat exchanger using a PCM was developed and tested. By resorting 

to numerical models, different assembling processes were tested in order to 

combine low fin-pipe thermal resistances with high output manufacturing 

processes. Experimental tests have shown that the system can provide instant 

hot water for an adequate period of time hence preventing the use of circulating 

loops with high installation costs and reducing the waste of energy and water.  
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1. Introduction and Objective 

Buildings are responsible for 40% of the energy consumption in developed countries 

and 20% of this energy is wasted with domestic hot water systems. Conventional 

solutions to ensure instant hot water in every faucet and shower are based on 

recirculating loops, a solution that significantly increase the energy wasted by 

domestic hot water system. Few alternatives have been presented to reduce the energy 

wasted with recirculating loops but none of them offer the same value proposition of 

conventional solutions and the fact is that this inefficient solution is still a normal 

procedure in construction, despite it being highly inefficient. Buildings are becoming 

more efficient due to better insulation, optimization of equipment performance, etc. 

but domestic hot water distribution has been left out of this energy optimization. 

Heaboo proposed a disruptive approach to this known problem, an innovative 

technology based on Phase Change Material (PCM) that delivers hot water instantly 

with no use of recirculating loop, eliminating the waste of energy that represents more 



than 50% of the energy consumed to heat domestic water. This solution is presented 

on the form of a thermal battery to be installed in each compartment to ensure that 

when a user opens a tap the battery instantly heats the water and then, when hot water 

arrives, the device self-restore the heat for the next use. This fully passive technology 

has no connection to the electricity and requires no maintenance during its lifetime. 

The storage of heat in the thermal battery occurs during the shower time with a 

small temperature differential because domestic hot water (DHW) is distributed 

around 50ºC and the supply temperature to the faucet must be higher than 40ºC. These 

specifications present a big challenge for the development of the heat exchanger 

regarding performance, constancy, capacity to charge the thermal battery during a 

shower time and also the capacity to release this heat with a power output to supply 

water at a temperature above 40ºC. Outlet temperature has to remain stable during the 

discharging phase or otherwise the thermal battery would not present a tangible value 

to user. The team proposed the use of a phase change material with a change set point 

of 45ºC and, to ensure a stable power outlet the heat exchanger was developed to 

guarantee that phase change occurs only in a part of the exchanger at a certain time 

and consequently the power output and temperature outlet remains constant. This 

concept was proposed and computational simulation was used to optimize geometry. 

When testing the first prototype created by the team it was found that the influence of 

the thermal resistance between fins and the pipes was significant on the operation of 

the heat exchanger. In this work are presented the used methods to solve this problem 

and a comparison of the results. 

2. State-of-the Art 

Although harnessing the wasted energy on the production of hot water is available 

commercially for non-industrial settings, their efficiencies tend to be low. The 

introduction of phase change materials allows the increase of the available energy 

storage for the recovered energy, increasing energy density and helping to bridge 

production and demand peaks. The biggest obstacle to the application of PCMs on the 

creation of thermal batteries associated with hot water is the low thermal conductivity 

of these materials. This low conductivity constrains the total amount of energy that 

the thermal battery can store, as well as the speed that the energy can be returned to 

the water when needed. To improve the thermal conductivity of PCM solutions, 

several studies have been conducted, with the addition of additives, the use of fins or 

the use of composite PCMs among the studied solutions. Among these, the use of fins 

seems to be the most used. Several geometrical types of fins can be used, with 

longitudinal, annular and plate fins being widely used [1]. The design parameters of 

the applied fins must be considered to optimize the performance of the designed 

systems. The heat transfer rate is directly dependent on the number of fins and their 

dimensions [2]. A more in-depth analysis of the mechanisms for the improvement of 

thermal energy transfer with the use of fins was recently reviewed by several authors 

[3]. When using fins to improve the thermal energy transfer between the Heat transfer 

fluid (HTF) and the PCM, the thermal contact resistance between the fins and the tube 

has a significant impact on the results along with the geometrical properties of the 



fins, [4]. Shobhana Singh et all investigated this effect on the performance of a fin and 

tube exchanger using a 3D steady state modelling, finding an estimated 8.23% 

decrease in the overall heat transfer [5]. 

3. Experimental Method 

The quality of the thermal connection between the tube and fin has a decisive impact 

on the performance of the heat exchanger and therefore it is crucial to find methods 

that can improve the thermal contact to reduce the thermal resistance in the 

connection and to consequently improve the thermal performance. Several 

options/alternatives were formulated and tested, with the requirement that the process 

could then be replicated in a production process. The following strategies to be tested 

were selected: 1) To use a fin diameter smaller than pipe diameter and proceed to 

assemble the heat exchangers using a press; 2) To heat up the fins and cool down the 

pipes so they can slide due to thermal expansion/contraction; 3) To enlarge the copper 

tube using a spindle to fit the copper tube to the fins with a larger diameter. 

To validate the first hypothesis an assembly bench with a press was developed and 

the prototype was manufactured – Figure 1 presents the bench in operation. The 

experimental results showed that the conceptual thermal battery can recharge during a 

shower time with the defined domestic hot water distribution temperature. 

 

 

Fig. 1. Assembly bench with press (first manufactured prototype) 

The performance results of the heat exchanger are however significantly lower 

than the simulated results with ideal contact conditions between fins and cooper; 

therefore, an alternative hypothesis was used to obtain higher performance. The 

second hypothesis proposed was to assemble the exchanger using heat/cooling 

contraction/retraction of the materials (aluminium and copper). A bench was 

developed to preheat the fins to a temperature of about 300ºC in a system that could 

then receive the copper tubes previously placed in a freezer. Figure 2 shows the bench 

composed by the oven and the pneumatic action system to push the pipes into the 

oven. 



 

Fig. 2. Assembly bench with oven and press 

Despite the initial positive results with a small heat exchanger, the bench did not 

work as expected since the pipes bended after the first centimetres entered the oven. 

Different strategies were tested but it became quite clear that the heat exchanger could 

not be manufactured with the full length. The third hypothesis comprises the 

enlargement of the copper tube after the fin assembly has been mounted using a 

method where the copper tube is formed. The bench includes a spinning driller 

attached to a pneumatic system that pushes the drill into the pipes causing a plastic 

deformation in the pipe, increasing the inner and outer diameters and consequently 

increasing the contact between fin and pipe. With this alternative it was also intended 

to develop a method that could be industrialized with automation. Figure 3 presents a 

schematic drawing of the concept developed to produce and test a prototype 

optimized heat exchanger.  

 

 

Fig. 3. Schematic drawing of the manufacturing heat exchanging bench with pipe widening 

The results of this method showed important improvements on the results as 

presented on the experimental results chapter.  



4. Optimization Strategies Based on Previous Simulations Effort 

The computational model used is based on a simplified approach of the heat 

exchanger represented on an axisymmetric model. This model includes a set of 

correlations of areas and volumes to minimize the error. Figures 4 and 5 present the 

simplified geometric model in a two-dimensional axi-symmetric representation that 

significantly simplifies the computational calculation process and the three-

dimensional representation of the axi-symmetric model. 

 

  

Fig. 4. Heat exchanger concept                     Fig. 5. Axis-symmetric model 

The parametric study defined an optimized set-up that was used to create the first 

prototype of the thermal battery concept. This first prototype was based on a segment 

with geometry and specification determined by simulation but first tests demonstrated 

that performance was not aligned with the simulation results. After a detailed 

analysis, it was concluded that the thermal connection between aluminium fins and 

cooper pipes wasn’t as good as represented by the model. To correct the model, a 

thermal resistance was added on the boundary aluminium/cooper to represent the 

inefficiency of the thermal connection. Figure 6 shows the variation profile of the 

water outlet temperature of the exchanger control volume considering different heat 

conduction coefficients for the connection tube / fin. 

 

 

Fig. 6. Experimental results from first concept prototype and comparison with simulated case 



As shown, the temperature profiles obtained experimentally and the results 

obtained from the computational model when considering a tube-fin equivalent heat 

transfer coefficient of 25W.m-1.K-1 are in close agreement, particularly in the initial 

part of the test, the most important for product characterization because this is the 

moment when most of the energy is released into the thermal battery. This 

experimental validation demonstrated that the computational model represents the 

built prototype. Also, it was noticed that thermal performance is still below what 

could be expected if the quality of the thermal contact fin-tube would be improved 

since the equivalent value of the heat transfer coefficient is about 15 times lower than 

the thermal conductivity of the tube material; this result highlights the low quality of 

the fin-tube thermal connection. 

5. Experimental Results 

To properly test the capacity of the thermal battery concepts, set-up conditions were 

used to compare the results of the three optimization strategies proposed. As referred 

in the experimental method section, the second optimization method proposed was 

impossible to implement during prototype manufacturing and therefore the validation 

will be focused on the two successfully strategies that results in two thermal batteries 

concepts: a first one produced with the optimization strategy based on the assembly 

press that forces the fins into the pipe with a tight connection and a second one based 

on a post assembly pipe widening that ameliorates the connection after assembly.  

Table 1 shows the experimental plan used to characterize each of the prototype 

optimization strategies. 

Table 1. Experimental plan with heat released results 

 Optimization strategy Flow rate Time f/ charge 
 Units l/h h 

Test 1 1st: assembly press 400 1 

Test 2 1st: assembly press 400 24 

Test 3 3rd: pipe widening 400 1 

Test 4 3rd: pipe widening 500 1 

Test 5 3rd: pipe widening 400 24 

Test 6 3rd: pipe widening 500 24 

For each prototype (1st: assembly press and 3rd: pipe widening), the experimental 

plan included the variation of the waiting time after charging (1 and 24 hours). For the 

protype which best satisfies these requirements, a subsequent comparison was made 

based on flow rate variation (400 and 500 l/h). Figure 7 presents the performance 

response of each prototype 1 hour after the thermal battery charge.  



 

Fig. 7. Outlet temperature comparison for the two prototypes, 1h after charging 

Table 2 presents the comparison of the results concerning total water volume and 

total heat released during the experiment.  

Table 2. Experimental results sum-up of water volume and heat released 

Optimization 

strategy 

Heat 

released 

Volume of 

water 

Improvement 

(in volume) 

Improvement 

(in heat) 

Units kJ L % % 

1st: assembly press 714,2 9,0   

3rd: pipe widening 1 197,7 14,1 57% 68% 

The 3rd optimization strategy presents significant improvements on the stabilization 

and output thermal capacity of the thermal battery. The first prototype was able to 

heat the water flow during approximately 80 seconds with an outlet temperature 

above 37ºC. The third prototype presents a result for the same test of 130 seconds 

which represent a capacity improvement of more than 60%. Figure 8 shows a similar 

comparison when the time after charging was increased to 24h.  

 

 

Fig. 8. Outlet temperature comparison for the two prototypes, 24h after charging 



Table 3 presents the comparison of the results regarding total water volume and 

total heat released during the experiment.  

Table 3. Experimental results sum-up of water volume and heat released 

Optimization strategy 
Heat 

released 

Volume 

water 

Volume water  

improvement 

Heat released 

Improvement 

Units kJ L % % 

1st: assembly press 617,3 7,9 - - 

3rd: pipe widening 920,3 11,4 45% 49% 

If the time after charging was increased to 24h, using the same thermal insulation 

pack on both prototypes, results showed that the first prototype provides instant hot 

water during approximately 70 seconds with an outlet temperature above 37ºC. When 

testing the third prototype for the same conditions, the performance was increase to 

nearly 110 seconds, with additional 45% of water volume heating capacity and an 

increase of 49% of the heat released.  

To understand the capacity of the prototype to deliver instant hot water with 

different flow rates, a new test was made using two different flow rates of 400l/h and 

500l/h. The results are plotted in Figure 9  for a waiting time from charge of 1 hour.  

 

 

Fig. 9. Outlet temperature comparison with different flow rates, 1h after charging 

Results show that performance is constant in the first 30 seconds, showing that the 

thermal battery adjusts the power output when requested: afterwards the outlet 

temperature will be reduced impacting the duration of the hot water supply: for water 

above 37ºC, the supply duration is reduced from 130 seconds to approximately 100 

seconds. However, the volume of water that is heated is approximately the same. 

Considering the purpose of the thermal battery (to heat a volume of water stagnated in 

pipeline), the results show that higher flow rates have practically no impact on the 

capacity of heating the water in pipes. Figure 10 shows similar results when waiting 

time from charge is increased to 24h.  



 

Fig. 10. Outlet temperature comparison with different flow rates, 1h after charging 

In this case, the duration of water supply above 37ºC is also affected by the flow 

rate increase. For 400l/h the system can provided water with a temperature above 

37ºC for nearly 110 seconds; when the flow rate is increased to 500l/h this capacity is 

reduced to nearly 70 seconds.  

Table 4 shows the energy that was released in each prototype based on inlet and 

outlet temperatures and flow rate.  

Table 4. Heat released by the thermal battery prototype in each test 

 Optimization 

strategy 

Flow 

rate 

Time from 

charge 

Heat released 

(>37ºC) 

Water volume 

(>37ºC) 
 Units l/h h kJ L 

T.1 1st: assembly press 400 1 714,2 9,0 

T.2 1st: assembly press 400 24 617,3 7,9 

T.3 3rd: pipe widening 400 1 1 197,7 14,1 

T.4 3rd: pipe widening 500 1 1 080,8 13,2 

T.5 3rd: pipe widening 400 24 920,3 11,4 

T.6 3rd: pipe widening 500 24 672,7 8,1 

Conclusions 

It was found out that low-quality contact between fins and pipes of the heat exchanger 

caused a substantial degradation on the performance of the concept developed. 

Thermal performance is a key element for the conceptual product developed because 

water outlet must remain above 37ºC as long as possible during supply. The thermal 

performance influences the charging time and the consequent global efficiency of the 

solution and therefore it was crucial to discover an optimization strategy that could, in 

a compatible manner with industrialized manufacturing techniques, increase the 

thermal contact between the aluminium and cooper and did not interfere with the 



phase change material. Three optimization methods were tested but a prototype was 

successfully developed only for two of these strategies.  

The results concerning water outlet temperature showed that the pipe widening 

after assembly increases the thermal performance by 55-65% when compared with the 

alternative technique based in press assembly. Results also show that the thermal 

battery concept satisfies multiple flow rates and that the thermal output is adjusted to 

heat request.    
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