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Abstract: The cooling energy usage of data centers and telecommunication sites is enormous and has a growth 

rate of 11% every year. Finding an energy-efficient solution for cooling needs poses a considerable challenge 

for engineers. In this article,the performancesof a phase change material-based (PCM) thermal energy storage 

(TES)installed in a telecommunication site areevaluated with the design methods and control optimization. 

Three representative days of the year (free-cooling, expanded free-cooling and summer period) and their 

possible savings,as well as the savings of an entire year period are investigated and showcased. During the free-

cooling period 83,1% cooling associated electricity consumption was saved with the added indirect free-cooling 

system through the TES. For the expanded free-cooling period, the TES was charged using the free-cooling and 

discharged when free-cooling was not possible anymore, accounting for 78,7% cooling associated electricity 

saving. During the summer period only the chiller’s efficiency was optimized, resulting in 17,1% saving. During 

2019. 57,7% and during 2020. 54,8% cooling associated electricity was saved. 
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Nomenclature: 

A area (m
2
) 

L1-L6 coefficient to determine the (UA)ice (kW/K) 

PCM Phase Change Material 

𝑄  heat flux (kW) 

T temperature (°C) 

TES Thermal Energy Storage 

U overall heat transfer coefficient (W/m
2
 K) 

𝜉 fluid fraction (1) 

 

Subscript 

htf heattransfer fluid 

ice ice 

pcm phasechangematerial 

 
1 Introduction 

Storing energy is a great challenge for engineers. Spotlight is usually put on storing electricity; however, 

thermal energy storage (TES), i.e., storing heat or cold, is also a key issue for effective energy management. It is 

projectedthat, in Europe 20 billion euros [1] or 250 million metric tons of CO2 equivalent greenhouse gases 

could be saved with optimal thermal energy storages. IT and telecommunication, in particular, are an industrial 

segment where energy management (proper cooling) is crucial. The cooling system alone may account for up to 

30-40% on average of such sites' energy demands [2-4], which results in a significant cost factor to owners, 

operators, and telecommunication service providers. Data centers/telecommunication sites (telco site) need to be 

continuously cooled 24 hours a day and 7 days a week. Unfortunately, the system is the least energy efficient 

when the temperature difference is the highest (i.e., the outside temperature is too elevated). However, at night, 

when the external temperature is low, the cooling system is much more efficient or even not needed. Storing the 

“cold of the night” and use it for cooling daytime could lead to significant savings. 

Several approaches exist to lower the electricity consumption of data centers. However, the inquiry 

resides in the existence of an analogy between the successful technologies for data centers and telco sites 

Absorption chillers seem like a feasible solution, as there is a constant heat load generation, or ground source 
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heat pumps [4]. Althoughthe concepts are technically feasible, these technologies are not economically feasible 

because of the small scales, usually lower than 10 kW cooling loads.In such sizes, free-cooling is a low-cost 

solution that offers high savings in the size of a telco site [5]. As this solution is climate-dependent, it can only 

be used in climates where the external temperature islower than the desired inside temperature. 

Moreover, if the cooling associated electricity usage cannot be lowered, there are options to combine the 

telco sites with renewable energy sources [6], such as solar panels or wind turbines, to produce part of the 

electricity consumption from green sources. The combination of storage, absorption refrigeration system, and 

renewable sources can lower the electricity usage of the telco site from the grid. 

The approach of this work istoutilisephase change materials (PCM). PCMs are materials used for storing 

thermal energy by using the latent heat of melting/solidification. The most significant advantage of PCMs is 

storing a huge amount of thermal energy with low temperature difference, saving energy and space [7-9]. 

 

2 Mathematical modeling 
For ice TES systems, simplified methods are used to calculate the behaviour of the storage [10] on a 

long-term simulation to accurately calculate the benefits that the TES can offer during a year [11]. The heat flux 

of the ice storage can be calculated as 

 𝑄 𝑖𝑐𝑒 =  UA 𝑖𝑐𝑒 ∙ ∆T𝑙𝑛 ,𝑖𝑐𝑒  (1) 

Where,∆T𝑙𝑛 ,𝑖𝑐𝑒  is the logarithmic temperature difference between the htf and the storage medium. 

 UA 𝑖𝑐𝑒 is the overall heat transfer coefficientmultiply area [W/K] and can be calculated usingthe following 

equation: 

  UA 𝑖𝑐𝑒 = 𝐿1 + 𝐿2 ∙ 𝜉 + 𝐿3 ∙ 𝜉
2 + 𝐿4 ∙ 𝜉

3 + 𝐿5 ∙ 𝜉
4 + 𝐿6 ∙ 𝜉

5 (2) 

Where,𝜉 is the liquid fraction of the storage, L1-L6 are coefficients to determine the  UA 𝑖𝑐𝑒  and the 

performance of the ice storage. These coefficients are defined by the manufacturers of the ice storages with 

measurements and curve fitting algorithms.  

Table 1 presents an example for the coefficients for an ice-on-coil storage. 

 UA 𝑖𝑐𝑒 defining isnecessary for ice storages. When a phase change occurs for the ice storage, the ice-

water mixture temperature will remain at 0 °C until the phase change is completed; however,the performance of 

the storage changes during the process. It is crucial for the storage design to accurately calculate the 

performance during all states of the storage, even while the phase change is happening.  

 

Table 1. Coefficients to determine (UA)ice [10] 

 Freezing Melting 

L1 [kW/K] 1.3879 1.1756 

L2 [kW/K] -7.6333 -5.3689 

L3 [kW/K] 26.3423 17.3602 

L4 [kW/K] -47.6084 -30.1077 

L5 [kW/K] 41.8498 25.6387 

L6 [kW/K] -14.2948 -8.5102 

 
Figure 1represents the  UA 𝑖𝑐𝑒 asfunction of the liquid fraction of the ice storage. For higher liquid 

fractions, the  UA 𝑖𝑐𝑒 shows increasing trends [10-11]. The melting and solidification curves are separated 

because, during the two different processes, the location of the thermal resistances of the storage is completely 

different. 
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Figure 1. UA of the investigated ice storage 

The main difference between ice and a regular PCM is that the ice melting and solidification points occur 

at the same temperature, offeringno temperature range of phase change.The PCM's UA curve, on the other hand, 

isdifferent because it has a hysteresis. The hypothesis is that it is possible to create a UA curve for a PCM-based 

TESthatwill depend not only on the state of phase change but also on the PCM temperature. 

As an analogy, the heat flux of a PCM-based TES can be calculated with the following equation: 

 𝑄 𝑃𝐶𝑀 =  𝑈 ∙ 𝐴 𝑃𝐶𝑀 ∙  𝑇ℎ𝑡𝑓 − 𝑇𝑃𝐶𝑀  (3) 

Where  𝑈 ∙ 𝐴 𝑃𝐶𝑀  can be expressed as 

  𝑈 ∙ 𝐴 𝑃𝐶𝑀 =
𝑄 𝑃𝐶𝑀

 𝑇ℎ𝑡𝑓−𝑇𝑃𝐶𝑀  
 (4) 

Similarly to ice storages, it is possible to create a curve that models the  𝑈 ∙ 𝐴 𝑃𝐶𝑀  of a PCM-based TES 

using thermal network modeling method [12-16] for any geometry and PCM. 

The general form of the  𝑈 ∙ 𝐴 𝑃𝐶𝑀  curve (Figure 2) consists of four parts [16]. T1 and T2 are the start and end 

temperatures of the melting process of the PCM. 

 Part 1: 100% solid phase PCM, heating without phase change is dominant; this part is mainly 

dependent on the solid thermal conductivity of the PCM. 

 Part 2:  𝑈 ∙ 𝐴 𝑃𝐶𝑀  for melting is decreasing, as when the PCM starts to melt forming a liquid PCM ring 

around the pipe, leading to additional thermal resistances in the process of heat transfer (thermal 

convection resistances between the outersurface of the pipes and the PCM, as well as the thermal 

convection resistances between the solid and liquid fractions of the PCM). Part 2 finishes when the 

liquid PCM ring is fully formed. 

 Part 3: phase change is dominant,  𝑈 ∙ 𝐴 𝑃𝐶𝑀  is increasing as natural convection increases the heat 

transfer. Also, natural convection is responsible for the wave-like effects in the  𝑈 ∙ 𝐴 𝑃𝐶𝑀  curves. 

 Part 4: 100% liquid phase PCM, liquid thermal conductivity is dominant, defining the process. 

 
Figure 2. General form of  𝑈 ∙ 𝐴 𝑃𝐶𝑀  [16] 

 

3 Experimental investigation, validation 
3.1 Experimental details 

A telco sitelocated in Hungary in a continental climate environmentwas experimentally investigated. The 

site had a constant internal heat load of 2.5 kW, which was generated by the constantly running electric 

equipment (switches, routers, UPS, etc.).Two pieces of split air conditioners (AC) with 6 kW cooling capacity 
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provided the desired inside temperature being,24-26 °C. Figure 3 shows the cooling needs of the 

telecommunication site as function of the outside temperature. 

The challenge is to reduce the cooling electricity consumption, lower the cooling costs, and increase 

operational safety (for data centers/telco sites, this is alwaysvery crucial). No free-cooling was used, and the 

split ACs are controlled with ON-OFF. 

Figure 4 illustrates the EER of the split ACs as function of outside temperature and partial load 

(considering the frequency of ON-OFFs). The cooling system's efficiency depends on its partial load and the 

external temperature, which is more relevant if the condenser unit is exposed to the sun. According to the 

guidelines of EN14511 [17] and EU/2281/2016 [18], and the type of the chiller [19-20],the EER has a maximum 

value at about 70% of partial load, and the nominal EER value of the ACs is 3.4 at the external air temperature 

of 25 °C. 

 

 
Figure 3. The cooling need as function of the outside 

temperature 

 
Figure 4. The EER of the split ACs as function of 

the outside temperature 

 

 
Figure 5. The cooling need as function of the outside temperature 

 

Figure 5shows the external temperature frequentness and the corresponding EER value, which was 

calculated based on the real cooling needs, the partial loads, and the external temperatures. 

 

3.2 Saving possibilities with TES 
TES is located in an adjacent room to the electronic equipment.The system's schematic and TES photo 

are illustrated in Figure 6 and Figure 7 respectively. Heat Ventors Kft. provided the TES. 

The main part of the system is the PCM-based TES. It contains two separate fans and tube heat 

exchangers and the PCM.Both circuits include a pump, an expansion tank, pressure gauge manometer, charging 

valve, automatic deaerator, pipes, and fittings. 

The primer side is connected to a fan-assisted liquid-air heat exchanger located outside of the building 

and used for indirect free-cooling. 

The seconder side of the heat exchanger circuit is connected to a similar liquid-air heat exchanger, 

located in the room of the electric equipment, andserves two purposes. The first purposeis the cooling of the 
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room, and the second is the charging of the TES (freezing the PCM) during the summer period (when the 

external temperature during the night is not low enough to produce cooling energy with free-cooling, freezing 

the PCM in the TES is done by the air conditioner). 

The simultaneous operation of the two separate circuits enables the charging and dischargingof the TESat 

the same time, permitting the TES tofunction as heat exchanger between the two circuits while the PCM is being 

charged. The stored heat increases or decreases depending on the difference between the two circuits' 

performance needs (the TES balances the differences between the needs and the production). 

 
Figure 6. Schematic of the storage system 

 
Figure 7. Photo of the TES storage 

 

The physical properties of the used PCM are regroupedin  

Table 2. It is a bio-based material containingadditional particles increasing its stability. It is not 

flammable, not toxic to the environment and to humans, not corrosive, and not reactive. 
 

Table 2. Physical properties of the used PCM material 

Solidification temperature 19.3 °C 

Melting temperature 21.1 °C 

Latent heat 197.3 kJ/kg 
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Solid specific heat 2.3 kJ/kg K 

Liquid specific heat 1.9 kJ/kg K 

Solid density 891 kg/m
3
 

Liquid density 850 kg/m
3
 

Heat transfer coefficient 0.17 W/m K 

 
With the use of a PCM-based TES unit, it is possible to save cooling energy on the existing system in the 

following three ways: 

1) indirect free-cooling: using the cooling potential of the outside air when its temperature is low enough, the 

primary and the secondary circuit operate simultaneously, 

2) storing the cooling energy with free-cooling when it is possible and using the energy when the outside air 

temperature is too high to continue free-cooling, first the primary circuit operates followed by the secondary 

circuit, 

3) if free-cooling is not possible, the cooling energy is stored with the help of the existing cooling system when 

it runs with the highest efficiency and uses the pre-stored cooling energy at the peak hours, the primary 

circuit operates in both cases. 

 

3.3 Control of the TES 

For every thermal energy storage system, it is essential to define the storage aim [21-22]. 

To charge the storage, the aim is to beneficially utilizethe cooling energy generation at its highest 

efficiency or when free energy available, or when the electricity price is the cheapest (not relevant for this case 

study). 

To discharge the storage, there are more possibilities [23-25] (Figure 8): 

a) Full storage: the storage can provide the cooling energy in the entire period of the peak consumption 

while the chiller is turned off. A most considerable storage with significant investment is requiredin 

this case, however,the highest energy saving could be achieved. 

b) Partial storage: the chiller operates at a constant capacity, and the storage provides additional peak 

needs. Due to peak performance management, the energy saving is very high in the peak periods. 

c) Limited partial storage: The chiller constantly operates at a lower capacity level to increase energy-

saving, and the storage provides the peak needs. It is usually used when there is a limitation in the 

maximal electricity usage during the day. 

 
Figure 8. Discharge strategies (a) full storage, (b) partial storage, (c) limited partial storage 

 
The TES system is controlled by an algorithm, which decides the charging and discharging periods to 

reach the maximum energy saving. The decision is made by providing external temperature forecasts every 24 

hours and 6 temperature sensors (measuring the external and internal air temperature as well as the supply and 

return temperatures of the primary and secondary circuits). The pumps and the liquid-air heat exchanger fans are 

turned ON and OFF by using relays and the air volume flow was controlled by a 0-10 V output voltage. The air 

conditioners' electricity consumption and the storage system were measured to enable detailed comparison of 

the existing and the upgraded system containing the storage. 

The aims areto maximize the free-cooling period, minimize the operation of theACs, and maximize the 

SEER of the AC when their operation is necessary. 

In this installation, the peak and off-peak electricity price difference could not be utilized due to the 

electricity constant price but would offer an additional saving element. 
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The objective optimization function for a daily operation is as follows: 

 𝑴𝑰𝑵   𝑬𝑪,𝒊 
𝒅𝒂𝒚
𝒊=𝟏  = 𝑴𝑰𝑵   𝑭𝑨𝑪,𝒊 ∙

𝑸𝑪,𝒊

𝑬𝑬𝑹𝑨𝑪,𝒊 𝑸𝑪,𝒊 
+ 𝑭𝑻𝒄,𝒊 ∙

𝑸𝑪,𝒊+𝑸𝑻,𝒊

𝑬𝑬𝑹𝑻𝒄,𝒊 𝑸𝑪,𝒊+𝑸𝑻,𝒊 
+ 𝑭𝑻𝒅𝒄,𝒊 ∙

𝑸𝑪,𝒊−𝑸𝑻,𝒊

𝑬𝑬𝑹𝑻𝒅𝒄,𝒊 𝑸𝑪,𝒊−𝑸𝑻,𝒊 
 

𝒅𝒂𝒚
𝒊=𝟏  , (5) 

With: 

 𝑬𝑪,𝒊,cooling associatedelectricityusage. 

 𝑸𝑪,𝒊, cooling need. 

 𝑸𝑻,𝒊, cooling energychargedto TES (minusmeansdischargedfrom TES). 

 𝐹𝐴𝐶 ,𝑖 ,𝐹𝑇𝑐 ,𝑖and𝐹𝑇𝑑𝑐 ,𝑖 ,coefficients of the AC operation, TES charging, and TES discharging,respectively. 

The coefficientsareequal1 whenthegivenfunction is in operation and 0 otherwise. 

 The EER valuescan be calculatedfromtheexternaltemperature, cooling need, and partialload. 

 

4 Results 
The TES system operates since January 2019. Measurements were made for eightmonths duration with 

changing setups. For three days, the existing AC system operated without the TES, before being switched to 

operate with the added TES system for another three days. Between the two setups, 1-1 day was not evaluated 

due to possible interferences with the results caused bythe switching. The rest of the year was measured while 

the TES was in operation constantly. 

In this chapter, the presented results will be relatedtothe three reference days (Figure 9): 

 free cooling period, 

 expanded free-cooling period, 

 The summer period, without free-cooling. 

The basis of the comparison is the cooling associated electricity consumption for days with similar mean, 

maximum and minimum external temperature. 

 
Figure 9. The external temperature of the reference days 

 

4.1 Free-cooling period 

The externalair temperature is lower than the inside temperature throughout theday. Therefore,free-

cooling can provide cooling energy. Results are presented inFigure 10. 

Operation without TES: The cooling demand is low, covered by the ACs. However, turning ON and OFF 10-

12 times per hour, does not permitthe operation torun inoptimal conditions. When the ACs switchOFF, only the 

compressor is turned off while, the external air circulationdoes not stop. 

Operation with TES: The cooling demand is fully covered by free-cooling, which means the full utilization of 

the external air cooling potential with minimal energy investment (pumps andfans of liquid-air heat exchangers). 

The electricity consumption contains the consumption of the pumps, fans and the ACs. 

The figure below shows the measured results of two days of this period with very similar weather 

conditions. The orange bars show the hourly consumption without storage(ACs consumption only), and the 

green bars show the consumption with storage(this includes the consumption of ACs and the TES system). 

The bars at the top of the figure represent the operation of the TES system;grey means AC operation 

when the AC cools the telecommunications equipment, purple means free cooling (in terms of 
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TEScharging), blue means that TES is cooling the telco equipment, and yellow represents the operation 

mode when the AC charges the TES(typical summer operation). 

 

 

Table 3contains a comparison of the selected days’ temperature and electricity consumption data, with and 

without TES operation modes. Duringthe free-cooling period, 83.1% of electricity was saved. 

 
Figure 10. Free-cooling period 

 

Table 3. Comparison of the electricity consumption with and without TES during the free-cooling period 

 Without TES With TES 

Date 16
th

 April 17
th

 May 

Average temperature 10 10.5 

Maximum temperature 15.1 15.7 

Minimum temperature 4.4 5.3 

Electricity consumption (kWh) 30.8 5.2 

 
4.2 Expanded free-cooling period 

During the night, the external air temperature is lower than the inside temperature, but it is higher during 

the day (between 10:00-19:00). 

Without TES: The cooling demands are lower at night, the ACs are switching ON and OFF frequently, during 

the day, the energy consumption is higher. 

With TES: At night, the cooling demand is fully covered by free-cooling, and free-cooling is used to charge the 

storage. The system uses the pre-stored cooling energy during the day, so the electricity consumption is minimal 

(pumps + fans). The ACs do nohave to turn ON at all. 

 

Results are presented in Figure 11and inTable 4.The electricity-saving potential of this period is 78.7%. 
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Figure 11. Expanded free-cooling period 

Table 4. Comparison of the electricity consumption with and without TES during the expanded free-cooling 

period 

 Without TES With TES 

Date 13
th

July 25
th

 May 

Average temperature 17.7 17.4 

Maximum temperature 2.,4 23.5 

Minimum temperature 13.3 11.4 

Electricity consumption (kWh) 40.9 8.7 

 
4.3 The summer period, without free-cooling 

Free-cooling is not possible even during thenight time. 

Without TES: The cooling demands are lower at night, the air conditioners are switching ON and OFF 

frequently, there is more serious cooling energy consumption during the day. 

With TES: The storage should be charged with cooling energy by the ACs during the night time (between 

23:00-7:00), when the efficiency of the ACs is higher.The stored cooling energy should be used at the daily 

peak (between 10:00-~19:40 as the TES becomes fully discharged before 20:00) when the efficiency of the ACs 

is much lower (during this period, more electricity would have to be invested in producing the same amount of 

cooling energy due to lower EER). Between 7:00-10:00 and ~19:40-23:00, the AC operates and provides the 

cooling needs. 

 

According to the results presented in Figure 12 and in Table 5, this period's saving potential is 17.1%. 
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Figure 12.The summer period, without free-cooling 

 

Table 5. Comparison of the electricity consumption with and without TES during the summer period 

 Without TES With TES 

Date 4
th

 July 7
th

 June 

Average temperature 25.8 26.1 

Maximum temperature 350 35.5 

Minimum temperature 24.0 24.5 

Electricity consumption (kWh) 48.4 40.1 

 

4.4 Results for a year-long operation 

The yearly cooling associated electricity consumption is presented in Figure 13and the saving is shown 

inFigure 14. The overall cooling associated electricity consumption was 18,682.3 kWh and 7,926 kWh for 

without and with the TES respectively. It means 57.7% electricity savingwas achieved for the year 2019. In 

2020,similar results were achieved by reducing the cooling associated electricity consumption from 19,535.3 

kWh to 8,833.8 kWh, achieving a 54.8% electricity saving. 

 
Figure 13. Yearly cooling associated electricity consumption in 2019 

 

 
Figure 14. Yearly cooling associated electricity saving in 2019 
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5 Conclusion 
The article presents an analogy between the ice-based TES systems and PCM-based TES systems. The 

main difference resides in the hysteresis. A general form of the  𝑈 ∙ 𝐴 𝑃𝐶𝑀  is showcased, enabling the PCM-

based TES storage modeling for a long-term (like yearly) simulation. An optimization algorithm was presented 

to determine the most potential energy saving and control the system operation with forecast data. 

A PCM-based TES was experimentally investigated in a telecommunication site located in Hungary ina 

continental climate environment.Three different operation modes were investigated: indirect free-cooling, 

expanded free-cooling, and summer operation without free-cooling. The cooling associated electricity was 

measured for the ACs, which provided the cooling energy to the telecommunication site before the TES and 

with the TES (including the TES's self-consumption consisting of pumps and fans). Comparisons were 

presented for the three operation modes, which permitted evaluating the cooling associated electricity 

consumption for similar external temperature days. 

During the TES operation, cooling associated electricity was saved by 57.7% and 54.8% during 2019 and 

2020 respectively. With the saving, the overall return on investment (ROI) of the TES system (including all 

system elements, shipping, and installation) is equal to 4.7 years. The ROI could be decreased if the electricity 

tariff would notbe flat, so the peak and off-peak tariffs would differ. 

Similar telecommunication sites should be investigated in the continental climate asthis technology shows great 

potential inenhancingenergy efficiency and reducing CO2emissions. 
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