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Abstract: Energy efficient technologies are recommended in the building sector, as 
buildings have proven to be high energy consumers. With the increase in global warming air 
cooling systems are more energy demanding. To enhance the energy efficiency of air-cooling 
systems phase change materials are considered due to their capacity of storing high amounts of 
cold. This technology must be designed and operated according to the number of occupants, 
type of activity and schedule of the building. This study presents an investigation of PCM based 
active cooling in a building considered to be an office compound, school and hospital. The 
performance indicator COP was used to evaluate the efficiency. It was found that the enhanced 
system was most efficient for the office building (COP=7.40) and least efficient for the hospital 
building (COP=5.89) . The enhanced system was also compared with a classic reference system. 
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Introduction 
The improvement of energy efficiency in 

buildings is a worldwide research topic, as 
buildings are accountable for 40 % of the 
global energy consumption [1]. Phase change 
materials (PCM) have been considered as 
potential storage mediums in latent heat 
thermal energy storage (LHTES) [2-4]. 
LHTES stores the ambient cold available 
during the summer nights through 
solidification of the PCM. The energy 
consumption of the LHTES represents the 
electrical energy absorbed by the fan that 
circulates air through the mass of PCM. 
Considering the cyclic operation of the 
LHTES the automation of the PCM based 
cooling systems must be correlated to the 
working schedule of the building. The mass of 
required PCM greatly depends on the number 
of occupants in the building and the type of 
activity they undergo. Organic PCMs 
available on the market undergo phase change 
in a temperature range [5]. Mathematical 
models predicting the response of LHTES 
consisting of a packed bed of spheres filled 
with PCM have been developed [6-8]. The 
LHTES behavior in an office building has 

been analyzed in [9]. This study aims to 
extend the investigation by considering the 
building modeled in [9] and adapting it to 
operate as a school and a hospital building. An 
LHTES with rectangular parallelepiped 
package of spheres filled with PCM has been 
considered. The efficiency of the LHTES is 
estimated with a validated mathematical 
model correctly predicting the behavior of the 
PCM during phase change as presented in [9]. 
The energy efficiency is evaluated using the 
coefficient of performance (COP) as 
thermodynamic indicator. 

 
Material 
The studied building presented in figure 1, 

has the following dimensions: length LBld. = 
36.65 m, width: WBld. = 35.45 m, height HBld. 
= 8m, total floor surface area: Sf,l. = 1299.45 
m2, total surface area of the walls: Swall = 
711.61 m2.  

The exterior walls consist of a system 
comprised of autoclaved cellular concrete 
with the thickness of 300 mm and mineral 
wool insulation with the thickness of 100 mm. 
The flat roof system is mainly comprised of a 
concrete layer with the thickness of 150 mm 
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and mineral wool insulation with the 
thickness of 150 mm. The thermal properties 
of these materials were taken from [10].   

 

 
Figure 4. 3D model of the building 

 
The total surface area of the windows is 

Swin=439.60 m2. The windows consist of the 
following layers: 2 layers of argon with the 
thickness of 9 mm each confided within 3 
layers of glass with a thickness of 4 mm each.  
The thermal properties for glass and argon 
were taken from [11].  

In reference [9] the building was 
considered to be an office compound having 
the schedule, number of persons (n, [-]), 
specific required fresh air flow rate per person 
( ሶܸ௦௔,௣, [m3/h/pers.]) and per floor surface area 
( ሶܸ௦௔,௙, [m3/h/m2]) as presented in table 1. In 
this study the building was considered to be a 
school building and a hospital building. The 
new operating conditions of the building are 
also presented in table 1. 

 
Building 

type 
 

Schedule Number 
of 

persons 

ሶܸ௦௔,௣













pers

hm /3

ሶܸ௦௔,௙












2

3 /

m

hm

Office [9] 9: 0-17: 0 168 25 1.26 
School 8: 0-20: 0 344 25 1.26 

Hospital 24h 100 36 3.60 
Table 1. Schedule, number of persons and 
specific air flow rate. 
 

The considered schedules were adapted to 
each building type. The specific air flow rates 
per person and floor surface area are the 
values recommended by [12] depending on 
the fresh air quality demand of each building 
type. 

The building was considered located in 
Cluj-Napoca. The typical meteorological 
(TMY) year was used as climatic input data. 
The time period when cooling is needed is 
May to September [9]. 

 

Method 
The first step in the evaluation is to 

determine the exterior heat inputs to the 
buildings during the hot season. The cooling 
load required to cover the heat input through 
the exterior walls has a steady component and 
a transient sinusoidal component that were 
calculated according to [9, 13]. 

The cooling load required to cover the heat 
input through the exterior windows has a 
component generated by heat inputs through 
exterior solar irradiance propagated through 
the glass and another component taking into 
account the heat input by global heat transfer 
through the glass and argon layers. In the 
confided space between two glass layers the 
heat transfer through natural convection 
between the argon layer and glass was 
assimilated with conduction according to 
[11]. The cooling load generated by the heat 

input from the exterior fresh air ( asQ ,

.
[W]) 

was determined with the following relation:  
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where: ( asV ,

.
, [m3/h]) is the volumetric supply 

air flow rate, ρs,a [kg/m3] is the density of the 
supply air, cs,a = 1.005 kJ/kg·K is the specific 
heat capacity of the supply air, x [g/kg] is the 
absolute humidity, cv = 1.875 kJ/kg·K is the 
specific heat capacity of the water vapors, te 
[°C] is the exterior air temperature from the 
TMY and ts,a = 22 °C is the temperature of the 
supply air. 

The volumetric air flow rate was 
determined using the following relation with 
the data presented in table 1:  

fsalfpsaas VSVnV ,

.

,,

.

,

.
  

The total cooling load is an important 
indicator that allows the estimation of the 
LHTES contribution to the cooling process of 
the building during the hot season.  

The contribution of the LHTES to the 
reduction of energy consumption of the air-
cooling system has been investigated by 
considering the building equipped with a 
reference cooling system consisting of a fan, 
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chiller and cooling coil and an enhanced 
system that ads a LHTES to the reference 
system. The LHTES alone is insufficient to 
cover the entirety of the fresh air-cooling load. 

The electrical energy consumed by the 
compressor of the reference system was 
calculated based on a COP-temperature 
function [14]. The enhanced system with 
LHTES reduces the number of hours the 
compressor operates but requires electrical 
energy in order to operate the fan that assures 
circulation of air through the packed bed 
during both charging (solidification) and 
discharging (melting). 

The pressure drop introduced by the 
packed bed was determined according to [15]. 

The COP of the reference fresh air cooling 
system was calculated for the entire hot 
season using the following relation:  





comp

as
ref E

Q
COP ,  

where: ܳ௦,௔  [kWh] is the output thermal 
energy of the chiller required for the cooling 
of the fresh air, ܧ௖௢௠௣ [kWh] is the electrical 
energy absorbed by the compressor. 

The COP indicating the efficiency of the 
enhanced system with LHTES must take into 
account both the electrical energy consumed 
by the fan of the LHTES during both periods 
of charging and discharging and the electrical 
energy consumed by the compressor to cover 
the remainder of the fresh air cooling load in 
the periods of the summer day when the PCM 
mass is completely melted. The seasonal COP 
of the enhanced system was calculated with 
the following relation:  







fancomp

as
enh EE

Q
COP ,  

where: ܧ௙௔௡ [kWh] is the electrical energy 
absorbed by the fan during both charging and 
discharging. 

 
The latent heat thermal energy storage 
The LHTES contains a packed bed of 

spherical capsules filled with PCM in a 
rectangular parallelepiped package as 
presented in figure 2. 

 
Figure 5. 3D model of the LHTES 
 
The PCM considered for this study is 

RT20 a commercially available paraffin wax 
[5]. The thermal properties of RT20 were 
determined with differential scanning 
calorimetry (DSC) in [6].  

As in the case of many organic compounds 
RT20 undergoes phase change within a 
temperature range. This range is identified in 
the DSC results which present the variation of 
heat flux released or absorbed by the PCM 
sample during solidification and melting. The 
peak temperature of the melting and 
solidification process of RT20 is in the 
vicinity of 20 °C [6]. The peak phase change 
temperature of RT20 is suitable for the 
climatic conditions of Cluj-Napoca according 
to [9]. From the DSC results the variation of 
the apparent heat capacity with temperature of 
RT20 during phase change was determined 
[6]. The mathematical model used to simulate 
the efficiency of the LHTES is governed by 
the following equation:  

 dtcm aasas ,,

.

    PCMsphsphPCMapprPCM dtcmtcm )(,

  dtS PCMasph ,

 where: ሶ݉ ௦,௔ [kg/s] is the mass air flow rate, ta 
[°C] is the air temperature at inlet, τ [s] is the 
time, mPCM,r [kg] is the mass of PCM from a 
row of spheres, msph [kg] is the mass of the 
spherical capsules in this case polyethylene 
spheres, csph [kJ/kg·K] is the specific heat 
capacity of the polyethylene sphere, tPCM is 
the temperature of the PCM, α [W/m2·K] is 
the coefficient of forced convection, Ssph [m2] 
is the outer surface of the sphere and Δta,PCM 
[°C or K] is the mean logarithmic temperature 
difference between the PCM and air.  

For simplicity the PCM temperature 
variation along the radius of the sphere was 
neglected.  
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This model was validated and was found 
to accurately predict the air outlet temperature 
and PCM temperature from the LHTES in [9]. 

The mass of PCM (mPCM [kg]) depends on 
the solidification possibility of the climatic 
conditions of Cluj-Napoca and on the supply 
airflow rate. The mass of PCM was 
determined with [9]:  

 
PCM

esPCMeasasas
PCM l

ttcV
m 

 ,,,,,

.

 

where: tPCMs,e [°C] is PCM solidification end 
temperature, te,τ [°C] is the exterior air 
temperature at the moment τ and lPCM [kJ/kg] 
is the latent heat of the PCM. 

The mass of PCM was calculated for each 
type of building thus determining the size of 
each LHTES. 

 
Results and discussions 
The cooling load of the building was 

estimated considering the heat input through 
each element: walls (W), persons (P), 
equipment (E), lighting (L), windows (G) and 
fresh supply air (F) . The share of each 
component is presented in figures 3, 4 and 5 
for the office building, school and hospital 
respectively. 

 

Figure 6. Share of each element to the cooling 
load – Office [9] 

 

Figure 7. Share of each element to the cooling 
load – School, This study 

 

Figure 8. Share of each element to the cooling 
load – Hospital, This study 
 

The maximum values of the cooling load 
for the office building, school and hospital are 
130.4 kWh, 155 kWh, and 120.7 kWh 
respectively. The school has the highest 
cooling demand due to the high number of 
student. The hospital has the lowest number 
of occupants and despite the high demand on 
fresh air quality the hospital seems to require 
the lowest cooling load. This is mainly due to 
the low heat dissipated by the electrical 
equipment per person.  

The LHTES in this study only covers the 
cooling of the fresh air. The maximum values 
of the cooling load for fresh supply air for the 
case of office building, school and hospital are 
23.26 kWh, 37.00 kWh, and 40.22 kWh 
respectively. Despite the low number of 
occupants, the hospital requires important 
amounts of fresh air to satisfy the high 
demand on indoor comfort quality. Therefore, 
the highest thermal load needed for the 
cooling of fresh is in the case of the hospital 
building. The PCM mass and dimensions of 
LHTES (height/width 0.50/1.50 m) are 
presented in table 2. 
 
Table 2. Results of the design process of the 
LHTES 

 
Building 

type 
Number of 

LHTES 
Length 

[m] 
Pressure 

drop/LHTES 
[Pa] 

Total 
mass of 

PCM [kg] 
Office [9] 4 3.25 209 3095 

School 6 3.45 256 4924 
Hospital 6 3.70 324 5352 

 
The contribution of the LHTES to the 

cooling of the exterior supply air during each 
month of the warm season is presented in 
figures 6, 7 and 8 for the office building as 
evaluated in [9], school building and hospital 
building respectively. 
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Figure 9. Contribution of LHTES to the fresh 
air-cooling load – Office [9] 
 

Since the same sizing principle was 
implemented, the monthly contributions of 
the LHTES for each of the studied building 
types are similar. The contribution of the 
LHTES to the coverage of the total cooling 
load of the building is: 2.50 % - office 
building, 3.16 % - school and 4.50 % - 
hospital. 

 

Figure 10. Contribution of LHTES to the 
fresh air-cooling load – School, This study 

Figure 11. Contribution of LHTES to the 
fresh air cooling load – Hospital, This study 

Due to the difference in PCM mass the 
electrical energy consumed by the fan 
depends on the pressure drop generated by the 
size of the packed bed. Figure 9 presents the 
reduction of energy consumption resulting 
from the LHTES enhanced system in 
comparison to the reference system.  

 

 
Figure 12. Comparative seasonal electrical 
energy consumption for the 3 cases 
 

Figure 10 presents the COP values of the 
reference system (Ref.) and the LHTES 
enhanced system (Enh.) for all three cases. 

 

Figure 13. Comparative values of COP for 
the 3 cases 

 
Figure 11 presents the increase in COP 

resulting from the integration of LHTES in 
the air-cooling system in comparison to the 
classical reference system for all three cases.  

 

Figure 14. Comparison of COP increase 
 
In the hospital building the LHTES 

operates at the lowest efficiency from the 
considered cases. In the case of the hospital 
the LHTES does not have a clearly defined 
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charging and discharging schedule as the 
hospital operates 24h/7. Therefore, the 
LHTES switches from charging to 
discharging mode depending on the exterior 
air temperature. Hospitals however may 
require heating during the night due to the 
temperature swings as investigated in [16]. 
Thus, the hot air leaving the LHTES during 
charging can be used to ensure the comfort 
temperature in hospital rooms during the 
night. 

The highest value of the COP increase was 
registered for the office building, having the 
lowest value of the fresh air-cooling load. 

 
Conclusions 
The efficiency of the LHTES technology 

was numerically investigated in a building 
considered to be an office building, school 
and hospital.  

The cooling load for each type of building 
was calculated and compared. The 
contribution of the LHTES to the cooling of 
fresh air for each building type was 
determined. No significant differences were 
identified. There are however differences in 
energy efficiency. These differences are 
reflected in the COP values. 
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