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Abstract 14	

Energy consumption in buildings accounts for up to 34% of total energy demand in 15	

developed countries. Thermal energy storage (TES) through phase change materials 16	

(PCM) is considered as a promising solution for this energetic problem in buildings. 17	

The material used in this paper is an own-developed shape stabilized PCM with a 18	

polymeric matrix and 12% paraffin PCM, and it includes a waste from the recycling 19	

steel process known as electrical arc furnace dust (EAFD), which provides acoustic 20	

insulation performance capability. This dense sheet material was installed and 21	

experimentally tested. Ambient temperature, humidity, and wall temperatures were 22	

measured and the thermal behaviour and acoustic properties were registered. Finally, 23	

because of the nature of the waste used, a leaching test was also carried out. The 24	

thermal profiles show that the inclusion of PCM decreases the indoor ambient 25	

temperature up to 3 ºC; the acoustic measurements performed in situ demonstrate that 26	

the new dense sheet material is able to acoustically insulate up to 4 dB more than the 27	

reference cubicle; and the leaching test results show that the material developed 28	

incorporating PCM and EAFD must be considered a non-hazardous material. 29	

 30	
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1. Introduction 34	

Energy consumption in buildings represents 34% of total energy demand in developed 35	

countries [1] and this trend is remaining constant or increasing regardless of the new 36	

directives and legislation that have taken effect recently to increase the energy 37	

efficiency and reduce the energetic consumption in this sector [2,3]. 38	

In this scenario, worldwide there is considerable research effort to develop more 39	

sustainable and energy-efficient systems for implementing in the building sector [4]. 40	

Within this situation, thermal energy storage (TES) is considered as a promising 41	

solution for this energetic problem in buildings [2]. A TES system can store energy 42	

following three different mechanisms: using sensible heat (SHTES) when a 43	

temperature gradient is applied to a medium [5]; using latent heat (LHTES) when a 44	

phase change of state occurs  [5]; and using heat released during a thermochemical 45	

reaction (TCTES) [6]. Moreover, TES materials can be introduced in several parts of 46	

the building in order to increase the energy efficiency of the HVAC system or to reduce 47	

the energy demand of the building: TES materials can be included in the structure of 48	

the building [7], in the internal coatings of the walls [7], or in the façades of the building 49	

[8], all these three are examples of TES passive system, and finally they can be 50	

implemented in the heat pump to regulate the indoor part of the building as active TES 51	

system [9]. The study presented in this paper is focused on phase change materials 52	

(PCM) included in the internal layer of an intermediate wall of the building and it acts as 53	

a TES passive system.  54	

Several researchers have developed their own equipment in order to measure the 55	

thermal behaviour of the constructive system simulated using a water bath or 56	

heating/cooling systems real ambient conditions [10–13]. On the other hand, there are 57	

several research groups that have implemented and tested the thermal performance of 58	

passive system in building walls. For example, Farid et al. [14] analysed the thermal 59	

behaviour of implementing PCM in timber construction (this type of construction is 60	

common in climatic zones like New Zealand).  However, that study consisted of a 61	

single room cubicle and the experimental set-up presented in this paper consists of a 62	

double room cubicle with all the wall temperatures controlled as well as the internal and 63	

external ambient temperature and relative humidity. Moreover, Castellón et al. [15] 64	

demonstrated experimentally that it is possible to improve the thermal comfort and 65	

reduce the energy consumption of a building with the inclusion of PCM in several 66	

constructive systems using concrete, conventional brick and alveolar brick and 67	

recently, de Gracia et al. [9,16] tested experimentally the thermal performance of a 68	



venti71	

chan72	

The 73	

the U74	

75	
76	

 76	

The 82	

by B83	

matr84	

know85	

heav86	

as it 87	

The 88	

perfo89	

imple90	

comm91	

More92	

after 93	

 89	

290	

The 93	

cubic94	

study95	

 94	

ilated doub

nnel, during 

experiment

University of

Figure 1. 

PCM imple

arreneche 

ix with 12%

wn as electr

vy metal ox

will increas

present pap

ormance of

emented a

mercial con

eover, a lea

its use, at t

2. Experim

experiment

cles with do

y is located 

ble skin faç

the heating

ts presented

f Lleida, wh

General vie

emented in 

et al. [17,18

% paraffin PC

rical arc furn

ides that w

se the acous

per will pre

f the new s

s a layer 

nstructive s

aching test

the disposa

mental set

tal set-up lo

ouble cabin

in the inter

çade (DSF

g and coolin

d in this pap

hich is locate

ew of experi

a building w

8]. This ma

CM, and it 

nace dust (E

will provide h

stic insulatio

sent the ex

shape stab

of a build

system. The

 was used

al step. 

t-up and M

ocated in Pu

ns as is sho

rmediate wa

) with pha

ng  season 

per were ca

ed in Puigv

imental set-

wall as a la

aterial is a s

includes a w

EAFD).  Th

high density

on of the fin

xperimental 

bilized PCM

ding wall a

e acoustic 

 to evaluat

Methodolo

uigverd de L

own in Figu

all. 

se change

in the Medit

arried out in

erd de Lleid

-up of Puigv

ayer was de

shape stabil

waste from 

e composit

y to the sha

nal construc

measurem

M used as 

and will co

behaviour 

te the pote

ogy 

Lleida (Spa

ure 2. The 

material (

terranean c

n the experi

da, Spain (s

verd de Lleid

eveloped an

lized PCM w

the recyclin

ion of this w

ape stabilis

ctive system

ents which 

a dense s

ompare the

will be me

ential enviro

ain) consists

constructiv

(PCM) in it

climate. 

mental set-

see Figure 1

da (Spain) 

nd characte

with a poly

ng steel pro

waste consi

sed PCM as

m.  

test the the

sheet when

e results w

easured in

onmental im

s of two ide

ve system u

ts air 

-up of 

1).  

 

erized 

meric 

ocess 

sts of 

s well 

ermal 

n it is 

with a 

 situ. 

mpact 

entical 

under 



1

1

1

1

1

1

1

1

1

1

1

1

95	

97	
98	

 98	

In on00	

was 01	

 01	

Ther02	

The 08	

and 09	

humi10	

meas11	

and 12	

(nort13	

Two 12	

cross13	

prese14	

heat-15	

Figure 2. G

ne of the cu

used as a r

rmal measu

temperatur

floor. Furth

idity are me

sured at fiv

the temper

th, west and

flux senso

sing this wa

ented in gre

-flux sensor

General view

ubicles the 

reference w

urements i

re is measu

hermore, th

easured ove

ve locations

rature is al

d east).  

rs are loca

all. The co

een colour 

r and the gr

w of the cubi

meas

new shape

where a com

in situ: 

ured inside

he indoor a

er time. Mor

s (up south

lso controll

ted in each

ntrol-senso

are temper

rey ones are

icles used t

surements i

e stabilized 

mmercial de

both rooms

and outdoo

reover, the 

h, up north, 

ed on the 

h intermedia

ors distributi

rature senso

e temperatu

o performed

in situ 

PCM was 

nse sheet w

s on each 

or ambient 

temperatur

down sout

dense she

ate wall in 

ion is show

ors, the one

ure sensors

d thermal an

installed an

was used. 

wall as wel

temperatu

e in the inte

th, down no

eet and on 

order to m

wn in Figure

e presented

s but across

nd acoustic

nd the othe

ll as on the

re and am

ermediate w

orth and ce

the other 

measure the

e 3. The se

d in red colo

s the wall.  

 

 

r one 

e roof 

mbient 

wall is 

entre) 

walls 

 heat 

ensor 

our is 



1

1

1

1

1

1

1

1

1

1

1

1

13	

14	

 15	

More19	

contr20	

is im21	

exter22	

The 23	

is co24	

side 25	

contr26	

 24	

Figure 

eover, each

rol the indo

plemented 

rnal influenc

constructive

mposed by

(see Figur

rolled tempe

3. Control-s

h cubicle h

oor tempera

were comp

ce on the te

e system in

y the dense 

e 4). The s

erature room

sensor distr

as a heat 

ature. The e

pletely insula

emperature 

nstalled in t

sheet betw

side with m

m (i.e. gara

ribution in ea

pump and

external wal

ated with 8 

fluctuation 

the intermed

ween two gy

mineral woo

age). 

ach cubicle

 an electri

lls of the ro

cm PUR fo

inside this r

diate walls 

ypsum board

l should be

used in this

cal oil radi

oom where t

am in order

room.  

is shown in

ds and mine

e installed n

 

s study. 

iator in ord

the dense s

r to minimiz

n Figure 4 a

eral wool on

next to the 

der to 

sheet 

ze the 

and it 

n one 

non-



1

1
1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

25	

F27	
28	

 28	

The 32	

sepa33	

etc. T34	

floati35	

The 36	

temp37	

cons38	

the w39	

37	

38	

 39	

 40	

 41	

Figure 4. Sk

constructiv

arates an in

Then, one 

ing conditio

thermal e

perature pro

stant at 18 º

warm part o

Fi

ketch of con

ve system d

ndoor room 

of the room

ns. 

experiment 

ofile shown 

ºC during th

f the day un

gure 5. The

structive sy

described in

with a gar

ms has con

performed

in Figure 5

he cold par

ntil the temp

rmal experim

ystem instal

cubicles

n Figure 4

rage, the b

ntrol-temper

d with th

5, where th

rt of the day

perature is s

ments perfo

led as inter

can be imp

uilding stai

rature and t

e experim

e temperat

y simulating

stabilized.

ormed insid

mediate wal

plemented 

rways and 

the other o

mental set-u

ure remain

g night and 

e the cubicl

	 

lls inside th

as the wal

the flat ind

ne is left a

up follows

s controlled

 at 28 ºC d

 

les 

he 

l that 

doors, 

t free 

s the 

d and 

during 



1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

Acou42	

The 47	

analy48	

Brüe49	

in al50	

Regu51	

48	

49	

 50	

The 54	

is pla55	

betw56	

pink 57	

In ad62	

three63	

mate64	

insid65	

calcu66	

is ca67	

the 68	

rever69	

DnT

 63	

ustic meas

acoustic ex

yser type 

er&Kjaer – 4

l cases as 

ulation requ

Figure 6

pink noise 

aced becom

ween levels 

noise sourc

ddition, thre

e measurem

erials used 

e it. For t

ulated the d

alculated for

emitter cha

rberation tim

 21 LL

surements 

xperimenta

1 (CESVA

4230 (94bB

it is show

uirements pr

6. Equipmen

source is lo

ming the e

is place on

ce is always

ee different

ment of bac

to build th

that reason

difference be

r each mea

amber, L2 

me and t0 is







0

log10
t

tr

in situ: 

tion in situ

A – SC310

-1000Hz). 1

n in Figure

resented in 

nt used to p

ocated in th

mitter cham

n the chamb

s in the emi

t measurem

ckground n

he walls ch

n both para

etween leve

surement fo

is the so

s the referen






0

r  [dB] 

 was perfo

0) which w

1/3 octave 

e 6. These 

 UNE–EN I

perform the 

e left cham

mber. The 

ber named 

tter. 

ment of eac

noise. The r

hamber whi

ameters ar

els. The diff

ollowing the

und level

nce time of 

ormed using

was calibrat

between 20

measurem

SO 140-4 s

acoustic me

mber where 

microphone

receptor ch

ch cubicle w

reverberatio

ich will incr

re included

ference bet

e Eq. 1 whe

on the re

reverberatio

g a sound-

ted by a s

0-10,000 Hz

ments follow

standard. 

easurement

the dense s

e to registe

hamber. Th

were perfor

on time will

rease the n

d in the eq

ween norm

ere L1 is the

ceptor cha

on (0.5 s).  

-level meter

sound calib

z was meas

wed the Sp

ts in situ 

sheet deve

er the differ

e location o

rmed as we

l depend o

noise meas

quation use

malized leve

e sound lev

amber, tr is

r and 

brator 

sured 

anish 

 

loped 

rence 

of the 

ell as 

n the 

sured 

ed to 

ls (D) 

vel on 

s the 

Eq. 1



The main acoustic insulation value (Dnt,w(C,Ctr)) is calculated following the standard  163	

UNE-EN ISO 717-1 where C and Ctr are the correction of the acoustic spectra.  164	

 165	

Environmental impact: Leaching test 166	

Finally, a leaching test following the UNE-EN 12457-2 was performed to classify for the 167	

disposal of the product after its use. Moreover, the results concerning the heavy metal 168	

contents will be classified as inert, non-hazardous, or hazardous according to the 169	

European Directive. 170	

 171	

3. Materials 172	

The material implemented in the experimental set-up described in the above section 173	

was a dense sheet used as shape stabilised PCM. This shape was manufactured in a 174	

Banbury mixer and shaped in a hot-roll lamination and 500 kg were obtained [18]. 175	

This material is composed by 12% wt. paraffin PCM (RT-21 commercialized by 176	

Rubitherm, Tm = 21 ºC, Hm = 160 kJ·kg-1), 71% wt. of Electrical arc furnace dust 177	

(EAFD), which was characterized and described by Barreneche et al. [17], and 17% of 178	

polymeric matrix – EPDM. EAFD is considered as hazardous substance which must be 179	

landfilled with high caution. The main processes followed in the EAFD treatment 180	

previous landfill are the following: 181	

 Stabilization/solidification technologies complete with Portland cement is the 182	

cheapest alternative but some problems regarding metal dissolution arise from 183	

the elevated pH in the leachate. This process is the least used [19].   184	

 Encapsulation methods of toxic metals. These methods are not commercially 185	

interesting, as they involve important investments and there is no metal 186	

recovery. 187	

 Pyrometallurgical processes are used to remove lead and zinc from EAFD by 188	

fuming and then condensing the metals in relatively pure form. However, with 189	

pyrometallurgical processes there is no recycling of iron to the electrical arc 190	

furnace process [20,21]. 191	

 Caustic based processes in which the leaching and dissolving steps employ 192	

simple chemistry that takes advantage of the amphoteric nature of zinc, lead, 193	

25 tin, arsenic, selenium and aluminium can be used to treat EAFD [22]. 194	

The process of incorporating EAFD as filler into a polymer matrix, in order to obtain a 195	

composite formulation is  followed in the Barreneche PhD thesis [23] to obtain the 196	



material used in this study and previously investigated for automotive industry by Niubó 197	

et al. [24,25].  198	

However, the inclusion of this dust inside an elastomeric matrix implies the isolation of 199	

the dust as the leaching test performs will discern [26]. This rubber dense sheet has 200	

1230 kg·m-3 density.  201	

On the other hand, the dense sheet installed in the other cubicle is the TECSOUND 35 202	

commercialized by TEXSA and used as a reference in this study which has 2300 kg·m-203	
3 and 30 N·cm-2 of tensile strength (UNE	104-281/6.6). 204	

 205	

4. Results 206	

In-situ thermal measurements 207	

The thermal profile of the materials implemented in both cubicles were registered over 208	

several consecutive days applying the same thermal conditions by controlling the 209	

temperature inside one chamber and leaving free floating conditions inside the other 210	

chamber. 211	

The temperature profiles of the dense sheet temperatures are presented in Figure 7. 212	

Moreover, the temperature profiles of the south wall (top and bottom parts of the south 213	

wall) are also overlapped in Figure 7.  A period of three consecutive days during the 214	

summer season is represented in the Figure 7  215	

As it can be seen, the peak temperature on the wall containing PCM dense sheet was 216	

reduced up to 4 ºC). 217	



2

2

2
2

2

2

2

2

2

2

2

2

2

19	

 20	

Figu22	
23	

23	

In ad27	

reach28	

Howe29	

does30	

More30	

wher31	

prese32	

 31	

ure 7. Temp

referenc

ddition, the 

h the final t

ever, the te

s not achiev

eover, a the

re the den

ented befor

perature pro

ce cubicle an

PCM effect

temperature

emperature

ved constan

ermal reduc

nse sheet 

re as shown

ofile register

nd the direc

t is shown i

e before an

e inside the

t temperatu

ction of 3 º

contains P

n in Figure 8

red on south

ctly measure

 

n this figure

nd it remain

e room whe

ure on any d

ºC on the 

PCM was 

8.  

h walls insid

ed temperat

e because t

ns constant

ere the com

day. 

ambient te

achieved 

de the PCM 

ure on dens

the sample 

until the e

mmercial sh

mperature 

in the sam

cubicle and

se sheets 

containing 

experiment e

heet is ins

inside the 

me experim

 

d the 

PCM 

ends. 

talled 

room 

ments 



 231	

Figure 8. Indoors ambient temperature profile registered inside the PCM cubicle and the 232	
reference cubicle and the directly measured temperature on dense sheets 233	

Note that the indoor temperature is higher than 28 ºC due to the outdoor temperature. 234	

 235	

In-situ acoustic measurements 236	

The difference between levels considering the emitter chamber and the receptor one 237	

for both cubicles (PCM cubicle and reference cubicle) are listed in Table 1 and the dB 238	

of acoustic insulation vs. Frequency [Hz] are shown in Figure 9.  239	

 240	

 241	

 242	

Table 1. Acoustic difference between levels measured into PCM cubicle and reference 243	
cubicle 244	

 DnT,w (C:Ctr)  
[dB] 

PCM cubicle 35  (-1;0) 
Reference cubicle 31  (-1;0) 

 245	
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metal. Zn and Cd concentrations are within the limits of non-hazardous materials. 270	

Finally, the other metal concentrations are within the limits of inert materials. Therefore, 271	

according to this test, both dense sheets may be classified as non-hazardous materials 272	

[28]. 273	

 274	

Table 2. Leaching test result of the materials installed in experimental set-up 275	

Element 
PCM dense 

Sheet (mg/kg) 
TECSOUND 35 

Classification 
Inert Non-hazardous Hazardous 

Pb 0.1 <0.04 0.5 10 50 
Zn 8.6 17.7 4 50 200 
Cd 0.21 0.19 0.04 1 5 
Cr <0.02 <0.02 0.5 10 70 
Ni 0.1 0.07 0.4 10 40 
As <0.04 <0.04 0.5 2 25 
 276	

In addition, it is well known that the leaching behaviour of heavy metals like Zn, Cd and 277	

Pb is pH dependent, and is possible to stabilize them and reduce their leaching [28]. 278	

 279	

5. Discussion 280	

The peak temperature reduction on the wall containing PCM of 4 ºC agrees very well 281	

with those obtained previously in other in-situ studies. In them, PCM was included 282	

either microencapsulated in a concrete wall [15] or macroencapsulated (using CSP 283	

panels) in brick and alveolar brick construction systems [29]. Moreover, these results 284	

are in accordance with laboratory testing of the dense sheet [17,18]. 285	

Similarly, in-situ acoustic measurements achieved 4 dB higher value in acoustic 286	

insulation index compared to the commercial reference product considered 287	

(TECSOUND 35), showing an analogous behaviour to that measured in the laboratory 288	

[18]. 289	

All these results, plus the leaching tests presented in this paper show that the newly 290	

developed dense sheet compiles with all the necessary properties to be used in real 291	

applications and to be produced at industrial scale. Further work would be to carry out 292	

the required steps to achieve full commercialization. 293	

 294	

 295	

 296	



6. Conclusions 297	

The thermal and acoustic behaviour of an intermediate wall as well as the 298	

environmental impact have been measured inside two cubicles of the experimental set-299	

up located in Puigverd de Lleida (Spain). The first cubicle contains a PCM dense sheet 300	

that incorporates EAFD and the second one is considered the reference because a 301	

commercial dense sheet (TECSOUND 35) was installed. 302	

The thermals profiles expound that the inclusion of PCM decreases the ambient 303	

temperature up to 3 ºC and the temperature on the south part of the intermediate wall 304	

(the one exposed to solar insolation) under thermal experiments.  305	

Moreover, the acoustic measurements performed in situ illustrate that the PCM cubicle 306	

(where the PCM dense sheet is installed) is able to insulate up to 4 dB more than the 307	

reference cubicle thanks to EAFD content (due to the heavy metals).  308	

The leaching test performed show that the material developed incorporating PCM and 309	

EAFD does not leach heavy metals with higher contents than the limits to consider the 310	

materials as hazardous material. Therefore, EAFD which is considered as special 311	

waste is very nearly isolated inside the EPDM matrix with PCM. 312	

In summary, the PCM dense sheet present better thermal behaviour (remaining the 313	

ambient temperature 3 ºC lower), better acoustic insulation properties (4 dB higher) 314	

and the leaching test show similar results, therefore, it can be applied in real building 315	

as part of walls where acoustic and thermal aspects need to be improved. 316	
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