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In  Argentina there is a serious housing  shortage.  The  National  State  responds to this  shortage  in a quantita-
tive  rather  than  in a qualitative  way,  avoiding  low  maintenance architectural  and  technological solutions
for  this problem.  For  this purpose,  the  passive  solar technologies  are  a  truly  viable  alternative.  Therefore,
this  work  presents  the  design  and thermal  performance of heat  storage  walls  (HSW)  made  of mixed  mate-
rials  (concrete  and water)  for  heating  mass  construction  housing  built by  the  National State  of Argentina.
They  are  prepared  to be  included  in modules (1.2 m  ×  2.4 m) on  the  equator-facing  sides since  they are
made of storage  mass  made with  industrialized  stackable pieces.  The storage  mass  is made of concrete
with  encapsulated  water in PVC  pipes  and it is covered with  a single-glazed  covering.  In  this  work, the
technological  design,  the  industrialization, manufacture  and assembly stages,  and  its  performance  are
presented.  Simulations  of the  systems  incorporated  into  a house were  carried  out and they  were  then
compared  to  the  most  widespread  technologies  (solid concrete  walls).  Experimental  scale measurements
of these  systems were also made  in a 1.08 m3 insulated  enclosure. The simulations did not  show very

significant  differences  among  the  analyzed  systems,  but  they  allowed  us  to define  the  use  of single  glazing
as  a transparent covering. The measurements  show the  different  loading dynamics of each type of wall
and  confirm a difference of 2 ◦C among  the  internal  temperatures,  recorded  inside the  enclosures in favor
of the  mixed  storage wall. The carried  out works enabled  us  to install  those systems in social  housing  in
the  Province of Buenos Aires,  Argentina.

© 2017  Elsevier  B.V.  All rights  reserved.
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the Republic of Argentina had 40,117,096 inhabitants,
5 homes,1 and 11,317,507 inhabited dwellings [1] in
re has also been a  serious structural housing shortage for
e. A great number of families live in  precarious houses
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wable resources. It  is clear that housing problems are not
 only building new houses. It  is  necessary to improve the

process and the final results of mass construction housing,
ng not only the operating costs but also their maintenance.
n and housing reality in Latin America shows an increasing
tion in  the population’s quality of life, especially of  those

 fewer resources. This is shown in  growing housing short-
rganization and deterioration of urban and metropolitan

ell as in not very effective actions to preserve the housing
 the environment [2].

fore, it is  possible to say that the solutions for state hous-
cial areas with fewer economic resources in Argentina

 on producing low-cost designs, without paying so much
 to social, cultural and environmental aspects. In the
 of Buenos Aires − the most populated province of  the
16,660,000 inhabitants) − there are particular situations
n to  this topic. On the one hand, users have technical,

 and physical difficulties to have access to  conventional
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sources for air conditioning. On the other hand, the hous-
ns do not respond to the climate or  to the future users’
d there is limited knowledge of the potentialities of the
entally conscious technologies.

 context, a viable solution to solve this problem is the pos-
 producing social housing models with improvements in
-mentioned qualitative aspects, and with the incorpora-

sily implemented passive solar technologies with low-cost
n at massive scale. If we focus on social housing and the

r its air conditioning, it is  possible to  say that heat storage
a  feasible alternative. Heat storage walls are  passive heat-

s which make the most of the solar energy to reduce the
 energy demand and operating costs. This type of globally
d systems is a  good option for social housing buildings
ers generally require housing with low operating costs to
e expenses of the buildings’ use.
torage walls made of solid materials are among these
ies. Their development in the world dates back to the

e 19th century and, nowadays, they are still used and the
espread technology. The different variations in  the storage
end on the local climate, on the used materials, and on the
ents for the use of the technology. As regards the climate,
s influencing the design are: the solar resource availabil-
ount of sunshine duration, and the thermal range. There

ty of designs incorporating materials in solid state, liquid
the so-called phase change materials (PCM). This makes
e to vary the heat loading and transfer dynamics, and the
ic heat capacity of these systems. The requirements for
t out variations in relation to the storage level and ther-
fer, to  the time lag capacity, and to  the reduction of the
ave amplitude.

eginning of this technology dates back to  the precepts
 Edward Morse, who patented his invention under US
6626 code in 1881. This technology uses the sun’s radi-
y as heat source, which is stored as thermal energy in
materials exposed to the sun. This invention was spread

 1960 as from the implementations made by Engineer
be and Architect Jacques Michel in the passive houses

ench city Font-Odelilo-Via, located in the Eastern Pyre-
e decades later, some implementations were developed

ited States. These allowed investigators to establish basic
r the functioning and use of such systems in relation to

 models of the involved complex physical and thermal
na, and they also allowed its implementation in buildings
n [3–5]. In 1997, progress in the concrete walls original
as observed when French researchers related to J. Michel
ted an internal insulation to  the traditional Trombe wall
o avoid night losses and unwanted gains during the day

 last years, different investigations have shown the cur-
ern for continuing researching the topic. The state of the
es: studies of the passive storage systems global behavior

 development of special blocks to  produce storage mass
tudy of storage mass variations incorporating alternative

e change materials [11–18],  and the use of encapsulated
the thermal mass [19].  Different types of walls, based on
ly solid or completely liquid storage mass, have been stud-
entina according to the climate (temperate or cold), and
f implementation [20–23].
tion to the global study of passive storage systems, Briga
siders that more studies should be conducted to  assess
pact of Trombe walls integrated into buildings. It is con-
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al energy need was obtained. The effect of  incorporating
ssive storage walls is also observed in different types of
ses and they confirm that their incorporation increases
ed temperatures in  the studied area. However, the per-
s  not  specified [9].  It  is possible to conclude that this type
h clarifies the scene in  relation to the benefits of their use.

ding the structure of elements containing the storage
ang [10] develops walls with air cavities and analyses
ior of the heat transfer and the storage capacity through
t mathematical models, and shows that the thermal con-

 of these walls depends on the shape of the cavity and on
ntage of air incorporated into the wall.
eral investigations, the specific study of the storage mass
ve the thermal performance of the storage walls and to

 different climatic situations is reflected, for example, in
f phase change materials (PCM). There are works on the
of these materials’ current situation to improve housing
ity [14]. In particular, they are comparisons of  concrete
ass with phase change materials in search for higher ther-
ia and better internal temperatures [15].  Similar studies
ave shown that hydrated salt walls have more benefits
g spaces than those made of concrete or paraffin [16],  or

ck storage walls incorporating phase change materials are
mprove insulation and thermal comfort [17]. In [18], the
ntal measurement and the numerical simulation of phase
aterials (fatty acids, paraffin, and hydrated salt) encapsu-
lass bricks are carried out. The results show that phase
aterials are good for regulating space heating. However,

 a  significant temperature increase and make it necessary
ve systems with PCM together with efficient night air  cir-
nd solar income limitation. It is possible to  conclude that
nge materials provide significant improvements for heat-

ation, for temperature increase, and for obtaining higher
nertia. Despite their heat capacity increase because of the
at, they present some problems in relation to  their cost

 useful life. For these reasons, its massive use in houses
e maintenance is  not a  very sustainable option, as is  the
cial housing built by the state.

 sense, the use of water as part of storage mass is presented
resting alternative to study. In Argentina, there are  prece-

 the design of heat storage walls with water mass and
trolled transfer [20].  This technology was  implemented

 s in a  project called “Groups of High-Density Housing
r Energy Use” [“Conjunto de viviendas de alta densidad
ación de energía solar”], from which a  housing proto-

 developed [24].  The winter determinants with which this
gy was designed (located in the City of  La Plata, Buenos
entina) were: 994 heating degree-days (base temperature
lar radiation between 10.5 MJ/m2  per day and 5.4 MJ/m2
and changing relative sunshine duration. A temperature
ystem with high loading capacity (1956 liters stored in
water containers, each of them displayed in staggered
) was opportunely developed with high transfer capacity
storage mass and circulating air. The system was  com-

with heat delivery control in accordance with the demand.
nology reached temperatures of 63 ◦C and the heat stor-
city was approximately three days. The found difficulty
eed to  design a  hermetic enclosure for the storage wall
ly efficient insulation [13,25,26].
e of water combined with concrete is  shown as progress

escribed difficulties. In China, a solar house with tradi-
lls is compared with one provided with thermal storage

h water insertions, observing an annual energy saving
an 8% [19].  A passive solar house with a water thermal
all (WTSW) was  especially studied, and its influence on

nal thermal environment was  analyzed. Field measure-
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Table 1
Winter climatic conditions in a coastal city and in a city in the centre of the province of Buenos Aires. IRAM Regulation 11603.

City Latitude Longitude Above sea  level Average Temp. Maximum Temp. Minimum Temp. Relative Humidity Rain Heating degree days
◦  ◦ m ◦C ◦C ◦C % mm Base Temperature 18 ◦C
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d numerical simulations were carried out. The results of
lation and of the orthogonal analysis pointed out that, in
on with the traditional wall, if the space is equipped with
he annual energy consumption could be reduced by 8.6%
ssessment index of the internal thermal comfort could be

 by 12.9%. Moreover, water reacts successfully to temper-
tes. As it is  possible to  observe, the energy consumption

 is lower than in  the previously analyzed cases, but it
thermal comfort improvement for a  temperate climate.

 in  [27] Kaushink and Kaw, encapsulated water in  con-
sed to take advantage of its low cost and its great heating

ove-mentioned specific examples show that there is  not
earch about this topic. The studies are  limited to the

f these walls on the building envelope and comprehen-
ies of its behavior are not developed. As it is  possible to

 research is  done on information about storage in solid
e change materials. However, there are not  many studies
rify the use of water as a  possible material and, in this way,
side its heat capacity (4.186 kJ/kg K), its attributes in  rela-
ding and discharge dynamics of the stored energy, and its

The reason why water is not widely used could be  related
 store it within the concrete and to  the lack of knowledge
operating dynamics. This is why this work deals with the
apsulated water within solid concrete pieces, as described

portant to design and propose innovative and passive
ical solutions for social housing, responding to  the limited
ent of systems combining solid and liquid materials in the
ass. This work presents the development of heat storage

W) with mixed storage mass, made of industrialized con-
ces with water pipes. These aspects make it possible to
the heat load rate and the energy storage capacity. These
re presented as an economical and easily replicable alter-

 contexts such as mass construction housing. Similarly, a
nalysis of the technology and its design is  shown to  col-

with the development of comprehensive studies on the
 this technology in habitable spaces.

tives and scope

jective of this work is to design, simulate and empirically
the mixed heat storage walls thermal behavior, applicable
ocial housing built by the State. Likewise, it is expected to

 the first theoretical-experimental conclusions, involving
ioning and economic-efficient aspects.
ope of this work involves a  first study on the capacity of

 liquid storage mass, and on the thermal potentialities to
both types of storage mass. Later, different geometrical
d materials for the thermal storage walls are proposed,
rmal behavior analysis based on thermal simulations of
ble spaces is carried out, comparing the proposed systems
ost spread ones: solid concrete systems. From that point,

 convenient geometrical shape is chosen and an experi-
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wide
 reduced scale is designed to assess thermal performance
perating dynamics of the walls. The results of this exper-
d the system loading efficiency are analyzed. In the last
ure developments of the current research are  proposed.

this work
out.

In a  fi
bedroom
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ticle is divided into four sections. The geographical region
mentation, the used materials and methods, and the
technological definitions are described within the sec-
d Methodology. Afterwards, the results and discussion
ed. The thermal simulations, the experimental measure-
e system loading effeciency the economic performance,

description of future developments are also included in
on. The conclusions are presented in  the final segment.

dology

 section, the geographical region of implementation of the
 technologies, the materials and methods, and the techno-
finition of the systems are described.

raphical region of implementation

public of Argentina has a  wide climatic diversity and solar
ty because of its land area (between 20◦ and 60◦ south

 and because of its geographical diversity (plains, plateaus,
ntains).
gion called Centre of the Province of Buenos Aires is a  cold
e region in accordance with the National Standards IRAM
8],  and it is  the most populated province of  Argentina. In
atic region, the total annual horizontal global solar radia-
inter is 4500 MJ/m2. There is also wide thermal amplitude,
umidity, and high and stable relative sunshine duration
rison with coastal zones in  the same province (City of

 where this research group had experience in the devel-
f liquid-filled storage walls. In this climatic context, the
of Housing of the Province of Buenos Aires [Instituto de
da de la Provincia de Buenos Aires − IVBA] proposes the
group to  design bioclimatic social housing in  this region,

 in  the City of Tapalqué, Buenos Aires, Argentina [29].  In
t is possible to observe the climatic parameters registered
sest weather station to  the city of Tapalqué (city of Azul)
omparison with the coastal city of La Plata.
m the climatic analysis of the region of implementation

 our  own records and on others’, heat storage walls with
ing characteristics were considered: more heating load

e thermal capacity and inertia, levels of thermal lag of
 four and six hours, and semi-controlled heat transfer.
, the possibility of replicating this technology in  housing
ion in regions with a  similar climate in the Republic of

a was  proposed. Considering the analysis of national and
onal records in relation to  different wall storage mass, the
was to adopt the use of mixed materials, combining the
performance with the one provided by the encapsulated
its interior.

rials and methods

er to develop this work, a  comparative analysis of the most
ad technology (solid concrete) and the one presented in
 (mixed concrete with encapsulated water) was carried

rst stage, the thermal behavior of  a  prototype house
 heated by HSW was simulated and analyzed with both
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Table  2
Thermal resistance of the materials of the building envelope.

Plastered hollow
brick walls with
External
Insulation Finish
System (EIFS)

Roof corrugated
metal sheets
with 0.10 m
thermal
insulation

Hermetical
double-glazing
windows

Floor with
perimeter
insulation

1.49 W/m2  ◦C 3.12 W/m2 ◦C 0.32 W/m2  ◦C 0.88 W/m2  ◦C
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s we
 1.2 m
esired height. The standard architectural modulations of  mass
truction housing were respected, considering an energy con-
ies with different geometrical shapes. The wall dimen-
wever, were respected in  both cases (1.2 m wide × 2.4 m
). The habitability levels reached in a  room were recorded.
parent coverings of the walls were also assessed (single

 glazing) in order to  make the most of the solar resource,
ng the thermal losses and gains balance.
e simulations, the national SIMEDIF software was  used
lculation of the temporary thermal performance of multi-
ldings. In [30–32], the program’s calculation assumptions
nstrated and validated. The simulations were carried out
with INENCO [33].  Such simulations covered a period
ter days considering the average, maximum and mini-

door temperatures of 7.7 ◦C, 14.2 ◦C and 2.4 ◦C respectively
g to Table 1,  city of Azul), and solar radiation varying
MJ/m2 per day to 10.5 MJ/m2 per day (according to  the
of Argentina Solar Radiation Atlas) [34].  The same build-
minants of the house prototype were considered in all
lations. These were: exterior envelope totally exposed
radiation (without shading); 10 W/m2  ◦C (exterior) and
2  ◦C (interior) convective coefficients, 0.025 m insulation
l parametres and floor; and 0.10 m ceiling thermal insula-
Table 2) (see house in Fig. 4). For HSW storage mass, 0.95
ces of the equator-facing surfaces were considered.

er to  develop the thermal model, the house was  divided
lowing zones: bedroom, corridor, living room, bathroom,
reenhouse, and heat storage wall. For all the zones, except
at storage walls, the ventilation rate was fixed in 1 ACH

ge per hour) (hermetic aluminum carpentry with rubber
tripping).
ype of storage wall was simulated as an additional ther-

 (with 0 ACH) with a  wall connecting that area with the
ding bedroom. This wall has high absorptance (0.95) on
ffected by solar radiation, and a  10 W/m2 ◦C convective
t because of the air flow touching the wall by  natural con-
esides, 0.03 m2 thermocirculation vents were considered
ately 1% of the wall surface), whose centers are sepa-

a  2.16 m distance, and which are supposed to  be closed
e night. As the simulation program does not  accept the
riable convective coefficients between the day and the
nique 10 W/m2 ◦C coefficient applied to  the complete day

 (as the openings are closed during the night, this coeffi-
ld be  the one with stagnant air). Using a higher coefficient

e night implies that the air in  the storage wall will have
 higher temperature in the simulation than the one in the
tion (during night hours). Table values were used for the
materials conductivity, specific heat, and density (except

 conductivity). Due to the convection phenomenon of the
ide the pipes, and that this produces a  mixture that unifies

 temperature, only one node for the water was  considered
 conductivity (in this case, k = 100 W/m ◦C).
rpose of the simulations was to  develop an approximation

nt types of storage walls behavior according to the relation
the solid and the water mass in a bedroom of a  house.
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cond stage, the experimental tests were aimed at empir-
urement to determine the reached temperature levels
fferent sections of the HSW pieces and in  an internal
ea at a  reduced scale. For that purpose, two  1.08 m3 areas
d, whose envelope is  made of expanded polystyrene with
density and 0.05 m thickness, where the solid storage

 the mixed storage mass were simultaneously tested in

e experimental tests, an Omega OM-CP 8-channel data
n system with type T thermocouples was installed, sup-

y four 4-channel Hobo micro data acquisition systems,
 channels in  total. An Eppley PSP pyranometer was also
to  measure solar radiation on the HSW collector plane
t 90◦ and facing the equator). During the pieces manufac-

 T thermocouples were inserted (Cu-K) inside the concrete
ater pipes. Later, during the HSW assembly, the thermo-
nd sensors were placed on  the equator-facing sides and
posite ones, and also in  the interior of the enclosures to
e air temperature. The measuring period took a week in
h of June.
illustrates the assembly of the two boxes, the transpar-
ings and the complete HSW installation. The pieces were
d on a concrete platform and the thermal bridge was
n its support area with hardwood blocks and thermal

. In both cases, the equator-facing surface was painted
t black synthetic enamel to  achieve the greatest possible
ce. It is worth mentioning that this color is  not usual in

 and it is  possible to replace it with high absorptance col-
ting to esthetic needs. For example, dark blue reduces the
rptance from 95% to 85% with respect to  matte black color

, the information obtained from the experimental tests
he thermal efficiency of the charging cycle of each system
culated, based on the heating capacity of each wall, the
hermal difference, and the received solar radiation.
chnological definitions of the systems are described in  the

 section.

nological definitions of the systems

alls were made of industrialized concrete pieces incorpo-
 water mass in PVC hermetic pipes. Three geometrical and
ic variations were originally proposed. One of the walls is
al and made entirely of concrete. The other two  are made
te with water inserted in PVC pipes using different water
ns and locations inside the cross-sectional area of each
piece. Type 1 wall consists of a  0.16 m water pipe (section)
ally located. Type 2 wall has a  0.25 m water pipe (section)

 in  the axis of the piece. Fig. 2 shows the cross-sections of
s.
e design and construction, a modular industrialized sys-
chosen in order to  replicate it in the programs for social
uilt by the State (see Fig. 4). The mold design was carried

 the storage pieces dimensions were adjusted to  ensure
 the dimension, standardization, and simplicity assem-
lines. This process was useful for the serial production of
s with high-quality finish, making a  correct final assembly
In this case, the molds were made of folded sheet metal but
d also be made of wooden formwork in  order to be used
scale isolated applications. The dimensions of  the entire
re established in 1.2 m wide x  2.4 m tall. They are built

 x  0.36 m x 0.24 m pieces, piled up in ten units to obtain
 capable of meeting the basic demand. Fig. 3  shows the
 water pipes, and the storage pieces filling.
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Fig. 1. (a) Measuring spaces assembly with the complete installation of both HSW. (b and c)  Thermocouples location. (d) Transparent coverings installation.

Fig. 2. Cross-sections of the pieces which make three types of HSW.

Fig. 3. (a)  The mold; (b) Water pipes; (c) Concrete and water pieces vibration and filling.
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 pieces have two transverse boreholes to join them with
and to  unify the storage mass with the structural beam
sembly, in order to give stability to the system. The pieces
d with commercial standard adhesives. Regarding the

and 

trall
2% o
fluxi
, H30 concrete was used (i.e. 300 kg/cm2 allowable stress
 6/20 stone (i.e. the particle size is between 6 and 20 mm).
g time per component was one day and a half. The water

treated with products used to  avoid bacterial proliferation,

the vibra
The piece
no liquid
registere
ator-facing surface; (c) Cross section.

es not have corrosion problems because it has been neu-
apsulated. The liquid occupies 98% of  the pipe and leaves
in its interior. The pipe is  closed with covers sealed with
hesives (special for PVC) and it is inserted before filtering
ted concrete pieces, making it virtually hermetic (Fig. 5).
s have been exposed to the exterior for seven years and

 leaking problems in  the interior of the pieces have been
d.
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Fig. 5. (a)  Water pipes filling with algicide; (b) Water level in the pipes; (c) Pipes closing and sealing with PVC special covers.
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following section, the results obtained in  the simulations,
imental measurements, and the efficiency calculations of
m are described.

s and discussion

mal simulations

er to analyse the results obtained during the thermal sim-
t is necessary to provide some clarifications about each
orage mass modeling. The characteristics of the simulated
re the following:

crete storage wall is simulated as only one wall, with the
e thermal characteristics.

 type 1 storage wall, the wall connecting the storage wall
 the bedroom was divided into two walls. One wall made

 concrete (with 0.35 m thickness and an area represent-
 of the total area of the wall); and the other formed by
yers with different thickness (0.04 m of concrete, 0.16 m
r, 0.15 m of concrete, with an area of 67% of the total area
all).

 type 2 storage wall, the procedure is  similar to the pre-
ase. The wall is divided into two walls. One made only of
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e (with an area of 28.6% of the total area of the wall); and
 formed by  three layers with different thickness (0.05 m

rete, 0.25 m of water, 0.05 m of concrete, with an area of
f the total area of the wall).

and doub
In rela

benefits o
glazing, a
by the three types of storage walls.

tion to the internal gains, the simulation did not con-
 house occupation or  equipment contribution. However,
gains for the storage walls contribution and for direct gain
dered, according to  the house design.

 6,  there is a  comparison of the obtained temperatures in
om of the house exposed to the exterior, heated with the
es of walls: concrete, type 1 and type 2, in  order to assess
them provides the highest thermal contribution.
served that the two  types of mixed walls (type 1  and type
n  similar temperatures in the bedroom. Type 1  wall shows
provement in  comparison to type 2 wall. In relation to the

crete wall, interior temperature levels are slightly higher
an the ones generated with the mixed walls on sunny

s is  because, by not including water inside pipes in the
he temperature increases a  little bit more when absorb-

 radiation. On  sunny days, by using concrete walls, the
 temperatures surpass the minimum level of  comfort for
tablished by local regulations (18 ◦C). While in the mixed
reached levels were lower (16 ◦C). It is  worth mentioning
gentina there is  a  high percentage of houses which do  not
ch the minimum comfort level established by local reg-
On partly cloudy days, the temperature in  the bedroom

 the concrete wall is slightly lower than the one obtained
mixed walls. This shows that mixed walls have a  simi-
al performance to  one made of concrete with the same
ns. In Fig. 7, type 1 mixed wall is assessed using single

le glazed covering.
tion to the type of transparent covering, Fig. 7  shows the
f type 1 wall (mixed and with eccentric water) with single
nd it is compared to  the same wall with double glazing.
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Fig. 7. Thermal behaviour of the bedroom heated with type 1 wall with single and double glazed covering.
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ilability is low in the area of implementation. Therefore,
f double glazing significantly reduces the system storage
This is why the use of single glazing and the incorpo-
night protection are better to avoid unwanted losses in
e climates.
clude, by comparing the thermal behavior of the analyzed
the simulations recorded not very significant differences
f the mixed wall. They also helped to determine the use

glazing as a transparent covering.
the preliminary simulations, the decision was to opt
ype 1 HSW, and to build mixed pieces (type 1, con-
apsulated water in PVC pipes eccentrically placed) and
crete pieces for the tests. Type 1 wall has a  heat capac-
2.9 kJ/m2 ◦C (55.8 kg of water and 641.1 kg of concrete
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es eccentricity will allow the mass storage with high heat
to be closer to the sun-facing side. Therefore, the load-

tion.
By com

differenc
ence in th
 solid concrete), from 7th to  14th June 2011 (accuracy in the measuring

ss will speed up, the temperature levels will increase, and
he solid concrete mass will be  left in  the rear part with the
aintaining the phase change of the thermal wave between
and nighttime cycles.
st of both types of walls will allow us not  only to empir-
ify the theoretical results and to  experiment with the

and material alternatives, but also to detail their thermal
nce and the operating dynamics.

riments

s stage, indoor air temperatures of an insulated enclo-
 the reached temperatures in the storage pieces section
lyzed. Fig. 8 illustrates the temperatures reached in  the
f the enclosures heated by both technologies (type 1  con-
ter and solid concrete), during a cycle of  seven days in a

 a  different amount of sunshine duration and solar radia-
paring both technologies, it is possible to observe a 2 ◦C
e in the maximum interior temperature and a  1.2 ◦C differ-
e minimum interior temperature during all the measured
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Fig rage wall, C/W-HSW: concrete and encrypted water mixed storage wall.
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al levels reached in  the modeled enclosures, they were
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 thermal comfort established by the Argentinian air con-
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er to  compare the behavior of each HSW storage mass in
r, the results of a winter day cycle on a  sunny day in June
lyzed (with a  relative sunshine duration higher than 70%).
ws the location of the measuring sensors. The following
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 shows that the slopes of both curves have a  similar
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is analysis, the materials of each type of  wall and differ-
force are considered. According to the cost of  each piece,
ge wall cost per m2 is calculated. For the economic per-

 calculation, the following information is  required: i. the
fficiency obtained from Table 2; ii. the average daily radi-
winter calculated with the Liu and Jordan method; iii. the
ergy in  the wall calculated according to the loading effi-
d daily radiation; iv. the walls’ useful life estimated in  30
ilar to  the useful life of traditional housing in  Argentina).
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useful life. This value could be compared with the cost of
onal energy units used for heating a room. The results are

 in  Table 4.
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r making empirical measurements of the systems incor-
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G.M. Viegas et al. /  Energy and Buildings 159 (2017) 346–356 355

Table  3
Heat storage walls general loading efficiency on  sunny days.

Type of storage Mass kg/m2  (a) Specific heat
kJ/kg ◦C (b)

Heat Capacity
kJ/◦C m2  (c=a*b)

Mass temperature
daily increase ◦C (d)

Useful stored
energy kJ/m2  (e=c*d)

Incident solar
energy kJ/m2

Loading
Efficiency h

Water/Concrete
wall

55.8 4.18 233.34 11.6 2713.7 9300.8 16573 0.56
641.1 0.92 589.54 11.2 6578.1

Concrete wall 763.9 0.92 702.47 12.2 8588.4 8588.4 16573 0.52

Ref.: h =  Useful stored energy/Incident solar energy.

Table 4
Economic performance calculation of the two assessed storage walls.

HSW Type Cost
($US/m2)

Loading
efficiency

Winter daily average
radiation (MJ/m2)

Stored energy
(MJ/m2)

Useful life of the
wall (years)

Number of
winter days

Economic performance
($US/MJ)

Water/concrete wall 486 0.52 11.32 6.34 30 92 0.0278
Concrete wall 455 0.56 11.32 5.89 30 92 0.0280
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