-

View metadata, citation and similar papers at core.ac.uk brought to you byf: CORE

provided by Ulster University's Research Portal

1 Thermal Energy Storage in Building Integrated Thar8ystems:
2 A review. Part 1. Active storage systems

3 Lidia Navarrd, Alvaro de Gracia Shane ColcloughMaria Browné&, Sarah J.

4 McCormack, Philip Griffiths’, Luisa F. Cabeza

5 1GREA Innovacié Concurrent, Universitat de Lleidaljfiéi CREA, Pere de Cabrera s/n, 25001 Lleida,iSpa

6 2 CELIMIN, Av. Universidad de Antofagasta 02800, Afitgasta, Chile

7 3Centre for Sustainable technologies, Universityister at Jordanstown, Newtownabbey, Co. Antrim, BR38 9QB

8 “Department of Civil, Structure and Environmentatyeering, University of Dublin, Trinity College,ublin, Ireland

9

10  Abstract

11

12 Energy consumed by heating, ventilation and airdd@ning systems (HVAC) in
13 buildings represents an important part of the dlodi@ergy consumed in Europe.
14  Thermal energy storage is considered as a promissigology to improve the energy
15 efficiency of these systems, and if incorporatedhia building envelope the energy
16 demand can be reduced. Many studies are on apptisadf thermal energy storage in
17  buildings, but few consider their integration irethuilding. The inclusion of thermal
18 storage in a functional and constructive way coptdmote these systems in the
19 commercial and residential building sector, as wvasllproviding user-friendly tools to
20 architects and engineers to help implementatiothatdesign stage. The aim of this
21  paper is to review and identify thermal storageldmng integrated systems and to
22 classify them depending on the location of therttarstorage system.
23
24
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1. Introduction

Thermal energy storage (TES) is one of the mosmmiog technologies in order to
enhance the efficiency of renewable energy SOUrtES overcomes any mismatch
between energy generation and use in terms of tiemperature, power or site [1].
Solar applications, including those in buildingsquire storage of thermal energy for
periods ranging from very short duration (in mirsutg hours) to seasonal storage. The
main advantage of using TES in solar systems fddibgs is the success of converting
an intermittent energy source in meeting the demaiiéch may be intermittent and/or
have a time shift [2]. TES can also be used fa-freoling of buildings. The advantage
here is the use of a natural resource for air ¢mmdng in buildings.

Advantages of using TES in an energy system ar@titease of the overall efficiency
and reliability, but it can also lead to better mmmic feasibility, reducing investment
and running costs, and less pollution of the emvitent and less GCemissions [3].

Thermal energy can be stored using different methednsible heat, latent heat and

thermochemical energy storage [1,2,3].

Sensible storage is the most common method of drehtcold storage. Here energy is
stored by changing the temperature of a storagaume(such as water, air, oil, rock
beds, bricks, concrete, or sand). The amount afggrs&tored (Eq. 1) is proportional to

the temperature difference, the mass of the stareggbum, and its heat capacity:

Q=mICplAT (Ea- 1)

where Cp is the specific heat of the storage natédikg-°C),AT the temperature
gradient (°C), m the mass of storage material (kg).

Latent heat storage is when a material storesthemigh a phase transition. Usually the
solid-liquid phase change is used because of dgh knthalpy and lack of pressure
problems. Upon melting, as heat is transferredht dtorage material, the material
maintains a constant temperature constant at thnmémperature, also called phase

change temperature. The amount of heat storedecaalbulated by Eq. 2.
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Q=miAh (Eq. 2)

where Ah is the phase change enthalpy, also called asngeththalpy or heat of

fusion, and m is the mass of storage material.

Any chemical reaction with high heat of reactiom te used for TES if the products of
the reaction can be stored and if the heat stanedgithe reaction can be released when
the reverse reaction takes place. The energy gedsiting chemical changes is
relatively higher than for a physical change sushphase change. For chemical
reactions it is important to find the appropriagvarsible chemical reaction for the
temperature range of the energy source [4,5]. Atgption systems (adsorption on solid
materials or absorption in liquids) are used inrriechemical energy storage.
Adsorption means binding of a gaseous or liquidsphaf a component on the inner
surface of a porous material. During the desorpstep, the sample is heated. The
adsorbed component is removed from the inner sewrf&s soon as the reverse reaction
(adsorption) is started, the heat will be releasdie adsorption step represents the

discharging process. For liquid absorbents, a aimtlileory could be explained.

A comparison of the energy storage densities aeldievith different storage methods
are shown in [1], and a comparison of differentage methods for solar space heating

and hot water production applications is summarinefiable 2 [6].
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98 Table 1. Comparison of storage densities of differé TES methods [adapted from 1].
MJ-m’ kJ-kg™ Comments
Sensible heat
Granite 50 17 AT =20°C
Water 84 84 AT =20°C
Latent heat of melting
Water 306 330 Feiing= 0 °C
Paraffins 180 200 leliing = 5-130 °C
salt hydrates 300 200 mdiing = 5-130 °C
Salts 600 -1500 300 —700 meking= 300-800 °C
Latent heat of evaporation
Water 2452 2450 Ambient conditions
Heat of chemical reaction
H, gas (oxidation) 11 120000 300 K, 1 bar
H, gas (oxidation) 2160 120000 300 K, 200 bar
H, liquid (oxidation) 8400 120000 20 K, 1 bar
fossil gas 32 - 300 K, 1 bar (Diekmann et al. 1997)
gasoline (petroleum) 33000 43200 (Diekmann et@9.7}
99
100
101
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Table 2.Comparison of different storage techniques for solaspace heating and hot water

103 production applications [adapted from 6].
Sensible heat storage Latent heat storage
Water Rock PCM
Temperature range Limited (0-100°C) Large Large ¢ddng on the
material choice)
Specific heat High Low Medium
Physical Thermal conductivity Low, convection Low Very low
properties effect improve the
heat transfer rate
Thermal storage capacity Low Low High
Thermal cycling stability Good Good Insufficienttda
) Availability Excellent availability =~ Good Dependent on the material
Economic
availability choice
aspects ) . . .
Material cost Inexpensive Inexpensive Expensive
Required geometry Simple Simple Complex
Temperature difference Large Large Small
Heat required
transfer Thermal stratification effect Present works Present works  Generally not present with
enhancement positively positively proper material choice
Simultaneous charge & Possible Not possible Possible with appropriate hea
discharge exchanger selection
Integration with solar Direct with water Direct with air Indirect
heating/cooling systems  systems systems
Application  Corrosion with construction Need corrosion Noncorrosive Dependent on the material
materials inhibitors choice
Lifetime Long Long Short
104
105  Storage concepts have been classified as actipassive systems [7]. An active storage
106  system is mainly characterized by forced convectieat transfer, and mass transfer in
107 some cases. This may be into the storage matearialtb the storage medium itself
108 circulating through a heat exchanger (the heataxgdr can also be a solar receiver or
109 a steam generator). Such systems use one or tke tenthe storage media. Active
110 systems are subdivided into direct and indirectesys. In a direct system, the heat
111 transfer fluid (HTF) serves also as the storageinmedwhile in an indirect system, a
112 second medium is used for storing the heat. Intsgstems are generally dual-medium
113  storage systems: the HTF passes through the stordgéor charging and discharging
114  a storage material. This classification is followiedthis review. On the other hand,
115 passive systems are charged and discharged wingumnechanical input, hence using
116  solar radiation, natural convection or temperatlifference.

5
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Energy consumed in buildings by the HVAC systems ba reduced with proper

implementation of a thermal storage system. TESaallthe storage of thermal energy
(heat and cold) for a later use [2]. Moreover, ititegration of these systems into the
architecture of the buildings, in order to giveaexes to architects or engineers, is an
issue that still has to be developed commercidilyere are few studies undertaken
relating to TES technologies and building integnatiA classification of several studies

of building integrated thermal energy storage is considered in this review. The aim of
this paper is to review and identify thermal sterdgilding integrated systems and to

classify them depending on the location where tbege is located.

2. Building integration of thermal energy storage systms

Energy balances undertaken by IEA [8] during tret tlecade accounts a global final
energy use of 7209 Mtoe (Million Tonnes Oil Equaesat), where almost 40% of this

final energy is consumed in buildings comprisinghbtine residential and commercial
sectors. The European Union’s climate and energkgge of binding legislation has

established a set of 20-20-20 targets, with theedbjectives for 2020, which includes
a 20% reduction of greenhouse gases, a 20% impeveim energy efficiency and a

20% share of energy consumption from renewableuress. Objectives seek to reduce
greenhouse gas emissions by up to 80-95% by 20bOF[@ this reason, energy

efficiency requirements have been included in mdmyding codes and energy

standards.

Low energy and Net zero energy buildings are beongmaitarget in the research field,
through the incorporation of solar energy systemd thermal energy storage among
others. Mostly, more than one technology is neddeathieve low energy rates hence,
architects and engineers have to deal with théaghation during the building design.
Building integration can be defined by the idea affunctional or constructive
incorporation of the technology in the buildingustiure [10]. Within this definition,
passive systems or technologies such as seasoadingb, blinds, thermal mass
increase or thermal insulation, which are focusedemlucing the energy demand, are

widely incorporated in the building design process.
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Integrated designs are required in active systemis 8s renewable energy facilities (i.e.
photovoltaic, solar thermal) or energy efficienc¥AC systems. Many studies have
been focused on improving the efficiency of thesehhologies by incorporating
thermal energy storage systems that implies antiaddi storage volume [11].
Therefore, a means of integration of these teclyiedoinside the building to promote
them as an alternative to the conventional sysiemgeded. Heretofore, this issue has
been not widely considered although some studieplieap the constructive
incorporation of their thermal storage systemsthis paper a classification of the
thermal energy storage systems that have beenram¢elgn the building is presented, as

well as a review on the studies done so far.

Figure 1 presents different ways to integrate berhal energy storage active system;
in the core of the building (ceiling, floor, wallsin external solar facades, as a
suspended ceiling, in the ventilation system, orthermal management of building
integrated photovoltaic systems. This review alsosaers building integration of heat

storage water tanks as well as ground integratesefasonal storage.

Nevertheless, some of these systems may causeaoadtiproblems to the building
physics such as thermal bridges, air tightnessuonidiity issues. So, architects and
engineers should pay special attention to the iateg of these systems in order to
achieve their maximum efficiency. On the other hamgbortant barriers could be found
in the building sector when introducing the ideaofive systems integration. Building
sector is quite hermetic area where new systemsliireult to be introduced mainly

because a lack of knowledge of the constructochit@cts and customers [10].
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Figure 1. Thermal energy storage integration irdinugs.

3. Building core activation

Building thermal inertia is commonly incorporatesl @ methodology to enhance the
thermal performance of the construction systemsgusiaterials of high thermal mass
such as bricks or concrete, which increases thentlestorage capacity of the envelope
and hence attenuate thermal oscillations passivétywadays, the concept called
thermal mass activation (TMA) is mostly used forilting components with heat
storage enhancement by the addition of latent $teeaige materials or by the controlled
management of the heat storage. In this sectiatdibg structure components such as
walls, ceiling or floors used as a storage unitehbeen considered. In the presented

studies the activation occurs inside the buildiagnponent by the use of pipes or ducts.

3.1. Integration in the ceiling or floor

A ventilated concrete slab (VCS) was implemented mearly zero energy solar house

by Chen et al [12]. The VCS was designed as a thlestarage component to store solar
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energy for heating purposes. The system is actiwigrged through a building
integrated photovoltaic/thermal (BIPV/T) systemdted in the roof, where the air is the
heat transfer fluid (Figure 2). Then, the heatedois passively released to cover the
heating demand of the building. Data registerednduthe commissioning of the

building showed that the VCS could store from 92ckWh during a clear sunny day.

Building Integrated
Photovaltaic-Thermal
System on Roof

t
Air intakes
in soffit

o
h

1530 mm concrete
slab & 300 mm
concrete wall

it |

Exhaust
ontside

Ground

VCS 125 mm

Figure 2. Scheme of the VCS linked with BIPV/T gyst[12].Reprinted from, Solar
Energy, 84(11), Yuxiang Chen, Khaled Galal, A.Khighitis, Modeling, design and thermal

performance of a BIPV/T system thermally couplethwi ventilated concrete slab in a low energy solar

house: Part 2, ventilated concrete slab, 1908-b9ehber 2010, with permission from Elsevier.

Navarro et al [13] also designed a system whergs dire heat transfer fluid. The active
slab presented in this study is able to providetihgaand cooling following the

operating principle shown in Figure 3. Phase changderials encapsulated in
aluminium tubes are placed inside the hollows efghefabricated concrete slab with a
phase change temperature of 21 °C. During wintedenthe PCM is melted by the
injection of hot air from the solar air collectonchstored until a heating supply is
needed. In summer, outside air is pumped to the atanight to solidify the PCM.

Moreover, night free cooling mode could be usdtiéfinner environment has a cooling
demand and the outside conditions are able to davEne cooling discharge is carried

out by pumping interior air through the hollowstlé concrete slab.
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Figure 3. Operating principle Active slab schemaegting b) cooling [13Reprinted
from, Energy and Buildings, 103, L. Navarro, A. Beacia, A. Castell, S. Alvarez, L.F. Cabeza, PCM
incorporation in a concrete core slab as a thestaahge and supply system: proof of concept, 70-82,

September 2015, with permission from Elsevier.

TermoDeck, a commercial product, with similar pndjgs to the previous study,
consists of concrete prefabricated slab [14] withldw cores through which air is
pumped. The panel absorbs heat during the dayhamddt night outside air is drawn
through the cores to cool down the concrete. Thduces the cooling peak load
through a passive/active discharge. It has bedallied in many buildings in northern

Europe and United Kingdom with successful resdlf.[

Another method of thermal mass activation is thfoeghbedded water pipes, such as
the Jin and Zhang [16] study which also includedgghchange materials (PCM) on the
surface of the concrete slab radiant floor. Theesgproposed consists of two layers of
PCM that have different melting temperatures (Fégd)y. Each layer is used to store
energy and discharge it in the peak period eitbehéating or cooling purposes. The
water temperature circulating by the pipes duriaegting and cooling mode is 52 °C and
7 °C, respectively. For this reason, during hea®@M for cooling is completely in
liquid state, while in cooling mode PCM for heatisgacting as a solid. Authors found

that the optimal melting temperatures for both P@kfte defined numerically being

10
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38°C and 18 °C for heating and cooling respectidiyreover, the energy release when

adding PCM layers is increased by 41% for heatmdy28% for cooling.

PCM for heating

Concrete layer

Figure 4. Scheme of the double layer PCM floor [Reprinted from, Applied Thermal
Engineering, 31(10), Xing Jin, Xiaosong Zhang, Thalranalysis of a double layer phase change

material floor, 1576-81, July 2011, with permissfoam Elsevier.

Pomianowski et al [17] added a 3 cm thickness lajePCM-concrete mixture on a
Thermally Activated Building System (TABS). Thisssgm consists of a concrete
component with water pipes that is currently alddaas a commercial product called
ThermoMax [18]. The authors concluded from the $ation results that the addition of
a layer of PCM concrete mixture contributes to medlenergy efficiency of the thermal
activated building system. Authors attribute thife@ to the drastic drop in measured
thermal conductivity that they found out duringithevestigation on the PCM concrete
material. However, the authors stated that furtheadies are needed on the optimization

of TABS as well as the PCM-concrete mixture.

(=]

1 Standard concrete

3 2 Air hollow
- ‘3) 3 Water pipe

Y 4 4 Layer of PCM-concrete
h Thickness of PCM-concrete layer 0-4 cm

Figure 5. Concrete core deck element with PCM se{ti7]. Reprinted from, Energy and

Buildings, 53, M. Pomianowski, P. Heiselberg, Rlensen, Dynamic heat storage and cooling capacity
of a concrete deck with PCM and thermally activdiadding system, 96-107, October 2012, with

permission from Elsevier.
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3.2. Integration in the wall

Fraisse et al [19] studied the integration of asalr collector in a timber frame house
and a heavy ventilated internal wall. The heat Bapgpby the collector is circulated
through the concrete wall cavity charging the in&krmwall with solar energy. Several
operational modes referring to the air circulatiopen or closed loop, were studied with
numerical simulations. In open loop the ventilatioh the heavy internal wall is
permanent as fresh air is always circulating, winleclosed loop mode the fresh air
ventilation is separated from the system. The astlonclude that the closed loop
(Figure 6) integrated collector with the heavy intd wall is much more efficient due to
its independence from the ventilation system.

Ag - R 4
4 = 5

Mechanical
ventilation
(fresh air)

<
Sy
SOUTH
integrated

solar
collector

<
=1"]
)

I
Mechanical
ventilation
(fresh air)

integrated
solar

collector
“al

"~ controller
\ heavy
internal
ventilated
wall

<

Figure 6. Diagram of open loop (up), closed loopid) mode in winter [19]Reprinted

from, Energy and Buildings, 38(4), G. Fraisse, ¢hannes, V. Trillat-Berdal, G. Achard, The use of a
heavy internal wall with a ventilated air gap torstsolar energy and improve summer comfort in &mb

frame houses, 293-302, April 2006, with permisgiom Elsevier.

Wall activation systems presented the inconverndérteing usually exposed and wall
surfaces are usually used for shelving, cupboardsther furniture. For this reason,

ceiling and floor activation components is consedemore convenient in most cases.

12
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Building core activation is demonstrated to be ateresting technology for new

constructions domestic, public or office buildings.

4. Integration in suspended ceilings

Nowadays, a significant amount of old buildings chea energetic retrofitting in order
to accomplish the standards defined by the Eurodeantives [20]. For this reason, the
implementation of thermal energy storage componientise suspended ceiling such as

actively charged water panels are good option®akng or heating systems.

Roulet et al [21] presented the design of radiaanteps filled with water used for
cooling and heating. The panels are made of stsrdteel and the water inside them is
directly in contact with 98% of the panel surfadéthough radiant ceilings are mostly
used for cooling, these radiant panels are desiglsedfor heating with low temperature
sources, such as heat pumps or active solar systeeending on the building
requirements radiant panels could be placed orédhieg or on the walls and in some

cases it could be an efficient solution to continel indoor temperature.

A new thermally activated ceiling panel based opsgyn with microencapsulated PCM
was presented by Koschenz and Lehmann [22]. Thay gtresented the panel as an
alternative for the building refurbishment, henlee &uthors focused on minimizing the
panel thickness as well as providing good storammacity. A capillary water tube

system is installed inside the gypsum panel tovelsticontrol the thermal mass (Figure
7). The system is designed to absorb the thernaalsl@f office buildings during day

time and then cooled down by means of the watex pystem. Simulation studies and
laboratory tests were carried out for buildingshwliigh thermal loads and high solar
gains, and also for a later implementation in Limgauhof, Germany. Authors

determined that a 5 cm layer gypsum panel with 26 8CM by weight was adequate

to maintain a comfortable room temperature in gldaeade office buildings.

13
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Figure 7. Thermal activated ceiling panel schen2g. Reprinted from, Energy and Buildings,

38(4), M. Koschenz, B. Lehmann, Development ofarfally activated ceiling panel with PCM for
application in lightweight and retrofitted buildisigs67-78, June 2004, with permission from Elsevier

Suspended ceiling products presented in this sectiach as radiant panels or thermal
activated gypsum panels, which were experimentallyed with successful results, are
some solutions for building energetic refurbishment

Old buildings need retrofitting to accomplish thewnenergy efficiency standards so

implementation of energy saving actions must besttaélen.

5. Integration in the ventilation system

Thermal storage units could be also placed in #mikation duct systems behind the
suspended ceiling, in the heat recovery unit oraihdandling unit, as a thermal battery

taking advantage of the night ventilation mostliydooling purposes.

5.1. Pipes/ducts

Turnpenny et al. [23,24] presented the prototystirtg of a latent heat storage unit
which incorporates pipes embedded in PCM. The asitiemonstrated that the system
proposed has substantial cost and energy savirgfitseim reducing overheating in UK
summer conditions compared to a conventional sysimng the day the PCM-pipes
located under the ceiling absorbs the heat loadhiefroom. Then, the system takes

advantage from the night ventilation in order teefze the PCM through a fan installed

14
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above the PCM-pipes (Figure 8). The field testsgsested that the system was
practically and technically the most attractiveealfitive to air-conditioning and was
suitable for retrofitting to buildings [25]. Thisesearch led to the development of

Monodraught’'s Cool-Phase.

Figure 8. PCM/pipe system side views (right) plaawof four units, showing wedges
to block air flow between pipes (left) [23,2&printed from, Applied Thermal Engineering,

21(12), J.R. Turnpenny, D.W. Etheridge, D.A. Rddgyel ventilation system for reducing air
conditioning in buildings. Part II: testing of podype, 1203-17, August 2001, with permission from

Elsevier.

In 2002 the refurbishment of a UK office buildingdl consultants Faber Maunsell to
work with Climator to develop a system of PCM ‘phas’ that is now called Cooldeck.
These pouches were inserted into the air-conditgprdlucts. During the day air
circulating through the ductwork was cooled by gmeiches while night-time air was

used to recharge them for the following day [26].

A PCM packed bed incorporated in the air ducts i wventilation system was
developed by Yanbing et al [27]. As Figure 9 ddsesi the PCM is charged during
night-time with outside air storing cool energyween 22 °C and 26 °C in order to
meet the cooling load demand during daytime. Expental results were used to
validate the numerical model developed by the asthas well as to demonstrate an
indoor temperature reduction with the PCM packed Isgstem compared to a

conventional one.
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Figure 9. Natural ventilation with PCM packed bgdtem [27].Reprinted from, Energy and
Buildings, 35(4), Kang Yanbing,Jiang Yi,Zhang Yingi Modeling and experimental study on an

innovative passive cooling system—NVP system, 43,7/May 2003, with permission from Elsevier.

An experimental investigation of a PCM free-coolsygtem is presented by Stritih and
Butala [28]. The cold storage system consists mietal box with aluminium fins filled

with PCM paraffin which is designed to be locatedain air duct installation. The
operational principle is based on taking advantigde night temperatures to solidify
the PCM, while the air is pumped through the steragit during the daytime when a

o <

Figure 10. Operational principle of PCM free-coglsystem [28]Reprinted from,

cooling supply is needed (Figure 10).

International Journal of Refrigeration, 33(8), Wit#h,V. Butala, Experimental investigation of egg

saving in buildings with PCM cold storage, 1676-B&cember 2010, with permission from Elsevier.

5.2. Air handling unit (AHU)

16
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The Cool-Phase is a cooling and ventilation sysdesigned and commercialized by the
Monodraught Ltd Company (UK) which contains an fendling unit (AHU) and a
thermal battery of PCM macroencapsulated in metglnels [29]. The system is
designed to operate in the summer period in tHevimhg sequence; at night, the outer
air is used to cool down the room and at the same passed through the thermal
battery to solidify the PCM. During the daytime, evhthe internal temperature rises,
room air is recirculated through the thermal battewvering the cooling demand and
preventing overheating in office buildings absogothe heat gains. Some case studies
were monitored from January 2013 to September 2Git®wing the internal
temperature evolution which remained under 25 $Guidfhout the test period and with
an average temperature of 22.7 °C.

PCM heat exchanger

AF J Air handling unit

Figure 11. Air flows overview of the Cool-Phasetsys [29].

Addition of thermal storage units in ventilationsgyms either air ducts or air handling
units are interesting locations for building retitoig due to its implementation rather
than the core activation systems. Commercial systemeh as Cooldeck or Coolphase
which incorporate phase change materials in the Adre) currently marketed for use

and tested in some buildings.
6. Integration in an external solar facade

Double skin facades (DSF) have become a charaateosismodern buildings mainly

because of the aesthetic value and the daylightribation. Moreover, double skin
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facades if well designed are able to improve therntal energy performance of the
building [30]. DSF have high potential in reduciegergy consumption of the HVAC

systems, nevertheless some problems need to beooversuch as the overheating in
summer. The incorporation of thermal energy stoaggem in DSF has been studied

using both sensible and latent methods.

6.1. Using sensible heat storage

Fallahi et al. [31] discussed the integration ofrthal mass into a DSF in order to
reduce the risk of overheating and increase theessyefficiency in both winter and

summer periods. Three alternatives of concreterthemass combinations with DSF
were studied (Figure 12) with mechanical and natwentilation alternatives. A

numerical model was developed to demonstrate tgatise of thermal mass in the air
channel with mechanical ventilation enhances thergnsavings from 21% to 26% in
summer and from 41% to 59% during winter. On thkeothand, energy savings

achieved with naturally ventilated DSFs were fotm@le negligible year-round.

k| iy l 4

i l O E AL
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Figure 12. (A) Conventional DSF with venetian bli#) proposed DSF combined
with concrete thermal mass (replacement with sltgpdavice), (C) proposed DSF
combined with concrete thermal mass (replacemethtiwner pane), (D) proposed DSF

combined with concrete thermal mass (replacemetht auiter pane) [31Reprinted from,

Energy and Buildings, 42(9), A. Fallahi, F. HaghaghH. Elsadi, Energy performance assessment of
double-skin facade with thermal mass, 1499-150pte®eber 2010, with permission from Elsevier.

6.2. Using latent heat storage

Costa et al. [32] developed eight prototypes tolumata experimentally the thermal
performance of VDSF with mechanical ventilation different European climates

(Southern, Central and Northern climates). In on#gbype (M3) a PCM layer was
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441 included in the inner skin; however, due to the Isramount of PCM (4 cm), no

442  significant improvements were found due to its (iBgure 13).

443
Main geometric data of the modules
Height: 1.65 m B
Width: 1.79 m
Air-Channel thickness: 0. I m
Wall thickness (element 3, fig. 1, m)
o MI:0.001+0.04+0.001 (aluminum+ insul+alum.)
o M3:0.001+0.04+0.001 (aluminum+ PCM~+alum.)
e M6: 0.004+0.03+0.004 (glass+TI+glass)
Wall height (element 3, fig. 1): 0.83 m
444
445 Figure 13. (A) South prototypes sketch. 1 outddasgy 2 lower damper box &
446  ventilators, 3 indoor wall, 4 double indoor glas$lind, 6 upper damper box. (B) Main
447 geometric data of the modules (M1, M3 and M6) [32].
448

449 De Gracia et al. [33] tested experimentally therrtted performance of a ventilated
450 facade with macro-encapsulated PCM in its air cheamimder mechanical and natural
451 ventilation. During the heating season the facatte as a solar collector during the
452  solar absorption period (Figure 14). Once the PGNhelted and the solar energy is
453 needed by the heating demand, the heat discharigel g¢arts. This discharge period is
454 performed until no more thermal energy is neededaor be provided by the system.
455 The authors registered a reduction of the 20% énellectrical energy consumption of
456 the installed HVAC systems because of the useisftilar ventilated facade.

457
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Figure 14. Operational mode of the system duringevi[33].Reprinted from, Energy and

Buildings, 58, A. de Gracia, L. Navarro, A. Castdll Ruiz-Pardo, S. Alvarez, L.F. Cabeza,
Experimental study of a ventilated facade with P@Ning winter period, 324-32, March 2013, with

permission from Elsevier.

Diarce et al. [34] investigated numerically and exmentally the thermal performance
of an active ventilated facade with PCM in its ouéger. The behaviour of this system
was compared against traditional construction systdt was shown that the PCM led
to a significant increase in the heat absorptiaimnduhe phase change thermal range. It
was also demonstrated that the thermal inertidn@fventilated facade with PCM was

higher than that of the different evaluated tradigil systems.

Office and public buildings have huge potential iomplementing thermal energy
storage in double skin facades for either heatingcaoling purposes as it was

demonstrated in the studies presented.

7. TES integrated into solar collectors

Integrated thermal energy storage is a common asp#rermal solar collectors used in
the Mediterranean, where a store is situated ¢tmiee solar collector header or acts as
the header for the collector as outlined by Smythle[35]. Eames and Griffiths [36]
explored, using computer simulation, the use dii@p change slurries to replace water

in an integrated solar store. The advantages gaimed marginal compared to water,
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with the retention of heat at higher temperaturagintg the potential to increase the
solar fraction. Griffiths et al. [37] experimentakxplored the concept of an integrated
solar store containing phase change slurry, seedi§3. The culture and lifestyle of
northern European latitudes tends to demand harvedtthe beginning of the day. The
proposal was to store heat collected during thevipus day for use the following
morning. Studies using water showed that heae®degraded the store to be below a
useable level while a phase change slurry could hble heat if the correct
concentration of encapsulated material to carhied fvas used. However over time the
slurry material disaggregates and quickly beconmesable. Huang et al. [38] furthered
the work of Griffiths et al. [37] and developed estt system to fully evaluate the
performance of a phase change slurry store. THeeitonclude that concentrations of
50% or above were unusable due to the low ratbgalf transfer and suppressed natural

convection within the liquid of the slurry.

Figure 15. Integrated Solar Thermal Collector stari@ising phase change slurries

[37]. Reprinted from, International Journal of AmbienteEgy, 28(2), P.W. Griffiths, M.J. Huang, M.

Smyth, Improving the heat retention of integratetiector/storage solar water heaters using Phase

Change Materials Slurries, 89-98, April 2007, witgrmission from Taylor & Francis.

8. TES for thermal management of building integrated fhotovoltaics
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Thermal energy storage has been also implementedileing integrated photovoltaics
(BIPV), in fact Norton et al. 2011 [39] stated tis&brage, PCM in this case, can be used
for thermal management of these systems. Proteelatgronic modules from excessive
temperatures may be accomplished by: (i) activelimgposystems, such as air-
conditioning, requiring AC power and high levelsns@intenance; (ii) assisted systems,
such as air-to-air heat exchangers, which use D&epdout require less maintenance
than the active system; (iii) maintenance free ipassystems requiring no power and/or
(iv) removing and storing the excess heat fromRWecells using phase change material
(PCM) [39,40]. However, some recommendations shbeldaken into account before
the integration of PCM in PV systems. The PCM stdnave a flash point considerably
higher than the maximum operating temperature @Rl system and it should be non-

flammable and non-explosive [41].

A system using a PCM to moderate the BIPV tempegatise (PV/PCM) was first
investigated in 1978 by Stulz [42] who showed atrease of 1.4% in the electrical
efficiency of the PV. It was noted that this colle improved with enhanced thermal
conductivity of PCM. Later Huang progressing theaapt independently and designed,
fabricated, tested and simulated [] whereby the P&a&8 placed behind the PV panel
and in direct contact. Small scale practical expental tests were carried out both in
the laboratory and outdoors, at PV cell scale [@ahd later at PV module scale [46].
The validation of the numerical model was succdlgsfione with experimental data of
a prototype under real conditions. Authors condluthat the use of metal fins in PCM
containers provide a more uniform temperatureifigtion in the PV/PCM system [43].
Different type of fins configuration were testechctuding that straight fins provide the
lowest BIPV surface temperature, while the softrimdre matrix gave the most stable
temperatures. Moreover, Huang et al. [44] demotestrahat the use of a PV/PCM
system can significantly reduce the temperature 0§ the PV compared to a

conventional aluminium fined PV panel with naturanhtilation.

Hasan et al. [47] continued this work with largéf pPanels with dimensions 771 mm x
665 mm, which were integrated in an aluminium fsak fitted internally with back to

back vertical aluminium fins and filled with PCM form a PV-PCM system (Figure
16). The system was deployed outdoors in two differclimatic conditions, i.e., the

cool climate of Ireland and the hot climate of R&kn, to compare PV-PCM
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performance. The PCM systems maintainedd@nd 21°C reductions in temperature

for Ireland and Pakistan respectively.

PV deployedoutdoors Thermocouples PCM container at back of PV

Figure 16. Experimental set-up consisting of PVioggd outdoors at latitude angle of
the selected sites, thermocouples installed atr& Surface and the PCM container
integrated at the back of the PV [47].

Japs et al. [48] also undertook an experimentdlyaisaof a PV module integrated with
paraffin based PCM. The PCM was incorporated with auminium-polymer
compound to improve its thermal properties. The P@& shown to have a higher
thermal conductivity but decreased storage capaeityen compared to its non-
improved counterpart. Macro-encapsulated PCM bags attached to the back of a PV
and were installed in Paderborn, Germany. It wasid over a 25 day period the PCM
minimized daily temperature fluctuation of the sud of the PV compared to a system
without PCM and the improved PCM regulated the terajre for 5.5 hours compared
to non-improved PCM.

There are also some studies that combined PV pdtiethe Trombe wall concept. Jie
et al. [49] designed a solar heating system cangistf PV glass panel located in front
of a blackened wall with an air chamber betweemthiBwo openings located at the top
and bottom of the wall allows the room air to batked up in the air chamber through
natural convection effect (Figure 17). Authors daode that indoor temperature
increase with a maximum of 7.7 °C, compared with rifference room, was registered.

Nevertheless an electrical efficiency of 10.4% whtined from the PV cells.
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Figure 17. (a) PV-trombe wall for solar heating,8 (b) BIPV/T-PCM vented and

un-vented Trombe-Michel wall®eprinted from, Applied Thermal Engineering, 27{8<8 Jie, Yi
Hua, Pei Gang, Lu Jianping, Study of PV-Trombe wvedtalled in a fenestrated room with heat storage,

1507-15, June 2007, with permission from Elsevier.

A numerical simulation of BIPV/T-PCM vented and wented Trombe-Michel walls,
illustrated in Figure 17b, was validated via expenmtal results from a BIPV/T system
[50]. The air cavity allows for ventilation and éasystem has been investigated with
and without it. The results of non-ventilation skealithe PCM caused a decrease of 7°C
when comparing the temperature of the air cavity idue to the latent heat storage of
the PCM. However, ventilation of the systems showeduch lower difference of 2°C
(BIPVIT-PCM 28°C and BIPV/T 30°C) when looking hetmaximum air temperature,
suggesting that heat is being removed by ventiatiather than the PCM. The
investigations show that the effect of the storagethe PCM reduces the PV
temperature and thus raises the PV efficiency. él@w during winter conditions the
storage of heat causes adverse effects as theraesfier from air cavity to the interior

of the room is reduced [50].

The systems reviewed which included the incorporatif PCM in BIPV panels where
demonstrated and increase in PV performance duéheothermal management
functionality of the PCM through excess heat sterddoreover, new combinations of

trombe wall system with PV cells are presented waithnteresting heating potential.

9. Integration of heat storage water tanks

Thermal storage water tanks have an importantanléhe final efficiency of the solar

system or the domestic hot water system. The nsaireithat has been widely discussed
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and studied is the heat loss caused from the miaingpld and hot water. Therefore,
these studies have been focused on the shape ¢értkeand the implementation of
phase change materials to enhance thermal stadiinc [51]. However, when

implementing solar thermal systems in buildings Wioéume of the solar water tank
needs to be taken into account. Few studies fouonithe literature are presented on

current projects of building integration water tank
9.1. Integrated in the building
Water tanks from solar systems have been integrattee building in several projects.

For example, irDas Sonnenhaus [52], a water tank has been architecturally iraésp
in the living area (Figure 18).

Figure 18. Solar water tank integrated in a livingm [52].

In Regensburg, the first fully solar-heated solau$e was built [52]Fgure 19). The
total heat supply of the house is covered by a@B|5solar storage without additional
heating.
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Figure 19. Solar water tank integrated in a solalding in Regensburg [52].

One more example of a Zero Energy Building is tteure Park Information Centre
located in Germany. It has 11C wf solar thermal collectors and one buffer storafje
22,000 L which cover the energy demaFid\re 20).

Figure 20. Solar water tank integrated in a zeergynhouse nature park information
centre [52].

9.2. Ground integrated tanks for seasonal storage

Seasonal Thermal Energy Storage (STES) systemsisa to store thermal energy
produced by an array of solar collectors in summenths for use during the winter
period [53]. A summary of the main characterisbéthe main types of STES (TTES,
PTES, BTES and ATES) systems is provided belows&luharacteristics represent the
basic information for the determination of the magipropriate underground STES
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configuration in relation to the potential builtveronment constraints which can arise
(due for example to densely populated urban areapared to single dwellings in rural
areas).

Types of built environments are varied. One of iten parameters used for the built
environment characterization is the building densithich represents the concentration
of buildings in a geographic area and is used\e gh idea of the available installation
space for the STES system. In addition, the madammnetwork constraints need to be
defined and are typically divided into two categsri physical constraints (building
density, archaeological constraints, urban infte$tire, public transport systems,
district heating and public utilities), and envineental constraints (noise pollution,

hazardous materials and nature conservation).

A key determinant factor on the use of undergrainedmal energy storage is that of the
type of soil and rock encountered. Classificatigsgtems such as the Unified Soil
Classification System and the Bieniawski rock nrasisig system respectively are used
to determine the principal constraints relatedh® underground configuration such as

soil strength, presence of groundwater and bounctamglitions.

Finally, consideration needs to be given to theaeation, perforation, supporting
systems and shaft constructions methods to be gwegblé-or each of these techniques,
the operation process needs to be considered iiticmddo the deployment of
appropriate machines for excavating and perforafiing supporting systems represent
fundamental complementary systems to the excavatonperforation, and have to be
chosen considering specific factors, such as swiditions, protection of adjacent
structures, ease of construction, environmentallessand more. In some cases
trenchless systems need to be considered giverthtegtare minimally invasive and

therefore appropriate to density populated urbaasar

9.2.1. STES systems typologies

The EU funded FP 7 EINSTEIN project is researching Effective Integration of
STES in Existing Buildings where the four main typé STES have been distinguished
[54,55]:
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- Tank Thermal Energy Storage (TTES)
- Pit Thermal Energy Storage (PTES)
- Borehole Thermal Energy Storage (BTES)
- Aquifer Thermal Energy Storage (ATES)
A summary of the main characteristics related tgsmal installation aspects and

energy performance of each of the types are gndrable 3.

Table 3. STES systems overview [54,55 ].

Tank thermal energy storage (TTES)

« Suitable geological conditions: tank constructiam c
be built almost independently from geological
conditions, as much as possible avoiding
groundwater

e Depth: from5to 15 m

 Heat storage capacity: between 60 and 80 k\Wh/m

» Tank’s characteristicsStructure made of concrete,

stainless steel or fibre reinforced polymer. A ool

of polymer or stainless steel covers the insidé {

o

surface. The outside surface hasrasulation layer
of foam glass gravel for the bottom part, and

expanded glass granules in the membrane sheeting
for walls and top.

Pit thermal energy storage (PTES)

« Suitable geological conditions: almost independent
from geological conditions, as much as possible
avoiding groundwater

e Depth: from 5to 15 m

» Pit thermal energy storage filled with water

gravel-water mixture (gravel fraction 60-70%) v

» Heat storage capacity with gravel-water mixtyrc.
between 30 and 50 kWh?nfequivalent to 0.5-0.7]

m® of water)

Borehole thermal energy storage (BTES)
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Suitable geological formations: rock or water
saturated soils with no or only very low natural
groundwater flow. The ground should have hjgh
thermal capacity and impermeability.

Depth: from 30 to 100 m

Heat directly stored in the water-saturated soil
pipes, also called ducts, are inserted into verti

boreholes to build a huge heat exchanger.

Heat storage capacity of the ground: between 15 and

30 kwh/n?

Aquifer thermal energy storage (ATES)

» Suitable geological formations: aquifer with hi

665
666
667
668
669
670
671
672
673
674
675
676
677

porosity, ground water and high hydrau
conductivity (kf > 10-4 m/s), small flow rate, upcy
down enclosed with leak-proof layers.

Aquifers defined as naturally occurring sel
contained layers of ground water, are used for

storage.

Heat storage capacity: between 30 and 40 kV?/h/nr

Seasonal thermal water tanks coupled to solar mgsttarted to be popular within the
last decade in central Europe countries to covaredtic hot water and heating supply.
Some implemented examples are reviewed in the eh&giow. The main interesting
issue is the architectural integration of the huwgger storage tanks. On the other hand,
underground integration of seasonal thermal stovegfer tanks was also presented in

the following section. However, seasonal water sankegration requires lot of space so

in some cases it has limited potential.

9.3. Examples of single dwelling STES

Central Continental Climate
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A number of companies located in Switzerland andn@ay have commercialized
systems which integrate solar collectors and bi8&asonal Thermal Energy Storage

systems in single dwellings.

Josef Jenni built a purely solar heated home ir©1880berburg, Switzerland, which
uses 84 m2 of solar collectors in combination wviliftf8 m3 of storage capacity in three
storage tanks (92, 13, 13 m3) to heat a house Of 3. His company, Jenni
Energietechnik, supplies storage tanks for builditigat are able to cover at least 50%

of the energy requirement for hot water and heatiitly solar energy (Figure 21) [56].

e

Figure 21. Swiss Solartank provided by Jenni Erteghnik [56].

The storage tanks manufactured by Jenni Energieitedtave been adopted by two
German suppliers as the basis for their new eneffigient homes (Figure 22).
Energetikhaus 100 contractor started to work omrsehergy in buildings with the
collaboration of Soli fer Solardach and the Uniutgref Freiberg, with the objective of
achieving 100% Solar houses [57]. The first houb&lwwas built in 2006 is reported
to have a combined domestic hot water (DHW) andespeating solar fraction of 95%
through the use of 69 m?2 of solar collectors onsitnath facing roof in combination with
a 28 m?3 buffer storage tank [58]. The other compRnymassivhaus [59], which is a
partnership of 50 construction companies, offeve fiifferent variants of dwelling all

of which have a combined solar fraction in excd<s080.
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Figure 22. Left, Energetikhaus 100 showing Solargpa Right, location of tank
(“Speicher”) within Energetikhaus 100 [57].

An analysis of a building integrated sensible seakthermal energy store has been
conducted by Simons and Firth [60]. The apartmerlding is located in a lowland
region of the Canton of Berne in Switzerland. TA&S was designed and built prior to
construction of the apartment building which wasnstaucted to the Minergie-
P standard.

As it can be seen from Figure 23, the STES conpirstdominantly of two components:

the seasonal thermal energy storage vessel of wlR@b m3 (which is partially

underground) and the flat plate solar collector2@6 m2. The STES vessel is an
insulated mild steel cylinder containing steel hesathanger coils in addition to three
stainless steel boilers which are used to heaptiteble DHW. The three boilers are
placed at different levels within the storage vessa@y one of which is used at any one
time. The stored water cools from the bottom antteothe water temperature drops
below a certain threshold, the higher boiler isduseachieve the desired temperature.
The flat plate solar collectors form the whole $ei#icing side of the roof and are
specifically designed to function as the roofinggeo Only the glass and rubber seals

are externally exposed which allows the structalamnents to be constructed of timber.
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Figure 23. Main components of Berne STES and lonaiind size relative to the
apartment building [60Reprinted from, Energy and Buildings, 43(6), A. 8im, S.K. Firth, Life-

cycle assessment of a 100% solar fraction theropplyg to a European apartment building using water-

based sensible heat storage, 1231-40, June 20thipevimission from Elsevier.

The STES has been shown to be successful in mettendneating and hot water
demands throughout the year. In respect to enezgyadd, the analysis undertaken by
Simons and Firth has shown that over a relativatyrtslifetime of 40 years, the total
non-renewable primary energy used in producingraipey and disposing of the STES
is far lower than any of the other heating systamsd in the comparison, hence
according to this aspect the initial investmenusdified.

Using a range of lifetime scenarios it was foundl ttme solar thermal system displays
potentially significant advantages over the othgstems considered (air-source heat-
pump, ground-source heat pump, natural gas furnaitdurnace and a wood-pellet
furnace) in terms of reductions for purchased prymenergy (from 84 to 93%) and
reductions in GHG emissions (from 59 to 97%). Hogrethe solar thermal system has
been shown to have a higher demand for resourdest(a of almost 38 compared with
the natural gas system considered).

Northern Maritime Europe
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747 In Temperate Maritime Climates, a number of prgebtve been focused on the
748 advantages afforded by integrating solar thermatesys and storage water tanks into
749  the building concept. In Ireland, a buildingigure 24 constructed according to the
750 passive house standard which is located in the Weast of the country, has an
751 integrated underground seasonal thermal energg atat has been monitored [61].

752

753 :

754 Figure 24. Passive House showing Solar panelsaatidon of STES (under
755 greenhouse) [61].

756

757 The 215 m (treated floor area) detached Passivhaus has &$ System integrated
758 comprising a 10.6 m? evacuated tube solar arra, L.3@omestic Hot Water (DHW)
759 tank, 23 ni aqueous STES (Figure 25) and combined under #iodr Heat Recovery
760 and Ventilation (HRV) space heating system.

761

762 |
763 Figure 25. Application of 600 mm EPS insulatiorS{bES [61].
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Solar energy is first used to meet the DHW requéets, and then the space heating
requirements (either via the wet underfloor heasggtem or via the heat exchanger
(HX) in the HRV system). Any surplus solar heatigerted to the STES. The system
has been shown to supply 70% of the combined DHW/space heating demand over a
monitored season (Figure 26) [61], which is close to the mmaxn theoretical
maximum determined by TRNSYS modelling [62]. Simita the Simons and Firth
study, a life cycle carbon analysis demonstratatttiere was an advantage in installing
the Seasonal Thermal Energy Store, as the annwaiersavings of the overall

installation greater than 4.5 times the annualesetiodied energy [62].

m Electric Heating
M Solar - Direct Space Heating
1 Solar Store Space Heating

Figure 26. Breakdown of solar and electric spaihg over monitored season [61].

Scandinavian Homes, a manufacturer of low-energysé® is participating in the FP 7
EINSTEIN project [54] as it has recently renovageduilding and has installed a STES
in the basement of a new building (Figure 27).

Figure 27. Solar panels on roof of Renovated bugdb4].
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The STES comprises a 50 m? solar array comprisepab@ls of 1.8 m? aperture
(totalling 18 m?) of evacuated tube collectors d46dpanels of 2 m? aperture, (totalling
32 m?) of flat plate collectors. A 3300 L buffemk located in building one is logically
divided (although not physically) in two based bertmal stratification considerations
(Figure 28). The solar collectors supply heat ®hkat exchanger coil in the middle of
the buffer tank 1 or heat exchanger coil at thédmotof the buffer tank 2.

In addition a STES has been installed in the basemwiea new building on the site.
Once the heat injection surpasses the buffer tagkirements, heat excess is fed to
“tank 3”. The STES supplies heat to the new buddiMonitoring of the installation
commenced in 2013 and will determine the solattivadrom the overall STES.

Figure 28. Application of insulation to STES whisHocated in the basement [54].
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Table 4. Main properties that enclose the systaviewed

. Climatic . o Building :
Reference Location conditiond Application System description type Charge/Discharge
. Snow, . Ventilated concrete slab coupled, . :
Chen et al Eastman, Quebe Fully humid, Hean_ng/ with BIPV/T system, Light we ight Active | Passive
[11,12] Canada Warm summer Cooling air based prefabricated
. Warm temperate, . Concrete slab with macro- :
S . Navarro et al Pu_lgverd d_e Summer dry, Heatl_ng/ encapsulated PCM, Alvgolar Active Actlvgl
= S | [13] Lleida, Spain Cooling . brick Passive
S = Hot summer air based
> = . .
g 2 Barton et al. i Numerical model Cooling Ventllate_d concrete slab, i Active Actlvgl
T [14] air based Passive
g O | Jin and Zhang , Heating/ Radiant floor with PCM, : .
- Numerical model . - Active | Passive
; [16] Cooling water based
= Pomianowski et Concrete slab with water pipes
=2 - Numerical model Cooling and PCM concrete layer, - Active | Passive
5 al [17]
m water based
Numerical model , ,
— . Heavy internal wall with an . .
S | Fraj 1119 Ma £ | (warm temperate, Heatl'ng/ int ted sol lect Timber Acti Actlvgl
= raisse et al [ acon, France fully h integrated solar collector, ctive
ully humid, Cooling air based frame house Passive
warm summer)
3 Roulet et al [21] - - Iéeatl'ng/ Radiant panel, - Active | Passive
<., ooling water based
[l e)] .
£ Laboratory facility : Gypsum panel with
oD Koschenz and . , microencapsulated PCM and : :
30 - and numerical Cooling . - Active | Passive
n Lehmann [22] capillary tubes,
model
water based
co |22 . Heat pipes embedded in a PCN
22 .09)- S Turnpenny et al. Nottlngham, Laboratory facility Cooling unit, - Active | Passive
8 o |a T [23-25] United Kingdom air based
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Daneshill House

Warm temperate,

Suspended ceiling in contact with

Refurbishment Stevls'nage, United Fully humid, Cooling concrete slab and with PCM, Ofﬂge Active | Active
ingdom : building
[26] Warm summer air based
vanbing et al Snow, Suspended ceiling with PCM |  Brick-wall
[27] 9 Beijing, China Winter dry, Cooling macro-encapsulated in flat plates, office Active | Active
Hot summer air based building
Stritih and Metal box with fins filled of PCM
- Laboratory facility Cooling in suspended ceiling - Active | Active
Butala [28] air based
> | Monodraught Sheffield, United Warm temperate, _ Air handling unit with PCM heat Window _ _
Z | [29] Kinadom Fully humid, Cooling exchanger, facade office Active | Active
< ' 9 Warm summer air based
©
2g
% g Fallahi et al. Numerical model, Heating/ Thermal rglassli:_omblnaélon witf Active/ | Active/
‘0 2| [31] ) Laboratory facility Cooling Dou e.S In Fagade, i Passive| Passive
S v air based
g |»
3
8 Three European
b climates (Southern,, . Ventilated double skin facade, : .
g % Costa et al. [32] - Central and Cooling air based - Active | Active
= o) Northern climates)
g E Warm temperate Ventilated facade with macro-
3 S | De Gracia et al. Puigverd de Summerpdr ' Heating/ encapsulated PCM inside the air Alveolar Active/ | Active/
w < 1 [33] Lleida, Spain Hot summeyr’ Cooling chamber, brick Passive| Passive
S air based
E Warm temperate Ventilated facade with macro-
Diarce et al. Vitoria-Gasteiz, bS ' Heating/ encapsulated PCM as external Brick based , .
. Fully humid, . Active | Active
[34] Spain Warm summer Cooling layer, walls
air based
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Eames and

—_ (%))
g = S | Griffiths [36], Thermal energy storage unit with
oo & | Griffiths etal. - Numerical model DHW PCM integrated in a thermal solar - Active | Active
= 23 |[37], Huang et collector
° al[3g]
£ . Thermal Building integrated photovoltaic|
[ Huang et al. Numerical model, . . .
7 - ” management panel with PCM storage vesse - Passive| Passiv
> [43-45] Laboratory facility PV behind the PV panel
E Warm temperate,
E Dublin, Ireland Fully humid, Thermal Building integrated photovoltaic|
= Hasan et al. d Warm summer/ | with PCM Passi Passi
3] [46,47] and Arid management panel wit storage vesse - assive assivi
g ' Vehari, Pakistan Dese,rt PV behind the PV panel
m 1
s Hot arid
g Paderborm Warm temperate,| Thermal Building integrated photovoltaic|
— aps et al. ully humid, management panel wit ags behind the - assive assivi
J l. [48 ' Fully humid | with PCM b behind th Passi Passi
© Germany
S Warm summer PV PV panel
Q Warm temperate, . . . .
Ny
= Jie et al. [49] Hefei. China Fully humid, I?eatl_n_g, Trombe Wall comlbmed with PV| Brick ﬁased Active | Active
Hot summer electricity pane walls
(]
X
G Sonnenhaus- Warm temperate, Heating, Water storage tank from solar . Active/
= . Germany Fully humid, - Active .
P Institu [52] DHW systems Passive
% Warm summer
2 o
2 | S | o
3 = enni
8 3 Energietechnik Warm temperate, Heatin Water storage tank from solar Active/
Iz Inc. [56] Switzerland Fully humid, 9 9 - Active .
o ) DHW systems Passive
3] Simons and Warm summer
T Firth [60]
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802

Energetikhaus Warm temperate
100 [57-58] German Eull hur?ﬂ d ' Heating, Water storage tank from solar i Active Active/
ProMassivhaus y y ' DHW systems Passive
Warm summer
[59]
]
T g| Clarke etal. Warm temperate
S ©| [62] and bS ' Heating, Integrated underground seasonalLight weight . .
sl=) Ireland Fully humid, o Active | Active
= @| Colclough DHW thermal energy storage tank builging
Oz [61,63] Warm summer

! Climate conditions following the Képpen-Geigemudite classification [64].
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10. Conclusions

Thermal energy storage (TES) is considered a piogigrinciple that enhances the
efficiency of renewable energies through the radacbf the supply and production
gap. There are many studies in the literature wh&® has been applied on building
envelopes as passive system, in the HVAC systems solar thermal systems. But
when designing building systems the location witeeesystem will be installed and its
volume has to be taken into account. Although curleeS technologies developed by
researchers demonstrated significant potentiatetisea lack of knowledge concerning
their functional and architectural building inteypa. Since the main objective is the
implementation of TES in different components oé thuilding to reduce its energy
consumption, the incorporation of these systemsildhme as helpful as possible for the

architects and engineers involved with design.

The integration of thermal storage systems in Imgjsl is considered a relevant aspect
to take into account in building designs, in orterovercome the problems of space
availability for installations in buildings. Somgssems can be found in the literature
which show that building integration of TES systeimsiot only possible but already

done today.

Active systems require an effort in their designathieve an adequate incorporation,
taking into account climatic conditions, aesthdtarad functional requirements. In this
paper a summary and classification on buildingvadtitegration has been carried out.

Building core activation is demonstrated to be ateresting technology for new
constructions domestic, public or office buildingkwever, ceiling and floor activation
components are considered better than wall aaivats they are usually exposed and
wall surfaces are usually used for shelving, cupi®aor other furniture. Moreover, few
commercial products have been developed as prefdbd components with the
implementation of water pipes in a concrete slalaioducts system inside a hollow

concrete slab.

Since, energetic regulations in building sectort@eoming stricter, old buildings need

retrofitting to accomplish the new energy efficigngtandards so implementation of
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energy saving actions must be undertaken. Suspesadieuy products such as radiant
panels or thermal activated gypsum panels, whichevexperimentally tested with
successful results, may be possible solutionsddding energetic refurbishment.

Office and public buildings have huge potential iomplementing thermal energy
storage in double skin facades and in ventilatystesns either air ducts or air handling
units. Commercial systems which incorporate phdssge materials in the AHU are
currently marketed for use in buildings. Other\aetsystems with TES reviewed have
included the incorporation of PCM in BIPV panelsem BIPV-PCM systems have
demonstrated and increase in PV performance duéheothermal management
functionality of the PCM through excess heat sterag

Some seasonal thermal water tanks coupled to sgsdems have been installed within
the last decade in central Europe countries to rcdeenestic hot water and heating
supply.. The main issue to highlight is the ardttiteal integration of the huge water
storage tanks, for example making them a featurstafwells in single houses and
small apartments building. Moreover, undergrountegration of seasonal thermal
storage water tanks was also presented. As seasatel tanks integration requires lot
of space for their integration it has limited pdtah
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