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Abstract

Active facade systems incorporating solar thernmlectors currently offer very promising
energetic solutions. From among the available syste simple solution is the unglazed heat
collector for potential integration in low-tempared applications. However, when adopting
system definitions, the modification of some degignameters and their impact has to be fully
understood. In this study, the case of an unglapdidctor integrated into a sandwich panel is
assessed and a specific analysis is performed poo@er assessment of the influence of key
design parameters. Based on that case study oéahéuilt system, a CFD model is developed
and validated and a parametric assessment is #réorped, by altering the configurations of
both the panel and the hydraulic circuit. In thigywthe potential of each measure to harness
solar energy can be evaluated and each parameterita/idifferent level of impact can be
highlighted, to identify those of higher relevance.characterization of the real solution
completes the study, by providing the efficiencyvels and the total energy collected during the
experimental campaign. The maximum estimate okffieiency of a 6 mfacade was within a
range between 0.47 — 0.34 and the heat loss fagserbetween 4.8 — 7.5. The case study
exercises reveal the real energy efficiency andrsptoduction patterns. There was also an
opportunity to consider significant improvementsiriorease the output of the active facade.
The main conclusions concerned the different gaitdgrat improved the definition of the system
and greater comprehension of alternative desigas rmy be integrated in the underlying
concept.

Keywords: Solar Facade; Active Envelopes; Sandwich Paneatgldzed and Integrated Solar
Collector; Solar Heating
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1. Introduction

The building industry, a sector that still showsw@oor performance in terms of energy
efficiency, has recently sought several alternatifa improvements to the carbon footprint
throughout the building use phase. Europe cleascdbes this situation with ambitious targets
of 15 — 65 kWh/rh for Nearly Zero Energy Buildings (NZEB) [1], althgh the average
consumption of the building stock in 2013 was 281KWh/nt of final energy [2]. Over
forthcoming years, the development of new and modwrrldings equipped with the latest
technologies should contribute to a reduction iat tijap. However, the renovation sector is
fundamental to balance the situation, because dbte of building stock renovation is still
limited. Approximately 60% of current building stacare likely to remain in use by 2050 in the
European Union, United States, and Russia [3].

Very significant systems and promising technolodiase been developed over the past few
years and continue to be, as the momentum of tetisable and renewable technologies
gathers pace in the industry and thank to a cootiatiR&D effort. A first step will be to reduce
consumption by minimizing demand. In a second gstepreduction in energy requirements will
mainly be met through Renewable Energy Sources YR&® preferably from onsite
production. Finally, with the minimization of engrgequirements and the incorporation of the
RES contribution, some necessities might not be@l/by intermittent renewable production.
A third step will therefore be to improve the respe of the whole system dealing with smart
and efficient management of the main energy sowndscomponents in the system.

The fagade functions in this scenario as the iabericonnecting the interior where comfort is a
priority and the exterior under variable environta¢énconditions. Renewable energy is
unlimited and accessible, and the envelope shoaildlbe to harness those sources, becoming
more than a simple barrier for energy losses.

1.1 Integrated solar collectors as active facades

The definition of the “active” fagade behavior éif§ depending on the source that is consulted.
Some authors [4 - 11] have examined the capacitapturing renewable energy on the facade.
Others [12 - 13] mention higher dynamism and mowgtdrts that define more “adaptive”
facades, usually with more than an active respamseé generally combining energetic
integration with additional features, in terms aflas protection, shape modification, and
automated components that alter the external sfxagp@ppearance of the skin.

The concept of interest to the present study has ariously defined as Solar Facade (SF),
Active Solar Thermal Facade (ASTF), and Buildintegrated Solar Thermal Systems (BISTS)
[14 - 15]. These systems integrate the collectonrielogy in the building envelope, with the

twin function of protecting the interior from theterior, together with a solar thermal energy
collector device.

A standard classification of solar thermal collestfound in stationary applications would list
compound parabolic collectors, vacuum tube collsc{evacuated pipe collectors), flat-plate
glazed collectors (generally shortened to flatgland unglazed collectors (a variation of the
flat-plate model). A classification into three qgbeies also refers to the temperature levels that
differ in each solution [16]. Working temperatui@® significantly lower for unglazed panels
(25-50 °C) compared with flat-plate collectors (BB °C) and vacuum collectors (100-140 °C)
[17].

A key component is the absorber [18], generally uf@ctured in dark colors to maximize
absorption [19]. Their materials are metals or UAsistant polymeric materials, although



87
88
89
90
91

92
93
94
95
96

97
98
99
100
101
102
103

104
105
106
107
108
109
110

111
112
113
114
115
116

117
118
119
120
121

122
123
124
125
126

127
128
129
130
131

132

copper, aluminum, and steel are used for absoibdlat-plate and vacuum-pipe systems. The
use of less conductive materials is less significanflat plate systems, although some
alternatives are also feasible for unglazed callsctaiming for more economic solutions.
Polymeric, [20 - 21], Concrete [22 - 23] and Cemaf@4 - 25] absorbers have been proposed as
cheaper alternatives, as well as solutions comgyidifierent materials [26 - 27].

Finally, there are two possible thermal fluids lieat transfer; liquid (water and water mixtures)
and air. Liquid-based applications are the mostrmom ones [28], probably because of the
higher density and specific heat that influenceficiehcy, however some interesting
applications with air-based transpired solar caotlex; have been used for fagade integration [29
- 30].

The use of solar thermal collectors worldwide igegextensive [28], among which evacuated
panels are the most widely installed (72%), mainlyesponse to growing demand in China.
Flat-plate collectors are the first option in Euerd@2% worldwide) and unglazed collectors (6%
worldwide) in the USA and Canada. Mainly used féf\ production, especially for flat plate
and evacuated systems, unglazed collectors ardiyusigsaociated with swimming pool water
heating devices. Combi systems in Europe for botimé&stic Hot Water (DHW) and space
heating are worth mentioning.

Unfortunately, exhaustive information is unavaihbd estimate the number of active solar
thermal facades that are currently installed, dsagetheir typologies and potential efficiencies.

There are some reviews of possible solar facadicappns in the literature [7, 9 - 10, 31 - 33].

Interest in such solutions to contribute to thedpicdion of energy for heating, cooling and

DHW purposes has likewise been assessed [34]. édthaome standardization for BISTS is

suggested [35] the level of application of solayafdes is yet to become a widely implemented
standard solution.

The incorporation in a facade of all these concéptsit to become an active element is a
marked tendency nowadays and an ongoing procelssextral research initiatives developing
ASTFs. The positioning of collectors on verticaamés of a building envelope also implies a
lower incident irradiation than horizontal or optim tilt [36]. However, if a south-facing wall
is chosen, irradiance will remain quite regular atable with no overheating throughout the
whole year [17].

There is a significant variety of technologies ABTFs with different degrees of sophistication
[37]. New developments have been presented overpést years [38 -43], however, the
presence of these solutions is still largely testiral [44], due to inadequate knowledge and
resistance to change in the sector, even morergedonological solutions directly identified as
very costly.

The unglazed panel simplifies the solution by laguwhe absorber on the outer face of the panel
that achieves a higher level of integration [6]e3& represent simpler and less technological
systems, but also significantly lower investmert][4nd they are of special interest to the

renovation sector. But when approaching a desigregss involving a solar fagade with an

unglazed collector, the impact of modifying somside parameters is not so clear.

The review of the current state of the art reveaite a large quantity of polymeric systems for
the “swimming pool” application. When looking at ABs and specifically at those with
metallic absorbers, the number of available systemsnglazed and low temperature systems
is of less significance. Remarkable systems aredheepts provided by Energie Solaire [46],
Solabs [47 - 48], Triple Solar [49], WAF [7], BAT@R., [50] and InRoof [51].
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1.2 Novel unglazed solar collector integrated mtmetallic sandwich-panel

facade

The present study is focused on the behavior ofvaémperature active facade composed of an
unglazed collector and a steel sandwich panel.sjstem was developed as part of a research
project (BASSE) [52] concluded in 2016, where tesign of an innovative solar panel and its
interconnection to a heat pump was developed.

The application of sandwich panels in industriadl @emmercial buildings is extensive thanks
to a very competitive cost/performance ratio. Hogretheir use in offices and especially in the
residential sector is still quite unusual. The s of the BASSE project was to exploit the
high conductivity of steel, by activating the passbehavior of the sandwich panel, turning it
into a low temperature solar collector on an actereselope. Alternatives to the current
sandwich panel, clearly designed for industriaicmatand high-scale production, were actively
pursued.

(1) (3)

14)

Figurel: Sandwich panel integrating an unglazedrsallector. Main components of the
solution (left) and detail of the top side for tmsembled panel (right).

The resulting design of this initial solution asA8TF consisted of four main components. The
sandwich panel with a polyurethane insulated ctjecémbined with two slotted steel skins.
Plastic pipes (2) installed in the slots of theeexal skin for completion with the final steel
cover (3) functioning as a solar absorber. Eactelphas 6 parallel tubes and modular header
fittings for their interconnection (4) also provdlanside the module. Dimensions of the
standard panel are 3 m long, 1 m wide and 0.8 okt complete system was installed in a
real building [53] and the tests demonstrated tbeergial of such solutions for significant
reductions in the final consumption of energy.

2. Aims and Methodology
The object of the study is the analysis of the angfl collector, as part of the active facade,
evaluating possible design alternatives by meana parametric study. Based on the design
described in Figure 1, the analysis examines thdéomeance of the ASTF in depth, in
continuance of the research activity initiatedhe BASSE project. To do so, an initial review
of theoretical models in the literature will be feemed. The conclusions of this review will
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then set out the definition of a Computer Fluid Byric (CFD) model for implementation. The
next step will be to validate the model using meeksured data taken from a real active facade.
With the validated model, a parametric study wéldeveloped using reference values based on
the main technologies and materials available beesthe system. Finally, the energy output of
the real solution and its performance will be eated and characterized using the data
measured under real working conditions.

3. System modelling

3.1 Theoretical model

Efficiency is the main parameter that charactertbesbehavior of a thermal collector. It will
also be the main criteria for evaluating the défdralternatives for the system. As indicated in
equation 1 [54], efficiency is a relation betweka tiseful energy and the incident solar energy.
The energy output is defined as well as a functibthe temperature difference between the
inlet and outlet of the fluid through the collecteguation 2).

0
"= Ac Isol (1)
Q = mCy (Toue - Tin) (2

A commonly used expression to describe the effajasf collectors is described in equation 3
as a function of absorptivityn), the collector heat removal factorgfFand the heat transfer
coefficient (U):

T, - T
77=FRa_FRUL—(l I amp) 3
sol

where, Ik and U will usually represent the experimental test rissuReference values taken
from some commercial systems of the ranges thdamed collectors will usually have in terms
of (Fr o) and (lr U.) are included in Table 1. It is worth noting tlditthe parameters indicated
in Table 1 are calculated for wind speeds in tmgeaof 0 — 3 m/s and for panels with an area
less than 2.3fn

Table 1: Efficiency parameters for different ungldzolar collectors

System Fra FpU,
Aluminum Absorber (InRoof.Solar) [55] 0.42-0.6 79~ 13.44
Stainless Steel Absorber (AS Energie Solaire) [56] 0.86 — 0.92 11.26 - 18.61
Copper Absorber (TECU® Solar) [57] 0.59-0.8 9:082.26
Titanium zinc Absorber (QUICK STEP®) [58] 05-085 12.87 - 14.78
Aluminum Absorber — System 1 [59] 0.55-0.58 =440
Aluminum Absorber — System 2 [59] 0.83-0.89 rim.7
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In addition, some analytical calculations are asailable [54] for determiningdin a tube-
and-sheet configuration, while_ltan be estimated using the resistance equivalBcthe
effect of the energy losses due to the conductionyection and radiation effects.

In the determination of & additional factors such as the collector efficiefiactor (F'), the
standard fin efficiency for straight fins (F) anldetG variable are required. F' and F are
dimensionless while Qrepresents th Likewise, F’, r and U permit the calculation [54, 60]
of fluid temperatures at the collector outle JTand the mean temperature in the absorbgr (T
as shown in equations (10) and (11), respectively.

mC _(AcULF'
Fp= W[1_e(mcw>]
Ac UL (4)
-1
e w N wu,
\D;+ (W —D)F mDh (5)
B tanh[C, (W — D,)/2]
(W =Dy/2 (6)
U,
C j—
LAt )
als,, al,, _(M)
Toue =T, +—+(T-—T + )e Gy
out amb UL i amb UL (8)
Ty =Ty + ¢ (1-Fg)
N in Ac UL FR (9)

In the above-mentioned case, equations 4 to 9ppieed in a complex system of coupled non-
linear equations that require multiple iteratioms fheir solution. The dependency of some
parameters on temperature also needs consideeatibfor the parametric study that is intended
to be developed, it will require the use of spedifalculation software.

The analytical approach of some authors [60] uées above equations for a parametric
assessment. However, the use of a CFD model powidtder flexibility to consider multiple
alternatives including dynamic inputs for compredien of the system and its evolution over
time. The benefit of working with a previously Hufiacade is an advantage, giving the
opportunity to validate the model against the syatem.

The CFD approach with experimental validation his® d@een applied to concrete unglazed
collectors [61], copper absorber glazed collecf{6® and aluminum absorbers for unglazed
collectors [63]. CFD without experimental validatics also described for aluminum sandwich
panels [64] and for unglazed solar collectors [65].



220

221 3.2 CFD model definition
222

223 3.2.1 Physical model

224

225 A bespoke finite element model computed in ANSYSJENT® V18.2 was developed, based
226 on the prototype of the active facade (Figure he Tunction of the model was heat transfer
227 calculation within solids and between solids anddfl which represent the two main thermal
228  processes inside the collector. These effects divadu their symmetries on both sides are
229  represented in Figure 2, as well as the closechaimber on the back side of the sandwich panel
230  where only natural convection is considered.

Enviroment

"Sheet Metal 1

Sheet Metal 2 rf" "“\1
@ Tube
X Insulation :{

231

Sheet Metal 3

Air chamber
QQ
m
232

233 Figure 2: Main phenomena considered at domains
234

235  This analysis is subject to the following assumpio

236 * The heat transfer coefficient between the fluid Hr@pipe is constant
237 * The back and edges of the collector are perfeatiylated
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» There is perfect contact between the pipe and sndiog metal sheet and between the
sheets

» The properties of the materials are independetaroperature

The main thermal phenomena under considerationsala irradiation as the main energy
source, surface radiation of the absorber backédoekternal air, natural convection to the air
and forced convection because of the wind effeonhdDction between solids is calculated by
means of the general energy equation and conveotitmeen the pipe wall and the fluid is also
considered. As a result, the temperature gaineflthid when passing through the pipe in the
longitudinal axis will represent the performance tbé collector and therefore the energy
extracted.

For the incident radiation, {jg a “heat flux” was modelled [66], so the heatabsd by the
exposed surface of the collector is equal to soladiance and surface absorptance. The energy
absorbed is obtained by the expression:

q; = Also (20)

The radiation emitted back (g by the external sheet to the air is the resulihef emissivity
and Stefan Boltzmann's constant as a function etemperature difference of the steel sheet
with the environment.

Qraa = EO'(TS%(y 4 Ts4) (11)
Anc = hW,n(Tamb - Ts) (12)
Afc = hW,f(Tamb - Ts) (13)

Heat is also transferred back to the air by natigmliation12) and forced convection (equation
13) [22]. A combined convective coefficient,fhis used, taking wind speed as the main criteria
for the model that is under development. Differeotrelations were evaluated, based on the
alternatives available in the bibliography, in arde select this J parameter [67]. In the
validation of the model, three alternatives will tensidered for wind speed, < 5m/s, as
described in equations (14) to (16)

hy = 2.8 + 3V, [68] (14)
hy = 8.55 + 2.56V;, [70] (16)

Thus, the overall heat released by the wall toaihés computed as mixed boundary condition
combining convection and radiation [71]:

q= hw (Tamb - Ts) + Qraa (17)

Convection in the rear sheet to the air chambanisffect that is exclusively considered for the
assessment of the insulation material (Section, &d)this effect merely influences cases in
which there is a small quantity of insulation. Imetother cases, an adiabatic wall will be
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considered with negligible external surface intatien where each zone can be calculated
independently.

The convective heat transfer between the fluid garal the corresponding faces are solved by
coupling the momentum and energy equations. The PEEM method is used for the
discretization of the pressure and second ordeingpfer momentum and energy equations.

The Prandtl number is given by equation (18), wheyas specific heat, p viscosity arig
thermal conductivity of the fluid. A 6.9 Prandtimber for water is considered.

c
pr=28 (18)
f

The Reynolds number for the flow through the pggiven by equation (19). Being V velocity
of the fluid, D; hydraulic diameter antt, kinematic viscosity. The resulting Reynolds number
(26485) represent a turbulent flow (R&000).

_V*DL

R
e v

(19)

Therefore, the k-standard turbulence model is used for the nunlediescription of the fluid
behaviour. In this conditions Reynolds-averaged i&laStokes (RANS) equations can be
considered.

For the energy equation, the conduction heat teangfverned by Fourier's law was considered.
The heat flux absorbed by the internal fluid pagsinrough the pipe, (gis described by
equation:

Simulated under steady state conditions, the moalelilates the heat transfer effects that are
described giving as results the outlet temperafligg) and the external sheet temperaturg. (T
Tou Will calculate the energy gained in the paneltes difference between the inlet and the
outlet temperatures for a certain mass flow (equa?). Combining equations 1 and 2, the solar
collector’'s efficiency can be calculated by equatidl. Depending on the inputs, the
instantaneous or mean daily efficiencies can imattd.

_ m Cw(Tout - Tln)
IsolAc

n (21)

3.2.2 Geometry and mesh definition

The scheme of a 3D geometry set-up that represleatsnain components of the collector is

depicted in Figure 3. It has an interior and areeat wall where the fluid passes through the
model, as well as a mass flow inlet and a pressutlet. All these parameters are indicated as
boundary conditions for the different domains igu¥e 3.



Pressure outlet

/

Exterior Wall (absorber)

Massflow-inlet

Adiabatic wall Interiolr wall
312
313 Figure 3. Boundary conditions at domains
314

315 The finite element mesh is generated using triaargahd tetrahedral elements with a higher
316  mesh density where heat exchange between bodiesréssignificant (Figure 4).
317

DX
K
318 ')(‘

319 Figure 4: Detail of model meshing

320

321 A mesh sensitivity analysis was also performed gisite real values measured durind’ 18
322  June 2017. Figure 5 shows the differences betwemasumed and simulated results. Table 2
323  provides the Predicted Mean Absolute Error PMAR fé2 different meshes.

10
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Figure 5: Calculated ], results for three different meshes and PMAE fahezase.

Table 2. PMAE for the mesh sensitivity analysis

Mesh (number of cells) PMAE (%)
Mesh 1 (509,385) 0.81
Mesh 2 (361,407) 3.81
Mesh 3 (284,584) 7.17

3.2.3 Model upscaling

Due to the parallel configuration of the colleatonnected through a top and bottom header, the
system can be simplified to a 100 mm long x 160migtevgection containing one single pipe.
The headers provide a uniform flow to the pipes mqatesent a small area compared to the
complete surface of the collector, so it can beiigd in the calculation [54]. The symmetry
condition on the lateral faces permits the consitien of multiple pipes and consequently the
width of the section will determine the distancéwsen parallel pipes as represented in figure
6.

11



339

340 Figure 6. Representation of symmetry conditiorhimnodel to represent multiple parallel pipes

341  Additionally, longer sections can be considered ealdulated by assuming the same hydraulic
342  residence timert] for different pipes, enabling the calculationtb&é panel regardless of the
343  length, as can be seen in Figure 7.

344
T1 = TZ (22)
345
Taml
L,
346
347 Figure 7: Representation of different pipe lendtrscalculation with equivalent flow
348

349  Therefore, a hydraulic residence time is calculébed target length according to equation (22).
350 And by rearranging equations (22) to (24), with @qpipe sections from both pipes, an
351  equivalent mass flow for the model can be calcdlats expressed in equation (25):

352

T= é (23)
_Q (24)
V= S
L
My = 122 (25)

353

12
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The consideration of both symmetry conditions oa aris and flow equivalency for a different
panel length on the other axis permit the optinrabf the model for quick computational
calculation and tests the information that is resgifor the study.

4. Experimental validation

4.1 Test set up

In the demonstration phase of the BASSE projed, df5stem was installed on the wall of
Tecnalia’s Kubik® experimental building [73] at D&r Spain (1,300 kWh/fmmean annual
horizontal irradiation). As part of that projeatsting took place over 4 months in 2016. A total
of 6 south-oriented active panels of Beach were fitted on the external facade of theilkkub
building as shown in Figure 8.

As a progression over that initial campaign, anitaaithl extensive experimental campaign was
developed as part of current study during 2017 clipedays were selected from this second
campaign for the validation phase. The main comptnef the solar loop will be considered,
thus the other system components such as the e, pemain outside of the scope of study.

WEATHER STATION
PYRANOMETER / VERTICAL SOUTH ON THE ROOF

ACTIVE FACADE

Figure 8: Panels installed in the south facadeuddik® building

The main components of the solar loop are the e¢tigade (6 panels), the storage tank (185L),
the distribution system, the circulatory pump alnel tmeasurement devices. The description of
the complete solar loop is provided in Figure 9e Thnfiguration for the active fagade was a set
of 2 panels in series to configure 6m long battetiiat were latter connected in parallel.

13
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The measurement system is composed of differenteeas represented in Table 3. A total of
12 temperature sensors are located on the surfate @anels to monitor the mean absorber
plate temperature (J, 2 sensors in the storage tank and 4 sensothddtuid temperature with

a common input () and three output temperatures,jTcoming from each battery. The
flowmeter registers the mass flom), the pyranometer (P) the irradiatiog,)flon the vertical
south orientation, a weather station on the roohitnes the external ambient temperature
(Tamp), and the anemometer (A) records wind speedsfdand direction.

Table 3. Experimental equipment’s description

Parameter M easurement device Type/M odel Uncertainty
Surface temperature (°C) RTD — PT100 Thermo SeBauBH +0.1°C
Fluid temperature in pipesRTD — PT100 Thermo Sensor GmBH +0.1°C
and storage tank (°C)
Mass flow (I/min) Ultrasonic Flowmeter Kamstrupfiirdflow +0.0132 l/seg
Multical 801
Irradiation (W/nd) Pyranometer Kipp & Zonen + 5%
CMP -6
Wind speed (m/s) Anemometer Vaisala WXT520 + 3%
External ambient air RTD — PT100 Vaisala WXT520 +0.3°C

temperature (°C)

”~

Toutl & Tout2 © Tout3 @ @

Solar loop’s
storage tank

SOLAR FACADE

Figure 9: Diagram of the installation and its maimponents

The individual uncertainty of each specific paragnets expressed in Table 3 defined by the
corresponding measurement device, represents anmatated uncertainty in the main
calculated parameters used for the study. The Baat Square (RSS) method [61, 74] was
used for estimating the combined uncertainty incdleulated parameters.
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Being y the overall uncertainty for each main parametgragd y the individual errors, of the
measured parameters (x).

The temperature difference ((§Ti,) is affected by the temperature input and outputhie
collector. This temperature difference combinedhwtte mass flow influences the Energy
output (Q) as in equation 2, while the energy, whasided by the irradiance (equation 21),
represents the efficiency)( The resulting uncertainties for the calculatadameters are 0.48%
for the temperature difference, 7,83% for Q an®%Zor.

4.2 Experimental validation of the model

The first definition of the model is based on tipedfic design as constructed for the ASTF
installed in the real building. From the set ofdhels (3 each) 2 panels connected in series
and described in the following section, are considdirst for the validation and parametric
assessment. In a second verification all the 6 Ipaare considered. The parameters for the 2
panel battery are indicated in table 4.

Table 4. Initial configuration for the model

Parameter Material / Value

Skin material Steel(= 50 W/niK)

Skin thickness 0.7mm

Absorptivity 0.8

Panel dimensions 6m long / 1m wide / 82.1mm thick
Tube material NylonX(= 0.2 W/niK)

Inner tube diameter / wall thickness 8mm /2mm

Fluid water

Spacing between parallel pipes 160 mm

Mass flow 8 I/min

Experimentally measured parametets Mamn T, ¥, andm, are used as inputs. Values
recorded in 1-minute frequency were clustered inhaorly basis to smooth the transitory
effects while the performance of the collector barrepresented during different periods in the
day.

Tamn Tin @andm are direct inputs to the model while the irradiatis transformed in a heat flux
and the wind velocity is used to estimate the treatsfer coefficientHj,).The three possiblg,h
correlations were calculated for one day"(Z@ne 2017) concluding that the one by Wattmuff
et Al. [68] has the lowest PMAE = 1.22% comparethuie one for Test et Al. [70] 1.29% and
for McAdams [69] 1.32%.

The model simulation provided the calculated valiggsthe water outlet temperature and the
absorber temperature over three consecutive daygni@ 2017. The solar loop was settled for a
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429  continuous flow throughout

the whole period with imberruption, to observe the dynamic
430 thermal effects.
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431
432  Figure 10: Validation of the simulated resultsTgy; (a) and T (b) compared with experimental
433 values for 17 to 19 of June in 2017.
434

The differences between real and simulatgg during cooling at night showed a better match
435 than during daytime heating (Figure 10 a). FothE effect is the opposite, in that the heating
436  effect showed greater similarity between simuladed measured values (Figure 10 b). The

437  variation between experimental and simulated vatwes the three days resulted in a PMAE of
438 1.08% for T, and 4.2% for T

439

One possible reason for the differences in skinperatures is identified in the temperature
440

distribution in the real case, compared with a icwmtus and regular temperature profile
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estimated by the model. In the real case, skin éeatpres have an irregular distribution, mainly
because of the contact points between the extarththe internal skins and the pipes are not
fully satisfactory. Although the sensors recordetiean value of 34.58°C at that moment, the

thermographic image in Figure 11 qualitatively Higihts significant differences in various
zones of the facade surface.

Figure 11: Thermography of the active facade

As an additional verification, the output temperatwas simulated for the complete set of 6
panels (18rof active surface) increasing the mass flow rateéou13.8 I/min. Figure 12 shows

the differences between the simulated and the valales over one day in August when the
PMAE was calculated at 1.43%.

600

500

400

300

I (W/m)
L
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mo

(D.)

200 -

T -— 77
8:00 11:00 14:00 17:00 20:00 23:00
Time

Figure 12: Second validation of the simulated itsdor T,,; compared with experimental
values for different panel surface and mass flae ra
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5. Active facade design alternatives and performance
assessment
5.1 Parametric Assessment

Having validated the CFD model, a parametric stwdg performed to evaluate alternatives to
the specific design of each component of the adtigade: the panel and the hydraulic circuit.
The assessment was calculated with the externafoemvental conditions of a day in late

spring (19" June 2017). The reference system of @mtive surface, described in Table 4,
provided an efficiency rate of 35.1% on that day.

5.1.1 Sandwich panel alternatives

Metallic sheets:

Conductivity is mainly associated with the typentdterial that is used to solve the two external
layers. The third internal layer contributes notghto the thermal performance of the collector.
Although combinations are feasible, all the thrheet¢s are assumed to be made of the same
material.

The main interest relates to the external sheetatta as the absorber. Conductivity is decisive,
since it allows, on the one hand, the homogenizatiothe temperature of the entire surface
and, on the other hand, it transfers heat fromathsorber to the hydraulic circuit with greater
efficiency.

Conductivity of the sheet and the amount of cornidactaterial are beneficial, so sheet
thickness of the sheets is also important. Thuplage with a high conductivity, sufficient

thickness and a good contact surface between salilgrovide a good driving phenomenon
between the absorber and the hydraulic circuit.

For the thickness, metal sheets in this applicatie generally thinner (0.2 to 2.5 mm) than
other materials such as concrete or polymers thally require more material (5 — 50 mm) to
configure continuous layers. For the thicknessssssent, as the reference system is based on
steel, the range of adopted values consider traers of that metal.

Figure 13-a shows the increased thermal condugtfitthe external sheets, with a strong

increase for metal sheets compared with non-metiktets, although a significant effect can be
appreciated depending on the metal chosen. Themas between the lowest conductive
material (polymeric) and the highest conductive @upper) represents an efficiency difference
of 32%. A similar progression can be appreciatedtiie thickness (Figure 13-b) although

values over 1mm represent a small improvement coedpaith the increase of the weight and

material, directly influencing the cost of the gyat

Absorber absorptivity:

Absorptivity depends on both the material and hpee tof finish or coating. Figure 13-c shows
the effect of modifying absorptivity, demonstratitigat it is one of the most influential

parameters of daily efficiency with a difference 81% for the range of values under
consideration. As indicated in equation 3, theti@tabetweeri andn is quite linear and the

shape of the curve follows that progression.
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Insulation material:

The main function of the insulation is the preventof heat loss through the inner side of the
panel. Polyurethane is commonly used in sandwidkelseand is therefore used as the reference
material. Alternative materials considered to haseilation properties (<0.5 WHi) are also
calculated. In addition, an alternative without aimgulation is estimated to consider the
consequences of a simplified system.

In the assessment of the insulation material, thiebatic condition established for the back
sheet (sheet n°3 in figure 2) no longer appliedthadconvective effect for the air cavity was set
to 5 W/nfK. In general terms, the effect of insulation oficé#ncy was less significant (Figure
13-d and 13-e) rather than for the case of the Insbiets, but the interest of having at least a
minimum level of a material (10mm) with insulatipgoperties has an important effect.

5.1.1 Alternatives for the hydraulic circuit
Piping system:

Pipe spacing will determine the number of pargtipes per square meter in the collector. A
higher density implies a higher exchange surface,dbso an increase in system costs and
complexity. Figure 13-f shows a small decreaseeaifrly 1% for each additional 40 mm in pipe

spacing.

The conductivity of the pipes was equivalent to tdomductivity of the external sheet, thus
available materials are also similar. As a consecgeiethe impact of changes to conductivity in
daily efficiency provided a similar progressiondirie 13-g) for both highly conductive metals
and plastics with lower conductivities. If plastather than metal piping is used, there is a very
significant efficiency difference of 15%. In thiase, there is no great difference in the specific
metal that is employed (differences of 0.1% ineffeciency), so if a metallic system is adopted,
the cost factor could determine the specific mtathe piping system.

The inner diameter and the wall thickness of thme@re parameters defined by the type of
material and conventional piping products that amsially available for such hydronic
applications. The inner diameter is the main patameonsidered in the calculation. It
represents an increase in efficiency together withincreased diameter (Figure 13-h) for a
maximum performance level at 12mm, as the benchmarfiguration although 8mm and
10mm cases have quite similar responses. Efficiethegreases with a smooth slope for
diameters higher than 12mm.
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Figure 13 Parametric assessments for the AST Fatitami of the efficiency for alternatives in:

a) External sheet conductivity; b) Sheet thicknepgsbsorptivity; d) Insulation conductivity; e)
Insulation thickness; f) Pipe Spacing; g) Pipe emtgity; and, h) Inner pipe diameter.

Mass Flow and panel length

The minimum flow rate was limited to 0.13 kg/s pef, regulated with a circulating pump in
the real case. Different flow alternatives are ater®d in the study, ranging from 0.01 kg/s to
0.2 kg/s based on the bibliography [31]. Figurgdy¥shows the variation of outlet temperature
and daily efficiency depending on the mass flowe r@he increase in the mass flow also implies
increased efficiency, but a lower output tempegatur
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Figure 14: Efficiency and Outlet temperature vaoiafor variations in the mass flow rate (a)
and panel length (b).

The panel length is similar due to the equivaléw relation, as described in section 4 (Figure
7). The length is of special relevance when defjractive facades on the vertical axis where
values multiple of 3 m. are typically consideredwsen floor levels. It is a central constraint
for these fagade applications where values unaeet8rs generally represent greater difficulties
for integration.

5.2 Performance of the Active Facade under reakiwgrconditions

A panel production analysis was also performed betwMarch and August 2017, to conclude
the study. In this way, the potential of the actfegade was calculated and the potential
energetic production of the system was quantifidek daily efficiency for solar yields of some
significance ranged between 4 — 36% with a mealy gtld of 0.326 kWh/rfi collected over
that 6-month period.

Moreover, the performance of the system was caledilwith a regression analysis carried out
using the data collected over one complete montmgluhe overall campaign. The efficiency
factors of the installed system were calculatedféor different wind speeds, by means of a
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linear regression, as indicated in Table 5 and réidib, respectively, where the effect of the
wind can be clearly appreciated.

Table 5 Efficiency parameters of the Active Facasi@ result of the regression analysis

Wind Speed Slope (Fg U}) Intercept (Fg ) Adj. R?
O<V,<1 -4.851 0.47 0.96
1<V, <2 -6.886 0.44 0.96
2<V,<3 -7.391 0.39 0.97
3<V,<4 -7.501 0.34 0.96

Compared with the results for different systemspiEsented in Table 1, the system installed
and analyzed in the present study has lower efftdés in general, but it also has a significantly
(up to 6 times) higher total active surface thavséhother solutions, which has an effect on the
final performance of the solution [45].
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Figure 15: Efficiency curve regression for differanind velocities

6. Discussion of results

The results of all the simulations are presentefigure 16. The variation of each independent
parameter in relation to a base case system (36ffietency) and its effect is described. The
potential of each parameter can be appreciatedtirgsin maximum and minimum values in
the daily efficiency of the system.
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Figure 16: Results of the parametric study reptisgmhe maximum and minimum achievable
efficiencies when one single parameter is modified

Parameters with strong effects on efficiency, stgrivith those with the highest variability are
the panel length, absorptivity, sheet conductivitiass flow, sheet thickness, pipe conductivity,
and inner diameter. Besides, variations in pipecigga insulation thickness, and insulation
conductivity have a limited influence and are mitical for the design.

Reviewing the real system and the model describe@iable 4, it can be concluded that the
design was in general terms within the upper rasfgelmost all the parameters except in the
case of pipe length and conductivity. Neverthelsesje other parameters still show room for
improvement and different combinations to improwsadible efficiencies.

If three of the most influential parameters are iied together to achieve a better solution, by
switching the panel length to 3m, by switching thipe conductivity to copper, and by
increasing the absorptivity of the absorber to Q&&laily efficiency of 66% is estimated,
achieving a combined effect rather than througlefrmthdent modifications. Another alternative
was in the form of a 6 m panel with copper piped arcopper absorber that also achieved a
daily efficiency of 66%. In this second calculatidiigure 17 shows the differences between the
reference case and the improved one in the temperdifference (.- Tin) for the same input
temperature (if) during the benchmark day.

As a result of the overall analysis, it can be tathed that the impact of the parameters on
system efficiency is highly significant. If propgiselected, those parameters can lead to higher
efficiencies as well as to higher output tempeeguwesulting in higher solar production levels.
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Figure 17: Simulated values for the thermal diffiee (T, Ti,) comparing the benchmark
design with an optimized case.

7. Conclusions

In the present study, an active facade applicativegrating an unglazed collector inside a
metallic sandwich panel has been tested. By mehasnoethodology based on a theoretical
model, a bespoke CFD model has been developed alndhted, permitting a parametric

assessment for the evaluation of design alterrmatifée validation process was done by
recording data on a set of 6 ASTF prototype pa(8#g each) installed at Tecnalia’s Kubik®

experimental building in Derio (Spain), over anesdive monitoring campaign in 2017.

The analysis of the production for that period baacluded in a mean 0.326kWH/rdaily
monitored yield. A relevant effect of the wind oowkering the efficiencies has also been
demonstrated, resulting in a 0.34 — 0.47 efficieraryge (FRy) and a 4.851 — 7.501 energy loss
factor range (FR UL) for different wind speeds.

The results of the assessment have highlightedefleeance of some parameters on the final
thermal performance of the ASTF. The system’s lengs absorptivity and the materials
employed are identified as key design parameteesalgl with high absorptivity in the absorber
(A > 50 W/niK & o > 0.9) turns out to be beneficial for this appfica. For the hydraulic
circuit, as for the absorber, the use of metalyigas a direct impact on increased efficiency.
For the inner diameter of the pipes the optimunuedibr the present application is calculated at
12mm.

In parallel, the lesser relevance of some othearpater has been demonstrated. The type and
thickness of insulation is not a critical factoo, far as there is at least a minimum insulation
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633  (10mm thick and < 0.04 W/K). For the hydraulic circuit the density of pipesr nf has also a
634 low significance for the ranges evaluated.

635 As a general conclusion of the study, combiningwated and measured results, the need for
636  proper comprehension of these active systems agid ithpact is clear. Looking further for
637  specific applications additional research willldtié needed, to evaluate combinations of active
638 components integrated in the heating productiortesys and to assess their combined
639 performance, as well as potential synergetic ambres

640

641 Nomenclature

642
Q Heat transferred to the thermal fluid kJ
A, Collector area m’
S Pipe section m?
m Mass flow rate kg/s
ts Sheet thickness m
Fy Heat removal factor )

Uy Heat transfer coefficient W/(m?K)
FrU, Heat Loss Factor W/(m?K)
Cw Specific heat capacity of water kJ/kg K

C, Variable parameter (equations 6 and 7) 1/m
Tout Outlet water temperature °C
Tin Inlet water temperature °C
T.mp Ambient temperature °C
T External skin-surface temperature °C
Tsky Sky temperature °C
T, Pipe wall temperature °C
T¢ Fluid temperature °C
I, Solar irradiation W/(m?)
F' Collector efficiency factor )
F Standard fin efficiency for straight fins O]
D; Hydraulic diameter of each pipe m
w Pipe Spacing m
h¢ Convective heat transfer coefficient between flund pipe wall WI(rfK)
o] Heat flux absorbed by the solar collector KW/m
Qrad Heat flux lost by radiation KW/m?
df.c Heat flux lost by forced convection kWim
Qn,c Heat flux lost by natural convection KWim
ar Heat flux absorbed by the fluid kwim
hy Convective heat transfer coefficient between exteskin and air ~ W/(fK)
Pr Prandlt number )
Re Reynolds number )
Vi Kinematic viscosity m?/s
u Viscosity Kg/(m s)
Vi Wind speed m/s
%4 Inlet water velocity m/s
L Pipe length m

Greek symbols

25



643

644
645

646
647
648

649
650
651
652

653
654

655
656
657
658

659
660

661
662

663
664
665

666
667

A Conductivity W/(mPK)

A External conductivity of skin W/(fK)

n Efficiency %

a Absorptivity )

€ Emissivity )

c Stefan Boltzman constant W/(mPK*)

T Hydraulic residence time S
Acronyms

NZEB Nearly Zero Energy Buildings
RES Renewable Energy Sources
SF Solar Facade
ASTF  Active Solar Thermal Fagade
BISTS Building Integrated Solar Thermal Systems
RANS Reynolds-averaged Navier-Stokes
SIMPLE Semi-Implicit Method for Pressure Linked Equations
PMAE Predicted Mean Absolute Error
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Highlights

* Quantification of key design parameters for a kggight active facade
system.

* |dentification of main design aspects for efficigmmprovements.

e Complete characterization of an active facade aftlunglazed metallic
collector.

* Study of the interrelation between efficiency anérgy output for the
system.

* Numerical model developed and validated with reehsured data.



