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Abstract

Building integrated photovoltaic systems are fast becoming a featundaf landscapes in France and other
countries tackling similar pressures to improve the energy footprint ofergsidl and commercial building
sectors. As active components of building envelopes, the techn@psents a promising solution to the local
electrical and thermal demand. However, despite significant recent interaavesimnent into the technology,

few studies have been undertaken to study full-scale installations openadiegreal conditions.

In this paper we present an experimental evaluation of a protoaypeally-ventilated photovoltaic double-skin
facade, designed to maintain favourable operating conditions for electrical pederimanitilising the stack
effect to cool photovoltaic components whilst improving the thermal peaimcenof the building to which it is
attached. Developed to meet both technical and aesthetic specifications, the @rototypises a two-storey,
vertically pleated, tinted glazed facade with a heterogeneous arrangementtafolihiz cells electrically
grouped into a vertical stack of three arrays. Installed on the west-nortHasade of an occupied office
building in Toulouse, France, the component was tailored to the specificeragnts of building into which it
was incorporated. The result is a complex system in terms of ggoametrenvironment. The objectives of the
study were to test the assumption that the behaviour of simplifiededskib components can be generalised to
real multifunction systems, and to propose analysis techniques suitaltl@sfa@ontext. The prototype was
instrumented to monitor the minute-wise thermal, electrical and air flow tmeinagluring the first year of
operation. We present an analysis approach adapted to both the conpfidkié system and the size of the
dataset, wherein data were first classed according to daily indicators of eratahmonditions using

aggregated database queries. Periods of normal and anomalous behaveuwlistieguished using data
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visualisation techniques. As well as assessing the daily and seasonal varipgdioimance, the predictability
of system was also tested as a function of environmental conditionsdnysrof stationary empirical models for
heat extraction and array temperature. Despite the inherent complexity aiditd@ons of approximate or
incomplete instrumentation, the system was found to behave in a predintaiter and could be described by

simple relationships between environmental conditions and system state.

Keywords: Building integrated photovoltaic system; Natural ventilation; Chimney effectjtbtarg

1. Introduction

France is undergoing an energy transition towards technologies wittea édavironmental impact. Within the
framework of international and European commitments, by 2028madsle energy should account for 23% of
total energy consumption in the country, and by 2025 reliance on nedeagy should have fallen by 50%. To
these ends, significant investments are being made into solar energly,isveeen as a promising solution for
heat and electricity generation. The optimisation of this technology addgtsyment is an ongoing subject of
research. Indeed, the choice of configuration has been shown to depemdether performance should be
optimised for certain weather conditioos for different times of the year (Kelly et al. 2011). Two classes
photovoltaic installations are actively promatetphotovoltaic energy system3, comprising ground-based
facilities; and “photovoltaic systems for building integration” that include small to medium scale arrays mounted

on rooftops and facades. Since residential and commercial buildings accourigfoficast fraction of the total
energy demand in France, building integrated photovoltaic system¥)(BtE increasingly becoming a feature
of urban environments in the early*2dentury as a means to decrease the energy intensity of this Jétsor

deployment is also in line with the BEPOS (energy positive buildings)nadiidjective

Producing electricity whilst improving the thermal performance of mglsliand limiting the thermal effect on
the aging of PV components, BIPV systems are an example of lawaliable energy resources being used to
partially accommodate local energy demand. In the context of net zerqy dnéidings (NZEB), the building
envelope is a key element that must be active in terms of energycpoodand adaptive in terms of function
according to season: acting as a thermal barrier, recovering heat argiisgit to the surroundings. From the
perspective of energy generation in urban environments, facades represgnificarst potential for solar
energy, thanks to the large surface areas that could be available ammimbfe orientation for production in

winter (Redweik et al., 2013).



In this paper we explore the opportunity and also some of the [@os$sdines regarding BIPV through the
detailed study of one particular type of PV building envelope componentulaledskin facade with solar
photovoltaic elements integrated into a significaottion of the outer glazed surface and with openings at the
top and bottom of the structure to allow natural ventilation by stackimd effect. To date, relatively few
studies are available in the literature for active PV/T double-skins with terviimction (Mechanical Extract
Ventilation, air pre-heatingoupling to a heat pump) as well as a summer function (natural coélthg &V
wall, cross-ventilation). For the summer configuration, the optimizatidgheoftack effect and heat transifgr
natural convection is mainly sought to maintain the nominal efficiencl?\bfcells, which depends on the
temperature (-0.45%/°C for typical crystalline silicon cells). For a wioparating configuration, the system

may be used for heat recovery as well as electricity production.

In 2001, Bazilian et al. compiled a review on photovoltaic/thermal (PV/T)idngystems, in which various
methods of building integration are ranked as well ag thersistent physical, technological and economic
requirements (Bazilian et al., 200Eor building facade integration the authors point out the difficulties celate
to the optimization of heat disposal or recovery according to the s¢hs@gequacy of the system performance
and the comfort of occupant$hey also stressed the importance of architectural integration on facades for
occupied buildingsThe overall performance of such systems derives from multiple paraméateluding
climate and site features, the orientation and inclination of the roof/fac&enddule properties (opaque
crystalline, semi-transparent) and their geometrical arrangement, the naturetcdrisfar mechanisms (natural,
mixed or forced convection). Currentlynost of the models developed evaluate in a sstplmanner the
performance of these BIPV components through a global energptlwalpy balance between the inlet and the
outlet of the deviceGenerally, they are dedicated to one particular operating mode correspondiegntain
seasons, winter or summer. The potential improvement in buildingyeperformance offered by PV double-
skin facades was investigated by Young Yun et al. in 2007. In thisenzah work the overall energy
performance of PV double-skin facades was studied for differentiateati strategies, and for various design
choices, including the proportion of glazed surfaces (Young Yun et @FF)20he authors highlight the
opportunity of varying use according to season, the overall benef®Mfaromponents being cooled throughout
the year, and the importance of taking wind effect into accourd fgiven site. The impact of wind and the
overall air-flow performance was explored comprehensively for coireitdouble-skin facades by Gratia and
De Herde in 2007 and in previous studies by the same aulli@sensitivity of stack induced flows to external

wind effects is shown to be a significant issue for the overall pegioce of a double-skin facade, which is



strongly dependent on wind direction during the day. At nigbtbehaviour of the air cavity was shown to be
more reliable, as a result of lower outdoor temperatures and the thermal ntlassboiflding (Gratia and De

Herde, 2007).

Considering numerical approaches, for natural ventilation configuratiercan cite the well-known model of
(Brinkworth et al., 1999). In their paper, the authors predictithss flow rate and the temperature evolution in
laminar regimes within the chimney like configuration through éselution of a cubic equation. This equation
depends on several parameters that are difficult to evaluate: the stratification parthegiessure coefficients
due to wind effect, and the regular and singular pressure losses coeffiiantdberg and Moshfegh developed
a similar model associated with an air gap behind PVIpdBandberg and Moshfegh, 2002). This model was
adapted for laminar and turbulent flow and an experimental study was aautiemtest predictions of the mass
flow rate. Considering the heat recovery, the classical model of Hottel-8¥iiliss dedicated initially to solar
air collectors and also based on a global energy balanced remains a refere2@@3 IMei et al. have
considered the transient character of such systems and have dewelbpemical model of a PV double-skin
facade and air collectors coupled to a single-zone building (Mei et al)). 20@% introduce a simplified control
strategy (such as on/off) on the heating/cooling of the building. Thiggy is based on maintaining the internal
comfort temperature according to season and occupation or vacaheyhafilding. They show in particular that
the heat recovered in winter in the double skin can reduce by 12%dtieghenergy consumption. Finally, after
simulations for Stuttgart and Loughborough latitudes, the auttimgshasize the extreme sensitivity of the

performance of these systems and models to climate.

Despite the essential information they provide, numerical approaches aratdap studies cannot demonstrate
the full range of behaviour a real system is likely to exhibit, anestdle field studies are needed to validate the
expectations developed from studies under controlled conditions. To datejataware available for the
monitoring of real scale prototypes. One reference study concernseti@nically-ventilated PV facade of the
Mataro library near Barcelona, a study that was used by (Mei et al., @0@8)date their dynamical modeéls
part of the thermal performance evaluation of this building, Infield eteakldped an expression depending on
the loss coefficients of the building, the solar radiation gain and coeffidiertharacterise forced convection
(Infield et al., 2004). For an air velocity fixed at 0.3 m/s, thermal energyvery attained 70 kWhfmin winter
and about 170 kWh/fin summer, a production that in this case was used for cooling @dsmrption machine.
Athienitis et al. present a contemporary study, comprising the mimgjtof an aspirated double-facade system

in Montréal, composed of horizontal bands (9 cm width) of PV comperettached to a perforated surface
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(affording a porosity of ~0.6%) (Athienitis et al., 201These PV components alone were characterized in real
conditions without integration to a building. Two prototypes whichedifinly by the PV bandwidth, 2 and 6
rows of PV modules respectively, were studied. Athienitis et al. showatdhh heat recovery is greater on the
two PV rows prototype (33% maximum). This result is cohererit thi¢ one obtained by (Giroux-Julien et al.,
2009) on a reduced-scale device in fully controlled conditions: an emhante heat transfer is observed when
the number of alteating heated/non-heated zones is increased. In 2013, Peng et al. have prasented
experimental investigation into a prototype PV facade operating in Hong, Komprising a semitransparent
amorphous silicon solar cell attached to a glazed surface in front of aavity (Peng et al., 2013). The
prototype was constructed such that comparative assessments could bd thadeystem performance under
different ventilation regimes simultaneously. The authors shdladhese kinds of systems offer reduced solar
heat gains in summer and less heat loss in winter, and that thengerée for each function depended strongly

on the type of ventilation.

This paper addresses the general challenges of a developing technology iaglénsented in the realistic
context of an architectural element that serves both functional and aestlmptisgsu The building envelope
becomes increasingly complex as it incorporates design features such as gergki@nsparency (related to
PV cells density), novel geometrgolour, etc. In order to meet the energy needs of the attached builting,
behaviour of the system must be essentially predictable and stable, despheristisensitivity to external
excitations such as the wind. These qualities are evaluated experimentally, @@natpsis of a full-scale
prototype system that was fitted to an occupied office building in soutfrance. As a prototype, the system
was not energetically coupled to the building. Even so, the expdahwmluation of this component will help
to provide new information on the likely performance of realistic BUbie facades and help improve future
models developed from those previously cited studies. Despite the coogtimgen non-linear phenomena, this
paper assesses the ability to characterise a real and complex system udequsatytical techniques fa
dataset spanning one year. The data allowed the thermal and electrical beHahi®gystem to be analysed for

a range of environmental conditions.

The remainder of this paper is structured as follows. The experimental d&ta acquisition and processing are
described in section 2, and the analytical approach is presented in sectistet Bghaviour is presented first
in detail for typical sunny summer and winter days in sectionahd,over a complete year in section 4.2 to
illustrate the seasonal variation in electrical and thermal performance. A prelirsindyyof wind effect on the

passive cooling of the PV facade is presented in section 4.3. A paraametiysis of the system behaviour is
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then performed in section 4.4 and steady-steieaviour models for heat recovery and PV temperature are

proposedAn overall evaluation othe prototype’s performance and its predictabiliydiscussed in section 5.

2. Experimental setup

2.1. General description of prototype and site

Supported by the French Environment and Energy Management AgeREME), the project RESSOURCES
formed a consortium of research laboratories, architects, and photovoltaic and buildippneat
manufacturers. The aim of the research project is to redefine thenu#divelope (for new and existing
buildings) in order to make it an active building component (in terngowaer generation) that is scalable and
that can be seasonally adaptive to meet varying needs over the coargeanfOf the different scenarios that
can be considered, building renovation was chosen as it is the most restaseévand the one that poses the
greatest challenge in terms of energy performance. A series of Sypefohotovoltaic double-skin systems
were designed to cover a broad range of configurations that respdiffittent design criteria. The monitoring
and evaluation of the first of these is the subject of this arfitie.prototype reflects the necessary compromise
sought between the visions of each actor, and in this respeeseafs a realistic configuration likely to result
from typical building renovation projects. From a purely energetic petise, the prototype is not an optimal
solution, but rather one that is adapted to the requirements of a particoleati@m scenario. Indeed the design
demonstrates technical innovations that have arisen from this challenigall@ms certain possible technical

constraints to be investigated.

The prototype active double skin facade was installed on an existoupied tertiary building situated in
Toulouse, France. The system is a multifunction component of the lguddivelope, designed to improve the
electrical and thermal performance of the building whilst also providingesfadoccupants (visual comfort)
and achieving specific aesthetic requiremests. to a “summer cooling” configuration, from an energetic
perspective its main purpose was to cool the PV arrays whilst regnthérheat via the cavity. A photograph of
the complete system is provided in the left frame of Fig. 1 accomplayiadchematic side view of the system

The glazed primary wall visible in the photo is identical to the section b#tenglototype.

As shown by the diagram in Fig. 1, the double skin was instalieal \West-North-West walllhe facade is in
direct sunlight during the afternoon and early evening. treroto improve the orientation for photovoltaic

elements, the prototype comprises a series of adjacent prism columnsiatedstrom metal and tinted glass,



and with PV modules installed on west-facing surfaces. The PV moduletitutedsa stack three horizontal
arrays, or “blocs”, each connected to a fixed resistive load. The double-facade is 7.40 m tall and 4 m aiug,
positioned to give an air gap of 60 cm to 80 cm, with openingsetexterior at the upper and lower ends of the
structure. Natural ventilation driven by the stack effect is expectedaloPd6 components. Regarding the
thermal performance of the building, the double skin reduces ¢fgeit solar flux on the building and may be

utilised to help drive ventilation inside the building.

The prismatic configuration was chosen to compensate for facadetlaznaiimprove electrical performance
by a more favourable orientation of solar cells. For times when diotat sadiation meets the facade at a
glancing angle, overshadowing by adjacent columns may however counkteratectrical performance gains
due to orientation at certain times of day depending on the posititre un In effect, overshadowing by
adjacent prisms only impacts periods where a planar facade wouldhatsa fow electrical performance due to
high reflection losses (Assoa, 200Bpr the case in study, if the solar azimuth is less (more sogtitiean the
bearing given by the glazed faces, a shadow will be cast on the BV Aacshown in Fig. 1, the orientation of
the glazed surfaces is at 32.4° relative to the facade, corresponding to g bé&30.4° (288-90+32.4) for a
line parallel to these faces. For Toulouse, the time at which the solar lazianérses this bearing ranges from
13:30 in June and 15:30 in December. Before these times, the electrical otyguP¥farrays should be greatly
reduced due to optical mismatch resulting from partial shade. The prototyps Hile time-dependent effect to

be studied and reported so that it may be considered in real renovatiomspfiejgry similar requirements.

The test site also provides the opportunity to investigate the phenoménsitadowing by neighbouring
structures: the site is an industrial estate, with two and three dioilejngs and trees in the vicinity of the
prototype. In front (West-Ndin-West) of the prototype is a 60 m wide car park. Considering stescheyond
the car park, in summer the prototype should be clear of shadoepten the early evening (local sunset is at
21:00). The angle from the roof of the building on the oppaside of the car park to the base of the prototype
corresponds approximately to the position of the sun at 18:00 in surlimeinter months, the effect of local
shade may be visible at specific times in the afternoon. Indeed, bagse shadows are cast by fixed obstacles,
they should be distinguishable from random variations in sunlightdctmnditions) by their recurrence at
similar times of day for consecutive periods. By this means, thadnof local shade can be analysed in terms

of the electrical and thermal performance of the facade.



The geometrical complexity of the prototype and its surroundangsinteresting as they represent a realistic
example of photovoltaic double-skin facades deployed in urban areamvéiteic systems are inherently
sensitive to shadowing, either caused by neighbouring structures cortiponent itself. It is thus an important
issue to be considered during the design process of facade-integratgdt&\ss In real renovation projects,
energy efficiency interests may be compromised by existing struceatirés and aesthetic goals. In the
context of urban redevelopment objectives it is therefore important to deatenshether such systems can
make an effective contribution building electrical and thermal performdarme.complexity also represents a

significant experimental challenge, and robust analysis techniques muastvélped for this scenario, for

performance evaluations and later for building management systems

Building

primary skin
Glazing
N Ty
| 24.6° ‘
PV: 263.4° (West) PV skin -~
(PV/glazing) |
Facade: 288°

Fig. 1. Prototype pleated PV double facade installed induse, France. Left: the complete system. Centre: zoospefted prism
component. Right: schematic representation of heatexgs between environment, air cavity, and building.



2.2. Instrumentation

The apparatus was equipped with instrumentation to meet the general ebggcthonitoring the electrical,
aerodynamic and thermal behaviour of the prototype as a functioniodramental conditions, continuously for
a period of one year. The double facade was instrumented aloogrtinal prism column of the prototype using
1mm diameterK-type thermocouples, protected from radiation by aluminized pellets, andedbidiral
anemometers, affording measurements of the vertical air velocity contpeitiein the range [0,2] m/s. Voltage

readings across the reference resistances of each PV array prowidaeduae of electrical performance.
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Fig. 2. Instrumentation of the HBS photovoltaic pleated deskin facade. Uppeeft: front view indicating arrangement of ‘bloc’. Lower
left and right: top view showing instrumentation ofital prismatic column.

Thin tube frame assemblies, hereafter referred to as “peignes” (combs), were hung from the metal structure,
allowing velocity and temperature probes to be added in the air gap alongesgendicular to the facade at
three vertical locations: 1.4 m, 3.75 m, and 6.0 m from theftipe facade, as shown in the left diagram of Fig.
2. The horizontal arrangement of sensors at each location is illusiratdte right diagram of Fig2.
Thermocouples were attached to the anemometers. A further 16 thermocouplesitace do each side of the
double-skin: 10 thermocouples attached to the PV surface in the middiedales, and 6 on glass surfaces, and
10 thermocouples were attached to the primary building facade at the \@&tital positions as the PV

thermocouples.



A suite of meteorological sensors was installed on the roof of the ljildicluding a mast-mounted weather
station (temperature, pressure, humidity, and wind conditions), ondracking pyrheliometer, and one
pyranometer to measure horizontal global radiation. These were complementedrbgre pyranometers fitted

on the upper and lower sections of the double facade in the plareeR¥ tmodules.

2.3. Data acquisition and processing

The above suite of instruments were connected to a Keithley 3706 datalegg@ped with two 60-channel
cards) and two Almemo dataloggers that were used to record an@teatlie bidirectional anemometers. These
devices were governed by a data acquisition programme developed in Latnngvising a single loop of data
requests, and including safeguards to avoid the misinterpretationrgpicdata. The acquisition loop was stable
at the desired time-step of 2 minutes. Raw data were stored in separaterfidscpand weather station, with

new files generated at intervals of 10MB.

The system was managed and monitored remotely with the aid of @ wietwork connection (VNC). Raw data
files were transferred by FTP to a local machine in Lyon, where they sleaned and imported into a MySQL
database. Prior to analysis, data were synchronised by the creatiotatt ayschronised concatenated data

table in the database.

The open source software package Scilab was used to interface with tteseaath analyse the results (Scilab
2012). This approach offered the dual advantages of using a My&8Qeér dor filtered data requests, and

handling vectors and matrices using the Scilab kernel. Scilab additionally gutdiel graphic output of results.

On average, data recovery exceeded 95% per day. Data loss was mosthtegicdou by communication
problems between the weather station and the data acquisition cardg therimonitoring period only one
event required direct on-site intervention: an area-wide power cut that sevenetéithet connection and thus

required a manual reboot.

The methodology and technology implemented for the current stadythus found to be appropriate for the
monitoring of full scale double skin facades over a period of eae, yand with data rates of order 102 channels
sampled with a time step ~1 minute. In principle, the inbuilt multithrgadinLabview would permit higher
sampling rates, but may result in a higher occurrence of communicataas eith peripheral devices such as
the weather station used in this project. Larger systems may also lemefintegrating database updates into

the data acquisition system.
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2.4. Derived measures

Spatial averages of air temperature and speed were calculated to obtain meaperahles. The weighted
average of individual readings was used, with a weighting deriesd tihe effective cross-sectional area of the
cavity attributed to each sensor. Such a weighting was chosen to mirém@s resulting from a steep
horizontal profile. The vertical mean air temperature was estimated feoavdrage temperatures per bloc and
the ambient (inlet) air temperature by interpolating between each value and cajauledintroid of the resulting

distribution.

Heat recovery by the air cavity was calculagadhe product of measured mass flow rate, specific heat capacity
and measured air temperature difference between bloc 1 and the inlstfliMdasate was derived from the
spatial average air velocity and the local air density, approximated from a dtagdation for humid air, using

atmospheric conditions measured by the weather station and the spatiad avetagnperatures.

As illustrated by the coloured arrows in Fig. 1, the PV facade mayertbiebonly nor dominant source of heat to
the cavity. In particular, the building may make a significant contributfeso, any simple relationship between
the measured recovered heat and incident solar radiation may be maskedtglated heat fluxed order to
evaluate the apparent contributions of these two sources, a simplg balkenmgce equation is adopted following
the approach presented by (Zollner et al., 2002). As for the casbaf @indow in that study, here the heat
recovery of the double skin facade is assumed entirely accountbg éxchanges with the PV facade and the
building primary skin, defined in terms of a global heat transferficaeft and surface-air temperature
differences Equating the heat fluxes with the net enthalpy change of théyqaecovered heat), Equ. (1) is

obtained
MC AT, =h eAe(Te - T )+ thb(Tb =T ) (1)

whereAT,; is the temperature difference between inlet and outlet, subscriptadtpbfdenote the outer facade
cavity air, and building wall respectively, h is a convective heat traosédficient and A the surface over which
heat is transferred. Note that direct coupling to incident radiation (semparamey of PV facade), and wind
effects are neglected, as is any mass transfer with the building intauitiner approximatingshhy,, and A=A,

yields
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MC,AT,, =hA((T, - T, )+ (T, - T;))
MC,AT,, @
=h=
AT, +T,-2T,)

Hence the heat flux from each surface is given by a simple relatiolwimyair and surface temperatures. In the
study by (Zéliner et al., 2002), the global heat transfer coefficient wasudeshto estimate the mean Nusselt

number of the box window. Here it will only be used to estimate the relativelyibutions of each heat source.

3. Analysis methods

An important question regarding the future development of PV+ated double skin facades is whether a
simple description of typical behaviour during one day or over diffeseasons can be obtained despite varying
and approximately defined environmental conditions, and an incompleteggtsidal properties for the system
components. Although electrical output, PV module cooling and heatewcare the principle measures of
performance for the double skin facade, the present study was thusdlimemre specifically to identifying the

range of conditions under which the prototype performed well.

The analysis proceeded by first considering the daily and seasoiagibverin system behaviour. Recall that the
configuration of the double skin facade unchanged throughoumanhé&oring period, with both upper and lower
inlets open to the exterior. Following the study of system evoluti@nfasction of time, relationships between
environmental conditions and performance measures sampled evergcbPdswere investigated with the aid
of simple behaviour models. Comparisons of linear regressiontditslata served to demonstrate the
predictability of the double skin facade, and provide an indication ofrémathat should be incorporated into

more thorough simulations, such as the need to thermal capacity arsesags.

3.1. Visualisation of daily cycle and seasonal variation

Two techniques were implemented to characterise system evolution as a foftimee: comparison of typical
days, and carpet plot visualisations of the dataset. Typical days were retrimvethdr database via metadata
indicating daily environmental conditions and system performancenfdga of such measures include the
cumulated incident solar energy, and the mean wind speed in the direetjpendicular the facade. These
indicators were generated by aggregated databasegjaed then combined to classify days as ‘sunny’, ‘windy
and sunny’, and so on. Qualitatively similar days were then retrieved by filtering the database using the daily

indicators. By the same means, rare events could also be found, althatgtas outside the scope of the
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present study. Carpet plot visualisations of data on axes of datenamdftiday provided complementary
information on both daily and seasonal trends and additionally enabledstdve features common to
consecutive days. For recent examples of this visualisation techagpglied to building performance data, see

(Rafferty et al.,2011) and (Colmenar-Santos et al., 2012).

Overall thermal performance of the prototype was evaluated by the imstansathermal efficiency of the

double skin facade, defined as the ratio of heat recovery to the totahineodar radiation.

®3)

where Q is the recovered heat; (e incident solar flux, and A the effective surface of the external daddum
thermal efficiency has been used in the evaluation of various solar etleefgylogies, for example it was
introduced by (Ong and Chow 2003) to evaluate the performareeafr chimney. For the present stugy,
describes the ability of the cavity to remove heat from the PV array. Not¢hthaheasured heat recovery
includes the heat flux from the building as well as the PV facade, anth#rusal efficiency may be modulated
by this unknown source. It was therefore appropriate to considetatistical distribution for different seasons

and classes of day, rather than instantaneous values.

3.2. Parametric analysis of input-output relationships

Periodic or regular variations in the system state imply causal or coincidsatanships between system state
and environmental conditions. In order to expose such correlationsoadédtermine whether a consistent
functional description respected over a reasonable period of time, parametrimbehsdels of heat recovery

and PV module temperature were developed and solved for certain classes of day

As a precursor, performance measures for each bloc are displayeturadti@n of incident radiation. The
distributions serve to illustrate the simple relationships that may exdatdfexhibit disperseddtributions or
several correlation features superposed over the same range, systemubemmayiodepend strongly upon

another independent variable, or transient effects may be important.

Behaviour models for heat recovery were based on a considera@oengfy balance and observed correlation

features. Temperature models were developed purely from correlationefe&tor each model, parameter
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identification was performed by constructing a design matrix and calculaédméar regression solution by the

standard equation in matrix form

B=(X"X)"XTy, (4)

where y is the vector of measured response variable for a set of dat et vector of common correlation
coefficients for the least square solution, and X the design matrix. Theisati@mposed of columns for each
input variable and rows for each data point. The method is equivalent tagsalvset of simultaneous
polynomial equations where each equation corresponds to a singleotttéup to 720 per day for the present
dataset). Residual model-data errors and variance were used to compare sdlwidosg term validity of the
best models was tested by fitting to summer days and extrapolating thierstdudata spanning one year. For
the temperature model, sensitivity to wind was also considered by stiteimgodel for various classes of wind

conditions.

Rather than searching fan optimal model to predict the response of the prototype, the objective \@asdss

the general validity of such an approach, whilst testing the hypotHesisat stationary linear model is
appropriate for the case in study. If proven robust, the methods ddifefirst order prediction of system
performance without a detailed knowledge of the physical propertiesa@f component, nor the specific

geometric of the structure.

4. Results

4.1. Presentation of typical sunny days

In Fig. 3, the behaviour of the double skin facade is showngltypical sunny days. The left column of graphs
corresponds to one day in summer, and the right column to one deinter. Fig. 3a) and 3f) provide a
summary of incident solar radiation measurements during these typjysalrdplane (bloc) and total horizontal
radiation measurements made by pyranometers, and the direct cotnpboellimated radiation measured by
the sun-tracking pyrheliometer installed on the building roof. Innsempeak incident radiation on the PV
facade occurs around 17:00 for sunny days, and exceeds tatntal radiation during the late afternoon.
Overall, the data are characterised by an electrical and thermal responsdithiéédsto the afternoon, as a

result of the orientation of the building
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The daily cycle in electrical performance during summer is summarised).irBb). Electric power output is
limited by the period of significant incident radiation, from 14:00 to @dd@ the selected day. However, its
variation isa non-linear function of measured incident radiation. This is showthépower outputs of blocs 1
and 2, which approximately saturate for up to 3 hours. Such aifehek to use of constant resistive loads for
each PV arrayintermittent drops in power are also visible that are uncorrelated to pyrsromeasurements.
Bloc 3 is the most affected. These losses suggest the presencaldfdazon features that have not obscured
the pyranometerthis hypothesis shall be further tested in the following sectiitherwise, the peak power
output of bloc 3 during the summer is anomalously high relativeetatier blocs, despite receiving the less
incident radiation than the upper arrays. The rated power of blocs 1 and Bie resistive loads are identidal
order to account for the discrepancy, it may be necessary to seobmdary radiation sources or faulty PV cells

in blocl

The effect of overshadowing caused by adjacent prisms, as introdusgdttion 2.1, can be identified by
comparing electrical output to incident radiation measured by pyranometeifsedtiacthe plane of the PV
surfaces. Note that, since the pyranometers are located at the mbstlgard of the component, they are free
of overshadowing. For the typical day in summer, the onset of elecgmmityration when the facade is directly
illuminated (from 13:30) is observed to lag measured radiation by anfautes. As a result, the instantaneous
performance ratio (defined as the conversion efficiency normalisdtemated efficiency) of all blocs is below

20% until 14:00 at which time it rises rapidly as expected from considerationgrshadowing.

Surface and air temperature trends are presented in Fig. 3c). As expectegl,pdunds of strong incident
radiation the highest temperatures are attained by the PV facade. Peak tepgpefahe outer facade and the
cavity air coincide with periods of maximum irradiance. A smoothutiam is observed for all trends: the
intermittent drops in electrical power output have no corresponding featBké facade temperatures. Building
wall temperatures are delayed by over an hour relative to these trendppéresection of the building wall is
also generally hotter than the ambient air during the night and mariying. Outlet air temperature appears
correlated to the temperature difference between ambient air and théaoath, and also the building wall. On

sunny days in summer, the cavity air temperature reaches moréftiaaldove ambient temperature.

In Fig. 3d), spatial weighted averages of the air speed measured twéhiavity are shown superposed by the
local wind speed measured by the rooftop weather station, andritlespgeed component perpendicular to the

double facadeAir speeds have been multiplied by a factor of 10 so that they abdevis the same scale and
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wind speeds. Both wind and air flow readings exhibited a higjnes: of fluctuationsThus, a centred periotl
moving average was applied to filter short timescale variations from the ds@nmad in the figurélypical
sunny days in summer exhibited significant cavity air speeds 0r@0 until 22:00. The corresponding

Reynolds number during this period is of order % s0ggesting air flow is turbulent.

Note wind speed tended to be strongest in the mid-afternoon for slalysy which gives rise to an apparent
dependence of air speed on wind. However, no clear correlation iveddmtween the magnitude of air and
wind speed. Although fluctuations in wind and air speed atsoofl appear to be simply correlated, the degree of

fluctuations in air speed was enhanced during windy daysansttong facing wind.

Differences between averaged air speed at each level in the cavity may indiegteeaaf recirculation within
the cavity, either in the space immediately behind the PV facadehmrizpntal flow. Note also that only bloc 3
air speed reduces to zero during the night. Air speed profiles indieatie the middle and upper sections of the
cavity, air flow near to the building wall persists through the nigldicating heat transfer from the building to

the cawvity.

With both upper and lower inlets of the cavity open to the exterior, airdtuld be disrupted or enhanced by
the wind. The measured temperature differences and air flow rates prdeidgeation on the relative strength of
the stack effect (natural convection) and wind effect (forced convgdtidhe cavity. (Z6llner et al., 2002) used
the Archimedes number, defined as the ratio of Grashof to the squdre BEynolds number, to assess the
performance of a box window with a controlled air inlet. In thathgta value superior to unity, indicating
dominance of the stack effect, was observed throughout the pergignidfcant heating. Adopting the same
approach for the present analysis, but using a modified Grashof nsodbed by the form factor of the cavity,

Equ. (5) was used to assess the resilience of the stack effect in the gtadike skin facade

Ar = R%rz = oA, —T)[Ii*;)MDH“j / (U Dvhj -gp(T.-T,) DU [%j , )

where T is the mean (centroid) temperature of the PV facagtheTambient air temperature (assumed equal to
the inlet temperaturep, the thermal expansion constant defined as the reciprocal of the metaidddiulk air
temperature inside the cavity, H is the cavity heighhe kinematic viscosity of the fluid (assumed constant), D
the hydraulic diameter of the cavity, g is the standard acceleration duavity, and U is the spatial mean air

velocity. The form factor of the prototype, given by the ratio pfdH, was 0.153.
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Fig. 3. Daily variation in environmental conditions and bimuskin facade response during typical sunny days in suamaewinter



The Archimedes number was calculated for a subset of sunny, daydyin summer, with mean wind speeds
exceeding 4 m/s (or 2 m/s perpendicular to the facade). For all dédnessnbset, the Archimedes number varied
in the interval [2,5] during periods of incident radiation. The stack effébtisresistant to solicitations from the
wind. Moreover, fluctuations in air flow that appear causally linkedviod conditions do not appear to

significantly disrupt natural convection flow.

In Fig. 3e), the heat recovered by the cavity is shown togetitierthe estimated contributions from the outer
facade and the building. A maximum heat recovery of 7 kW was attduméagy sunny summer days. In the
early afternoon, the stack effect is driven by the PV facade. Heaffrbux the building to the cavity is

significant in the late afternoon, and on some days dominatec iraitly evening. As a result, the total heat

recovery by the cavity in the late afternoon is only weakly corretatatident radiation.

Adjacent to the graphs for a typical sunny summer day, the sansaimagare shown for a typical sunny day in
winter. In addition to the expected variation in direct and global horizontédlstyrand ambient temperature, an
important seasonal difference in incident solar radiation is also obséreatgbper and lower pyranometers both
appear to be partially shaded during the afternoon. Electrical producttbe 8V arrays is severely penalised
by the reduced incident radiationegligible power output is also observed during periods with non-zero
pyranometer readings, suggesting the presence of additional shadowingsfeat the arrays. In winter the
effect of overshadowing due to adjacent prisms (described aboverforesudays) is also more pronounced. As
can be seen in Fig. 3g) the onset of significant electricity generatoarso after 15:00, whereas the

pyranometers indicate incident radiation from 13:00.

Poor electrical production in winter results in little heating of the PV ar@gaversely, the building wall
temperature is more significant relative to ambient temperature and thg aavihdeed, night time heat flux

from the building to the cavity is visibly enhanced in winter.

4.2. Visualisation of seasonal variations electrical and thermal performance

In (Colmenar-Santos et al., 2Q1@arpet plots of energy consumption were used to identify faultsildiriay
temperature control systems. In the present analysis, the same techogpek tis identify seasonal trends in the
data issues in energy generation. In particular such visualisatieeal Hosses that are correlated with time of

day.
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In Fig. 4 and 5, the annual variation of system performance is refgddey carpet plots on axes of date and
time. For each performance measure, a colour scale indicates the absloleitat\a given instant. Note that the
colour scales of Fig. 5 are set by the upper and lower limits ofataeashd thus differ between figures. Points

corresponding to missing or erroneous data were assigned a value.of zer
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Fig. 4. Carpet plot visualisations of seasonal variation éateical performance of the double fagade

The bitmap representations of results show that the variation from summeéntén performance is fairly
smooth, and that the effective active period of the double facdideridMarch to September inclusivieig. 4a)
and b) present the variation in electrical power generation during one geaglised to the rated power of each
array. An approximately sinusoidal variation in the envelope is cleaiilylesisas expected from the annual
variation in incident sunlight. The duration of electrical power generation thergfcreases to a maximum in

late June. The seasonal variation in power intensity is howeveramangicated due to the influence of module
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temperature and the observed saturation of power output observedif@ntrradiation exceeding 700W/mz2,
Peak power during sunny days in late spring and early autemanto be higher than during summer. Similarly,
intermittent high peaks in electrical power output occur during sunngdseof partially cloudy days, such as

during mid-April
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Fig. 5. Carpet plot visualisations of seasonal variation énrttal performance of the double facade

Local horizon effects inferred by the study of typical days are clegasilyle in the carpet plots. For both blocs 1
and 3, horizontal troughs are visible in the data. These correspond tolfistedtles that partially shade the PV
arrays. Such features are more apparent for bloc 3 than bloc &|l dhocs are severely penalised during the
winter. These observations are consistent with studies of Digital Elevation Modeldam E€nvironments

(Morello et al., 2009) For example, for bloc 3 from early May until early August, at Q8@ery day the
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electrical power output is observed to drop significantly. The featureaaplightly later in May and August

than in June, which can be accounted for by the variation in the paositibe sun.

Array temperature difference to ambient @irdisplayed in58). In comparison to electrical power output, PV
heating varies more gradually during the course of a single dayin§tance, the intermittent maxima in

electricity generation during partially cloudy days do not have an analoguedle temperatures.

Fig. 5b) presents cavity heat recovery. A moving average filter wadiedpo the heat recovery results, in order
to suppress short term fluctuations. Overall, heat recovery appearsdase with cumulated electrical power
generation, and a long active period and a short inactive period are cledly wi the carpet plot. From March
to September, the double facade may be able to contribute to the heatiegtitation requirements of the
building during the late afternoon. During sunny days in this pehedt recovery is observed to exceed 5kW
for a period ranging from-2 hours from spring or autumn to summiercontrast, heat recovery during winter
is essentially negligible. The same features that disrupt electrical prodationg this period are highly
detrimental to the development of an air flow driven by the stack ef@mrisequently, the overall thermal

performance of the double facade may also be reduced in winteshEtide estimated in the next section.

4.3. Thermal performance

Fig. 6 presents histograms of the instantaneous thermal efficiency dbergfternoon for sunny days grouped
according to season (using the equinoxes and solstices) and two ofassed conditions. Sunny calm days
were defined as having a cumulated incident solar energy exceeding 6 kW/amtaah wind speed with a
magnitude less than 1m/s. For sunny windy days, the latter crit@dsnchanged to select days with a mean
wind speed greater than 1m/s. For both classes, the centroitle dfistograms indicate that the thermal
efficiency of the double facade in Spring-Summer is greater tha&utuimn-Winter. For sunny calm days the
mean thermal efficiency ranges from 16% in Autumn-Winter to 25% im&Bummer, with similar standard
deviations Note that this seasonal difference may in part be due to local horizon eftectss#id in the previous
sections: pyranometers tend to overestimate incident radiation in wintesidéong the energy demand of the
building, the double facade may therefore contribute to natural ventilatiorgchotter months and to heating at
other times and in particular during Spring. The effect of the vgirtd slightly improve thermal efficiency in
Autumn and Winter. These observations are consistent with the emergematrafiger stack effeat Spring

and Summer, which is fairly resilient to perturbations from the wind.

21



sunny calm sunny windy

spring p— 24133+ 6.610 summer p= 25721 + 6.262 spring p = 26.574 = 6.085 summer §= 25949 + 7.064
167 - 161
10} 10
4 4
= N = .| _Jiillll
= 9 f I_Iﬂmrlmm m m, £ 0 ﬁﬂﬂ Hﬂﬂnm ml
E‘- autumn p = 16.575 + 5.845 winter p= 16.757 £ 8.112 fo autumn p = 21477 + 6.663 winter p= 26.174 &+ 8.177
& £ ]
169 16

HHHHHH Hﬂﬂﬂn H i,

T4 12 20 28 36 44 4 12 20 28 36 44 4 12 20 28 36 44 4 12 20 28 36 44

itk Tith

Fig. 6. Histograms of instantaneous thermal efficiency for sudayg with different wind conditions. Left: calm, sunnysifor 4 seasons
Right: windy, sunny days for 4 four seasons.

The PV double skin facade can be compared to a solar chimney vintiilea form factor, studied by (Ong and
Chow, 2003) The efficiency of that component, which comprised a flat, transparent fagtte without PV

elements, was reported to vary in the range [30.0%, 43.0%nfamcident solar radiation ranging from 200 to
800 W/m2. The PV double facade thus has a lower thermal efficiermoy dhcomparable simple glazed

arrangement. Therefore, the current prototype cannot be justified putelyris of heat recovery.

4.4. Parametric analysis of system behaviour

The clear daily cycle and seasonal variations suggest the existence of simplesteatidmetween certain
environmental conditions and performance, representing system inpusugnds respectively. In the next
sections, these are studied first via visualizations of outputs asc#ofu of inputs, followed by empirical

behaviour models that were based on the apparent correlations and physical assumptio

4.4.1. Visualisation of input-output correlations

Electrical power, PV module heating, and air flow are shown as a fundtiorcident radiation in Fig. 7.
respectively Electrical production for each PV array is dominated by a monotonieviikeincident radiation,
with a S-shape consistent with the expected performance of PV aoagected to constant resistive loads
(Duffy and Beckman, 1991Yhe main distribution of bloc1 data appears distorted; such a trend carfroeault

mismatch effects due to faulty PV cells. In addition to the main trelhdhree blocs also feature a narrow

22



distribution of points at low power and radiation up to 500 Whotresponding exclusively of data from 12:00
— 15:00, plus a dispersed set of points below the main trend. Batrefs are consistent with local horizon

effects observed in the typical days and carpet plots presented in pisadtions
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Fig. 7. Electrical production, array heating and air flate as a function of incident radiation, for ealdtb

As can be seen in the middle row of graphs in Figthe heating of bloc 3 is well described by a linear
dependence on incident radiation. However, the temperature evolution of blod<lisacharacterised by two
distinct distributions: two approximately linear trends are visible, desgritwno different temperatures for a
given intensity of solar radiation. For example at 500 W/mz, the tenuperdifference between bloc 1 modules
and ambient air tends to either 12°C or 20°C. The two groupsitafate distinguished by time of day, and
correspond to periods before and after the daily peak radi&itioing the latter, the heat flux from the building
is more significant, and thus results in a different energy balansefee PV modules. The lower row of Fig. 7

shows that air flow is loosely correlated with incident radiation, amgeieral is greater during periods of high
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incident radiation. A significant air flow is also observed for incident radidqtedow 200 W/m2, which appears

to be driven by the building heat flux.

Fig. 8 presents the heat recovery and the estimated contributions fronfacatge and building as a function
radiation. A similar two-part distribution is observed, identified with blidding heat flux. The upper and

middle sections of PV facade are heated by the building during tlyeeganing.
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Fig. 8. Heat recovery of the cavity as a function of tataldent radiation. Centre and right figures presestimate contributions from the
outer facade and the building, respectively

4.4.2. Sationary behaviour model for heat recovery

Equ. 6) describes the energy balance of the outer facade of the double skinrstrasguming negligible
thermal mass. Similar approximations have previously been used ilatsims of PV-T collectors, for example
(Guiavarch et al., 2006; Chow, 2003ome experimental studies have also implemented such models, such as
(Guiot et al., 2012)The net heat recovered by the cavity air from all sourcgsisQlefined in terms of the
independent variables ambient temperature Ta, facade tempergtimailding wall temperature ,J incident

radiation G, and the sky temperaturg: T

% = [h convext T h rad,extkTa o Te)+ [h rad,exthTs4 - Ta4)+ [h rad,intKT: o Tt;l)—’_ |:CZ(1— 2}}GI (6)
(24

The plane projection of the outer surface was used for the effective akadal coefficients, shown enclosed
by square braces, are related to the physical properties of the systieenabsorption coefficient of the double
skin, n the photo-conversion efficiency of PV modulegx the convective heat transfer coefficient to the
exterior (coupling to the ambient air temperature), apgh& hiaqine describe radiative heat transfer from the
double skin wall to the sky and to the building wall respectivAly were assumed constant to first order.

Solutions were not improved by modulating external convection by measimgédpeed, hence this dependence
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was excluded from the model. External convective and radiative terms warpedrin order to reduce

sensitivity to T, which was approximated from ambient temperature using the relation

TS _ TagSO.ZS (7)

where temperatures are in Kelvin, and the sky emissiyity a function of relative humidity and the dew-point

temperature. In terms of the general solution presented by Equ. (4)
T

RCARE) ) T
" ( A Ji [ A ]n 7 _|:(h ConVeXt-'-hrad'eXt) hrad,ext hrad,int 0![ aj}

(Ta_Te)i (T4_T:)i (T4_Tt;1)i (Gi)i ®

S e

X = : : : :
(Ta - Te) n (TS4 - Ta4 )n (T: - Tt? )n (GI )n

Recall that elements of y and X are vectors representing time series data.

The parametric model for heat recovery was solved using a datasetwiryOssimmer days with little wind. In
the upper graph dfig. 9, the solution is shown superposed over experimental datssémuence of calm sunny
days in June 2012. The fit was applied to daytime data from 12:(1:00 for each day (during which a
significant heat flux is observed). In general, the model faithfullyodpces the daily trend in heat recovery.
However, the physical interpretation of the regression coefficients is na@ngvidr this model, the parametric
dependence on incident solar radiation is found to be negligible. This seduk ito the causal relationships or
correlations of the other variables with radiation intensity. Since the rimsgltionary, short term fluctuations
in the data are not predicted by the model. The inclusion of trangikaviour would require modifications to
the model, such as the inclusion of autoregressive terms. Ottreabrus features were found to correlate with
electricity generation and not pyranometer readings. The uncertaintiedatedoto local meteorological

conditions are therefore an important source of error to such data-dejpeodets.

The solution for sunny days in summer was extrapolated to predfotrpance during similar days spanning
one year. In the lower graph of Fig. 9, a comparison of meaanegredicted daily cumulated heat recovery is
presented together with the absolute error. For most days, thietipreds accurate to within 14%, and in

general underestimates heat recovery. Absolute errors are not strorrghatedr with the cumulated energy;
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hence relative errors tend to be more significant in winter. The modetdatparison shows that the double

skin facade behaves in a consistent and predictable manner throughout foe gags with little wind.
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Fig. 9. Linear parametric model for heat extraction as atfanof measured environmental conditions and facadacsitemperatures.
Top: regression fit to calm sunny days in June 2012 oBotextrapolation of solution to similar days spanning pear.

4.4.3. Sationary behaviour model for PV module heating

The model represented by Equ. (9) was found to provide a goodptiescof PV module heating for the same
set of sunny summer days that were considered for the heat recoveey. It was found necessary to include
building wall temperature in the behaviour model in order to reprodecdatity cycle. More elaborate models
including quadratic and interactions between variables (such as the proédadiation and temperature), and

wind terms were all found not to improve the quality of the solution
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Te=[ﬁo]g—;+[ﬁ1](Ta)+[ﬁz](Tb)+[To]

9)

Incident radiation is normalised to a reference valyg=80 W/m2. The values of correlation coefficiefits

and To are therefore given with units of temperature, whereas coeffifleatsdp, are dimensionless.

T;m) = [ﬁﬂ} (G?) + [16’1] (TL:) + [ﬂZ](Tb) + [TU]
40
i (rjna:)tgel By = 15.208 £ 0.116
{|——— abserr £ = 0.349 £ 0.009
30 Ay = 0.893 +0.007
] Ty = —6.352£0.106
— ] rms = 4.573%
8 20
&
i ] 304
SERLN 251 s
] _ 20 ’ .ﬁ:
1 3 154 g
0 E o] (2
51
oA
116 576 2006 2206 2306 26/6 0 5 10 15 20 25 30
truncated time series data
T;m) = [60} (G?) + [16’1] (TL:) + [ﬂZ](Tb) + [TO]
40
4 (rjnat;fgel Gy = 14.524 £ 0.096
——— abs err 1 = 0.465 £ 0.006
32 0.810 & 0.005
6.801 4 0.084
— = 4.845%
S
&
. ‘;{4'% o
. . .“.yh.
-0t T T T T T T T T T T T
2106 4/6 76 14/6 15/6 16/6 17/6 21/6 24/6 25/6 276 28/6 0 5 10 15 20 25 30

truncated time series

Fig. 10. Linear parametric model for PV array temperature.: Tegression fit to calm days in June 2012. Bottom: szipe fit to windy

days in June 2012.

Fig. 10 provides a visual comparison of the model to data for the B¢ drray, for two sets of days in June

2012: sunny days with little wind, and sunny days with eamwind speed exceeding 2 m/s. The solution

predicts module heating to a mean accuracy of 5% of the measurestdaamgp in °C. As for the heat recovery

model, some punctual deviations from the data are apparent, and thesdecuiith discrepancies between
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electricity production and pyranometer readings. Occasional fluctuationsaiy temperature are observed,
which result from intermittent cloud cover. The model reproduces #fiaviour, but is out of phase with the

data by a few minutes (as shown by the absolute errors).

When solved for sunny days with different wind conditions, #tealviour thermal model described the data to a
similar precision. The correlation coefficient for incident radiation appearstigligleaker for windy days,

suggesting a slight enhancement of PV cooling for some wind corgdition

The behaviour model presented above is analogous to PV temperature modate thased on measured
Normal Operating Cell Temperatures (NOCT). Many correlations have beerspdogoring previous studies;
for a recent review, see (Skoplaki and Palyvos, 2009). Congpéypical formulations of these models with
Equ. (9), the normalised coefficient for incident radiatigy,is equivalent to the difference between PV module
temperature and ambient air temperature under NOCT conditions. Ugtiezaditions, (typically Gocr =800
W/m?, Tanoct= 20°C and wind speed V = 1m/s) the operating temperature sthtlirye Silicon PV modules are
typically reported within the interval 53+7°C (Fuentes, 1987). Installed N@®iperatures are generally
higher, but vary widely for different installations, for example, +183Cdirect integration or -3°C for rack
mounting. Note that for the behaviour model applied to the prototypeleddabade, the impact of the

installation is taken into account by including the building wall temperature asadle.

Adopting the solution to Equ. (9) for sunny days with littlenayiand allowing the building wall to lie in the
range 1=(30,40)°C (at T=20°C, the mean ,E34°C for this data selection), the operating temperature of blocl
under NOCT temperature and radiation conditions is 47.1+4.5 °C. The diibliacade is thus a significantly
more effective configuration for module cooling than direct integratlodeed, the observed NOCT is
somewhat lower than conventional crystalline PV modules installed ipemfeeld. The lower absorptivity of
the double-glass PV modules may also partly account for the impanaithg relative to opagque modules

(Notton et al., 2005).

5. Discussion
The objectives of the present study have been to assess the electricalravad prerformance of the prototype
PV double skin facade, but also to ascertain whether the behaviour & system can be easily predicted from

typically available data.
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5.1. Performance evaluation

The system is characterised by an active season of at least 7 modithshenter inactive season in winter when
both electrical and thermal output are reduced. Considering buildingyeremggirements, the performance
during spring and autumn is encouraging. Importantly, the sabsariation appears strongly linked to the
influence of local horizon effects, which are visible throughoutydssr but are more severe in winter. The
Longer daylight hours during summer result in greater cumulated ele@ndapower generation during this
season. Transient peak output show a weaker seasonal variatitmtlii@ertical orientation of the component,

and higher mean ambient temperatures during mid-summer (which decveefficiency).

There is some evidence to that some wind conditions contribute falyotwatooling the PV facade via heat
transfer to the exterior. However, both inlets are fairly sheltered fhe wind, and those perturbations to air
flow in the cavity that appear to be caused by gusts of wind taltey air flow over timescales of many
minutes. This is demonstrated by the insensitivity of the behawmgels to wind speed. Further studies are

required to reveal the relationship between transient air flow behaviour ahdiledaonditions.

As a consequence of a minimal wind effect, the stack effect dominatésaainfthe cavity. The actual air flow
rate in the cavity is thus the net air flow due to buoyancy forcesloasds due to pressure drops at inlets, and
frictional losses along the cavity (Gratia and De Herde, 200% theoretical air flow rate induced by the stack

effect can be estimated by the equation

Vstack=\/2'g'h'ﬂ(To_Ti)7 (10)

where h is the vertical distance between the inlet and oufletnd T are the outlet and inlet temperatures, and
B the thermal expansion coefficient of the air in the cavity. For a sunnygaycalculated using Equ. (10) is
larger than measure flow rates by a factor of 5, during tHedgpef maximum flow rate. Air flow could therefore
be increased through modifications to the geometry of the protoiyle¢s( depth of cavity, changes to prism
configuration, or other structures to limit possible horizontal air flow eswrculation). Providing such
alteration would not render the cavity overly sensitive to disruptioma free wind it would be possible to

improve the thermal performance of PV double facade.

5.2. Predictability of the PV double skin facade
The clear regularity in behaviour suggested by daily cycles was verifitltelparametric analysis of the data:

both heat recovery and PV module heating were reasonably well descyiliedar models composed of few
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independent variables. This is a significant result, given the compteixigal operating conditions and limited
information regarding the physical properties of the double skin fatadieed, the coefficients derived by the
model implicitly include this information, and the uncertainties on thalues are inherently linked to the
assumption that they are time-invariant. Future studies could be ditectiee experimental determination of

physical parameters.

Certain common features of monitoring studies have been illustratedebprésent analysidn particular,
measurements of external conditions may provide an inadequate ofatle local environment. In the
absence of other data sourcesperimental and numerical studies must instead accommodate such limitations i
a robust and consistent mannBatasets may contain periodic anomalies, such as local horizon effects, and
random variations, for instance gusts of wind, or unschddiflanges to occupant behaviour. For systems with a
large spatial extent, partial cloud cover would also contribute to heterogeneous dicampédent radiation

Time series decomposition techniques may allow such features to be disgdguish

6. Conclusions

The behaviour of a full-scale prototype photovoltaic double skin facadebban monitored under real
conditions over the course of one year. Despite an unconventional geolingtad availability of thermal,
optical and electrical data concerning its constituent components, and the éympitexded by outdoor
conditions and undefined behaviour of building occupants, simygerienental techniques have been proven
adequate to evaluate the overall system performance. The techniques emplbgedrasent study included a
database approach to filtering typical days, visualization of data using ckrgetegtimation of global thermal
performance measures, and the parametric analysis of syskewidwg using correlation plots and empirical
models. The results of the present study demonstrate that these techniquedi-adapted to the study of
photovoltaic systems installed in complex environments. Indeed, thekedseould contribute to the effective
monitoring of such systems, by decomposing behaviour trémdsasting performance as a function of weather
conditions, and providing essential diagnostic information for the identificaicanomalous behaviour and

faults.

As well as extending the analysis methods introduced in the prasalysis, future work shall test the
robustness of the approach with different BIPV systems that wesgrgored as part of the RESSOURCES

project. Through a comparative analysis with the different prototypes, clerstimes of the pleated double-skin
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facade here presented shall be assessed against other possible design ehoersalarametric tools will be
aid this future analysis, by providing performance forecasts overiadpof a year, as a function of system
geometry and operational mode. Through the identification of typiged dad the parametric analysis of data
subsets, this first analysis has shown that simplified physioalels should be appropriate to predict system
performance as a function of environmental conditions, despite the odtiegleassociated to system
specifications, site and data limitatio$e importance of pre-procesgiexperimental data to handle abnormal
behaviour has also been illustrated by the results of this workthartéchniques presented in this paper could
be adapted to filter data prior to model validatidfith a simplified physical model, the PV double facade could
be studied as an integral component of a building energy systetne fitrte of writing, such a modél under
development with a view to optimise the function of the componentetet the varying needs of a building

throughout the year, for instance by switching between forcedatndal ventilation operational modes

To conclude, in the current context of energy-efficient buildinigs, monitoring of full scale systems is an
indispensible tool to verify and improve system behaviour. Furtbiey, with an increasing number of full-scale
examples of novel building envelopes, data from real systems mfayuine become an important driver for
innovation. Analytical techniques commonly employed in this domain are leowey rudimentary to make full
use of the richness of data that may be availalhe present work constitutes a first step towards a different
approach, one that is adapted to the study of complex systems witfeadkgree of freedom and monitored
over periods spanning yearfhe next step shall be to implement data mining technitmedlow a more
thorough analysis of the system behaviour and the causal relat®tisaigovern PV installations operating in

complex environments.
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