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For decades, various technologies have been developed aimj to enhance the energy
ef ciency of buildings. As a recent example, uidic windowshave been reported which
literally enable to wrap buildings into a liquid layer and twansform the building envelope
into a thermally active system for energy harvesting, disbution and storage. Elaborating
on this concept, we now consider the performance of insulatin glass units (IGU) which
implement glass-glass capillary panels for liquid circulmn. Such devices contain a
scalable heat pump that can reversely be operated in activeapling or heating modes.
By bridging the insulation panel inside the window, also pasve cooling functionality is
achieved. Long-term computational performance analysist®ows that adequate thermal
comfort can be ensured with different window-to- oor size mtios, and for different internal
heat gain, for example, caused by differences in room occup#on. For a size ratio of 0.4,
we demonstrate a competitive seasonal performance factoi.e., 6.5 for heating and
10.9 for cooling. On-device photovoltaic power can cover moe than four fths or the
annual electricity consumption of all auxiliary component For the size ratio of 0.4 in a
highly-occupied of ce room, the device speci ¢ primary enegy consumption ensuring
year-over thermal comfort is as low as 2.9 kWh/(n?a).

Keywords: smart window, building integrated photovoltaic, heat pump, HVAC, energy conservation

INTRODUCTION

Energy consumption and carbon emission in the building sebsore been recognized globally as
one of today's major challenge&f\, 2013; United Nations, 20).5The building sector and human
activities inside buildings are responsible for almost onedtbf the global nal energy demand
and, thus, a major fraction of the anthropogenic CO2 emissi@BEA, 201). At the same time,
up to three quarters of our lifetime are spent indookedpeis et al., 2001In Europe, heating and
cooling in buildings accounted for nearly half of the nal eggrdemand in 2015F]eiter et al.,
2017). Due to population growth, a further increase in building-reld energy demand of up to
50% by 2050 is predicted if not signi cant e orts are spent on neamcepts and technologies for
energy e cient buildings (EA, 2013.

Thermo-active building systems (TABS) have been identi edaaway to reduce the energy
demand of buildings. Conventional TABS technology embeda pipes into building components
like walls, ceilings and oors, turning them into thermally aet, organic components of the
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Suetal. Performance Analysis of Multi-Purpose Windows

building envelope. Extensive investigations have beenwded a regular glass sheet within triple glazed window, such panels
on advanced TABS{lick, 1982; Koschenz and Lehmann,can be used for room heating and coolirkdggure 2A, for air-to-
2000; Fraal3, 20)typically aiming for new design and control glass heat exchanger for powering central heat puiFigsire 2B,
concepts and improved thermal performance. Compared to ther for simultaneous indoor air-conditioning and outdoor ae
conventional all-air designs, TABS usually exhibit imprve exchangekigure 2C In all of these use cases, multiple individual
comfort levels, higher energy e ciency and reduced noisewindows can be combined through a primary hydraulic system
emission Gtetiu, 1999; Olesen, 2002 (liquid envelope,Figure 1), and interface with the building's

Recently, we introduced uidic windows for TABSI¢iz etal., interior heating, ventilation, air conditioning (HVAC) ah
2019. In such devices, a transparent capillary panel fabricatechanagement system (secondary cycle).
by lamination of a structured glass sheet and a thin glasercov  We now equip each window with a heat pump similar to that
is used for liquid circulation as shown iRigure 1L At present, of a commodity refrigerator by using the capillary panels of the
panel sizes of up to 1.2  1.0m have been reported for window as condenser and evaporator. Furthermore, elettrici
indoor (Heiz et al., 2019zand outdoor applicationileiz et al., such as required by the auxiliary hydraulic pump is generated
2018h), as well as for implementing further functionality such asa photovoltaic module, either remote or, as a concept, in semi-
adaptive shading or solar-thermal harvestinig(z et al., 201/  transparent form on the inside glass sheet (“panel Figure 2).
As a key feature, these capillary panels achieve a thickness ofin the following, we will assume that the capillary structure
<6 mm, which makes them compatible with standard windowhas a neglectable impact on the optical indicators of the glass
manufacture and enables their use as one or more panes withirsheet so as to simplify the calculation. This assumption vell b
multi-glazing insulation glass unit (IGU). discussed in the following sections. Furthermore, the thegdsof

We now consider the use of such capillary glass panels ach capillary panelis 5.7 mm, resulting from the combinatibn
the broader context of a thermo-active building component,capillary sheet, laminate interlayer and coviee(z et al., 2016
speci cally for replacing regular, passive windows. By exglan  The further characteristics of the clear glass and the thermal
insulation glass are taken froriDI (2012). For the optical
properties of the semi-transparent photovoltaic glass, we use the
measurements frorthae et al. (2014The thermal conductivity
of all glass panels is assumed to be 1 W/(m K). The space
between two glass panels is 12 mm and lled with argtable 1
summarizes the physical indicators of the glass panels as used in
the following.

i

DESIGN CONCEPT

HVAC The present device is composed of three glass panels, illuktrate
interface in Figure3 Panel 1 is a capillary glass panel placed to
face outdoors. It is used as a heat exchanger for the heat
pump cycle. Panel 3 is a capillary glass panel for indoor
heating and cooling. Panel 2 is an insulation glass unit (IGU),
optionally integrated with a semi-transparent photovoltaic
(PV) module [for example, reaching e ciency gures in
the range of 4-6% CGhae et al.,, 20)}} Optionally, all

%, U, surfaces can be coated with desired materials for performanc
0%,/%' e%,}e enhancement, and/or the PV panel can be placed remotely.

4 For example, surfaces 2 and 5 can be coated with a low-e

thin Im to reduce the radiative heat exchange between the

s,

FIGURE 1 | Design of a glass-glass capillary panel for uidic windows sch as

reported by Heiz et al. (2016) glass panels.
A Cutdoor B Qutdoor Cc Outdoor
Surfce 1 Surface T Surfoce |
Surfce 2 FPanel 1 Surfce 2 Panel 1 Surfoce 2 Panel 1
Surfoce 3 . Sorface 3 ) Surfoce 3
Surfice 4 Panel 2 Surface 4 Panel 2 Surfuce 4 Panel 2
Surface 5 Sarface 5 Surfoce §
Surface & Panel 3 Surfoce 6 Panel 3 Surfoce & Panel 3
Indoor Indoor Indoor
FIGURE 2 | Use cases for placing one(A,B) or two (C) capillary panels as components of a regular triple-glazintzU.
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Figures 3B—Dshows the di erent operation modes and the on the PV component, we follow the calculation
temperature proles for this concept study. During winter procedures according to the international standard 1SO
season, the device operates in active heating mode. In tH50 (SO, 2003 and the German standard VDI 6007
case, panel 1 becomes the evaporator and panel 3 beconpest 2 (VDI, 201). In these, the backwards-radiation
the condenser in the heat pump cycle. In summer, the devickom the room's interior is neglected. Furthermore, we
operates in active cooling mode. In this case, panel 1 becdmes tassume that the impact of the capillary uid layer can be
condenser and panel 3 becomes the evaporator. During the-tranalso neglected.
seasonal period, the device operates in passive cooling mode.Both standards take multiple re ection into consideration.
Then, panel 1 and panel 3 are directly connected via the hydraulinstead of determining in nitely re ected uxes, howeverhé¢
pump. The short circuit between panel 1 and panel 3 over-bridge®tal outgoing radiant energy ux from one surface to the
the thermal insulation within the device. This increasesthe other is calculated, as shown Kigure 4A. Thus, the e ective
dissipation from the building's interior. re ectance of the device ¢, its e ective transmittance ¢

As a building component, the device is supposed tand the absorptance of each glass pangl, e2 e3 are
supplement the central ventilation system by covering partletermined. More details can be found 5O (2003)and
of heating or cooling loadsFigure 3E shows a room layout VDI (2012).
equipped with the present device and a typical ventilation In order to adapt for the present design, small
system. In this set-up, the ventilation system has to covdy onadjustments need to be made on the calculation procedure.
the air-exchange rate requirement. Thus, the ventilatigstsm For example, while for a regular glazing, the absorbed
needs only a small heating and cooling equipment to avoidolar irradiation eventually turns into heat, when using
uncomfortable supply temperatures. Moreover, the whole system semi-transparent photovoltaic module on one of
requires smaller air ducts and air handling units. the glass panels, conversion is into heat and electrical

When using solar energy to power the auxiliary compressoenergy. Thus, the e ective thermal absorptance of panel 2
and hydraulic pump, direct-current (DC) devices have to be ¢p; is
chosen. Such DC uid pumps and compressors are nowadays
technically mature and widely available on the market. e2t D 2 . (1)

As refrigerant in the heat pump cycle, we model with R1233zd
(I\/londéjal’ et al., 20])5 This Compound is pl’esenﬂy seen aS( e2 is the e ective absorptance of panel 2  from
a replacement for classical refrigerants in HVAC technologythe simplied optical model, is the photovoltaic
e.g., R245fa and R410a. Its global Warming potential for a timansfer e Ciency and i is the percentage of
horizon of 100 years (GWidg) is estimated to be only 14 sgolar  jrradiation ~ which is  absorbed by the
(Ol’kin et al., 201% as Compal’ed to R245fa with GV:M'B 1030 photovo'taic modu'e)_

(Yang and Yeh, 20)6 Another advantage of R1233zd is its
relatively low vapor pressure, which is around 215 kPa aC40 Heat Pump Model
(Honeywell, 201B This is highly favorable for device operation o sjmplify the modeling procedure for the heat

at reduced internal pressure. pump, we only consider an ideal heat pump cycle
with superheat. In the calculation, we assumed the
COMPUTATIONAL METHODS superheat to be 5K. The steady-state equations
. . describing the heat pump's behavior are as follows
De\_/lce Modeling (Baehr and Kabelac, 2006
Optical Model
In order to calculate the direct solar transmittance of
the IGU devices and the percentage of solar irradiation @ D @ (hy ha) @
& D @ (h2 hy) 3)
_1
TABLE 1 | Thermal conductivity, integrated re ectance, and transmttince over W D ,ﬁRTl[ & 1] (4)
the solar range (wavelength 300-2,500 nm) of the PV glas€(ae et al., 2014), the 1 Pe
clear and the low-e coated glass panel\(DI, 2012).
Unit PVGlass Clearglass Glasswith ~ in which & is the evaporating power, & is the
panel low-e condensing power,W is the mechanical power input

of the compressor,h; is the enthalpy of the point

Thermal conductivit I(m K 1 1 1 . . . . . .

ermal conaucivity [Wim K] i, is the isentropic exponent,R is the ideal gas
Thickness [mm] 3 5.7 5.7 tant is th d . is th
Re ectance front 0 0.43 0.08 02 constant, pc is the condensing pressure, anpe is the
Re ectance back - 0.25 0.08 0.25 evaporating pressure. _ _
Transmittance front [ 041 0.85 06 The electricity consumption of the condensaf is
Transmittance back [ 0.41 0.85 0.6
Corrected emissivity front  [-] 0.28 0.837 0.05 W
Corrected emissivity back  [-] 0.5 0.837 0.837 WeD — (5)

C
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A outdoor 1
— U T OO OO O OO OO oI
Panel 1 2 Legends

X Panel 2 3 () @ @ Hydraulic pump

A Expansion valve

Panel 3 5
L\ [\ £\ £\ 4\ £\ £\ [/ [/
indoor 6
B c D

ti
te
ta

] —* airinlet
Legends
@ ventilator
Z air heater
& air cooler
E air filter
] <«— air outlet damper
g air heat recovery

FIGURE 3 | (A) Design concept for a window-integrated condenser-evaporgor. (B—D) Seasonal modes of operation and corresponding temperatur@ro les. ta, tj, tc,

te, and t; are the outdoor, indoor, condensing, evaporating and uid tenperature, respectively.(E) Interface of window-integrated condenser-evaporator withindoor
ventilation system.

inwhich isthe compressor e ciency. We assume the e ciency the thermal radiation between two glass surfaces, but also the
to be 0.5. For the thermodynamic properties of the refrigerantonvective heat transfer between the glass surfaces andashe g

R1233zd, we use the manufacturer's datar(eywell, 2018 which is entrapped within the IGU cavity. The radiant heat
exchange between two glass surfaces is in the form of doubly
Thermal Model semi-in nite case. Then, the thermal resistance for the aadli

Figure 4B shows the equivalent resistance model of the thermdpeat exchange is
behavior. This model derives from the German standard VDI
6007 part 2 DI, 2019 and the European standard BS EN
673 @ritish Standard, 20)1 It takes into account not only

1 1

"I 7w 1
(TPCT)(TiCTjcy)’

D (6)
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where "j is the emissivity of surface jjc1 is the emissivity Thermal Model for Glass With Thermo-Active Fluid

of surface €1, is the Stefan-Boltzmann-constan®; is Layer
the absolute temperature of surfaceTjc1 is the absolute To calculate the thermal response of the capillary glass, wet sele
temperature of surfac€;jl. the equivalent R-model fronKoschenz and Lehmann (2000)

For the convective heat transfer, we adopt the approximatioand Fraaf? (2001) The equivalent electrical network is shown
of VDI (2012), and further present it in the form of an electrical in Figure 4C Figure 4D shows the thermal window model

resistance, embedded with two thermo-active uid layers.
g Ter T Estimation of PV Performance
RaD = Pr s % (7)  We use the simpli ed method oEvans (1981jo estimate the
v 11 photovoltaic electricity generation,
Nu D .1C0.0001 Ra' 3, (8)
re D S , (9) D ref (1 (tp tp,ref)): (10)
2 Nu Pp D I (1 (tp tp,ref))y (11)

where g is the gravitational acceleration, is the kinematic where is the transfer e ciency, (et is the reference e ciency,
viscosity,Pr,Ra and Nu is the Prandtl, Rayleigh and Nusseltis the linear temperature coe cienty, is the actual photovoltaic
numberssis the gas layer thicknessis the thermal conductivity module temperaturetyef is the reference photovoltaic module
of the gas. temperature] is the solar irradiation intensity. We adopt 4.5%

, } [ | outdoor indoor

outdoor ™ ' indoor

C D

outdoor indoor

- am e e oo oo | b

ta oo Fiabm I e G

Layer 1 Layer 2 Layer 3

lc' IC-‘ ICJ Ccl

FIGURE 4 | (A) Optical model of triple-glazing IGU according to ISO 9050%0, 2003) and VDI 6007 part 2 (DI, 2012). (B) Electrical analogy of the window thermal
model (see text for details)(C) R-model for thermo-active building component.(D) R-network applied to a thermal window model according to deggyn option C in
Figure 2. (E) Beuken-Model for a 3-layer wall structure.

Frontiers in Materials | www.frontiersin.org 5 May 2019 | Volume 6 | Article 102


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Suetal. Performance Analysis of Multi-Purpose Windows

from Chae et al. (2014pr the reference e ciency. Moreover, we the ceiling. This RC-model is also known as the Beuken-Model
assume the linear temperature coe cientto be 0.004'Kndthe  (Beuken, 1936 It is based on the discretization of the one-
reference temperature to be 26, which are the typical values for dimensional heat equation with the method of lines. Each

crystalline silicon modulesi{ubey et al., 2013 building component is divided into several layers. For each
layer, an e ectivep-node electrical analogy is built, as shown

Simpli ed Thermal Model for Wall in Figure 4E

Structures Table 2shows the wall structures and their physical properties

Similar to the device model, we also use an electrical analogiped here for the long-period calculations. They were adapsed
to determine the thermal behavior of the walls, the oor andtypical wall layouts fromV/DI (2015).

Boundary Conditions for Interior and

Exterior Surfaces
TABLE 2 | Wall structures and physical properties of wall materials/QI, 2015). For the exterior surfaces, we employed the approximate solutio
from the international standard ISO 6946S(O, 200). It

Name Material Thickness Heat Density  Heat U-value he h feri . Do
conductivity capacity separates the heat tran; erinto a convgctlve and a radlqad.nle
The heat transfer coe cient for convectionge and for radiation
- [ ml [WImK)] [kg/m 3] [Ikg  [W/(m? re can be calculated as follows
K K)]
i ceD 4C4 v 12)
Exterior Facade 0.025 0.45 1,300 1,050 0.29 3
wall plate e D 4 .1,C273.15°, (13)
Polystyrene  0.123 0.04 30 1,380
Concrete 0.3 2.035 2,100 920 wherev is the wind speed, is the Stefan-Boltzmann-Constant
Interior wall Hollow 0.24 0.56 1,300 1,050 1.45 andt, is the outdoor air temperature.
blocks For the convective heat transfer coe cient of the interior
Floor PVC 0.002 0.21 1300 1,470 0.35 surfaces, we also use the specication from the ISO 6946
ooring (IS0, 200y,
Screed 0.045 1.4 2,200 1,050
Polystyrene 0.1 0.04 30 1380 ¢ D 5.0W=m?K) for heat ow upwards, (14)
Concrete 0.15 2.035 2,100 920 5 )
Ceiling Concrete 0.15 2.035 2,100 920 0.35 ci D 2.5W=m“K) for heat ow horizontal, (15)
Polystyrene 0.1 0.04 30 1,380 ¢ D 0.7W=m?K) for heat ow downwards.  (16)
Screed 0.045 1.4 2,200 1,050
PVC 0.002 0.21 1,300 1,470 We use the so-called gross method to calculate the radiative
ooring heat exchange within the room3(tck, 198). Similar to our
A B c
20 20 {
Im "E 15 N 15 ‘
E 10 =10
g 5 T g
0 0
5m 0 3 6 9 121518 21 24 Mon Tue Wed Thu Fri Sat Sun Mon
35m
D
35m 35m
fe———— f—————|
35m 1.75m
—
S = S EI
™~ i — ~
as= 0.4 as=0.3 as=02 as=0.1
FIGURE 5 | (A) Geometry of the test room with an area ratio of 0.4(B,C) Time-dependent internal heat gain for simulating a highlgecupied of ce. (D) Different
glazing geometries and size factors.
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optical model, this method also calculates the total outgoin Glick (1982) For the calculation, we assumed the emissivity
radiative heat energy ux instead of the innitive re eciot  of every wall surface in the room to be on the order
However, view factors are necessary in the gross methodf0.9.

Thus, we adopted the analytical solution for view factorsrfro o ) )
Electricity Consumption of the Hydraulic
Pump

The electricity consumption of the hydraulic pump is
estimated as

Start
Wpump D —— a7)

in which 1 pis the pressure drop in the devidR,s the ow rate,
i, La, Lo . . .
is the e ciency. We assume the e ciency of the pump to be
0.5. We found that the uid ow in the device remains laminar
even at high ow rate. It's assumed that the pressure drop m th
active | r-,r = 0.001B- D_ﬂmdr each uid distributor and collector is 5% of the pressure diiop

(8- 21) ks the uid channels. Therefore, the pressure drop in the decae
be calculated as follows

4
1pp22 @ AL 2 (18)
off Red 2

in which Reis the Reynolds-numbet,is the glazing lengthd
is the hydraulic diameter, is the density of the refrigerant,

passive vr= 20+ 80 -
cooling on (- 22) I/(h nt')

EnEV requirement:
Us< 1.1 W/(m?K)

active
coaling on

(1) w/o coating

L
[ = 0.0018 + a.m3(1
(- 16) kg/s

(2) low-e on 2

(3) low-e on 2&5

L

End U [(W/(m?K)] mr[-] mg[-] mi[]

FIGURE 6 | Flow diagram for the device control strategy in long-term

FIGURE 8 | Steady-state calculation results of performance indicates for
performance analysis.

liquid-integrated triple IGU glazings.

B
1.
Stack A Stack B e [P iR i
0.8 RN
- 0.7 \
E 0.6 \ ~——— Transmittance A
5 ‘E 0.5 Reflectance A
4 g 04
T 03 Transmittance B
= 02
............................................... 01 \ Reflectance B
y -

500 1000 1500 2000 2500

Wavelength [nm|

FIGURE 7 | (A) Schematic for stacks A and B, representing the area withoutad with refrigerant channel. Transmittance and re ectance anormal incidence for stack
A and B.
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w is the refrigerant velocity, is the correction coe cient Berlin and has one wall facing the building's exterior. Foe th

for the rectangular channel. The capillary uid channel iswindow, we select the sub-design (3) in which surfaces “&’" an
3mm wide and 1 mm thick, as speci ed iHeiz et al. (2016) “5” are low-e coated. The geometry and the wall structures
For the capillary channel, the correction coe cient is 1.07 of the test room are identical with the test room type S

(Bohl and Elmendorf, 2005 from the German standard VDI 6007 part 1, representing a
room with high heat capacity\DI, 2015. Compared to the
Test Room and Long-Term Computation standard, the thicknesses of all material layers were thligh

For the evaluation of the long-term system performance, wé@djusted so as to meet the recent U-value requirements in the
modeled a test o ce room integrated with the proposed devicesserman Energy Saving Ordinancer(EV, 201x The detailed

and windows. The visualization of the oce room is shown wall structures and the thickness of each layer are listed in
in Figure 5A. The test room is assumed to be located inTable 2 We used the 2017 test reference year data for the

A 28 28

o &6 o 26

£ ]

= -

7 24 = 24 !

£ £

2 2

£ £

222 : s 22 |
20 20

Jan FebMar AprMay Jun Jul Aug Sep Oct Nov Dec Jan FebMar AprMay Jun Jul Aug Sep Oct Nov Dec

28 28

"
-

"
a

temperature [°C|
temperature |"C|

b
]

20
p jan FebMar AprMay Jun Jul Aug Sep Oct Nov Dec

28 g
26
24

22

20

-20 -10 0 10 20 30 40 -20 -10 0 10 20 30 40
ambient temperature [°C]| ambient temperature [°C|
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operative temperature [°C]

=} =) ,

E 28 P E 28 e
& 26 £ 26
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- z e
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v : v 7

- =

= T -

e —

2 =

¢ -20 -10 0 10 20 30 40 -20 -10 O 10 20 30 40

ambient temperature [“C]| ambient temperature [°C|

FIGURE 9 | (A) Indoor temperature of a highly-occupied of ce room for diffeent window-to- oor area ratios and implementing uidic IGUs.(B) Thermal comfort
evaluation according to DIN EN 15251[0IN, 2012) for a highly-occupied of ce room and variable window-to- oor area ratios, implementing uidic IGUs (see text
for details).
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location 52.5158N 13.3787 O (Berlin Mitte, Germany) from controlled variable is the room air temperature. We implement
the Deutscher Wetterdienst [German Meteorological O ce a simple proportional control to change the mass ow rate
(Deutscher Wetterdienst, 20)]7 of the refrigerant, in order to control the room temperature
To investigate whether the device is capable to cover coolimgmaining at the set-point of 2C. For passive cooling, we
loads in the summer even at high internal heat gains, andt@rco change the volume ow rate of the refrigerant to control the
heating loads in the winter even at low internal heat gaim® t room temperature remaining at the set-point of Z2 During
di erent values for the peak speci c internal heat gain per oor the active cooling period, the evaporating temperature cannot
area were used in this simulation study, i.e., 22 and 7 ¥/m be lower than the dew point, otherwise condensation will accu
respectively. These values are consistent with the speidrctidr  on the device surface. Therefore, we change the refrigenass
highly and lowly occupied o ces in the German standard DINV ow rate to keep the evaporating temperature xed at G5
18599 part 100IN, 2017). Additionally, if the device is in passive cooling mode and the
To simulate the situation in a real o ce, we assumed theinlet temperature of glass Il is already higher than the room
internal heat gain to be time-dependent. The internal heahga air temperature, the device will be switched into the active
reaches the peak value from 8:00 to 12:00 and from 13:00 t0 17:€ooling mode.
on working days. During the lunch break from 12:00 to 13:00 on The test room is assumed to be equipped with a ventilation
working days, it reduces to 20% of the peak value. During nonsystem to meet the requirements on the air exchange rate. The
working hours, it drops to 10% of the peak vallggures 5B,C German standard DIN V 18599 part 10 recommends the speci ¢
show the daily and the weekly internal heat gain pro le of sach minimum outdoor air ow per oor area for o ces to be 4 n¥/(h
highly occupied o ce. m2) (DIN, 2017). We use this value for the simulation study,
An important factor of system application in buildings is which is consistent to an air exchange rate of 1.33 for the
the ratio of the glazing area to the room oor arem. To test room. Furthermore, as discussed in the previous sedtion
cover the specic load per oor are® of a room completely, order to avoid discomfort, the outdoor air should be pre-ceal
the active device needs to provide a heating or cooling poweturing summer and pre-heated during winter before being biow
&=as. High values ofas are recommended, because they resulinto the room. We assume that during the active heating period
in higher e ciency due to lower temperature di erences in the the outdoor air is pre-heated to 16. During the active and
heat pump cycle, lower condensing temperature for heatinggassive cooling period, if the outdoor air temperature is highe
preventing discomfort during the winter, and higher evapangt than 26 C, it should be pre-cooled to 2€. When the device is
temperature for cooling, avoiding discomfort as well as vaposwitched o, the outdoor air will not be precooled or preheated.
condensation in summer. On the other hand, higher size ratio

as will also increase the cooling load due to the higher solathe RESULTS AND DISCUSSION

gain. Therefore, it is important to evaluate the trade-o Weien
window size and oor area. For this purpose, we chose di erenmpact of the Refrigerant on the

size ratios from 0.1 to 0.4, shownfigure 5D. ____Re ectance of the Structured Glass-Glass
For the control strategy, we select a sequence control ierord Laminates

to realize the di erent operation modes shownhigures 3B-D o ) i . .

This means that for a certain criterion threshold, the next'Ve initially estimated the impact of the refrigerant on the iaf

sequence will step-in, starting another operation mode betwe properties on the device using the transfer matrix method. We
adopted the manufacturer's data for the refractive indextfa

heating, active cooling and passive cooling. As such aiiteri | L h .
we use di erent threshold values for the room air temperature9/2SS Panel from 365nm to 1550 nia¢HOTT North America

shown in Figure 6 During the active heating period, the Inc., 2013 and used it to tthe Sellmeier equatior-0x, 201)

B 2 B, 2
1 c 2
2 Cl 2 C2

n>. /D1C (19)

where is the wavelength inmm and B, By, Ci, C; are
constants to be determined. From this, the refractive index
can be interpolated for any wavelength. We also estimated the
attenuation coe cient using the manufacturer's transndtice
data for 5mm glass panel. For the refrigerant, we took the
estimated refractive index fro@hemSpider (201@nd assumed
that this value remains constant for wavelengths from 300 to
2,500 nm. Furthermore, we also assumed that the cover glass
and the laminated glass are bonded with 0.1 mm EVA Im, as
speci ed in Sirtl and Kraus (2018)The refractive index of the

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec EVA Im can be found in Folienwerk Wolfen GmbH (2017)
With the refractive indices, the re ectance and the trangamce

of the two stacks can be determined, as showkigure 7A. Stack

A represents the part of the glass panel without the refrigerant

100

power difference [W]|

FIGURE 10 | Power difference between on-device PV generation and
device consumption.
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and Stack B represents the part of the glass panel with theatings, i.e., no coating at all (1), a low-e coating onastef2”

refrigerant. The results are visualizedHigure 7B. (2), and two low-e layers, placed on surfaces “2” and “5” (3).
With the spectral re ectance curve, the integrated solar In addition to Ug, the steady-state calculation described

direct re ectance and transmittance can be calculated bevis in Section Computational methods and the physical

(ISO, 2003 indicators in Table 1 yield the performance indicators of
p total solar energy transmittance (g-value), solar direct
?_g%%%rﬂmT. /1S. /11 20 transmittance and percentage of solar irradiationon the
T D —P%500mm S /1 (20) PV component. The results of the calculation are shown
P D300nm = in Figure 8
2500nm
RD l.-_D300nmR- /s. /1 (21) The results of the U-value calculation IFgure 8 indicate
2500nm gy that the U-value of the glazing is 1.46 W/(n? K) for a
D300nm

window without any coating (w/o coating). This value may not
where S() is the relative spectral distribution of the solar meet the requirements of recent energy saving legislations i
radiation, R() and T() are the spectral re ectance and residential and non-residential buildings. For example, ¢iex
transmittance of the panel at normal incidence. For Stack Afrom 2016, the EnEV (German Energy Saving Ordinance)
the integrated solar direct re ectance and transmittane®.7% requires the U-value for glazing to be lower than 1.1 WJ(m
and 88.8%, respectively. For Stack B, the integrated soketdir K) (EnEV, 201} This issue may be overcome temporally by
re ectance and transmittance is 7.1 and 89.0%. The di erencessing the present devices in the form of specialty windows
in re ectance and transmission are only 0.4 and 0.2%. It can ber curtain wall components, or sustainably by implementing
seen that the refrigerant does not have signi cant impactloa t low-e coatings. E.g., already for the window with one low-e

optical property of the panel. coating on surface “2"Uy decreases te 1 W/(m? K). As

. a drawback, however, the coating also leads to lowers solar
Optical and Thermal Performance of irradiance on the photovoltaic interlayer (i.e., reduced 164%),
Refrigerant-Integrated IGU which may make the use of remote PV panels more attractive,

We also computed the U-valuék, for three IGU sub-designs in  despite of the additional need for cabling and further awxits.
accordance with option “C” oFigure 2 The di erence between Similar observations are made on option (3), wherebylilyas
those three sub-designs is the position of one or more low-éurther reduced to an attractive 0.7 W/(n? K). For the further

FIGURE 11 | Final energy consumption(A), energy ef ciency (B), electricity generation and consumption(C), and primary energy consumption(D) for a
highly-occupied of ce room and variable window-to- oor arearatios, implementing uidic IGUs (see text for details).
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performance indicators, there is only little di erence amoting  the operative temperatures for di erent size ratios during the
three sub-designs. summer and winter. The operative temperatures for the bigger
size ratios are slightly higher during the trans-seasonaioger
e.g., in April and in OctoberFigure 9B shows the evaluation

Thermal and Optical Performance of of the thermal comfort according to the German and European

Fluid-Integrated IGU: Effects on Indoor standard DIN EN 15251IN, 2012. Each point in this diagram
Temperatures and Energy Consumptions represents the hourly average operative temperature and the
Highly-Occupied Of ce hourly average ambient outdoor temperature. The red dotted

Figure 9A shows the operative temperature over the wholdines mark the the_rmal comfort zone for dierent ambient
year for dierent window sizes (expressed as the area ratitemperature according to the German standard. As we can see,
of window to oor). There is no signicant dierence in all of the 4 cases meet the requirements on thermal comfort

FIGURE 12 | (A) Indoor temperature of a lowly-occupied of ce room for differ@t window-to- oor area ratios and implementing uidic IGUs.(B) Thermal comfort
evaluation according to DIN EN 15251[0IN, 2012) for a lowly-occupied of ce room and variable window-to- oor area ratios, implementing uidic IGUs (see text
for details).

Frontiers in Materials | www.frontiersin.org 11 May 2019 | Volume 6 | Article 102



Suetal. Performance Analysis of Multi-Purpose Windows

throughout the year. The percentage of the uncomfortablerbiou to lower e ciency of the heat pump cycleFigure 11B On
in the whole year for all 4 di erent size rations are below 5%jthe other hand, as expected, the room with larger glazing size
which is the recommended limit{IN, 2012. consumes more nal energy for operation in active cooling
Figure 10 shows the hourly dierence between the mode. In the same way as for the heating period, the seasonal
photovoltaic electricity generation and the actual eletyi cooling performance factor of the room with larger size rato
consumption of the device for the room with a window-to- also higher.
oor ratio of 0.4. Negative values mean that the PV power Figure 11Cshows the annual energy balance. For di erent
is not enough to cover the electricity consumption of theSize ratios, the speci c annual electricity generation perdeiv
device. However, it is also interesting to see that the stitgt ~ area remains constant at 18.8 kWhAa). Additionally, the
generation from the photovoltaic is often more than actuallySPeci ¢ annual electricity consumption reduces with a larger
consumed during the trans-seasonal period and summegize ratio. The curve is not linear because of the dierence in
The excess part of the electricity generation can be evaptuathe energy e ciency and higher cooling energy consumption

used for other purpose, such as domestic water heatin@r Iarger size ratio. On the other Side, it is interesting to
or arti cial ||ght|ng, and can be stored to buer negative see that the di erence between the electricity generatiod an

time periods. consumption reduces with a larger size ratio. For the sizie rat
Figure 11 shows the energy consumption and performancé)f 0.4,_the transpa_rent photovoltaic can cover 82.5% of the

of the proposed device. The energy consumption is presentéd€Ctricity consumption. o . .

in kWh/(m?2 a), which means how much energy in kWh is Figure 11D shqws an estimation for the.speq C primary

estimated to be consumed every year per window size or oof€rgy consumption per oor area. The speci ¢ primary energy

size. For the di erent window-to- oor size ratios, the nakergy consumptiong, is calculated as

consumption for the operation mode active heating does not

di er signi cantly, Figure 11A The room with larger glazing G D fp Gew Ggw as, (22)

consumes less than the ones with smaller glazing. Howeheer, tin which qcy, is the speci ¢ nal energy consumption per window

seasonal heating performance of the device is higher foetargarea,qq is the electricity energy consumption per window area,

size ratios. This is because the room with smaller size ratias is the size ratio andp is the primary energy factor. For

needs higher condensing temperature during winter, leadingsermany, the current primary energy factor for electricity i

FIGURE 13 | Final energy consumption(A), energy ef ciency (B), electricity generation and consumption(C), and primary energy consumption(D) for a
lowly-occupied of ce room and variable window-to- oor area ratios, implementing uidic IGUs (see text for details).
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1.8 EnEV, 201}» The results show that the larger the sizeinstead, enabling adaptive changes in spectral transmitanc
ratio becomes, the less primary energy is needed. For the simeectance or absorptance.
ratio of 0.4, the specic primary energy consumption lies at

only 2.9 kWh/(na). CONCLUSIONS

Lowly-Occupied Of ce In summary, we presented a triple-glazed IGU device with two

In Figure 12,we show the operative temperature for the lowlyintegrated capillary glass panels and an optional transparent

occupied o ce, again with di erent window-to- oor arearatis.  photovoltaic module. This device can be operated for active

Compared to the highly occupied o ce, the temperature during heating, active cooling and passive cooling. The steady-state

summer is lower. For greater size ratio, the temperaturerduri calculation has shown U-values below 1.0 WA(K9) when low-e

the trans-seasonal period is also higher (April, October)e Thcoatings are applied on the glass panes. Long-term computational

thermal comfort evaluation again shows that all cases nteet t performance analysis showed that all test cases meet standard

requirements ofDIN (2011) The percentage of uncomfortable requirements on thermal comfort. Furthermore, the seasona

hours is always below 5%. performance factor for heating with the window-to- oor area
Figure 13A shows the specic device annual nal energyratio of 0.4 reaches 6.5, and an excellent 10.9 for cooling.

consumption per oor area for the lowly-occupied room. The larger the glazing size, the more of its intrinsic energy

Compared to the high o ce occupation, the heating energyconsumption can be covered by on-device PV, i.e., up to 82.5%

consumption is higher and the cooling energy consumption isf the annual electricity consumption of auxiliary pumps and

lower because of the smaller internal heat gain. Furtheemor condensers. To reduce the solar heat gain in summer, it is

the higher the size ratio becomes, the less heating energypssible to introduce electrochromic or photochromic matksia

and the more cooling energy is consumed. The device energyentually directly provided by functionalizing the ciratibn

performance is illustrated ifrigure 13B Similar to the highly  uid ( Heiz et al., 201)7

occupied o ce, we can observe that the device performs more

e ciently if the size ratio is higher. The diagram for the anal  DATA AVAILABILITY

energy balance ifrigure 13C shows that the PV supplement

can cover up to 75.5% of the annual electricity consumption afhe datasets generated for this study are available on sétpie

a size ratio of 0.4. The speci c primary energy consumption ighe corresponding author.

higher than in the highly occupied o ce due to more heating

energy consumption. However, the annual device primary gnergA JTHOR CONTRIBUTIONS
consumption is still at a low level of 4.4 kWh/&a), as shown in
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and LW discussed the results and wrote the nal manuscripk. Al
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the focus within this paper. We gratefully acknowledge nancial support from the European
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