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Abstract

PV windows are considered to be a promising building-integrated PV technology due to their
excellent electrical, daylighting and thermal performance. However, the shading of the PV cells
increases the heating load in winter and the high temperature of PV cells exacerbates the cooling load
in summer. Moreover, a significant portion of the heat absorbed by the PV modules is usually wasted.
To address these issues, this paper proposed a multi-functional PV/T window. This system could
recover the heat on PV cells for producing warm air in winter and hot water in other seasons. As a
result, the proposed system can realize the combined PV/T utilization of solar energy and reduce the
seasonal thermal needs of the building. First, the mathematical model of the proposed window was
developed and validated. Next, the developed model was integrated into building energy software to
evaluate the overall energy performance of the proposed window in four different cities of Yangtze
River region: Shanghai, Nanjing, Wuhan, and Chongqing in China. These cities experience the
subtropical humid climate (Cfa in the Koppen-Geiger classification) and belong to the zones with
medium global horizontal irradiation. The sensitivity analysis revealed that the optimal slat angles
are between 0° and 40°, while the optimal orientation angles range from 30° to 60°. Selecting low-
iron glass as the inner glass resulted in the lowest overall energy consumption. By adopting the
MFPV/T window, the annual operation cost of the studied case could be reduced by 34% (6.4 $/m?),
36% (7.0 $/m?), 28% (5.7 $/m?), and 16% (2.9 $/m?) in these four cites, respectively. Additionally,

the annual CO2 emissions could be curtailed by 53.5, 58.5, 47, and 22.3 kg/m?, respectively.
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Nomenclature

Abbreviation

MFPV/T Multifunctional photovoltaic/thermal

GHI Global horizontal irradiation
Symbol

A area (m?)

C heat capacity (J/kgK)

D  thickness (m)

E power generation (W/m?)

g the gravity constant (m/s?)

h  heat transfer coefficient (W/m?K)
H height of the cavity (m)

I absorbed solar radiation (W/m?)
Nu  Nusselt number

Pr Prandtl number

Ra Rayleigh number

sw  blind width (m)

y ratio of blind spacing to the blind width
R reflectance rate

si blind tilt angle (rad)

hs projected sun altitude angle (rad)
F view factor

J radiant intensity (W/m?)

G incident solar radiation (W/m?)

T temperature (K)

N node number in the vertical direction

M node number in the horizontal direction

v airflow rate (m/s)

p density (kg/m?)

o Stefan-Boltzman’s constant (W/m?K*)
T transmittance

¢ emissivity

A thermal conductivity (W/mK)

¢ latitude angle (rad)

y azimuth angle (rad)

1 inclination angle (rad)

T transmittance

Br temperature coefficient (K!)

U equivalent heat transfer coefficient
no PV efficiency

Subscript

a cavity air

d diffusive irradiation

b
c

r

beam irradiation
convection heat transfer

radiative heat transfer

g,o0 outer glazing

g,1 inner glazing

p copper pipe

w  water

b back side of blind

f

front side of blind
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1. Introduction

Building-related carbon emissions represent a significant portion of global energy-related carbon
emissions with 28% resulting from building energy consumption, including appliances, natural gas,
heating, and cooling [1]. Integration of solar energy into building envelopes can effectively reduce
building energy consumption, making it an important approach towards international carbon
neutrality [2]. Windows occupy a large proportion of the building envelope in modern office buildings.
Statistics from the U.S. Department of Energy state that windows contribute to around 43% of
building end energy use [3]. The integration of PV technology and windows, known as PV windows,
can realize the functions of thermal insulation, daylighting, ventilation, and outdoor view while
generating clean electricity [4]. Thus, this technology plays an increasingly important role in the field

of building energy efficiency. To date, a great deal of research has been conducted on PV windows.

1.1 Related works and research gap

Semi-Transparent PV (STPV) glazing is a popular component for constructing the PV windows
[5], in which the PV cells are laminated in a sandwich structure between two glass sheets. The PV
cells used STPV glazing mainly include c-Si cells, thin-film cells, organic PV cells, and dye-
sensitized solar cells, etc [6]. This type PV window are classified according to their structure as single-
glazed, double-glazed, and vacuum windows [7]. Several researchers, such as Olivieri et al [§],
Skandalos et al [9], Alrashidi et al [10], and Yoon et al [11], tested the thermal and electrical
performance of the single-glazed PV windows integrated with a-Si cells, CdTe cells, c-Si cells, and
dye sensitization cells. The power generation performance tests were conducted at different PV
capacities, and the comparison with ordinary glass showed that the heat gain in the room was reduced
significantly. Lu et al [12], Fang et al [13], Xu et al [14] investigated the energy consumption of the
buildings installed with the single-glazed PV windows. It was found that the building energy
performance could be improved, especially in cooling-dominant areas.

Since single-glazed PV window cannot meet the insulation needs of buildings, double-glazed PV

window is proposed by attaching a layer of glass behind the STPV glazing. The double-glazed PV
4
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windows are currently the most widely studied and used system due to their low cost and simple
structure [15]. In the past, numerous studies on the double-glazed PV windows are conducted in terms
of electrical [16-18], thermal [19-21] and daylight performance [22, 23]. For instance, Wang et al.
[24] evaluated the energy saving performance of the double-skin a-Si window in Hong Kong. Chen
et al [25] conducted a numerical evaluation of the double-skin c¢-Si window in southwest China. The
parameter such as air gap depth, PV coverage ratio, were optimized to maximum energy saving
potential. Sun et al. [26] investigated the energy and daylight performance of double-skin CdTe
window in China, and the factors regarding window design were determined in different area.

The PV vacuum window is a new technology developed in recent years, which is constructed by
replacing the back sheet of double-skin PV window with the vacuum glazing. Therefore, the thermal
insulation performance is greatly improved. Qiu et al. [27] studied the daylighting and energy
performance of the a-Si vacuum window. They concluded that the visual comfort could be enhanced
while the building energy consumption was reduced. Ghosh et al. [28] studied the thermal and
electrical performance of the c-Si vacuum window. Then, the thermal [29] and visual [30] comfort of
this window were also evaluated. Ji et al. [31] investigated the overall energy-saving performance of
the CdTe vacuum window. The results showed that the energy saving performance exists in all kinds
of climate regions in China.

Integrating PV modules with shading devices such as PV blinds is another approach to constructing
PV windows. This novel structure could can bring more flexible control on the daylighting, thermal
and electrical performance of the PV window. Luo et al. [32] proposed a double-skin window with
PV blind. They found that this PV window exhibits the better thermal performance compared with
conventional double-skin PV window. Kang et al. [33] conducted a theoretical analysis of the PV
blinds in double-skin window. The effect of blin size and tilt angle on electrical performance were
analyzed. Gao et al [34] proposed a PV window with sun-tracking blind. The electrical and
daylighting performance under different sun-tracking method were compared. Hong et al. [35]
developed a control method of the PV blind. Then, the corresponding experimental results indicated
that the lighting and air-conditioning consumption was reduced when using this control method [36].

Numerous experimental and simulation studies have shown that replacing conventional windows
5
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with PV windows can significantly reduce the net energy consumption of buildings [37]. However,
some research gaps still exist. Firstly, in cooling seasons, the high temperature of PV cells may
increase the building's cooling load and reduce electrical efficiency. Although some researchers, such
as Peng et al [38], Luo et al [39], and Chialastri et al [40], proposed the ventilation double-skin
window to exhaust waste heat on PV modules, the cooling effect is still limited due to the poor heat
exchange of air. Additionally, the heat on the PV modules is usually released into the environment
with the ventilation air. As a result, the comprehensive utilization ratio of solar energy on the window
is low. Secondly, in heating seasons, the indoor heat gain is reduced due to the shading effect of PV
cells, leading to an increase in the building heating load. Wang et al [41] and Jia et al [42] used the
ventilation air of PV windows to recover a part of the heat on PV glazing. However, the
comprehensive utilization ratio of solar energy and indoor heat gain remain poor because the PV

glazing is directly exposed to cold air, causing significant heat loss. [43].

1.2 Novelty and contribution

The research gaps described above imply that the current PV windows suffer mainly from low
solar energy utilization and poor seasonal adaptability. These issues are especially pronounced in the
Yangtze River region, characterized by significant shifts in weather conditions [44]. This region,
experiencing temperatures ranging from -5°C in winter to 40°C in summer, encounters both heating
and cooling demands throughout the year. It’s noteworthy that building energy consumption
contributes to 22% of China’s total carbon emissions [45]. Moreover, the Yangtze River region
accounts for 45.1 % of China’s gross domestic product, resulting in a national carbon emission of
35.8% [46]. Consequently, the development of PV windows with high solar energy utilization and
seasonal adaptability is essential to reduce building energy consumption in the Yangtze River region,
playing a crucial role in achieving China’s carbon peaking and carbon neutrality goals. Guo et al. [47]
and Xu et al. [43] respectively proposed the reversible windows for the Yangtze River region to
increase the indoor heat gain in winter. However, the solar energy utilization and the reduction of heat

gain in summer were still not improved.
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In order to solve the aforementioned problems of the PV windows, this paper proposed a novel
multi-functional PV/T (MFPV/T) window. This window features a PV blind positioned within the
cavity of a double-skin ventilation window. In winter, the PV blind is cooled by indoor air. The heating
performance and solar energy utilization are improved, because the PV modules are placed in the
middle of the window and the heat loss is reduced. In summer, the PV blind is cooled by water,
leading to a significant reduction in both the temperature of the PV cells and indoor heat gain, as
water provides better heat exchange than air. Furthermore, the heat on the PV blind is recovered to
produce hot water.

The content of this article was organized as follows: In Section 2, the structure of the investigated
window system was introduced and its mathematical model was described in detail. In Section 3, the
developed model of the MFPV/T window was validated. In Section 4, the prediction methodology of
the energy consumption was introduced, including lighting, PV output, air condition, and hot water.
In Section 5, the sensitivity analysis of slat angle, orientation, and inner glass of the proposed window
system was analyzed. Then, the overall energy performance of the MFPV/T and clear windows was

compared.

2. System description

2.1. Structure and working principle

@ Copper tube @ PV/Tblind @) Vents @ Front glazing (&) Back glazing

Outside view Inside view
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Fig. 1 The structure and main components of the proposed window system

Fig. 1 depicts the appearances of the proposed window from inside and outside views. The system
comprises three layers: front glazing, back glazing, and middle PV/T blind. The front glazing is
typically fabricated with ultra-clear glass to allow for increased solar energy absorption and improved
efficiency. The choice of inner glass can be customized based on specific indoor environment
requirements such as daylight or thermal/sound insulation. There are two vents existing on the bottom
and top of the back glazing for connecting the cavity air and indoor air. The PV/T blind is the core
component of the proposed window, which is a composite of PV cells, aluminum slats, and copper
water pipes. The copper water pipes are welded onto the back side of the aluminum slats, and the PV
cells are laminated onto the front side. The left and right ends of all copper pipes are connected to the
inlet and outlet header pipes respectively. The manufacture process of the PV/T blind is similar to

that of the solar PV/T collector.

& g - Hofater

\ /z Warm air
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\ k& \
2\

Cold water
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BRATRRAY d

(a) PV/air mode (b) PV/water mode

Fig. 2 The working principle of the proposed window system

Fig. 2 depicts the working principle of the proposed window, and the work modes of the proposed
system include PV/air and PV/water modes. In heating seasons, the PV/air mode is adopted. The
water in the copper pipe is drained, the vents are opened, and the fans are activated. The irradiation
absorbed by the PV/T blind is partly converted into clean electricity and partly into heat. Driven by

the fans, the indoor air enters the cavity and is heated by flowing through the blinds, before returning
8
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to the room. As a result, the PV efficiency increases and the indoor heating load is reduced. In non-
heating seasons, the PV/water mode is adopted. The vents are closed and the fans are turned off.
Driven by the water pump, the water flows through the copper pipe, absorbs heat on the PV blind,
and then flows out from the outlet. This mode not only increases the PV efficiency but also reduces
the indoor cooling load in summer, while producing additional domestic hot water. The proposed
system achieves comprehensive solar utilization of heat and electricity in different seasons,
surpassing conventional PV glass or PV blind windows by meeting the seasonal thermal demand of

the building.

2.2. Mathematical Models

The operation of the proposed window is a multi-physical process that involves solar absorbance
and transmittance, thermal transfer, and power generation. To simulate this system, the absorption of
solar radiation on the multi-layer window is initially determined and then fed into the heat transfer
and PV electricity models of the system. This section describes the mathematical models of the
proposed window in terms of these two aspects. Several reasonable assumptions were made to
simplify the model: (a) all thermal properties such as density, heat capacity, and thermal conductivity
are considered to be constants; (b) the temperature of air and water changes only along the flow
direction; (c) the irradiation reflected by the blinds is considered to be purely diffuse; and (d) the

temperature of the glass and blind is uniform in the thickness direction due to their small thickness.

2.2.1. Solar absorbance and transmittance

This subsection firstly introduces the optical behavior of the blinds, which constitutes the main
complexity of solar absorbance and transmittance. The PV blinds receive radiation from two sources:
the outside and the inside. The outside radiation comprises irradiation directly entering through the
outer glass and irradiation reflected by the outer glass, while the inside irradiation is the irradiation
reflected from the inner glass. As shown in Fig. 3, the interaction of the outside irradiation in the blind

cavity depends on the solar altitude angle. If the projected solar altitude angle exceeds the critical
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angle, no beam radiation can penetrate the blinds, and the lower area of the blinds receives beam
radiation. Conversely, when the projected solar altitude angle is lower than the critical angle, a part
of the beam radiation passes through the blinds, and the front side of the blinds can receive beam

radiation entirely.

(a) Large altitude angle (b) Small altitude angle

Fig. 3 Schematic of the interaction of the outside irradiation in the blind cavity

As shown in Fig. 3, si represents the slat angle of blind which varies between 0° and 90°. As

represents the projected solar altitude angle. It is calculated by [48]:

sin (¢)
€os (Vsun—Y g)cos (¢)) (1)

hs = arctan (

where, ¢ is the solar altitude angle. g, and y, respectively represent the azimuth of the sun and
windows.
The critical angle is calculated by:

0 = arctan (%?s(gi) (2)

where, y is the ratio of the blind spacing to the blind width.
In the Fig. 3, ¢ is the proportion of the unshaded blind and w is the proportion of the penetrating
beam radiation through the blind. They are calculated by:

e=1
_ (sin(si)+cos (si)tan (hs)), hs < 6 3)
y

w=1

10
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{8 ~ sin(si)+cos (si)tan (hs), hs > 6 4)
w=0

The interaction of diffusive irradiation in blind cavity was calculated by the radiosity method. As
shown in Fig. 3, the surfaces of the blind cavity are divided into five parts. The surface 1 is the
irradiation inlet and the surface 4 is the irradiation outlet. The surface 2 and surface 3 are respectively
the unshaded and shaded parts of the blind front side. The surface 5 is the blind back side. The

radiosity equation set of all surfaces is written as:

= Gc-{,v
4]2 = (Gpe + J1YF1_2 + J4YF4_y +]5F5—2)Rf' hs < 0 (5)
Ja=0
L Js = (1YFi-5 + J2F2—5 + JaYF4_5)Ry
Ji= G(-i'-,v
Joe = (Gl;r,tg + J1yEio + J4YF; +]5F5—2)Rf
J3(1 — &) = (J1yFi—3 + JayFs_3 + JsFs_3)Ry , hs =26 (6)
Ja=0

Us = U1yFrs + JoeFss + J5(1 — €)Fs_s + JsyFs_s)Ry

where, G7,, is the diffusive irradiation on the outside vertical plane and G, is the outside beam
irradiation on the blind tilt surface. Ry and R, represent the blind reflectance of the front and back
sides. F" denotes the view factor between two surfaces.

After obtaining the radiosity on the surfaces of blind cavity, the blind transmittance, absorbance,

and reflectance when receiving outside irradiation are calculated by:

Thop = @ (7
ot :]13’F1—4+]25F2—4+]y3(1—€)F3—4+]5F5—4‘G;’v =086}, =1 )
o =]1yF1_4+]28F2_4+]y3(1_8)F3_4+]5F5_4'G:{,u —1&6Gf, =0 ©)
af = (J.e+J3(1—¢)) (Rif— 1) +Js (Rib— 1),0;,, =0&GF, =1 (10)

al = (e +/5(1—¢) (Rif— 1) + /s (Rib— 1),65_1, =1&G;,=0 (11)
v =]28F2_1+]3(1_;)F3_1+]5F5_1»G(Iv —0&GH, =1 (12)
v =]28F2‘1+]3(1_;)F3‘1+]5F5‘1,G;v — 186, =0 (13)

where, 7, a and y respectively represent transmittance, absorbance, and reflectance. Gy, is the
11
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(a) Large altitude angle (b) Small altitude angle

Fig. 4 Schematic of the interaction of the inside irradiation in the blind cavity

The interaction of the inside irradiation is shown in Fig. 4. It can be deduced from basic geometric
principles that the projected solar altitude angle of the inside beam irradiation is less than the inside
critical angle. Consequently, it can be inferred that the beam irradiation emanating from the inner
glass is capable of passing through the blind. Furthermore, the interaction of inside irradiation within
the blind cavity is categorized into two scenarios, as illustrated in Fig. 4. When hs is larger than the
slat angle, the front side of the blinds fully receives the beam radiation. Conversely, when hs is
smaller than the slat angle, the back side of the blinds receives the entire beam radiation. The
proportion of the penetrating beam radiation through the blind is calculated by:

y — sin(si) + co s(si) tan(hs), hs < si
w= { (14)

y — co s(si) tan(hs) + sin(si), hs = si
When calculating the diffusive irradiation, the surfaces of the blind cavity are divided into four

parts. The radiosity equation set of all surfaces is written as:

{ J1=0

{ Jo = J1YFi—2 + JaYFs_o + JsFs )Ry
Ja= G(;,v

Us = (Gpe + 1¥Fios + J2Faes + JsYFazs)Ry

, hs < si (15)

12
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J1=0
J2 = (Gpe + J1YFi—2 + JaYF4—3 + JsFs )Ry
Ja = G(ZU
Js = (J1yFi-s + J2F2—5 + J4yF4_s)Ry

where, Gg,, is the diffusive irradiation on the inside vertical plane and G, is the inside beam

, hs > si (16)

irradiation on the blind tilt surface.
Similarly, the blind transmittance, absorbance, and reflectance the when receiving inside irradiation

are calculated by:

Ty = (17)
F, +J,Fy_4+]<F
5, _JaYF4 ]zy2—1 s 51 G2, =08&Gj, =1 (18)
JaVFa iAo Fo i H]cFe 4 B
_ 1 1 _ _
ap :]2(R_f_1)+]5(R_b_1)'Gd,v:O&Gb,v: 1 (20)
_ 1 1 _ _
aq :]2(R_f_ 1) +]5(R—b— 1),65,=1&G,, =0 (21)
_ JoFy 4tjcFe_y . _ _
- =122 4y 554 G1,=0&G,, =1 (22)
_ JoFy 4tjcFe_y . _ _
b = Gy, = 180Gy = 0 (23)

The solar transmittance, reflectance, and absorbance of the inner and outer glass are determined

using the ray-tracking technology in ISO 9050. They are respectively calculated by:

2
t(1-r)

==t 24
9 1—t%2 24)

2 2

t“(1-r)

=r[l+——%5 25
yg [ 1—t27"2 ] ( )
ag=1—1—y (26)

where, t and r depend on the solar incident angle by Bouger’s law and Fresnel’s law.
For beam irradiation, the incident angle is calculated as [49]:
cosyp = sin() cos(B) + cos(®) cos(B)cos (Vsun — ¥g) @7)
where, [ is the inclination angle of glass, 90° in this study.
For diffusive irradiation, the effective incident angle of 60° is used for calculating the solar

transmittance, reflectance, and absorbance of glass [50]. This result is obtained through spherical

13



1 integration of isotropy diffuse irradiation, which is widely accepted and recognized in the field [49].
2 Once the optical properties of the three layers in the proposed window are determined, the solar
3 absorbance of each layer and the overall transmittance of the system can be calculated using the net
4 radiation method as described in reference [51]. This method accounts for the infinite reflection and

5 absorption of both beam and diffuse radiation among the layers.

6 2.2.2. Heat transfer and power generation

é myC,AT, :é m,C,AT, é
J Z |
ol N S -
A
AAN- Conduction -AAA- Convention -AAA- Radiation Absorbed irradiation Enthalpy flow

Fig. 5 The 3-D node distribution of the zonal model of the proposed window

9  The energy flow within the proposed window involves power generation, conduction, convention,
10 long-wave and short-wave radiation occurring between the solider layers. In addition, the enthalpy
11 flows of the air and water exists in vertical cavity and horizontal pipe, respectively. In this study, the
12 zonal model is employed for simulating energy behavior of the proposed window. The 3-D node
13 distribution of the used zonal model is shown in Fig. 5. The system includes five layers in the depth

14 direction, namely outer glass, out air gap, blind, inner air, and inner glass. They are respectively

14
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represented by subscript ‘g, 0’, ‘al’, ‘b’, ‘a2’, and ‘g,i’. The blind layers are discretized in the
horizontal and vertical directions while other layers are only discretized in the vertical direction. The
node numbers in the vertical and horizontal directions are indicated by superscripts ‘N’ and ‘M,
respectively. The zonal model of the proposed window is obtained by applying the energy balance
equation to nodes.

The energy balance of outer glass includes the terms of conduction, long-wave radiation, and solar

absorbance. The equation is written as:

N N+1, .N—-1 N
oT T +T —2T
(DpCYg0 54" = (D) gp —24——E5—=02 4 1+ go-e(Te = T3lo) + P go-am (Tams =
Tgl\,lo) + hr.go—b(Tb - TgIYO) + hr,go—gi(Tg,i - Tgl\,’o) + hc,go—al (Tal - TgA,IO) (28)

where, D and p represent the thickness and density while C and A are the heat capacity and
thermal conductivity. h., h, are convective and radiative heat transfer coefficients. I is the
irradiation absorbed by the components. Az is the distance between nodes in vertical direction.

Similar with outer glass, the equation of inner glass is written as:

o N+1, oN=1_onN
(Dpc)g,i % = (D/l)g,l' 2 Ag;2 & + Ig,i + (hc,gi—room + hr,gi—room)(Troom - Tgl\,,i) +
hr,gi—b (Tb - Tgl\,]i) + hr,go—gi(Tg,o - Tgl\,]i) + hc,gi—az (Taz - Tgl\,]i (29)

The energy balance of air gap only includes the terms of convention and enthalpy flow. The

equations are written as:

aTgl N N Tgl_l_Tgl
(Dpc)al ot = hc,go—al(Tg,o - Tal) + hc,b—a(Tb - Tal) - va(DpC)al Az (30)

GTQIZ N N ng_l_ng
(Dpc)az ot = hc,gi—aZ(Tg,i - Taz) + hc,b—a(Tb - Taz) - Ua(DpC)aZ Az (31)

where, v, is the air flow rate.

The energy balance of PV blind is relatively complicated due to 3-dimensional heat transfer. It
includes the terms of conduction, convention, long-wave radiation, solar absorbance, and power
generation. The equation is written as:

For PV/air mode, the heat transfer of copper pipes is not considered due to the small thermal mass

and fin efficiency [52]:
15



[S—

10
11
12

13

14

15

16
17
18
19

20

21

22

N,M
oTy’
(DpO)p # =1Ip + hr,go—b (Tg,o - Tb) + hc,b—a(Tal - Tb) + hc,b—a(TaZ - Tb) + hr,gi—b (Tgi -

TNM+1  pNM=1_5mNM
Ty) + hypp (Ty M + T WM —21.M) + (DA, 2 Zyz b _p (32)

For PV/water mode:
oty
b
(Dpc)b ot =1Ip + hr,go—b (Tg,o - Tb) + hc,b—a(Tal - Tb) + hc,b—a(TaZ - Tb) + hr,gi—b (Tgi -
TZV,M+1+TZV,M—1_2TQ,M
2

Ty) + hypop(To 24 + T — 20M) + (D), UMM =T -

Ay

E (33)

where, Ay is the distance between nodes in horizontal direction. U is the equivalent heat transfer

coefficient between copper pipe and blind.

The power generation of the PV blind is calculated as:

E = GiotareNol1 — Br(T, — 298.15)] (34)

where, Gioeqr¢ 15 the total irradiation incident on the front side of PV blind; 7, is the standard PV
efficiency; Br is the temperature coefficient of PV cells.

The energy balance of copper pipe only occurs in PV/air mode. The equation is written as:

aTN’M TN,M+1+TN,M—1_2TN,M
nd,, (pCD), —5— = nd,, (AD),, —* Zyz Pt wdyhepw(Ty™ = T2M) +
uM -1 (35)

where, subscript ‘p” and ‘w’ respectively represents the copper pipe and water in pipe. d,, is the

inner diameter of water pipe.
The energy balance of water in pipe includes the terms of convention, conduction, and enthalpy
flow. The equation is written as:
N.M NM+1

NM-1_,..NM

2 (pC =—2 ——%p v,C
4 G ot 4 " Ay? 4 Pwbwiw Ay +
hew—p (T = Ty (36)

where, v,, is the water flow rate.
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The convective heat transfer coefficient between outer glass and outdoor air is related to the wind
speed v,,p. The equation is written as [53]:
he,go—amp = 5.62 + 3.9V (37)
The convective heat transfer coefficient between inner glass and room air depends on the
temperature difference. The equation is written as [41]:
e room = 2.03Ty i — Trooml /> (38)
When the fan is turned on, the following equation is used to calculated the heat transfer coefficients
between glass and cavity air: [54]:
h¢gojgi-a = 5.62 + 3.97, (39)
When the fan is turned off, the flow state of cavity air is natural convection. The correlation

equations in ISO 15099 is employed [55]:

NuA
hc,go/gi—a = D_aa (40)
Nu = (Nuy, Nu,)max (41)
0.0673838Ra'/3,Ra > 50000
Nu, = 0.028154Ra%4134 500000 > Ra > 10000 (42)
1+ 1.7596678 x 10710Rq%2984755 Rg < 10000
Ra
Nuz = 0.242(m)0'272 (43)

where, Nu, Ra,and A, are the Nusselt number, Rayleigh number, and the air thermal conductivity;
H represents the height of air cavity, respectively.
When the fan is turned off, the convective heat transfer coefficients between blind and cavity air is

same as that between cavity and glass. When the fan is on, this convective coefficient was calculated

by [56]:
Nu-A

hc,b—a = Swa (44)

Nu = 0.51Re%>Pr037 (45)

where, Re and Pr are the Reynolds and Prandtl numbers of the cavity air.
The forced convective heat transfer coefficient between water and pipe wall in copper pipe is

calculated as [57]:
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1 hepw = ~go (46)
_ (0.023Re%®Pr%*, turbulent flow
2 Nu = {3.66, laminar flow (47)

3 where, Re and Pr are the Reynolds and Prandtl numbers of the water in pipe.
4 The radiative heat transfer coefficients between outer glass and outdoors, between inner glass and

5 indoors, between inner glass and outer glass, are calculated as:

6 hr,go—e = Cgo-(Tg,oz + Tez)(Tg,o +Te) (48)
7 hr,gi—room = CgO-(Tg,i2 + Troomz)(Tg,i + Troom) (49)
2 2
O'(Tg'o +Tg,l )(Tg’o‘l‘Tg'l)
8 hy go-gi = 1 1 (50)
B S A
9.0 g

9  When the slat tilt angle is less than 90°, both the front and back side of the blinds have radiation
10 heat exchange with the outer glass. Thus, the radiative heat transfer coefficient should be the sum of

11 these two parts. The equation is written as:

2 o2 2 o2
_0(Tgo +T,")(Tgo+Ty)  0(Tgo +T,")(Tgo+Tp)
12 hrgo-b =—7 71 i tT—1 1 1 (D
: I o4 1 T o
Sgo Sbf  Fgo-bf Sgo Svb  Fgo—bb

13 Similarly, this coefficient between the blind and inner glass is written as:

2,2 .
14 h _ 0T 4Ty )Tyt Ty) | 0Ty +Tp ) (Tg,i+Tp) 2
N SIS S RS W WU W VI (52)

Sof Sgi  Fgi-bf Sbb Sgi  Fgli—bb

15 The radiative heat transfer coefficient between adjacent blinds is written as

2 2
16 h,.,_, = 53
nb=b 1,1 54 1 (53)

Soh Sbf  Fp—p

17 where, o is the Stefan-Boltzmann’s constant; ¢y, and ¢g4; are the outer and inner glass emissivity
18 coefficients, respectively; ¢,r and ¢, are the front and back emissivity coefficients of the blind;

19 F;_; is the view factor from the surface i to ;.
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2.2.3. Solving method

Sun position, weather data, indoor temperature

-
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Optical model
E
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Heat transfer PV electricity
I T, 4
‘ Water heat Indoor heat Power ‘
gain gain generation

Fig. 6 The solving flowchart of the mathematical model of the proposed system

The methodology for solving the above mathematical models is depicted in Fig. 6. The input data
includes the sun position, weather data, and indoor temperature, while the output data comprises the
water heat gain, indoor heat gain, and power generation. To calculate the solar absorbance, solar
transmittance, and the irradiation incident on the PV blind, the solar altitude angle, azimuth angle and
solar radiation are entered as inputs into the optical model. The resulting solar absorbance of all
components and the irradiation on the PV blind are then utilized as inputs into the heat transfer and
PV electricity models, respectively. The electrical and thermal models are coupled through power
generation and PV temperature and are resolved via the Jacobi iteration. Initially, the PV temperature
of the heat transfer model is calculated by assuming a power generation. Subsequently, the power
generation is estimated by the PV electricity model, employing the obtained PV temperature as the
boundary condition. The PV temperature is then re-calculated using the heat transfer model with the
new value of power generation. This iterative process is repeated until the changes in PV temperature

and power fall below the residual.

3. Model validation

In this section, the proposed window’s mathematical model is validated using data reported in the
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reference literature. The current model, as detailed in Section 2.2, includes three components: optical
behavior, heat transfer, and PV electricity. To begin the validation process, the optical model is first
examined as it is relatively independent of the other models. Next, the heat transfer model is assessed
by utilizing known power generation as the boundary condition, while the PV electricity model is
verified using PV temperature as the boundary condition. To quantify the simulation error, the
coefficient of root-mean-square error (Cv(RMSE)) and mean bias error (MBE) are employed. The

equations for calculating these two metrics are given as:

2
JE (Si=M /N
Cv(RMSE) = Y=I= (54)
L Mi/N
21 (Si—M))
MBE =2i=1x"1 717 (55)
2Ly M,

where, S and M represent the simulated and measured values. N is the number of the validated
data. According to ASHRAE Guideline 14, the accuracy of the model is considered to be acceptable

when Cv(RMSE) and MBE are lower than 30% and 10%, respectively [58].

3.1. Optical behavior

The structure of the proposed window shows that the optical behavior of this system is in agreement
with that of the double-skin window with built-in blinds. Luo et al. [59] previously studied the solar
transmittance of this type of windows, and their experimental data was used to validate the optical
model. They conducted the sunny and cloudy experiments on July 8th and 9th, 2016 in Changsha,
China. The tested system comprised two 6 mm clear glasses and a PV blind, with a blind width of 2.5
cm and a blind space of 4.5 cm, and a slat angle of 45°. The comparison between experimental and
simulated results of total penetration irradiation is shown in Fig. 7. It can be found that the simulation
results match the experimental results very well both on sunny and cloudy days. The Cv(RMSE)s for
these two days are 8.51% and 8.36% while the MBEs are 3.19% and 5.10%. Thus, it can be concluded

that the accuracy of the proposed optical model can meet the usage requirements.
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Fig. 7 The validation of the optical model

3.2. Heat transfer

When operating in the PV/air mode, the proposed system exhibits the same heat transfer
characteristics as the airflow window with built-in blinds. Previous research has extensively studied
this type of window. Zhang et al. [60] conducted an experiment on the airflow window with built-in
blinds in two consecutive days. Details of the specific structure and physical parameters can be found
in Ref [60]. The outlet air temperature and the inner glass temperature were used for validating the
model. Fig. 8 displays the validation results. It can be observed that the simulated temperature agrees
well with the experimental results. The error analysis reveals that the Cv(RMSE)s are 1.72% for outlet
air and 1.07% for inner glass while MBEs are -0.11% for outlet air and 0.37% for inner glass. Thus,
the developed model can reliably simulate the proposed window’s thermal performance.

When the proposed system operates in the PV/water mode, its construction and heat transfer
process are identical to those of the double glass window with pipe-embedded blinds proposed by Li
et al [61]. In their study, the indoor heat gain and water heat gain of this window under the specific
boundary conditions was calculated by a rigorously validated computational fluid dynamics model.
In their work, the boundary conditions included an indoor temperature of 25°C, outdoor temperature
of 33°C, and water inlet temperature of 25°C. The solar radiation ranged from 500 W/m? to 100 W/m?.

In this section, the calculated results of the developed model were compared with those in the
21



1 reference. As shown in Fig. 9, the difference in indoor and water heat gain between the developed
2 model and the numerical model falls within the error line (10%). Thus, the model developed in this

3 paper can accurately calculate the thermal performance of the system in PV/water mode.

40 Outlet air (Sim) Outlet air (Exp) 40
Inner glazing (Sim) < Inner glazing (Exp)
Pi36f 36 &
- Cloudy day Sunny day -
- :
= 32 ®
g 5
u =
£ 2 g
= =
4P
4 Time (h)
5 Fig. 8 The validation of the heat transfer model for air heating
350 1350
Indoor heat gain (Ref)
300 Water heat gain (Ref) 1300
s 250k Indoor heat gain (Sim) 1550 s
= Water heat gain (Sim) =
Ezoo - 1200 E
[ <
S1s0t {150
[ ]
2] 2]
= 100 {100 =
! % |
0l — 0
6 500 W/m’ 250 W/m* 100 W/m®
7 Fig. 9 The validation of the heat transfer model for water heating

8 3.3. PV electricity

9  The validity of the PV electricity model of the PV blind was assessed using the reported data by
10 Huetal [62]. Their study investigated a blind-integrated building facade configuration, where the PV
11 blind was situated between the glass cover and the wall. Although the structural setup of the Trombe

12 wall differs from the window configuration presented in this work, both systems exhibit similar power
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generation characteristics. The experimental data on April 18th and 28th in Hefei, China was used to
validate the PV electricity model. The slat angles in these two days were 50° and 15°, respectively.
The validated optical model described in Section 2.2.1 was used to estimate the irradiation incident
on the PV modules using the measured south irradiation. The calculated incident irradiation and the
PV temperature obtained from the literature were then inputted into the PV electricity model. Fig. 10
shows that the simulation results and experimental data are in good agreement. The error analysis
indicates that the Cv(RMSE)s are 13.62% and 12.82% while the MBEs are -4.81% and 4.56%. These

errors are within the acceptable ranges.
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Fig. 10 The validation of the PV electricity model

4. Prediction methodology

In this study, an actual house with the office use characterized in our previous work [41] was used
as the case to analyze the effect of the proposed windows on the overall energy performance of the
building. The length, width and height of the building are 3.3 m, 3.1 m and 2.8 m respectively, and

the proposed window with the dimensions of 3.15 mx1.2 m is applied on the south wall.

4.1. Climate conditions

Among the cities situated along the Yangtze River region, Shanghai (31.40 N, 121.45 E), Nanjing
(32.83 N, 118.80 E), Wuhan (30.62 N, 114.13 E), and Chongqing (29.58 N, 106.47 E) were selected

as the representative locations of upper, middle, and lower reaches, respectively. These cities
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experience the subtropical humid climate and the climate characteristics are the Cfa (C: warm
temperate, f: fully humid, a: hot summer) according to the Koppen-Geiger classification [63]. These
regions are typically characterized by noticeable seasonal temperature variations. Winters are cold
while summers are humid and hot. For the purposes of performance prediction, the weather data of
typical meteorological year of these cities were utilized as boundary conditions for simulation. The
meteorological information of these regions is provided in Table 1. Notably, the maximum and
minimum temperatures experienced throughout the year range from 37°C to 0°C, implying the
presence of both heating and cooling demands in these regions. In these regions, the heating period
is from Jan to Mar and from Nov to Dec while the cooling period is from May to Sep. The global
horizontal irradiation (GHI) in these cities is between 1000 kWh/m? and 1450 kWh/m?. According to
the extended classification scheme of Skandalos et al. [64], the studied regions exhibit the medium
level of GHI and belong to the moderate climate regions for PV integration. The analysis results of
Skandalos et al. indicated that in the zones with medium GHI, it is feasible to achieve the positive

energy buildings through combining PV roof, PV shadings, and PV wall facades [64].

Table 1 Meteorological information of the studied regions

Koppen-Geiger Maximum Minimum Global Horizontal
classification temperature (°C)  temperature (°C) Irradiation (kWh/m?)
Shanghai Cfa 36.8 -4.5 1443
Nanjing Cfa 37.2 -5.6 1412
Wuhan Cfa 38.8 -3.9 1349
Chongqing Cfa 37.7 +2.8 1082

4.2. Parameter setting

In this study, the overall energy performance of the studied case, including power generation, air
condition, artificial lighting, and water heating, was predicted based on the TRNSYS 18.0 platform.
The component layout and data flow of the studied case in TRNSYS platform is shown in Fig. 11,

and the corresponding parameter settings are shown in Table 2. The Type 56 was employed to model
24



10
11
12
13
14
15
16
17
18
19
20
21
22

the thermal balance of the building, and the physical properties of the wall material were inputted.
According to the GB 19576-2019 in China, the rate performance coefficient for heating and cooling
was assumed to be 4.0 and 3.0. The cooling and heating set temperatures were 24 °C and 20 °C,
respectively. The Type 158 was used to model the water tank for storing the hot water, and the gas
boiler was modeled by Type 122 to heat the tank water to the desired temperature. According to the
GB 50015-2019, the daily demand for hot water was 60 L/people and the desired temperature for
water use was set to 45°C. The lighting electricity consumption was calculated using the Daylighting
model in EnergyPlus software, which is a widely accepted and validated simulation tool [24].
According to the GB 50033-2013 in China, the artificial lighting density was 9 W/m? and the
illuminance value setting was 500 lux. The lighting power obtained from the Daylighting model was
imported into the Type 56 as the heat gain of the room. The mathematical models of the proposed
window were programmed using the Matlab code, which was read by TRNSY'S platform by the Type
155. The indoor heat gain and the water heat gain calculated by the Type 155 was inputted into the
Type 56 and the Type 158 as the heat source. Meanwhile, the indoor temperature provides Type 56
and the water inlet temperature provided by the Type 158 was inputted to the Type 155 as the
boundary condition. It was assumed that the water pump and fan are temperature-controlled. In the
PV/water mode, the water pump is activated only when the temperature of the blind is higher than
that of the tank. In the PV/air mode, the fan is activated only when the temperature of the cavity air
is higher than that of the indoor air. The occupy time of the building, such as air condition, lighting,
and water use, was set to 8:00~17:00. After above work was completed, the power generation from
Type 155, the boiler power from Type 122, the lighting power from Energyplus, and air-conditioning

power from Type 56 were integrated throughout the whole year.
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2 Fig. 11 The component layout and data flow of the studied case in TRNSYS platform
3 Table 2 The parameter setting of the studied case
Parameters Value

MFPV/T window (Type 155)

Dimensions
Thickness
Specific heat capacity
. Density
Outer glazing .
Transmittance
Reflectance
Emissivity
Thickness
Specific heat capacity
. Density
Inner glazing .
Transmittance
Reflectance
Emissivity
Air cavity Depth
Thickness
Specific heat capacity
Density
Slat width
PV Blinds Slat space
Solar absorbance
Emissivity
Standard efficiency

Temperature coefficient

26

3.15m (Width), 1.2m (High)
0.003 m
840 J/(kg'K)
2500 kg/m®
0.91

0.08

0.8

0.005 m

840 J/(kg-K)
2500 kg/m’
0.79

0.073

0.8

0.15m
0.001 m
2750

0.08 m
0.08 m
0.9

0.2

0.17
0.0045 K!



Inner diameter 0.007 m
Thickness 0.001 m
Copper pipe Specific heat capacity 385 J/(kg-K)
Density 8933 kg/m’
Heat conductivity 397 W-mK!

Building (Type 56)

Massive wall

Dimensions 3.3m (Width), 2.8m (High), 3.1m (depth)
Thickness 0.08m, 0.28m

Ist layer 15 kg/m’,
Density Y 8

Specific heat capacity

Heat conductivity

2ed layer 1800 kg/m’

Ist layer 1.21 kJ/(kg-K),
2ed r layer 1.24 kJ/(kg-K)
1st layer 0.18 W-m2-K"",

2ed layer 0.57 W-m2K"!

Water tank (Type 158)

Volume 0.12 m’

Height 1.3m

Number of nodes 3

Loss coefficient 0.57 Wm™K"'
Gas boiler (Type 122)

Setpoint temperature 45°C

Boiler efficiency 0.78

Combustion efficiency 0.85

Water flow rate 60 L/day

Daylighting (Energyplus)

Reference point of sensor

1.65m (X), 1.55 m (Y), 1 m (Z)

Artificial lighting density 9 W/m?
Lighting control type continuous
[lluminance setting value 500 lux

4.3. Performance evaluation

The impact of the proposed window on a building energy performance is assessed by PV electricity,
air-conditioning load, artificial lighting, and domestic hot water. To comprehensively evaluate these
aspects, this study employs the operation cost as the evaluation metric. In the Yangtze River region,
the indoor air conditioning and artificial lighting are achieved by consuming the electricity from the

grid while the gas boilers provide domestic hot water. Moreover, it is assumed that all PV output
27
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generated by the proposed window is fed back into the grid. Therefore, the operation cost of the

system can be calculated as:

Qbo
Crotar = f(PXC + P}{L)xeledt + fxgas Hll}(;)ller dt — fPﬁprvdt (56)
gas

where, Pi., PL, Pty,and Qf,;., represent respectively air-conditioning power, lighting power, PV
power, and gas boiler power. HV and pgqs are the heat value (55.627 MJ/kg) and density (0.716
kg/m?) of the natural gas. x,,, Xpp»> and Xgq, are the local grid electricity cost, PV feed-in tariff, and

the price of natural gas per unit volume.
5. Results

5.1. Sensitivity analysis

This section aims to analyze the sensitivity of the proposed window's energy performance to
variations in the slat angles, orientation, and type of inner glass. The default parameters considered
in the analysis are a slat angle of 45°, south orientation, and clear glass. The parameters are the same

as the default parameters, except for the one discussed.
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1 5.1.1. The impact of slat angle
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Fig. 12 Comparison of the proposed window with different slat angles

The comparison of the MFPV/T window with different slat angles is shown in Fig. 12. The trend
of energy consumption and operation cost with the different blind angle is basically the same for the
four cities. With an increase in slat angle, the PV out gradually increases while the energy
consumption for heating water and air decreases. This suggests that an increase in the slat angle would
enhance the solar energy utilization of the system, owing to reduced shading between the blinds.
Moreover, increasing the blind angle also results in a reduction in the cooling load in summer, as less
solar radiation enters the room. However, less visible light entering the room results in an increase in
indoor lighting energy consumption. The annual operation cost of the studied case decreases firstly
and then increases. The optimal slat angles for Shanghai, Nanjing, and Wuhan are 40~50° and that
for Chongqing is 0°. The optimal angle in Chongqing is smaller in comparison to that in other cities,
given the relatively lower irradiation in Chongqing, resulting in a larger proportion of lighting

consumption. Therefore, ensuring indoor lighting is critical in Chongqing by decreasing the slat angle.
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1 5.1.2. The impact of orientation
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3 Fig. 13 Comparison of the proposed window with different orientation angles
4  The comparison of the MFPV/T window with different orientation angles is shown in Fig 13. It
5 can be observed that the trends of the different types of energy consumption vary, owing to their
6 distinct service periods. When the orientation angle is around 45~60°, the PV output is the largest.
7

The minimum hot water load occurs when the orientation angle is 75°. The cooling and heating load

8 reaches the minimum values when the orientation angle is 0°. The energy consumption for lighting

10
11

30

remains almost the same for all orientations due to the 45° blind angle, which allows only diffuse
radiation to enter the room, and is almost uniform for all orientations. After weighted summation, the

optimal orientation angles for Shanghai, Nanjing, Wuhan, and Chongqing are 30°, 45°, 45°, and 60°.



1 5.1.3. The impact of inner glass
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Fig. 14 Comparison of the proposed window with different inner glasses

The comparison of the MFPV/T window with different inner glasses is shown in Fig. 14. The

analyzed inner glass types, besides clear glass, include low-e glass, low-iron glass, tinted glass, and

float glass. The corresponding data of optical properties are acquired from the International Glazing

Database (IGDB) [65]. The results indicate that the impact of inner glazing on energy consumption

is consistent across all four cities. The proposed window with low-e glass has the best performance

in terms of PV output, air conditioning load, and hot water load. Apart from low-e glass, the proposed

window with tinted glass has lower heating and cooling loads compared to other types of inner glass.

It can be observed that increasing the solar absorbance of the inner glass helps to reduce the energy

consumption of air conditioning. However, the low visible transmittance of low-e and tinted glass

increases the lighting consumption, resulting in higher operating costs. Based on the weighted sum

of all energy consumption, the proposed window with low-iron glass has the lowest operation cost

among all tested inner glass types.
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5.2. Energy saving potential of proposed system

2 In this section, a detailed analysis of the energy performance of the proposed system is presented.
3 In the Yangtze region, the double-skin clear window is commonly used in office buildings, so it was
4 chosen as a reference to evaluate the energy-saving potential of the proposed system. The slat angle
5 and inner glass of the MFPV/T window are the optimized results in the previous section and the

6 building orientation is assumed to be south.

7 5.2.1. Power generation
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9 Fig. 15 Monthly PV output and daily PV efficiency of the proposed window

10 The monthly PV output and daily PV efficiency of the proposed window throughout the whole
11 yearis shown in Fig. 15. The PV efficiency is defined as the ratio of the power generation to the total
12 irradiation on the outer glazing. The PV output mainly depends on the irradiation. In Shanghai,

13 Nanjing, and Wuhan, the maximum monthly PV output occurs between Nov to Dec. Overall, the
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1 trend of monthly PV output in these areas is high in winter and low in summer. Conversely, in
2 Chongqing, the monthly PV output is lower due to the rainy weather and the maximum monthly PV
3 output occurs on Aug. The annual PV outputs in these four cities are 77.6 kWh/m?, 82.4 kWh/m?,
4 65.8 kWh/m?, and 30.2 kWh/m?, respectively. The daily PV efficiency varies dramatically and is
5 impacted by many factors. Only a small portion of the diffuse irradiation hits the front side of the
6 blinds due to the view factor. Hence, the PV efficiency on cloudy day is lower than that on sunny day.
7 Furthermore, the shading between the blinds is less pronounced at low solar altitude angles, leading
8 to higher efficiency in winter than in summer. The average PV efficiencies during the whole year in

9 these four cities are 10.0%, 10.4%, 9.8%, and 6.7%, respectively.

10 5.2.2. Air-conditioning load
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12 Fig. 16 Comparison of monthly air conditioning load and daily average indoor temperature

13 The comparison of monthly air conditioning load and daily average indoor temperature between
14 MFPV/T and clear windows is shown in Fig. 16. Compared with the clear window, the MFPV/T

15 window can reduce both the winter heating load and the summer cooling load. In summer, the shading
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of the blind reduces the irradiation entering to the room, while the cooling of water pipe can reduce
the convention heat gain from the window. As a result, the cooling load is reduced significantly. In
winter, the heating load is also reduced, which can be attributed to two main factors. Firstly, the blinds
enhance the thermal insulation performance of the proposed system. This improved thermal insulation
performance leads to better heat retention within the indoor space, resulting in a decreased heating
demand. Secondly, while the amount of irradiation entering the room is reduced, a portion of it is
absorbed by the blinds and converted into convective heat gain. This convective heat gain in the room
air promptly contributes to a temperature rise, thereby reducing the heating load during operational
hours. Compared with the clear window, the MFPV/T window can reduce the air conditioning load
by 15.4%, 16.8%, 13.1%, and 10.2% in Shanghai, Nanjing, Wuhan, and Chongqing, respectively. The
heating and cooling functions of the proposed window can also be found from the comparison of
daily average indoor temperature when the air conditioner is turned off. The indoor temperature is

increased in winter and decreased in summer. The average temperature difference is around 3°C.

5.2.3. Hot water supplement
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Fig. 17 Comparison of monthly water heating load and daily water heat gain

The comparison of monthly water heating load and daily water heat gain between MFPV/T and
clear windows is shown in Fig. 17. Since the proposed system provides hot water only during the
non-heating seasons, the water heating load in the heating seasons is not analyzed in this subsection.
It is observed that the monthly water heating load varies with the month, which can be attributed to
the variation in tap water temperature throughout the year. Specifically, the water heating load in
summer is lower than that in other seasons. Compared with the clear window, the water heating load
of the MFPV/T window is decreased significantly because the water is pre-heated by the proposed
window. The monthly reduction of water-heating load is around 20 kWh. After summing, the annual
energy savings for water heating are 41.8 kWh/m?, 48.4 kWh/m?, 40.7 kWh/m?, and 32.5 kWh/m?,
respectively. Furthermore, the daily water heat gain of the proposed window is around 0.47 kWh,
0.52 kWh, 0.44 kWh, and 0.33 kWh in these four cities. The water heat gain in the transition season
is higher than that in summer due to changes in irradiation. In individual rainy days, the daily water

heat gain is zero as the pump is always off.
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1 5.2.4. Daylighting performance
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4 The comparison of monthly water heating load and daily water heat gain between MFPV/T and
5 clear windows is shown in Fig. 18. The lighting consumption of the MFPV/T window is consistently
6 higher than that of the clear window due to the shading of the PV blind. The annul lighting
7 consumptions of the MFPV/T windows are 56.0 kWh, 68.7 kWh, 73.0 kWh, and 71.7 kWh while
8
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these of clear window are 11.1 kWh, 14.2 kWh, 26.8 kWh, and 23.6 kWh. Although the lighting
energy consumption of clear windows is low, excessive indoor illuminance may cause human visual
discomfort. The useful daylight illuminance (UDI) is a widely used metric for evaluating the
daylighting performance of the window, which is defined as the percentage of the work time that the
work plane illuminance falls within the desired ranges [6]. The upper limit of daylighting is usually
2000 lux because the visual discomfort such as glare may occur when the illuminance exceeds this
value. Considering the low limit of daylighting is 500 lux in this study, the desired ranges for UDI is

500~2000 lux. From the profiles in Fig. 18, it can be observed that the UDI of MFPV/T window is
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larger than that of clear window for most of the year (especially in summer). After summing, the time
that the illuminance value is within the desired range for MFPV/T window is higher than that for

clear window by approximately 53%, 51%, 50%, and 25% in the respective cities.

5.2.5. Overall energy saving

After analyzing the monthly and daily electrical, thermal, and daylighting performance of the
proposed window, it is evident that the window has significant energy-saving potential in the Yangtze
River region. The overall energy savings achieved by the MFPV/T window are summarized and listed
in Table 3. The energy benefits of the MFPV/T window include PV output, cooling, heating, and hot
water supplement. Additionally, the proposed window provides better human visual comfort at the
cost of additional artificial lighting consumption. In the case study, the annual energy costs for these
four cities are reduced by 34%, 36%, 28%, and 16% when compared to the double-skin clear window.
This reduction translates to economic benefits of 6.4 $/m?, 7.0 $/m?, 5.7 $/m?, and 2.9 $/m? throughout
the year. The proposed system leads to the generation of PV electricity and savings in air conditioner
electricity consumption, resulting in reduced CO2 emissions when compared to the double-skin clear
window. Additionally, the decreased consumption of natural gas in the gas boiler also contributes to
areduction in CO2 emissions. In this section, the reduction in CO2 emissions achieved by the MFPV/T
window system is quantified. In China, the equivalent CO2 emissions per unit of grid electricity
consumption is 0.572 kg/kWh and the CO2 produced by the combustion of a unit mass of natural gas
is 2.75 kg/kg [66]. For the studied case, the annual CO2 emission reduction due to the energy saving
of the MFPV/T window system is estimated at 53.5 kg/m?, 58.5 kg/m?, 47 kg/m?, and 22.3 kg/m? for
the respective cities studied. It should be noted that if more efficient air conditioning and lighting

devices are used, the energy savings potential of the proposed window will be even greater.

Table 3 The energy savings of the MFPV/T window during the whole year (kWh)

PV output Cooling Heating Hot water Lighting
Shanghai 293.4 142.2 35.2 158.0 -44.9
Nanjing 309.3 158.3 79.7 182.6 -54.5
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Wuhan 246.9 143.7 49.1 154.9 -46.2
Chongqing 114.2 110.4 25.2 123.3 -48.1

6. Discussion

The preceding section provided an overview of the system’s influence on diverse energy
consumption aspects. Nevertheless, it’s imperative to acknowledge that the findings of this
investigation are specific to the examined cases. The results of sensitivity analysis and energy savings
are related to the factors such as building layout, wall compositions, window dimensions, energy
consumption patterns, and the efficiency of the building energy equipment. The outlined case studies
were devised to uncover the patterns in the proposed system’s impact on the diverse energy aspects
of the building. In this section, the system’s application prospective and the potential barriers are
discussed.

In terms of building types, the proposed system exhibits suitability not only for office buildings
but also for residential and commercial buildings. The latter two categories maintain significant
water-heating requirements alongside their air conditioning and electricity loads. Nevertheless, the
capacity configurations of the system across different building types must be tailored according to
their distinct energy demands. For instance, commercial establishments like restaurants tend to
necessitate more hot water, making a larger deployment of the proposed system viable. Conversely,
the office and residential buildings typically entail less water consumption. Excessive installation of
MFPV/T windows might compromise the water heating efficiency for the proposed system. In terms
of application positioning, the system finds applicability in windows, curtain walls, skylights, and
other fenestration structures. When deploying it in diverse locations, the careful consideration is
warranted while determining the blind angles for optimizing solar irradiation collection while
ensuring adequate indoor daylighting effects. In terms of economics, the system’s primary
components encompass glasses, PV cells, copper tubes, and aluminum slats. These materials are both
economical and widely accessible, implying that the system’s material cost remains low and
affordable. Moreover, as the cost of PV cells continues to decline, the overall market price of the

proposed system is anticipated to further decrease. Therefore, it can be reasonably deduced that the
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affordability of the proposed system would be attainable upon market adoption. Furthermore, the

simple construction of the MFPV/T window allows its dimensions to be easily customized, including

the length and number of the PV/T blinds. This adaptability empowers users to select the system
capacity that aligns with their budget and the energy demand of the building.

However, it’s important to recognize that the proposed system is designed to supplement the
building’s traditional HVAC (Heating, Ventilation, and Air Conditioning) systems, rather than serve
as its primary energy source. The main reasons are as following:

e Limited energy cost reduction: In the cases studied, the installation of the proposed windows
reduced the annual energy costs of the houses studied by only 16~36%. It’s important to note that
the studied case pertains to a small office with minimal energy consumption. For the larger
buildings, the reduction rate will be even lower.

e Dependence on solar energy: The MFPV/T system primarily relies on solar energy and functions
exclusively during daylight hours. This renders its utility limited during nighttime and overcast
periods. Even with the integration of energy storage, the solar energy on south facade in the
Yangtze River region remains almost inadequate for comprehensive building energy coverage.

e Seasonal Limitations: The water heating function of the MFPV/T window is active only during
the non-heating seasons. This poses limitations since the hot water demand exists across various
seasons.

While the proposed system offers the multifaceted energy benefits due to its seasonal adaptability,
several barriers still exist for future market uptake:

e Reliability: The proposed system’s primary application positions are fenestrations, demanding
robust protection against rain, snow, and safety concerns, especially in high-rise buildings.
Moreover, the PV/T blinds constitute the core of the proposed system. Yet, the challenge of
ensuring the durability of the lamination process between PV modules and heat-absorbing slats,
a longstanding hurdle in the marketability of PV/T modules, remains for the proposed system.

e Standardization: The diversity in building fenestrations, encompassing various shapes, sizes, and
wall thicknesses, poses challenges for customization on a per-building basis by manufacturers. To

facilitate practical implementation, the development of standardized product norms of MFPV/T
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window that cater to the requirements of building-integrated PV and solar collector industries is
crucial.

e Refurbishment: Integrating the MFPV/T window into existing buildings can be complex. It
involves not only replacing the building’s original glazing system but also adapting the proposed
system to fit. Moreover, connecting the system’s header pipes to the building’s water heating
system adds to the intricacy of retrofitting.

Overall, the concept of the MFPV/T window is first proposed in this study. By amalgamating PV/T
technology with a building’s external windows, the system effectively mitigates space heating, space
cooling, and water heating loads while generating clean electricity and enhancing visual comfort.
This system’s implementation holds the potential to propel existing buildings towards zero-energy or
even positive-energy status in regions characterized by hot summers and cold winters. In the future
work, the authors will fabricate a prototype of the MFPV/T window based on the insights garnered
from this study. Moreover, an assessment of the system’s energy efficiency across diverse building
types, alongside quantifying its potential contribution to greenhouse gas reduction in the short and
medium term, will be pursued. Additionally, an in-depth economic analysis of the system will be

undertaken, encompassing all aspects of its preparation and utilization.

7. Conclusion

In this study, a novel multi-functional PV/T window was proposed to enhance the solar energy
utilization and seasonal adaptability. This window features a PV blind positioned within the cavity of
a double-skin ventilation window, with water pipes welded behind the PV blind. In winter, the cavity
air exchanges with the indoor air, allowing heat on the PV blind to be recovered to increase the indoor
temperature. In summer and other seasons, the tank water is induced into the water pipe for cooling,
thereby reducing indoor heat gain, while the heat on the PV blind is recovered to produce hot water.
By switching between different work modes according to the season, the proposed window enables
comprehensive solar utilization of photovoltaic and photothermal energy throughout the year. To

evaluate the energy saving potential of the proposed system, the mathematical model of the proposed
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window was built and validated by the reported data. Then, the developed model was integrated into

TRNSYS platform to calculate the electrical and thermal performance, while the EnergyPlus software

was used to calculate the daylighting performance. Using these methodologies, the overall energy

consumption of the MFPV/T window was predicted and analyzed based on the weather data of

Yangtze River region: Shanghai, Nanjing, Wuhan, and Chongqing. Firstly, the sensitivity analysis of

slat angle, orientation, and inner glass of the proposed window system was analyzed. Then, the annual

energy consumption and operation cost of the buildings installed with MFPV/T and clear windows
were compared. The main results are summarized as follows:

(1) Increasing the slat angle can increase the heat and electrical output of the system, but it can also
increase the lighting energy consumption. The optimal slat angles for Shanghai, Nanjing, and
Wauhan are 40°, while for Chongqing it is 0°. The PV output, air conditioning load, and hot water
production reach the optimal value when the orientation angles are 45~60°, 0°, and 75°,
respectively. The orientation angle has negligible effect on the lighting energy consumption of the
proposed system. The optimal orientation angles for these cities are 30°, 45°, 45°, and 60°,
respectively. Due to the shading of the PV blind, low-iron glass with high visual penetration is
preferred as the inner glass over low-emissivity glass with insulation properties.

(2) The annual PV outputs in these four cities are 77.6 kWh/m?, 82.4 kWh/m?, 65.8 kWh/m?, and
30.2 kWh/m?, respectively. Compared with the double-skin clear window, the MFPV/T window
can reduce the air conditioning load by 15.4%, 16.8%, 13.1%, and 10.2%, respectively, while the
water heating loads are reduced by 41.8 kWh/m?, 48.4 kWh/m?, 40.7 kWh/m?, and 32.6 kWh/m?,
respectively. Additionally, the UDIs are increased by around 53%, 51%, 50%, and 25%, at the
cost of an increase in lighting consumption of 11.9 kWh/m?, 14.4 kWh/m?, 12.2 kWh/m? and 12.7
kWh/m?, respectively. After using the MFPV/T window, the operation cost during the whole year
can be reduced by 34% (6.4 $/m?), 36% (7.0 $/m?), 28% (5.7 $/m?), and 16% (2.9 $/m?),
respectively while the CO2 emission can be reduced by 53.5, 58.5, 47, and 22.3 kg/m?,

respectively.
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