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Abstract

In recent years, interest in building integrated photovoltaic (BIPV) has
increased considerably. This thesis aims to evaluate the energy performance of
semi-transparent photovoltaic fagde for office buildings in central China and to

propose optimal design based on the evaluation.

In this study, an experimental room was set up in Wuhan, which is typical city
of central China in climate. Then, the calculation models for energy evaluation of
PV facdes are developed and validated based on field experiments. The
architectural models were developed with a series of generic office rooms. Finally,
the architectural models and validated models were incorporated into the

simulations with Energy Plus for energy evaluation of semi-transparent PV fagade.

Energy evaluations based on the PV generated electricity were performed in
four cities of China. The results show that with the varieties of cities and building
orientations, building forms, and materials and arrangements of PV modules, there

was a distinct difference in annual power generation of PV fagdes.

Energy evaluations based on the overall energy consumption were performed
for two types of the PV facdes in Wuhan. The impacts of the properties of PV
glazing and the architecture factors on the overall energy of semi-transparent PV
facades was addressed. For example, in large window-to-wall ratio (WWR) office
rooms, mono-crystalline semi-transparent PV of high PV coverage ratio (PVR)
could be energy efficient. Therefore, use of optimal PVR and WWR based on the
combination of room depth and orientation can achieve overall energy consumption

saving.

In addition, the suitability of optimal PVR/WWR strategies for PV fagdes in
different architectural conditions was investigated with the consideration of
Chinese Design Standard for Energy Efficiency of Public Buildings. The
mono-crystalline semi-transparent PV could only achieve a better overall energy
performance in the cases of small WWR and small depth room meanwhile

amorphous-silicon fail to achieve a better overall energy performance in all cases.
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CSWD
DC
EVA
HC
NOCT
PV
PVR
STC
TRY
T™MY
WWR

Air conditioning

Air mass

Building attached photovoltaic
Building integrated photovoltaic
Chinese Standard Weather Data
Direct current

Ethylene-vinyl acetate copolymer
Heating and cooling

Normal operating cell temperature
Photovoltaic

PV coverage ratio

Standard test conditions

Test Reference Year

Typical Meteorological Year
Window-to-wall ratio
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List of Important Symbols

Symbols
Pq

Epv

Guy,i

Ols

Yi
Ys

0i

Description

DC electrical power of PV generation (W)

DC electrical energy of PV generation (kWh/m?)
aperture surface area of PV cell (m?%)

time (hour)

solar irradiance (W/m?)

horizontal total irradiance (W/m?)

horizontal beam irradiance (W/m?)

horizontal diffuse irradiance (W/m?)

total irradiance on inclined surface (W/m?)

beam irradiance on inclined surface (W/m?)

reflected irradiance on inclined surface (W/m?)

diffuse irradiance on inclined surface (W/m?)

hourly extraterrestrial irradiation on a horizontal surface
ratio of beam irradiance on inclined surface to horizontal
beam irradiance (dimensionless)

solar elevation (rad)

inclination angle of the surface (rad)

azimuth angle of the inclined surface (rad)

azimuth angle of the sun (rad)

declination of the sun (rad)

angle of incidence on the surface (rad)

solar zenith angle (rad)

local latitude (rad)

hour angle (rad)

day (d)

anisotropy index in the Hay model (dimensionless)
modulating function in the Reindl model (dimensionless)
solar constant (W/m?)

average ground reflectance (dimensionless)



n PV cell/module conversion efficiency (dimensionless)
PV cell/module conversion efficiency under STC

e (dimensionless)
PV cell/module conversion efficiency under T,

n(Te) . .
(dimensionless)

Bc temperature coefficient (K™)

T temperature (K)

Te PV cell/module operating temperature (K)

T, ambient temperature (K)

NOCT Normal operating cell temperature (<C)

E annual overall energy consumption of the building room with
the semi-transparent PV fa@des (kWh/m?)

P instant power of the PV panel (W/m?)

Qi solar absorptance of layer i (dimensionless)

Ti temperature of boundary i (dimensionless)

Tout outdoor temperature (K)

Tin indoor temperature (K)

Noutc convective heat transfer coefficients for the outside surface
(dimensionless)

Rinc convective heat transfer coefficients for the inside surface
(dimensionless)

hout outside heat transfer coefficient (dimensionless)

hin inside heat transfer coefficient (dimensionless)

& emissivity of the front glass (dimensionless)

o Stefan—Boltzmann constant

T total solar transmittance of semi-transparent PV
(dimensionless)

Tj solar transmittance of layer i (dimensionless)

Ai the heat conductivity of layer i (W/mK)

Asc heat conductivity of the solar cell layer (W/mK)
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AEVA

heat conductivity of EVA layer (W/mK)

thickness of layer i (m)

inward-flowing fraction of the absorbed radiation

solar absorptance (dimensionless)

visible transmittance of the semi-transparent PV glazing
(dimensionless)

visible transmittance of layer i (dimensionless)

U-factor, overall heat transfer coefficient (W/m?K)

solar heat gain coefficient (dimensionless)

Shading coefficient (dimensionless)
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1.1. Research background

Global awareness of energy use and its environmental implications has been
raised in the recent report by the Inter-governmental Panel on Climate Change
(IPCC) (Solomon et al., 2007). Because economic expansion requires energy
consumption, rapid economic growth is accompanied by rapidly increasing energy
consumption in China since the policy of “Reforming and Opening” was adopted
by the Chinese government in 1978 (Zhang, 1995). In general, industry,
transportation and buildings are the three primary sectors of energy demand.
According to the International Energy Agency, commercial and residential
buildings account for 30.9% of the total end-use energy consumption in China
(Birol, 2010). With further development of the economy and improvements in the
living standards of people, the proportion of buildings in the total energy
consumption will continue to increase; buildings are estimated to account for 35%
of the total energy consumption in China by 2020 (Yao et al., 2005). The only way
to alleviate the ever-growing building energy demand in China is to implement a
building energy efficiency policy and to promote advanced technologies and proper
building design strategies for energy efficient buildings (Xie et al., 2011; Hong,
2009).

Photovoltaic (PV) has been regarded as one of the best ways to harness the
renewable energy for buildings (Parida et al., 2011). Solar power is converted to
direct current electricity by PV materials, such as monocrystalline silicon,
polycrystalline silicon, amorphous-siliconcadmium telluride, and copper indium
gallium. (Petter Jelle et al., 2012). The crystalline silicon PV and the
amorphous-silicon PV are commonly used in the market. The advantage of the
crystalline silicon cell is that the practical efficiency is high, and the disadvantage
is the large amount of energy consumed in production and the high cost, while the
advantage and disadvantage of amorphous-silicon is the opposite to those of
crystalline silicon. (Goetzberger and Hebing, 2000). Building integrated
photovoltaic (BIPV) are photovoltaic materials that are used to replace
conventional building materials in parts of the building envelopes, such as the
roofs, skylights or fagdes. Due to the Chinese government’s incentive policies, the

application of solar PV modules has developed rapidly, and a significant number of
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BIPV demonstration buildings have been built since 2009 (Xie et al., 2011). In
particular, BIPV technology is becoming widely used in parts of the fagades of
modern buildings (Roberts and Guariento, 2009 ; Weller et al., 2010 ; Zhang et al.,
2012 ; Taleb and Pitts, 2009). Office buildings are particularly suitable for BIPV
technology, as office buildings consume energy primarily in daytime, which is
when the PV system collects and converts solar energy into electricity; thus, the
effort and cost associated with energy storage can be avoided (Lam et al., 2003).
Such PV facades are being used increasingly in the designs of office buildings in
China (Peng et al., 2011). Accordingly, the development of an optimal PV facade
design for architects, constructers, and installers is becoming increasingly urgent.

The results of extensive studies on the evaluation of the power generation of
BIPV modules indicated that the solar irradiance and PV module temperature
should be considered as the most important factors because they affect both the
electrical efficiency and the output of the BIPV system. Moreover, the energy
evaluation of semi-transparent PV on an office fagde should be regarded in view
of the overall energy rather than only the electricity produced by the PV system.
Semi-transparent PV modules not only generate electricity but also introduce
daylight, which can reduce artificial lighting energy consumption during the
daytime (Li et al., 2009). Conversely, semi-transparent PV modules reduce the heat
gain in a building by blocking the incoming solar radiation due to absorption in the
PV cells (Fung and Yang, 2008), which increases heating demand indoors in winter
but reduces the cooling demand in summer. The researchers suggested that the
properties of PV material and the different combinations of architectural factors
have a profound impact on the overall energy consumption of semi-transparent PV
fagde buildings, particularly through their effects on PV electricity generation,
lighting, heating and cooling.

Moreover, the climate is the key factor for building energy evaluation as well
as the overall energy-saving effects of semi-transparent PV systems. In Brazil, the
use of a semi-transparent PV window has been shown to save up to 43% of the
energy consumption (Leite Didonéand Wanger, 2013). In addition, 55% energy
savings were achieved in Japan (compared to a single-glazed window) with a solar

cell transmittance of 40% and window-to-wall ratio (WWR) of 50% (Miyazaki et
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al., 2005), and energy savings in the range of 16.7-41.3% were achieved in
Singapore for a WWR range of 70-100% (Ng et al., 2013). Other previous studies
(Lu and Law, 2013; Olivieri et al., 2014) have also demonstrated the importance of
considering climatic conditions in the investigation of semi-transparent PV window

applications.

In brief, it is an urgent task to promote the optimal design and usage of PV
applications, especially BIPV systems, in China. Studies of semi-transparent PV
fagdes must be further performed in terms of the overall energy performance
under the local conditions of central China. Related calculation methods and
models must be developed to allow for a wider range of studies of semi-transparent
PV fades under different architectural conditions and different PV coverage ratio
(PVR). Such work would provide a solid foundation for the further development of

research and applications of semi-transparent PV fagdes in China.
1.2. Research aim and objectives’

The general aim of this research is to evaluate the energy performance of
semi-transparent photovoltaic fagde for office buildings in central China and

to propose optimal design based on the evaluation.

The major research objectives include the following:

(1) To establish an experimental room with semi-transparent PV fagde under
the real climate conditions and to develop the experimental methodology of
the measurement and calibration for collecting effective data. (Chapter 3)

(2) To estimate the annual power generation of the PV fagdes in the
representative cities of China. (Chapter 4)

(3) To evaluate the overall energy performance of two type of
semi-transparent PV fagdes for office buildings in Wuhan, China.
(Chapter 5-Chapter 7)

(4) To develop an optimizing design approach for semi-transparent PV facade

by the use of optimal PVR/WWR. (Chapter 5-Chapter 7)

(5) To investigate the suitability of optimal PVR/WWR strategies in different
architectural conditions. (Chapter 8)
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1.3. Methodologies and approaches
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Figure 1.1 Methodologies structure

This study is a comprehensive research program involving the methodologies
of experiment and field measurements, calculation models development and
validation, simulation and mathematical analysis. Field measurements are
performed in the first stage to investigate the electrical, thermal, optical
characteristics of different semi-transparent PV glazings. At the same time,
calculation models and methods are constructed to predict the energy performance
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of these glazing under the prevailing weather conditions. These models are
validated against the measured data to confirm the accuracy. Subsequently, the
validated PV models and typical office buildings models are incorporated into the
building simulation program to evaluate the overall energy consumption. Finally,
the results of evaluation are used to define the optimal design for this region.
Figure 1.1 shows the methodologies structure.

(1) Experiment and field measurement

The goal of the experimental study performed in this work is to achieve more
accurate data regarding the properties of semi-transparent PV glazings. The
experimental room containing two inner and separate chambers was set up on the
roof of a building in Wuhan. The building component such as PV glazing could be
fixed on the south vertical fagde of the experiment room. The methodology of
measurement and calibration was developed to achieve vital data of the
environmental parameters and the parameters related to PV facdes. A board range
of data including temperature, solar irradiance, illuminance and PV generation
power was measured and recorded systemically in a long period for more than one
year. In addition, the PV facdes parameters achieved from the field experiment in

this study were compared with the previous literature of other researchers.

(2) Calculation models development and validation

Firstly, the measured data were applied to develop calculation models of
determining the solar irradiance on inclined surface and PV generation power
based on operating temperature. Both of the validated models are indispensable to

estimate the annual power generation of PV facdes.

Secondly, the measured data were applied to develop PV power generation
model, thermal model and daylighting calculation method for both

mono-crystalline and amorphous-silicon semi-transparent PV fagdes.

Thirdly, architectural models were developed to provide a series of generic

office rooms for overall energy evaluation of semi-transparent PV fagdes. The



Chapter 1

generic office rooms were set to allow control of three variables, the room depth,
WWR and orientation, and were fixed on other necessary settings including

building envelop materials, running schedule of people and equipment etc.
(3) Simulation and mathematical analysis

With validated calculation models and typical year weather data, the annual
power generation of PV fagde were calculated in several representative cities of
China. The mathematical analysis were carried out on the effects of location and
orientation, effects of building forms, effects of PV material and PV

arrangements.

With the calculation methods, architectural models and typical year weather
data, the overall energy consumption evaluations were carried out in the research
for two semi-transparent PV facdes in Wuhan, a representative city of central
China in climate. In addition, the suitability of optimal PVR / WWR strategies for
PV fagdes under different architectural conditions was investigated with the
consideration of Chinese Design Standard for Energy Efficiency of Public

Buildings.
1.4. Organisation of the thesis

This thesis consists of nine chapters. A brief description of each chapter is
outlined as follows.

Chapter 1 is an introductory chapter that describes the background information
related to the research topic, and outlines the content of this thesis. The research
aim and the objectives of this research are introduced in this chapter. The
investigation methodologies and approaches are also presented.

Chapter 2 reviews the past work in the existing literature relevant to the current
research. The important discoveries and conclusions by previous studies have been
acknowledged and considered thoroughly. In addition, the research gaps are
identified in this chapter.

Chapter 3 presents the experimental study of semi-transparent PV fagdes on the
rooftop of the building in Wuhan, China. The set-up of experimental room, with

semi-transparent PV facades, the data measurements and data quality control
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methods, is described. The general measured results in the different weather
conditions are presented using graphical approaches.

Chapter 4 presents the climate, solar irradiance and their relevance of power
generation of PV facade. The calculation methods of solar irradiance on inclined
surface and PV generation power based on operating temperature are explained and
are validated with recorded data from the experimental room. Employed with the
validated calculation methods and the typical year weather data of CSWD, the
parametric studies are carried out on estimation of the annual power generation of

PV fagdes in China.

Chapter 5 presents the calculation models and methods developed for both
mono-crystalline silicon PV fagdes and amorphous-silicon semi-transparent PV
fagdes, which includes the PV power generation model, the heat balance model
and the daylighting calculation method. The measured data obtained from the field
experiments are presented to compare with the simulated results as validation in

this chapter.

Chapter 6 presents the evaluation of the energy performance of mono-crystalline
semi-transparent PV faqdes. A discussion of the parametric analysis of the
overall energy performance and a comparison analysis between mono-crystalline
semi-transparent PV glazings and traditional glazings is conducted. The optimal
strategy by PVR for mono-crystalline semi-transparent PV facades and its impact is

proposed and discussed in this chapter.

Chapter 7 presents the evaluation of the energy performance of amorphous-silicon
semi-transparent PV fagades. A discussion of the parametric analysis of the overall
energy performance and a comparison analysis between amorphous-silicon
semi-transparent PV glazings and traditional glazings is conducted. The optimal
strategy by WWR for amorphous-silicon semi-transparent PV fagdes and its
impact is proposed and discussed in this chapter.

Chapter 8 presents other implications of semi-transparent PV fagades in office
buildings. The effects of other architectural factors on overall energy performance
when semi-transparent PV fagdes are used are discussed. The suitability of the

optimal PVR/WWR strategies in different architectural conditions is investigated.
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Environmental performance of the semi-transparent PV facdes based on the
carbon reduction by the amount of CO, and polluted emission including SO,, NO

and carbonaceous dust are presented in this chapter.

Chapter 9 summaries the main contribution of this thesis, states its limitations, and

provides the suggestions for further investigation.
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Chapter 2 Literature review
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In Chapter 1, research objectives and methodologies have been identified and
discussed. To further support the research ideas, the profound literature review is
essential. In this chapter, contributed studies and knowledge related to the research
objectives and methodology were reviewed in terms of four categories:
photovoltaic technology and its development in China (Section 2.1), building
fagades and overall building energy performance (Section 2.2), semi-transparent
PV fagdes and its impact on building energy performance (Section 2.3), tools and
computation software (Section 2.4). Important discoveries and conclusions by these
previous studies have been acknowledged and considered as an important basis for
the formation of this study.

2.1.Photovoltaic technology and its development in China
2.1.1. Solar photovoltaic technology

Photovoltaic technology is known as a method to generate electrical power by
solar cells, converting energy from solar energy to a flow of electrons. The
continuous flow of electrons produces electrical power and is the basis of all types
of PV applications (Gevorkian, 2007).

The most commonly used materials for photovoltaic devices include
mono-crystalline silicon (Wawer et al., 2011; Sastry et al., 2010; Huld et al., 2011),
poly-crystalline silicon (Becker et al., 2013), amorphous-silicon (Gracin et al.,
2013; Rozario et al., 2014), cadmium telluride, and copper indium gallium.
(Gevorkian, 2007). Each material exhibits different practical efficiency and prime
cost. (Table 2.1) (Goetzberger and Hebing, 2000). The advantage of the crystalline
silicon cell is that the practical efficiency is high, and the disadvantage is the large
amount of energy consumed in production and the high cost, while the advantage
and disadvantage of amorphous-silicon is the opposite to those of crystalline

silicon.

The amount of electrical power generated by a solar PV device is continuously
changing with the changes of the environmental factors (Alonso-Abella et al.,
2014). Therefore, the use of Maximum Power Point Tracking (MPPT) techniques
are required to maintain each cell the PV array’s operating point at its MPP. Many

MPPT techniques have been proposed in the literature, e.g., the Perturb and
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Observe (P&O) methods (Hua and Shen,1998), the Constant Voltage (CV) method
(Yu et al., 2004), the Incremental Conductance (IC) methods (Hussein et al.,1995),
the Artificial Neural Network method (Sun et al., 2002), the Fuzzy Logic method
(Kotta et al., 2006). These techniques vary in many aspects, including simplicity,
convergence speed, hardware implementation, sensors required, cost, range of
effectiveness and the need for parameterisation. The P&O, CV and IC techniques
are the most widely used. Considering the different types of solar insolation and
solar irradiance variations, the three MPPT techniques are compared by using the
Matlab tool Simulink (Li et al., 2007). The P&O method is adopted in many BIPV
projects for its advantage of highly efficient tracking results and economic
feasibility. These studies have been reviewed to ensure the accuracy of the

measurements of PV power generation in field studies, which is further discussed

in chapter 3.
Table 2.1 PV material and efficiency
Efficiency  Sensitivity
Cells Module Area need Costs  Impacted with solar
material efficiency  for 1IKWp by direct
temperature  radiation
Mono-cry
stalline 12%~15% 7 m2~9m2
silicon
—_—— High Great High
Poly-cryst g g
alline 11%~14% 7.5 m2~10 m2
silicon
AMOIPRO- o0 606 14m2-20m2
silicon
CIS
: 8%~12% 9 m2~11m?2 Low Small Low
material
CdTe 706100 12 me-17m2
material

2.1.2. Development of photovoltaic applications in China

The development of solar photovoltaic has become a very interesting and

attracting topic in China in recent years. The demand and industry of solar
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photovoltaic technology grows in a rapid speed after 2006. To demonstrate such
development, the annual production and installation of photovoltaic modules are
presented in Table 2.2 (Li and Wang, 2007 ; Chen, 2012 ; OFweek Research,
2012 ; Xu, 2012). Both the installation and production exhibited rapid growth;
however, compared to the amount of production, the domestic installation in China
is significantly lagging. China has great advantages in terms of field-tested,
adequate, and relatively low priced PV products. These advantages provide great
opportunities for the development of solar PV applications, including building

integrated photovoltaic systems, in the future.

Table 2.2 Annual installation and production of photovoltaic in China

Unit; Year
MWp 2004 2005 2006 2007 2008 2009 2010 2011
Installation 10 8 10 20 40 160 500 2200

Production 50 200 400 1088 2600 4011 10500 21000

Meanwhile, in recent years, to address China’s enormous energy consumption
needs, the Chinese government mandated the implementation of all types of
sustainable energy resources. Solar energy is one important part of this plan. Just in
two years from 2012 to 2013, nine solar PV related policies that support the
development of solar photovoltaic projects were released, as presented in Table 2.3
(NDRC, 2011 ; NDRC, 2013 ; NEA, 2012a ; NEA, 2013). These massive
government-supported policies promote the development of solar photovoltaic
technology in many aspects of research and development, including the solar PV
manufacturing industry, distributed solar power implementation, BIPV projects,
grid connection of solar PV projects, etc.

With the advantages from both the market and government supports,
increasing numbers of solar PV projects are emerging in China. Table 2.4 presents
the PV projects supported by the program known as the Golden Sun Demonstration
Program, which was initiated by the Ministry of Science and Technology (MOST)
and the National Energy Administration (NEA) (Xu et al., 2011 ; Lv, 2012).

— 13-
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Increasing numbers of projects are being approved and supported by this program,
and they serve as the demonstration projects to further promote the development of

solar PV power usage in China.

Table 2.3 Government-supported policies of PV released from 2012 to 2013

Issuing time Issuing Document title
agency
January 2012  State Five Year Plan for Renewable Energy
Council Development

July 2012 NEA 12th Five Year Plan for Solar Energy
Development

September NEA Notice on Application for Scaling Up

2012 Demonstration Zones for Distributed Solar
Power

September NEA Notice on Application for Scaling Up

2012 Demonstration Zones for Distributed Solar
Power

November State Grid Opinions on Providing Good Services to the

2012 Grid Connection of Distributed PV Power
Generation (Provisional)

July 2013 State Opinions on Promoting the Healthy

Council Development of Photovoltaic Industry

August 2013  NDRC Notice on Promoting the Healthy
Development of Solar PV Industry through
Price Leverage

August 2013 NEA Notice on the Construction of Scaling Up
Demonstration Zones for Distributed Solar
Power

August 2013  NDRC Provisional Management Measures for

Distributed Power

Note: NEA: National Energy Administration

NDRC: National Development and Reform Commission

_ 14—
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Table 2.4 PV projects supported by the Golden Sun Demonstration Program

Phase Year Approved projects Approved
capacity
(MW)

[ 2009 98 201

11 2010 50 272

I 2011 140 690

I\% 2012 167 1709

Total 455 2872

Table 2.5 Breakdown of the cumulative PV installations in 2010

Category Amount  Change Share Change
(MWp)  (compared (%) (compared
to 2009) to 2009)
Rural electrification 75 +29% 9.4 -9.9%
Communication and 42 53
industry o -8.0%
PV products 40 +0% 5.0 + 0%
BIPV/BAPV 256 +250% 32.0 +7.6%
Large scale PV stations 387 +335% 48.4 +19.2%
Total 800 +167% 100 0%

Among all of the solar PV projects in China, BIPV and BAPV (building
attached photovoltaic) projects comprise a large fraction of them (Li and Wang,
2007; Chen, 2012; OFweek Research, 2012; Xu, 2012). Table 2.5 presents the
breakdown of the cumulative PV installations in 2010, with BIPV and BAPV
comprising 32% of the total installations. More than 256 MWp of solar PV
capacity were installed in one year, which increased by 250% compared to that in
2009. The market share of BIPV/BAPV increased from 24.4% to 32.0%, indicating
the rapid development of PV usage in buildings. Table 2.6 presents the BIPV
projects supported by the Golden Sun Demonstration Program. The increase in

—15-—
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BIPV projects in the program also increased significantly. However, most of these
BIPV/BAPV projects are installed with PV panels on the roof area. The
implementations of PV facdes in buildings are still at the very beginning stage,
with few implementations in practice. The need for research and development of
PV fagdes in China is urgent, especially because of the significant demand for
BIPV and the lack of relevant field experiments and research studies.

Table 2.6 BIPV projects supported by the Golden Sun Demonstration Program

Phase Year Approved projects Approved
capacity
(MW)

I 2009 111 91

I 2010 99 90.2

I 2011 106 120

IV 2012 _ 250

Total 551.2

2.2. Building fagdes and overall building energy performance

The PV facade, as one type of building fagde, has an impact on energy
performance that shares some similarities with the other types of buildings fagdes.
The studies of the impact of fagades (windows and walls) on building energy
performance have been widely performed in the past decades, and a review of these
studies is an important basis for the research of the impact of PV fagdes on

building energy performance.

2.2.1. Impacts of different factors of fagdes on energy consumption

The configurations and layouts of fagdes have a profound impact on the
energy performance. The WWR (window-to-wall ratio) has been identified as one
of the most important factors among all of the fagade configurations. S. Saridar
(Saridar and Elkadi, 2002) performed a research study in which several buildings in
Eastern Mediterranean are examined to discover the impact of WWR of fagde on

energy consumption. Table 2.7 presents the WWR of three building facgades of
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architectures built in different periods of time. The differences between the cases
are obvious in terms of energy performance by the different WWR.

Table 2.7 WWR and annual lighting electricity consumption of several types of

buildings
Date of WWR Annugl_
construction  South Wall ~ North Wall Fast/\West ‘e;:)e:;rjlﬁ‘lgio”

Wall (Kwh/m?)
1978 0.72 0.87 0.63 3.26
1982 0.25 0.25 0.08 30.52
1994 0.58 0.58 0.58 7.63
1997 1 0 0.44 20.37

Furthermore, other factors, such as building orientation, climate, glazing type,
and fixed exterior shading, are also identified in terms of the relationship between
the fagdes and the building energy performance, such as annual energy use and
peak cooling loads, and these factors have been thoroughly analysed in a number of
studies conducted over the past several decades. The impact of the selection of
design strategies, including glazing type and fixed exterior shading, on energy use
and peak loads is assessed through a series of parametric studies in the book
Window Systems for High-Performance Buildings (Carmody et al., 2004). The
effect of the fagde on energy use is also a consistent thread in the book
ClimateSkin (Hausladen et al., 2008) and is a major element in the book,
PlusMinus 20740< Latitude (Hindrichs and Daniels, 2007). The premise of the
latter book is that most of the global population lives in the region from 20“north
to 40°south latitude, and therefore, this is a region on which design teams and
manufacturers should focus attention for building performance. A majority of
sources on this topic stress the potential of the building envelope in reducing
energy use through the use of daylighting, solar heat gain control strategies, natural
ventilation, and integration with HVAC and lighting systems.

To date, a number of studies (Jaber and Ajib, 2011; Serra et al., 2010; Jin and
Overend, 2014; Ghadimi et al., 2013; Goia et al., 2014; Infield et al., 2006; Han et
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al., 2013; Infield et al., 2006; Charron and Athienitis, 2006) have been conducted
on energy saving buildings using climate-sensitive windows and facde
technologies, including double fagde skin, advanced shading and PV fagdes. A
study (Jaber and Ajib, 2011) investigated different effects of the U-value, SHGC
(solar heat gain coefficient), orientation, and size of the windows on the annual
heating and cooling energy demand. Three different climate zones with four
glazings: single glazed, double glazed L, double glazed H and triple glazed. The
study indicated that 20-24% of the energy use can be saved by a well-optimised

glazed window according to different climates of Amman, Agaba and Berlin.

From all of the above-mentioned studies, the two most important aspects
identified among the different branches of these studies are daylighting
performance and thermal performance (heating and cooling). These aspects are
particularly important in office buildings because they are mainly operating during
the daytime. The daylight and thermal demand is largely affected by building
facades.

2.2.2. Daylighting performance

Daylighting provides the visual and pleasant indoor environment for people in
office rooms as a natural lighting source. The colour rendering index of daylighting
is the best in all lighting sources and thus it is a high quality source of light.
Daylighting is achieved by the light passing through building facgdes (window
glazing or any semi-transparent material).

In Hong Kong, Li and Lam (Li et al., 2010) measured the illuminance on
fagdes and investigated the energy savings from the use of daylighting for
different facades (windows). A study of the effect of building envelope on the
daylighting efficiency in an office building was performed by Boyano (Boyano et
al., 2013), the results led to the conclusion that lighting plays a significant role in
energy use. Different reports suggested that reducing the WWR can lead to a better
energy performance, but simultaneously reduces the daylighting efficiency
(Poirazis et al., 2008; Motuziene et al., 2010; Susorova et al., 2013). Motuziene and
Joudis (Motuziene et al., 2010) analysed the office buildings in Lithuania and

suggested that with 20-40% of the optimal WWR, the energy performance
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remained the best. However, such low WWR would have problems meeting the
daylighting requirements.

2.2.3. Thermal performance: U-value and SHGC

In terms of the thermal performance of building glazing facades, a large
amount of studies in the past decades have identified the following as the two most

important and significant values: U-value and SHGC.

The U-value can be referred to as an ‘overall heat transfer coefficient’ that
measures how well parts of a building transfer heat, i.e., the higher is the U value,
the worse is the thermal performance of the building envelope. A low U value
usually indicates high levels of insulation. The U-value is useful because it is a way
of predicting the composite behaviour of an entire building element rather than
relying on the properties of individual materials (Brennan, 2014). In addition,
U-values are important because they form the basis of any energy or carbon
reduction standard. In practice, nearly every external building element must comply
with thermal standards that are expressed as a maximum U-value. Knowledge of
the U-values at an early stage in the design process avoids subsequent expensive
re-working in a project. The U-value allows the designer to test the feasibility of
their project at an early stage to ensure it is appropriate for the purpose and will

comply with the regulatory frameworks.

The SHGC is the fraction of incident solar radiation admitted through a
window, both directly transmitted and absorbed and subsequently released inward.
SHGC is expressed as a number between 0 and 1. The lower a window's solar heat
gain coefficient, the less solar heat it transmits. The nationally recognised rating
method by the National Fenestration Rating Council (NFRC) is for the whole
window, including the effects of the frame. Alternately, the centre-of-glass SHGC
is sometimes referenced, which describes the effect of the glazing alone. Whole
window SHGC is lower than glass-only SHGC, and the value of whole window
SHGC is generally below 0.8 (RIBA, 2014).

2.3. Semi-transparent PV fagdes and its impact on building energy

performance
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In recent years, it appears that interest in energy conservation and renewable
energy application in buildings has greatly increased, as evidenced by building
integrated photovoltaic (BIPV) technology becoming widely used as part of the
fagde in modern buildings (Roberts and Guariento, 2009; Weller et al., 2010).
Semi-transparent solar PV fagdes, different from conventional solar PV modules,
have PV cells incorporated into glazing materials (Lim et al., 2013). In addition to
generating electricity, semi-transparent PV facdes allow daylighting and reduce
heat gain in buildings due to the blocking of some of the solar radiation by the PV
cells; such semi-transparent PV fagades are anticipated to be widely used as
fagades in office buildings.

Semi-transparent PV is beneficial to energy savings in buildings because it not
only generates electricity but also introduces daylight, which can reduce the
artificial lighting energy consumption(Li et al., 2009). In addition, semi-transparent
PV reduces the heat gain by blocking the solar radiation with the PV cells, which
will increase the heating demand of the inner space in winter but reduce cooling
demand in summer (Lu and Law, 2013). These impacts above are contradictory in
terms of overall energy conservation, and studies suggest that the answer lies in the
balance of the penetration of daylight and the solar heat gain.

Semi-transparent PV facdes can be achieved by different PV materials.
Mono-crystalline silicon and amorphous-silicon are the two most commonly used
materials for semi-transparent PV glazings. These two PV technologies are
different in many ways, including PV electricity generation efficiency, thermal
characteristics, transparency and the integration in glazings. As a result, their

impacts on energy performance are also different.
2.3.1. Mono-crystalline silicon semi-transparent PV

For mono-crystalline semi-transparent PV glazing, the mono-crystalline solar
cells on the laminate are spaced so that the partial light filters through the PV
module and illuminates the indoor space (Figure 2.1). Light effects from these
panels lead to an ever changing pattern of shading in the building itself. The indoor
rooms remain shaded, yet not constrained. Adding layers of glass to the base unit
of a semi-transparent PV glass module can offer thermal insulation (Roberts and
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Guariento, 2009). For mono-crystalline semi-transparent PV glazing, the PVR (PV
coverage ratio) largely controls the transparency of the PV glazing and is thus a

very important parameter.

Figure 2.1 Image of mono-crystalline semi-transparent PV glazing

The PVR determines the solar transmittance of mono-crystalline
semi-transparent PV fagdes and appears to be an important factor in terms of
window and fagde design of BIPV because it controls the amount of solar
radiation through the building envelope, which has an impact on the energy
consumption of the lighting, cooling and heating systems (Vartiainen, 2010;
Miyazaki, 2005; Yun et al., 2007; Nalanie Mithraratne, 2014; Jiang et al., 2008).
Vartiainen (Vartiainen, 2001) found that the fagade layout of different proportions
of PV cells and window glazing area will have a significant impact on the overall
benefits on lighting energy savings. Miyazaki (Miyazaki, 2005) found that energy
consumption was minimised with the solar cell transmittance of 40% and a
window-to-wall ratio (WWR) of 50%. Yun et al. (Yun et al., 2007) explored the
overall energy performance of limited combinations of the window ratio and room
depth in a ventilated photovoltaic facade. The above-mentioned studies and other
related studies (Nalanie Mithraratne, 2014; Jiang et al., 2008) indicate that an

optimal PVR exists and should be investigated thoroughly as an important part of
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the design approach in terms of maximising the benefit of the use of a PV system
on the overall energy performance.

Different climate environments would result in different overall energy
savings due to the optimisation of the PVR used on PV fagdes. In Brazil,
semi-transparent windows save as much as 43% of the energy consumption (Yun et
al., 2007), while in Japan, 55% of the overall energy is saved using a solar cell
transmittance of 40% compared to a normal glazing fagade (Wong et al., 2008). In
Singapore, energy savings of 16.7% to 41.3% can be achieved using
mono-crystalline semi-transparent PV facades (Leite Didonéand Wagner, 2013).
Other studies (Ng et al., 2013; Lu and Law, 2013) also suggest that it is important
to consider the impact of the urban and climate environment on the design of

mono-crystalline semi-transparent PV facdes.
2.3.2. Amorphous-silicon semi-transparent PV

Different from mono-crystalline semi-transparent PV glazings because the
layer of the amorphous-silicon PV cell is so thin or is laser grooved to enable light
to pass through, filtered light is transmitted through thin-film amorphous-silicon
semi-transparent PV glazings instead of the shadowed light of the mono-crystalline
semi-transparent PV glazings. Semi-transparent thin-film PV modules are
especially appropriate for use as PV fagdes (Figure 2.2).

Figure 2.2 Image of amorphous-silicon semi-transparent PV glazing

- 22—



Chapter 2

Studies of amorphous-crystalline semi-transparent PV glazings are relatively
limited. Evelise Leite Didoné (Leite Didonéand Wagner, 2013) investigated the
potential of energy saving and electricity generation of semi-transparent PV
glazings (amorphous-silicon included) of office buildings in Brazil. The study
indicated that it is possible to reduce the energy consumption for artificial lighting
and AC and furthermore to generate energy using amorphous-silicon
semi-transparent photovoltaic panels in windows. The study also provided a
comparison between semi-transparent PV glazing and Low-E glazing, which
proved that Low-E glazing has a better energy performance. Poh Khai Ng (Ng et
al., 2013) performed an energy analysis of semi-transparent PV glazings (several
amorphous-silicon models included) in Singapore. The study revealed the potential
to use amorphous-silicon semi-transparent PV glazings for all orientations in
tropical countries including Singapore. This study specifically indicated that
optimising the WWR with different design strategies is necessary to achieve the
highest electricity benefit for semi-transparent PV glazings (amorphous-silicon
included). In terms of field experimental research, L. Olivieri (Olivieri et al., 2014)
investigated four amorphous semi-transparent PV modules of different
transmittances in Madrid. The study found that the solar protection and insulating
properties of amorphous-silicon semi-transparent PV modules are lower than those
achieved by a reference glazing, whose characteristics are in accordance with the
Spanish Technical Building Code. The electricity conversion efficiency is found to
be minimally affected by the transmittance of amorphous semi-transparent PV

glazings.

2.4.Tools and computational software
2.4.1. Assistant tools and software for the optimal design of a PV system

A large number of assistant tools and software have been developed in recent
years to provide the necessary information for designers and engineers in designing
and simulating PV systems. These tools can be categorised into four types (Norton
etal., 2011):
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Table 2.8 Tools and their features for the optimal design of PV systems

For design and analysis PV systems. Predicts monthly

performance of PV system with array efficiency calculated
PV f-Chart ] ]

by cell temperature. Provides long period performance by

weather data.

Simulates PV electricity generation of grid-connected PV
PVWATTS o
system with internet access (USA only)

Simulation based on database of meteorological and

inbuilt geographical. Using 3D CAD facility for

visualisation. Losses are considered such as wiring losses,
PVSYST _

temperature losses, reflection losses etc. Capable of

modelling grid-connected system of different inverters

and load profiles with measured data.

Used for optimization and design of PV systems. Provides
a database of a large PV and inverter manufacturers.
PVSOL Defined component specifications by users are accepted.
Capable of different PV surface inclinations and

orientations. Performs

Predict PV electricity generation by hourly values such as
normal radiation, air temperature, inplane insolation and

SOLCEL-II'  wind speed etc. Simulates hourly performance of PV
system by employing MPPT, voltage regulator and
temperature co-efficiency etc.

Provides PV system simulation as sequential modular
TRNSYS program. Individual components (empirical or analytical)

can be adopted to perform different simulation needed.

Designed for standalone and grid-connected applications

with inputs such as insolation, air temperature, wind speed
PVFORM _ _ o ) )

etc. MPPT is also considered in this program with partial

load efficiency.
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(1) Pre-feasibility tools: These tools are used for determining the suitability of
BIPV systems for particular projects. In these tools, BIPV applications are

examined through PV electricity generation and the life cycle cost.

(2) Sizing tools: These tools are used for optimising the size of different parts
of a BIPV system. The determination is based on the purpose and life cycle

cost of the analysed system.

(3) Simulation tools: These tools are used for simulating the detailed
behaviours and performance of a PV system in a given situation.
Information is provided regarding the financial and environmental features

of the analysed PV system.

(4) Open-architecture research tools: These tools are used for adding new

components or modifying existing components into main programs.

To further illustrate the tools and computational software that are most
commonly used for the optimal design of a PV system, several tools and their
features are described in Table 2.8 (Klein and Beckman, 1993; Marion and
Anderberg, 2000; Mermoud, 1995; Hoover, 1980; Klein et al., 1979; Menicucci
and Fernandez, 1989).

2.4.2. Computation simulation tools for energy performance simulations

The energy requirements of a building depend not only on the individual
performance of the envelope components (walls, windows and roofs) and HVAC
and lighting systems but also on their overall performance as an integrated system
within the unique building. For a large commercial building, the complex and
dynamic interactions occurring in the building with its environment and its systems
and plants must be modelled and simulated for analysis. The modelling technique
available to architects, engineers and building managers concerned with energy
conservation is simulation of the building energy use. Energy simulation is a
valuable tool for architects and engineers to evaluate building energy consumption
before the building is built. Alternative designs or materials can immediately be
evaluated to determine how much they affect the annual energy consumption.

Through parametric analyses, professionals can extend their design concepts to

—- 25—



Chapter 2

incorporate new technologies and innovations, thus creating opportunities for

increased energy savings.

Over the decades, a large number of energy simulation programs have been
developed. Some of the more popular simulation packages and their information
are listed below (Hong et al., 2000).

Table 2.9 Building simulation software packages

Program Developer organizations Website
DOE-2 Lawrence Berkeley Laboratory, (http://eande.lbl.gov/BTP/simul
USA ations/DOE2.html)

BLAST University of Illinois, USA

ESP University of Strathclyde, UK http://www.strath.ac.uk/D
epartments/ESRU/ESP-r.h
tm)

TRNSYS University of Wisconsin, USA (http://sel.me.wisc.edu/trn

sys/
DEST Tsinghua University, P.R. China  http://www.dest.com.cn/
EnergyPlus  Department of Energy, USA http://appsl.eere.energy.g

ov/buildings/energyplus/

Among all of the tools above, EnergyPlus is the one used most often in recent
years. EnergyPlus is a popular building energy simulation program that builds on
the strengths of BLAST and DOE-2. EnergyPlus was written in Fortran 90 with a
structured, modular code that is easy to maintain, update, and extend. The
EnergyPlus source code is open for inspection and is understandable, which
enables developers around the world to develop new modules algorithmic or

interfaces in EnergyPlus.
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Modelling the performance of a building with EnergyPlus enables building
professionals to optimise the building design to use less energy and water. Each
version of EnergyPlus is tested extensively before release. EnergyPlus models
heating, cooling, lighting, ventilation, other energy flows, and water use.
EnergyPlus includes many innovative simulation capabilities: time-steps less than
an hour, modular systems and plant integrated with heat balance-based zone
simulation, multi-zone air flow, thermal comfort, water use, natural ventilation, and
photovoltaic systems (Crawley et al., 2001). In terms of the EnergyPlus structure, it
has three basic components: simulation manager, a heat and mass balance
simulation module, and a building systems simulation module. The simulation
manager controls the entire simulation process. The heat balance calculations are
based on IBLAST, a research version of BLAST with integrated HVAC systems
and building loads simulation. Many studies (Tabares-Velasco et al., 2012;
Andolsun et al., 2011; Rempel et al., 2013; Mateus et al., 2014) have validated
many aspects of the EnergyPlus simulation capabilities, including thermal
calculation, daylighting simulations, and ventilation simulation, with measured
data. The validations provided in the mentioned studies and references have
shown that Energy Plus is relatively reliable in general conditions. In terms of
particular studies of BIPV((Leite Didoné and Wagner, 2013; Ng et al., 2013;
Miyazaki et al., 2005; Wong et al.,2008), Energy Plus has also been used widely as
it provides an excellent access to architecture modelling tools like SketchUP,
which is very useful for architects to create the needed architecture models for
simulations. The use of Energy Plus in BIPV studies seems to indicate the
reliability of its results. However, in a given simulation condition, different settings
of the boundary conditions could lead to a slightly varied result and such limitation
should be carefully considered, which however could be solved by carried out more
validation tests of the results under the exact boundary conditions of the needed
simulation conditions.However, no simulation tool, not even EnergyPlus, exists
that provides the calculation models for semi-transparent PV glazings. Special
modification based on existing tools is required for simulation of the overall energy

performance of semi-transparent PV glazings.
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2.5. Conclusions

In this chapter, contributed studies and knowledge were reviewed in terms of
four categories. Important discoveries and conclusions by previous studies were
acknowledged and considered thoroughly, which enabled several conclusions to be

made:

(1) BIPV is in great demand and has a promising future in China, with the

significant advantages of the production market and government policy.

(2) Building facades have been recognised to have multiple significant
impacts on the overall energy performance, including daylighting and
heating and cooling electricity consumption. Parameters such as WWR,
Room depth, U-value, and SHGC significantly impact the overall energy
performance. Many studies have been performed to develop strategies to

optimise the parameters to achieving a better energy performance.

(3) Studies of the two main types of semi-transparent PV glazings primarily
focus on the impact of transmittance/PVR/WWR on energy performance.
Different strategies related to optimal transmittance have been made to

achieve a better energy performance.

(4) There are varied computational tools specifically designed for the
installation of PV systems on building roofs. In terms of computational
simulation tools, EnergyPlus is capable of simulating overall energy
performance and is acknowledged as reliable and is often applied in

academic studies.

However, few studies to date have attempted a comprehensive determination
of the optimal PVR/WWR for semi-transparent PV technology using different
combinations of architectural factors, such as room depth, WWR and orientation.
Accordingly, no general trends have been defined regarding variations in optimal
PVR. Such knowledge will play a crucial role in future optimal design approaches
for semi-transparent PV fagdes; as a result, improvements in the understanding of
the variation in PVR are urgently required. In particular, previous studies providing
accurate assessments of the overall energy performance of semi-transparent PV

fagades in China are extremely limited, and few relevant experiments have been
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conducted under the climatic conditions similar to those in central China. Studies
conducted under real climatic conditions are necessary because several studies
investigating semi-transparent PV in different climate zones have produced

different results.
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Chapter 3 Experimental room set-up and

field measurement
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The determination of performance for semi-transparent PV fagde requires the
tests are conducted in the outdoor environment. The experimental room allow the
semi-transparent PV glazing to be tested in realistic, but controlled, conditions.
This is important for achieving the electrical, thermal and optical characteristics of

the PV glazings.

The aim of this chapter is to demonstrate the experimental study involved a
series of field measurements using an experimental room with the semi-transparent
PV facades in realistic climate conditions of Wuhan, China. In Section 3.1, the
experimental rooms for studying building components used by previous researchers
are reviewed, and the knowledge and experience gained from such experimental
rooms are introduced. Next, the experimental methodology in our research is
presented in Section 3.2 and Section 3.3, with the descriptions of layout of the
experimental room, the parameters of the PV modules used in the test, and the
measurement equipment and arrangements. Finally, the general field measurement

results are presented in Section 3.4.
3.1. The motivation of experimental room set-up
3.1.1. Review of previous experimental room

To provide high-quality test environments for evaluating the energy
performance of building components under realistic climate conditions, some
experimental rooms were constructed by previous researchers over the past
decades. During the testing of a broad range of building components, the
experimental procedures and measurement techniques have been developed and
improved gradually. The two important cases of experimental rooms are described
and the successful methodologies on the use of these experimental rooms are

summarised in subsequent paragraphs.
(1) MoWITT for thermal performance of windows

Klems (1984) constructed and calibrated an experimental room called
MoWiITT (Mobile Window Thermal Test) at Lawrence Berkeley Laboratory in the
U.S. The U-value and G-value of the building components, the two characteristic
parameters of the thermal and solar-optical transmittance, were determined using

careful measurements under realistic field conditions in MoWITT (Klems, 1988a;
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Klems and Keller, 1987). Consisting of dual, guarded, room-sized calorimeters in a
mobile structure, the MoWITT is capable of simultaneously exposing two
fenestration samples, each experiencing a room-like interior environment, to
ambient outdoor weather conditions and of measuring the net heat flow through

each fenestration with good accuracy.
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Figure 3.2 Image of MOWITT
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MoWITT was also applied to the validation work of a glazing simulation
package, WINDOW. The experimental results from MoWITT and the simulation
results from WINDOW exhibited good agreement in the studies of Klems (Klems,
1988a; Klems, 1988b).

(2) PASLINK test cell

Funded by the European Commission research projects, the PASLINK test
cells that can provide high-quality test environments were established to quantify
the performance of a passive solar building. All types of building components,
including advanced glazed components, window components, synergy facde, air
supply window, conservatory, shading elements, ventilated roof, hybrid PV
ventilated facades, fagde heating system and solar collectors, had been tested in
the experiment room of PASLINK (Strachan and Vandaele, 2008).

Many European laboratories, such as the Belgian Building Research Institute
at Limelette, Belgium, the Building Research Establishment in East Kilbride,
Scotland, the Fraunhofer Institute, Germany and Pilkington in Lathom, England

established experimental rooms.

One example of the PASLINK test cell was constructed in Porto, Portugal, to
investigate the energy performance of the SOLVENT window under local climate
conditions. The test cell was equipped with a so-called pseudo-adiabatic shell
(PAS), which limits the heat loss through the floor, roof and walls to a very low
and precisely quantifiable value. A large amount of environmental parameters were
recorded systematically, which included global and diffuse solar radiation, outdoor
air temperature, relative humidity, wind speed and direction. The PASLINK test
cell is equipped with instrumentation to measure parameters related to the
SOLVENT window, including glazing temperature at each glazing surface, air
temperature in the open air channel, velocity of the air at the centre of the air gap,
and air temperature at various points inside the test cell. The tests were performed
in both summer and winter. Each configuration of the SOLVENT window was
monitored for at least one week, with each week including at least two days with a
clear sky. During the monitoring period, the test room temperature was maintained

at 23.540.5 “C by a heating and cooling system (Lea and Maldonado, 2008).
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With the data collected in the experiment room, the models of the SOLVENT
window were developed to evaluate the energy savings in the applications of

innovative building components to realistic buildings.

Figure 3.3 Image of the PASLINK test cell for the SOLVENT window

(3) Summary of the experimental room

Although the construction and development of an experimental room is
expensive and time-consuming, such work has its unique advantages. The
experimental room provides an evaluation of the visual appearance and the
detection of building details, such as thermal bridges. The availability of an
experimental room established in different climate zones allows the performance of

building components to be verified under local climate conditions.

From the construction and development of an experimental room by
previous researchers, the general methodology of the experimental procedures

and analysis techniques are summarised as follows: (Strachan, 2008)
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First, the suitable size of the building component is designed to fit in the

experimental room.

Second, field experiments record the relevant data for the evaluation of the

building component.

Third, key parameters and indicators of building components acquired from

the experiments are used to develop simulation models.

Fourth, careful validation is performed to confirm the accuracy of the

calculation models with the measurement results.

Finally, the validated models of building components are incorporated into
simulation programs to investigate full-scale building energy performance in the

climate of interest.
3.1.2. General considerations on experimental room and measurement

In this study, to evaluate the performance of semi-transparent PV fagades in
actual Wuhan weather conditions, an experimental room was installed on the roof
of a 5-storey building in Wuhan (29°58’N, 113°53’E). The field measurement data
were collected to develop and validate the mathematical models of
semi-transparent PV facades, which are presented in the later chapter. For the
above purpose, general considerations on the experimental room and the

measurements performed are listed below.

(1) The experimental room should be located in a location free from shading in
Wuhan.

(2) The PV glazing should be fixed on the south fagade of the experimental

room.

(3) There should be two equivalent units in the experimental room so that the
performance of two PV glazings on the fagde can be recorded for a

comparative study.

(4) To investigate the energy performance of the two units with PV fagdes,

each unit should be designed as a separate chamber.
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(5) The experiment should be conducted for a long period, i.e., greater than 12
months, and the field-measured data should be systematically recorded in a

proper interval time.

(6) To acquire the essential parameters pertaining to the electrical, thermal and
optical characteristics of the PV glazings, data from field measurements
should include temperature, illuminance, PV generating electricity and solar

radiance, among other parameters.

(7) The requisite methods should be taken to guarantee the necessary precision

and accuracy in the measurements.

The details regarding the experimental room set-up and the field measurements

are described below.
3.2. Experimental room set-up
3.2.1. Layout of the experimental room

An experimental room containing two inner and separate chambers to
determine the PV glazing performance for two glazings simultaneously was set up
on a flat roof of the building in the campus of Huazhong University of Science and
Technology. There are no nearby buildings and trees in the south of the
experimental room; therefore, the tests were not influenced by shading. The
experimental room had a length, width, and height of 4.65 m, 3.4 m, and 3.6 m,
respectively, and was constructed using mineral wool board with a thickness of 12
mm as the thermal insulation of the walls. The experimental room contained two
inner chambers sharing a guarded room, each of which included a window that was
1.1 m long and 1.3 m high on the southern vertical fagade. The windows were
designed as a changeable system by which different types of glazing components
could be fixed on the window. The plan, section and photo of the experimental
room are shown in Figure 3.4 to Figure 3.6. A detailed description of the
experimental room is presented in Table 3.1.

The author of the thesis is the prime investigator of the experimental study.
The author designed the layout of experimental room, set the experimental

schedule and organized all kinds of tasks in the experiment. The workers from
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Wuhan Lingyun Building Decorative Engineering Company Ltd. built up the
experimental room. Some students of Huazhong university of Science and

Technology installed the glazing on the facade and collected the measured data

during the experimental period.
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Figure 3.4 Layout of the experimental room

(a) Plan, (b) Section
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Figure 3.5 Image of the experimental room

Table 3.1 Descriptions of the experimental room

Dimensions of the 4.65m>3.4m>3.6m
experimental room (length>depth>height(from front))

Dimensions of the inner .
1.34m>2.4m>3.0m (length>depth>height)
room

Dimension of the window 1.1mx1.3m (length>height)

Window area 1.43m°

Mineral wool board (thermal insulating

Wall material ) )

material) thickness: 12mm
Construction structure Steel
Special design Break the heat bridge

Inner room temperature _ o
“GREE” air-conditioning, power: 1.25W
control

- 38—



Chapter 3

3.2.2. Properties of the PV glazings

Four types of PV glazing modules were studied in the test. They are fixed on
the window one-by-one for different test groups for their performance comparison
against each other. The properties of the PV glazing modules, which were provided
by the respective manufacturer company, are listed below. Three of the PV
glazings are semi-transparent, and the fourth PV glazing is opaque. To ensure the
airtightness between the PV glazing and the widow frame, every time when the PV
glass got replaced, a cover plate together with full-length rubber seals on each edge
is used, by which it is considered as airtight state. Both the Two inner chambers are
preceded with the same method to ensure the same identity of the two rooms.

Table 3.2 Descriptions of the four PV glazings considered in the study

PV glazing code PV-1 PV-2
PV glazing type Monocrystalline semi-transparent PV
Dimensions 1.1mx1.3m(length>height)
Layers of the

\ai 6mm super white tempered glass (low iron tempered
glazing )
(external glass)-EVA- monocrystalline solar cells-EVA-6mm
external to

semi-tempered glass

internal)
Dimensions of Number: 6>6 Number: 6>6
the solar cells (series>parallel) (series>parallel)
Size: 156mm>156mm Size: 125mmx>125mm

Solar cell area 0.8761m’ 0.5625 m*
Solar cell ratio
of the PV 61.3% 39.3%
glazing
Reference output

140W 95W
power
Operating

18.45V 18.74V
voltage
Operating 7.588A 5.069A
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current
Open circuit
21.23V 21.97V
voltage
Short circuit
8.793A 5.765A
current
Picture = ————
Effective
transmittance 35% 60%
(visible light)
Manufacturer CSG Holding Co., Ltd. (China)
Weight 44.5kg
Total thickness 12mm
PV glazing code PV-3 PV-4
PV glazing type Amorphous-silicon Amorphous-silicon opaque
semi-transparent PV PV
Dimensions 1.1mx1.3m(length>height)
Layers of the ] 6 mm super white
) 6 mm super white tempered )
glazing ) tempered glass (low iron
glass (low iron tempered
(external to tempered glass)-EVA-
) glass)-EVA- Amorphous N )
internal) Amorphous-silicon thin

-silicon thin film-EVA-6

) film-EVA-6 mm opaque
mm semi-tempered glass

glass

Dimensions of ]
1.1mx1.3m(length>height)
the solar cells
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Soar cell area /

Solar cell ratio

of PV glazing

Reference output
75W 150W
power

Picture

Effective

transmittance 20% 0%
(visible light)

Manufacturer CSG Holding Co., Ltd. (China)
Weight 44.5kg

Total thickness 12mm

3.3. Measurement equipment and arrangements
3.3.1. Measurement equipment

The field experiment was conducted 24 h a day from June 2012 to August 2013.
The equipment included a thermocouple, luxmeter, pyranometer, and power
recorder used to collect the series of data of temperature, illuminance, solar
irradiance, and PV output power, respectively. All of the above data were acquired
by a data logger with the interval of 1 minute all throughout the experimental
period and were sent to the computer nearby for storage. General data describing
the weather conditions were recorded at hourly intervals using the Davis Vantage
Pro 2 weather station. All of the pieces of measurement equipment are listed in
Table 3.3.
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Table 3.3 Descriptions of measurement equipment

Specification and

Device Measurements
Manufacturer
Jinzhou Sunshine ,  Horizontal and vertical
Pyranometer L
TBQ-2, China total solar irradiance

TES, TES-1339R, Indoor and  outdoor

Chinese Taiwan illuminance

Luxmeter

T type thermocouple, Glazing surface and air
Thermocouple

China temperature
Agilent, 34972A, PV output current and
Power recorder
USA voltage
Agilent, 34972A, o
Data logger Data acquisition
USA
Ambient  temperature,
_ Davis, Vantage Pro barometric pressure,
Weather station o _
2, USA humidity, wind

velocity- and direction.

3.3.2. Arrangements of the temperature measurement

A total of 12 T-type thermocouples were used to measure the temperature on both
the inside surface and the outside surface of the PV glazing and the ambient
temperature of the inner room, the guarded room and the outside of the
experimental room. All of the thermocouples were connected to a Data Acquisition
apparatus, Agilent 34972A, made in the USA. The simultaneous temperature data
were captured once per minute and were sent to a computer through a network
cable. These thermocouples were calibrated by placing them together with a
standard mercury thermometer (with precision of 0.1<C) into a thermostatic water
bath of temperature ranging from 0 <C to 100 <C. Through this calibration, the
accuracy of the thermocouples was improved to #0.1 <C, which meets the test
requirements. The arrangement of the temperature measurement points is presented

in Figure 3.6. To avoid the unnecessary solar heat gain from solar radiation on the
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thermocouple of the outer surface, a small opaque aluminum foil is used to block
the solar radiation and prevents it from heating up the thermocouple. Since the
touch point of thermocouple is very small, it is considered that the opaque
aluminium could effciently avoid the unnecessary solar heat for the thermocouple

while it barely affects the heat transfer process and the temperature of the PV glass.
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Figure 3.6 Arrangement of the temperature measurement points

3.3.3. Arrangements of the solar irradiance measurements
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Figure 3.7 Arrangement of the solar irradiance measurement points
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TBQ-2 pyranometers with an accuracy of #5% manufactured by Jinzhou
Sunshine, China, were installed on each of the east, south, west and north facing
facades and were used to measure the global solar irradiance on the four vertical
planes. Two pyranometers were installed on the flat roof of the experimental room
as a group. One pyranometer was used to measure the global solar irradiance on
horizontal plane, and the other pyranometer nearby, which was fitted with a
shadow ring to block the direct sun, was used to measure the diffuse solar
irradiance on the horizontal plane. The ring has a polar axis design requiring
adjustment for solar declination every few days. The pyranometers were connected
to the Agilent 34972A apparatus, and the exact solar irradiance data were
calculated using the measured voltage sent from the pyranometers to the Agilent
34972A and the sensitivity of each pyranometer. The data were recorded at the
interval of 1 minute and sent to the computer for storage-. The pyranometer device
was calibrated by the manufacturer before performing the experiments, and the
sensitivity of each pyranometer was labelled on the instrument. The arrangement of
the solar irradiance measure points is presented in Figure 3.7, and an image of the
group of pyranometers on the horizontal roof is shown in Figure 3.8. The
specifications of the pyranometer are presented in Table 3.4.

Figure 3.8 Image of the group of pyranometers on the experimental room roof
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Table 3.4 Specifications of the TBQ-2 pyranometer

Specification TBQ-2
Sensitivity 7-14uV/( W/m-2)
Wavelength range 0.3-3.0um
Accuracy of measurement 5%
Measurement range 0-2000W/m-2
Response time 30 sec (99%)
Weight 2.5kg

3.3.4. Arrangements of the PV output power measurements

Because the maximum of the PV output power varies according to the solar
irradiance, the maximum power point is changing constantly under real weather
conditions. The maximum power, determined by the optimal voltage multiplied by
the corresponding current, is the point determined by the MPPT. In this test, MPPT
systems were used to track the maximum power point of PV panel through the
control of the Perturb and Observe (P&Q) algorithm, by which the MPPT system
could attain high accuracy. The Agilent 34972A instrument collected the voltage

and current of each PV glazing every minute throughout the test period.

3.3.5. Arrangements of the daylighting illuminance measurements
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Figure 3.9 Arrangement of the illuminance measurement points
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Table 3.5 Specifications of the TES-1339R luxmeter

Specification TES-1339R
4 efficient digit reading(99.99Ix,
999.91x, 99991x, 999901x, 999900Ix)

Measurement range

Accuracy of measurement 3%
Temperature characteristic #0.1%/<C
Sampling rate 5 times/sec
Weight 3209

Likewise, the arrangement of the illuminance measurement points is presented
in Figure 3.9. The measurements of illuminance are obtained by luxmeters
(TES-1339R) manufactured and calibrated by TES Electrical Electronic Corp.,
Taiwan, China. The two luxmeters were fixed in the centre of the inner chamber
and at a height of 0.75 m, which is as high as a work desk in a general office, to
record the indoor illuminance. Another luxmeter was installed in a glass box on the
roof of the experimental room to determine the outdoor illuminance. The three
luxmeters were connected to a computer directly through an RS232 cable. The
artificial lighting sources were switched off during the daily tests, and the
illuminance data by luxmeter were recorded once per minute. The inner wall and
ceiling of the chamber were in the colour of creamy white and the floor was in the
colour of grey, resembling a typical office environment. The specifications of the
luxmeter are presented in Table 3.5.

3.3.6. Other arrangements
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ﬁl

Figure 3.11 Orientations analysis by GIS devices

Using the GIS devices, the orientation of the y-axis of the building where the
experimental room is located is 5< east of due north. Thus, we moved the
orientation of the experimental room to 5°west of due north with respect to the
y-axis of the building, making the orientation of experimental room due south. The
processes in the calibration of the orientation of the building are shown in Figure
3.10 and Figure 3.11.
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3.4. General measurements in the field experiments

The field experiment was conducted 24 h a day from June 2012 to October
2013. In the entire period, four types of PV glazings were individually installed on
the southern fagde of the experimental room. The general measurements in the
field experiments are presented below. In a year of continuous experimental
measurements, both mono-crystalline silicon PV glazing and the amorphous-silicon
PV glazing were tested on the south wall with more than two-week period for each

of the four seasons, including sunny and cloudy days.
3.4.1. Solar irradiance measurements

The total irradiance of the horizontal surface and the vertical surface of the
eastern, southern, western and northern orientations were recorded every minute for
the period of more than one year. In addition, the horizontal diffuse irradiance was
also collected at the same time. The measurements of four sunny days of spring,
summer, autumn and winter were selected to present the general tendency and
characteristics of solar irradiance in different directions in Wuhan. As shown in
Figure 3.12, the southern vertical total solar irradiance is as much as half of the
horizontal total solar irradiance in 2013/4/17, a sunny day in spring, and is as much
as one-third of the horizontal total solar irradiance in 2012/7/24, a sunny day in
summer. However, the southern vertical total solar irradiance is slightly larger than
the horizontal total solar irradiance in 2012/11/11, a sunny day in autumn, and that
in 2013/1/13, a sunny day in winter. The maximum solar irradiance at noon
reached approximately 300 W/m?, 200 W/m?, 700 W/m? and 600 W/m? on the
sunny day in spring, summer, autumn and winter, respectively. These results
implied that solar energy for the southern facade in autumn and winter should be

studied for better utilisation.
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Autumn
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Figure 3.12 Measurement of total solar irradiance of various orientations

(a) data from 2013/4/17, a sunny day in spring; (b) data from 2012/7/24, a sunny
day in summer; (c) data from 2012/11/11, a sunny day in autumn; (d) data from
2013/1/13, a sunny day in winter.
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Solar irradiance (W/m*)
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Figure 3.13 Measurements of solar horizontal total irradiance and diffuse irradiance

(a) data from 2013/8/7, a sunny day; (b) data from 2013/9/10, a cloudy day
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The daily horizontal total solar radiance and the horizontal diffuse irradiance
are plotted in Figure 3.13. On a sunny day, the diffuse solar irradiance accounted
for a small part of the total solar irradiance. On a cloudy day, the diffuse solar
irradiance was generally equal to the total solar irradiance. The measurements of
the horizontal total solar radiance and the horizontal diffuse irradiance were applied
to the validation studies in Section 4.3.3.

3.4.2. PV generation power and PV temperature measurements

Figure 3.14 shows the records from 2013/4/17, one day selected randomly in
the experimental period, when the mono-crystalline semi-transparent PV glazing,
denoted PV-2, and the amorphous-silicon semi-transparent PV glazing, denoted
PV-3, were installed on the facgdes of both rooms for comparison. The daily solar
irradiance on southern vertical fagde and the generation power of both
semi-transparent PV glazings are plotted in Figure 3.14 (a), which reveals the
identical tendency of the three curves. Figure 3.14 (b) reveals that the PV

generation power had a linear dependence with the solar irradiance on the PV

module.
Daily solar irradiance and PV generation power
- — South vertical solar sradiance - 50
350 - A P2 4
e PV-3 ,‘ 4 45
300 l‘,' i PP
N R ‘x f ¥ {r q \E.
§250- ) “vll] llﬂ 435 =
A | 1 e
® ] ",l lr\lM 430 2
S 200 4 1(” Il ‘ ] 3
S ] 425 &
® 150 : S
= ] 3 A “ ,' A 4‘ _ 120 £
%] ; Ay f 1 &
5 1004 W -, 115 §
3 ] 7 o o w’\# . 2
I A ,al, N e
50 P “ o ‘ 10 g
| R :
04 v‘.’ "'&'J,é |
K CA‘A‘FM » -0
-50 v T ¥ T ¥ T N T ¥ T N T N T
0400 0600 0800 10:00 1200 1400 1600 18:00
Time
(a)

— 52—



Chapter 3

Solar irradiance and PV generation power

@

15 4 A S

PV generation power W/m2

L L] L] L]
0 50 100 150 200 250 300 350
Vertical solar irradiance Wim2

(b)

PV-2
PV-3

Figure 3.14 Measurements of solar irradiance and PV generation power

Figure 3.15 shows the measurement of the PV temperature and the calculation

of the PV conversion efficiency from the measurement of the PV generation and

solar irradiance. According to the measurement data, the equations that indicate the

correlation of PV generation power and solar irradiance and the correlation of PV

efficiency and PV temperature will be discussed in the Section 4.2.2. The data of

figure 3.15 is from the measurements of August 4, 2012.
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PV efficency and PV temperature
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Figure 3.15 The PV efficiency and the PV temperature
Table 3.6 Parameters of four PV glazings
PV PV conversion Temperature
) Type of PV module o o
coding efficiency (STC) coefficient
mono-crystalline
PV-1  semi-transparent PV modules 14.7% 0.69%
(60% coverage of PV cells)
mono-crystalline
PV-2  semi-transparent PV modules 14.0% 0.72%
(40% coverage of PV cells)
amorphous-silicon opaque PV
PV-3 7.8% 0.23%
modules
amorphous-silicon
PV-4 4.9% 0.21%

semi-transparent PV modules
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(PV electricity generation coefficient is calculated by the average value from the

data recorded from eight random days (two from each season))

Four types of PV glazings were successively installed on the southern fagde
in the experimental period; based on these measurements, the parameters of the PV
properties for the four types of PV glazing were calculated, as presented in Table
3.6. Temperature coefficients obtained by previous researcher were 0.59% for
crystalline-silicon PV and 0.16% for amorphous-silicon PV (Wong et al., 2005).
This parameters obtained from the field experiment in this study agree reasonably

well with the results of previous research work.
3.4.3. Daylighting illuminance measurements

Daylighting can be introduced to an indoor room by using a semi-transparent
PV facde. The illuminance on the horizontal surface of the indoor room with a
mono-crystalline semi-transparent PV facde and the illuminance on the outdoor
horizontal surface are plotted in Figure 3.16 (data from 2013/10/24). Figure 3.16
(@) shows the generally identical tendency for the outdoor and the indoor
illuminance values; Each point on the figure represents both indoor (as Y-axis) and
outdoor (as X-axis) luminance level. The linear dependence of the indoor
illuminance and the outdoor illuminance can be observed in Figure 3.16 (b).
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Outdoor illuminance (lux)
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Figure 3.16 Measurements of daylighting illuminance
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3.5. Conclusions

To evaluate the energy performance of PV fagdes in the realistic local
climate, the experimental room with two inner and separate chambers was set up on
the flat rooftop of a building in Wuhan. Several types of PV glazing were
successively installed on the southern vertical fagade of the experimental room for
field measurements. In addition, the methodology of measurement and calibration
was developed to achieve the vital data. The experiment room was equipped with
instrumentations to record a broad range of data for over a year, including
temperature, solar irradiance, illuminance and PV generation power. The collected
data were used to validate the calculation models of PV fagdes in the Chapter 4
and Chapter 5.

With smart design, skillful construction, durable measurement and careful
calibration in the experimental room, the systemically measured and recorded data
of environmental parameters and the parameters that are related to PV facades was
verified to be effective and valid. The PV fagdes parameters achieved from the
field experiment in this study agree reasonably well with the results of previous
works of other researchers. In addition, the establishment of the experimental room
can be considered an achievement in this study because not only it provided
high-quality data in the realistic local climate but also the experimental procedures

and measurement techniques were developed and gained in the process.
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Chapter 4 Climate, solar irradiance and
estimation of annual power generation
of PV facdes in China
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Building energy consumption, as well as the generated electrical energy of
BIPV fagdes, is related to the climate and solar irradiance, which vary from
location to location and from year to year. This chapter commences by discussing
the climate and solar irradiance and their relevance to the power generation of PV
fagades, and then estimates the annual power generation of PV facgde with
validated models and typical year weather database in China.

In Section 4.1, the thermal climate zones and the solar climate zones in China
are described. After the introduction of the Chinese Standard Weather Data
(CSWD) that is the widely used for the typical year weather data in mainland
China, the thermal climate and solar climate of Wuhan are presented using the
CSWD. In Section 4.2, the calculation methods of solar irradiance on an inclined
surface and PV generation power based on operating temperature are explained.
The recorded data from the experimental room are used to validate the calculation
methods. The measured results and calculated results exhibited a good agreement
in the validation study. In Section 4.3, along with the validated calculation methods
and the typical year weather data of the CSWD, parametric studies are performed

on the estimation of the annual power generation of PV fagdes in China.
4.1. Climate and solar irradiance
4.1.1. Thermal climate zones and solar climate zones in China

Building design and energy use in the built environment are directly related to
the local climate, and the specific electrical power yields via feasible application
with PV fagades are associated with the local solar resource. The thermal climate

and solar climate in China are presented as follows.

China is a huge country, covering approximately 9.6 million square kilometres.
Approximately 98% of the land area stretches between a latitude of 20°N and 50°N,
from the subtropical zones in the south to the temperate zones (including
warm-temperate and cool-temperate) in the north (Chao, 1986; Zhang and Lin,
1992). China also has a complex topography, ranging from mountainous regions to
flat plains. Due to the large area and complex topography, the climate in China

differs from region to region.

— 59—


app:ds:feasible
app:ds:associated
app:ds:with

Chapter 4

There are different ways to classify climate regions or zones in terms of the
different purposes of the different criteria. For the consideration of building thermal
design, five thermal climate zones, namely Severe Cold, Cold, Hot Summer and
Cold Winter, Mild, Hot Summer and Warm Winter, are commonly used in China.
The zoning criteria are mainly based on the average temperatures in the coldest and
hottest months of the year. The numbers of days that the daily average temperature
is below 5 <C or above 25 <C are counted as complementary indices for
determining the zones. Figure 4.1 shows the geographical layout of the thermal
climate zones of China (CSBTS and MCC, 1993).
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Figure 4.1 Thermal climate zones of China

At the same time, the solar energy resource exhibits a large amount of potential
and unequal distribution in China. For the consideration of solar insolation, four
solar climate zones are widely used in China: | rich area (over 6700 MJ/(mZ)), Il
moderate area (5400-6700 MJ/(m?a)), 111 utilisable area (4200-5400 MJ/(m?a)) and
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IV poor area (less than 4200 MJ/(m?a)). Figure 4-2 shows the geographical layout
of the solar climate zones of China (Shen and Zeng, 2005).
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Figure 4.2 Solar climate zones of China
4.1.2. Typical year weather database in China

The hourly and daily weather parameters, including temperature, solar
irradiance, wind direction and speed and humidity, vary from year to year;
therefore, the weather database of a typical year is required to provide the data
representative of the prevailing climatic conditions and weather patterns for the
specific location (Smart and Ballinger, 1984). Serving as input for driving the
calculation models within the simulation tools, the typical year weather database is
necessary for the building energy simulations and analyses that are widely applied
by engineers, architects, and researchers to determine the building energy
efficiency and to optimise the building design. The typical year weather database is
selected to be the data of a single year of 8760 hourly data selected from the
multi-year datasets that satisfy the statistical tests (Yang et al., 2007).

There are different types of typical years that are involved with weather data

sources, weather formats and methods. For example, the Test Reference Year
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(TRY) is one of the earliest, which was established by the American Society of
Heating, Refrigerating and Air-conditioning Engineers (ASHRAE) in 1976 (NCC,
1976). Later, the Typical Meteorological Year (TMY) was developed by Sandia
National Laboratories in the United States (NCC, 1981).

The TMY is the accepted method for generating a typical year and is widely
used by many countries and areas, including the U.S. (Hall et al., 1978), Canada
(Siurna et al., 1984), and Greece (Pissimanis et al., 1988) In Hong Kong, China, a
great amount of research studies have been performed to obtain typical weather
year data using the two methods of TRY and TMY (Hui and Lam, 1992; Lam et
al., 1992).

In mainland China, the Chinese Standard Weather Data (CSWD) is widely
used for typical weather data; the CSWD were developed by Dr. Jiang Yi of the
Department of Building Science and Technology at Tsinghua University and the
China Meteorological Bureau (CMB et al, 2005). The CSWD consists of a set of
270 typical hourly data weather files that were used for simulating the energy use
in buildings and calculating the renewable energy utilisation by researchers in
China (Yu et al., 2009).

The Department of Energy (DOE) in the United States provided the weather
data files that can be used in the EnergyPlus Energy Simulation Software (DOE,
2014). The weather data for China, which were derived from the source of CSWD,
are available on the DOE website. The typical weather files that were used in
Chapter 4 and Chapters 5-8 of this thesis were from a CD-ROM file in the CSWD
book and from the DOE website, respectively. These two datasets are the same

regarding the weather data source and different regarding the weather data format.
4.1.3. Thermal climate and solar climate in Wuhan

Wuhan was selected as the location where the energy performance of feasible
BIPV is studied in this thesis; the general information and comparative analysis of

the thermal climate and the solar climate in Wuhan are presented in this section.

Wouhan is located in the middle of China, with a latitude of 29°58'-31°22'N, a
longitude of 113°41'-115°05'E and an area of 8,494 km®. Wuhan is situated at the

confluence of the Hanshui and Yangtze Rivers along the middle reaches of the
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latter. The location of Wuhan, together with its subtropical monsoon climate,
enables hot air to collect and become difficult to dissipate. Thus, Wuhan deserves

its reputation as being one of the “Three Furnaces of China”.

Figure 4.3 shows plots of the daily average, maximum and minimum ambient
temperature in Wuhan from the weather files of the CSWD from January to
December. Spring is quite short in Wuhan and begins in March, with the rapid rise
of temperature, even to a maximum of above 20 ‘C. Summer is very hot and
humid, continuing for a long period from May to September. Midsummer starts in
July. The maximum temperature during this time mostly stays at 37-39 ‘C during
the day, yet the minimum is still high at night, generally at 28°C. Autumn starts
after October, with temperature gradually declining and the air becoming dry. The
average temperature is 20-25 ‘C, but sometimes it can reach 30 ‘C or above in
autumn. Autumn quickly transitions into winter, as long as there is cold air coming
from the north, leading to a rapid decrease in the temperature. Winter begins at the
end of December and runs through the next February, with an average temperature
in the range of 1-3°C. When there is fine weather, the temperature can be as high as
7-8 °C; however, when there is a cold wave or sleet, the temperature is usually
below the freezing point. Winter in Wuhan is very cold and, although the
temperature is not as low as in some northern cities, the wind-chill from the river
winds and the high humidity makes it feel colder, and temperatures can drop to
-5 <.
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Figure 4.3 Daily average, maximum and minimum temperatures of Wuhan

Table 4.1 Latitudes of four Chinese cities

City Wuhan Shanghai Beijing Guangzhou
Latitude 30.39N 31.22N 39.92N 23.11N
) Hot Summer  Hot Summer Hot Summer
Climate
and Cold and Cold Cold and Warm
zone
Winter Winter Winter

Figure 4.4 shows the monthly average temperature of four Chinese cities,
namely Wuhan, Shanghai, Beijing, Guangzhou, from January to December. The
temperature curves of Wuhan and Shanghai are very close to each other because
both of them are located in the same climate zone. The monthly average
temperature of Wuhan in January is higher than that of Beijing by 10<C and lower
than Guangzhou by 10<C. The monthly average temperature of Wuhan in July is
the highest in the four cities, at 30<C. From the this figure, Wuhan can be
regarded as the typical city for central China in climate, where building design
for energy efficiency and thermal comfort in buildings should be considered

carefully regarding the Hot Summer and Cold Winter climate.
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Figure 4.4 Monthly average temperatures of four Chinese cities

Five worldwide cities at latitudes similar to that of Wuhan were selected for
comparison with the monthly average temperature. As shown in Figure 4.5, the
maximum average temperature of Wuhan in summer is the highest one of the five
cities. Compared with Kagoshima and Atlantic, the Wuhan minimum average
temperature in winter is close to approximately 5<C, while the Wuhan maximum
average temperature in summer is higher than those of Kagoshima and Atlantic by
5<C. For cities in the latitude of approximately 30N, where the winters are as cold
as Wuhan, the summer is found to be no hotter than that in Wuhan. Compared with
Cairo and Houston, the Wuhan maximum average temperature in summer is higher
than those of Cairo and Houston by 2<C, while the Wuhan minimum average
temperature in winter is lower than those of Cairo and Houston by 10<C and 6<C,
respectively. For cities in the latitude of approximately 30N, where the summer is
not hotter than that in Wuhan, the winter is found to be much warmer than the
winter in Wuhan. From this figure, the weather condition in Wuhan is found to be

more extreme compared to other areas of the same latitude around the world.
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Table 4.2 Longitude and latitude of five worldwide cities

City Wuhan Cairo Kagoshima  Houston Atlantic

Country China Egypt Japan u.S. u.S.
latitude 30.39N  30.04<N 31.59N 29.76 N 33.74N
longitude 144.3E 31.23E 130.55E 95.36 W 84.38W
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Figure 4.5 Monthly average temperatures of five worldwide cities

Figure 4.6 shows the column plots of the horizontal total solar irradiance,
horizontal beam solar irradiance and horizontal diffuse solar irradiance in Wuhan
from January to December, which was derived from the weather files of the
CSWD. The total solar irradiance in July and August is the highest over the entire
year, reaching 151 kWh/m? and 137 kWh/m?, respectively, while those in January
and December are the lowest, at only 56 kWh/m? and 61 kWh/m?, respectively,
The general tendency of the maximum in summer and minimum in winter also can
be found in the solar beam irradiance and the solar diffuse irradiance. However, the
solar beam irradiance is larger than the solar diffuse irradiance only in three
months, specifically May, June and July.
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Figure 4.6 Monthly solar irradiance in Wuhan

4.2. Calculation methods for annual power generation of PV fagdes

According to the definition of the Photovoltaic Cell Conversion Efficiency, the

power generation of PV can be written as equation (4.1)
P, (t) =nAG (4.1)

where Pqy is the DC electrical power of PV generation, n is the PV cell
conversion efficiency, A is the aperture surface area of the PV cell, and G is the

solar irradiance.

In a certain time, the DC electrical energy E of PV generation can be

calculated from equation (4.2).
En, = [ Py (t)dt (4.2)

where t is the time in hours.

From equations (4.1) and (4.2), it can be concluded that the actual PV cell
conversion efficiency, n, and the actual solar irradiance, G, are indispensable to
estimate the annual power generation of the PV fagde. G is perpendicular to the
surface in the equation 4.1. The calculation methods of both values are discussed in
Section 4.2.1 and Section 4.2.2.

4.2.1. Solar irradiance on the inclined surface
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Because they are installed on the building envelope as fagdes, the PV
modules are located at different orientations and inclinations to harmonise with the
building appearance. Because solar irradiance is unequally distributed on the
building envelope of different orientations and inclinations, it is necessary to know
the incident solar irradiance on an inclined surface to access the power generation
of the PV fagde. There is usually no available measurement for the surface of
interest. Therefore, the irradiance on the inclined surface must be calculated from
the horizontal global and diffuse irradiance values, which are readily available from

the weather stations and the typical weather data.

In general, the total solar irradiance on the horizontal surface includes two
parts: the beam irradiance and the diffuse irradiance. In mathematical form, it can

be written as equation (4.3).
G, =G, +G, (4.3)

where Gy, Gy and G4 are the horizontal total irradiance, horizontal beam irradiance
and horizontal diffuse irradiance, respectively. The data of three irradiance values

can be obtained from typical weather data.

The total solar irradiance on the inclined surface, G;, includes three parts: the
beam irradiance on the inclined surface (Gp,), the diffuse irradiance on the inclined
surface (Ggq,i) and the reflected irradiance on the inclined surface (G,;). As shown in
equation (4.4), the total irradiation on an incline surface is the sum of the three
parts (Noorian et al., 2008).

G =G, +G,,; +G,; (4.4)

The three parts of the irradiance on an inclined surface can be individually
calculated using the following equations.

First, the beam irradiance on an inclined surface is calculated based on solar
geometry. The beam irradiance on the surface with inclination angle B, Gy, can be
calculated using equation (4.5) (Posadillo and L&pez Luque, 2009).

cosé,
Gb,i =Gbeb :Gb-—l
sina; (4.5)
Ry is the geometric factor (Ry>0), i.e., the ratio of beam irradiance on an

inclined surface to the horizontal beam irradiance. 6; is the angle of incidence on
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the surface, and o is the solar elevation. According to the geometry relationship of
the sun, the earth and the incline surface, os and 0; can be calculated using
equations (4.6) and (4.7).

sin ¢, =sin ¢sin d +CoS ¢ CoS & COS @ (4.6)

C0S 6, =sin Jsin ¢ cos S —Ssin & cos gsin £ €os y, +C0S & COS ¢ COS [ COS @ +
COS J'Sin @sin £ cos y, CoS @+ Coso'sin Fsiny; sinw (4.7)

where ¢ is the local latitude, which is 29°58" N for Wuhan, B is the inclination
angle of the surface, and o is the hour angle, which represents the angle between

the sun meridian and the local meridian (Igbal, 1983).
=15 x(t-12) (4.8)

where t is the time in hours with the 24-hour time system, v; is the azimuthal angle
of the inclined surface, which is the angle between the vertical plane that contains
the normal to the wall and the vertical plane that runs north-south, and vys is the
azimuthal angle of the sun. The azimuthal angle is measured from the south and is
negative when the sun is to the east of south but positive when sun is to the west of
south. The solar declination angle, which is denoted by d, varies seasonally because
of the tilt of the earth on its axis of rotation and the rotation of the earth around the
sun. The declination is zero at the equinoxes (March 22 and September 22),
positive during the northern hemisphere summer and negative during the northern
hemisphere winter. The declination reaches a maximum of 23.45°on June 22
(summer solstice in the northern hemisphere) and a minimum of -23.45° on
December 22 (winter solstice in the northern hemisphere). The declination angle
can be calculated using equation (4.9)

& =23.45° xsin| 360° x (284 +n) / 365 | 4.9)

where n is the day of the year with January 1 as n=1.

Second, the reflected irradiance describes the reflected sunlight of
non-atmospheric objects such as the ground. To calculate the reflected irradiance,
both the beam and the diffuse radiation are usually assumed to isotropically reflect.

The surface with inclination angle B from the horizontal has a view factor to the
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ground of (1-cosP)/2. Thus, the reflected irradiance on an inclined surface, G;;, can
be calculated from equation (4.10) (Vartiainen, 2000).

1- cosﬁ

G, = (G, +Gy)o( ) (4.10)

where p is the average ground reflectance. In general, the reflectance is assumed to
be 0.2 in the weather condition without snow.

Third, the diffuse irradiance on an inclined surface is difficult to accurately
determine because of the different spatial distribution of the cloud. For entirely
cloudy sky, the diffuse irradiance is isotropically distributed over the sky
hemisphere. The diffuse irradiance Ggq; can be calculated using equation (4.11) (Liu
and Jordan, 1962).

Gy =Gy (1+C°Sﬁ) (4.11)

However, the theoretical overcast sky, which is appropriate for equation (4.11),
does not always occur in practice. Many researchers introduced new mathematical
models of diffuse irradiance on inclined surfaces. Hay proposed an anisotropy
index A, to weigh the circumsolar and isotropic irradiance components. The index
A is defined in equation (4.12) (Hay and Davies, 1980).

A =G, /G, (4.12)
where G, is the hourly extraterrestrial solar irradiation on a horizontal surface. The
calculation method of G, is shown in equation (4.13) (Duffie and Beckman, 1980).

12><3600 |1+ 00330053;30n)

G =

0

(4.13)
27(w, —

x[cosgcosS(sinw, —sin @) + 360 @) sin ¢sin J]

where I is the solar constant, whose suggested value is 1367 W/m? by the World
Radiometric Center (WRC) (Li et al., 2011).

According to the Hay model (Hay, 1979), the diffuse irradiance on an inclined

surface is calculated from equation (4.14).

1+cos,6’

Gy, =G,[A-A) +AR,] (4.14)
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Subsequently, Reindl et al. added a horizon brightening diffuse term to the Hay
model. The magnitude of the horizon brightening is controlled by a modulating

function f, which is defined in equation (4.15).

f=/G,/G (4.15)

By multiplying the modulating function f to the horizon brightening correction
term sin®(p/2), which is used in Temps and Coulson model (Temp and Coulson,
1977), the diffuse irradiance on an inclined surface in the Reindl model can be
calculated from equation (4.16) (Reindl et al., 1990).

1+COSﬁ+A1R]

Gy, =G,[A-A)+ fsin’(5/2) = (4.16)

Because the relevant parameters can be achieved from typical weather files and
the specification of the inclined surface, the solar irradiance on the PV facde can
be approximately simulated. In particular, for the vertical building fagde, the
inclination angle of the surface is 90 <

4.2.2. PV generation power based on the operating temperature

The correlations that express the PV cell/module conversion efficiency as a
function of the PV operating temperature are well documented (Skoplaki and
Palyvos, 2009). The PV conversion efficiency is calculated in the traditional linear
expression as equation (4.17) (Evans, 1981).

n(T,) =1, [1- B, (T, —25°C)] (4.17)

where T. is the PV cell/module operating temperature, n(T¢) is the actual PV
conversion efficiency on the operating temperature of T, B¢ is the temperature
coefficient, and 1 is the PV conversion efficiency under Standard Test Conditions
(STC) . According to the IEC 60904-1 norm (Geneva, 2006) the Standard Test
Conditions (STC) are as follows: (IEC, 2006; IEC, 2007; IEC, 2008a ; IEC, 2008b)

- Irradiance: 1000 W/m2.
- Cell temperature: 25 <C.
- Spectral distribution: AM 1.5 (according to IEC 60904-3) (Geneva, 2008).

- Normal incidence.
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The PV conversion efficiency no and the temperature coefficient . depend on
the solar cell material. The efficiency of mono-crystalline silicon solar cells is
approximately 14-18%, whereas that of poly-crystalline silicon is 13-16%
(Sonnenenergie, 2005; Sonnenenergie, 2008). Both values can be achieved using
on-site tests, where the PV cell/module power generations are measured at two
different temperatures for a given solar radiance flux (Hart and Raghuraman,
1982).

According to equation (4.17), the PV operating temperature is the key
parameter with important influence on the PV electrical efficiency and the PV
system generated energy. In other words, the question of how to estimate the
annual PV performance in conversion efficiency becomes the question of how to
estimate the annual PV temperature. The PV actual temperature is clearly a
function of weather variables such as ambient temperature, wind speed and solar
irradiance. Nevertheless, the Nominal Operation Cell Temperature (NOCT)
calculation method can be applied to simulate the annual PV temperature as
equation (4.18).

T, =T, + (NOCT —20)—=
800 (4.18)

where T is the PV cell/module operating temperature, T, is the ambient
temperature, G is the solar irradiance on PV module in W/m?, and NOCT is the

normal operating cell temperature in <C.

Several international standards introduce the method to calculate the NOCT.
While operating in a normal temperature environment (NTE), which is specified as

follows, the PV module NOCT is calculated using equation (4.19).
NOCT = (T, —T,) e +20°C (4.19)
NTE means:
- Irradiance: 800 W/m2,
- Cell temperature: 20 <C,
- Average wind speed: 1 m/s,

- Mounting: open rack, titled normally to the solar noon sun.
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The reported NOCT are 46-50 <C for the PV module (Garcia and Balenzategui,
2004). The simulation of the PV module annual temperature and performance
based on NOCT calculations was used by Spanish researchers with the Typical

Meteorological Year of Madrid (Balenzategui, 1999).

Because of the hourly data of ambient temperature are available from typical
weather files, and the solar irradiance on the PV module is obtained from the
calculations in Section 4.2.1, the annual power generation of the PV facde can be

estimated.
4.2.3. Validation on calculation methods

Validation works were performed to verify the calculation methods discussed
in Section4.2.1 and Section 4.2.2 with measurement data in the experimental room,

which was presented in the Chapter 3.
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Figure 4.7 Validation of the solar irradiance calculation under sunny conditions

The total solar radiation, diffuse and direct solar radiation measured from field
experiment are served as input values in equation 4.3- equation4.16, thus to
calculate the solar radiation(vertical) on south wall. By doing so, the comparisons
between the measurements and calculation results of the solar radiation on south

wall are then available and shown in Figure 4.7 and Figure 4.8.
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First, the calculation of solar irradiance on an inclined surface was validated.
With the measured horizontal total solar irradiance and horizontal diffuse solar
irradiance, the total solar irradiance on the vertical fagde was calculated using
equations 4.3 to 4.16 to match with the measured results in the field experiments.
Figure 4.7 presents the validation of the solar irradiance calculation on the southern
fagade with sunny-day (7 August 2013) data, whereas Figure 4.8 presents a similar
work with cloudy-day (10 September 2013) data. The average error between the
calculated results and the measured results is 6.2% and 5.8% in Figures 5.7 and 5.8.
The solar irradiance on a vertical fagade of the other orientation was also validated,

and the measurements and calculations are consistent.
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Figure 4.8 Validation of the solar irradiance calculation under cloudy conditions

The ambient temperature and temperature of south wall measured from field
experiment are served as input values in equation 4.18- equation4.19, thus to
calculate the temperature of PV glazing. By doing so, the comparison between the
measurements and calculation results of the temperature of PV glazings is then
available and shown in Figure 4.9. The solar radiation on the south wall measured
from field experiment are served as input values in equation 4.1, inputted with n
(efficiency) calculated by equation 4.17, thus to calculate the PV electricity
generation. In the calculation, a standard efficiency of 14% (PV-2) is given by the
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manufacturer. By doing so, the comparison between the measurements and
calculation results of the PV electricity generation is then available and shown in
Figure 4.10.

Second, the calculation of the PV generation power based on operating
temperature was validated. The PV temperature was calculated using equation 4.18
with the measured ambient temperature and total solar irradiance on the PV fagde.
The calculated PV temperature and the measured PV temperature were plotted in
Figure 4.9. Then, the PV generation power was calculated using equations 4.1 and
4.17 with the PV conversion efficiency according to the PV operating temperature.
The calculated and the measured PV generation powers were plotted in Figure
4.10. The calculated and the measured results are consistent in Figures 4.9 and
4.10. The data of figure 4.9 and 4.10 were from the measurements of April 17,
2013. Beside the data that were collected in April 17, 2013 and presented in the
figures, all valid data in the experiment period also verify the aforementioned

equations.
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Figure 4.9 Validation of the calculation method of the PV operating temperature
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Figure 4.10 Validation of the calculation method of the PV generation power based

on the PV operating temperature

4.3. Parametric studies on the annual power generation of the PV fagades in
China

With the validated calculation models and the solar radiation and ambient
temperature data provided by the typical yearly weather data, the annual power
generation of the PV fagde can be estimated. In this section, the parametric studies
were performed on the PV output energy in several representative cities in China
and different integrations of the PV facades. The results of the parametric studies

can provide a reference for the optimal design of the PV facades.
4.3.1. Effects on the location and orientation

The annual power generation of the PV fagdes was simulated in four Chinese
cities: Beijing, Shanghai, Wuhan and Guangzhou, which are the representative
cities in North China, East China, Central China and South China, respectively. PV
modules should be installed on the facdes of different orientations in these four

cities.
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Figure 4.11 Annual power generation of the PV facdes of every orientation in four
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Figure 4.12 Monthly power generation of the PV fagdes in Beijing and Wuhan

Suppose that a mono-crystalline PV module (conversion efficiency is 14% at
STC) with the area of one square meter was installed on the vertical fagde of
different orientations in Beijing, Shanghai, Wuhan and Guangzhou. The annual
power generation of the PV fagdes was calculated and plotted in Figure 4.11. As
shown in this figure, the orientation of maximum PV output energy was south,
whereas the orientation of minimum PV output energy was north for all four cities.
The annual power generation of the southern PV fagde reached 139.1 kWh/m?,
98.2 kWh/m?, 82.3 kWh/m? and 82.9 kWh/m? in Beijing, Shanghai, Wuhan and
Guangzhou, respectively. Beijing was significantly better than the other three
cities. In terms of the north PV facde, the annual power generation was 49.7k
Wh/m?, 52.8 kWh/m?, 51.7 kWh/m? and 58.2 kWh/m?. Beijing has the highest
value, whereas Guangzhou has the lowest value, but the overall value is not notably
different. In general, the gap between the most favourable orientation (south) and
the most unfavourable direction (north) in Beijing is relatively large, and the
difference of the photovoltaic power generation in Wuhan and Guangzhou is

relatively small.
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The monthly power generation of the PV fagdes in Beijing and Wuhan was
illustrated in Figure 4.12. There are similar characters for both cities. The monthly
PV power generations of the east fagde and west fagde are notably close but are
greatly different from the result of the north and south. For the southern PV facde,
the maximum PV energy is in winter, and the minimum PV energy is in summer.
On the contrary, the minimum PV energy is in winter for the eastern, western and
northern facdes. The dissimilar character for Beijing and Wuhan is that the
difference in PV energy in different orientations is great in Beijing and relatively

small in Wuhan.
4.3.2. Effects on the building form

PV modules are installed on the building fagades, and the architectural form
affects the orientation of the PV modules; thus, the PV power generation in the
entire building is associated with the form of architecture. The three most typical
building forms (rectangular, rhombus and circular) are selected for the parametric
study. The mono-crystalline PV (conversion efficiency is 14% at STC) is arranged
on the building facdes with 3.6 m in storey height and 30 m in horizontal length.
Form 1 is a rectangular plane building with PV modules covering the south
fagdes; form 2 is a rhombus plane building with PV modules covering the
southeast and southwest fagdes; form 3 is a circular building with PV modules
covering the south semi-circular fagdes. The building forms were presented in
Figure 4.13 (a).

The annual power generations of the PV fagdes in the three building forms
were shown as columns in Figure 4.13 (b). The gap in PV energy of the three

building forms was slightly high in Beijing and relatively small in the other cities.
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Figure 4.13 Annual power generation of the PV fagdes in three building

forms
4.3.3. Effects on the PV material and PV module arrangements

Although the form and site of the buildings may be identical, the PV facades
power generation varies according to the PV material and PV arrangement.
Parametric studies were performed with the assumption that the south facade (3.6
m in storey height and 30 m in horizontal length) of a rectangular-form building in

Beijing were covered with PV modules in four arrangements.

Supposed the conversion efficiency are 14% for mono-crystalline PV, 7.8% for
amorphous-silicon opaque PV and 4.9% for amorphous-silicon semi-transparent
PV, which could be regarded identically from the measurements. Arrangement 1 is
composed of a 0.9-meter-high solid wall and a 2.7-meter-high curtain wall.
Mono-crystalline opaque PVs (conversion efficiency is considered to be 14%) were
installed on the solid wall, and mono-crystalline semi-transparent PVs
(photovoltaic coverage ratio is 50%) were used on the curtain wall. Arrangement 2
is composed of two 0.9-meter solid walls and one 1.8-meter-high curtain wall.
Mono-crystalline opaque PVs were installed on the solid wall, and transparent
low-E glazing was used on the curtain wall. Arrangement 3 is composed of one

0.9-meter solid wall and one 1.8-meter-high curtain wall. Amorphous-silicon
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opaque PVs (conversion efficiency is considered to be 7.8%) were plugged on the
solid wall, and the amorphous-silicon semi-transparent PVs (conversion efficiency
is considered to be 4.9%) were used by the curtain wall. Arrangement 4 is
composed of two 0.6 m long PV shading with an angle of inclination of 60< The
mono-crystalline opaque PVs are integrated to the shading. The four arrangements
were illustrated in Figure 4.14.

Figure 4.15 shows the column graphics of the annual power generation in the
four PV arrangements. The annual total PV generation energy is sorted in
descending order as Arrangement 1, Arrangement 2, Arrangement 4 and
Arrangement 3. The annual PV generation energy per square meter area in
descending order is as Arrangement 4, Arrangement 2, Arrangement 1 and
Arrangement 3. Using amorphous-silicon PV modules with the lower electrical
efficiency, arrangement 3 has the lowest total power generation and power
generation per square meter. Although the total generation energy of Arrangement
4 is not so high, but it has the highest generation energy per square meter among all
four arrangements. The generation energy per square meter of arrangement 4 is 1.5
times that of arrangement 2 and 2.5 times that of arrangement 1. This result implies
that in terms of the PV generation energy, the arrangement with the inclined PV
shading has an obvious advantage on the vertical arrangement of solid wall in

Beijing.
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4.4. Conclusions

The calculation models of solar irradiance on an inclined surface and PV
generation power based on the operating temperature are developed and validated
with the measured data. The good agreements between measured results and
calculated results demonstrate that the calculation models can predict annual power
generation of PV fagdes with good accuracy. In addition, the developed and
validated calculation method in this chapter can be used as an easy-to-use tool in
the pre-design of BIPV.

With the validated calculation methods and the typical yearly weather data of
CSWD, the annual power generation of PV fagdes in China is calculated in
parametric studies. The results show that with various cities, building orientations,
building forms, materials and arrangements of PV modules, there is a distinct
difference in the electrical output energy of PV facdes. PV facdes have
maximum electrical generation in the south and minimum in the north. However,
although the gap between the most favourable orientation (south) and the most
unfavourable direction (north) in Beijing is relatively large, the difference of the
photovoltaic power generation in Wuhan and Guangzhou is relatively small. In
addition, the difference of PV electrical energy generated in rectangular, rhombus
and circular building forms was slightly higher in Beijing and relatively small in
the other cities. The parametric study results can serve as reference for architects,

engineers and installers in the BIPV project in China.
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Chapter 5 Calculation methods and
architectural models for energy
evaluation of semi-transparent PV

facades
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In previous Chapter 4, calculation methods for PV generation of
semi-transparent PV glazing is presented. However, to further investigate the
energy performance of semi-transparent PV fagde integrated in building, complete
calculation methods of PV generation, thermal and daylighting are required and
presented in Section 5.2. In addition, architectural models are also required to serve
as architectural conditions and presented in Section 5.3. Models of baseline
buildings are necessary as they provide references to evaluate how much energy is
saved by semi-transparent PV fagdes in office buildings and is presented in
Section 5.4. This chapter would provide a solid foundation for further simulation
investigations in this study for semi-transparent PV facade.

5.1. Introduction

In Chapter 4, a calculation method for the PV generation of semi-transparent
PV glazing is presented. However, to further investigate the energy performance of
semi-transparent PV facades that are integrated in buildings, complete calculation
methods of PV generation, thermal and daylighting are required. In addition,
architectural models are also required to serve as architectural conditions. Thus,
this chapter presents the calculation methods and architectural models for the
energy evaluation for both  mono-crystalline and amorphous-silicon
semi-transparent PV fagades.

To evaluate the total energy of semi-transparent PV, relevant calculation
models and methods are necessary to predict different thermal and optical
characteristics of PV fagdes under different environmental and architectural
conditions. These characteristics involve the PV electricity generation output,
temperature behaviours of PV glazing, heat transfer process of PV glazing and
daylighting-related process of PV glazing. Based on these characteristics, the
overall energy consumption is calculated for further analysis. In this chapter, the
calculation models and methods for simulations are developed for both
mono-crystalline silicon PV and amorphous-silicon semi-transparent PV, which
includes PV power generation model, thermal model and daylighting calculation
method. Relevant studies (Ciulla et al., 2014; Hoang et al., 2014; Torres Lobera
and Valkealahti, 2013; Ishaque et al., 2011; Mei et al., 2003; Kamthania and
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Tiwari, 2014; Yun et al., 2007) have been reviewed to ensure the
comprehensiveness and practicability of the models and methods. Field
experiments were performed to obtain measured data to compare with the

simulated results for validation.

The semi-transparency of PV fagdes makes them more involved with the
building environment and the performance of building energy consumption (Leite
Didonéand Wagner, 2013 ; Lu and Law, 2013 ; Olivieri et al., 2014 ; Wong et al.,
2008). Thus, PV facdes and architectural factors are more related to each other
than the usual PV applications on roofs. In this case, architectural models are
developed as an important part to investigate the energy performance of
semi-transparent PV glazing that is used as office fagdes, which includes
parameters of WWR, room depth, orientation and other necessary settings of the
building envelop materials, running schedule of people and equipment, etc. Models
of two baseline buildings without PV applications are also introduced in this

chapter, which serve as comparison cases with semi-transparent facades.

To serve and represent the general climate condition in Central China, Wuhan
is chosen as the typical city, which has been thoroughly discussed in Chapter 4.
Chinese Standard Weather Data (CSWD) is used for the typical year weather data
in simulations. In terms of validations for calculation methods, real climate data
recorded by field experiments is used and rewritten into the CSWD format to serve
as the climate conditions to provide the comparisons between the measurement

data and calculation results.

5.2. Calculation methods of semi-transparent PV glazing

Calculation models and methods of semi-transparent PV glazing are developed
for detailed simulation of the overall energy performance of PV fagdes. The PV
power generation model for different PVR glazings is developed to predict the
electricity generation under different conditions of solar radiation and glazing
temperature. A thermal model is developed for different PVR glazings to predict
the temperature on the PV layer and provide the necessary properties to incorporate

into Energy Plus to perform computation simulations (Energy Plus does not
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provide a calculation model for semi-transparent PV glazings). In the daylighting
calculation method, lighting control is introduced to maximise the benefit of
natural daylight, which is affected by different PVR PV glazings. Studies have
discussed the calculation models and methods for PV-glazing, and some (Wong et
al., 2008 ; Jiang et al., 2008) focused on the semi-transparent PV glazing. However,
few studies have carefully considered the effect of different PVR; thus, there is a
lack of development of calculation models and methods for different

semi-transparent PVR.

5.2.1. PV power generation model

The PV power generation efficiency is affected by the temperature of solar
cells: the PV efficiency decreases with increasing temperature (Ye et al., 2013).
Moreover, a PV panel with high PVR absorbs more solar radiation and achieves a
higher temperature than a panel with low PVR; this produces inconsistent results in
terms of PV power generation efficiency even under identical climatic conditions
(Jiang et al., 2008). To address this issue, a temperature coefficient power

generation (Skoplaki and Palyvos, 2009) must be included.

P =G 1,[1- 4. (T, —257)] (5.1)

where P is the instant power of the PV panel, G is the solar radiation on the PV
plane (W/m?), n, is the PV efficiency under standard conditions (0.14 for
mono-crystalline PV and 0.049 for amorphous-silicon PV given by manufacturer),
Bc is the temperature coefficient, and T, is the solar cell temperature (<C), which is
affected by PVR. In this model, the solar cell temperature T, is unknown and must
be provided using heat balance models (as described in Section 5.2.2). In the
present study, the temperature coefficient fc was determined to be -0.72%/<C based

on field experiments.

The results that were obtained using the power generation model were
compared with the measurements that were obtained during field experiments. A
model of same settings of sizes and materials of the experiment room is built with
SketchUp (Figure 5.1) and then transferred into Energy Plus to provide the
simulation condition for validation of simulated results. The weather data is
recorded by experiment room and rewritten into CSWD format and used to provide
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the same weather condition for validation. Such a model is used for the validation
results (Figure 5.2, Figure 5.3, Figure 5.6 and Figure 5.7).

Figure 5.1 Computation models for energy plus to compared with field

experiment room

To perform a validation for calculated results of PV electricity output power by
PV power generation model, G is provided by Energy Plus, calculated with the
rewritten CSWD in real weather data measured by field experiments; Tc is
calculated by the thermal model in 5.2.2, n, and B¢ is given fixed value discussed
in paragraph above previously. By doing so, the calculated results of PV electricity
output power is given with equation 5.1. Such calculated results are then used to

compare with experiments results.

It was demonstrated that the power generation model can predict the PV
electricity output with satisfactory accuracy. For example, Figure 5.2 compares the
measured and calculated PV electricity output results for a semi-transparent PV
panel with PVR of 40% using the climate data of August 1 2013, and the results are
clearly indicates good agreement, with an average deviation of 7.5%. Other
comparisons in all four seasons were also made; the results show good agreement,
with less than 9.2% deviation in all cases. Figure 5.3 shows the PV electricity
output results of the amorphous-silicon semi-transparent PV glazing with the
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climate date of June 3™ 2013. Both comparisons indicate that the power generation

model can predict the PV electricity output with a satisfactory accuracy.
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Figure 5.2 Validation of the power generation of the mono-crystalline

semi-transparent PV
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5.2.2. Thermal calculation model

The temperature of the solar cell layers of semi-transparent PV panels must
be calculated using a thermal model. The thermal calculation model would provide
the temperature T, in equation 5.1, which is changing by time and thus affects the
PV power generation, which makes it a critical part of the calculation of PV yield
and its efficiency. With the temperature T, in equation 5.1, the accumulations of PV
electricity generation is calculated by a time step of 30 minutes. In terms of the
relation between the thermal calculation model and the Energy Plus, the thermal
calculation model would also provide the necessary properties of the investigated
glazings for Energy Plus including U-value, SHGC and visible transmittance, by

which the process of thermal calculation is carried out by Energy Plus.

For mono-crystalline silicon, the single-glazing semi-transparent PV glass
consists of multiple layers of materials, including internal and external layers of
clear glass (each is 6 mm thick) with a central layer of EVA (ethylene-vinyl acetate
copolymer) that contains a silicon cell of different PVR. In the adopted thermal
model, the semi-transparent PV glass is divided into 3 layers with 4 boundaries as
illustrated in figure 5.4. The properties of each layer are provided by the

manufacturer and presented in Table 5.1.

Table 5.1 Properties of individual layers of the mono-crystalline semi-transparent

PV
layer thickness  thermal absorptance transmittance reflectance
(mm) conductivity
(W/mK)
glass 6 0.760 0.108 0.810 0.082
EVA 1.8 0.116 0.060 0.900 0.040
silicon 0.3 168.0 0.970 0 0.030

cell
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Figure 5.4 Schematic illustration of the mono-crystalline semi-transparent PV

The temperature of each boundary was calculated based on heat balance
equations. The temperature of the solar cell layer T, was assumed to be the average
of T,and T3 because the difference between these two values was negligible in the
context of the model outcome. The heat storage in the single glazing was not
considered, and the heat transfer was assumed to be in quasi-steady state. Thus, the
heat balance equations for the first, second, third, and fourth boundaries were
established in equations (5.2), (5.3), (5.4), and (5.5), respectively.

Ga, =(T,-T,y) outvc+§a[(T1+273.15)4—(T0m+273.15)4]+di1(T1—T2) (5.2)
Gr,[(1-PVR) gy + PVRa,, ]+ d%(Tz—Ta)+P (5.3)
G, (1~ PVR) 7gyas + jz(T -T,)= E(TS—TA) (5.4)
d%(TS ~T,)=h, (T, ~T,))+ &0 (T, +273.15)" — (T, +273.15)" | (5.5)
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where G is the solar radiation on the PV plane (W/m?), g; is the solar absorbance of
layer i, and T; is the temperature of boundary i. In addition, T,y and Tj, are the
outdoor and indoor temperatures, respectively; hoyc and hi,c are the convective
heat transfer coefficients for the outside and inside surfaces of the semi-transparent

PV panel, respectively; ¢ is the emissivity of the front glass; o is the Stefan—

Boltzmann constant (W/m?K?); 7 is the solar transmittance of layer i; PVR is the
solar cell coverage ratio; 4; is the heat conductivity of layer i (W/mK); Asc and gva
are the heat conductivity of the solar cell and EVA, respectively (W/mK); P is the
PV power generation (W/m?); and d; is the thickness of layer i (m). The external
and internal surface convection heat transfer coefficients were set to 16 W/m?K and
3.6 W/m?K, respectively, based on the obtained data from the standard entitled
“Calculation specification for thermal performance of windows, doors and glass

curtain-walls” (JGJ/T 151-2008) (MHUDC, 2008).

For amorphous-silicon semi-transparent PV glazing, it consists of inside and
outside layers of 6-mm clear glass and an amorphous-silicon layer in the middle.
Similar to mono-crystalline semi-transparent PV, the amorphous-silicon
semi-transparent PV glass is divided into three layers with four boundaries, and its
schematic illustration is shown in Figure 5.5. The properties of each layer is
provided by the manufacturer and shown in Table 5.2. The temperature of each
boundary is calculated through heat balance. The temperature of the solar cell layer
T. is assumed to be the average value of T,and T3, Thus, the heat balance equations
for the first, second, third, and fourth boundaries were established as in equations
(5.6), (5.7), (5.8), and (5.9), respectively.

Gat, = (T, — Ty ) Ny + & | (T, +273.15)* — (T, +273.15)“]+i(T1 -T,)
d, (5.6)
Gra, + A(T,~T,) = 22(T,-T,)+ P
dy d, (5.7)

Gy, + 22 (T, ~T,) = 22 (T, -T,)
d; d (5-8)
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RS

(T,—T,) =hye (T, T, )+ Eo [ (T, +273.15)" — (T, +273.15)" |

(5.9)

Table 5.2 Properties of each individual layer of the amorphous-silicon

semi-transparent PV

Layers Thickness Thermal Absorptance  Transmission Reflectance
conductivity
(W/mK)
Glass 6mm 0.760 0.108 0.810 0.082
amorphou 1.5mm 0.25 0.770 0.200 0.030
s-Silicon
1 ] I 1
T1 T2 T3 T4
Glass /\";?'rig];gus Glass
""" i Layer 1 | Layer 2 ! Layer 3 |
st 2nd 3rd 4th
boundary boundary boundary boundary

Figure 5.5 Schematic illustration of the amorphous-silicon semi-transparent PV

By using there rewritten CSWD weather data provided by field experiments
T1, T2, T3, T4 are calculated with equation 5.2-5.5 and equation 5.6-5.9 for both
type of PV glazing. Such calculated results are then used to compare with

experiments results.
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The results that were calculated from the thermal model were compared with
the measurements collected during the field experiments. Figure 5.6 illustrates the
variations in the inside-surface temperature of an semi-transparent PV panel with
PVR of 40% throughout the course of a day (March 1 2013). Figure 5.7 shows the
inside-surface temperature of the amorphous-silicon PV throughout the course of a
day (June 3 2013). Both temperatures clearly demonstrate that the calculated results

are consistent with the measurements.

To calculate the heat and solar radiation transfer, which affects the heating and
cooling loads of the indoor space, it is necessary to obtain the U-factors and solar
heat gain coefficient (SHGC) for different PVR glazings (MHUDC, 2008). These
values are incorporated into Energy Plus to obtain the heat gain and loss data and
the heating and cooling demand in certain architectural conditions. These
calculation properties and methods can be used for both mono-crystalline and
amorphous-silicon semi-transparent PVs with a small change accordingly.

SHGC can be calculated according to equation (5.10):

SHGC =7+ Na (5.10)

where 7 is the total solar transmittance of semi-transparent PV, 7; the solar
transmittance of layer i, N is the inward-flowing fraction of the absorbed radiation,
and a is the total solar absorbance of semi-transparent photovoltaics with different
PVR and can be obtained from WINDOW 6.3 using the properties in Table 1.
Furthermore,  and N can be defined as shown in equations (5.11), (5.12) and
(5.13). In terms of these two types of PV glazing, amorphous-silicon
semi-transparent does not have a wide variation of solar transmittance, where z3 is
the solar transmittance of the amorphous-silicon layer. This property is different
from mono-crystalline PV layer, where the solar transmittance is controlled by the
PVR and glazing that it contains.

For mono-crystalline semi-transparent PV:

7 =1,7,7,(1-PVR) (5.11)

For amorphous-silicon semi-transparent PV:
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T=T1,7T,T, (5.12)
__ P (5.13)
hin + hout

where hoye and hj, are the outside and inside heat transfer coefficients, respectively,
for the surfaces of semi-transparent PV panels. Similarly, the U-factors can be

calculated for different PVR using equation (5.14).

U=

1
5.14
1 4.4, d 1 49

N A T A Ny
In the present study, the outside- and inside-surface heat transfer coefficients
were set to 20.2 W/m?K and 8.3 W/m?K, respectively, based on the obtained data
from the standard entitled “Calculation specification for thermal performance of

windows, doors and glass curtain-walls” (JGJ/T 151-2008) (MHUDC, 2008).

After the calculation of SHGC and U-factor, the heating and cooling loads

were simulated in Energy Plus.
5.2.3. Daylighting calculation method

According to the Standard for Lighting Design of Buildings for China
(GB50034-2004) (CABR, 2008), the indoor illuminance should reach 300 Lux in a
general office room. To simulate this code and the energy saving by daylight,
daylight detection and lighting control for simulation is introduced using Energy
Plus. When the daylight illuminance level is below 300 Lux, artificial lighting will
achieve the required illuminance level with extra electricity consumption.
According to the code, lighting settings in this study are assumed as fluorescent
lights to represent the current usage of artificial lighting system in office building.
However, in the future, the use of a more energy-efficient lighting setting like LED

could have a major impact on the results, which is not included in this study. To
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obtain the daylighting simulation outcome in Energy Plus, visible transmittance is
required and given as equations (5.15) and (5.16).

For mono-crystalline semi-transparent PV:
=11, (l—apyg) (5-15)
For amorphous-silicon semi-transparent PV:

T'=11, 1T, (5-16)

where 7’ is the total visible transmittance of the semi-transparent PV glazing, z’; is
the visible transmittance of layer i. 7’ is incorporated into Energy Plus for daylight
simulation. Thus, the daylight illuminance is calculated and recorded using
daylight sensors in Energy Plus, and the lighting energy consumption is simulated
and calculated (Wong et al., 2008).

5.3. Architectural models

Architectural models are a crucial part of the investigation of the energy
performance of semi-transparent PV. To develop these models, information was
obtained by conducting a survey of 60 office building cases in the Wuhan area.
Two typical types of office buildings were identified in the survey: buildings with
core tubes and slab-type buildings. The division of large rooms into separate
smaller rooms was common in both types of office buildings; in fact, most of the
investigated cases exhibited such division. Thus, these separate rooms were
incorporated into the described models and used to represent the generic office

rooms in the present study, as shown in Figure 5.8.

These generic office rooms were set to allow control of three main variables:
(1) room depth, as shown in Figure 5.9(a), (2) WWR, as shown as Figure 5.9 (b),
and (3) orientation. By adopting various combinations of these variables, different
PVR could be examined under different architectural conditions, as shown in
Figure 5.9 (c). The room depth was varied from 4 m to 13 m at intervals of 1 m;
this range can be considered representative of common office room sizes in the
Wuhan area. The WWR was restricted to the range of 0.2—0.7 based on the
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guidelines in the Design Standard for Energy Efficiency of Public Buildings, which
was proposed by the Ministry of Housing and Urban—Rural Development of the
PRC(CAB, 2004), which forbids office buildings with a WWR above 0.7 in the hot
summer/cold winter climate zone. The PVR was varied from 10% to 80% at
intervals of 5%. PVR below 10% will make PV applications uneconomical;
conversely, PVR above 80% will block the entire window area, which makes it
difficult for daylight to enter the room and for occupants to see outside. The
adopted PVR interval of 5% should make different effects of PVR distinguishable

while maintaining a sufficiently practical simulation parametric analysis.

Generic office room

Figure 5.8 Illustrations of the generic office rooms
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Table 5.3 Thermal and optical properties of the building envelope layers

Layers Thickness ~ Thermal Density Specific

(mm) conductivity (kg/m3) heat
(W/mK) (kg K)

Exterior wall

Brick 200 0.89 1920 790

insulation board 40 0.03 50 1210

Surface finish*2 20 0.16 800 1100

Interior wall

Brick 100 0.89 1920 790

Surface finish*2 20 0.16 800 1100

Ceiling/floor

Standard wood 8 0.12 540 1210

board

Cast concrete 120 1.60 2200 860

Surface finish 20 0.16 800 1100

Table 5.4 Hourly schedules of office rooms

Time
0:00-7: 7:00-8: 8:00-17: 17:00-19 19:00-2
00 00 00 :00 4:00
Cooling system (<T) 37 28 26 26 37
Heating system (<C) 12 18 20 20 12
Lighting, equipment 0 0.5 0.95 0.3 0

operation

schedules(fraction of

full occupant)

-101-



Chapter 5

Other simulation-required features are fixed assumptions based on the Design
Standard for Energy Efficiency of Public Buildings (CABR, 2008) as follows:

A rectangular office room at an intermediate floor level that is 5 m wide
and 4 m high.

The thermal properties of the exterior wall, interior wall, ceiling and floor
are shown in Table 5.3.

A single window area with no sunblind as the semi-transparent PV model
will serve as the shading device.

Room lights are set equally in the room with a design value of 11 W/m?. A
daylight control sensor is located in the geometric centre of the room at
the height of 0.75 m to represent the average luminance level, which is the
alternative method for multiple sensors to simplify the calculation process.
Daylight control will initiate artificial lighting when the indoor
illuminance level is below 300 Lux.

The cooling and heating temperature set-point schedule of air conditioning
is shown in Table 5.4 with a COP of 4.5. The ventilation system is set at
1.5 air changes/h.

The office occupant is set at 0.25 person/m? with the electricity

consumption of equipment at 20 W/ m?.

Lighting and office equipment operation schedules are set according to the

office occupant condition in Table 5.4.

5.4. Models of baseline buildings for comparison

Models of baseline buildings are necessary because they provide the references

to evaluate how much energy is saved using semi-transparent PV facades in office

buildings. Because PV glazing of different PVR has various effects on the overall

energy performance, baseline buildings can serve as a “ruler” and help us to further

understand the benefit from optimal PVR in certain architectural conditions. With

the energy saved using semi-transparent PV fades, the economic evaluation

including the PBT (payback time) analysis is also available, based on which the
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suitability of optimal PVR/WWR of semi-transparent PV fagdes is further
discussed in Chapter 8.

In China, there is no official academic general reference of baseline building
models for building energy studies to serve as comparison cases. However, certain
architectural codes and regulations provide us with requirements of
energy-efficient buildings. According to the Chinese Design Standard for Energy
Efficiency of Public Buildings (GB-50189-2005) (CABR, 2008), the standard of
“energy-efficient building” is provided, which can save approximately 50% energy
compared to traditional public buildings that are built in the 80s and 90s. Because
there are is other available option for reference cases in China, two types of
baseline buildings are developed based on the requirements of the Chinese Design
Standard for Energy Efficiency of Public Buildings (GB-50189-2005). The two
types of baseline buildings are described as follows:

® Baseline building A

General and traditional office buildings that are built in the 80s and 90s. In
GB-50189-2005, these buildings are defined as consuming two times more

energy than energy-efficient buildings.
® Baseline building B

Energy-efficient office buildings that satisfy the minimum requirements of
GB-50189-2005.

GB-50189-2005 provides the requirements of different aspects for different
climate zones and conditions of energy-efficient buildings. However, not every
requirement is necessary in the Hot-Summer Cold-Winter climate zone and suitable
for the comparison cases in this study. We defined three main aspects of
requirements as the basis to develop the baseline buildings: (1) envelope properties,

(2) operation setting, and (3) operation schedule.

The first aspect is building envelope properties, which affect the heat transfer
process of a building. Table 5.5 shows the requirements that are defined for the
envelope properties of energy-efficient office buildings based on GB 50189-2005,

which is specifically for the Hot-Summer Cold-Winter climate zone. Because the
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architectural models in this study are assumed in the intermediate floor, the inner

ceiling, inner wall, exterior wall and window are included as such.

Table 5.5 Requirements for the envelope properties of energy-efficient office

buildings
Envelope Thermal conductivity (W/m?K)
Roof <0.7
Exterior wall <1.0
U-value Shading coefficient(SC)
Exterior window
(W/m?K) (East. South. West)
WWR<0.2 <4.7 /
One side
window 0.2<WWR<0.3 <35 <0.55
(including | 0.3<WWR<0.4 <3.0 <0.50
transparent 0.4<WWR<0.5 <2.8 <0.45
facade)
0.5<WWR<0.7 <25 <0.40

Note: only applicable for Hot Summer Cold Winter climate zone
SHGC can be calculated by SC.
SHGC = SC/1.15

The operation setting is given as: room lights were assigned a design value of
11 W/m? in all instances; COP (coefficient of performance) of air conditioner was
set to 4.5, and the ventilation system was set to ensure 1.5 air changes/h; office
occupancy was set to 0.25 people/m? and the electricity consumption of the
equipment was assumed to be 20 W/m?. Most settings are coherent to the settings
of architectural models for the semi-transparent energy evaluation in 5.3. The

operation schedule is shown in Figure 5.3.

Other necessary setups for the models of baseline buildings were provided and
discussed in Section 5.3. The main difference between the architectural models for

the semi-transparent energy evaluation and the baseline buildings are the properties
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of the building envelope (fagdes). Thus, the energy performance and
characteristics of the semi-transparent envelopes can be better revealed.

5.5. Conclusions

In this chapter, calculation models and methods including PV power
generation model, thermal model and daylighting calculation method are
established and validated by field experiments. The results obtained using the
power generation model was compared with measurements obtained during field
experiments. It was demonstrated that the power generation model could predict
PV electricity output with satisfactory accuracy. Thermal model that is developed
for both crystalline silicon and amorphous-silicon PV of different PVR as the
temperature of the solar cell layers of semi-transparent PV panels need be
calculated using this models. The results calculated from the thermal model were
compared with the measurements collected during field experiments, which
demonstrates clearly that the calculated results agree well with the measurements.
In such cases, it is believed these calculation models and methods can be used for
further study of overall energy performance of semi-transparent PV fagdes with

satisfactory accuracy.

Architectural models are developed based on the survey of 60 cases of office
buildings in the Wuhan area. Generic office rooms are developed with variation of
WWR, room depth, orientation. Based on the solid survey in a large area in Wuhan,
it is believed the architectural models are proper and can be used for further study

of overall energy performance of semi-transparent PV fagdes.

Two kinds of baseline buildings (A and B) are developed to help us to further
understand the benefit from optimal PVR in certain architectural conditions, which
is also based on the requirements of Chinese Design Standard for Energy
Efficiency of Public Buildings. These standards have been largely used and proved
by a lot real projects in China and it is believed they could serve well in objective

comparison study for semi-transparent PV facdes.
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Chapter 6 Evaluation on energy
performance of office buildings with
mono-crystalline semi-transparent
PV fagdes
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With the calculation methods and architectural models presented in Chapter 5,
energy (electricity) consumption of lighting, heating and cooling is calculated,
based on which, this chapter presents a discussion of energy evaluation of
mono-crystalline semi-transparent with a parametric analysis (Section 6.2). An
optimizing design approach for mono-crystalline semi-transparent PV fagde by
optimal PVR is explored (Section 6.3). In addition, energy saving of
mono-crystalline semi-transparent PV compared to three traditional glazings is

investigated and presented in Section 6.4.

Throughout the evaluation (Chapter 6 Chapter 7 and Chapter 8), the main
calculation and model assumptions are made and presented in Chapter 5. However,
to further concentrate on the impact of semi-transparent glazing, several more

assumptions are necessary and made as following with certain possible limitations :

1. The construction of the fagdes is simplified without detailed
consideration of air leakage, heat bridge and other possible impacts from
facgdes components. In a real situation, especially in a poorly built and
maintained building, this could lead to a significant impact on energy

performance.

2. All the energy units relevant to the overall energy consumption are unified
by electricity unit (kWh), or (kWh/m?). The impact of better usage of
passive applications without the use of electricity in buildings could have
an impact on the results. However, with the same configurations (which
are also represent the most common cases of office buildings in Central
China) for the study cases, the results still give a fair and consistent
outcome and conclusions of how different semi-transparent PV facdess

impact on general office building cases.

3. The indoor shading methods of curtain or other shading devices are
assumed not existed as semi-transparent provides a certain level of
shading. However, if indoor shading is used in some particular
circumstances, these shading devices could lead to significant impact on

energy performance.
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4. The operation schedule of the building is a fixed assumption with same
daily routines, in which people behave equally by the fractions of
percentage of different activities. However, in a real case people could
behave differently, for example, if there’s a party planned on weekend, the

activity could lead a significant change to the energy consumption.

5. Semi-transparent PV fagdes with single glazing were thoroughly
studied. However, other types of glazing such as double-glazing PV were
not included in this study. Double glazing is currently commonly used in
buildings, and the potential of semi-transparent PV double-glazing fagades
is notably promising because they provide better thermal performance than
single glazing. The advantage of PV glazing could be even more

prominent in Semi-transparent double glazing PV facdes.

6.1. Introduction

Evaluation on energy performance of PV fagdes should be carried out in
terms of the overall energy peroformance. PV fagdes affect the overall energy of a
building in many ways. First, with a higher PV coverage ratio, less daylight is
available indoors, which increases the daytime demand for artificial-lighting
energy. This result is particularly crucial in office buildings that primarily operate
in the daytime. The PVR also affects the indoor heat gain from solar radiation,
which affects the indoor heating and cooling demands. Additionally, different PV
coverage ratios have different electricity outputs from PV generation. Hence, the
overall energy assessment is required for the optimal design of PV fagdes. The
overall energy performance can be evaluated using the overall energy consumption

as:

Overall energy consumption = Lighting energy consumption + cooling and
heating energy consumption — PV electricity generation.

The energy consumption of equipment and other systems in a building are not
included in this assessment because they do not have an obvious relation to PV
fagades in terms of the overall energy performance. The evaluation of the energy

performance of office buildings with mono-crystalline semi-transparent PV fagdes
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includes three main assessments: (1) PV electricity generation, (2)
artificial-lighting electricity consumption, and (3) heating and cooling electricity

consumption.

The PVR significantly affects the overall energy consumption of the buildings,
including PV generation, lighting, cooling, and heating. In a study of Bing Jiang
and Jie Ji, the effect of the PVR on the thermal and electrical performance of a
photovoltaic-Trombe wall showed that a larger PV coverage ratio reduced the
thermal performance (Luka¢ and Zalik, 2013). Another study (Jiang et al., 2008)
found that a certain PVR consumed the lowest energy consumption under specific
architectural conditions. In another study (Wong et al., 2008), different solar cell
transmittances had various effects on the overall energy performance of different
window-to-wall ratio cases, and lighting control was an important element in
maximising the benefit of a semi-transparent PV fagde. Different ventilated PV
fagades in a range of PVR were evaluated to determine their effects on the overall
energy performance to obtain the optimal design (Miyazaki et al., 2005). These
studies suggest that identifying the optimal PVR for PV facades can help reducing
the overall energy consumption. In the early design stages of PV fagdes, the effect
on the overall energy consumption should be considered.

Different climate environments result in different overall energy savings
because of the optimised PVR on PV facdes. In Brazil, semi-transparent windows
save as much as 43% of energy consumption (Yun et al., 2007); whereas in Japan,
55% overall energy is saved using a solar cell transmittance of 40% compared to a
single glazing fagde (Wong et al., 2008). In Singapore, energy is saved by
16.7-41.3% (Leite Didonéand Wagner, 2013). Other studies (Ng et al., 2013; Lu
and Law, 2013) also suggest that it is important to consider the effect of the urban

and climate environment on the design of semi-transparent PV fagdes.

This chapter discusses the energy evaluation of mono-crystalline
semi-transparent with a parametric analysis. The validated calculation models and
methods in Chapter 5 were incorporated into the previously defined architectural
model to investigate the effects of different PVR on the energy performance using

Energy Plus. The overall energy performance, which includes PV electricity
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generation, lighting, heating and cooling electricity consumption, was examined
under different architectural conditions. Different combinations of room depth and
WWR were carefully examined for a southern orientation, whereas the PVR was
varied from 10% to 80% at 5% intervals. The criterion of electricity consumption
per floor area (kWh/m?) was used to account for the differences in floor area for
different values of room depth, which provided normalised results. All figures are
evaluated using an annual value or average annual value (if it is not specifically
mentioned) to see the entire picture of overall energy consumption of all four

Seasons.

6.2. Parametric analyses of the overall energy performance of

mono-crystalline semi-transparent PV fagdes
6.2.1. Effects on the PV electricity generation

Solar cells convert solar energy into electricity and typically operate with a
specific conversion efficiency, which is primarily affected by the material
characteristics and operating temperature of the cells. Compared to transparent
glass, mono-crystalline silicon solar cells typically have higher solar absorbance.
Thus, the amount of gained solar heat can be increased by adopting a denser solar
cell array and a higher PVR. Accordingly, this principle should also increase the
temperature and reduce the conversion efficiency of the solar cells. In the present
study, the temperature and conversion efficiency of solar cells were investigated
throughout March 1 2013 (Figure 6.1), which was a steady sunny day with little
cloud coverage to minimise the effect of incident climates. The temperature of the
solar cell significantly increased significantly (more than 18° C) in the morning
and reached the highest value at noon; then, it slowly decreased in the afternoon
but maintained a relatively high temperature compared to that in the morning.
Meanwhile, the PV electricity conversion efficiency decreased in the morning and
reached its lowest point at noon with a deviation of approximately 0.02. The
conversion efficiency began to increase in the afternoon but remained relatively
lower than that in the morning. The results demonstrate that the conversion

efficiency decreases with increasing temperature and vice versa.
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With different PVR, for example, when it is at noon, the temperature for the
80% PVR case was 7<C higher than that for the 10% PVR case; this temperature
difference corresponded to a 0.007 decrease in conversion efficiency, which is
5.5% lower than the 10% PVR case. The results demonstrate the importance of
considering PVR in PV electricity generation. This discovery indicates that with
the increase of PVR in PV fagdes, the marginal returns of the PV electricity yield
is diminished. The increase in PVR does not proportionally increase the PV
electricity yield. This marginal effect becomes more significant with high solar
radiation conditions; for example, at noon when solar radiation reaches its peak
value, the deviation of the PV conversion efficiency of different PVR also appears

most significant.

In conclusion, the analysis of the PV electricity conversion efficiency
indicates two important facts: (1) temperature significantly affects the conversion
efficiency; (2) the marginal returns of electricity yield are diminished by the

increase in temperature because of a higher PVR.
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Figure 6.1 Solar cell temperature and its conversion efficiency
in different PVR cases
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6.2.2. Effects on the daylight and the lighting electricity consumption

The amount of daylight that is blocked by solar cells can considerably vary in
response to differences in PVR among semi-transparent PV panels, which can have
a vital effect on the indoor illuminance. If the indoor illuminance decreases below a
given threshold, artificial lighting is required to achieve a comfortable lighting
environment, and electricity must be consumed to achieve this result. However, the
room depth and WWR may also affect the performance of semi-transparent PV
panels at different PVR. Thus, it is important to understand the relationship
between PVR and the indoor illuminance for different combinations of room depth
and WWR.

For larger room depth (i.e., deeper rooms), it is more difficult for daylight to
reach deep inside the room. Thus, even for identical PVR, daylight illuminance
tends to vary depending on the room depth conditions. Figure 6.2 illustrates the
indoor daylight illuminance for different PVR under various room depth conditions
for a fixed WWR of 0.35. The results show that the indoor illuminance rapidly
decreases with increasing PVR, with more pronounced decreases at smaller values
of room depth. The illuminance decreases from 2000 Ix to less than 600 when PVR
increases from 10% to 80% in a 4 m deep room. In a 13 m deep room, the
illuminance decreases from 230 Ix to less than 50 Ix. In such a room with less than
50 Ix illuminance level, artificial lighting must be on full operation to maintain a
comfortable lighting environment indoor. In general, shorter rooms (i.e., smaller
room depth) experience much higher daylight illuminance than deep rooms (i.e.,
with larger room depth). Moreover, indoor illuminance remains below 400 lux for
all cases where the room depth exceeds 9 m. These results demonstrate that the

effects of PVR on daylight illuminance strongly depend on the room depth.
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Figure 6.2 Indoor daylight illuminance of different PVR

in different room depth cases

With artificial-lighting compensation, Figure 6.3 shows the lighting electricity
consumption of different PVR in different room depth cases. It is obvious that the
artificial-lighting electricity consumption increases when daylight illuminance
decreases because of higher PVR. However, this result does not occur with a linear
dependence. For small-room-depth cases, the lighting electricity consumption
increases much faster when PVR exceeds 50%; for larger-room-depth cases, the
increase is closer to a linear dependence. For example, in a 4 m deep room, the
lighting energy consumption increases from 17 kWh/m? to 18 kWh/m? with only
notably limited increase when PV increases from 10% to 80%; however, ina 13 m
deep room, the lighting energy consumption increases from 21 kWh/m? to 32
kWh/m? with more than 11kWh/m? increase. However, because of the advantage of
higher indoor illuminance, small-room-depth cases consume less lighting
electricity of at most 15 KWh/m?.
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Figure 6.3 Lighting electricity consumption of different PVR

in different room depth cases

We previously discussed the effect of different PVR in different room depth
cases. The effects of different PVR in different WWR cases are discussed as

follows.

Compared to a small WWR case, a large WWR case allows more daylight to
reach inside the room and has a bigger window area to install mono-crystalline
semi-transparent PV, which leads to better illuminance indoor and reduce the
artificial-lighting demand. Figure 6.4 shows the average indoor daylight
illuminance of different PVR in different WWR cases at a fix room depth of 6 m.
Similar to the depth cases, illuminance decreases when PVR increases. In a 0.2
WWR room, the illuminance decreases from 1100 Ix to less than 300 Ix when PVR
increases from 10% to 80%. In a 0.7 WWR room, the illuminance decreases from
300 Ix to less than 50 Ix. However, the difference among different WWR cases is
much smaller compared to the different room depth cases. This result indicates that
the WWR less significantly affects the daylight illuminance than the room depth,
which is also true for lighting energy consumption as Figure 6.5 shows. The

lighting electricity consumption increases with the increase in PVR. However, the
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difference is smaller among the WWR cases with electricity savings of at most 9
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Figure 6.4 Indoor daylight illuminance of different PVR in different WWR cases
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cases
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To further understand the effect of mono-crystalline semi-transparent PV on
the lighting energy performance, the artificial-lighting energy consumption is
deducted with the PV generation yield as shown in Figures 6.6 and 6.7. By doing
so, we can observe the overall benefit of semi-transparent PV as PV fagdes in

terms of the lighting performance.
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Figure 6.6 Deducted lighting electricity consumption with PV electricity yield

deduction in different room depth cases

Figure 6.6 shows the lighting electricity consumption that was deducted with
the PV electricity yield deduction in different room depth cases. The lowest point
(red point) represents the lowest lighting electricity consumption after deducting
the PV vyield from the artificial-lighting energy consumption. In relatively
deep-room cases (9-13 m), the lowest point remains at the lowest PVR of 10%,
which indicates that the mono-crystalline semi-transparent PV facdes do not
positively affect the lighting energy performance in deep-room cases. However, in
short rooms (4-8 m), as the room depth decreases, the lowest points tend to shift to
higher PVR cases, which indicates that the PV facdes positively affect the lighting
energy performance, and this positive effect reaches its peak at high PVR when the
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room depth decreases. For example, in a 5 m deep room, the lighting energy
consumption with the deducted PV yield is minimum (16.81 kWh/m?) when PVR
is 55%, and the lowest value (15.8 kWh/m?) is achieved at 65% PVR for a 4 m

deep room.
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Figure 6.7 Deducted lighting electricity consumption with PV electricity yield
deduction in different WWR cases

Figure 6.7 shows the deducted lighting electricity consumption with PV
electricity yield deduction in different WWR cases. Again, the lowest point (red
point) represents the lowest lighting electricity consumption after deducting the PV
yield from the artificial-lighting energy consumption. In relatively small WWR
cases (0.2-0.25), similar to the room depth cases in Figure 6.6, the lowest point
remains at the lowest PVR, which indicates that the mono-crystalline
semi-transparent PV fagdes do not positively affect the lighting energy
performance when the window area are small (small WWR). However, in mid- and
large-window room cases (WWR: 0.3-0.7), when the WWR increases, the lowest
points tend to shift to higher PVR cases. Thus, PV fagdes positively affect the
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lighting energy performance at higher PVR when the WWR increases. For
example, in a room of 0.5 WWR, the lighting energy consumption with deducted
PV vyield is minimum (17.08 kWh/m?) when the PVR is 55%, and the lowest value
(16.3 kWh/m?) is achieved for a room of 0.6 WWR when the PVR is 60%.

The analysis with deducted lighting electricity consumption with PV
electricity yield implies that mono-crystalline semi-transparent PV facades are
more suitable and provide better lighting energy performance in relatively short
rooms or relatively large-window rooms. This discovery shows the importance of a
proper PVR when mono-crystalline semi-transparent PV facades are used for better
lighting energy performance.

6.2.3. Effects on the heating and cooling electricity consumption

Before we analyse the effects of heating and cooling electricity consumption,
the factor of climate conditions should be discussed because the heating and

cooling demand is strongly related to climate conditions.

In Wuhan, central China, which is in a typical hot-summer cold-winter climate
zone, the amount of heat gain through window glass in summer is larger than that
of heat loss in winter considering the use of air conditioning control system. Figure
6.8 shows the monthly heat gain and heat loss through clear window glass
(WWR=0.35) of a typical room in Wuhan area. In summer, the heat gain reaches
its peak of over 150 kWh in this simulated room in August, which is larger than the
heat loss in winter with a peak value of less than 80 kWh. In the entire year, the
total amount of heat gain is also lager than that of heat loss, which indicates that in
Wuhan, saving energy from reducing the cooling loads is more effective than
reducing the heating loads in terms of saving the total heating and cooling
electricity consumption. Office buildings are more easily affected by solar radiation
because they mainly function during daytime. Different amounts of solar radiation
through mono-crystalline semi-transparent PV of different PVR can affect the
heating and cooling loads. In winter, more solar radiation can reduce the heating

demand, but it increases the cooling demand in summer.
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Figure 6.8 Monthly heat gain and heat loss through clear window glass
(WWR=0.35) in the Wuhan

Heating and cooling loads of office buildings are more easily affected by solar
irradiance because office buildings typically function primarily during daytime.
Varying the amount of solar irradiance that enters a building by installing
mono-crystalline semi-transparent PV panels with different PVR can affect the
heating and cooling loads. Increasing the influx of solar irradiance can reduce the
heating demand in winter; however, it also increases the cooling demand in

summer.

A computation simulation is performed to investigate the effect of PVR on the
annual heat gain and heat loss through mono-crystalline semi-transparent PV
glazing in a generic room (WWR=0.2). As Figure 6.9 shows, the heat gain through
PV fagdes significantly changes with a changing PVR; however, the heat loss
remains constant for all PVR cases. With the increase in PVR (more solar radiation
was blocked by mono-crystalline), the heat gain by solar radiation is largely
reduced and significantly decreases the heat gain. The heat gain through PV
glazing decreases from more than 1900 kWh to less than 400 kwWh when PVR
increases from 10% to 80%, which indicates that 78% of heat gain through glazing
is reduced by increasing the PVR. However, the heat loss slightly increases with

the increase in PVR. The amount of heat loss through a 10% PVR PV glazing is
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513 kWh, and that number slowly increases to 550 kWh when the PVR increases to
80%.
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Figure 6.9 Heat gain and heat loss through mono-crystalline semi-transparent PV
glazing in a 4m-depth room (WWR=0.2)

A combined value of heat gain (heat gain minus heat loss) and heat loss is
shown in Figure 6.10 to investigate the heat balance through mono-crystalline
semi-transparent PV glazing of different PVR. The total heat balance state is
“gaining heat” when the PVR is 10-70%. This result indicates that the indoor
environment obtains too much heat from solar radiation and the outside
environment. Thus, the indoor cooling demand increases and costs more energy if
we want to maintain a comfortable temperature indoor. In this case, how to reduce
the cooling demand is the main issue in terms of saving energy consumption. When
the PVR increases as Figure 6.9 shows, the heat gain and heat loss tend to balance
when the PVR is approximately 70%. After the PVR surpasses 70%, the heat
balance state turns into “losing heat”. In general, this analysis indicates that a high
PVR is beneficial to reduce the heating demand and the AC electricity
consumption.
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Figure 6.10 Combined value of heat gain and heat loss (heat gain minus heat loss)
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Figure 6.11 Heat gain and heat loss through mono-crystalline semi-transparent PV

glazing with a fixed PVR of 40% (WWR=0.2)
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To investigate the effect of the room depth, the heat gain and heat loss through
mono-crystalline semi-transparent PV glazing of different room depths are
simulated. In this simulation, the PVR is set at a fixed value of 40% (WWR=0.2).
The results are shown in Figure 6.11, and we observe that both heat gain and heat

loss changes notably little with the increase in room depth.

The analysis of heat balance through PV glazing indicates that a high PVR can
reduce the cooling demand because it reduces the heat gain. However, further
analysis of the heating and cooling energy of generic rooms remains necessary as a
final result of how the PV fagdes of different PVR affect the cooling and heating
demand and the electricity consumption.
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Figure 6.12 Heating and cooling electricity consumption of different PVR in
different room depth cases at a fixed WWR of 0.35

Figure 6.12 illustrates the heating and cooling electricity consumption for
different PVR for several room depth cases with a fixed WWR of 0.35. The heating
and cooling electricity consumption first decreases with increasing PVR, although
the rate of decrease decreases when the PVR exceeds 50%. The cases with higher

PVR appear to perform better in terms of heating and cooling energy savings based
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on the annual data. This result can be primarily attributed to the climatic conditions
in central China, where the cooling load in summer is typically greater than the
heating load in winter. However, the benefits of high PVR become less pronounced
when the room depth increases: the shortest room has the highest heating and
cooling electricity consumption, although the variations in consumption with
changes in room depth become less pronounced when the room depth exceeds 9 m.
These results highlight the importance of considering the PVR, particularly in cases

with small room depths.

w
o
I}

) WWR
E =02
= e (025
%25‘ O A 03
5 S Y0
2 Do ~ g S0 _ =05
En{ oo oo AXHRoo, 048
@ vy o3 o D ¢ o S o S - 05
8 il Ty 3t = = = amias 0.55
(&) ® Y : e x x x § i ¥
> " g ® o o 0.6
£ s s 2 %% ]
£15- 0.65
3 0.7
®
Q
I

10 T 1 1 T T 1 |l | T T

| T I L} 1 1
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
PVR (%)

o
w

Figure 6.13 Heating and cooling electricity consumption of different PVR in
different WWR cases

Figure 6.13 illustrates the heating and cooling electricity consumption for
different PVR in cases with different WWR. For the cases with variable room
depths, the heating and cooling electricity consumption first decreases with
increasing PVR, and the rate of decrease decreases when the PVR exceeds 60%.
Cases with small WWR typically perform better in terms of heating and cooling
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energy saving, and the effects of varying PVR are typically less pronounced for
small WWR. However, the effects of the WWR increase even among cases, which
indicates that the heating and cooling electricity consumption continues to increase

with increasing WWR with no signs of decreasing or stabilising.

To further understand the effect of mono-crystalline semi-transparent PV on
the lighting energy performance, the heating and cooling electricity consumption is
deducted using the PV generation yield and shown in Figures 6.14 and 6.15. By
doing so, we can observe the overall benefit of semi-transparent PV as PV facades

in terms of the heating and cooling energy performance.

The main difference from the cases without considering the PV generation
benefit (Figure 6.11) is that the heating and cooling electricity consumption of the
generic rooms decrease (saving more energy) at a bigger value when the PVR

increases, as Figures 6.14 and 6.15 show.
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Figure 6.14 Deducted heating and cooling electricity consumption with the PV

electricity yield deduction in different room depth cases
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For example, in Figure 6.14 (different room depth cases), with the PV
electricity yield, in a 4 m deep room, the heating and cooling electricity
consumption decreases from 38.2 kWh/m? (at 10% PVR) to 27.7 kWh/m?(at 80%
PVR) with 11.5 kWh/m? electricity saved. Without the PV electricity yield, the
heating and cooling electricity consumption decreases from 38.6 kWh/m?to 30.9
kWh/m? with 7.3 kWh/m? electricity saved (Figure 6.12). This result indicates that
a high PVR reduce heating and cooling electricity consumption. However, this
positive effect becomes less significant in deep rooms. The electricity saving is
11.5 kWh/m?for a 4 m deep room, and that number is 2.3 kWh/m? for a 13 m deep
room. Again, these results highlight the importance of considering the PVR,

particularly in cases with small room depths.
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Figure 6.15 Deducted heating and cooling consumption with a PV electricity yield
deduction in different WWR cases

In Figure 6.15 (different WWR cases), with the PV electricity yield, the
heating and cooling electricity consumption rapidly decreases compared to that

shown in Figure 6.13. For example, in a 0.7 WWR room, the heating and cooling
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electricity consumption decreases from 24.3 kWh/m? (at 10% PVR) to 14.9
kWh/m? (at 80% PVR) with 9.4 kWh/m? electricity saved. Without the PV
electricity yield, that consumption decreases from 24.9 kWh/m?to 19.3 kWh/m?
with only 5.6 kWh/m? electricity saved (Figure 6.12). With higher PVR, the benefit
from PV fagdes on saving the cooling and heating electricity consumption is more
profound in all WWR cases. However, this positive effect becomes less significant
in small WWR rooms (small window), where the electricity saving is 9.4 kWh/m?
for a 0.7 WWR room and only 1.9 kWh/m? for a 0.2 WWR room.

6.2.4. Effects on the overall energy consumption

Based on the previously presented analysis, it can be concluded that increasing
PVR under the climatic conditions in central China typically decreases the PV
electricity conversion efficiency and the heating and cooling electricity
consumption but increases the lighting electricity consumption. However, the
effects of the room depth and the WWR on these relationships are pronounced,
which demonstrates that these factors must be carefully considered when designing
mono-crystalline semi-transparent PV technology for buildings. Therefore, it is
necessary to evaluate the overall energy consumption considering all of these
factors to determine an optimal PVR. With the electricity benefit of PV power

generation, the overall electricity consumption is provided as follows.

Overall energy consumption = Lighting energy consumption + cooling and

heating energy consumption — PV electricity generation.

Figures 6.16 (a) and (b) illustrate the overall energy consumption for cases
with large WWR (0.6) for two different room depths (6 m and 12 m, respectively).
These two figures can present the results in a large-window architectural situation.
In such cases, the solar radiation and daylight are strong, which leads to an
interesting “competition” between the decrease of lighting electricity consumption
and the increase of heating and cooling electricity consumption. The key lies in
whether the increase or decrease has a bigger effect on the overall energy
consumption. In addition, because a larger window area indicates the larger area to

install PV, the PV electricity generation is also more significant in such cases.

—126 -



Chapter 6

For a short room (6 m deep, Figure 16 (a)), the decrease in artificial-lighting
energy is more significant than the increase in the heating and cooling electricity
consumption. A PVR of 80% achieves the lowest overall electricity consumption,
which saves 18.9% energy compared to the case with a PVR of 10%. This result
can be primarily attributed to the influence of heating and cooling electricity
consumption: high PVR can reduce the enormous cooling demands for short
rooms. Conversely, for a room depth of 12 m, the greatest electricity savings are
achieved for a PVR of 50%. This result can be primarily attributed to the decreases
in lighting electricity consumption during daytime because of the smaller PVR;
these savings overwhelm the effects of the heating and cooling electricity

consumption.

Figures 6.17 (a) and (b) illustrate the overall energy consumption for cases
with small WWR (0.3) for two different room depths (6 m and 12 m, respectively).
These two figures can present the results in a small-window architectural situation,
which has a relatively smaller total solar radiation and daylight than the large
window cases in Figure 16. In addition, electricity generation is typically notably
small compared to the lighting and heating electricity consumption because of the
limited available area to install semi-transparent PV panels because the window
area is small. In this case, with small PV electricity generation, it becomes less
significant for semi-transparent PV applications. However, the influence of the
PVR remains pronounced, particularly its effects on daylight and the heating and
cooling demand. For the 6 m room, a PVR of 60% achieves the lowest electricity
consumption, with electricity savings of 6.8% compared to a PVR of 10%.
Conversely, in the 12 m room, a PVR of 20% achieves the lowest electricity

consumption, with electricity savings of 17.3% compared to a PVR of 80%.
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Figure 6.16 Overall energy consumption of large WWR rooms in two cases of

room depth (@) 6 mand (b) 12 m
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6.3. Optimal PVR according to the overall energy performance

Based on the previous parametric analysis, it is clear that an optimal PVR (i.e.,
that which achieves the lowest overall electricity consumption) can be obtained
based on a particular combination of WWR, room depth, and orientation. Thus, the
optimal PVR should be selected by comparing the overall energy consumption
results for all PVVR cases under different architectural conditions (i.e., WWR, room
depth, and orientation). The southern orientation is typically affected more
extensively by solar energy than the other orientations; accordingly, it is often the
preferred orientation to install photovoltaic applications. Variations in WWR and
room depth can lead to considerable variations in the optimal PVR (Table 6.1).

Table 6.1 Optimal PVR in different combinations of room depth and WWR in the

southern orientation

Optimal PVR (%)
WWR Room depth (m)

4 5 6 7 8 9 10 11 12 13

0.2 75 55 50 40 35 20 10 10 10 10

0.25 80 60 55 50 40 40 30 10 10 10

0.3 80 75 60 55 50 40 40 30 20 10

0.35 80 80 75 55 55 45 40 40 35 30

0.4 80 80 75 60 55 50 45 40 40 40

0.45 80 80 80 75 60 55 50 45 40 40

0.5 80 80 80 75 70 60 55 50 45 40

0.55 80 80 80 80 75 60 55 55 50 45

0.6 80 80 80 80 75 75 60 55 55 50

0.65 80 80 80 80 75 75 60 60 55 50

0.7 80 80 80 80 80 75 75 60 55 55
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From Table 6.1, two main trends of the optimal PVR can be concluded as

follows.

(1) Optimal PVR tends to be lower in deep rooms and higher in short rooms.

(2) Optimal PVR tends to be lower in small WWR (small-window) rooms than

large WWR (big-window) rooms.

Table 6.2 Electricity saving using optimal PVR compared to most disadvantaged

PVR

Electricity Saving (%)

WWR Room depth (m) Average
4 5 6 7 8 9 10 11 12 13
0.2 7 5 6 10 14 17 20 21 22 23 15
0.25 10 7 5 7 10 14 16 18 20 21 13
0.3 13 10 7 5 7 11 13 16 17 19 12
0.35 16 12 9 7 5 8 11 13 15 17 11
0.4 18 14 11 8 7 6 8 11 13 15 11
0.45 23 18 14 11 9 7 6 9 12 14 12
05 23 19 15 12 10 8 7 6 8 10 12
0.55 25 21 17 14 11 9 8 6 7 9 13
0.6 26 23 19 16 13 10 9 7 6 7 14
0.65 28 24 21 17 14 12 10 8 7 6 15
0.7 30 26 22 19 16 13 11 10 8 7 16
Average 20 16 13 12 11 10 11 11 12 13 13

The differences in the overall electricity consumption between the most and

least favourable PVR were calculated and are shown in Table 6.2. In particular,

electricity savings for different combinations of room depth and WWR were

calculated as percentages. The electricity savings ranged from 5% to 30%, with an

-131-



Chapter 6

average saving of 13% for the optimal PVR. Moreover, the optimal PVR was
particularly important in short rooms with large WWR, where electricity savings of

over 20% were achieved. From Table 6.2, two conclusions can be made.

(1) The differences in the overall electricity consumption of different PVR are

more significant in deep rooms with small WWR.

(2) The differences in the overall electricity consumption of different PVR are

more significant in short rooms with large WWR.

The variations in optimal PVR were also investigated. The optimal PVR
decreased with increasing room depth (i.e., from 4 m to 13 m). This result can be
primarily attributed to the fact that the electricity demand during daytime increases
faster than the compensation of savings in heating and cooling. This result also
explains why rooms with greater depths typically have smaller optimal PVR.
Furthermore, the optimal PVR increases when the WWR increases from 0.2 to 0.7
primarily because the achieved electricity savings by adopting a larger WWR
(combined with the greater PV electricity generation and lower cooling load) result

in higher optimal PVR.

Table 6.3 Optimal PVR of different combinations of orientation and room depth

Optimal PVR (%)

Orientation
Room depth (m)

4 5 6 7 8 9 10 11 12 13
E 7% 60 50 45 3B 25 20 20 20 15
SE 75 60 50 45 40 35 30 30 25 20
S 80 80 75 55 55 45 40 40 35 30
SW 80 80 75 65 55 50 50 45 40 35
W 80 80 80 75 65 55 55 50 45 40
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To demonstrate the effects of different orientations on the optimal PVR,
different combinations of orientation and room depth (WWR) were investigated
with a fixed WWR of 0.35 (8 m). The orientation was varied among east,
southeast, south, southwest, and west (Table 6.3 and Table 6.4). The northern
orientation was not included in this investigation because it is particularly
unfavourable for PV applications. The results demonstrate that the optimal PVR is
highest in the west orientation. Under the prevalent climatic conditions in central
China, the cooling demands in the summer typically exceed the heating demands in
the winter. Thus, in the summer, a high PVR can reduce the cooling load that is
associated with the accumulated heat indoors during the daytime.

Table 6.4 Optimal PVR of different combinations of orientation and WWR (fixed

room depth of 8m)

Optimal PVR (%)
Orientation WWR

02 025 03 03 04 045 05 06 06 065 0.7

E 25 40 40 45 50 60 60 60 7O 70 70
SE 25 40 40 45 50 60 60 65 70 70 75
S 35 40 50 5 55 60 70 75 75 75 80
SW 35 50 50 60 65 65 70 75 75 75 80
W 35 50 50 60 65 65 70 75 75 75 80

6.4. Energy saving of mono-crystalline semi-transparent PV glazing

compared to three traditional glazings

In this section, the energy performance of the mono-crystalline
semi-transparent PV facade layouts of each optimal PVR is compared with three
traditional glazings: (1) single glazing, (2) Low-E double glazing and (3) normal
double glazing. This comparison is a further evaluation of how the
mono-crystalline semi-transparent PV competes with the traditional and commonly

used glazings that are currently in China in terms of energy saving.
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Figure 6.18 shows the sections of three traditional glazings: 3-mm single
glazing (Figure 6.18(b)), 6 mm Low-E double glazing with a 12-mm air gap
(Figure 6.18(c)) and 6-mm double glazing with a 12-mm air gap (Figure 6.18(d)).
Figure 6.18 (a) shows the mono-crystalline semi-transparent PV, of which the layer
consistency and calculation models were discussed and presented in Chapter 5.
Single glazing, which is common in buildings built before 1990, is still produced
and used in buildings today, but its usage has rapidly declined in recent years
because of inferior energy performance. With the increase in the energy price and
economic booming in China, more energy-efficient glazings are more commonly
used in new developments. Double glazing is the most commonly used glazing in
China today and has a much better performance than single glazing; additionally,
the cost is affordable for most building developments. Low-E double glazing is
currently the best glazing in the market in China. In terms of energy performance,
the Low-E layer in the glazing can reduce the heat gain from the outside
environment by reducing the long-wave radiation penetration. However, Low-E
double glazing is much more expensive than normal double glazing and single

glazing.

To perform such comparisons, calculation models for the three traditional
glazings are required and are provided by Energy Plus. The properties (Table 6.5)
of these glazings are also required, which are provided by the Chinese Calculation
Specification for Thermal Performance of Windows, Doors and Glass
Curtain-Walls (JGJ/T 151-2008). The properties are incorporated into Energy Plus

to perform the computation simulations.

Table 6.5 Properties of three traditional glazings

Glazings U-value SHGC Visible
(W/m?K) transmitance

Single glazing 5.8 0.870 0.87

Low-E double glazing 1.9 0.446 0.72

Double glazing 2.8 0.767 0.71
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Figure 6.18 Mono-crystalline PV glazing and three traditional glazings

(a) Mono-crystalline PV glazing, (b) 3 mm single glazing, (c) 6 mm Low-E
double glazing with a 12 mm air gap and (d) 6 mm double glazing with a 12 mm

air gap

Two types of architectural models are used in this section and are illustrated
in Figure 6.19. The first type is generic rooms with relatively small windows at a
WWR of 0.3. The other type is generic rooms with larger windows at a WWR of
0.6. The 0.3 WWR model represents most traditional office buildings in China that
were built before 2000. The large WWR model represents the emerging A-class
office buildings with full glazing fagdes. The architectural-model details are
discussed and provided in Section 5.3.

(a) (b)
Small WWR cases Large WWR cases

Figure 6.19 Illustration of small WWR cases and large WWR cases
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The mono-crystalline semi-transparent PV and other three traditional glazings
are first compared in the small WWR case and subsequently in the large WWR
case to investigate the performance of lighting, heating and cooling energy. The PV
electricity generation of the PV glazing is automatically included in all

comparisons. The results are presented in annual values with different room depths.

6.4.1 Energy savings in small WWR cases
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Figure 6.20 Daylight illuminance of different glazings at WWR of 0.3

Figure 6.20 shows the daylight illuminance of different glazings for the 0.3
WWR cases. The single glazing has the highest illuminance among all glazings,
and all mono-crystalline semi-transparent PV glazings are inferior to the three
traditional glazings. The 80% PVR mono-crystalline semi-transparent PV has the
worst daylight level. However, generally, the illuminance level of the
mono-crystalline semi-transparent PV glazing under 30% PVR is only 25% less
than that of the Low-E double glazing and is also notably close to that of double
glazing. It should be noticed that as long as the illuminance is above 300 Lux, the

indoor lighting environment is comfortable, and an artificial lighting system is not
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necessary. In such case, although the PV glazing has a much lower illuminance
than the traditional glazings, the difference of artificial-lighting energy
consumption between the two types of glazing is less significant than the daylight
illuminance level. In other words, the effect of such difference on the
artificial-lighting electricity consumption is not as obvious as the daylight
illuminance performance.
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Figure 6.21 Lighting electricity consumption of different glazings at WWR of 0.3

Figure 6.21 shows the lighting electricity consumption of different glazings at
0.3 WWR. Because the traditional glazings have better daylight illuminance levels,
they relatively achieve lower artificial-lighting electricity consumption. However,
the difference varies in different room depth cases. In short rooms, the difference of
artificial-lighting electricity consumption is relatively small between the
mono-crystalline semi-transparent PV and the traditional glazings. This difference
increases in deep rooms. For example, an 80% PVR PV glazing is 2.2 kWh/m?
higher than the Low-E double glazing in a 4-m-deep room; however, in a

13-m-deep room, that number is above 13 kWh/m?. This result indicates that the
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effect of PV fagdes on the lighting electricity consumption is more profound in
deep rooms.

However, when the PVR is below 50%, the difference between the
mono-crystalline semi-transparent PV and traditional glazings is smaller than that
when the PVR is above 50%. For example, compared to Low-E double glazing, a
40% PVR PV glazing leads to only approximately 20% more electricity

consumption; this number is over 50% for a 80% PVR PV glazing.
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Figure 6.22 Heating and cooling electricity consumption of different glazings
at WWR of 0.3

Figure 6.22 shows the heating and cooling electricity consumption of different
glazings at 0.3 WWR. The Low-E double glazing has the lowest electricity
consumption, and the mono-crystalline of different PVR has the second lowest
electricity consumption. The single glazing has the highest electricity consumption
among all types. The mono-crystalline semi-transparent glazing of 80% PVR can
save more than 30% heating and cooling electricity compared to single glazing and
25% compared to double glazing. Compared to the best performing glazing
(Low-E double glazing), PV glazings with at least 50% PVR maintains a small
difference (less than 10%). This result shows the great potential of

mono-crystalline semi-transparent PV in saving heating and cooling energy
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because it performs better than the most commonly used glazing (double glazing)
mainly because of the solar radiation blocking by PV cells in the summer, which
saves the cooling demands indoor. This outcome again confirms the conclusion
from Section 6.2.3, which is that saving the cooling energy consumption is more
efficient and profound than saving the heating energy consumption in Hot-Summer
Cold-Winter zones such as the Wuhan area.
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Figure 6.23 Overall energy consumption of different glazings at WWR of 0.3

Figure 6.23 shows the overall energy consumption of different glazings at 0.3
WWR. In small room depths cases below 8 m, the Low-E double glazing has the
best energy performance, and the mono-crystalline semi-transparent PV of different
PVR has the second best performance, whereas single glazing and double glazing
have the worst energy performance. However, in large room depth cases above 8
m, the overall energy consumption of the mono-crystalline semi-transparent PV
glazing of 50%-80% PVR is higher than single glazing and double glazing mainly

because the increase in lighting electricity consumption is caused by high PVR.
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By comparing the overall energy performance of different glazings in the above

small WWR (small-window) cases, we conclude that:

(1) Low PVR (below 50%) mono-crystalline semi-transparent PV glazing has

a better overall energy performance than single glazing and double glazing

in all room depth cases.

(2) High PVR (above 50%) mono-crystalline semi-transparent PV glazing has

a better overall energy performance than single glazing and double glazing

in short rooms; however, in deep-room cases, it is worse than all

traditional glazings.

(3) The overall energy performance of mono-crystalline semi-transparent PV

glazings is worse than that of Low-E double glazing in all cases,

particularly in deep rooms.

6.4.2 Energy savings in large WWR cases
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Figure 6.24 Daylight illuminance of different glazings at WWR of 0.6
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Figure 6.24 shows the daylight illuminance of different glazings at 0.6 WWR.
Similar to the small room depth cases, single glazing has the highest illuminance
among all glazing types, followed by double glazing and Low-E double glazing.
Mono-crystalline semi-transparent PV has the worst daylight illuminance level
among the three traditional glazings. Figure 6.24 shows the lighting electricity
consumption of different glazings at 0.6 WWR. Because the traditional glazings
have better daylight illuminance, they also have lower lighting electricity
consumption than the mono-crystalline semi-transparent PV glazing. The
difference between PV glazings and traditional glazings increases from less than
5% to 30% when the room depth increases from 4 m to 13 m. In addition, when the
PVR is over 60%, the lighting electricity consumption significantly increases
compared to that of the low PVR glazing.
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Figure 6.25 Lighting electricity consumption of different glazings at WWR of 0.6

Figure 6.26 shows the heating and cooling electricity consumption of different
glazings at 0.6 WWR. Compared to the small WWR cases in Section 6.4.1, the
difference in heating and cooling electricity consumption becomes more significant

among mono-crystalline semi-transparent PV and single glazing and double
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glazing. The 80% PVR PV glazing has identically good energy performance with
the Low-E double glazing.
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Figure 6.26 Heating and cooling electricity consumption of different glazings
at WWR of 0.6

Figure 6.27 shows the overall energy consumption of different glazings at 0.6
WWR. The mono-crystalline semi-transparent PVs of 50%-80% PVR have the best
energy performance among all glazings when the room depth is below 8 m. In
addition, in all room depth cases, the energy performance of the PV glazing

remains much better than single glazing and double glazing.

These discoveries indicate that in rooms with large windows, mono-crystalline
semi-transparent PV glazing of high PVR has the most efficient energy
performance, which is even better than Low-E double glazing in certain conditions.
This result is particularly important because the office buildings are developing
towards large-windows design in China. Nevertheless, its problem of high-energy
consumption must be addressed, and mono-crystalline semi-transparent PV fagade

provides a promising option.
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Figure 6.27 Overall energy consumption of different glazings at WWR of 0.6

By comparing the overall energy performance of different glazings in these
large WWR (large-window) cases, we conclude that:

(1) Mono-crystalline semi-transparent PV glazing has a better overall energy
performance than single glazing and double glazing in all room depth

cases.

(2) High PVR (above 60%) mono-crystalline semi-transparent PV glazing has
a better overall energy performance than all traditional glazings in rooms

that are less than 8 m deep.

(3) In  rooms with large windows, high PVR mono-crystalline

semi-transparent PV glazing has the most efficient energy performance.

6.5. Conclusions

This chapter discuses the energy evaluation of mono-crystalline
semi-transparent PV glazing on overall energy performance. The mono-crystalline

semi-transparent PV and traditional glazings were compared. Optimal PVR is
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investigated in different combinations of room depth, WWR and orientations. The

main discoveries are listed as following.

In the parametric analysis of the overall energy performance, the PV
electricity generation and the electricity consumption of lighting, heating and

cooling are analysed, with the following discoveries:

(1) Temperature significantly affects the conversion efficiency. When the

PVR increases, the PV electricity conversion efficiency decreases.

(2) When the PVR increases, the indoor daylight illuminance linearly
decreases, and the electricity consumption increases. The room depth has a
greater effect on the daylight performance than the WWR. In terms of
lighting energy saving, mono-crystalline semi-transparent PV facades are
more suitable and can provide better lighting energy performance in

relatively short rooms, or in relatively larger-window rooms.

(3) Under the climatic conditions of central China, increasing the PVR

appears to decrease the heating and cooling electricity consumption.

(4) An optimal PVR can be obtained with a particular combination of WWR,
room depth, and orientation. When the overall energy performance is
considered, adopting the optimal PVR can result in electricity savings of
up to 30% (average savings: 13%) compared to the least favourable PVR.
This result demonstrates the importance of selecting optimal PVR based

on the architectural conditions.

(5) The rooms with small room depth have relatively smaller optimal PVR
than rooms with lager room depth. Large WWR rooms have relatively
larger optimal PVR than small WWR rooms. This result indicates that
high PVR PV fagdes are more suitable for deep rooms with larger
window and small PVR PV fagdes are more suitable for short rooms with

small window.

In the comparison analysis between the three traditional glazings (single
glazing, double glazing and Low-E double glazing) and the mono-crystalline

semi-transparent PV glazing, the PV glazing generally has a better energy
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performance than single glazing and double-glazing, particularly in large WWR

cases:

1)

(2)

(3)

In small WWR rooms, low PVR (below 50%) mono-crystalline
semi-transparent PV glazing has a better over energy performance than
single glazing and double glazing in all room depth cases. In small WWR
rooms, high PVR (above 50%) mono-crystalline semi-transparent PV
glazing has a better overall energy performance than single glazing and
double glazing in short rooms; however, in deep-room cases, it is worse

than all traditional glazings.

In small WWR rooms, the mono-crystalline semi-transparent PV glazing
has a worse overall energy performance than Low-E double glazing in all

cases, particularly in deep rooms.

In large WWR rooms, high PVR mono-crystalline semi-transparent PV
glazing has the best efficient energy performance, which is even better
than Low-E double glazing in certain conditions. This result is particularly
important because the office buildings are developing toward large

window design in China.
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Chapter 7 Evaluation on energy
performance of office buildings with
amorphous-silicon semi-transparent

PV fagdes
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In Chapter 6, the overall energy performance of mono-crystalline
semi-transparent PV glazing has been examined. Amorphous-silicon
semi-transparent PV glazing is examined in Chapter 7 using similar methods. With
the calculation methods and architectural models presented in Chapter 5, the energy
(electricity) consumption of lighting, heating and cooling., is calculated. Section
7.2 discusses the energy evaluation for amorphous-silicon semi-transparent using a
parametric analysis. An optimizing design approach for amorphous-silicon
semi-transparent PV fagde by optimal WWR is explored in Section 7.3. In
addition, energy saving of amorphous-silicon semi-transparent PV compared to
three traditional glazings is investigated and presented in Section 7.4.

7.1. Introduction

In terms of the two types of PV glazing, amorphous-silicon semi-transparent
does not have a wide variation of solar transmittance, which is different from
mono-crystalline semi-transparent PV, where the solar transmittance is controlled
using the PVR. On the contrary, the solar transmittance for amorphous-silicon PV
glazing is usually higher than 70% with limited changes. In this case, a fixed solar
transmittance value is used in this chapter for the amorphous-silicon
semi-transparent PV in all studied cases. This solar transmittance is obtained from
the observation value of the amorphous-silicon glazing that we use in the field
experiments. Other necessary properties for the simulation analysis were discussed

and provided in Chapter 5.

This chapter discusses the parametric analysis on the energy performance of
amorphous-silicon semi-transparent PV fagdes in office buildings. The validated
calculation models and methods for amorphous-silicon semi-transparent PV were
discussed in Chapter 5 and incorporated into the architectural models and Energy
Plus to investigate the effects of the amorphous-silicon PV in different WWR
cases. The overall energy performance, which includes the PV electricity
generation, lighting, heating and cooling electricity consumption, was examined
under different architectural conditions. Different combinations of room depth and
WWR were carefully examined for the southern orientation. The criterion of
electricity consumption per floor area (kWh/m?) was used to account for the

differences in floor area for different room depth to provide normalised results. All
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figures are evaluated using an annual value or average annual value (if it is not
specifically mentioned) to see the entire picture of the overall energy consumption

of four seasons.

7.2. Parametric analyses of the overall energy performance of

amorphous-silicon semi-transparent PV fagdes

7.2.1. Effects on the PV electricity generation

Room depth
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Figure 7.1 PV power generation of different WWR in different room depth cases

With the calculation method in Chapter 5, the PV generation conversion
efficiency of amorphous-silicon semi-transparent PV is simulated and investigated
throughout March 1 2013. Because the solar transmittance of the
amorphous-silicon PV layer is fixed, the results show that there is no tangible
relation between the WWR and the PV conversion efficiency. The conversion
efficiency remains at 4.9% for all cases in that result. With a larger WWR, there is
more window area for PV fades; thus, the PV electricity generation output
increases when the WWR increases. Because there is no tangible relation between
the WWR and the PV conversion efficiency, the PV electricity generation output

linearly increases with the increase in WWR as Figure 7.1 shows. In addition, it
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should be noticed that the amorphous-silicon semi-transparent PV (approximately
14%) has a much lower PV conversion efficiency than the mono-crystalline PV
(approximately 4.9%). In these cases, the total amount of PV electricity output is

also less significant.

7.2.2. Effects on the daylight and the lighting energy consumption

Room depth
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Figure 7.2 Indoor daylight illuminance of different WWR in different room depth
cases

Figure 7.2 shows the indoor daylight illuminance of different WWR in
different room depth cases. For a 4m deep room, illuminance increases 140% when
the WWR increases from 0.2 to 0.7; this incensement for a 13m deep room is
260%.. However, most cases remain below 300 lux, which indicates the
requirement of artificial-lighting compensation. When the room depth is above 8
m, the average daylight illuminance decreases below 100 lux and even 50 lux in
many cases. In this situation, daylight becomes insignificant and meaningless.
Artificial lighting must be provided to maintain a comfortable lighting environment
(above 300 Ix) indoor for office function. Moreover, when the room depth is above

8 m, the difference among different WWR becomes less significant. Compared to
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the mono-crystalline  semi-transparent PV glazing in Section 6.2.2,
amorphous-silicon PV glazing is obviously inferior, and its predictable outcome is
bad performance in lighting energy consumption mainly because the
amorphous-silicon layer in the PV glazing has a low visible and solar transmittance

value.

Room depth
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Figure 7.3 Lighting energy consumption of different WWR in different room depth

cases

Figure 7.3 shows the lighting electricity consumption of different WWR in
different room depth cases. The electricity consumption of different cases is within
20-40 KWh/m?. As we predicted, this artificial-lighting electricity consumption is
relatively higher than that of mono-crystalline semi-transparent PV glazing.
Meanwhile, compared to the daylight illuminance, the difference in lighting
electricity consumption is less significant. For a 4m deep room, lighting electricity
consumption decreases 15% when the WWR increases from 0.2 to 0.7; this
decreasement for a 13m deep room is 33%.. For short-room cases with room depth
below 7 m, the lighting energy consumption remains almost constant after WWR
exceeds 0.5.
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7.2.3. Effects on the heating and cooling electricity consumption
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Figure 7.4 Heating and cooling electricity consumption of different WWR in
different room depth cases

With a low solar transmittance, it could be predicted that the heat gain by solar
radiation through amorphous-silicon semi-transparent PV is significantly reduced.
This result is beneficial in the summer because it can reduce the cooling demand,
however it also increases the heating demand in the winter because of the loss of
solar radiation. As previously discussed in Section 6.2.3, in central China, which is
a typical hot-summer cold-winter climate zone, the amount of heat gain through the
window glass in the summer is larger than the amount of heat loss of solar radiation
in the winter. This result indicates that saving the cooling energy will benefit more
in terms of the overall energy performance. Figure 7.4 shows the heating and
cooling electricity consumption of amorphous-silicon semi-transparent PV in
different WWR and room depth cases. The electricity consumption of different
cases is within 22-37 kWh/m? and increases when the WWR increases, which is

lower than that of mono-crystalline PV (Figure 6.11). This outcome is consistent
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with the prediction. Similar to the lighting energy consumption, the difference in
heating and cooling electricity consumption among different WWR is less
significant in large room depth cases. In addition, in large room depth cases, the

heating and cooling energy increases more slowly when the WWR increases.

It can be concluded that amorphous-silicon semi-transparent PV glazing is
beneficial in terms of saving the overall heating and cooling energy. It consumes
relative less heating and cooling electricity than mono-crystalline semi-transparent

PV glazing.

7.2.4. Effects on the overall energy consumption

Based on the above analysis, it can be concluded that amorphous-silicon
semi-transparent PV decreases the heating and cooling electricity consumption but
increases the artificial-lighting electricity consumption. Amorphous-silicon
semi-transparent PV also has relatively lower PV electricity generation output than
mono-crystalline semi-transparent PV glazing. However, the effects of the room
depth and WWR on these relationships are pronounced, which demonstrates that
these factors must be carefully considered when designing amorphous-silicon
semi-transparent PV fagdes for buildings. Therefore, it is necessary to evaluate the
overall energy consumption considering these factors (which were discussed in
6.2.4) to determine an optimal WWR.

Figure 7.5 shows the overall energy consumption of different WWR in
different room depth cases. The overall energy consumption is mostly within 50
kWh/m? to 60 kWh/m? for all cases. For large room depth (>8 m) rooms, the
overall energy consumption decreases when the WWR increases. The lowest
overall energy consumption is observed with a WWR of 0.7. However, for small
room depth (<8 m) rooms, when the WWR increases, the overall energy
consumption decreases at first and subsequently increases after the WWR exceeds
a certain value. This result indicates the existence of an optimal WWR in terms of

the overall energy consumption.
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Figure 7.5 Overall energy consumption of different WWR in different room depth

cases

To further explain the details of the overall energy consumption, Figure 7.6
shows the overall energy consumption with PV electricity generation, lighting and
heating and cooling electricity consumption in two room depth cases of 6 m (a) and
12 m (b).

For the 6 m room depth (short-room) cases, when the WWR increases from
0.2 to 0.7, the heating and cooling electricity consumption increases to 6.4
kKWh/m?, whereas the lighting electricity consumption decreases to 8.7 kWh/m?.
PV electricity generation increases 1.4 kWh/m?. In addition, when the WWR is
below 0.4, the heating and cooling electricity consumption is larger than that of
lighting. When the WWR is above 0.4, this situation reverses. The overall energy
consumption decreases with the increase in WWR at first and subsequently
increases. A 0.5 WWR achieves the lowest electricity consumption at a yearly

overall energy consumption of 50.6 kWh/m?.
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In the 12 m room depth (deep-room) cases, when the WWR increases from 0.2
to 0.7, the heating and cooling electricity consumption increases to 2.8 kWh/m?,
whereas that of lighting decreases to 10.7 kWh/m?. The PV electricity generation
increases to 0.7 KWh/m?. The PV electricity generation becomes notably
insignificant compared to the entire energy consumption and contributes notably
little to the energy saving. When the WWR is small, the lighting electricity
consumption is much larger than that of heating and cooling. This gap narrows
with the increase in WWR. The overall energy consumption decreases with the
increase in WWR for all cases. Thus, a WWR of 0.7 has the lowest overall

electricity consumption.
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Figure 7.6 Overall energy consumption of different WWR in cases of
room depth (@) 6 mand (b) 12 m

7.3. Optimal WWR according to the overall energy performance

From the parametric analysis above, it seems there is a certain value of WWR
would achieve the lowest overall electricity consumption. This particular value is
defined as optimal WWR, which is chosen by comparing the overall energy
consumption results of all WWR cases in different Room depth in the southern
orientation. Variations in room depth can lead to considerable variation in
optimal WWR (Table 7.1).

In short rooms (<8m), optimal WWR increases when Room depth increases.
In deep room (>8m), optimal WWR remains 0.7 (large window) for all cases. Since
a lager window area could provide more area for semi-transparent PV installation,
this results indicate that amorphous-silicon semi-transparent PV is more preferable

and practical in rooms with larger windows.
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To show the benefits of optimal WWR, electricity saving in percentage figure
by optimal WWR compared to most disadvantaged WWR is showed in Table 7.2.
There is at least 8%, up to 15%, with an average of 12% of deviation is seen by
comparison. The impact of optimal WWR is most significant in cases at Room

depth between 8m to 11m, with maximum figure seen in case at 9m Room depth.

Table 7.1 Optimal WWR in different room depth in south orientation

Room depth (m)

4 5 6 7 8 9 10 11 12 13

Optimal WWR 025 035 05 055 07 07 07 07 07 07

Table 7.2 Deviation by optimal WWR compared to most disadvantaged WWR

Room depth (m)

4 5 6 7 8 9 10 11 12 13

Deviation
8.6 4.3 8.9 125 147 158 157 150 140 13.0
(%)

7.4. Energy saving of amorphous-silicon semi-transparent PV glazing

compared to three traditional glazings

In this section, the overall energy performance of the amorphous-silicon
semi-transparent PV fagdes layouts of each optimal WWR is compared with that
of three traditional glazings: (1) single glazing, (2) Low-E double glazing and (3)

normal double glazing.

Figure 7.7 (a) shows the sections of amorphous-silicon semi-transparent PV,
whose calculation methods were discussed and presented in Chapter 5. Figures 7.7
(b), (c) and (d) show the sections of the three traditional glazings, whose properties

and simulation methods were discussed in Section 6.4.
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Figure 7.7 Amorphous-silicon PV glazing and three traditional glazings

(@) Amorphous-silicon PV glazing, (b) 3 mm single glazing, (c) 6 mm Low-E
double glazing with a 12 mm air gap, (d) 6 mm double glazing with a 12 mm air
gap

Two types of architectural models are used in this section and are illustrated in
Figure 6.18 in Chapter 6. The first type is generic rooms with relatively small
windows at a WWR of 0.3. The other type is generic rooms with larger windows at
a WWR of 0.6. The details of the architectural models are discussed and provided
in Section 5.3. Amorphous-silicon semi-transparent PV and the three traditional
glazings are first compared in the small WWR cases and subsequently in the large
WWR cases to investigate the performance of lighting, heating and cooling energy
performance. The PV electricity generation of PV glazing is automatically included
in all comparisons. The results are presented in annual value with different room
depths.

7.4.1 Energy savings in small WWR cases

Figure 7.8 shows the Daylight illuminance of different glazing at 0.3 WWR
cases. Compared to the three traditional glazings, daylight illuminance of
amorphous-silicon semi-transparent PV glazing is very low. Traditional glazings

are roughly 6-7 times higher than amorphous-silicon semi-transparent PV.
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Figure 7.8 Daylight illuminance of different glazings at WWR of 0.3
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Because of the huge disadvantage of the indoor illuminance level, the
artificial-lighting  electricity ~ consumption  of  the  amorphous-silicon
semi-transparent PV is also significantly higher than that of traditional glazings, as
Figure 7.9 shows. In the 4-m-deep room case, 26% more electricity was consumed
by the amorphous-silicon semi-transparent PV glazing compared to the traditional
glazings. In the 13-m-deep room, 95% more electricity is consumed by

amorphous-silicon semi-transparent PV glazing.

These results clearly show that amorphous-silicon semi-transparent PV is
significantly inferior to transitional glazings in terms of lighting energy
performance, which is particularly true for deep-room cases.
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Figure 7.10 Heating and cooling electricity consumption of different glazings at
WWR of 0.3

Figure 7.10 shows the heating and cooling electricity consumption of different
glazings at 0.3 WWR. Low-E double glazing has the lowest electricity
consumption, followed by amorphous-silicon semi-transparent PV glazing. Single

glazing has the highest electricity consumption among all types. In the 4-m-deep
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room, the amorphous-silicon semi-transparent PV glazing saves 20% and 18%
electricity compared to double glazing and single glazing, respectively. However,
this advantage decreases when the room depth increases. In the 13-m-deep room,
the difference between amorphous-silicon semi-transparent PV glazing and double

glazing becomes insignificant.

Figure 7.11 shows the overall energy consumption of different glazings at 0.3
WWR. In the rooms with room depth below 6 m, the amorphous-silicon
semi-transparent PV glazing has a better energy performance than single glazing
and double glazing. However, in the rooms with room depth above 6 m, the
amorphous-silicon semi-transparent PV has the worst overall energy performance
mainly because the lighting electricity consumption of the amorphous-silicon
semi-transparent PV increases. In a 13-m-deep room, the overall electricity
consumption is 26-39% higher for amorphous semi-transparent PV glazing than for
the three traditional glazings.
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Figure 7.11 Overall energy consumption of different glazings at WWR of 0.3
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By comparing the overall energy performance of different glazings the in
small WWR (small-window) cases, we conclude that:

(1) Amorphous-silicon semi-transparent PV is significantly inferior to
traditional glazings in terms of daylighting and lighting energy

performance.

(2) In rooms that are less than 6 m deep, the amorphous-silicon
semi-transparent PV glazing has a better overall energy performance than

single glazing and double glazing.

(3) In rooms that are deeper than 6 m, all three traditional glazings are better
than amorphous-silicon semi-transparent PV glazing in terms of the

overall energy performance.
7.4.2 Energy savings in large WWR cases

Figure 7.12 shows the daylight illuminance of different glazings at 0.6
WWR. Compared to the small WWR cases in 7.3.1, a larger window provides
better daylight illuminance, which is notably limited. The amorphous-silicon
semi-transparent PV remains having a notably lower illuminance than the
traditional glazings. Thus, the artificial-lighting electricity consumption of
amorphous-silicon semi-transparent PV in large WWR cases remains significantly
higher than that of traditional glazings, as Figure 7.13 shows. In the 4-m-deep
room, 11% more electricity was consumed by amorphous-silicon semi-transparent
PV glazing compared to traditional glazings. In the 13-m-deep room, 72% more

electricity is consumed by amorphous-silicon semi-transparent PV glazing.

Figure 7.14 shows the heating and cooling electricity consumption of different
glazings at 0.6 WWR. The difference between Low-E double glazing and
amorphous-silicon semi-transparent PV glazing is small, and both types save a
significant amount of energy compared to single and double glazing. In the
4-m-deep room, amorphous-silicon semi-transparent PV glazing saves 33% and
38% electricity compared to double glazing and single glazing, respectively.

However, the saving becomes less significant in large room depth cases.
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Figure 7.12 Daylight illuminance of different glazings at WWR of 0.6
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Figure 7.15 shows the overall energy consumption of different glazings at 0.6
WWR. In rooms with room depth below 10 m, the amorphous-silicon
semi-transparent PV glazing has a better energy performance than single glazing
and double glazing. The overall energy performance of all three traditional glazings
decreases when the room depth increases, whereas the amorphous-silicon
semi-transparent PV consumes the least energy when it is used in the 8-m-deep
room. In the 8-m-deep room, the overall -electricity consumption of
amorphous-silicon semi-transparent PV glazing is 10% higher than that of Low-E
double glazing, 8% lower than that of double glazing and 14% lower than that of
single glazing. For amorphous-silicon semi-transparent PV, a proper room depth

appears to give the best overall energy performance.

By comparing the overall energy performance of different glazings in the
large WWR (large-window) cases, we conclude that:

(1) Amorphous-silicon semi-transparent PV is significantly inferior to
traditional glazings in terms of daylighting and lighting energy

performance even in rooms with large windows.

(2) In rooms that are less than 10 m deep, the amorphous-silicon
semi-transparent PV glazing has a better overall energy performance than

single glazing and double glazing.

(3) Amorphous-silicon semi-transparent PV glazing is inferior to Low-E

double glazing in all room cases.

7.5. Conclusions

This chapter discusses the parametric analysis of the overall energy
performance of amorphous-crystalline semi-transparent PV glazing. A comparison
analysis between amorphous-silicon semi-transparent PV and traditional glazings is
conducted. Optimal WWR s investigated in different room depth cases. The main

discoveries are listed as following.
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In the parametric analysis of the overall energy performance, the PV
electricity generation and the electricity consumption of lighting, heating and
cooling of amorphous-silicon semi-transparent PV are analysed, with the following

discoveries:

(1) The results show that there is no tangible relation between the WWR and
the PV conversion efficiency. The total amount of PV electricity output is

also less significant than that of mono-crystalline semi-transparent PV.

(2) When the WWR increases, the indoor daylight illuminance linearly
increases, and the electricity consumption decreases. However, because of
the low visible and solar transmittance value of the amorphous-silicon
layer in the PV glazing, the amorphous-silicon semi-transparent PV does
not perform well in terms of indoor daylighting and lighting energy

performance.

(3) Amorphous-silicon semi-transparent PV glazing is beneficial in terms of
saving the overall heating and cooling energy. Its heating and cooling
electricity consumption is relatively less than that of mono-crystalline

semi-transparent PV glazing.

(4) An optimal WWR (i.e., one that achieves the lowest overall electricity
consumption) can be obtained for a particular combination of room depth
and orientation. When the overall energy performance is considered,
adopting the optimal WWR can result in electricity savings of up to 15.8%
compared to the least favourable WWR, although the achieved savings
vary depending on the combination of room depth, at least in the south
orientation. This result demonstrates the importance of selecting the

optimal WWR based on the architectural conditions.

(5) The results of the optimal WWR indicate that amorphous-silicon
semi-transparent PV is preferable and more practical in rooms with large

windows.
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The main results of the comparison analysis among three traditional glazings
(single glazing, double glazing and Low-E double glazing) are as follows.

(1) Amorphous-silicon semi-transparent PV is significantly inferior to
traditional glazings in terms of daylighting and lighting energy

performance in all situations.

(2) In short rooms, amorphous-silicon semi-transparent PV glazing generally
has a better overall energy performance than single glazing and double

glazing.

(3) Amorphous-silicon semi-transparent PV glazing is inferior to Low-E
double glazing in all room cases.
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In this chapter, other implications of semi-transparent PV fagdes in office
buildings are discussed. With the effects of other architectural factors, the overall
energy performance of semi-transparent PV fagdes is discussed in Section 8.2.
Suitability of optimal PVR/WWR strategies in different architectural conditions is
investigated in Section 8.3. In addition, Environmental performance of
semi-transparent PV facades is investigated in Section 8.4.

8.1 Introduction

The effects of other architectural factors on the overall energy performance
when semi-transparent PV fagades are used are discussed. These architectural
factors are considered less important than the architectural factors such as WWR
and room depth, but they should be discussed to further understand different
architectural contributions to the effects on the overall energy performance when

semi-transparent PV facades are used.

The suitability of optimal PVR/WWR strategies in different architectural
conditions is investigated. We aimed to discover the performance of each optimal
PVR/WWR under different architectural conditions compared to the baseline
buildings (A and B) in terms of energy saving. If the optimal PVR/WWR strategy
achieves a lower overall energy consumption than the baseline buildings (energy
saving) in an architectural condition, this optimal PVR/WWR strategy can be refer
as “suitable” in this architectural condition. In addition, the energy saving of each
optimal PVR/WWR is presented. Energy saving from office buildings becomes
increasingly more economically significant because the energy cost continues to
increase in China. This statement is particularly true when office buildings has
relatively higher electricity price than resident buildings in China, which indicates
that the economic savings from PV fagdes of office buildings will be even more

profitable.

The environmental performance of semi-transparent PV fagdes based on the
carbon reduction by the amount of CO, and polluted emission such as SO,, NO and
carbonaceous dust is presented in this chapter. These polluted gases are produced

during the electricity production using thermal power generation. They can be
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reduced by using PV facades and replacing the power demand with solar energy,

which is notably clean and produces no harmful material to the environment.

8.2 Effects of other architectural factors on overall energy performance of

semi-transparent PV

In this section, other architectural factors such as room height, window height
and room width are developed and incorporated into the architectural models. A
room of 8 m room depth and 0.3 WWR is chosen as the study sample; its room
setups were discussed in Section 5.3. A mono-crystalline semi-transparent PV of
40% PVR is chosen as the sample of semi-transparent PV. The overall energy
consumption, which includes the PV electricity generation, heating and cooling
electricity consumption and lighting electricity consumption, is simulated and
presented to discover the effects of other architectural factors on the energy

performance. All figures show the annual values.

8.2.1. Effects of different room height

Figure 8.1 shows the overall energy consumption for different room heights.
The room height is set at 3.0 m, 3.5 m, 4.0 m and 4.5 m, which are the most
common heights for office buildings. When the room height increases, the PV
electricity generation slightly increases by 0.6 kWh/m? because the wall area
increases when the room height increases, which increases the window area
because all cases have identical WWR. When the room height increases, the
lighting energy consumption decreases because the window area increases.
However, with a great increase in heating and cooling electricity consumption, the
overall energy consumption increases by 14.6% when the room height increases

from3mto4.5m.
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Figure 8.1 Overall energy consumption for different room heights

8.2.2. Effects of different window height

Figure 8.2 shows the overall energy consumption for different window
heights. The window height is defined as the window-sill height, which is set at 0.6
m, 0.9 m and 1.2 m. The height of 0.9 m is most common in office buildings, and
0.6 m is usually used for better views in large WWR situations. When the window
height increases, the PV electricity remains unchanged because the wall area does
not change. The lighting energy slightly decreases with insignificant change. The
heating and cooling electricity consumption remains unchanged for all cases. The
overall energy consumption decreases by 3.3% when the window height increases
from 0.6 m to 1.2 m. The window height appears to not significantly affect the

overall energy performance in terms of the semi-transparent PV facdes
application.
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Figure 8.2 Overall energy consumption for different window heights

8.2.3. Effects of different room width

Figure 8.3 shows the overall energy consumption for different room widths,
which are set at 4 m, 5 m and 6 m. It should be noticed that with the increase in
room width, the window area and the floor area of the room also increase and
remain at a constant proportion. In that case, the PV electricity per floor area
remains constant. The lighting energy decreases by 4.1% when the room width
increases from 4 m to 6 m. The heating and cooling electricity consumption
decreases by 5.2%. In this case, the overall energy consumption decreases by 4.8%

when the room width increases from 4 m to 6 m.
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Figure 8.3 Overall energy consumption for different room widths

Among the three architectural factors, the room height has the most significant
effect on the overall energy consumption with a 14.6% change, followed by the
room width with a 4.8% change and the window height with a 3.3% change.
However, compared to PVR and WWR, these three factors have a less significant
effect on the energy performance in terms of semi-transparent PV faqde

applications in office buildings.

8.3. Suitability of optimal PVR/WWR for semi-transparent PV on office
building facades

8.3.1 Introduction

In this section, the suitability of optimal PVR/WWR strategies in different
architectural conditions is investigated by comparing the energy saving to the
baseline buildings (A and B) of each optimal PVR/WWR under different

architectural conditions.
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The suitability is defined as follows: when the optimal PVR/WWR is
adopted in certain architectural conditions, the overall energy consumption is lower
than that of the baseline buildings (energy saving). In other words, if the optimal
PVR/WWR strategy achieves a lower overall energy consumption than the baseline
buildings (energy saving) in an architectural condition, this optimal PVR/WWR
strategy can be referred to as ““suitable” in this architectural condition.

8.3.2 Mono-crystalline semi-transparent PV faades

Table 8.1 Overall electricity consumption of office rooms with mono-crystalline

semi-transparent PV for each optimal PVR

Electricity consumption (KWh/m2)
WWR Room depth(m)

4 5 6 7 8 9 10 11 12 13

02 458 449 444 442 443 444 445 448 451 454

025 46.2 454 447 445 443 444 446 447 448 450

0.3 466 458 452 448 446 445 446 448 449 450

035 471 46.2 457 452 448 447 447 447 449 450

04 477 465 459 456 451 449 449 448 449 450

045 481 468 46.1 457 453 450 449 448 448 448

05 486 47.1 46.2 458 456 452 449 448 448 448

055 492 475 465 46.0 457 455 452 450 449 449

06 497 48.0 46.8 46.2 459 458 454 452 451 450

0.65 502 484 471 464 46.1 459 457 454 452 451

0.7 507 488 474 46.6 46.2 46.0 459 456 454 452
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With the optimal PVR provided in Section 6.3, the energy saving of the
optimal PVR of mono-crystalline semi-transparent PV is presented in this section
by comparing the energy consumption of each PVR in different architectural
conditions to the baseline buildings, which were discussed in Section 5.4. The
economic saving is also presented based on energy saving. This analysis shows us
the maximum benefits of mono-crystalline semi-transparent PV glazing as facdes

for office buildings and its suitability under different architectural conditions.

Table 8.1 shows the overall electricity consumption (KWh/m?) of office rooms
with mono-crystalline semi-transparent PV for each optimal PVR according to
each combination of room depth and WWR. Tables 8.2 and 8.3 show the overall
electricity consumption (KWh/m?) of office rooms of baseline buildings A and B,

respectively.

Table 8.2 Overall electricity consumption of office rooms of baseline building A
for each combination of room depth and WWR

Electricity consumption (kWh/m2)
WWR Room depth(m)

4 5 6 7 8 9 10 11 12 13

0.2 1090 1033 99.7 978 97.0 970 976 987 100.2 101.9

025 953 922 903 894 893 89.8 905 917 932 949

03 981 942 918 904 89.7 89.7 90.1 90.7 916 927

035 974 936 91.1 896 888 885 887 89.1 89.7 905

04 991 947 913 89.0 875 86.6 859 855 853 852

045 985 941 90.8 885 86.9 859 852 847 844 843

05 1009 9.4 93.0 90.7 893 884 878 875 875 878

055 99.7 955 9211 899 885 876 870 86.7 86.6 86.7

0.6 1015 969 933 90.8 89.2 882 874 870 868 86.7

0.65 1032 984 945 918 900 888 879 874 870 86.9

0.7 1049 998 956 928 90.8 894 885 878 873 87.1

—174-



Chapter 8

Table 8.3 Overall electricity consumption of office rooms of baseline building B
for each combination of room depth and WWR

Electricity consumption (KWh/m2)
WWR Room depth(m)

4 5 6 7 8 9 10 11 12 13

0.2 545 517 499 489 485 485 488 494 50.1 50.9

0.25 47.7 461 452 447 446 449 453 458 46.6 474

0.3 490 471 459 452 449 448 450 454 458 464

0.35 48.7 46.8 455 448 444 442 443 446 449 453

04 496 473 457 445 438 433 43.0 428 426 426

045 492 471 454 442 435 429 426 424 422 421

05 505 482 465 454 447 442 439 438 438 439

055 499 477 461 449 442 438 435 433 433 434

0.6 507 485 466 454 446 441 437 435 434 434

0.65 516 49.2 472 459 450 444 440 437 435 434

0.7 524 499 478 464 454 447 442 439 437 435

According to these results, the energy saving is calculated by comparing the
overall energy of mono-crystalline with that of baseline buildings A and B. Table
8.4 shows the energy saving of mono-crystalline semi-transparent PV compared to
baseline building A in different architectural combinations. Table 8.5 shows the
energy saving of mono-crystalline semi-transparent PV compared to baseline
building B in different architectural combinations. The green area shows the part
where mono-crystalline semi-transparent PV performs better than the baseline
buildings. With an optimal PVR, mono-crystalline semi-transparent PV can save
48-58% of the energy on average compared to baseline building A. However,
compared to baseline building B, mono-crystalline semi-transparent PV can only

save energy in relatively short rooms with small windows. In a 4-m-deep room
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with WWR 0.2, mono-crystalline semi-transparent PV glazing can save 16.0%
energy. In a 13-m-deep room with WWR 0.7, mono-crystalline semi-transparent

PV consumes 3.9% more energy than baseline building B.

Table 8.4 Energy saving with mono-crystalline semi-transparent PV compared to

baseline building A for each combination of room depth and WWR

Electricity saving(%)
WWR Room depth(m)

4 5 6 7 8 9 10 11 12 13

0.2 580 56.6 555 548 544 542 543 547 550 554

0.25 515 50.7 505 503 503 505 50.7 512 519 525

03 525 514 50.7 505 503 504 505 506 510 515

035 516 506 498 496 495 495 496 498 500 503

04 519 508 49.7 488 484 481 478 476 474 472

045 511 503 493 484 478 476 473 471 470 4638

05 519 512 503 496 490 489 488 488 489 490

055 50.7 50.2 495 488 483 481 48.0 481 481 482

06 510 505 498 491 486 481 480 480 48.0 481

0.65 513 508 501 494 488 483 48.0 48.0 48.0 48.0

0.7 517 511 504 49.7 491 486 481 48.0 480 48.0

Note: The green area shows the part where mono-crystalline semi-transparent PV

performs better than building A

From these results, based on the comparison with baseline building B, it can
be concluded that PV facgdes are more suitable in short rooms or rooms with
small windows. However, this conclusion is based on baseline building B, which is
consistent with the Chinese Design Standard for Energy Efficiency of Public
Buildings (GB-50189-2005). If the setting and conditions of the baseline
buildings change, the suitability situation will change accordingly. The key

factor is the standard that we use for the baseline buildings.
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Table 8.5 Energy saving with mono-crystalline semi-transparent PV compared to
baseline building B for each combination of room depth and WWR

Electricity saving(%)
WWR Room depth(m)

4 5 6 7 8 9 10 11 12 13

02 1160 132 110 96 87 84 87 93 100 108

02 31 15 09 06 O7 10 14 24 37 51

03 50 28 15 10 07 08 10 13 19 30

03% 32 13 03 08 -10 -11 -07 -04 -01 0.5

o4 38 17 07 -24 32 -38 -44 -48 53 57

045 23 06 -15 -33 43 -49 54 58 -61 -64

05 37 24 06 -09 -20 -23 -23 -24 -23 -20

05 14 04 -10 -24 33 -39 -39 -39 -37 -35

o6 20 10 -04 -17 -29 -38 -40 -40 -39 -38

065 27 16 02 -11 -25 -33 -39 -40 -39 -39

07 34 22 08 -05 -18 -29 -38 -39 -40 -39

Note: The green area shows the part where mono-crystalline semi-transparent PV

performs better than building B

With the energy saving of the mono-crystalline semi-transparent PV for each
optimal PVR, which was discussed in Section 8.3.1, the economic saving is
calculated using the electricity cost in Wuhan (0.93 RMB/kWh). Table 8.6 and 8.7
show the economical saving with mono-crystalline semi-transparent PV compared

to baseline buildings A and B in different architectural combinations.

Compared to baseline building A, mono-crystalline semi-transparent PV could
save 38.9-58.8 RMB/m? and an average of 42.8 RMB/m? each year. This result
indicates that approximately 428,000 RMB of electricity cost was saved for an

office building of 20000 m? floor area.
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Compared to baseline building B, mono-crystalline semi-transparent PV could
save 0.3-8.1 RMB/m? with an average of 1.8 RMB/m? in office rooms with less
than 0.3 WWR and less than 6 m room depth. For a building of 10000 m? floor
area, this result indicates that approximately 18,000 RMB electricity cost was
saved. However, in rooms with WWR over 0.35 and room depth over 6 m,
mono-crystalline semi-transparent PV consumes more energy than baseline
building B with a maximum of 2.5 RMB/m?.

Table 8.6 Economic saving with mono-crystalline semi-transparent PV compared
to baseline building A for each combination of room depth and WWR

Economic saving(RMB/m?)
WWR Room depth(m)

4 5 6 7 8 9 10 11 12 13

0.2 588 544 515 499 49.0 489 493 50.2 513 525

0.25 457 435 424 418 418 421 427 437 449 464

0.3 479 450 433 424 420 420 423 427 434 444

0.35 46.7 441 422 413 408 40.7 409 413 417 423

04 478 448 422 404 394 387 382 378 376 374

045 468 440 416 398 387 380 375 371 369 36.7

05 487 459 435 418 40.7 402 399 39.7 39.8 400

055 47.0 446 424 408 398 391 389 387 388 389

0.6 481 455 432 415 403 394 390 389 388 3838

065 493 465 440 422 408 399 393 390 389 388

0.7 504 474 448 429 414 404 396 392 39.0 389

Note: The green area shows the part where mono-crystalline semi-transparent PV

performs better than building A
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Table 8.7 Economic saving from mono-crystalline semi-transparent PV compared
to baseline buildings B for each combination of room depth and WWR

Economic saving(RMB/m?)
WWR Room depth(m)

4 5 6 7 8 9 10 11 12 13

02 81 63 51 44 39 38 39 43 47 51

025 14 06 04 02 03 04 06 10 16 22

03 23 12 06 04 03 03 04 05 08 13

03% 15 06 -01 -03 -04 -04 -03 -02 00 02

o4 18 07 03 -10 -13 -15 -18 -19 -21 -22

045 10 03 -06 -13 -17 -19 -21 -23 -24 -25

o5 18 11 03 -04 -08 -09 -10 -10 -09 -08

0.55 07 02 -04 -10 -14 -16 -16 -16 -15 -14

0.6 09 04 -02 07 -12 -16 -16 -16 -16 -15

0.65 1.3 07 01 -05 -10 -14 -16 -16 -16 -16

0 16 10 04 02 -08 -12 -16 -16 -16 -16

Note: The green area shows the part where mono-crystalline semi-transparent PV

performs better than building B

8.3.3 Amorphous-silicon semi-transparent PV fagdes

With the optimal WWR provided in Section 7.3, the energy saving by the
optimal use of amorphous-silicon semi-transparent PV is presented in this section
and compared with the baseline buildings, which were discussed in 5.4. The
economic saving is also presented based on the energy saving. This result shows us
the maximum benefits of amorphous-silicon semi-transparent PV glazing as office

buildings’ facades and its suitability under different architectural conditions.

In Table 8.8, the optimal WWR for different room depths is presented with its
overall electricity consumption. The overall energy consumption of 44.2-45.8

kWh/m? is achieved by different optimal WWR. These figures are compared with
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the overall energy consumption of baseline buildings A and B as shown in Table
8.9. A maximum saving of 47.9 kWh/m? is compared to baseline building A. With
the increase in room depth, this value decreases to 38.2 kWh/m?® However,
compared to baseline building B, all optimal WWR fail to achieve a better
performance. Amorphous-silicon semi-transparent PV consumes 4.2-23.5% more

electricity than baseline building B.

Table 8.8 Overall electricity consumption of office rooms with amorphous-silicon

semi-transparent PV with optimal WWR for each room depth cases

Room depth(m)

4 5 6 7 8 9 10 11 12 13

Optimal

025 03 05 055 07 07 07 07 07 07
WWR
Electricity
consumption 458 449 444 442 443 444 445 448 451 454
(KWh/m2)

Table 8.9 Energy saving with amorphous-silicon semi-transparent PV compared to
baseline buildings A and B in different room depth cases

Room depth(m)

4 5 6 7 8 9 10 11 12 13

Electricity
saving(%)

479 46.8 46.6 448 451 439 424 409 395 382
from baseline

building A

Electricity
saving(%)

) 42 64 67 -105 97 -122 -151 -182 -21.0 -235
from baseline

building B

Note: The green area shows the part where mono-crystalline semi-transparent PV

performs better than the baseline buildings
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Amorphous-silicon semi-transparent PV glazings appear to achieve better
energy performance than traditional office buildings (baseline building A) but fail
to perform better than baseline building B. In general, amorphous-silicon
semi-transparent PV fagdes are more suitable in short rooms (small room
depth). Again, it must be noted that if the setting and conditions of baseline
buildings change, the suitability situation will change accordingly. The key factor

is the standard that we use for the baseline buildings.

With the energy saving of the amorphous-silicon semi-transparent PV for each
optimal WWR, the economic savings of baseline buildings A and B are calculated
and presented in Table 8.10.

Table 8.10 Economic saving of mono-crystalline semi-transparent PV compared to

baseline buildings A and B of rooms with optimal WWR for different room depth

Room depth(m)

4 ) 6 7 8 9 10 11 12 13

Optimal WWR 0.25 0.35 0.5 0.55 0.7 0.7 0.7 0.7 0.7 0.7
Economic
saving(%) from 545 476 418 393 377 361 345 342 351 36.3

baseline building A

Economic
saving(%) from 43 01 -27 -33 -41 -50 -62 -74 -85 -94
baseline building B

Compared to baseline building A, amorphous-silicon semi-transparent PV
could save 36.3-54.5 RMB/m? with an average of 39.7 RMB/m? per year. This
result indicates that approximately 397,000 RMB of electricity cost was saved for
an office building of 10000 m? floor area. Compared to baseline building B,
amorphous-silicon semi-transparent PV could save 4.3 RMB/m? and 0.1 RMB/m?
in office rooms with room depth of 4 m and 5 m, respectively. However, for rooms
over 6 m, amorphous-silicon semi-transparent PV consumes 2.7-9.4% more energy

than baseline building B.
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8.4. Environmental benefit of the semi-transparent PV facades

To evaluate the environmental performance of semi-transparent PV facades,

two aspects are examined:

® Carbon reduction by the amount of CO,
@ Polluted emission including SO,, NO and carbonaceous dust.

CO; has major effects on global warming, which causes serious problems
including meteorological disasters, sea level rising, species extinction,. SO,, NO
and carbonaceous dust are currently parts of the major air pollutions in cities and
can cause health problems to humanity, particularly in China, where air pollution
has become a serious problem for every major city. It has been well recgnized of
the seriousness of such problem and the importance of reducing the air pollution
emission from thermal power gernation plants (Yang, 2008). In another study
carried out in 2012 (Zhang et al., 2012), the characteristics and sources of trace
elements in PM2.5 (main air pollution factor in China) in Wuhan city is
investigated. Concentrations of eleven typical trace elements in PM2.5 are analyzed
by inductively coupled plasma mass spectrum-try. The results show that in Wuhan
the pollution of trace elements in PM2.5 in autumn is less serious than that of
summer, but more serious than that of winter. Compared with other cities of China,
in Wuhan the concentrations of Zn, Mn, Cu, Pb are much higher, which are strong
correlated with the steel industry in Wuhan. However, human activities also play an
important part in emission of air pollutants including Ti, Se, Cd and Ni from the
electricity power consumption. Gases that are produced during the electricity
production by thermal power generation takes a great part of the total emission.
They can be reduced by using PV facdes and replacing the power demand with
solar energy, which is notably clean and produces no harmful material to the

environment.

In China, every produced kWh yields 0.814 kg of CO,, 0.272 kg of carbonaceous
dust, 0.03 kg of SO, and 0.015 kg of NO. The electricity benefit of
semi-transparent PV will be translated into the reduction of each of these

emissions(Yang, 2008).
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Table 8.11 Emission reduction each year using mono-crystalline semi-transparent

PV compared to baseline building A

CO, SO, NO Carbonaceous dust

Reduction 36.06 1.33 0.66 12.04

Kg/m?

The energy saving from mono-crystalline semi-transparent PV with optimal
PVR is discussed and presented in 8.4.1. An average of 44.3 kWh/m? of electricity
is saved per year compared to baseline building A. Thus, CO, and each polluted
emission is translated from electricity saving and presented in Table 8.11. For a
building with 10000 m? floor area, this result indicates a reduction of 360 tons of
CO,, 13.3 tons of SO,, 6.6 tons of NO and 120 tons of carbonaceous dust.The
energy saving from amorphous-silicon semi-transparent PV with optimal WWR is
discussed and presented in 8.4.2. An average of 37.8 kWh/m? of electricity is saved
per year compared to baseline building A. CO, emission and each polluted

emission are translated from electricity saving and presented in Table 8.12.

Table 8.12 Emission reduction each year using amorphous-silicon semi-transparent
PV compared to baseline building A

CcoO, SO, NO Carbonaceous dust

Reduction 30.76 1.13 0.57 10.28
Kg/m?

PBT (payback time) analysis is often used in economic and environmental
assessments during the early design stages of PV roof systems (Hyoungseok et al.,
2014; Sergio et al., 2007; A. et al., 2010; Masakazu et al., 2010.). This analysis is
also an important method according to the Guidelines for the Economic Evaluation
of BIPV of the National Renewable Energy Laboratory (NREL) (Eiffert et al.,
2003). A detailed economic and environmental assessment of a PV system is very
complex and involves accounting for PV panel and inverter costs, PV structures,

the replacement of PV panels and inverters, maintenance costs, assurance costs,
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inflation, incentives, and other factors. These products can displace traditional
construction materials. As such, the added costs and embodied energy for a BIPV
system (rather than the full costs) should be considered in economic assessments,
including those that would be incurred regardless of the inclusion of a BIPV
system, as specifically noted in the guidelines established by NREL. In a study
with such method carried out in countries of Gulf cooperation council (Steve and
Hassan, 2013), a range of estimated payback time between 42 to 266 years is
presented, which indicates its great dependence on the energy cost price level from
its location. Unfortunately, in our study, the resources available are not enough to
carry out a detailed economic or environmental assessment of studied PV glazings
in Wuhan.

8.5. Conclusions

In this chapter, other implications of semi-transparent PV fagdes in office

buildings are discussed.

Other architectural factors such as room height, window height and room
width are developed and incorporated into the architectural models. The overall
energy consumption, which includes the PV electricity generation, heating and
cooling electricity consumption and lighting electricity consumption, is simulated
and presented to discover the effects of other architectural factors on the energy
performance. Among the three architectural factors, the room height has the most
significant effect on the overall energy consumption with a 14.6% change,
followed by the room width with a 4.8% change and the window height with a
3.3% change. However, compared to PVR and WWR, these three factors have a
less significant effect on the energy performance in terms of semi-transparent PV

fagade applications in office buildings.

The suitability of optimal PVR/WWR strategies in different architectural
conditions is investigated by comparing the energy saving to baseline buildings (A
and B) for each optimal PVR/WWR under different architectural conditions. The
results show that mono-crystalline semi-transparent PV facades are more suitable

in short rooms or rooms with small windows. Amorphous-silicon semi-transparent
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PV facdes are more suitable in short room (small room depth). However, this
conclusion is based on baseline building B, which is consistent with the Chinese
Design Standard for Energy Efficiency of Public Buildings (GB-50189-2005). If
the setting and conditions of baseline buildings change, the suitability situation will
change accordingly. The energy saving of semi-transparent PV compared to the
baseline buildings is discussed and presented. Office rooms with both
mono-crystalline semi-transparent PV and amorphous-silicon semi-transparent PV
have much better energy performance than baseline building A. However, compare
to baseline building B, mono-crystalline semi-transparent PV could only achieve a
better energy performance in small WWR and room depth office rooms, and

amorphous-silicon fail to perform better in all cases.

The environmental benefit of semi-transparent PV fagdes based on the
carbon reduction by the amount of CO, and polluted emission, which includes SO,
NO and carbonaceous dust, is presented in this chapter. The environmental benefit
is also evaluated and presented using the emission reduction amount of CO,, SO,,
NO and carbonaceous dust. The results show that the use of semi-transparent PV
fagades is notably beneficial for the air environment and may aid in reducing the air

pollution problem in china.
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In this study, with the establishment of the experimental room, the calculation
models of solar irradiance on inclined surface and PV generation power based on
operating temperature are developed and presented. Energy evaluation including
PV generation, lighting, heating and cooling performance of semi-transparent PV
fagades for office buildings is provided and presented. Related calculation methods
and models for semi-transparent PV fagades are developed and provided in
different architectural conditions. An optimizing design approach for
semi-transparent PV fagde by the use of optimal PVR/WWR is developed and
presented.

9.1. Main contributions
The main contributions of this study can be listed as following five aspects.

(1) Establishment of the experimental room to evaluate the PV fagde

performance in the local climate

To evaluate the energy performance of PV fagdes in the realistic local
climate, the experimental room with two inner and separate chambers was set up on
the flat rooftop of a building in Wuhan. With smart design, skillful construction,
durable measurement and careful calibration in the experimental room, the
systemically measured and recorded data of environmental parameters and the
parameters that are related to PV fagades was verified to be effective and valid. The
PV fagdes parameters achieved from the field experiment in this study agree
reasonably well with the results of previous works of other researchers. In
particularly, the establishment of the experimental room can be considered an
achievement in this study because not only it provided high-quality data in the
realistic local climate but also the experimental procedures and measurement

techniques were developed and gained in the process.
(2) Estimation of annual power generation of PV fagde in China

The calculation models of solar irradiance on an inclined surface and PV
generation power based on the operating temperature are developed and validated
with the measured data. The good agreements between measured results and
calculated results demonstrate that the calculation models can predict annual power

generation of PV facdes with good accuracy. In addition, the developed and
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validated calculation method in this study can be used as an easy-to-use tool in the

pre-design of BIPV.

With the validated calculation methods and the typical yearly weather data of
CSWD, the annual power generation of PV fagdes in China is calculated in
parametric studies. The results show that with various cities, building orientations,
building forms, materials and arrangements of PV modules, there is a distinct
difference in the electrical output energy of PV facdes. PV facdes have
maximum electrical generation in the south and minimum in the north. However,
although the gap between the most favourable orientation (south) and the most
unfavourable direction (north) in Beijing is relatively large, the difference of the
photovoltaic power generation in Wuhan and Guangzhou is relatively small. In
addition, the difference of PV electrical energy generated in rectangular, rhombus
and circular building forms was slightly higher in Beijing and relatively small in
the other cities. The parametric study results can serve as reference for architects,

engineers and installers in the BIPV project in China.

(3) Evaluation of overall energy performance of two type of semi-transparent

PV fagade for office buildings in Wuhan, China

The energy evaluation based on the overall energy consumption is performed
in study for two types of semi-transparent PV fagdes with the following main

findings.
® Mono-crystalline semi-transparent PV

By evaluating the overall energy performance of mono-crystalline
semi-transparent PV, we conclude that increasing PVR under the climatic
conditions of central China typically decreases the PV electricity conversion
efficiency and heating and cooling electricity consumption but increases the
lighting electricity consumption. Temperature significantly affects the conversion
efficiency. When the PVR increases, the PV electricity conversion efficiency

decreases.

When the PVR increases, the indoor daylight illuminance linearly decreases,
and the electricity consumption increases. Mono-crystalline semi-transparent PV

facgades are more suitable and can provide better lighting energy performance in
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relatively short rooms, or in relatively larger-window rooms. Under the climatic
conditions of central China, increasing the PVR appears to decrease the heating and

cooling electricity consumption.

Compared with traditional glazings, in small WWR rooms, low PVR (below
50%) mono-crystalline semi-transparent PV glazing has a better overall energy
performance than single glazing and double glazing in all room depth cases. In
small WWR rooms, high PVR (above 50%) mono-crystalline semi-transparent PV
glazing has a better overall energy performance than single glazing and double
glazing in short rooms; however, in deep-room cases, it is worse than all traditional
glazings. In small WWR rooms, the mono-crystalline semi-transparent PV glazing
has a worse overall energy performance than Low-E double glazing in all cases,
particularly in deep rooms. In large WWR rooms, high PVR mono-crystalline
semi-transparent PV glazing was the most efficient energy performance (even
better than Low-E double glazing) in certain conditions.

® Amorphous-silicon semi-transparent PV

In the parametric analysis of the overall energy performance of
amorphous-silicon semi-transparent PV, the results show that there is no tangible
relation between the WWR and the PV conversion efficiency. Its total amount of
PV electricity output is also less significant than that of mono-crystalline
semi-transparent PV. When the WWR increases, the indoor daylight illuminance
linearly increases, and the electricity consumption decreases. However, because of
the low visible and solar transmittance value of the amorphous-silicon layer in the
PV glazing, the amorphous-silicon semi-transparent PV does not perform well in
terms of indoor daylighting and lighting energy performance. Amorphous-silicon
semi-transparent PV glazing is beneficial in terms of saving overall heating and
cooling energy. Amorphous-silicon semi-transparent PV glazing is beneficial in
terms of saving the overall heating and cooling energy. Its heating and cooling
electricity consumption is relatively less than that of mono-crystalline

semi-transparent PV glazing.

Compared with three traditional glazings( single glazing, double glazing and

Low-E double glazing), discoveries are as follows. Amorphous-silicon
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semi-transparent PV is significantly inferior to traditional glazings in terms of
daylighting and lighting energy performance in all situations. In short rooms,
amorphous-silicon semi-transparent PV glazing generally has a better overall

energy performance than single glazing and double glazing.

(4) The development of an optimizing design approach for semi-transparent
PV fade by the use of optimal PVR/WWR.

In the study, improved design approaches considering the optimal PVR (for
mono-crystalline semi-transparent PV facgde) and WWR (for amorphous-silicon

semi-transparent PV fagade) are developed.

For mono-crystalline semi-transparent PV fagde, an optimal PVR can be
obtained with a particular combination of WWR, room depth, and orientation.
When the overall energy performance is considered, adopting the optimal PVR can
result in electricity savings of up to 30% (average savings: 13%) compared to the
least favourable PVR. This result demonstrates the importance of selecting optimal

PVR based the on architectural conditions.

The rooms with small room depth have relatively smaller optimal PVR than
rooms with lager room depth. Large WWR rooms have relatively larger optimal
PVR than small WWR rooms. This result indicates that high PVR PV facades are
more suitable for deep rooms with larger window and small PVR PV fagdes are
more suitable for short rooms with small window. The building orientation can also
affect the optimal ratio with changes of 5-10% according to the specific
orientation, and the optimal PVR is higher in the western orientation; however,
these changes are much less pronounced than those induced by the variations in
WWR and room depth.

For amorphous-silicon semi-transparent PV facade, an optimal WWR (i.e.,
one that achieves the lowest overall electricity consumption) can be obtained for a
particular combination of room depth and orientation. When the overall energy
performance is considered, adopting the optimal WWR can result in electricity
savings of up to 15.8% compared to the least favourable WWR, although the
achieved savings vary depending on the combination of room depth at least in the

south orientation. This result demonstrates the importance of selecting the optimal
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WWR based on the architectural conditions. The results of optimal WWR indicate
that amorphous-silicon semi-transparent PV is preferable and more practical in

rooms with large windows.

(5) The suitability of optimal PVR/WWR strategies of semi-transparent PV
facades

The suitability of optimal PVR/WWR strategies in different architectural
conditions is investigated by comparing the energy saving to baseline buildings (A
and B) for each optimal PVR/WWR under different architectural conditions. The
results show that mono-crystalline semi-transparent PV facdes are more suitable
in short rooms or rooms with small windows. Amorphous-silicon semi-transparent
PV facades are more suitable for short room (small room depth). However, this
conclusion is based on baseline building B, which is consistent with the Chinese
Design Standard for Energy Efficiency of Public Buildings (GB-50189-2005). If
the setting and conditions of baseline buildings change, the suitability situation will
change accordingly. The key factor is the standard that we use for the baseline
buildings. The energy saving of semi-transparent PV compared to the baseline
buildings is discussed and presented. Office rooms with both mono-crystalline
semi-transparent PV and amorphous-silicon semi-transparent PV have a much
better energy performance than baseline building A. However, compare to baseline
building B, mono-crystalline semi-transparent PV only achieves a better energy
performance in small WWR and small room depth office rooms, and

amorphous-silicon fail to perform better in all cases.
9.2. Limitations and future work

Some of the assumptions made earlier in the study would lead to some
technical limitations. The construction of the facades is simplified without detailed
consideration of air leakage, heat bridge and other possible impacts from facades
components. In a real situation, especially in a poorly built and maintained
building, this could lead to a significant impact on energy performance. All the
energy units relevant to the overall energy consumption are unified by electricity
unit (kwh), or (kWh/m?). The impact of better usage of passive applications

without the use of electricity in buildings could have an impact on the results.
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However, with the same configurations (which are also represent the most common
cases of office buildings in Central China) for the study cases, the results still give
a fair and consistent outcome and conclusions of how different semi-transparent
PV fagdess impact on general office building cases. The indoor shading methods
of curtain or other shading devices are assumed not existed as semi-transparent
provides a certain level of shading. However, if indoor shading is used in some
particular circumstances, these shading devices could lead to significant impact on
energy performance. The operation schedule of the building is a fixed assumption
with same daily routines, in which people behave equally by the fractions of
percentage of different activities. However, in a real case people could behave
differently, for example, if there’s a party planned on weekend, the activity could

lead a significant change to the energy consumption.

The study of semi-transparent PV facdes is mainly based on office buildings,
but the application of PV fagdes to other types of buildings such as hotel and
residential buildings are also important. Buildings of different functions have
different energy consumption demands and different times when the consumption
occurs. For example, residential buildings mainly function at night time, which is
completely different from office buildings. Thus, other types of buildings should be
included in the future study.

Semi-transparent PV fagdes with single glazing were thoroughly studied.
However, other types of glazing such as double-glazing PV were not included in
this study. Double glazing is currently commonly used in buildings, and the
potential of semi-transparent PV double-glazing fagdes is notably promising
because they provide better thermal performance than single glazing. To
demonstrate a sense of the difference of energy performance between single
glazing, double glazing and Low-E double glazing, three typical models of which
are established with Energy Plus (same settings as described in chapter 5) operated
on a CSWD weather data of Wuhan (whole year); properties of each glazing is
shown in table 9.1, scheme diagram of which is shown in figure 9.1. By doing so ,
overall energy consumption of each glazing is calculated and shown in table 9.2.
The energy performance of double glazing is approximately 5% better than that of

single glazing, of which the Low-E double glazing is 21% better. A further study of
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double PV glazing can proceed based on the existing experiment rooms with the
developed calculation models and methods, in which we expect a better energy
performance on cooling and heating energy consumption, however how much
better is the question and needs to be further studied; The advantage of PV glazing

could be even more prominent in semi-transparent double glazing PV fagdes.

Table 9. 1 Properties of the studied glazings

Glazing U-value(W/m°K) Visible SHGC
transmittance

Single glazing 5.8 0.87 0.87

Double glazing 2.8 0.71 0.75

Low-E double glazing 1.9 0.62 0.45

Note: Data obtained from “Calculation specification for thermal performance of
windows, doors and glass curtain-walls” (JGJ/T 151-2008) (MHUDC, 2008)

N

¢ mm glass 4_}——

3 mm glass Low-E layer -]

[~ 12mm air gap -

ek

Figure 9.1 Scheme of the glazing; single glazing(left), double glazing(middle),
Low-E double glazing(right).

Table 9.2 Average energy consumption of each glazing

Glazing Energy consumption Overall energy
performance
Lighting Heating Cooling

Single glazing (with shading 18.3 4.3 68.5 91.1
slab)
Double glazing (with shading 18.5 2.2 66.2 86.8
slab)
Low-E double glazing (with 18.6 4.3 48.7 71.6
shading slab)

KWh/m?
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In urban environment, shadows from other buildings will have a major effect
on the solar irradiation distribution on building facades. The effect of urban
environment should be included in the future study. This speculation is particularly
true in China because most cities in the country, including minor cities, have high
population densities and many high-rise buildings, which create complex shadow.
The use of solar energy technology on building facades in these urban areas is

challenging and should be included in future work.
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Appendix A

Appendix A: The images of experimental room set-up and

experimental process

A1-A5: The construction process of the experimental room
B1-B8: Various types of the semi-transparent PV glazings on the fagdes

C1-C7: The equipment and measurement process in the field experiment
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Appendix B: optimal PV cell coverage ratio for

semi-transparent photovoltaics on office building fagdes in
central China
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Articke histary. The present sty Investigaces the optimal PV cell coverage ratio in terms of the averall energy con-
Recelved 7 lanwary 2014 sumption of office butldings in central China foe which semi-transparent photavoltaic fagades have been
Received in revised form 6 March 2014 implemented, with various com binations of architectural vanables indiating room deptly, window-to-
Accepited 7 March 2014 wall ratio (WWRY and orientation, Here, modeds and methods are established for the calealation of PV
cell coverage rano for a single glazed sema transparent PV fagade and these modeds and methods are
W“"“N S validated through field exp The established technigues are then incarparated into Energy Plus
m-lw etV e ta perfarm a paramerric analysts of the effects of different PV cell coverage ratios on averall energy oon-
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rati,
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1. Introduction PV cells |91 whichincreases heating dermand indoors inwinter but

In recent years, interest in low-carbon development and renew-
able energy applications in bulldings has increased considerably
| 1]+ In particular, building-integrated photovoltaic (BIFV) technol -
ogy Is becoming widely used in parts of the facades of modern
busildings |2 51 Office buildings are particularly suitable for BIPY
as they consume energy primarily in daytime, which is when the
PV system collects and converts solar energy into electricity; thss,
the effort and cost assoclated with energy storage can be avoided
|6]. Such PV [acades are being used increasingly in office building
designs in China | 7. Accordingly, the development of an eptimal PV
fagade design for architects, constructors, and installers is becom-
ing increasingly urgent.

Semi-transparent PV technology is known to be beneficial for
office buildings in terms of overall energy savings. For example,
semi-transparent photovoltaics not only generate electricity, but
also introduce daylight that can reduce artificial lighting energy
consumptaon in daytime |8 . Conversely, semi-transparent photo.
voltales reduce heat gain by blocking incoming solar radiation with

* Cormresponding author. Tel: +44 0114 222 0325
ool odovess: § kang@shaifedd acak [) Kang).

b/ M dotoeg 101076 § exbria 20714 05 052
D75-T75550 2014 Elsevier BV All tights reserved

reduces the cooling dermand in summer.

The transmittance of PV panels or glass for PV lagades, which
is determined by the PV cell coverage ratio, has been shown to
have a profound Impact on the overall enesgy consumption of
buildings, particularly through its effects on PV electricity genec-
ation, lighting, cooling, and heating |10 12]. For exarnple, jiang
et al, [ 10] conducted a study to Investigate the influence of PV cell
coverage tatio on the thermal and electrical performance of pholo-
voltaic Trombe walls and discovered that a higher PV cell coverage
ratio does not necessarily result in better thermal pesformance. In
terms of overall energy consumption, Wong et al. [11] described
the minimisation of energy consumption based on combinations
of serni-transparent PV ransmittance andd window 1o wall ratioa
(WW38s}, Conversely, Miyazaki et al. [ 12] found lighting control to
be an impoctant element in maximising the usage of daylight and
demonstrated that the impact of solar cell transmittance on energy
performance varied with WWR, In genecal, PV cell coverage ratio
controls the transmirtance of semi- transparent PV facades and the
studies described above suggest the existence of an optimal PV
cell coverage tatio that can achieve the minimum overall energy
consumption. However, Yun et al. | 17| feund that adopting a cer-
tain range of WWR and room depeh could maximise the benefits
of a ventilated PV facade; this suggests that the optimal PV cell
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coverage ratio must be determined under different combinations
of architectural [actors to ensure that the best energy performance
is achieved,

The overall energy-saving effects of semi-tansparent PV win-
dows appear to vary with climate, In Brazil, the wse of a
semi-transparent PV window has been shown 1o save up to
435 of energy |11L Conversely, in Japan, 55% energy savings
were achieved {compared to a single-glazed window) with a
solar cell ransmittance of 40% and WWR of 508 [17), whereas
energy savings of 16.7-41.3% were achieved In Singapore for
a WWR range of 70-100% [15], Other previous studies |[16,17]
have also demonstrated the importance of considering climatic
conditions in the investigation ol semi-transparent PV window
applications. However, few studies to date have atternpted a com-
prehensive determination of optimal PV cell coverage ratio for
semi-transparent PV technology using different comnbinations of
architectural factors such as roam depth, WWR, and orientation.
Accordingly, no general trends have been defined regarding vari
atlons in optimal PV cell coverage ratlo, Such knowledge will
play a crucial role in future optimal design approaches for semi-
wansparent PV fagades, and impeovemnents in the understanding
of the variation in PV cell coverage ratio are required urgently.
In particular, previous studies providing accurate assessments ol
the overall energy performance of semi transparent PV fagades in
China are extremely lmited. and few relevant experiments have
been conducted under climatic conditions such as those in central
China. Studies conducted under real climatic conditions are neces-
sary because several studies investigating semi - transparent PV in
different climate zones have produced different results.

The present study aims primarily to improve the determination
of optimal PV cell coverage ratio, to understand trends in the vari-
ation of optimal PV cell coverage ratio with different architectural
conditions, and to investigate the impact of architectural condi-
tions on overall enecgy consumption, Additionally, It Is hoped that
the results presented here will provide a general reference point foc
the Incorporation of optimal PV cell coverage ratio into the design
approach as an important element necessary for the implemen-
tation of semi-transparent PV technology in office buildings, This
should help to maximise the benefits of semi- transparent PV usage
In office buildings, particularly in central China. In this paper, the
methodology adopted for the present study (including field experi-
ments, architectural models, and caleulation models and methods)
is first described. Then, the results are presented in terms of the
different effects of PV cell coverage ratio on lighting, cooling, and
heating energy consumption, Fnally, the detesmination of opti-
mal PV cell coverage ratiois described and the variation in optimat
MV cell coverage ratio with variations in toom depth, WWR, and
oclentation is discussed.

2. Methodology

In the present stdy, models and methods for the calculation
of PV cell coverage ratio in relation to semi-transparent PV techi-
nofogy were established and validated based on field experiments
in Wuhan, which can be considered representative of the dimatic
conditions of central China, The field experiments also provided
more accurate data regarding the properties of semi-transparent
MV glasses, An architectural model was developed with a serles of
generic office rooms. In these rooms, architectural characteristics
Inchuding room depth, WWR, and orientation were incorporated
in different combinations to allow evaluation of the effects of PV
cell coverage ratio under different architectural conditions. Finally,
the architectural model and validated models and metheds were
used in computational simulations with Energy Plus, In this man-
ner, a pacametric analysis was conducted to evaluate the ellects of

Fig 1. Photo of the experimestal room.

WV cell coverage ratio on electricity consumption wunder different
architectural conditions,

2.1. Experimental sef up

The experiments were conducted in an experimental room built
on the roof of a building in Wahan {20°58° N, 113753 E). The exper-
imental room had length, width, and height of 465 m, 3.4 m. and
F6m, respectively, and was constructed using mineral wool board
with a thickness of 12 mm as thermal Insulation wall. The exper-
imental room contained two inner chambers sharing a guarded
room, each of which included a window that was 1.1m long and
1.3m high on the southern fagade. A photo of the experiment room
is shown in Fig. 1.

The fisld experiment was conducted 24 h a day from June 2012
to August 2013, The temperature on bath sides of the PV gass
was recorded with several T-type thermocouples at the surface
of the glass. These thermocouples have been calibrated by pla-
cing them, together with a standard mercury thermometes (with
precision of 0.1 °C), into a thermostatic water bath with remper-
ature ranging from 0°C to 100°C. Through this callbration, the
accuracy of the thermocouples was improved to 0,1 °C, which
meets the test requirements. The vertical solar irradiance of the
southern orientation was recorded with a pyranometer device of
Jinzhou Sunshine TBQ- 2 set at the southern wall. The pyranometer
device was calibrated by the manufacturer before the experiments,
The PV electricity generation of each PV glass was recorded every
minute throughout the test period, Because the maximum power
varied according to the solar irradiance and the maximum power
point changed constantly, MPPT [maximum power point track.
ing) systems were used to detect the maxdimum power point of
PV electricity generation. General data describing weather condi-
tions were recorded at hourly intervals with the Davis Vantage Pro
2 weather station, Solar irradiance, temperature, and PV electric-
ity genetation data were collected using the Agiltent 348972A data
logger and sent to a central compater for storage,

22, Caleulation models and methods for sesmi-Dramsparent PV
22.1. Power generation

PV power generation efficiency is affected by the temperature
of solar cells, such that PV efficiency decresses with increasing
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of T and Ty because the difference between these two values was
negligible in the context of the madel outcome, Heat storage in the
single glazing was not considered and heat transfer was assumed

132 5, Xu vt ol / Evergy owd Bulkdings 77 (2014) 130138
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temperature { 18], Morcover. a PV panel with high #V cell coverage
ratio will absorb more solar radiation (and thus achieve a higher
temperature) than a panel with low PV cell coverage ratio; this
produces inconsistent results in terms of PV power generation effi-
ciency, even under the same climatic conditions |10} To address
this, a temperature coefficient power generation model [19] must
be included.

P=Grpol1 = el Te - 25°C)) 8]

where P is the instant power of the PV panel, G is solar radiation on
the PV plane {W/m? ), 11, is PV efficiency under standard conditions,
P is the temperature coefficient, and Te Is the solar cell temper-
ature (C), which will be affected by PV cell coverage ratio. In this
madel, the solar cell temperature 7; is unknown and must be pro-
vided using heat balance models (as described in Section 2.2.2) In
the present study, the temperature coefficient ¢ was determined
to be ~0.72%/) C based on field experiments,

The results obtained using the power generation model were
compared with measurements obtained during field experiments,
It was demonstrated that the power generation model can predict
PV electricity output with satisfactory accuracy. For example, Fig. 2
compares the measured and calculated PV electricity output results
for a semi-transparent PV panel with PV cell coverage ratio of 40%
using the climate data obtained for August 1 2013 and clearly indi-
cates good agreement, with an average deviation of 7.5%, Other
comparisans in all four seasons were also made; the results show
good agreement, with less than 9.2% deviation in all cases.

2.2.2. Heat batance model

The temperature of the solar cell layers of semi-transparent
PV panels must be calculared using a heat balance model. Single-
glazing semi-transparent PV glass consists of multiple layers of
materials, including internal and external layers of clear glass (each
& mm thick) with a central layer of EVA that contains a silicon cell of
different PV cell coverage ratio. In the heat balance model adopted
here, the semi-transparent PV glass is divided into 3 layers with 4
boundaries. The properties of each layer are provided by the man-
ufacturer and are presented in Table 1. The temperature of each
boundary was calculated based on heat balance equations. The tem-
perature of the solar cell layer T, was assumed to be the average

Tabie |
Properties of indivedual layers of MWV cells.

to be in quasi-steady state. Thus, the heat balance equations for the
first, second, third, and fourth boundaries were established as in
Eqs. (2]-(5), respectively.

Gay = (1) - Toarhourc + £0l(T; + 273.15)°

~ (Tow + 27315} 4 3;‘(7. -T2} @)

Grif(1 = PVRJrgua + PR |+ s:-(Tt -h)

= ;gm ~Ty)4P )

i1 — PVR)pces + S3(T3 - o) = AY(Ty — T )
da 3

%:“(Tl ~Ta) = By o[Ta = Tig) + Ea(Tq = 273.15)"

— (T +273.15)%) {s)

where G is solar radiation an the PV plane (W/m?), a; is the solar
absorptance of layer |, and T, Is the temperature of boundary |
Additionally, Toe and 7, arc the outdoor and indoor tempera-
tures, respectively: fog e and hy, . are the convective heat transfer
coefficients for the outside and inside surfaces, respectively, of the
semi-transparent PV panel: £ is the emissivity of the front glass: o is
the Stefan-Boltzmann constant (W/m?K*); 1, is the solar transmit-
tance of layer I; PV cell coverage ratto is the solar cell coverage ratio;
A, is the heat conductivity of layer { (W/m K): e and Agyp are the
heat conductivity of the solar cell and EVA, respectively (W/mK); P
Is the PV power generation (W/m?); and d; is the thickness of layer
i(m). The external and internal surface convection heat transfer
coefficients were set o 16W/m?K and 36 W/m?K, respectively,
based on data obtained from the standard entitled ‘Calculation
specification for thermal performance of windows, doors and glass
curtain-walls' (JGJ/T 151-2008) (20,

The results calculated from the heat balance model were com-
pared with the measurements collected during feld experiments,
Flg. 3 Mlustrates vartations in the inside surface temperature of
a semi-transparent PV panel with PV cell coverage ratio of 40%
throughout the course of a day (March 1 2013) and demonstrates
clearty that the calculated results agree well with the measure-
ments, with less than 0.61 'C deviation. Other comparisons in all
four seasons were also made; the results show good agreement,
with an average deviation of Jess than 1.1 Cin all cases.

To calculate the heat and solar radiation transfer, which affects
the heating and cooling loads of the indoor space, it is necessary
1o obtain the U-factors and solar heat gain coefficients (SHGCS) for
the different PV ceil coverage ratio glasses studied | 20], SHGCs can
be calculated according to Eg. (6):

SHGC = 1+ Nu {6)

where = is total solar transmittance of semi-transparent photo-
voltalcs, N is the inward-flowing fraction of the absorbed radiation,

Layer Thickress {mm) Thermal conductivity (Wim k) Absecptance Transmittance Reflectance
Tass i 0.760 nace 0310 <1133
A (5.3 016 DD 0900 aos
Silices ool ni 1680 D0 0 a0
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and « is the total solar absorptance of semi-transparent photo-
voltaics with different PV cell coverage ratio and can be obtained
from WINDOW 6.3 using the propertiés presented in Table 1. Fur-
thermore, r and N can be defined as in Egs. [ 7) and (83, respectively.

- 5rsll - PVR) (7)
_
i) 7~ 9

where e, and by, are outside and inside heat transfer coeflicsents,
respectively, for the surfaces of semi-transparent PV panels. Simi-
larly, U-factors can be calculated for different PV cell coverage ratio
as follows:

u

- L (10)
= (1 how) = (@ 7ax) + [da/ha) + (Gs7ha) + (1)

In the present study, the outside and inside surface heat transfer
coefficients wese set 1o 20.2W/ny'K and 8.3 W/m?K. respectively,

based on data obtained from the standard entitled ‘Calculation
specification for thermal performance of windows, doors and glass
curtain-walls' {JG) /T 151-2008) | 20, After calculation of SHGCs and
U-factors, heating and cooling loads were simulated in Energy Plus.

2.2.3, Daylight and lighting control

According to the Standard for Lighting Design of Bulldings for
China (GB50034-2004) | 21|, indoor iluminance should reach 300 Ix
in general office rooms. To simulate such conditions and incorpo-
rate the energy savings achieved during daylight, daylight detection
and lighting control were introduced Into the simulation with
the help of Energy Plus. When the daylight illuminance level fell
below 300 Ix, artificial lighting was initiated to achieve the required
illuminance level; however, this resulted in extra electricity con-
sumption, Therefore, to obtain an accurate simulation outcome,
visible transmittance was obtained from WINDOW 6.3 for each
semi-transparent PV panel with different PV cell coverage ratio
and was incorporated into Energy Plus as part of the daylight sim-
ulation. Thus, daylight illuminance was calculated and recorded
in Energy Plus, allowing the simulation and calculation of lighting
energy consumption [11],

2.3, Architectural model

An architectural model is a crucial part of the investigation of
the energy performance of semi-transparent photovoltaics in office
fagades. Todevelop such a model, information was obtained by con-
ducting a survey of 60 office bullding cases in the Wuhan area. Two
typical types of office bullding were identified in the survey: bulld-
ings with core tubes and slab-type buildings. The division of large
rooms into separate smaller rooms was found to be common in
bath types of office building; in fact, the majority of cases inves-
tigated exhibited such division. Thus, these separate rooms were
incorporated into the models described here and used to represent
the generic office rooms of the present study.

These generic office rooms were set to aliow control of three
main variables: (1) room depth, as shown in Fig. a); (2) WWR. as
shown as Fig 4(b): and (3) orientation. By adopting various com-
binations of these variables, different PV cell coverage ratio could

| [ [ () |

WWR=0.2 WWR=0.25 WWE=0.3 WWR=D4

|

=] |

WWR=0.45%

WWR=0.5 WWR=0.55 WWRH=0.6 WWR=065 WWR=0.7

)

=10 <« v each of iterval of 8% - - -

PV cell coverage ratio cell covernge rutio
= Y

(3]

HHHT

PV cell coverage ratio

<« veachat mterval of 3%« - . -50%,

Fg 4 usrations of variations in (3] room depth, () WWIR, and {c) I'V cell coverage ratio.
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Tahiv2 3. Results and discussion
Thermal and optical progeries o bubding layers.
Layer Thickness Themml conductivity  Depsity  Specfic heat This section provides a discussion of the parametric analysis
{mm) (WimK) tkalm')  (JRgK) conducted. The validated calculation models and methods were
Exterior wall Incorporated into the architectural model defined above to inves-
Brick 20 049 1920 % tigate the effects of different PV cell coverage ratio on energy
mm’;‘ ; g‘]‘; sﬁ ::&‘; pesformance using Energy Plus. The overall energy performance,
including PV electricity generation and lighting and heating and
Inrersor wal! cooling electricity consumption, was examined under different
:m"':“ " ‘;: 3?2 ':7‘0_, '% architecrural conditions. Different combinasions of room depth and
WWR were examined carefully for a southern orlentation while PV
Cadlingyfloar cell coverage ratio was varied from 105 to 80% at 5% intervals. The
5';';‘:‘ wood:. 8 LD W criterion of electricity consumption per Moor area (KWh/m?) was
Cutondete 120 LD 20 a6 used to account for differences in floor area for different values of
Surface fiasish 0 016 00 1W room depth, thus providing normalised results, Other orientations

be examined under different architectural conditions, as shown In
Fg Alcl Room depth was varied from 4m to 13m at intervals
of 10t this range can be considered representative of common
office room sizes in the Wuban area, WWR was restricted to the
range0.2-0.7 based on guldelines presented in the Design Standard
for Energy Efficiency of Public Buildings proposed by the Min-
istry of Housing and Urban-Rueal Development of the PRC (22,
which forbids office buildings with a WWR over 0.7 in the hot
summer/cold winter climate zone | 22]. PV cell coverage ratio was
varied from 10% to $0% at intervals of 5% PV cell coverage ratio
Tower than 105 would make PV applications uneconomical; con-
versely, 'V cell coverage ratio higher than 80% would block the
entire window area, making it difficult for daylight to enter the
room and for occupants to see out. The adopted PV cell coverage
ratio interval of 5% should allow a distinction to be made between
the different impacts of PV cell coverage ratio while still rermaining
sufficiently practical for the simulation parametric analysis to be
conducted.

Other simulation features required were assumed o be fixed
and were based on the Design Standard for Energy Efficiency
of Public Buildings for China [221, as follows. [1) A rectangular
office room on an interrmediate floor was assumed to have width
and height of 5m and 4 m, respectively, (2) The thermal proper-
ties of exterior and Interior walls and ceilings and floors weee as
detalled (n Table 2 (3) A single window area with no sun blinds
was assumed, since the semi-transparent PV model serves as a
shading device. (4) Roam lights were assigned o design value of
11W/m? in all instances. The daylight control sensor was located
In the geometric centre of the room at a height of 0,75 m. Daylight
control Initiated artificlal lighting when the Indoor [lluminance
level fell below 3001x, (5) The daily heating and cooling sched-
ules assigned for the air conditioning are presented in Table 3.COP
was set to 4.5 and the ventilation system was ser 1o ensure 1.5
alr changes/h. (6) Office occupancy was set to 0.25 people/m? and
the electricity consumption of the equipment was assumed to be
20WIm?. (7) Lighting and office squipment operation schiedules
were sat aocording to the office occupancy conditions presented in
Table 3,

are discussed in Section 1.4, All figures were evaluated based on
annual o average soemal values to ensure a holistic view of overall
energy consumption with the consideration of all four seasons.

A1, Effects on PV electrivity generation

Solar cells convert solar energy Into electricity and typically
operate with a specific conversion efficiency, which is affected pri-
marily by the material characteristics and operating temperature
of the cells. Compared to transparent glass, silicon solar cells typi-
cally have higher solar absorbance. Thus, the amount of solar heat
gained can be increased by adopting a denser solar cell array and,
therefoce, a higher PV cell coverage ratio. Accordingly, this should
also lnerease the temperature and reduce the conversion efficiency
of the solar cells. In the present study, the temperature and conver-
slon efficiency of solar cells were investigated throughout March 1
2013 (Fig. 5) The results demonstrate that conversion efficiency
decreases with increasing temperature, At noon, the temperature
for the B0% PV cell coverage ratio case was 7°C higher than that
for the 105 PV cell coverage ratio case; this temperature difference
corresponded to a 0.007 decrease in conversion efficiency, which
waas 5.5% lower than the 105 PV cell coverage ratio case. Thus, the

04920 = - T T
oo 2800 W0l 120
Tee

T T 20
W W "

Flg. 5 Sclarced temperature and coavess ion effickocy for different PV cell coverage
rago

Table 3
Hourly heating and cocting schedules.
Time
O 00-07:00 (17000800 OR:00-17:00 17:00-19:00 19000-24:00
Cooling system (~C) EX) F. ] 26 2% 37
Hesting system (°C) 12 1% 20 20 12
Lightisgy. equipment. operation 0 a5 195 ALK 0

chedules (fra

of full op
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results demonstrate the importance of considering PV cell coverage
ratio in PV electricity generation.

3.2, Effects on lighting electricity consumption

The amount of daylight blocked by solar cells can vary consid-
erably in response to differences in PV cell coverage ratio between
semi-transparent PV panels, which can have a vital impact on
indoor illuminance. Il the indoor illuminance drops befow a given
threshold, artificial lighting Is required to achieve a comfortable
lighting environment and electricity must be consumed to achieve
this. However, raom depth and WWR may alse affect the perfor-
mance of semi-transparent PV panels at different PV cell coverage
ratio. Thus, it is important 1o undeestand the relationship between
PV cell coverage ratio and indoor llluminance for different combi-
nations of room depth and WWR.

For larger room depth (Le. deeper rooms), it Is more difficulr
for dayfight to reach deep inside the room. Thus, even for the
same PV cell coverage ratio, daylight Hluminance will tend to vary
depending on room depth conditions. The results show that indoor
iluminance decreases rapidly with increasing PV cell coverage
ratio, with more pronounced decreases for smaller room depths,
In general, shorter rooms {ie, smaller room depth) experience
much higher daylight illuminance than deep rooms (Le. larger room
depth), Moreover, indoor illuminance remains below 400 1x for all
cases in which room depth exceeds 9 m. These results demonstrate
that the effects of PV cell coverage ratio on daytight illuminance are
strongly dependent on room depth.

Fig. & illustrates the lighting electricity consumed for artificial
lighting (which compensates for natural daylight} for different PV
cell coverage ratio in different room depth cases. It is clear that
this electricity consumption increases when daylight illuminance
decreases in response to high PV cell coverage ratio, However, the

i hip b < ption and PV cell coverage ratio is
not linear, For small room depth, lighting electricity consumption
increases much more rapidly when PV cell coverage ratio exceeds
50%; conversely, for larger room depth cases, the overall trend is
much closer to a lincar relationship. Cases in which room depth is
small typically consume less lighting electricity (15 kWh/m? Jess at
most) owing to their high indoor illuminance.

A greater WWR allows more daylight to penetrate into the
room and presents a greater window area upon which semi-
transparent PV panels can be installed, However, the results show
that the impact of WWR on daylight lluminance is less pronounced
than that of room depth, A similar pattern is apparent in the
results demonstrating the relationship between lighting electricity

consumption and PV cell coverage ratio for variable WWR (Fig. 7)
lighting electricity consumption increases with increasing PV cell
coverage ratlo, although the differences between different WWR
cases are relatively small, with electricity savings of 9 kWh/m? at
maost [at BO% PV cell coverage ratio),

3.3, Effects on heating and cooling efectricity consumption

Heating and cooling Joads of office bulldings are more easily
affected by solar radiation, as office buildings typically function
primarily during daytime. Varying the amount of solar radiation
entering a building by installing semi-transparent PV panels with
different PV cell coverage ratlo can have an impact on heating
and cooling loads. Increasing the influx of solar radiation can
reduce heating demand in winter: however, it also increases cool-
ing demand in summer. Fig & illustrates the heating and cooling
electricity consumption for different PV cell coverage ratio for sev-
eral room depth cases with a fixed WWR of 0.35. Heating and
cooling electricity consumption first decreases with increasing PV
cell coverage ratio, although the rate of decrease siows when PV
cell coverage ratio exceeds 50%, The cases with higher PV cell cov-
erage ratio appear to perform becter in terms of heating and cooling
energy savings based on annual data. This can be attributed primar-
ily to the dimatic conditions in central China, where the cooling
load in summer is typically greater than the heating load in win-
ter, However, the benefits of high PV cell coverage ratio become
less pronounced as room depth Increases: the shortest room has
the highest heating and cooling electricity consumption. although

Room depthim)
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Hig. 8. Heating and cooling electrioty consumpton for different PV cell coverage
fatio Tor various room depth cases.
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Fig. 9. Heating and cooling efectrioty consumption for different 'V cell coverage
ratlo for various WWR cases.

variations in consumption with changes in room depth become jess
pronounced when room depth exceeds 9 m. These results highlight
the importance of considering PV cell coverage ratio, particularly
in cases with small room depth,

Flg 9illustrates the heating and cooling electricity consumption
for different PV cell coverage ratio in cases with different WWR. As
for the cases with variable room depth, hearting and cooling elec-
tricity consumption first decreases with increasing PV cell coverage
ratio, with the rate of decrease slowing when PV cell coverage ratio
exceeds 60%. Cases with small WWR typically perform better in
terms of heating and cooling energy saving, and the effects of vary-
ing PV cell coverage ratio are typically less pronounced when WWR
is small. However, in such cases, the effects of WWR remain rela-
tively constant between cases, meaning that heating and cooling
electricity consumption will continue to increase with increasing
WWR, with rio signs of slowing down or stabilising,

34, Effects on averall energy performance

Based on the analysis presented above, it can be concluded
that increasing PV cell coverage ratio under the climatic condi-
tions in central China typically leads to decreases in PV electricity
conversion elficiency and heating and cooling electricity consump-
tion, but increases in lighting electricity consumption. However,

(a) PV sloctrichy generation
HC slacricty consumption
Lighting elecriciy consumption |
P B, L2 Oliviaicly comerglon. |
i s S

¢ W ™ » 4 W @ W W W
PV call coverage ratio (%)
Room depth=86m WWR=06
Fig. 10, Chsanges in overall energy wrion in o
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the effects of room depth and WWR on these relationships are
pronounced, demonstrating that these factors must be consid-
ered carefully when designing semi-transparent PV technology for
buildings. Therefore, it is necessary to evaluate overall energy con-
sumption considering all of these factors to allow determination
of an optimal PV cell coverage ratio, In such case, overall energy
consumption is defined as following

Overall energy  consumption « lighting energy  consump-
tion + cooling and heating energy consumption - PV electricity
generation. Fig 10(a) and (b) illustrates the averall energy con-
sumption for cases with large WWR (0.6} for two different values of
room depth (6 m and 12m, respectively). For a room depth of 6 m,
PV cell coverage ratio of 80% achicves the lowest averall electricity
consumption, allowing electricity savings of 18.9% compared to
the case with PV cell coverage ratlo of 10%. This can be attributed
primarily to the influence of heating and cooling electricity con-
sumption: high PV cell coverage ratio can reduce the enormous
cooling demands for short rooms. Conversely, for a room depth
of 12m, the greatest electricity savings are achieved for PV cell
coverage ratio of 50% This can be attributed primarily to decreases
in lighting electricity consumption during daytime owing to the
smaller PV cell coverage ratio; these savings overwhelm the effects
of heating and cooling electricity consumption.

Fig 11{a) and (b] illustrates the overall energy consumption for
cases with small WWR {0.3) for twe different values of reom depeh
{6m and 12 m, respectively). In such cases, PV electricity generation
is typically very small compared to lighting and heating and cooling
electricity consumption owing to the limited area available for the
installation of semi-transparent PV panels. However, the influence
of PV cell coverage ratio remains pronounced, particulacly in terms
of its effects on daylight and heating and coaling demand. For the
6m room, PV cell coverage ratio of 60% achieves the Jowest elec-
tricity consumption, with electricity savings of 6.8% compared to
PV cell coverage ratio of 104, Conversely, in the 12 m room, PV cell
coverage ratio of 20% achieves the lowest electricity consumption,
with electricity savings of 17,3% compared to 'V cell coverage ratio
of 804

3.5, Optimal PV cell coverage ratio
Based on the parametric analysis above, it is clear that an oprimal

PV cell coverage ratio (i, that which will achieve the lowest over-
all electricity consumption) can be obtained based on a particular

(b}

Elactrichy {kWhim')

9 W 221 W N W W ™ W W
PV coll coveraoa rato (%)
Room depth= 12m  WWR=06

in WWHR and reom depth: (2) room depch = 6m, WWR =05 (b) room depth = 12 m, WWit=0%.
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combination of WWHR. room depth, and orientation. Thus, optimal
PV cell coverage ratio should be selected by comparing the over-
all epergy consumption results for all PV cell coverage ratio cases
under different architectural conditions (i.e, WWR, room depth, and
orientation). The southern orientation is typically affected more
extensively by solar energy than other orientations: accordingly,
it ks often the preferred orientation for the Installation of photo-
voltaic applications. Variations in WWR and room depth can lead
to considerable variation in optimal PV cell coverage ratio [Table 4).

Differences in electricity consumption between the mast and
least favourable PV cell coverage ratio were calculated; in particu-
lar, electricity savings for different combinations of room depth and
WWR were calcufated. The results demonstrate electricity savings
ranging from 5% to 30%, with an average saving of 13% for the opti-
mal PV cell coverage ratio. Moreover, optimal PV cell coverage ratio

Table 4
Optireal PV coll coverage rasa fur different combinations of roo degeh and
WWR in southern oclentation.

optheial 'V cell caverage ratie (%)

tgegedzgcer

(b}

PV cell coverage ratio (%)
Room depth=12m WWR=0.3

wations in WWI and roam depiiy: (4) coom Sepih =6 s, WWR=0.6; (b) rooos depth = 12m, WWR =05,

was found to be particularly impostant in short rooms with large
WWR, where electricity savings ol over 205 were achieved,

Variations in optimal MV cell coverage ratio were also Investi-
gated. Optimal PV cell coverage ratio was found to decrease with
Increasing room depeh {Le. from 4 m to 13 m). This can be attributed
primarily to the fact that the electricity demand during daytime
increases faster than the compensation achleved through savings
in heating and cooling. This also explains why rooms with greater
depths typically have smaller optimal PV cell coverage ratio. Fur-
thermore, optimal PV cell coverage ratio increases when WWR
increases from 0.2 1o 0.7, primarily because the electricity savings
achieved by adopting a larger WWR {combined with the greater
PV electricity generation and kower cooling load) result in higher
optimal PV cell coverage ratio,

To demonstrate the effects of different arientations on optimal
PV cell coverage ratio, different combinations of orientation and
room depth (WWR) were investigated with WWR (room depth)
fixed at 0.35 {8 m}; orientation was vanied between cast, southeast,
south, southwest, and west (Tables 5 and 6). The northern orlen-
tation was not included in this investigation because it is known
to be particularly unfavourable for PV applications, The results
demonstrate that the optimal PV cell coverage ratio is highest in
the west arientation. Under the climatic conditions prevalent in
central China, cooling demands in sumimer typically exceed heat-
ing demands in winter, Thus, in summer, high PV cell coverage ratio

Table s
Optimal B ceil coverage ramio for differ d
depth

optimat I'Y el coverage raths (%)
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Tatile 6
Opomal IV cell coverage ratio for differem combinations of coleetation and
WWH

wpcioal BV coll coverage ratie (%5)

06 05 0485 07

can reduce the cooling load assoctated with the heat accumulated
Indoors during daytime,

4, Conclusions

In the present study, calculation models were established to
Investigate the properties of semi-transparent PV installations In
relation to PV cell coverage ratio and the models were validated
using data obtained in field experiments. In particular, an archi
tectural model was devekeped to incorporate a series of generic
office rooms. The validated caleulation merthads and properties
were incorporated into Energy Plus to perform a parametric anal-
ysis of the effects of different PV cell coverage ratio on electricity
consumption undes different architectural conditions (room depth,
WWR, and orientation). The results of the study can be summarised
as follows,

1) PV electricity conversion efficiency decrexses as PV cell cov.
erage ratio increases, Conversion efficiency decreases by 5.5% as PV
cefl coverage ratiois increased from 10% 1o 8O, (2) With increasing
PV cell coverage ratio, Indoor daylight illuminance decreases lin-
carly and electricity consumption increases. Room depth appears
to have a geeater effect than WWR on both daylight illurminance
and lighting electricity consumption. (3) Under the climatic con-
ditions of central China, increasing PV cell coverage ratio appeats
to result in decreases in heating and cooling electricity consurnp-
tiorn. (4) When overall energy perfoomance is considered, adopting
optimal PV cell coverage ratio can result [n electricity savings of up
1o 30% (average savings: 13%) compared to the lsast favourable PV
cell coverage ratio, although the savings achieved vary dependhu
on the cambination of room depth and WWR adopted, at least in
the south orentation, This demonstrares the imporance of select-
ingoptimal PV cell coverage ratio based on architectural conditions.
15} rooms with small room depth, optimal PV cell coverage ratlos
are refatively stall compared to rooms with larger room depels.
In reoms with large WWR optimal PV cell coverage ratios are rela-
tivedy large compared (o rooms with small WWR. This msans that
PV fagades with high PV cell coverage ratios are more suitable for
deep rooms with larger windows, whereas the PV facades of small
PV cell coverage ratio are moré suitable fos short rooms with small
windews, [5) Bullding orentation can also affect the optimal ratio,
with changes of 5- 106 depending on specific orentation and opt-
mal PV cell coverage ratio. Changes are typically highest in the
western orentation: however, these cdunges induced by orienta.
tion are much less pronounced than those Induced by varation In
WWR and room depth.

It Is hoped that the results presented here wall act as a gen-
eral referenice point foe the selection of optimal PV cell coverage

ratio in the semi-transparent PV design approach. In particular, the
present study should provide assistance in maximising the bene-
fits of semi-transpsrent PV application with reference to the overall
energy performance of bulldings, including electricity generation,
lighting, and cooling amd heating Thus, these results represent a
solid foundation for the optimisation of the architectural design of
office baildings with semi-transparent PV facades.
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