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ABSTRACT
This report’s main objective is to examine the potential electricity yield and cost for integrating 
renewable energy technologies into the Sino-Swedish eco-city, a part of the Taihu New City in 
Wuxi, a city in the Jiangsu province, China. The renewable energy technology  to be implemented is 

solar photovoltaics.

The report begins with presenting the current role of the renewable energy industry  in China and 
continues with a study on the applications, economic and market aspects of solar photovoltaics. To 
get a good idea of how solar energy  can be integrated on a larger scale, case-studies of other eco-

cities, have also been carried out.

The results presented in the latter parts of the report indicate that there is a good energy  yield 
potential with solar photovoltaics in the eco-city, but the cost competitiveness of installing a solar 
photovoltaics system in the eco-city is highly  dependent on financial incentives. The levelized cost 

of the electricity  generated by solar photovoltaics needs to be decreased by  around 91% to be at grid 
parity. 
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SAMMANFATTNING
Syftet med rapporten är att undersöka vad den potentiella elektricitetsproduktionen samt kostnaden 

är för att installera förnyelsebara energikällor i den svensk-kinesiska ekostaden i New Taihu City, 
som är belägen i Wuxi, Kina. Den förnyelsebara energiteknologin som ska implementeras är 
solceller. 

Rapporten börjar med att presentera förnyelsebara energikällors nuvarande marknadsläge i Kina 

och fortsätter med en studie av solceller och dess tillämpningar och ekonomiska och 
marknadsmässiga aspekter. For att få en bättre bild av hur solceller kan bli integrerad i en större 
skala har fallundersökningar av andra städer som har lyckats med detta gjorts.

Resultaten som presenteras i den senare delen av rapporten tyder på att det finns bra 

avkastningspotential i ekostaden med solceller. Men rent kostnadsmässigt är implementeringen av 
solceller mycket beroende av ekonomiska incitament från den kinesiska staten. For att priset för 
elektriciteten producerad med solceller ska kunna vara konkurrenskraftig måste 91% av solcellernas 
elektricitetspris sänkas för att kunna komma i närheten av Wuxis elpris.
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NOMENCLATURE

Parameter Name SI-unit

D Solar irradiance W/m2

W Total installed PV capacity W

E The annually generated electricity MWh/year

ηm The module efficiency -

ηBOS The inverter efficiency -

ηangle The angle factor -

ηref The STC module efficiency -

λ Further output attenuation factor -

r The number of PV rows unit row

x The number of modules per row unit module

c The nominal STC capacity of the PV module W/unit module

b The number of buildings the PV system is installed on unit building

Tref The STC module temperature °C

Te The module temperature °C

Tamb The ambient temperature °C

TNOCT The NOCT temperature °C

ßref The temperature coefficient %/°C

Shorizontal The solar irradiance on a horizontal surface

α The elevation angle °

ß The module tilt angle °

θ The declination angle °

d The hour of the year hour

CF The capacity factor %/°C

P The number of annual peak sun hours hour

M The annual CO2-offset ton CO2/year

J The CO2 emission factor ton CO2/MWh

H The distance between PV arrays m

h The PV module height m
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a The capital recovery factor -

i The interest rate %

e The escalation rate %

L(n) The levelized cost for the nth year after the installation RMB/kWh

n Year n after the installation year

I The capital cost RMB

O Solar PV O&M cost RMB

U The O&M cost per installed capacity RMB

B The total BOS cost RMB

K The module unit price RMB/module
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ABBREVIATIONS

Abbreviation Explanation

a-Si Amorphous Silicon 

AC Alternating Current

AM Air Mass

BAPV Building Applied Photovoltaics

BIPV Building Integrated Photovoltaics

BOS Balance of Systems

c-Si Crystalline Silicon

Cd-Te Cadmium-Telluride 

CIGS Copper-Indium-Gallium-Diselenide
CIS Copper-Indium-Selenide
CPV Concentrating Photovoltaic Technology
CSP Concentrated Solar Power
DC Direct Current
MPP Maximum Power Point
NOCT Nominal Operating Cell Temperature 
PV Photovoltaics
O&M Operations and Maintenance
STC Standard Test Conditions
Wp Watt-peak
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1. INTRODUCTION
Sweden is collaborating with the Chinese government to build a Sino-Swedish eco-city. There are 

several Swedish stakeholders involved in this project and the Royal Institute of Technology is one 
of them. The eco-city is a part of the Taihu New City located in Wuxi, Jiangsu. Wuxi is in turn an 
industrial city with 6.3 million inhabitants and is located 135 km from Shanghai. Several Swedish 
companies, among others IKEA and Sandvik, can be found in Wuxi as well (Shafqata, 2013).

Taihu New City has a total area of 150 km2 and a planned population of 850 000 inhabitants. The 
Sino-Swedish eco-city has an area of 2.4 km2 and has not yet been constructed and is still in the 
planning phase. Ambitions and targets regarding the eco-city’s sustainability and energy 
technologies have been set and there is an interest of using Swedish technologies. The energy 
technologies implemented in the eco-city must have the 5 following characteristics: eco-efficient, 

affordable, smart, quiet and aesthetically pleasing. Other objectives of the eco-city is to minimize 
the energy use, implement efficient energy systems and use renewable energy technologies 
(Shafqata, 2013).

1.1 Thesis Objective
The study’s objective is to design an energy system model for the eco-city with focus on renewable 
energy integration. The renewable energy source is solar energy, or solar photovoltaics in particular, 
as Wuxi’s solar conditions are favorable and . The objective is also to evaluate the potential 
electricity yield as well as the most cost effective electricity generation option. 

1.1.1 Problem Statement
The problem statements of the study’s objective are:

• What is the potential amount of electricity that can be generated by the solar photovoltaics on an 
annual basis?

• What are the potential generation and installation costs for integrating solar energy into the eco-
city?

• What is the potential CO2-offset induced by the renewable energy source?

Furthermore, the results from the model must be reasonable since they act as a decision basis for the 
planning of the eco-city.

1.2 Methodology 
To design a good energy systems model, there must be a solid understanding and knowledge 
formation on the technical and economic aspects of solar energy. This was achieved by  a literature 
review on solar energy through scientific literature sources. 
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The modeling and simulation software program STELLA was used to build the energy  systems 

model. The model built in STELLA is based on both mathematical models from the literature 
review as well as relevant and necessary data as a baseline to get concrete results. This data is 
among others the annual solar irradiance, the available area for solar energy installation and the 
technical and cost data of the energy system components. 

An excel spreadsheet with the global horizontal irradiance values and the ambient temperatures for 
all 8,760 hours of an entire year in Wuxi was obtained and imported into STELLA. However, not 
all the other needed data were available to the extent desired. For example, there was no concrete 
data on the available installation area since the eco-city does not  yet exist and is still in the planning 
phase. Most of the needed data had to be acquired through the literature review and several 

necessary  assumptions had to be made. These assumptions were among others the buildings’ 
architectural design and financial data regarding the economic aspect of the solar energy 
integration. 

Please refer to the energy systems conceptual model in section 3.1.1 on page 43 for all the energy 

systems model’s parameters. The obtained data were meant for input parameters of the conceptual 
model.

The three main factors that affect how much electricity that can be generated from solar energy are 
the module efficiency affected by the ambient temperature, the available installation area and the 

sun’s elevation angle. The potential installation and generation cost was in turn based mainly  on the 
initial investment cost (the capital cost), the annual operations and maintenance cost and the 
predicted annual electricity generation. Eventual financial incentives were taken into account in the 
scenario-analysis. 
 

Scenario-analysis were carried out for both the potential electricity generation and the potential 
installation and generation cost. This was to see what other results were possible if some of the 
acquired data were to be different yet still plausible. The scenario-analysis also provided a deeper 
analysis of how the model’s different parameters can affect the designed system.
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2. LITERATURE REVIEW
In the literature review, solar energy’s current market  in China and solar photovoltaics applications 

will be presented.

2.1 Renewable Energy’s Future in China
In the coming 40 years, China’s energy  usage will likely  increase as the country develops both 
economically  and socially. An adequate energy supply is essential to be able to satisfy the energy 
demand of China’s expanding and growing industrialization and urbanization. Therefore, China 
must develop  clean and renewable energy  on a larger scale because fossil energy fuels face both 
supply limitations and environmental constraints. They will thus not  be sufficient to support  China’s 

desired economic and social development. By 2020, 2030 and 2050, China’s power usage will 
likely reach 8 000 TWh, 10 000 TWh and 13 000 TWh respectively (Zhongying, WANG et al., 
2011).

In China’s 12th Five-Year Plan for Economic and Social Development published in March 2011, it 

is stated that the Chinese government is going to focus on renewable energy, environmental 
protection and a sustainable energy supply strategy that is no longer based or dependent on coal. As 
a result of this, the Chinese government is encouraging the development of non-fossil energy 
sources such as solar energy, hydropower and nuclear power. The government has also set  non-
fossil energy sources contribution targets, with the contribution being 11.4% by 2015 and 15% by 

2020 (Zhongying, WANG et al., 2011). 

Figure 1 shows a breakdown of different renewable energy  technologies’ installed capacity in China 
in 2009. Ever since China’s energy usage has increased, the development of renewable energy in 
the country has increased as well. This development has had a bigger focus on wind energy, solar 

energy and biofuels. According to figure 1, grid-connected solar photovoltaics (PV) had the fourth 
biggest installed capacity in 2009 in comparison to other renewable energy technologies. However, 
the chart does not include the installed capacity of other solar energy technologies such as non-grid 
connected solar photovoltaics or solar thermal energy (APCO Worldwide, 2011).
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Figure 1. The break-down of installed renewable energy sources in China, 2009. (APCO Worldwide, 2011)

2.1.1 Solar Photovoltaic Roadmap 
Solar photovoltaics is a renewable energy technology that harnesses the sun’s radiation to generate 
electricity. There is a great potential for future growth for solar photovoltaics. It is expected that by 

2050, solar PV could stand for 11% of the world’s total electricity  production and mitigate CO2 
emissions with an annual offset of 2.3 Gton (IEA, 2010). 

It is also expected that solar PV system and generation cost can be reduced by  up to 50% until 
2020. Moreover, it is expected that by  2030, the generation costs of photovoltaic systems are going 

to decrease from USD 7 per kWh to USD 0.13 per kWh (IEA, 2010). Figure 2 shows the 
development of solar energy in China between 1975 and 2008. For the past years, the amount of 
installed solar PV capacity  has soared and there are no signs showing that the development will 
slow down, especially with China’s 2020 solar PV targets, which are presented in figure 3. The y-
axis unit  kWp, or kilowatt-peak stands for the peak power, or nominal capacity of photovoltaic 

modules (Solar is Future, 2013).

Figure 2. The Chinese solar PV roadmap between 1975 and 2008. (IEA, 2010). 
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2.1.2 Solar Energy Industry Drivers in China
The solar sector in China is growing rapidly and the solar sector has an immense potential with both 
solar PV and solar water heater. Among these two technologies, solar PV has received the biggest 
government support. The government has also implemented stricter building requirements for solar 

PV integrations, solar thermal water heater and concentrated solar power on roof tops on buildings, 
thus leading to many international business opportunities (APCO Worldwide, 2011).

China is today home to some of the world’s largest manufacturers of solar photovoltaics. China is 
also the top producer of solar water heating systems. In 2009, China supplied 77% of the world’s 

total solar water heating systems as well as 40% of the world’s solar PV energy output. China 
exported 95% of the solar PV production, with the remaining 5% installed capacity being mainly 
off-grid in rural areas. Figure 3 shows China’s solar energy targets, with the solar PV capacity to 
increase significantly from 200 MW in 2010 to 30 000 MW by 2020. This shows how important  the 
Chinese government regards solar PVs to be for China’s future energy sources (APCO Worldwide, 

2011).

Figure 3. China’s solar energy targets until 2020. The unit sqm in the figure stands for m2. (SWH: Solar 
water heaters. CSP: concentrated solar power), (APCO Worldwide, 2011).

The government has for the past years been vigorously promoting a domestic PV industry by 

bringing down regulatory barriers that have prevented a more extensive domestic grid-connection 
of solar PVs. One of the efforts has been the subsidy programs Golden Roofs and Golden Sun. Both 
programs encourage the development and expansion of large-scale grid-connected PV installations 
in China (APCO Worldwide, 2011).

2.1.2.1 The Golden Roof and Golden Sun program
The Gold Roof program was introduced in March 2009 and contributed with around 50 percent 
subsidy  for roof-mounted solar PV installations. The Golden Sun was introduced the same year in 
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July and aims at providing subsidies that cover 50 to 70% of the cost for all approved solar PV 

projects (APCO Worldwide, 2011).

The Golden Sun program requires that all qualified solar PV projects must be completed within one 
year and have a minimum capacity of 300 kW and a maximum capacity of 20 MW to secure the 
quality of each PV system. The PV systems must also have a life span of at least 20 years. Until 

2009, there had been around 300 projects, with in total 640 MW capacity installed and a total 
capital investment worth 20 billion RMB (APCO Worldwide, 2011).

One Golden Sun approved solar PV project in China has been a 10 MW project in Dunhuang, 
Gansu in 2009. The government contributed with a tariff of RMB 1.09 per kWh. The following 

year, another PV project received a feed-in tariff of RMB 0.72 per kWh for a 13 PV project of 280 
MW in China’s western provinces (APCO Worldwide, 2011).

Until recently, the Golden Sun program's subsidies for projects completed before 30 June, 2013 was 
RMB 5.5 per watt for general BIPV (building-integrated PV) projects and RMB 7 per watt for 

BIPV projects with more focus on architecture and building materials. Residential PV projects 
could receive up  to RMB 18 per watt. Moreover, to qualify  for these financial contributions, all 
crystalline silicon modules used must have a minimum efficiency rate of 15% and all thin-film 
amorphous silicon modules must have at least an efficiency rate of 8% (Chan, 2012).

2.1.2.2 National feed-in tariffs
Feed-in tariffs are a policy used in the world to support  the development and market growth of 
renewable energy. They are commonly a long-term agreement between the renewable energy 
developer and the government. The agreement aims at the government purchasing every kWh of 
electricity that is produced by the renewable energy source at a specified price. Feed-in tariffs 

typically vary for different  renewable technologies as well as the size, location and quality  of the 
renewable energy project (Couture, et al., 2010)

By the beginning of this year, China had a fixed national feed-in tariff of RMB 1 per kWh. 
Unfortunately, the government is planning to reduce the tariffs for projects of less than 6 MW 

capacity. The Chinese solar subsidy market also looks uncertain since Suntech Power’s debt default 
earlier this year as the government wants to target smaller PV projects instead of larger ones. The 
Golden Sun program would then likely decrease its incentives (The Sydney Morning Herald, 2013).

2.1.3 Energy Policy in Jiangsu
Jiangsu is one of China’s most wealthy and populous provinces and had in 2010 the second highest 
GDP of all provinces in China. Its rapid socioeconomic development is in demand of much energy. 
20



99.6% of Jiangsu’s primary energy usage in 2009 was provided by fossil fuels with 79% of it  based 

on coal. Jiangsu is focusing on developing renewable energy  sources and improving energy 
efficiency for a sustainable growth with decreased pollution and an energy demand that can be met 
(Hong et al. 2012).

2.1.3.1 Wuxi’s Low Carbon City Plan

Wuxi has started to establish a Low Carbon City  Plan for its own sustainable development and 
future. Although Wuxi is not one of the eight cities that the Chinese government has targeted for a 
low carbon target initiative, it is a part of the national Ministry of Housing and Urban-Rural 
Development’s low carbon eco-city  pilot initiative that  aims at energy savings for buildings 
(Oberheitmann, 2012).

The government has also been in cooperation with Wuxi Low Carbon City  Development Research 
Centre (WLCDRC) of Jiangnan University. Together they  have developed a Low Carbon City  Plan 
targeting the energy  usage of the agriculture, industry, transport, building and residential sectors. 

Strategic milestones and goals were set for each sector. The overall goal is to by  2020 reduce CO2-
emissions with 50% for each unit GDP since 2005. This is slightly more than the national 
government is aiming at, which is a CO2 reduction between 40 % and 45% (Oberheitmann, 2012).

2.1.3.2 Jiangsu’s feed-in tariffs
Jiangsu province, in which Wuxi is located, has with its own provincial budget implemented feed-in 
tariffs for solar photovoltaics installations. The tariff is different depending on the technology 
(Akarslan, 2012). One example of a solar PV project that received feed-in tariffs in Jiangsu is the 10 
MW Dongtai solar plant farm in 2009. The project received a feed-in tariff of 2.15 RMB/kWh (PR 

Newswire). In 2009, Jiangsu also had a tariff of RMB 3.7 per kWh for roof-top PV systems and 
RMB 4.3/kWh for BIPV projects for projects that were completed by the end of 2009 (Ariel, 2009)

2.2 Wind Potential in Wuxi
Although Jiangsu has favorable wind conditions, Wuxi’s annual wind power density  is poor 
compared to other cities in Jiangsu. The number is less than 50 W/m2 at a 10 m height compared to 

the coastal cities’150 W/m2 per year. As shown in the figure 4, wind resources decrease when 
moving further in from the cost. Wuxi is located in the areas with poorer wind conditions (Zhou, 
Wu and Liu, 2011).
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Figure 4. Jiangsu province’s wind resource. Wuxi is located on the lower right corner.

According to a study that estimated wind electricity generation in Jiangsu, it  was concluded that it is 
viable to invest in wind energy  in Wuxi. The study was based on geographical data and determines 
how many wind turbines of the same technical model can be installed at different locations in the 

province. The wind speed was measured at 80 m height (Zhou, Wu and Liu, 2011).

The results show that Wuxi has only  an area of 23.85 km2 that is suitable for wind turbine 
installation in comparison to 1 813.35 km2 in Jiangsu. This also means that only 527 turbines could 
be installed in Wuxi, compared to 40,104 turbines in the entire province. The total annual wind 
energy yield was 146 336 GWh per year in Jiangsu, and Wuxi contributed with only 0.73%, or 1 

069 GWh per year. Coastal cities Yancheng and Nantong had an annual generation of 57 607.5 and 
38 847.5 GWh respectively (Zhou, Wu and Liu, 2011).

2.3 Solar Energy in Wuxi 
Figure 5 is a graph of solar irradiance throughout a year. The irradiance is the global irradiance on a 
horizontal surface. The y-axis indicates the sum of each day’s total solar radiation in W/m2 and the 

x-axis’ values represent the day number, with measurement done for in total 365 days. A solar 
radiation peak is around 8 000 W/m2 and the lower radiations are below 1 000 W/m2.  The graph 
also shows a sum of each day’s radiation and not how much irradiance there is during each hour or 
when it is cloudy. Therefore it is not possible to tell how well the supply and demand balance is met 
throughout one day. The solar irradiation data is obtained through an Excel file from the project’s 

supervisor, Omar Shafqat. The data is generated by the software Meteonorm.
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Figure 5. Wuxi’s annual solar irradiance measured in W/m2.

There is unfortunately smog in Wuxi caused by construction in the city. It  is important to take into 

account that the smog will decrease the solar output by blocking out some of the solar irradiance as 
well as dusting the solar panels, thus reducing the overall solar output. However, in the long-term, 
the smog will set aside once the construction work in the city is finished.

2.4 Solar Photovoltaics
Solar energy is the technology that produces energy  with the sun’s irradiation. There are two main 
types of solar energy: solar photovoltaics (PV) and solar thermal energy. Solar photovoltaics 
generates electricity  with the sun’s photon energy  and solar thermal energy converts the sunlight 
into thermal energy. The thermal energy can in turn be used to produce electricity by  using among 
others thermal engines and alternators (GCEP Stanford, 2006). 

When generating electricity, solar photovoltaics does not need to use any fossil fuels and is also 
both greenhouse gas and pollution free. However, CO2 are emitted when the solar PVs are produced. 
The energy payback period, which is time required for the solar PV produced electricity to 
compensate for the CO2 emitted during the production, is different for different solar PV 

technologies. The period length ranges commonly between 1 and 4 years (NREL, 2004).

Solar PVs have four main types of installations. They  can be grid-tied centralized, grid-tied 
distributed, off-grid commercial or off-grid. Grid-tied centralized installations are large solar PV 
plants while grid-tied distributed installations are smaller and for roof-tops. Both types of 

installation are connected to the electricity  grid. Off-grid commercial installations are stand-alone 
non-grid connected industrial plants in remote area off-grid installations are PV systems for houses 
in rural areas (Akarslan, 2012).
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2.4.1 The PV Module
Solar photovoltaics convert the sun’s irradiance directly to electricity  with the help of semi 
conducting materials, mostly silicon. The solar panels generate electricity when the electrons in the 
semi-conducting material receives energy from the sunlight. The electrons are then released from 

the material and flow in a direction determined by  the photovoltaic cell’s electrical field. It is the 
electrons’ flow that is the current and this current is a direct current (DC) (Toothman and Aldous, 
2011).

2.4.1.1 PV cell, module, panel and array

Figure 6 shows the solar PV hierarchy. To the left is a photovoltaic cell that solar PV systems are 
essentially  made up of. When several solar cells are connected, they become a module. The 
modules can in turn be connected into a panel and several panels can further on be connected into 
arrays (U.S. Department of Energy, 2013).

  
Figure 6. The appearances of a solar cell, module, panel and array (U.S. Department of Energy, 2013).

2.4.1.2 The PV module construction
The front surface of the PV module must be transparent and good at transmitting light  of 
wavelengths appropriate for the solar cell material. Wave-lengths for silicon range from 350 to 1200 

nm. Reflection from the front surface should be minimal and this can be achieved through adding 
an anti-reflective coat to the top surface. The top surface also has to withstand bad weather such as 
rain, high temperatures and long-term exposure to ultraviolet rays. The material used should 
therefore be strong, waterproof, and low-thermal resistant. A common material is tempered low-iron 
glass (U.S. Department of Energy, 2013).

The rear surface, the surface on which the PV cells lie, the top surface and the cells are all held 
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together by a transparent encapsulate that must be able to withstand high temperatures and high 

levels of UV radiations. The rear surface must keep water and gases away and have low thermal 
resistance. The material used is thin polymer sheets and the frame is typically  made of aluminum 
(U.S. Department of Energy, 2013). 

The most popular design of a photovoltaic module is the flat-plate module. This design has proven 

to be successful at responding to both direct  and diffuse sunlight. Diffuse sunlight is around 10% to 
20% of the total solar radiation on a horizontal surface on clear sunny  days, and it can be up  50% on 
partly sunny days and is 100% on cloudy  days. Photovoltaic arrays can also either have a solar 
tracking system that tracks the sun’s movement or be kept at a fixed angle. The latter alternative is 
less optimal but costs less. Since fixed arrays lack moving parts that are included in a tracking 

system, they are relatively lightweight (U.S. Department of Energy, 2013).

2.4.1.3 The packing factor
The packing factor is a measurement of how much of the total module area is covered by  PV cells. 
On a PV module, some of the entire area taken up by  the PV cells are empty spaces and do not 

generate any electricity. An example is demonstrated in figure 7. The white rectangular between the 
cells are spaces that do not generate any electricity. These areas are left out because of the shaping 
of the PV cells. 

A high packing factor might mean higher output but it also leads to an increased module 

temperature as the modules are more densely  packed, leaving less space for air flow. A high module 
temperature decreases the module efficiency  (the PV module’s ability to convert solar irradiance to 
electricity) because the voltage decreases when the PV cell temperature is high. This is further 
explained in section 2.4.3.2 (Akarslan, 2012). 

Figure 7. The arrangement of PV cells on a PV module (Mueller Megawatt Project, 2011).
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2.4.1.4 Module shading

Intuitively, solar PV panels should be placed in open spaces that are not shaded by trees, buildings 
or any other objects. PV modules and cells are sensitive to shading, especially partial shading which 
reduces the energy output from grid-connected PV systems. In the worst case, partial shading of a 
module or cell can lead to breakdown of the shaded cells or even short-circuiting due to a big output 
decrease. The severity of shading depends on the manufacturer, and fortunately, bypass diodes are 

built  in the modules to prevent such happenings from occasional shading. The bypass diodes will 
however not prevent any power reductions (Tiwari, Dubey, 2010).

There are two types of shadows: soft or hard shading. Soft shading means diffuse or dispersed 
shadows that reduce the amount of irradiance reaching the cells and come from distant items, such 

as a chimney  or tree branch. Hard shading comes from objects that completely  stop the sunlight 
from reaching the cells, for example bird spilling. It is enough for one single cell of the module to 
be shaded for the voltage of the entire module to drop by 50% as a precaution measure. This would 
reduce the solar output of the entire module. The shaded module will even start using its own 
generated electricity if more than one of its cells is shaded (Tiwari, Dubey, 2010). 

2.4.2 PV Applications
For the PV system to be complete it  needs more than just the PV arrays. The systems need to have 

balance of system (BOS) components to generate and distribute electricity. These components are 
among others inverters, mounting structures for the panels, different connectors, wires, a power 
conditioner to adjust the electricity generated to be used by the load and eventually batteries for 
storing excess electric energy (U.S. Department of Energy, 2013).

2.4.2.1 The inverter
The inverter has two important tasks: MPP (maximum power point) tracking and converting the PV 
generated direct current (DC) to alternating current (AC) that can be fed into the grid. An inverter 
ensures maximum power output by detecting the optimal operating point for the PV module or the 
maximum power point (MPP). Fluctuations in the voltage and current in the modules due to 

different operating conditions mean different MPPs. Therefore, an efficient  inverter keeps 
continuous track of the MPP to ensure the maximum power output (RENI, 2011).

Inverters use 4% to 6% of their own generated electricity, which leads to an inverter efficiency 
between 94% and 96%. Inverters are usually the most efficient when they are operating at  half the 

value of their rated power, with losses of up to only 2% of the modules’ output power. When an 
inverter is operating at its rated power, the efficiency is just above 95%. The inverter’s efficiency is 
at its lowest when operating within its partial load range, typically 0 to 20% of its rated power 
(RENI, 2011).
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To avoid an inverter operating in the partial load range, the chosen inverter should have a much 
lower power rating than that of the PV modules. This way it is ensured that the inverter always 
operates at power levels close to half it’s rated power, and thus with a higher efficiency. This is 
especially the case when high levels of solar irradiance are rare, not allowing the PV modules to 
generate at their rated power. However, if the irradiance is high, the power will be limited to the 

inverter’s rating (RENI, 2011).

Due to the poor efficiency of the inverter in the partial load range, there should be a downsizing of 
the inverter with about 25% of the rated power of the PV modules. However, newer improved 
inverters need to be downsized with only  around 10% of the modules’ rated power as they handle 

low power operating situations better in terms of efficiency. This way, energy loss due to inverter 
limitations when the irradiance is high are minimized (RENI, 2011).

Besides an inverter, there are also energy storage alternatives for solar PV systems with 
rechargeable batteries. Unfortunately, this is an expensive alternative and is more common for PV 

generation in rural areas without other forms of energy  supply to provide electricity  during 
intermittent periods. Excess output from grid-connected PV systems is directly fed into the grid  
(RENI, 2011).

2.4.2.2 Solar trackers

If the array were to be constantly  perpendicular towards the sun, it is possible to add a solar tracking 
system. Solar trackers tilt the panels towards the sun depending on the sun’s position of the day. In 
general, the output increases with 25 to 35% (One Block Off the Grid, 2012). Solar trackers can be 
applied on panels installed on flat roofs, but not on inclined roofs. They are also mostly  suitable for 
pole-mounted solar PVs (Solar Town, 2011).

There are two types of solar trackers: active and passive trackers. Both can be have single- or dual-
axis. Active trackers are most common for larger PV systems. Such trackers have a sun-sensing 
device and a rotating motor. Single-axis active trackers can rotate between north and south or 
between east and west while dual-axis active trackers can do a combination of both. Although the 

energy output increases, the rotation motor needs energy itself too (Solar Town, 2011).

Passive trackers are less expensive and need less maintenance than active trackers. Passive trackers 
use compressed gas fluid instead of motors, which means less energy usage than active trackers. 
Once in contact with heat, the fluid experiences pressure imbalance which causes the solar panels to 

tilt accordingly. Passive trackers can experience problems with tracking the sun during the early 
morning hours as it takes a while for them to start (Solar Town, 2011).
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If solar trackers are overall economically unfeasible and unprofitable, optimizing the tilt  angle and 
the azimuth angle (orientation) in fixed installations or manually adjusted ones is the best way to 
achieve the desired maximum power output from the PV arrays (Solar Town, 2011).

2.4.2.3 Array distance

For tilted solar PV arrays on flat roofs, it is important to avoid the arrays shadowing each other. 
This can be done if the space between each array is twice the tilt height of each PV array. The tilt 
height is expressed as H in figure 8 and the total distance between two PV arrays is therefore 
expressed as 2*H. 

If the inclination angle is v and the module height is h, the tilt height H would be equal to h*sin(v). 
The distance 2*H would then be expressed as 2*h*sin(v). Moreover, if there is an obstacle with the 
same height as the PV tilt  height in front of the array, the distance between the array and the 
obstacle has to be at least twice the obstacle’s height (Luminous Renewable Energy, 2011).

Figure 8. The distance relation between solar PV arrays and its obstacles (Luminous Renewable Energy, 
2011).

2.4.3 Solar PV Efficiency
The solar PV efficiency refers to the module’s ability to convert the available sunlight to electricity. 
The various factors that affect the PV module’s efficiency  are presented in the following sections 

(Akarslan, 2012).

2.4.3.1 STC and NOCT
The module’s nominal capacity and efficiency  are measured for different two conditions: STC and 
NOCT. The standard test conditions (STC) mean an irradiance of 1 000W/m2, a module temperature 

of 25°C and an airmass (AM) of 1.5 (Suntech Powera, 2013). Airmass is the optical length that 
reaches the earth surface after depletions that occur when light passes through the atmosphere (AM 
Solar, 2013). 
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NOCT conditions (nominal operating cell temperature) are less favorable than these of the STC. 

The irradiance is 800 W/m2 and the ambient temperature is 20°C. The module must also be tilted 
and the wind speed is at 1 m/s. These conditions are considered to be a bit more realistic as the 
STC’s 1 000W/m2 irradiance does not occur all the time in all parts of the world. Furthermore, the 
module temperature is often higher than 25°C (Tiwari, Dubey, 2010). The NOCT values are mostly 
determined by the module material, the cell density and module design (PV Educationc, n.d.).

2.4.3.2 Module efficiency
PV modules’ STC efficiency is as aforementioned only possible for the STC conditions. It  is 
however affected by  other factors such as the module temperature (Akarslan, 2012). High module 
temperatures lead to an overall decreased power output. As demonstrated in figure 9, the module’s 

voltage decreases much more than the changes in the current output, with around 2.3 mV/C,. If the 
ambient and module temperatures are low, the module efficiency can even have a higher value that 
under STC conditions (Fesharaki et al. 2011). 

Figure 9. How the current and voltage vary with increasing module or ambient temperatures. The results are 
measure under STC conditions (Fesharaki et al. 2011).

2.4.3.3 The PV current
The current generated is more directly  proportional to the irradiance. There is no such direct 
correlation between the voltage output and irradiance, but compared to the increase in current, the 
voltage increases insignificantly with more solar irradiance. The output current will vary depending 

on the sun’s location relative the panels. The output is at its highest  when the sun is shining directly 
on the panels, or when the solar incidence angle is 0° (Endeavour Energy, 2011).
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2.4.3.4 Different components of the solar irradiance

The sunlight can be divided into three radiations: horizontal, incident and module. An illustration of 
the different sun radiations is in figure 10. As observed in the figure, the horizontal irradiance is the 
sunlight that is perpendicular to a horizontal surface. The incident irradiance is the sunlight that is 
incident to the module and the module irradiance is the irradiance that is perpendicular to the 
module. The radiation that is relevant for the solar output is the module irradiance. The equations 

for calculating the module irradiance with the sun’s elevation angle α and the PV arrays’ tilt angle ß 
are presented in section 3.2.1 (PV Educationd, n.d.). 

Figure 10. The three different components of solar irradiance. (PV Educationd, n.d.)

2.4.3.5 Module orientation and inclination
Horizontal solar PV arrays collect less sunlight, even if the cost for such installations is low 
(Stodola, Modi, 2009). More irradiance can be gathered if the modules are tilted. In the northern 

hemisphere, it is generally better for solar PV arrays to face south if a solar tracking system is not 
applicable. For fixed arrays, it is also important to determine an optimal and suitable orientation as 
well as tilt angle. Although just an approximation, the angle is according to empirical data best set 
equal to the latitude (Mehleri et al. 2009).

Researchers have developed theoretical models that can predict the value of the optimal tilt angle, 
but most  of them do not consider varying the azimuth angle. Other researchers considered changing 
both the tilt and azimuth angles and correlate different pairs with the mean global solar irradiance. 
For a latitude of 37° in the northern hemisphere, which is close to that of Wuxi (31°), the tilt angles 
would range between 0º and 90º and the azimuth angle would range between 0º ± 60º. The tilt angle 

can be fixed during the entire year or changed twice a year between winter and summer. Having a 
fixed tilt angle is inferior in terms of solar output to changing the angles twice a year. The best tilt 
angles for winters range between 50° and 80° and between 15° and 45° for summers (Mehleri et al. 
2009).
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Intermittency  and inconsistency in PV electricity generation can be tackled by taking into account 

the varying solar irradiance on tilted surfaces. Thus, providing optimal tilt angles not only intercepts 
the sunlight for the maximum output but also reduces variations in the hourly output. Changing the 
tilt angle twice a year according to the seasons can lead up to around a 26% increase in the output 
(Mehleri et al. 2009).

2.4.3 The Three Generations of Solar Photovoltaics 
The range of solar PV technology on the market is wide, with different materials and technologies. 
Today, there are three successive generations of solar PV systems: first-, second- and third-

generation. The different generations are based on the materials used for the solar cells as well as 
their commercial maturity (IRENA, 2012).

2.4.3.1 First-generation photovoltaic cells
As a mature technology, first-generation PV systems are fully commercialized and dominate today’s 

solar market. The production is heading towards several hundreds MW, and even several GWs each 
year. The first-generation PV technology is based on crystalline silicon cells. Wafer-based 
crystalline silicon photovoltaics dominate the market. Around 87% of the photovoltaics sold in the 
world in 2010 were crystalline silicon PVs (IRENA, 2012).

Crystalline silicon modules’ efficiency range is between 14% and 19%. The crystallines are either 
single (sc-Si) or poly-crystalline (mc-Si). Since silicon is a semiconductor material, it is suitable for 
PVs. There are in total three classifications of crystalline silicon cells. Each type depends on how 
the Si-wafers are made (IRENA, 2012):

• Mono-crystalline (Mono c-Si)
• Polycrystalline (Poly c-Si or mc-Si, poly-crystalline)
• EFG ribbon (EFG ribbon-sheet c-Si)

2.4.3.2 Second-generation photovoltaic cells

Second generation photovoltaics are in their early  market stages. The technology is based on thin-
film, with the cells having several thin layers with thickness between 1µm and 4µm. Consequently, 
up to 99% less semi-conducting material is needed in comparison to crystalline cells.The cells are 
placed onto substrates such as glass, polymer and metal. They can be arranged into light-weighted 
and flexible structures which make the modules easy to integrate into buildings (IRENA, 2012).

Thin-film PVs can have lower capital costs than first-generation photovoltaic cells. However, the 
lower efficiencies of second-generation PVs in comparison to first-generation PVs can offset any 
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eventual capital cost reductions.The three main types thin-film solar cells developed for commercial 

use are (IRENA, 2012): 

• Amorphous silicon (a-Si, a-Si/µc-Si)
• Cadmium-Telluride (Cd-Te) 
• Copper-Indium-Selenide (CIS) and Copper-Indium-Gallium-Diselenide (CIGS)

Amorphous Silicon (a-Si)
Amorphous silicon solar cells and Cadmium-Telluride are the most well-known and developed thin-
film photovoltaic cells. Amorphous silicon cells have low manufacturing costs because they  can be 
produced with cheap and large substrates. Today, flexible a-Si cells are being developed as 

building-integrated PVs (IRENA, 2012).

A-Si cells have low efficiencies: around 4% to 8%. The output of a-Si cells also decreases with time 
due to among others exposure to sunlight. This problem can be solved if a-Si cells have even 
thinner layers but  this would at the same time lead to less irradiance absorption. Instead, of a-Si 

cells, multi-junction thin-film silicon (a-Si/µc-Si) cells can be used. These have up to 10% 
increased efficiency  due to more amorphous silicon layers and 3 µm thick micro crystalline silicon 
layers on top of regular a-Si cells (IRENA, 2012).

Cadmium Telluride (Cd-Te)

Cd-Te thin-films cells have in comparison to other thin-film cells lower production costs and higher 
efficiency rates. Unfortunately, these cells face certain production limitations. Cadmium is toxic and 
Tellurium, a by-product of copper processing, is produced in far smaller amounts than cadmium 
(IRENA, 2012).

Copper-Indium-Gallium-Diselenide (CIGS) and Copper-Indium-Selenide (CIS)
CIGS- and CIS cells have the highest efficiency rate of all PV thin-film PVs, between 7% and 16% 
and even up to 20.3% which has been observed in laboratories. Both CIS and CIGS are 
commercialized as a result of companies’ collaboration with several universities (IRENA, 2012).

2.4.3.3 Third-generation photovoltaic cells
Third-generation photovoltaic technologies are still mostly  under demonstration or need more 
research and haven’t fully entered the commercial phase yet. There are four different third-
generation photovoltaic technologies (IRENA, 2012):

 

• Concentrating photovoltaic technology (CPV)
• Dye-sensitized solar cells
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• Organic solar cells

• Novel and emerging solar cell concepts 

Concentrating PV (or concentrated solar power, CSP)
CPV uses lenses or mirrors to concentrate radiation onto small semiconducting multi-junction solar 
cells (IRENA, 2012). CPV has generally a bright future in China even though there is currently not 

much support or regulations for it. These are however expected to be introduced once CPV have 
been shown to be viable. (APCO Worldwide, 2011).

The Chinese government is supportive of further development as well as international 
collaborations. For example, eSolar, a California-based solar thermal power manufacturer, has 

received a 2 GW project from the government. Furthermore, a sum of USD 1 million has been 
invested by the Asian Development Bank in a 1.5 MW CSP plant in the Gansu province. China’s 
national Energy  Administration also provided by October 2010 financial support for 120 million 
kWh CPV/CSP plant in Mongolia (APCO Worldwide, 2011).

2.4.4 The Economic Aspects of Solar Photovoltaics
In the recent years, the world has considered photovoltaic technologies as a great renewable energy 
resource for providing of electricity in the future. This has led to a huge leap in the global installed 

PV capacity, being as low as 1.8 GW in 2000 to 67.4 GW in 2011. The newly added capacity in 
2011 alone was about 41%. China and other countries have added more than 1 GW to the total 
global installed capacity in 2011 (IRENA, 2012). 

The rapid increase of installed capacity in such a short amount of time has significantly decreased 
the solar PV costs. The cost of solar PV systems is expected to continue to decline in the future with 

some market growth volatility and uncertainties in the short-term. In the long-term, the solar PV 
market is expected to experience less market uncertainties (IRENA, 2012).

The decrease in the PV price has been rated by a learning rate of around 20% to 22% depending on 
the modules type (c-Si or thin film). The costs of PV technologies are approaching grid parity, 
especially in regions with good solar resources and high electricity generating costs due to high 

fossil fuel prices. Grid parity means when the cost of electricity from a renewable source, excluding 
subsidies and incentives, is the same or lower than the cost of that from conventional power stations 
(IRENA, 2012).

When considering the costs of a PV system and its generated electricity, three main factors need to 
be evaluated: the capital cost, the finance cost and the quality or efficiency of the solar cells. 

Critical analysis of these factors is always beneficial for potential cost reductions (IRENA, 2012).
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2.4.4.1 Cost of photovoltaic modules

The capital cost  (or initial investment cost) for a PV system consists mostly of the cost of the PV 
modules and the cost the BOS components. The cost  of the modules accounts for 30% to 50% of 
the capital cost, depending on their type and the extent of the project. The cost of the module is 
typically based on the cost of the raw material, the manufacturing of the cells and the assembly of 
the module (IRENA, 2012).

As for cost efficiency for different  PV technologies, c-Si modules happen to be the most expensive 
besides the third generation PV modules, but also the most efficient. Thin-film modules, such as 
CIGS cost less and are as efficient as c-Si modules. The price differences between the modules 
depend mainly  on the manufacturer and its cost structure, the market characteristics, as well as the 
quality or efficiency of the module (IRENA, 2012).

In 2008 global price c-Si PV modules was USD 4.05 per W which declined to USD 2.21 per W in 
2010. By 2012 spot market and factory gate prices in Europe for low cost Chinese and other 
emerging market manufacturers c-Si modules had dropped to USD 1.05 per W.  The same prices 
from European and Japanese markets had dropped to between 1.22 and 1.4 USD/W. By the end of 
2010 the cost of c-Si modules in Europe was between USD 1.43 per W from emerging market 

manufacturers and USD 2.21 per W for high efficiency  c-Si modules. Thin-film modules cost USD 
1.27 per W (IRENA, 2012).

2.4.4.2 BOS and installation costs
The rest of capital cost for a PV system is the BOS and installation costs. These costs differ 
depending on the size of the system and the type of the installation base. They  are 20% of the total 

costs for a utility-scale PV grid-connected system and 70% for a small-scale residential PV system 
(<5 KW) that is not grid-connected. The installation base can be a roof-top or a ground, with roof-
tops being more expensive due to added expenses for roof installation preparations (IRENA, 2012).  

The BOS cost consists mainly of the cost  of the inverter. The inverters range in several different 

sizes and are used according to the total PV capacity installed. The inverters cost from USD 0.27 
per W to USD 1.08 per W. The mounting structures and their properties are dependent on the 
installation base and account for about 6% of the PV system’s total installation cost (IRENA, 2012).  

2.4.4.3 Total PV system cost (residential and utility-scale)

PV systems range in sizes from a small residential roof-top system with capacities of no more than 
20 kW, to larger systems. The large systems can be roof-installed for commercial buildings such as 
stadiums, schools and companies. These systems normally have a capacity of no more than 1 MW. 
Utility-scale PV systems are the largest and have a capacity more than 1 MW. They  are also ground-
mounted. The total cost of a PV system depends largely on the size of the system due to the lower 
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cost per unit power output of a large utility-scale system that is induced by economies of scale 

(IRENA, 2012).

Additionally, the cost of the PV system is dependent on the region the project is located in as well 
as the country’s market. Different countries have adopted different financial incentives and this 
affects the prices of the PV systems. Germany  has a strong PV market that  is well supported by 

stable long-term incentives. This has led to Germany  having very competitive PV system prices 
compared to the U. S. and other European countries such as Italy and Spain. In 2011, the average 
cost of an installed residential PV system (<5KW) in Germany was USD 3 777 per KW while in the 
U.S, Italy, and Spain the average cost for a system of the same capacity was approximately USD 
5 600/ per KW. For systems with 5KW to 10 KW installed capacity, the average total cost was 

approximately USD 100 per kW or less (IRENA, 2012).

For large utility-scale PV systems (>1 MW), the prices differ according to whether the system is 
ground- or roof-mounted and whether it has a solar tracking system. Ground-mounted systems are 
less expensive than roof-mounted systems, with an average cost of USD 4.19 per W for c-Si 

modules and USD 3.87 per W for thin-film modules in 2010. Installing PV systems on roof-tops  is 
more expensive due to among others roof preparation costs. Roof-mounted installations had an 
average cost of USD 6.45 per W, which is approximately the price for a ground-mounted PV system 
with an added solar tracking system (USD 6.39 per W). Adding a solar tracking system increases 
the total cost of a utility scale PV system with around 10% to 20%. However, a solar tracking 

system will increase the amount of harnessed sunlight which in turn can lead to an annual electricity 
generation increase of about 25% to 30% (IRENA, 2012).

2.4.4.4 Operations and maintenance costs (O&M)
During the time a solar PV system operates there will be additional annual costs such as cleaning 

and insurance. The O&M  cost per is are usually only 0.3% of the total capital cost. The 
maintenance of inverters is the biggest cost component of a PV system’s total lifecycle maintenance 
cost. It is at  around 50%, due to high current and voltage often causing heat gain and eventual 
failure (ExploreGate, n.d.).

The second biggest O&M  cost is the site work components such as meters, connectors and junction 
boxes. They account for 15% of the O&M costs. Another 10% is for monitoring systems and 5% for 
wiring as wires can be damaged by its upper side being more exposed to sunlight (ExploreGate, 
n.d.). 

Modules and mounting structures are the two final cost components, both accounting for 5% of the 
total O&M. Even though modules are very reliable products, they can still suffer from problems 
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such as electrical short-circuiting and reduction of silicon purity. Both problems require 

replacements. Furthermore, mounting structures can experience loose connections of screws and 
nuts in soft aluminum structure due to heavy wind loads. Mounting structures of iron also require 
maintenance such as rust treatment and painting (ExploreGate, n.d.). 

2.4.5 Building-Integrated and Building-Applied Photovoltaics
Besides the three generations of solar PVs, there are also different ways of installing solar PV 
modules onto buildings: BIPV (building-integrated photovoltaics) and BAPV (building-applied 
photovoltaics). BIPVs are PV modules that are either architecturally integrated into a building and 

can serve functional part  of the building. They can replace regular building parts and materials such 
as windows, roofs or other building envelopes (Peng, Huang and Wu, 2011).  Such applications are 
called “non-ventilated façades” (Hennemann, 2008).

BIVPs can also be directly mounted onto building façades and roofs without  replacing any building 

materials. This kind of integration is called “ventilated façades” as there are gaps for air flow and 
ventilation between the PV and the wall. One of the biggest benefits with BIPVs is that  there is no 
longer a need to compromise between form and function for PV installations (Hennemann, 2008).

BAPVs are solar modules that are added separately onto buildings. They are not integrated into the 

building structure and have no aesthetic purposes. These modules are placed upon and supported by 
a superstructure. There are two types of BAPVs: stand-off and rack-mounted. Standoff BAPVs are 
mounted on titled roof-tops and rack-mounted arrays are mounted on flat roofs (Peng, Huang and 
Wu, 2011).  

2.4.5.1 Comparison
Due to maintenance, complicated structures and mounting technologies, the total cost of BIPVs in 
China is still higher. Compared to BIPV, BAPV are easier to maintain and install. Moreover, if a 
BIPV is damaged, it can also affect the building’s or room’s function (Peng, Huang and Wu, 2011).  

Despite these complications, BIPVs can be more tightly  arranged than BAPVs, even though 
emerging thin-film module technologies can make BAPVs more tightly  enough to meet the 
requirements for BIPVs. BIPV can also offset the cost  of the building materials that the modules 
replace. However, the bigger space between BAPVs is important for both the photovoltaics’ 
performance by decreasing the heat gain. BAPVs also shade the roof from sunlight thus decreasing 

the heat transfer through the roof (Peng, Huang and Wu, 2011).  

The lifetime of BIPVs, which is 25 years or even shorter due to continuous technology updates, is 
usually  lower than that of the building (at least 50 years) the BIPVS are integrated into. However, 
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as solar PV technology develops, modules with better efficiencies and lower costs will enter the 

market. An update of the BIPVs would therefore be inevitable. If there is already from the 
beginning a focus on maintenance and easy  replacements of the building-integrated solar modules, 
then the integrated photovoltaics will not have to have the same lifetime as the buildings (Peng, 
Huang and Wu, 2011).  

2.4.5.2 BIPV design possibilities and limitations  
BIPV is gaining widespread popularity. It is nowadays possible to have curved BIPV applications 
but there is often a compromise between function and form with the compromise being less power 
generation at certain times. According to a study executed in Brazil, curved BIPVs were not be able 
to achieve the maximum solar output as that of a flat and inclined building-applied solar arrays. 

Nevertheless, the losses were mostly small and acceptable with a higher yield in the summer but 
considerably lower in the winter (Urbanetz, Zomer and Rüther, 2011).

2.4.6 BIPVs on Roof-tops
There are various ways of integrating photovoltaics into buildings. PVs can be integrated into roofs, 
façades, atriums skylights and greenhouses or used as shade screens. Roof-integrated PVs have 
pleasing appearances as they reduce the obtrusiveness of building-applied PVs (Wolter, 2003).

BIPVs on roofs are an alternative to rack-mounted and retrofitted PV modules on roofs. Roof-
integrated PVs have the same functionality as ordinary  roofs in water drainage, water leak stoppage 
and insulation. The modules used for the roof integrations are thin-film cells instead of the mono-
crystalline and polycrystalline silicon cells used for ordinary PV panels. These thin film-modules 
are flexible and can adapt to any roof shape. Unfortunately, they do have low conversion 

efficiencies of less than 10% (Blue, 2010).

2.4.7 BIPVs on Façades
Utilizing roofs for PV technologies is not always possible when the roof is already used for other 

purposes, for example a swimming pool. One option is to integrate photovoltaics into the buildings’ 
façades. Such integration does not necessarily have to replace buildings materials. Instead, the 
BIPVs can act as ventilated façades. The following factors need to be considered when integrating 
BIPVs onto façades (Hwang, Kang and Kim, 2011):

•  PV panels inclination
•  Building wall orientation
•  Installation distance to module length ratio (D/L)
•  Module types and efficiencies
•  Shading effects by other panels or buildings
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•  Panels area per unit façade

•  Annual solar radiation per area unit

The modules can be either horizontally  (0°) or vertically  (90°) inclined. The modules can have 
different lengths, L and be positioned at different distances, D from each other. The ratio between 
those two magnitudes, D/L, lies typically between 1 and 3 and is decisive for the amount of sunlight 

the modules can receive. For example, a bigger module length than the distance between tilted 
façade PVs could result in shading and therefore less radiation. However, a very large D/L ratio 
results in less panel density could lead to more sunlight but less total power generation (Hwang, 
Kang and Kim, 2011). 

The most widely used modules for façade installations are mono-crystalline silicon, poly-crystalline 
silicon and amorphous silicon. The former two types compared to the latter are less transparent and 
also block any outside view. However, both mono- and poly-crystalline silicon modules are nearly 
twice as efficient (16% compared to 8%) as amorphous silicon modules but amorphous silicon 
modules are less expensive. It  can be beneficial to have a combination of all three modules (Hwang, 

Kang and Kim, 2011).

Different module technologies and their efficiencies have significant effects or how optimal the 
façade BIPV system is. It is ineffective to have much sunlight but low power generation because of 
low conversion efficiencies. Sometimes, compromises need to be made for aesthetics or economical 

reasons (Hwang, Kang and Kim, 2011).

2.4.7.1 PV modules as shade screens
Opaque PV modules can be used in shading schemes as an overhang on top of view windows. This 
has the potential of reducing direct sunlight into the building in summer when the sun is high while 

also allowing solar heat gain in the winter when the sun is low (Wolter, 2003).

If façade PVs are going to be used as shade screens, the maximum amount of sunlight yield is 
typically at a 60º or less than 15° tilt angle combined with a higher D/L ratio (typically  around 3). 
Doing so would not lead to very pleasing appearances. Moreover, the optimal values are usually 

acquired when the façade is facing south, southeast or southwest, but panels facing other directions 
could compensate for occasional low radiation for panels facing south (Hwang, Kang and Kim, 
2011).

2.4.7.2 Semi-transparent façade PVs

When designing façades PVs, opaque mono-crystalline silicon modules with high efficiencies are 
usually  placed where view with normal glass windows are not required. However, this leads to 
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decreased net electricity  generation due to increased usage of indoor artificial lighting, since less 

daylight comes through into the buildings. A more effective way is to therefore integrate semi-
transparent photovoltaic modules for better net-electricity  generation (Robinson and Athienitis, 
2009).

In the semi-transparent modules, the cells are enclosed in sheets of glass and are spaced in a way 

that would allow light to pass through between them. Different spacing between the cells of the 
module means different transparency. Research has found that the optimal cell spacing ratio to be 
80 to 90% for all orientations and efficiency rates between 6 and 16%. This ratio would provide the 
optimal day lighting levels to avoid extra artificial lighting loads during the day  (Robinson and 
Athienitis, 2009).

The objective is not  to solely increase the amount of daylight coming into the building’s rooms, but 
to control it. The light  transmittance does not affect on the module’s electricity generation, but 
rather the cooling or heating of the building in the summer and winter. For example, the amount of 
heating needed for the building can be reduced by letting more sunlight it through double glazed 

semitransparent photovoltaics (Robinson and Athienitis, 2009). 

Based on a study  about the optimal PV cell coverage percentage for PV modules with an efficiency 
of 11%, it was shown that completely opaque PVs lead to higher net electricity generation for only 
a certain period of the year, from December to March. In comparison, PVs with 80 to 90% (semi-

transparent) cell coverage has proven to have higher generation for the entire year (Robinson and 
Athienitis, 2009).

The most optimal solution from the above studies was to have a 3 section facade design with 
opaque PVs, semitransparent PVs, and normal glass. A more appealing alternative is to use of thin-

film module designs due to their natural transparency. However, their low efficiencies and high 
application costs lead to functional compromises (Robinson and Athienitis, 2009).

2.4.8 Roof-Mounted PVs
There are three types for roof mounted PV systems:

• Rack-mounted

• Ballasted

• Adhesive-mounted

Rack-mounted modules have metal structures that are attached to the roof by holes in the roofs 
membrane. This secures the modules in place but penetrations associated with the rack mounting 
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structures need to be waterproof and this depends mainly on the roof material. This mounting 

method is not very  aesthetic and requires significant labor, leading to more costs to the system 
(O’Brien, 2006).

Ballasted systems require keeping the modules in place on the roof by their own weight and ballasts 
such as paving stones or gravels gathered in panels. This is today  the most common way  of roof-

mounting modules on flat  roofs because there does not need to be any penetrations of the roofs’ 
membranes. The module is framed and the frame has a tilt  angle. The frame is held by  metal 
supports that are standing freely on the roof deck. There is also an air gap between the roof and the 
back of the module, which leads to module ventilation. Unlike modules on sloped roofs, modules 
mounted on flat roofs do not suffer any lateral gravitational loads, which limits wind forces to and 

seismic loads. Therefore, proper design and installation are required for ballasted systems (O’Brien, 
2006).

New thin-film technologies mean that a thin laminate of solar cells placed on sheets can be applied 
onto roof-tops according to the roofs’ shapes. These sheets are adhered to the roof membrane and 

are therefore called adhesive mounting. This type of mounting has low application costs but the 
modules have low efficiencies and poor heat transfer. Additionally, there are also water ponds 
forming on the roof, which is another drawback (O’Brien, 2006).

2.4.8.1 Ventilation gap

Different mounting methods have different effects on the module temperature due to the size of the 
gap between the arrays and the roof-surface. When rack-mounted PV arrays that are parallel to the 
roof surface have a gap  of less than 15 cm, the module temperature rises with 35°C above the 
ambient temperature. For tilted rack-mounted PV arrays, where the space between the roof and the 
back of the array is greater than 15 cm, the module temperature can be 30ºC above the ambient 

temperature (Home Power, 2012).

2.4.8.2 Wind load
One of the structural loads on roof mounted PV systems is the wind load. There are two ways to 
address the wind uplift  on a roof-mounted PV system. The first way is to use building codes and the 

second is to use testing and analysis. Building codes are the standards used to design roofing 
systems. However wind loads predicted by codes are usually  too large and unrealistic for roof 
mounted modules. Therefore wind tunnel testing is a better option. A very heavy  roof-mounted 
system can be avoided through this way.  Moreover, the permeability of air through the air gaps 
between adjacent modules reduces the wind loads (O’Brien, 2006).

Wind loads tend to be at its highest at the edges and corners of the roof. Therefore, the modules 
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need to be located as near to the middle of the roof as possible. Moreover, tilted modules will 

experience higher wind loads than flat modules because sloped modules are elevated above the roof' 
surface where wind velocity  is higher. The less aerodynamics of the tilted module shape also 
induces higher lift and drag forces. The securing of the modules needs to be resistant to cyclic wind 
load as wind loads change from time to time (O’Brien, 2006).

2.4.8.3 Gravitational loading 
PV systems typically weigh between 24 kg and 73 kg. The modules and their structures need to be 
considered as additional dead loads on the roof. The roof loading capacity  needs to be checked if it 
can handle the extra weight of the system. During the installation, there should be special care to 
avoid roof overload (O’Brien, 2006).

2.4.8.4 Thermal Expansion
Thermal expansion of mounting structures consisting of metal or aluminum structures can lead to 
serious problems. This is especially the case with large arrays that have long conduit runs. 
Contraction and expansion of the PV components should be analyzed by  standard analytical 

techniques to avoid damage to the PV system or the roof (O’Brien, 2006).

2.4.8.5 Roof inspection
It is mandatory to inspect the roof before installation to make sure that it is in good condition and 
make any simple repairs that would extend the roof’s lifetime as well as prevent eventual leaks. The 

roof’s layers and insulation can be checked for damage due to damp so that the installation of the 
PV system and the system’s weight will not worsen damages (O’Brien, 2006). 

Moreover, already existing roof membrane penetrations and the sealing systems around them 
should be investigated. Therefore, when designing and installing the PV arrays, the array layout 

should be considered so that  access to penetrations is not impeded. Also, the design needs to take 
into account the existing drainage system and work with it. If necessary, modifications that will 
ensure proper drainage of rain water should also be made (O’Brien, 2006).

2.4.8.6 The roof’s age

If the roof needs to be replaced in less than 5 years, it is economically better to do the replacement 
before the PV installation. Doing so can avoid re-roofing around the system or removing it 
completely and reinstalling the PV system again. PV components can extend the life of the roof by 
protecting it from UV rays and heat, the leading factors for the degradation of roof membranes 
(O’Brien, 2006).
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2.4.8.7 Foot traffic 

The PV installed roof should be protected from foot traffic, i.e. many people walking around the 
roof often. Since PV systems do not require much maintenance, it means that foot traffic seldom 
occurs except during the installation or when the PV system is visited by for examples schools or 
investors (O’Brien, 2006).

2.4.8.8 Single ply roof membrane and ballasted systems
Single ply roofs do not have enough air barrier in its membranes, which makes it subject to blowing 
off and billowing. Such roofs cannot have ballasted systems since their weight is not enough to stay 
in place when billowing occurs. The manufacturers of the roof should be consulted to determine 
whether this is a problem or not (O’Brien, 2006).

2.4.8.9 Electrical safety
All the metal components in a PV array have to be grounded and a ground wire must be connected 
to the metal frames. UL (underwriter laboratories) listed PV modules provide instructions for 
achieving the proper ground between the modules. On metal roofs, each panel near the PV system 

wiring is electrically bonded to earth ground. A common mistake is the assumption that adjacent 
modules are connected to each other or that the metal roof is earth-connected. Furthermore, 
verification of the electrical design of the system from a qualified electrical engineer is compulsory 
(O’Brien, 2006).

2.5 Large Scale Integration of Solar Photovoltaics
Implementing large scale of renewable energy integration into existing energy systems has certain 
challenges. Renewable energy is an energy source that  is non-dispatchable and intermittent. It can 
also sometimes be in excess supply. To successfully  handle the fluctuations is important; electricity 
systems need to have an exact balance between demand and supply at  any given time (Kempton, 

2010).

2.5.1 Intermittency and Excess Solar Output
Intermittency  is a key problem with renewable energy, caused by daily  and seasonal variability. 

Tackling uncertainty in both electricity demand and supply is already a challenging task when it 
comes to dispatchable energy sources, but this is mitigated by predicting the potential supply hours 
ahead (Denholm, Margolis, 2006).

There is not any sunlight during nights and cloudy  days and the solar irradiation is of different 

strengths during different time of the day and different seasons. This means that solar energy cannot 
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guarantee constant electricity  delivery. Solar output also generally  peaks during the time of the day 

when energy demand is lower (Denholm, Margolis, 2006).

Both variability and intermittency must be addressed if solar energy will be included in the energy 
system. One way  of doing this is to make meticulous planning of the coming day, with reserves that 
will supply any intermittency (Hart, Stountenburg and Jacobson, 2012). Conventional generators 

must make up for the output variability  of solar energy. One way  to do this is by having a base or 
minimum electricity load supplied by dispatchable energy sources (Denholm, Margolis, 2006).

Although an intermittent energy source, solar energy’s production pattern is fortunately quite 
predictable in comparison with for example wind energy. It is possible to forecast the solar 

irradiance of the coming hour or coming day with quite accurate results (Renewable Energy World, 
2012). However, forecasting solar energy intermittency as well as power generation on gets more 
difficult on partly cloudy days. The clouds’ movements are unpredictable and their speed depends 
on several factors such as their height sun elevation and the wind speed. The power generation can 
drop rapidly if the clouds block the sun, with as much as 60% within seconds (Denholm and 

Margolis, 2006).

Besides intermittency, there is also the problem of excess solar energy output when the demand is 
lower than the load. Alternatives such as turning off PV generators or rejecting excess supply is 
possible, although such actions are not cost effective as it leads to increased cost per kWh) unless 

the generated electricity  is inexpensive or if the surplus is a small amount compared to the entire 
solar output (Denholm and Margolis, 2006). 

2.5.1.1 Base, intermediate and peak power load plants
A base load power is a consistent and constant minimum amount of power needed to supply  the 

energy usage of a community for 24 hours. The load is usually 35% to 40% of the maximum energy 
demand. To be able to meet the minimum power demand, base load power is generally supplied by 
reliable energy sources such as nuclear plants and hydropower (NREL, 2010).

Besides base load power plants, there are also peak and intermediate load power plants. Peak load 

power plants generate power during periods of peak energy demands and intermediate load power 
plants provide for the energy demand that comes between the base and peak load (NREL, 2010).

Figure 11 is a good example of base, intermediate and peak load curves. The scenario is taken from 
a summer day in California. As the figure shows, the base load is constant while the intermediate 

varies throughout the day depending on the users‘energy demand. The peak load occurs when the 
energy need is at the highest (NREL, 2010).
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Figure 11. The base, intermediate and peak load (NREL, 2010).

Renewable energy  sources are generally intermediate or, in some cases peak loads as their 

intermittency reduce their reliability  for a constant energy  supply (Cordaro, 2008). Solar PV energy 
often serves as an intermediate load. If it is wished to be a base load, energy storage is required 
(Clark, 2010). Figure 12 shows a scenario-analysis of how increased solar PV penetration could 
lead to a negative net load. The black area in the graph is the rejected solar output surplus. As 
demonstrated, unless the base load can be lower, a high solar PV penetration can lead to oversupply 

rejection. (Denholm and Margolis, 2006)

Figure 12. The base load’s effect on solar output surplus (Cordaro, 2008).
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Unless energy storage is available, solar energy will not provide steadiness in grid operation 

(NREL, 2010). As figure 12 also shows, when considering the size of the PV penetration, it is 
important to be cautious with the risk of having to reject a large amount of PV generated electricity 
due to an occasional imbalance of the load and demand (Denholm and Hand, 2011).  

2.5.1.2 Ramp rate and range

When there is a high solar PV penetration in the energy system, there will be changes to how the 
utility  grid operates for handling varying electricity generation by the solar PVs. These changes can 
for example be implementing a radiation forecasting system, adding energy  storage or increasing 
flexibility for providing electricity from dispatchable energy sources (Denholm and Hand, 2011).

Both the ramp rate, the speed at which the energy output increases and decreases, and the ramp 
range, the difference between the maximum and minimum daily  energy demand, will increase when 
the penetration of solar PVs is high (Denholm and Hand, 2011). The increased ramp rate can for 
example be caused by  clouds passing on cloudy days, which causes quick fluctuations in the PV 
generation. A higher ramp rate is something that conventional power plants complementing the PV 

system will have to respond to (Denholm and Margolis, 2006). An increased ramp rate can lead to 
higher regulation requirements as well as problems such as more gas turbine wear (Lants, Ullis and 
Warren, 2011).

2.6 Solar Photovoltaics in Other Cities
Case-studies about other eco-cities’ solar PV integrations have been done to get inspiration, ideas 
and a better idea of what is feasible or not.

2.6.1 Freiburg, Germany 
The city of Freiburg in Germany is one of the most successful cities in renewable energy research 
and marketing (Green City Freiburg, 2013). Freiburg’s solar radiance is not all that favorable - it is 
about the same as most of England and western Scotland, with in total 1 800 peak sun hours per 
year. Nevertheless, a solar industry  and market has still emerged in the city  (C40Cities, 2011).  
Solar energy and other renewables stand for less than 5% of the city’s overall energy usage (WWF, 

2008).

Through many solar energy  installation initiatives, Freiburg has implemented several different solar 
energy technologies, ranging from solar photovoltaics to solar sunrooms to solar cooling. Through 
several of its renewable energy  initiatives, Freiburg has during the past ten years managed to reduce 

its CO2 emissions per capita with more than 10 percent (C40Cities, 2011).  
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The city’s central station has a PV facade has in total 240 PV modules and citizens also have 

installed solar PVs on their homes’ rooftops and building façades. The University Hospital 
Cafeteria, for example, has its own solar system that provides 10% of its energy need. Several 
schools have their own solar installations and a large solar PV array  is also built on the city’s 
national league soccer stadium. A solar roof of 440 kW is also installed on the New Fair Grounds 
(C40Cities, 2011).  

2.6.2 Kaohisung National Stadium, Taiwan  
The world’s first solar powered stadium was built in Taiwan in 2009. The stadium is constructed by 

spiraling steel pipes and the roof is covered by  8 844 solar panels that are integrated into the roof 
structure. Together, the modules cover an area of 22 000 m2. The PV system has the capacity of 
generating 1.14 GWh annually, meaning that the stadium does not need any external power supply 
to operate at full capacity. When the stadium is not running at full capacity, the excess electricity is 
saved or sold (Hwang, 2010), (Hart of Green, 2011). 

The PV modules allow only  let 30% of the light through. The inverters have an efficiency as high as 
98% and are used to convert the generated direct current  into alternating current. The stadium also 
offsets 660 tons of CO2 per year (Hwang, 2010), (Hart of Green, 2011).

2.6.3 Torre Garena Tower, Spain
The Torre Garena Tower in Alcala de Henares, Spain has its roof and facades covered with PVs. 
The façade solar system power consists of 948 PV panels manufactured by BP Solar. The panels are 
poly-crystalline silicon with an anti-reflective coating. Each façade module has 36 series 

interconnected cells and a rated peak power of 80 W. The facade integrated panels are capable of 
producing 75 840 W of electricity  as well as offsetting 85 tons of CO2 annually. They are also tilted 
at 60º for optimum sunlight interception. The roof PV system consists of 93 glass-glass 
polycrystalline silicon modules with 100 W capacity  each. The orientation of the roof panels is due 
south with a tilt angle of 30° (Salas and Olias, 2008).

2.6.4 Hammarby Sjostad, Sweden
Hammarby Sjostad in Sweden has managed to install photovoltaics onto three buildings. On the 

first building, solar PVs are installed on both the façade and the roof-top. The façade PVs face south 
and have a capacity of 10 kW. The PV system on the roof has a 15 kW capacity and is oriented 
towards south, west and east (Hedström, 2002).

Poly-crystalline silicon modules are used as the façade PVs. These modules are semi-transparent 

and have a thickness of around 10 mm with a 4 mm laminate. They are applied onto a galvanized 
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steel construction that is attached to the façade. The roof-top has both mono- and poly-crystalline 

silicon modules. The modules are densely packed to take up  as much of the available roof space as 
possible (Hedström, 2002).

On the remaining two buildings, solar PVs are not only installed on the roof-tops and façades, but 
also on the windows on the top-floor and the balconies balustrades. All modules are of crystalline 

silicon. Each building’s PV system covers an area of 212 m2. The façade installation covers an area 
of 91 m2 and the annual production is 7.7 MWh. PVs on the balcony balustrades generate 4.5 kWh 
electricity each year and occupy and area of 54 m2. The window installation consists of building-
integrated PVs that  are semi-transparent. The entire module area is 67 m2 and produces 3.8 MWh 
annually (NCC Hamamarby Sjostad).

3. MODELING
Solar photovoltaics are to be implemented in the Sino-Swedish eco-city. To understand and estimate 
what the potential energy yield and cost would be, the energy system model of the eco-city will be 
presented in this chapter along with the mathematical that have been used. The modeling and 
simulation software STELLA has been used for designing the energy systems model as well as the 
calculations of the results.

3.1 System Boundary
The system’s time perspective is the first  year after the installation. The system includes only the 
Sino-Swedish eco-city area of 2.4 km2. Only  solar photovoltaic energy will be evaluated based on 
the potential electricity yield and cost. It has also been assumed that no module accidents (such as 

hard shadowing or panel breakages) will occur during the first year of energy production.

3.1.1 The Conceptual Model
The conceptual model of the energy system is presented in figure 13. There are three types of 

parameters for the energy  systems model: input, calculation and output parameters. The output 
values are the model results: the potential electricity generation, the potential cost of the solar PV 
system and the potential CO2-offset. The input parameters’ values are the values needed to get the 
model results. The calculation parameters are an intermediate step between the input and output 
values. They are values that must be based on the input parameters and that cannot be obtained 

from elsewhere.
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Figure 13. The conceptual model of the eco-city’s energy systems 
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3.2 Mathematical Models
The equations needed to calculate the electricity generation and costs for the installed PV system 
are listed in this section. The section will start with presenting the equations for the electricity 
generation (section 3.2.1) and continue with equations for the cost calculations (section 3.2.2). As 
will be presented in chapter 4, all installed PVs will be divided into several systems depending on 
the location and the type of PV module. One single PV system is named as “i” in the equations 1, 2, 

9a, 15 and 16.

3.2.1 Generated Electricity

3.2.1.1 The solar output
PV modules’ nominal power is usually measured in watt-peak (Wp), the energy  output that is 
generated under standard test conditions, or STC. If, for example, the solar irradiance is 500W/m2, 
the module’s output would be 500/1000 = 50% of the module’s nominal power (Solar is Future, 

2013).

The annually generated electricity  can be obtained with equation 1. The equations sums the 
generation by all the unique PV systems installed. The radiation data obtained also has unique 
values in W/m2 for each hour of the entire year. Hence, to get the electrical output in kWh, the 

radiation is multiplied by 1 hour and 10-6 to get the hourly  output in MWh. Each hour’s radiation is 

divided by 1000W/m2 to get the nominal power ratio (Hough, 2007), (Liu et al. 2011).

(Equation 1)

E = the annually generated electricity [MWh/year]
W = the nominal power for PV system i [W]
D = the hourly solar irradiance [W/m2] with dt = 1 hour 
ηm = the PV module efficiency for PV system i (see equation 3) [-]
ηBOS = the inverter efficiency for PV system i [-]

ηangle = the angle factor (see equation 5 and 8) [-]
λ = further output attenuation [-]
n = number of PV systems [unit systems]
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Different solar PVs with different STC efficiencies will occupy different proportions of the entire 

installed solar PV capacity in the eco-city. It is therefore important that the overall efficiency is not 
obtained through just an average value, but rather proportionate to the amount of capacity  each type 
of PV module occupies.

The installed capacity W of a PV system [i] is in turn calculated with:

(Equation 2)

Wi = the installed nominal power of PV system i [W]
ri= the number of PV rows of on one building of the PV system [unit row]
xi= the number of modules per row [unit modules]

ci = the nominal (STC) capacity of the PV system’s modules [W/unit module]
bi = the number of buildings PV system i is installed on [unit building]

3.2.1.2 The module efficiency
The module efficiency is not the same as the STC efficiency. The module efficiency  varies 

throughout the year, dependent on the ambient and module temperature. When the ambient 
temperature is high, the module temperature increases, leading to a decreased module voltage and a 
decreased overall PV efficiency. The opposite occurs when the ambient and module temperatures 
are low. This varying module efficiency is calculated with equation 3 (Akarslan, 2012).   

(Equation 3)

ηm = the module efficiency [-]
ηref = the STC efficiency (or efficiency for Tref) [-]
Tref = the STC module temperature [°C]

Te = the module temperature (see equation 4) [°C]

ßref = the temperature coefficient that is determined by the module material. ßref = 1/(T0 – Tref), 
where T0 = the temperature when the module efficiency is 0. ßref is usually  stated in the PV module 
data sheet (Akarslan, 2012).
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The module temperature is calculated with the following equation (Solanki, 2011):

(Equation 4)

Tamb = the ambient temperature [°C]

TNOCT = the PV module’s NOCT temperature [°C]
D = the hourly irradiance [W/m2]

The conditions used for this equation are those of NOCT, with 800 W/m2 irradiance, 20°C ambient 
temperature, tilted module and 1 m/s wind speed. The results of equation 3 will not be affected by 

the differing test conditions for the two equations (equation 4) since the module temperature will 
still be the same regardless of what the test conditions are.

3.2.1.3 The module radiation
As previously mentioned in the literature review, there are three types of solar radiations. The 

module radiation is a component of the incident  radiation. It is perpendicular to the module and it is 
also the only relevant radiation for the electricity generation calculations. The module radiation is 
also from time to time either less or more than the radiation on a horizontal surface (stated as 
Shorizontal in equation 5). Since the solar radiation data obtained is the radiation on a horizontal 
surface, the following equation is used to get perpendicular component of the radiation (PV 

Educationd, n.d.):

(Equation 5)

Shorizontal = the solar irradiance on a horizontal surface [W/m2]

ß = the module tilt angle [°]

α = the elevation angle [°]
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The elevation angle is the angle between the sun’s incident irradiance and the Earth’s horizontal 

surface. It is calculated with equation 6 (PV Educationa, n.d.).

(Equation 6)

θ = the declination angle [°], given by the equation (PV Educationd, n.d.):

(Equation 7)

d = the hour of the year [hour] 

SInce the Earth is tilted, the declination angle is the angle between the equator and a line drawn 
from the Earth’s centre to the sun’s centre. The constant 23.45° in equation 7 is the Earth’s tilt 

angle. Therefore, the maximum declination angle in the entire northern hemisphere is 23.45° and is 
reached at summer solstice. The minimum declination angle in the northern hemisphere is -23.45° 
and is reached at winter solstice (PV Educationa, n.d.).

The summer and winter solstice dates are different from year to year. The summer solstice is 

between June 20 and June 22. The winter solstice is usually between December 21 and December 
22, and in some cases on December 20 or December 23. (Time and Date AS, n.d.). Equation 7 is 
designed for the summer solstice date to be June 22 and the winter solstice date to be December 22 
(PV Educationa, n.d.). 

Equation 8 has been separately named “the angle factor” (see equation 1). This factor determines 
how much of the sun’s radiation that is perpendicular to the PV module. With other words, the angle 
factor is a measurement of the optimality of the tilt angle relative to the position of the sun.

(Equation 8)
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3.2.1.4 The capacity factor

The capacity factor measures the actual output  of a generator compared to the full nameplate 
capacity output during a given period. For example, if a power plant of 1 MW capacity produced 
5,000 MWh during a whole year (operating at 5 000 hours), its capacity factor would be 5 000 
divided by  1*8 760 MWh which gives 0.57, with 8 760 MWh being the maximum capacity output 
if it operated every hour for an entire year, which is equaling to 8 760 hours (EIA, 2012). For solar 

PVs, the capacity factor can calculated with equation 9a and 9b.

(Equation 9a)

P = the annual number of peak sun hours [hours]

n = number of PV systems [unit systems]

The capacity factor in this case is dependent on how many peak sun hours is available throughout 
the year. Therefore, equation 9a simplifies to:

(Equation 9b)

Equation 1 and the numerator of equation 9a are the same except that the annual number of peak 
sun hours is used instead of D*dt/1000 in equation 9a. Both of them lead to the same final output 
per year. The only difference is that calculating the output with peak sun hours does not give any 
unique hourly  output data throughout the year. The reason the number of peak sun hours is used in 
equation 9a is that for calculating the capacity factor, the concern is not the hourly generated 

electricity but rather the final annual output. 

3.2.1.5 The CO2-offset
 
(Equation 10)
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M = the annual CO2-offset [ton CO2/year]

E = the annually generated electricity, see equation 1 [MWh/year]
J = the CO2 emission factor (for urban residential sector) [ton CO2/MWh]

3.2.1.6 The distance between PV arrays
To avoid tilted PV arrays shading each other, a certain distance must be kept between them. The 

distance is obtained with the equation 11 (Luminous Renewable Energy, 2011).

(Equation 11)

2*H = the total distance between PV arrays [m]
h = the PV module height [m]
ß = the array tilt angle (Source) [°]

3.2.2 The Levelized Cost

3.2.2.1 The capital recovery factor

Equation 12 and 13 calculate the capital recovery factor with the escalation rate (or increase) of the 
annual loan payment, e, incorporated. The capital recovery factor is used to calculate how much the 
solar PV generated electricity should be charged per kWh each year to cover the capital cost (or 
initial investment) of the installed PV systems. This annual electricity price is the levelized cost. 
The escalation rate determines how much the levelized should increase each year (Singh and Singh, 

2009).

Usually, the capital recovery factor does not take into account the escalation rate, meaning that the 
levelized cost is the same throughout entire the loan payment period. However, a constant levelized 
cost is quite unrealistic as the electricity  users’ incomes increase with time due the economy’s 

growth and inflation. The escalation rate should therefore be equal to the inflation rate so the 
levelized cost  increases in relation to the electricity users’ income growth. If the levelized cost is 
equal every  year, the solar PV electricity price would be too high in the initial few years, making 
the solar PV generated electricity less favorable in the short-term compared to other energy sources. 
(Singh and Singh, 2009).

The value of the capital recovery factor will therefore increase each year relative to the escalation 
rate.  If the time span of the loan is shorter than the lifetime of the PV modules, the PV electricity is 
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of almost no cost once the loan has been paid back since solar PVs do not need any fuel to generate 

electricity (PVway, 2012). However, a decreased loan period can increase the levelized cost, and 
vice versa (Singh and Singh, 2009).

(Equation 12)

T = the loan period [years] 

i = the interest rate [%]
r = see equation 13 [-]

Equation 13 calculates the variable r from equation 12. It is a progression ratio of how the 
escalation rate and interest rate will affect the capital recovery factor (Singh and Singh, 2009).

(Equation 13)

e = the escalation rate of the annual loan payment [%]

3.2.2.2 The levelized cost

The levelized cost, rated in RMB per kWh, is used to compare the overall competitiveness of 
different energy sources. It is calculated with equation 14. The levelized cost includes the initial 
investment cost (the capital cost) as well as operations and maintenance (O&M) costs over the 
lifetime of the power plant, or in this case, the PV system (EIA, 2013). The capital cost includes 
both the cost of the PV modules and the cost of balance (Singh and Singh, 2009).

(Equation 14)

L = the levelized cost for the nth year after the installation [RMB/kWh]
t = the year after the installation [year]
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I = the initial investment [RMB]

E = the electricity generation kWh per year [kWh/year]
a = the capital recovery factor [-]
e = the escalation rate [%]
O = operation and maintenance (O&M) cost per year [RMB] 

3.2.2.3 The capital (investment) cost
As aforementioned, the capital cost is the loan needed to finance the installation (Singh and Singh, 
2009). It is the sum of the cost of the PV modules and the BOS costs. Equation 15 calculates the 
capital cost.

(Equation 15)

I = the total initial investment cost, or the capital cost [RMB]
ri = the number of PV rows
xi = the number of modules per row
bi = number of buildings the particular PV module is installed on

Ki = the cost of one PV module of system i [RMB/unit]
B = the BOS cost of the PV system [RMB/W]
n = number of PV systems [unit systems]

3.2.2.4 The BOS (balance of system) cost

The total BOS cost is calculated with equation 16.

(Equation 16)

B = the total BOS cost [RMB]
Bi = the BOS cost for PV system i [RMB/W]

Wi = the installed capacity of PV system i [W]
n = number of PV systems [unit systems]
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3.2.2.5 Operational and maintenance (O&M) costs
The O&M cost is commonly rated in currency per kW per year. It can be calculated with the 
equation 17.

(Equation 17)

O = total O&M cost throughout the life cycle of the PV system [RMB]
W = the total installed capacity [W]
U = the O&M cost per W [RMB/W]

4. THE SOLAR PHOTOVOLTAICS INSTALLATION 
Solar photovoltaics will be installed on the following places: roof-tops, façades and the sports 
stadium. Due to limited and unavailable building plans for the buildings, all areas are only 
estimations based on the calculations and assumptions of building plans obtained from the project’s 
supervisor Omar Shafqat.

Besides the building areas, it has also been assumed that all the building roofs are flat and that all 
the buildings are square dimensioned. It is also assumed that  all the PV modules come from the 
manufacturer Suntech. 

4.1 Roof-Mounted PVs
PVs will be installed on the following four types of buildings’ roof-tops: residential buildings, low-
rise shops, municipal buildings and community centers. The installations will be named system A, 
B, C and D respectively. 

4.1.1 The PV Modules
Mono-crystalline silicon (c-Si) modules will be mounted on the residential buildings’ roofs. Poly-

crystalline silicon modules will mounted on the roofs of low-rise shops, municipal buildings and 
community centers. Mono-crystalline silicon modules are more efficient and have a longer lifetime.

The mono c-Si modules have a capacity of 250 W and the poly c-Si modules 240 W.  Both modules 

have the same dimensions: 1.64m x 0.992m (Suntech Power a, b, 2013). All roof-top modules will 
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have a 30° inclination since Wuxi’s latitude is approximately 31°. They will also face south since 

China is in the northern hemisphere.

4.1.2 Assumed Building Dimensions
It is assumed that the built area of all four types of buildings occupies 26% of their site areas 
(Shafqatb, 2013). The roof area of one residential building, low-rise shop, municipal building and 
community  center are 600 m2, 6 244 m2, 4 460 m2 and 5 533 m2 respectively. It is also estimated 
that there will be 136 residential buildings, 12 low-rise shops, 3 municipal buildings and 2 
community  centers in the eco-city. The dimensions as well as the total available roof area of each 

building type are stated in table 1.

Table 1. A summary of system A, B, C and D’s building dimensions and available PV area.

PV System Building dimension Built area (m2) Number of buildings Total roof area (m2)

A 24.5 x 24.5 600 136 81 600

B 79 x 79 6,241 12 74 892

C 66.8 x 66.8 4,462 3 13 386

D 74.4 x 74.4 5,535 2 11 070

E 24.5 x 6 600

4.1.3 Array Arrangement
All the mono- and poly-crystalline silicon modules will be installed horizontally, meaning that they 
will have a height of 0.992 m. Their tilt angle is 30°, meaning that the distance H between the 

arrays must be at least 0.992 m according to equation 1, which is the module height, to avoid the 
arrays shading each other. 

According to section 2.4.2.3, there should be a distance between the roof edges and the PV arrays to 
avoid wind load. The arrays should be located as much in the middle of the roof as possible. For 

this precaution, all roof-mounted arrays has been assumed to be placed at distance 4 m from the 
roof edge. This distance is around two and half times the module’s width. For the following 
calculations of how many modules can be fitted onto the roofs, all decimals are rounded 
downwards.

4.1.3.1 Residential buildings
With 4 m withdrawn from each side of the roof-top, the available dimension for the PVs becomes 
16.5 x 16.5 m2. This means that there will be 8 rows and 10 modules per row. 
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4.1.3.2 Low-rise shops

The roof-top  dimension will be reduced in the same manner as previously  stated for the residential 
buildings. The side or length or the building available would then be 71m x 71m. This means that 
there will be 36 rows with 43 modules per row.

4.1.3.3 Municipal buildings

The side and length of the building available for installation is 58.8 m respectively. The available 
dimension is then 58.8m x 58.8m. This means that there will be 30 rows with 35 modules per row.

4.1.3.4 Community centers
The available dimensions for PVs are 66.4 m x 66.4 and there will be 33 rows with 40 modules per 

row.

4.2 Façade PVs
Only the façades of residential buildings (system E) will have PVs as they are the higher buildings.  
Placing solar PVs on the façades of lower buildings might lead to taller obstacles, such as trees and 

other buildings, blocking the sunlight. It  is assumed that residential buildings will have 6 stories in 
comparison to other buildings that are assumed to have 2 to 3 stories. 

4.2.1 The Modules
The façade PVs will be completely vertical against the building wall (90° tilt angle) for both 
economical reasons and aesthetics. The modules will be opaque mono c-Si BIPVs since they are the 
most efficient PVs they can cover concrete walls which is suitable capital cost for the buildings’ 
proposed architecture. Each module has the dimension 1.58m x 0.808m and a capacity of 180 W 
(Alibabaa, n.d.). 

The PVs will be facing south and cover the top  two floors of the entire façade. The panels will be 
installed on the upper façade to avoid shadowing during the mornings and late afternoons when the 
sun is lower.

4.2.2 Assumed Building Dimensions
For the residential buildings, it is estimated that each façade has a width of 24.5 m. Each residential 
building has 6 floors, with each floor having a height of 3 m. The dimension for each façade is 

therefore 24.5 m x 18 m. Only the top two floors of the façade will have PVs, which means that the 
available dimension for PV installation is 24.5 m x 6 m. 
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4.2.3 Array Arrangement
Each module will be applied horizontally, with its height being 0.808 m. Each floor of the façade is 
also assumed to have 5 windows. Each window is estimated to have a height of 1 .2m and a width 
of 1m. 

The horizontal length available would then be 19.5m.This would mean that the horizontal distance 
between the windows would be 3.25 m, having space for exactly two modules, as seen in figure 14. 
The vertical distance between the windows is 1.2 m, meaning that  module can fit vertically  (or 
horizontally) between the windows themselves as well as the windows and the roof edge. The 

number of PV rows is 7, with small distances between them. The final dimension is 7 rows x 12 
modules per row, which gives 82 modules per façade. Figure 14 demonstrates how the PV 
installation will look like once installed on the façade.

 
Figure 14. Overview of the PV façade installation on the right side of the residential building. The PV 
modules’ arrangement continues in the same manner horizontally throughout the entire façade.

Installing the PV modules the other way around, with the height being 1.58 and width being 0.808 
m, is also possible but it would result in fewer modules. There would be in total 3 rows and 24 

modules per rows, resulting in 72 modules in total, compared to 84 if the modules were to be 
installed the other way around. 

4.3 The Sports Stadium
As seen with both Freiburg and South Korea’s stadiums, a sports stadium is a good place to install 

solar PVs because of the large roof area available. Therefore, solar PVs will be installed on the eco-
city’s sports stadium’s roof as well.
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4.3.1 The Modules
According to the stadium’s permanent  design, it would be challenging to mount building-applied 
photovoltaics onto its curved roof. Therefore, flexible building-integrated a-Si thin-film modules 
will be installed instead. The stadium installation will be called system F and the modules will have 

a capacity of 136 W and the dimension 5.486m x 0.394m.

4.3.2 Assumed Building Dimensions
With calculation references made to South Korea’s Daegu Stadium, the stadium area should be 

around 9% of its site area (Colorful Daegu), meaning that the eco-city’s stadium will have a stadium 
area of around 44 448 m2. Inside the stadium is a soccer field. The soccer field is estimated to have 
an area of 7 525m2. These are the standard dimensions for bigger soccer fields, according to NCAA 
(NCAA, 2010). The stadium’s roof will not cover the football field, which can be seen in figure 15,. 
Therefore, the roof area is approximately 36 923 m2.  It is also assumed that the modules will cover 

90% the entire of the roof-top, leaving 10% of the area as space for cooling or other purposes. This 
may or may not be the case in reality  once the installation begins. 90% of the entire roof-area equals 
33 230.7 m2. 

Figure 15. The mock-up model of the eco-city’s sports stadium (Shaftqata, 2013).

4.3.2 Array Arrangement
Since the stadium’s roof is curved (figure 15), it is not  possible to state it dimension in the same 
manner as for the other buildings in the city. The PV modules will be arranged to fit the roof 
accordingly. As an estimation, if the available area is 33 231 m2 and each PV module has an area of 
2.16 m2, it means that there will be around 15 384 modules on the roof. 
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4.4 Overview
Table 2. Overview of each PV system. Including each PV system’s module dimensions, total number of 
modules and installed capacity. Since the sports stadium has a round, curved roof, it is not possible to list the 
roof’s dimensions in the same way as for other buildings.

PV System Buildings
PV system 

dimension
Module capacity (W)

Total 

modules

Capacity per building 

(W/building)

Installed 

capacity (W)

A 136 8 x 10 250 10 880 20 000 2 720 000

B 12 36 x 43 240 18 576 371 520 4 458 240

C 3 30 x 35 240 3 150 252 000 756 000

D 2 33 x 40 240 2 640 316 800 633 600

E 136 7 x 12 180 11 424 15 120 2 056 320

F 1 N/A 136 15 384 2 092 303 2 092 303

Total 
capacity 

(MW)

   12.7

5. PARAMETER VALUES
In this chapter, the values of all input parameters are presented. 

5.1 Generated Electricity
The solar output will be based on the obtained radiation data from a previous year. Even if it is 
unlikely that the solar irradiance will be the same from year to year, the assumption is made for the 

sake of simplicity. Moreover, it is not possible to obtain any solar irradiance data for future coming 
years. A changed amount of annually available solar irradiance does affect how much electricity 
that can be generated. However, this difference is assumed to be small and insignificant from year 
to year for the same geographical location.

5.1.1 The Installed Capacity
Please refer to section 4.4 for a summary of the installed PV capacity.

5.1.2 Module Efficiency
The module’s STC efficiency is depleted a small amount every year due to sunlight exposure and 
heat but for a time perspective of one year, the efficiency  can be assumed to be constant. Table 3 is 
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a summary  of each PV system’s STC module efficiency, temperature coefficient, ßref and NOCT 

(nominal operating cell temperature). Table 3 contains of all the module’s STC efficiency, 
temperature coefficient and NOCT.

Table 3. Each  PV system’s PV efficiency, temperature coefficient and NOCT (Suntech Power a, b, 2013).

PV system STC efficiency Temperature coefficient NOCT

A 15.4% -0.44%/°C 45 ± 2 °C

B 14.8% -0.43%/°C 45 ± 2 °C

C 14.8% -0.43%/°C 45 ± 2 °C

D 14.8% -0.43%/°C 45 ± 2 °C

E 14.1% -0.48%/°C 45 ± 2 °C

F 6.3% -0.21%/°C 46 °C

5.1.3 Inverter Efficiencies

Table 4. The number of inverters and the inverter efficiency for each PV system (SMA Solar Technology, 
n.d.).

PV System
Number of inverters per 
building

Inverter capacity (W) Inverter efficiency (%)

A 1 17 410 98.2

B 18 20 450 98.5

C 12 20 450 98.5

D 15 20 450 98.5

E 2 6 300 96.1

F 1 20 450 98.5

5.1.4 Module Tilt Angles
The irradiance is not always perpendicular to the solar modules. To get the radiation perpendicular 
to the module, equation 5 is used. The inclination angle ß is 90° for group E, 30° for system A, B, C 
and D, and 0° for group F. 

5.1.5 Further Output Attenuations
Besides module temperature and angle factor, other forms of output attenuations occur as well. 
Wuxi’s smog will definitely decrease the solar output as it blocks out some of the radiation. Other 
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output attenuations can be caused by among others dust on the module’s surface. It is difficult to 

give an accurate number of how much these different factors will affect  the solar modules’ 
electricity generation and this attenuation also varies from time to time. Therefore, an assumption 
that  λ = 0.89 is made, which is an average value of what this attenuation factor ranges between 
according to a study  done by Gangxu Liu et  al. for the Technical University  of Lasi, Romania (Liu 
et al. 2011).

5.1.6 The Annual Sunshine Peak-hours
The total annual irradiance was 1 272 320 W/m2. Divided by 1 000 W/m2, the number of sunshine 

peak-hours per year is 1 272.32 hours. 

5.1.7 The CO2-offset
Finding the right CO2 emission factor has to be done carefully. Since the PV generated electricity is 

only used by the residential sector, the emission factor has to be that from the same sector. Many 
emission factors that take into account the and electricity usage of a location usually  includes the 
industries, which can increase the CO2 emission immensely.

The 2005 urban residential sector’s energy usage in Wuxi was 4 PJ. This corresponds to 1 112 000 

MWh. The carbon emission that year was in turn 1 Mton. This means that the emission factor, 
stated as J in equation 10 was and is 0.899 ton CO2 per MWh (Obertheitmann,2012).

5.2. The Levelized Cost
The price data collected to calculate the levelized cost has not taken into account any economies of 

scale because it is difficult to determine beforehand the exact cost reductions agreed upon when 
solar PVs are ordered in larger quantities for the eco-city’s installations. Government subsidies and 
feed-in tariffs have not been incorporated into the calculations either as they  often vary from PV 
project to PV project and from year to year. This is further discussed in section 6.2.

The prices for the PV systems found are stated in the currency dollars. To get the costs in RMB, the 

currency converter used is retrieved from XE.com, with 1 USD= RMB 6.2, and on the date 
2013-04-30 (XE, 2013).

5.2.1 The Module Cost
There are in total 4 different types of PV modules planned to be used. The cost estimations for each 
and one of them are presented in the following sections.
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5.2.1.1 Roof-mounted PVs

On the Chinese market, the prices of both the 250 W mono-c-Si and the 240 W poly-c-Si modules 
range between $0.4 and $1 per watt. Since Suntech does not list  any  specific prices for their PV 
modules, it is assumed that the modules will cost  the average of their price ranges. The price for 
both modules would be $0.7 per watt. One 240 W module would cost in average $168, or $1 041.6. 
Similarly, a 250 W module would cost or $175 per unit, or RMB 1085. (Alibabac, n.d.)

5.2.1.2 Façade PVs
For the 180 W façade PVs, the Chinese market module prices range between $1.2 and 2 per watt. 
An average price would be $1.6 per watt. The unit price of these modules is therefore $288, or 
RMB 1 785.6 (Alibabab, n.d.).

5.2.1.3 Stadium PVs
The sports stadium’s thin-film a-Si modules have a power rating of 136 W (Alibabab, n.d.). The 
Chinese market prices range is between $2.8 and $4.5 per watt. The average price is $3.65 per watt. 
One flexible thin-film a-Si module costs therefore $496.4, or RMB 3 077.7 

5.2.2 BOS Cost
The BOS costs include the cost of all BOS components, labor and other miscellaneous components. 

It is estimated that the BOS cost for Asia for a 10 MW and fixed-tilt system is $0.8 or RMB 5.0 per 
watt. (GTM Research, 2012)

5.2.3 Operations and Maintenance Cost
For a fixed 10 MW tilted c-Si system without any  tracking system in the U.S, the general and 
estimated O&M  cost in is $47 or RMB 291.4 per kW with insurance, property taxes and owner 
costs (and $32 per kW without). Since there is no data for O&M costs in Asia or for a-Si modules, it 
is assumed that the O&M for all the PV installations is the same as that in the U.S and for the c-Si 
systems (Scott Madden, 2010) 

5.2.4 Cost Summary 
The total module cost, the BOS cost, the operations and maintenance cost and the capital cost are 

given in tables 5a and 5b.
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Table 5a. The total module cost.

PV System
Number of 
modules

Installed capacity 
(W)

Price per module 
(RMB per unit)

O&M (million 
RMB)

Total module cost 
(million RMB)

A 10 880 2 720 000 1 085 0.77 11.8

B 18 576 4 458 240 1 041.6 1.26 19.3

C 3 150 756 000 1 041.6 0.213 3.28

D 2 640 633 600 1 041.6 0.18 2.75

E 11 424 2 056 320 1 041.6 0.58 20.4

F 15 384 2 092 224 3 077.7 0.59 47.3

Total Module cost 

(million RMB)
105

Table 5b. The BOS cost.

BOS (RMB per W) Installed capacity (MW)
Total BOS cost (million 

RMB)

5 12.7 63.5

Table 5c. The O&M cost.

O&M (RMB per W) Installed capacity (MW)
Total O&M cost (million 

RMB)

0.2941 12.7 3.74

Table 5d. The capital cost.

THE CAPITAL COST

The tota module cost (million RMB) 105

Total BOS cost (million RMB) 63.5

Total O&M cost (million RMB) 3.74

The capital cost (million RMB) 172.24

5.2.5 The Capital Recovery Factor
The capital recovery  factor is calculated for the first year after the installation, due to the time 
perspective of the model.
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5.2.5.1 Interest rate and loan period

The loan period has been set to 25 years as this is usually the lifetime of PV modules. It is unwise to 
set the loan period longer than the lifespan of the PVs since it  is unlikely that the users would want 
to pay for non-existing electricity.

Most loan interest rates found were those for private sector customers, which cannot be applied to 

the loan type of this project. Moreover, the final interest rate is also situational, being dependent on 
what the bank and the investors will eventually agree upon. The interest rate is assumed to be 4%, 
which is the financial rate for solar energy projects in China by the beginning of this year, 2013 
(The Economic Times, 2013).

5.2.5.2 Escalation rate
The escalation rate is set to be equal the inflation rate so that the levelized cost increases in relation 
to the electricity buyers’ income growth. Due to China’s growing economy, it is difficult to predict 
an average inflation rate for the time span of the entire loan period. The latest measured inflation 
rate in March 2013 was 2.0% (Inflation.eu, 2013).

6. RESULTS AND DISCUSSION
In this chapter, the results of the potential electricity  generation, levelized cost and CO2 mitigation 
will be presented together with the discussion and scenario-analysis to facilitate for the reader. For 
more detailed information on the calculations, please refer to the appendices in chapter 9.

6.1 The Generated Electricity
The final installed total capacity is 12.7 MWh. With an annual amount of peak sun hours to be 
1272.3 hours and losses due efficiency rates incorporated, the final predicted annually generated 
electricity with solar PVs alone would be 1 903 MWh.

6.1.1 The Capacity Factor
The capacity factor is 14.5% . It  is worth mentioning that no matter how much PV capacity that is 
installed, the capacity  factor will not  change since it only depends on the amount of irradiance per 

year. The capacity also varies from year to year since it is dependent on the amount of annual 
irradiance.

Table 6 shows the total annually generated electricity  together with the capacity  factor and annual 
CO2-offset. Please refer to appendix 9.1 for more details on the calculations of the potential 

annually generated electricity.
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Table 6. The potential annual electricity generation.

RESULTS, THE SOLAR OUTPUT

Solar Output (MWh) Capacity factor (%) CO2-offset (ton)

1 903 14.5 1 711

6.1.2 The Generated Electricity
It is important to mention that not all the generated electricity will be solely  used by the eco-city’s 
residents. Any excess solar output will be fed into the electricity grid and be transported to another 

location due to occasional load and demand imbalances. 

Figure 15 is a graph of the hourly electricity generation throughout the given year. What is both 
interesting and unexpected is that the production is relatively even throughout the whole year and as 
far as somewhat more during the winter months. It was from the beginning expected that the 

production would be higher during the summer than the winter due to among others stronger 
irradiance. There is one benefit from an even energy  production - the grid does not have to adjust to 
lower respective higher loads during different seasons.

Figure 16. The annually generated electricity.

6.1.3 The Module Efficiency
The explanation lies among others in the fact that module efficiency decreases with increased 
module and ambient temperature, which is usually  the case for the summer months. The lower 

ambient temperature in the winters leads to increased module efficiency and in this case a 
production at least as good as that of the summer, even though the winter irradiance is less. 
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As shown in this next graph that presents PV system A’s module efficiency and ambient 

temperature, the system A’s module efficiency is at its highest during the winter months (the 
beginning and the end of the year), when the ambient temperature is at its lowest. 

Figure 17. How the module efficiency for group A varies throughout the year relative to a different ambient 
temperatures.

6.1.4 The Angle Factor
Other factors contributing to an even annual production is the sun’s elevation angle (or α, as 
presented in equation 6). As seen in figure 17, the angle factor for the PV systems A, B, C,D and E 
are all the lowest during the summer and highest  during the winter. For group F on the other hand, 

the angle factor is constant. Since the sun is lower in the winter and higher in the summer, this 
means that the higher the sun, the less the module irradiance, and vice versa. The elevation angle 
during the winter is around 36° at  its lowest (in the beginning of the year) and 82° at its highest  (in 
the middle of the summer). Figure 17 shows how the module irradiance varies throughout the year. 
The green curve is the sun’s elevation angle and the rest of the curves are the angle factor to all the 

PV systems.
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Figure 18. The angle factors of the PV systems. 

The module irradiance on all PV systems except for system F, which has a 0°tilt angle, is less in the 
summer due to a higher sun and more in the winter due to a lower sun. As seen in figure 17, PV 
system F has a constant angle factor throughout the whole year. This is because there is always an 

unchanging amount of irradiance on a horizontal surface, perpendicular to a flat, non-tilted PV 
module. The other systems with tilt angles receive instead a varying component of the horizontal 
irradiance. Mathematically, the angle factor for F is always 1 because the tilt angle ß = 0°, which 
leads to the numerator and denominator of the angle factor equal to each other: sin(α + ß) = sin(α) 
for the angle factor. (See equation 9b) 

As Wuxi’s sun is already quite high, which means that  the façade PVs (system E) with a 90° tilt 
angle are more ineffective. Of all the angle factor curves, system E has the lowest values.This 
makes sense as a higher sun means less perpendicularity between the sunlight and a 90° tilted 
surface. 

For a higher sun, it is more beneficial to have a smaller module tilt angle and for a lower sun, it  is 
more beneficial to have a bigger module tilt angle. The 30° tilt for PV systems A, B, C and D are 
mostly  for compensating for a better solar output in the winter months when the sun is at its lowest 
during the entire year. To get better solar output in the summer, the panel should preferably have a 

lower inclination. The only  way  to achieve this is by changing the tilt angle twice or more a year, i.e 
before the spring or summer and at the end of the summer or autumn. This could however increase 
the maintenance cost.
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6.1.4.1 Scenario-analysis with changing tilt angles

A scenario-analysis was done for varying the tilt  angles twice a year for the PV systems A, B, C and 
D. The results (electricity yield) are presented in table 7. Summer is between March 30 and 
September 29, and winter is between September 30 and March 29 (MACS Lab, Inc. 2012).

Table 7. Scenario-analysis of different module tilt angles.

SCENARIO-ANALYSIS

Scenario Winter angle Summer angle Generated electricity (MWh)

1 30° 30° 1 903

2 45.5° 6.9° 1 906

3 6.9° 6.9° 1 774

4 45.5° 45.5° 1 847

In table 7, scenario 1 shows the electricity yield with a fixed 30° tilt. Scenario 2 shows the 
electricity yield if the module’s angle was changed twice a year. The optimal angles for each season 
for this scenario can vary depending on the calculation method, but the angles in table 7 are taken 
from a separate study. Finally, scenario 3 and 4 show why 30°, or a tilt angle set to the same value 
as the location’s latitude, is the most optimal tilt angle from an electricity yield perspective.

As the results indicate, the increase in electricity  yield for scenario 2 is quite insignificant: 1 096 
MWh, or 0.16%. It is highly questionable whether the gained yield is worth the extra O&M costs 
for changing the tilt  angle twice a year. It is also shown that if the modules have a fixed tilt  angle, 
the most optimal angle is the same as the latitude, as stated in the literature review. Both a 6.9° tilt 

angle, which is the suitable angle the sun elevation of warmer or summer months, and 45.5° tilt 
angle, which is the suitable angle the sun elevation of colder or winter months do not lead to as 
much electricity yield as when the fixed tilt angle is 30°. 

Furthermore, a fixed tilt angle that is best suited for the whole year ranges between the suitable 

summer and winter angles and equal to the location’s latitude. Low tilt angles are better for 
summers with a high sun and high tilt angles are better for winters with a low sun. It is also 
observed that a tilt  angle of 45.5° leads to higher amount of generated electricity  than a tilt  angle of 
6.9°. This means that  a higher electricity yield is obtained when the tilt angle is set  to a value that 
compensates for the winter months’ low irradiance.

To have a consistent total energy production throughout the year without altering the tilt angle, the 
duration of the days and the number of peak sun hours need to be considered. In the winter, shorter 
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days and less peak sun hours mean less electricity  generation if the tilt  angle is not as close to the 

optimal angle as possible. However, for the summer, the longer days and higher number of peak sun 
hours give space for a little compromise in the optimality of the tilt  angle and still having an equal 
production to that in the winter. Through both the scenario-analysis, it  was observed that the tilt 
angle that does the purpose of evening out the electricity  generated throughout the year is close to 
the latitude. 

6.2. The Levelized Cost
The levelized cost for the first  year after the PV installation is 6.55 RMB per kWh. Compared to 
other energy  sources, this levelized cost is quite high. However, this is only a worse-case levelized 
cost as economies of scale, government subsidies and feed-in tariffs for solar PV projects have not 

been incorporated. The values of levelized cost and Wuxi’s electricity price are presented in table 8. 
The electricity price for Wuxi is data retrieved from 2010.

Table 8. The levelized cost compared to Jiangsu’s electricity price (Understand China, 2010).

RESULTS - THE LEVELIZED COST

Energy source Electricity price

Solar PV RMB 6.55 per kWh

Electricity price in Jiangsu RMB 0.5 - 0.6 per kWh

The reason government incentives have not been incorporated is that it is difficult to specify a 
number as financial incentives vary from project to project and from year to year. For example, 

Jiangsu’s own provincial feed-in tariff varies for different PV technologies. It is therefore difficult 
to predict a good contributive number. Therefore, to avoid the risk of calculating a too optimistic 
levelized cost, subsidies and feed-in tariffs have been chosen to be “neglected” but are presented in 
the scenario-analysis further forward in the report.

It is very beneficial and therefore extremely important to seek and apply for government subsidies 
once the construction of the eco-city  begins. Government subsidies and feed-in tariffs would more 
directly reduce the capital cost and feed-in tariffs the levelized cost.

6.2.1 Scenario-Analysis of Cost Effectiveness
Although feed-in tariffs and government subsidies were not included in calculating the capital cost 
and levelized cost of solar PVs, a scenario-analysis has been done to show the amount of affect 
such financial incentives can have towards the levelized cost. The feed-in tariff value is assumed to 

be national and provincial both alone and summed up, with RMB 1 per kWh as the national tariff 
and a reference value of RMB 2.15 per kWh from the 2009 Dongtai PV plant in Jiangsu as the 
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provincial tariff. As mentioned in the literature review, feed-in tariffs in Jiangsu is varying and 

therefore is different for different solar energy projects. Therefore, the actual tariff value is very 
likely to be different from RMB 2.15 per kWh.

Government subsidies for the capital cost has been how many percent of the total capital cost they 
will cover. The least  subsidy value in China by the beginning of 2013 and for projects submitted by 

the end of 2013 was 5.5 RMB per W, targeted at regular BIPVs (Bloomberg, 2013)

Table 9. Government subsidies and feed-in tariffs’ affect on the levelized cost.

SCENARIO-ANALYSIS 1 Value Unit Comment

Scenario 1

Subsidies 15 % 15% of the capital cost will be covered

Feed-in tariffs 1 RMB per kWh

Levelized cost 4.86 RMB per kWh

Feed-in tariffs 3.15 RMB per kWh

Levelized cost 2.71 RMB per kWh

Scenario 2

One-time incentive 25 % 25% of the capital cost will be covered

Feed-in tariffs 1 RMB per kWh

Levelized cost 4.4 RMB per kWh

Feed-in tariffs 3.15 RMB per kWh

Levelized cost 2.25 RMB per kWh

Scenario 3

Subsidies 50 % 50% of the capital cost will be covered

Feed-in tariffs 1 RMB per kWh

Levelized cost 3.25 RMB per kWh

Feed-in tariffs 3.15 RMB per kWh

Levelized cost 1.10 RMB per kWh

Scenario 3

Subsidies 60 % 60% of the capital cost will be covered

Feed-in tariffs 1 RMB per kWh

Levelized cost 2.79 RMB per kWh

Feed-in tariffs 3.15 RMB per kWh

Levelized cost 0.64 RMB per kWh

Scenario 4

Subsidies 75 % 75% of the capital cost will be covered

Feed-in tariffs 1 RMB per kWh

Levelized cost 2.10 RMB per kWh

Feed-in tariffs 3.15 RMB per kWh

Levelized cost -0.05 RMB per kWh
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As seen, the levelized cost decreases significantly  with the help of government subsidies and feed-

in tariffs. Feed-in tariffs can also reduce the levelized cost with bigger effects than government 
subsidies. Thus, financial incentives play an important and decisive role in making solar PV 
economically  feasible if solar PV were to in the short-term appeal to the users. How many 
percentage of the capital cost the subsidies will cover can also give a good estimation of which 
range the potential electricity  price lies in. If for example the final incentive will be around 40% of 

the total capital cost and the feed-in tariff is RMB 3.15 per kWh, then it can be expected that  the 
levelized cost is between RMB 1.10 per kWh and RMB 2.25 per kWh. It  is important to keep in 
mind that the levelized cost for the solar PV generated electricity is calculated in a manner it  will 
increase throughout the years.

The reason that the government subsidies have been evaluated as how many percentage it can cover 
the total capital cost is that  such financial incentives as well as feed-in tariffs, are often varying and 
different from year to year. They also often have a deadline for when the solar project must be 
completed. If the eco-city is planned to be built earliest in 2014, the subsidies from the previous 
years would then no longer be valid. There would also be new subsidies. Additionally, government 

subsidies can also be specific for certain types of PV technology, i.e. BIPVs with focus on 
architectural integration. Instead of giving several most likely no longer valid specific numbers, 
how many percentage of the capital cost  is covered by  government contributions gives a clearer 
picture of how much cost reductions there can be.

6.2.2 The Cost Effectiveness of Each PV System
In table 10 are the results of a scenario-analysis of the cost effectiveness as well as the ratio of the 
total annual yield for the four different types of PVs A, B and C and D, E and F. The systems are 

compared based on their levelized cost. The analysis is done with only  one PV system of all six 
running at each time. The purpose of this scenario-analysis is to give a guideline of which systems 
to prioritize from a cost effectiveness perspective if not all proposed PV systems are going to be 
built.The levelized cost has excluded all potential government subsidies and feed-in tariffs. 

74



Table 10. The cost effectiveness of all the different PVs measured in RMB/kWh. 

COST EFFECTIVENESS ANALYSIS 1

PV system Value Unit

Installed capacity 12.7 MW

Generated electricity 1 093 MWh

Levelized cost 6.55 RMB per kWh

 Roof-top PV (A)

Installed capacity 2.72 MW

Generated electricity 515 MWh

Levelized cost 4.10 RMB per kWh

 Roof-top PV (B, C and D)

Installed capacity 5.85 MW

Generated electricity 1 069 MWh

Levelized cost 4.25 RMB per kWh

Façade PV (E)

Installed capacity 2.06 MW

Generated electricity 175 MWh

Levelized cost 12.51 RMB per kWh

Stadium PV (F)

Installed capacity 2.09 MW

Generated electricity 144 MWh

Levelized cost 25.16 RMB per kWh

As expected from previous tables of the modules’ efficiencies and prices, the roof-top PVs are the 
most cost effective alternative. Between system A, B, C and D, system A is more cost effective due 
to the module’s higher nominal capacity, lower module price and slightly higher efficiency. System 

A, B, C and D all have the same angle factor due to the same tilt angle and orientation. The second 
least efficient PV system is system E, which is not surprising since it  has the second most expensive 
PV modules and with the second lowest STC efficiency. The high sun in Wuxi also decreases the 
effectiveness further since, as mentioned in the previous result section, façade PVs are more 
suitable for locations with a low sun.

What is also expected is that the least cost effective installation is the one on the stadium.This is 
mostly  because of the PV modules’ low nominal capacity  and STC efficiency (6.3%) as well as its 
high price (the highest of all installed PV modules). However, the energy yield from the stadium is 
high, although not the highest. Decreasing the stadium’s PV area coverage would not change the 
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system’s particular levelized cost, as seen in table 11. Neither would increasing it. The same logic 

applies for all other PV systems.

Table 11. The stadium’s levelized cost with increased and decreased stadium area coverage.

COST EFFECTIVENESS ANALYSIS  2 

Roof area coverage Value Unit

90% 25.16 RMB per kWh

50% 25.16 RMB per kWh

150% 25.16 RMB per kWh

The only  way  to decrease the levelized cost of the stadium’s PVs is to use other PV modules with 
higher efficiencies and nominal capacity  and lower module prices. Unfortunately, because of the 
stadium roof’s permanent architectural design, no other PVs other than flexible thin-film a-Si 

modules can possibly be fitted onto the roof.

What is more important is that if it is considered to increase the amount of PVs overall in the eco-
city, it is logically  better to increase the systems that are more cost effective, i.e the roof-top 
systems, or any other systems that have a levelized cost below the total levelized cost (RMB 6.55 

per kWh) for the entire eco-city  system. This is demonstrated in table 12, with only one 
installation’s capacity decreasing and increasing while the other systems’ capacity  remains the 
same.

Table 12. The levelized cost  if only one PV system’s capacity is changed at the time. The capacity of each 
PV system either decreases with 50% or increases with 100%.

COST EFFECTIVENESS ANALYSIS 2 Capacity increase Levelized cost (RMB per kWh)

Current situation - 6.55

 Roof-top PV (A) -50% 6.94

100% 6.03

 Roof-top PV (B, C and D) - 50% 7.45

100% 5.73

Façade PV (E) - 50% 6.26

100% 7.06

Stadium PV (F) -50% 5.82

100% 9.91
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The levelized cost  decreases with more installations of system A, B, C or D. The increase of the 

façade PVs are not too significant, although it is more for the stadium PVs. An increase in the cost 
effective alternatives decreases the overall levelized cost while an increase in the amount of less 
cost effective systems increases the overall levelized cost.

This is definitely  a good guideline to have when planning on to extend or scale down on the amount 

of PV systems.The PVs used for the roof-tops in this case do not have to be on roof-tops if they  are 
to extend in quantity, since all roof-tops are already occupied. As long as they are of the same 
modules, inclination and orientation, they  can be applied to other places as well, i.e a ground-
mounted solar farm on an open area.Furthermore, it is important to remember that other PV 
modules besides the suggested ones from Suntech can be selected as well.

The cost decrease and increase will also depend on how much installed capacity there already was. 
The reason the capacity  increase of system B, C and D leads to lower levelized cost is that the 
initial capacity is bigger than that of system A, therefore decreasing the levelized cost more even if 
it was less cost effective than system A. The overall levelized cost is after all proportional to how 

much of the cost effective and less effectives PV systems there are.

Finally, both subsidies and the actual module price can effect the PV’s cost effectiveness 
significantly. In most cases, subsidies are specific for a particular type of PV technology. If such 
was the case, the façade PVs would have probably been more effective than the roof-top PVs as the 

subsidies would decrease its cost. Since the calculated levelized cost  does not include any 
government subsidies, the ranking of which PV modules are more effective or not  can completely 
change once subsidies come into the picture.

In addition, the prices taken for the PV modules are only average prices of the modules’ market 

price range. Some PVs might cost more towards the higher prices and others the lower. The 
maximum and minimum prices can change the price ranks of the modules completely.

6.2.3 Grid Parity  
For the renewable solar energy solutions to be competitive with other forms of electricity 
generation, the levelized cost of the solar generated electricity must reach grid parity. The current 
cost per kWh without any financial contributions from the government for the solar electricity is 
RMB 6.55 per kWh. This, compared to the electricity  price of grid electricity in Jiangsu, which is 

between RMB 0.5 and 0.6 /KWh, is nowhere near any favorable price competitiveness. In order for 
the solar energy’s levelized cost to be competitive, there must be at least a 91% reduction in the 
current levelized cost.
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6.3 Solar Energy’s Future
Even though the capital cost for installing PV systems today is high, it is important to have a long-

term perspective, especially  for a currently  expensive energy technology with quite a long payback 
period. 

Solar energy has a bright future in both China and the world. It is predicted by the IEA that solar 
energy will provide 25% of the world’s total energy demand by 2050. Furthermore, as stated in the 

12th five-year plan, fossil fuels will not be able to supply the demand of the future China. Also, 
from an environmental perspective, fossil fuels are not sustainable either because of its carbon 
dioxide emissions.

As from a short-term perspective, it is likely that solar energy  will face some market and growth 

obstacles. The growth of the solar industry is dependent on the economic growth, as seen by how 
reduced European solar tariffs affected the Chinese solar market (Bradsher, 2013). However, as 
long as the world faces increasing energy demand and a wish for a sustainable future, such 
temporary economical obstacles are unlikely  to impede the long-term growth of solar energy. The 
economy will always recover and progress and along the road and there will also be opportunities 

for new business models that promote solar energy. As both China and the world are shifting their 
focus on energy sources, it is highly  likely  that there will be more future financial incentives to 
make solar energy successful and viable in the future. 

As seen in the cost results, the levelized cost is quite high without any  government incentives. 

Therefore, government incentives are important for any technology at its initial stage, especially 
one as costly as solar energy. 

There are several technical improvements solar energy  needs. One of the limitations solar PV 
technology faces today is the amount of area that is needed to produce the desired amount of 

electricity. PV efficiency needs to improve for the technology to be effective, both in terms of the 
area used as well as energy  output efficiencies. Other limitations are energy storage alternatives as 
well as grid integration. The viability  of solar energy is also dependent on the geographical location, 
since the capacity factor is dependent on the amount of solar irradiance. 

6.4 The Sustainability of the Project
As aforementioned, it is crucial for the eco-city to get government financial contributions as this 
can decrease the levelized cost immensely. The solar PV project in the Taihu New City  is only 
economically  sustainable if the levelized cost is reduced by financial incentives to a competitive 
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level or when the prices of for example fossil fuels go up due to resource scarcity and/or any 

eventual carbon taxes.

As for the social aspect of sustainability, a solar PV project in the eco-city  can be one step  ahead in 
creating awareness of the need of sustainable energy sources in the future. The solar PV 
implementations will also encourage more people to choose environmental-friendly  energy sources, 

as human beings influence each other’s choices.

Even though the solar PV project might be costly in the short-term, it is beneficial for the 
technology in the long-term. It is important to have a long-term perspective with an environmental-
friendly energy  technology that is still in its initial stage but has a big potential. The more solar PVs 

that are bought and installed, the more likely it is that future solar PV prices will go down. The 
technology will also improve if the demand for solar PV increases as research and development 
becomes more viable. Therefore, this creates a virtuous circle. 

The eco-city’s environmental contribution lies mostly in the CO2-offset, even though the CO2 

mitigation is quite small. However, just like the economic aspects, there must be a long-term 
perspective. A successful solar PV project is a good first step to encourage future PV projects. The 
more solar PVs installed and the more effective the PV technology gets, the less CO2 emission will 
there be in the future.

The PV generated electricity is limited because solar resources are limited, but the electricity  can 
increase if the PV module efficiency  and nominal power are improved. This is something that will 
likely happen in the future. Meanwhile, an increasing amount of solar PVs will create more 
environmental awareness in people’s minds. One possible scenario is that they  will start wanting to 
focus more on energy conservation. This means that they  will reduce their energy demand, of which 

most still comes from renewable energy sources, and focus more on increasing energy 
effectiveness.

6.6 Risk Assessments
It is important to keep in mind that the actual energy yield is mostly likely to be or different lower 

than the calculated one. First, the radiation data used to calculate the generated electricity  is not the 
same from year to year. Second, accidents such as inverter failure and bird spilling on the PV 
modules can likely occur. Both occurrences deplete the energy yield and can even lead to situations 
as severe as module malfunction. As mentioned in the literature review, blocking out one PV cell 
could lead to the failure of an entire module. 
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6.6.1 The Model’s Validity
There are several assumptions that have been made which affect the plausibility  of the obtained 
results. Due to limited economic information, the values of the parameters for calculating the 
levelized cost are estimations based on assumptions. This can affect the trustworthiness of the 

model from a cost perspective. Certain assumptions have been made to the electricity yield 
calculations as well such as that  the radiation data is assumed to have been the same through the 
years, the building dimensions, the number of buildings and what their built area is are also 
assumed. The reason for this is that the eco-city is still under planning and building plans are 
therefore yet to be determined. Finally, the emission factor for the CO2-offset is a value from 2005 

since no data for the nearest previous years were able to be obtained. This factor can have either 
decreased or increased since then.

7. CONCLUSION
Based on the results of the potential annual electricity generation, the energy production is 
unexpectedly even for the entire year due to higher module efficiency in the winter and lower 

module efficiency in the summer due to a varying module temperature. Furthermore, the scenario-
analysis of different module tilt angles shows that it is not viable to change the tilt angle of the roof 
top PVs twice a year as the gained electricity yield is only 0.16%. 

As for the cost results, the calculated levelized cost  is not competitive to Jiangsu’ electricity grid 

price. If the levelized were to reach the same level as Jiangsu’s electricity price, it must to be 
decreased by 91%, from RMB 6.55 per kWh to RMB 0.6 per kWh

Based on the scenario-analysis of the costs, the roof-top PV installations are the most cost effective 
installations and the stadium PV system is the least  cost effective. Furthermore, the aforementioned 

conclusion also means that the mono- and poly-crystalline silicon modules are the most cost 
effective modules due to their high efficiencies and lower module prices. 
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9. APPENDICES

9.1 Appendix 1 The Solar Output

THE SOLAR OUTPUT

Parameter Value Unit Comments

Annual peak sun hours 1 272.32 Hours

Installed capacity, group A 2.72 MW Table 2
STC efficiency, A 15.4 % Table 3
STC temperature coefficient, A -0.44 %/°C Table 3
Inclination angle, A 30 ° Table 3
Inverter efficiency A 98.2 Table 4

Installed capacity, group B, C and D 5.85 W Table 2
STC efficiency, B, C and D 14.8 % Table 3
STC temp coefficient, B, C and D -0.43 %/°C Table 3
Inclination angle, B, C and D 30 ° Table 3
Inverter efficiency, B, C and D 98.5 Table 4

Installed capacity, group E 2.06 W Table 2
STC efficiency, E 14.1 % Table 3
STC temp coefficient, E -0.48 %/°C Table 3
Inclination angle, E 90 ° Table 3
Inverter efficiency, E 96.1 Table 4

Installed capacity, group F 2.09 W Table 2
STC efficiency, F 6.2 % Table 3
STC temp coefficient, F -0.21 %/°C Table 3
Inclination angle, F 0 ° Table 3
Inverter efficiency, F 98.5 Table 4

Further output attenuations 0.89 - Section 5.1.5

Total solar output 1 903 kWh Equation 1
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9.2 Appendix 2 The Levelized Cost

THE LEVELIZED COST

Parameter Value Unit Comment

Interest rate 4 % Section 5.1.4.3 

Escalation rate 2.00 % Section 5.1.4.4

Loan period 25 Year Section 5.1.4.3 

Progression ratio for the first year 0.98 - Equation 13

Capital recovery factor 0.052 - Equation 12

The capital cost 172.24 Million RMB Table 5d

O&M cost 3.74 Million RMB Table 5c

Annual electricity production 1 903 MWh/year Table 8

The Levelized cost 6.55 RMB per kWh Equation 14

9.3 Appendix 3 The Carbon Offset

THE CO2-OFFSET

Parameter Value Unit Comment

Annual electricity production 1 903 MWh/year Table 6

Carbon emission factor 0.899 Ton CO2 per MWh Section 5.1.8

The anunual carbon offset 1 711 Ton CO2 per MWh Equation 10

9.5 Appendix 4 Project Plan
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