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Abstract  
 
The paper presents a PV-based electricity generation system of residential building 

located at Norra Fiskargatan in Gävle, Sweden, and aims to examine the 

environmental performance of PV-based electricity generation systems by conducting 

a thorough investigation of photovoltaic utilities of residential buildings. This paper 

also investigates the carbon dioxide emission reduction due to the use of the PV will 

estimated for the service lifetime of the PVs (30 years).  

 

A comparison between carbon dioxide emission of a PV-based electricity generation 

system and an electricity grid, during the lifetime of the PV-system. The results show 

if PVs installed on residential buildings, the electricity produced by grid can be 

reduced and the carbon dioxide emissions will be saved from the electricity grid.  
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Introduction 
 

The increasing environmental problems, such as green house gas emissions, acid rain, 

energy shortage, global warming and excessive use of resources, is accelerating the 

development of renewable energy, especially for the photovoltaic technology.  

 

According to International Energy Agency (IEA), the !"! emissions grow in direct 

proportion to the scale of the world population and primary energy consumption, and 

it has a lower rate than primary energy consumption that shows 5% during recently 20 

years (Pérez-Lombard et al, 2008). 

 

The energy consumption in buildings can be classified by three main sectors: industry, 

transport and others (agriculture, service sector and residential buildings), and “others” 

part always is the biggest part among them around the world (Pérez-Lombard et al, 

2008). In Europe, during recently two decades, the building consumption is about 30% 

to 40% (IEA, International Energy Agency). In order to meets the global climate and 

energy requirement and trend, the European Union set three key objectives for 2020: 

 

1)  A 20% reduction in EU greenhouse gas emissions from 1990 levels;  

2) Raising the share of EU energy consumption produced from renewable 

resources to 20%;  

3) A 20% improvement in the EU’s energy efficiency.  

(Climate action of European Commission, 2009) 

 

Since the 20% of renewable goal is an overall goal, in details the targets varies from 

10% in Malta to 50% in Sweden (Nalco Mobotec, 2009). On this basis, the 

development and application of renewable technologies is urgent, and the 

photovoltaic may be a good choice in Sweden. The PV technology is a sustainable 

and renewable solution for !"! reductions. 

 

The situation of solar energy technologies in the world has entered to a state where 

the technology is combined with the everyday of human. The building integration 

with PV technology aims to reduce the use of land and the costs (Muller,1997). In 



Sweden, the photovoltaic technology is one of the most acclaimed leading technology 

of the day due to that photovoltaics signify a potential sustainable solution 

(Lawrence,1997) and the renewability of the electricity generation (Grossiord, 2012).  

For the reason of the lack of use of photovoltaic technology in residential buildings, 

this research focuses on comparison of the variation of the power output and energy 

supply and demand of a group of multifamily building located at Norra Fiskargatan in 

Gävle before and after installing mono-crystalline modules, that is how much 

electricity can be produced by these mono-crystalline modules. The choice of mono-

crystalline modules is based on its features, for instance, it has a high conversion 

efficiency, is durable and has a longer service life than other types solar module s 

(Sungoldpower, 2013). The lifetime of mono-crystalline modules is around 30 years 

(Peng et al, 2013) with high reliability but since the auxiliary elements has lower 

reliability, the practical service time of mono-crystalline modules will shorter in the 

reality.  

 

PV’s are considered to be a clean energy system. Since the process of converting solar 

energy to electricity does not generate any green house gases, specifically CO2, there 

is hope that this technology will reach extensive utilization in the future. When 

considering the CO2 emission during production of a module, i.e. looking at the CO2 

release during the life cycle of the module, the environmental friendliness of the 

products may look different. The question then arises – if the module is produced 

under circumstances that produces a lot of CO2 but is then used in an energy system, 

that produces electricity with small CO2 release. 

 

In this paper, the following problems will be discussed: 

1) A case plan to install mono-crystalline modules in a group of multifamily 

buildings located at Norra Fiskargatan in Gävle, Sweden; 

A thorough building description is made within the frame of this case study, 

which is the basis for the design of the photovoltaic modules, such as the 

service area and service time different position of these buildings. Information 

on the electricity grid in these buildings is another necessary parameter for this 

discussion. 

2) A life cycle assessment for mono-crystalline modules under the situation in 

Sweden.  



Electricity and photovoltaic system, the Green House Gas (GHG) emissions 

and energy demand are the focus of this assessment for mono-crystalline 

modules. A main part of this assessment is the life cycle of manufacturing 

modules, since this period takes up 50-80% of the total carbon dioxide 

emissions (Schaefer & Hagedorn, 1992). 

3) The carbon dioxide emissions from residential buildings of both electricity 

grid and photovoltaic system in the case study, are determined. 

 

A qualitative research method is used for this paper, through the data collection and 

analysis of energy from mc-Si modules and carbon dioxide emissions from the 

manufacturing and operation process in PV technologies.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

  



Literature review 
 

What is Photovoltaic? 
 

Photovoltaic (PV) is a technology that generates electricity when semiconductors are 

illuminated by photons (Hegedus et al, 2003). The effectiveness of this technology is 

recognized as one of the most sustainable and is also a good technology in electrical 

generation in the world (Lawrence, 1997). Among alternative energy production, 

photovoltaic (PV) has a significant potential since the portability of PV-material and 

the renewability of solar energy, and as a source of electricity (Grossiord, 2012). 

“Sunlight is a spectrum of photons distributed over a range of energy” (Hegedus et al, 

2003). And as a view of potential, the total annual solar energy striking the surface of 

the Earth is 63 x 10!" W that is a thousand times higher than the total energy 

requirement of the earth population (Hermann, 2006). Renewable resources for 

producing electricity is an important development and is essentially cost driven in the 

world, as stated in ‘Solar Power’ (Hegedus et al, 2003). 

 

History 

 

PV has been a research and development entity from 1839 until the present time, and 

during the late 90s, this technology flourished with the electronic compilations 

development (Lawrence, 1997). The invention of PV is by a French experimental 

physicist, who discovered the photovoltaic effect in an experiment that electrolytic 

cell consisted of two metal electrodes (Abdullah, 2012). After that, the existence of a 

barrier layer in PV devices was reported in 1914.  

 

In the 1950s, PV developed rapidly. The first Silicon solar cell (Si cell) was 

developed at Bell Laboratories in 1954 by Chapin et al (Chapin, et al, 1954), and the 

exciting beginning was the establishment in a space application in 1958, in which a 

satellite was equipped with a small 6-Si cell panel and the batteries service life was 

six years (Lawrence, 1997). The high standard of silicon technology developed for 

transistors and integrated circuit, was greatly beneficial to solar cell technology, as 



well as this technology benefited from the quality and availability of single crystal 

silicon of high perfection (Goetzberger, 2000).  

 

Since the growth of accumulated industrial and field experience, with a historical 

significance, NREL (the National Renewable Energy Laboratory) was established in 

1977. The predecessor was named Solar Energy Research Institute in 1974, in Golden, 

Colorado, and a national laboratory of the U.S. Department of Energy (DOE). And in 

1996, the U.S DOE announced the National Center for Photovoltaics established in 

Golden, Colorado. At present, there are a lot of Solar Energy Research Institutes 

being established around the world. For example, SERI of Singapore which 

contributes to a sustainable global energy supply and reduced greenhouse gas 

emissions and consults for solar energy conversion and solar building technologies, it 

also focus on materials, processes and components for photovoltaic electricity 

generation and solar and energy-efficient buildings (SERIS, 2013).  

In the 1990´s, the awareness of the reality of the 3-E trilemma 1improved the 

development of sustainable energy production, including PVs, due to the 

environmental impacts of the combustion of fossil fuels (Ropp, 2008). 

 

Advantages and disadvantages of photovoltaics  

 

Photovoltaics have low operating costs and no moving parts but high installation costs 

(Zweibel, 2010). The source for photovoltaics is vast and essentially infinite but kind 

of a relatively low-density energy, i.e. solar energy. The lifetime of a module is more 

than 20 years (Zweibel, 2010) with high reliability in modules but lower reliability of 

auxiliary elements, such as the electricity storage (batteries) for non-grid solutions. 

Module can be installed at nearly any point-of-use but lack of widespread 

commercially available system integration and installation so far. As a view of 

environment and economics, it has no emissions during operation, no combustion 

with benefited to global climate change or pollution, as well as it has a proper ambient 

temperature operation to avoid high temperature corrosion or safety issues.  

 

 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  3-‐E	  trilemma	  stands	  for	  Economy-‐Energy-‐Environment	  interaction.	  



Photovoltaic cells, modules and systems 

 

The solar cell is the basic building block of solar photovoltaics, the cells are regarded 

as a device and generat a photovoltage when charged by the sun (Nelson, 2003). The 

appearance of the cell is usually is a thin slice of semiconductor material of around 

100 !"! in area, and the surface should reflect as little visible light as possible. The 

modules are arranged on a surface into a pattern of metal contacts to make electrical 

contact (Nelson, 2003). 

 

 
Fig. 1 A solar module (Website: Bosch solar modules) 

 

The cell is a basic unit that generates a DC photovoltage of 0,5 to 1 Volt in the short 

circuit, but the generated voltage is too small to be used in practice (Nelson, 2003). In 

order to get useful DC voltages, a module is produced, which is the aggregation of 

numerous cells, normally 26 to 36 cells are encapsulated into one and connected in 

series, yielding the standard voltage of 12 V per module. (Nelson, 2003) 

 

When numerous modules connected in series and in parallel into arrays, these produce 

proper currents and voltages corresponding to the applications demand (Nelson, 2003). 

The array is also called a photovoltaic generator (Nelson, 2003). Some PV generators 

can include more than one array, hence called an “array field” (Sharma, et al, 1994). 

The reasonable arrangement of arrays can prevent some avoidable inefficient factors, 



such as the daylight hours during different time duration in a day and the solar angle 

with time period (Sharma, et al, 1994). 

 

 
Fig.2 Individual photovoltaic (PV) cells (A) are combined in series strings (B) to 

obtain higher voltage. Series strings are encapsulated together to form a module (C), 

modules are connected in series strings, and module series strings are connected in 

parallel to form a PV array (D) that produces the desired voltage and power (Ropp, 

2008) 

 

Solar cell 

 

In spite of the complicated manufacture and the high cost, crystalline silicon 

dominates the market today and probably will continue to contribute to the immediate 

future (Goetzberger, 2000). Crystalline silicon solar cells and modules constitute more 

than 85% of the PV market today, since the trend of their leading role, by inference 

these technologies can be the leading one for the next decade (Tobias et al, 2003). 

 

Theory of semiconductors  

 

The manufacturing principle of solar cells is determined by specific electronic 

properties of certain material, which is called semiconductors (Melo, 2007). 

Semiconductors have a unique electric conductive behavior, there are only a few 



electrons that exist in the conduction band just above the valence band, see Fig.3, 

which shows a simplified energy band diagram used to describe semiconductors 

(Zeghbroeck 2011). In the case of silicon, the silicon atoms share the electrons of the 

last cap with the neighboring atoms, forming the covalent bonds which are stable and 

strong (Melo,2007). As a view of energy conversion, the structure of crystalline is 

solid, so the electrons in a crystal cannot take any energy as well as the electrons in an 

atom cannot have any energy (Melo,2007). It is worth mentioning, all semiconducting 

and insulating solids possess an energy gap but only semiconductors are suitable for 

photovoltaics, since at absolute zero temperature, a pure semiconductor is unable to 

conduct heat or electricity but as the temperature is raised, the electrons gain some 

kinetic energy from vibrations of the lattice and some are able to break free (Nelson, 

2003). When solar energy hits the material, the electrons are able to break free from 

the outer atomic caps, and this electron flow is what gives rise to an electric current.  

 

 

 
Fig.3: A simplified energy band diagram used to describe semiconductors 

(Zeghbroeck, 2011). 

!!: the valence band edge;  !!: the conduction band edge; 

!!"#$$%: the vacuum level; X: the electron affinity. 

 

 

 

 

 

 



Properties of P-N junction 

 

P-N junctions are the basic theory for semiconductor devices due to the unique 

electrical properties. Semiconductor doping is a process of introducing impurities of 

other metals into a pure semiconductor, which illustrates the conducting abilities of 

semiconductors. This comprises two types: 

 

P-doping: introduction of impurity atoms with one less valence electron than silicon 

(acceptor impurities), resulting in available positive charge carriers (holes) (Tursky, 

2012). “A semiconductor which is doped to increase the density of positive charge 

carriers relative to negative is called p type”(Nelson,2003). 

 

N-doping：introduction of impurity atoms with one more valence electron than 

silicon (donor impurities), resulting in available negative charge carriers (electrons) 

(Tursky, 2012). “A semiconductor which has been doped to increase the density of 

electrons relative to holes is called n type, the principal charge carriers are 

negative”(Nelson,2003). 

 

When the p-type and n-type semiconductors put together in a co-plane, the P-N 

junctions are formed. That is, a P-N junction is the boundary between p-doped and n-

doped materials, for example, the silicon atoms become a p-doped material if the 

boron doping promotes the structure of silicon atoms and, instead, the silicon atoms 

became a n-doped material if the phosphorous doping promotes the structure of 

silicon atoms (Tursky, 2012). 

 

In a view of an electric field, the electrons of n-type materials tend to migrate or 

diffuse into the p-type material, since the ions of n-type material are positive and 

those of p-type material are negative. The same remains valid, if the position of the 

two types material is exchanged. Equilibrium will reached where there exists charged 

regions in between the p- and n-type materials. Since the diffusion of electrons and 

holes leave this region depleted of charge, this area is called the depletion zone or 

depletion layer and is shown in Fig.3 (Zeghbroeck, 2011). According to the theory 



introduced above, it can be stated that the conductivity of a semiconductor is 

determined by the impurities of the introduced material (the p- and n-type materials). 

 

 
Fig.4: Current-Voltage characteristic of P-N junctions (Tursky, 2012) 

 

Cell structure (Crystalline silicon solar cells) 

 

Principles of cell design 

A mono-crystalline p-n junction is the most common solar cell design; this chapter 

discusses the mono-crystalline silicon as a material of p-n junctions, which is one of 

the best performing photovoltaic materials.  

 

Efficient photovoltaic energy conversions have 4 requirements, which are not 

compulsory at the same time, 

1) Good optical absorption; 

2) Good charge separation; 

3) Efficient charge transport; 

4) The optimum band width of the solar spectrum; 

 



 
Fig.5:  Layer structure of basic silicon cell (Gary, 2003). 

 

Some general design features apply to p-n homo-junction cells, independent of the 

material type: 

1) For efficient light absorption, the thickness of cells should exceed the 

absorption length; 

2) The length of junction should be in the middle of the length of emitter and the 

absorption, to ensure the light is absorbed efficiently; 

3) All crystalline semiconductor cells have a thin layer of material of refractive 

index between the semiconductor and the surrounding air - it can be called an 

anti-reflection coat. This requires that reflection of light should be minimized. 

The material and thickness of the anti-reflection coat is depending on the 

relevant spectrum desired in a certain situation. 

4) On the front of the cell, the emitter should be doped heavily in order to 

improve conductivity of semiconductors. 

 

Silicon Solar Cell Design  

As mentioned above, a p-n junction is a typical type of silicon solar cells. A wafer of 

p type silicon is a few hundred microns thick and about 100 !"! in area. The p type 

wafer is the base of the solar cell, which should be thick 300-500 um, for the sake of 

absorbing much light and lightly doped (~10!" !"!!) to improve diffusion lengths. 

The n type emitter is heavily doped (~10!" !"!!) and process of dopant diffusion, in 

order to reduce sheet series resistance. This layer should be thin to allow as much 

light as possible to pass through to the base, but thick enough to keep series resistance 



reasonably low. The anti-reflection coat and front and back surfaces should be 

contacted before they are encapsulated in a glass covering. (Gary, 2003) 

 

In Fig.5 (Gary, 2003), it illustrates a layer structure of basic silicon cell. Usually, the 

front surface is textured to reduce reflectivity and anti-reflection from liquid or vapor 

phase added. The rear surface is doped heavily and creates a back surface field, in 

order to reduce the loss of carriers through surface recombination. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



What is LCA? 
 

Life Cycle Assessment (LCA) is a structured, comprehensive and internationally 

standardized method, which quantifies all relevant emissions and resources consumed 

and the related environmental and health impacts and resource depletion issues that 

are associated with the entire life cycle of any products (goods or services). It is a 

powerful decision support tool to help effectively and efficiently make consumption 

and production more sustainable (ILCD, 2010). 

 

LCA Methodology 

 

The International Organization Standards of Geneve (2006) provides the framework 

for Life Cycle Assessment (LCA), which shown in Fig.6 (the ISO 14040 and 14044 

standards). 

 

 
Fig.6: Framework of life cycle assessment (from ISO 14040:2006; modified) 

 

 

 



Goal and scope definition 

 

The goal definition is the first phase of any life cycle assessment. It includes stating 

six aspects of the study, they are intended applications, limitation of study (such as 

impact coverage limitations and methodological limitations), reasons for study, target 

audience of study, type of audience, comparisons involved and commissioner 

respectively (ILCD, 2010). The scope definition is a phase to identify and define the 

details of the object of the LCA study, it is to derive the requirements on methodology, 

quality, reporting and review in accordance with the goal of the study. The goal 

definition guides all the detailed aspects of the scope definition. 

 

Inventory analysis 

 

The inventory analysis is the phase of the actual data collection and modeling of the 

system according to the requirements of the goal and scope definition. Activities of 

the life cycle inventory analysis (LCI) are described briefly including construction of 

the flow model according to system boundaries, data collection for all the activities 

(processes and transports) in the product system and calculation of the amount of 

resource use and pollutant emission of the system in relation to the functional unit 

(Baumann & Tillman, 2004). 

 

Impact assessment 

 

The impact assessment aims to describe the impacts of the environmental loads 

quantified in inventory analysis (ILCD, 2010). During the life cycle impact 

assessment (LCIA), the inputs and outputs of elementary flows that have been 

collected and reported in the inventory are translated into impact indicator results 

related to human health, natural environment and resource depletion (ILCD, 2010). 

 

 

 



Interpretation 

 

The life cycle interpretation is the results of the other phases, which are considered 

collectively and analyzed in the light of the achieved accuracy, completeness and 

precision of the applied data. The main purposes of interpretation are, firstly to steer 

the work towards improving the life cycle inventory model to meet the needs derived 

from the study goal; Secondly to derive robust conclusions and recommendations. In 

life cycle interpretation, it is in order to answer questions posed in the goal and scope 

definition. 

 

Why LCA of PV system? 

 

The PV technology benefits directly from generating electricity from solar energy, 

which slow down a series of serious environmental problems, such as global warming, 

climate change and so on. It is free from fossil energy consumption and greenhouse 

gases emission during its operations, and seems to be completely clean and have no 

environmental impacts (Peng et al, 2013). A life cycle assessment can evaluate the 

environmental performance and analyze the energy using of PV system during 

development of products over their life cycle. After every stage of life cycle process, 

the final conclusions of LCA for PV system will be drawn, which focus on the 

reduction of negative effect of natural source, energy storage and human health. 

 

Life cycle process of PV systems 

 

The life cycle process of photovoltaic system starts from raw material acquisition and 

ends with the disposal or recycling of the PV components. The process includes the 

mining and purification steps of raw materials, for example quarts sand for silicon 

PVs. The manufacturing, the use and the decommissioning of PVs are comprised the 

flow of energy, materials and effluents during every stage of the process. 

 

 



 
Fig.7: Flow chart of the life-cycle stages for PV systems 

 

Life cycle assessment for PV systems 

 

Life expectancy of photovoltaic components and systems  

 

There are couple components of photovoltaic systems, including modules, inverters, 

transformers, cabling, structure and manufacturing plants (Fthenakis et al, 2011). 

 

For integrated module technologies, the life expectancy may be 30 years (Fthenakis et 

al, 2011). It ensured by typical PV module warranties and the expectation of modules, 

for instance, generally the modules would degenerate around 25 years or less after 25 

years with the 80% of the whole lifetime (Sungoldenpower). 

 

In general, for residential PV systems, the life expectancy is 15 years for small plants 

and 30 years for large size plants (Mason et al, 2007). And the life expectancy of 

transformers and cabling are 30 years for both. 

 

With the different structures of building, the life expectancy varies. The life 

expectancy of roof top, facades and ground mount installations on metal supports are 



between 30 years to 60 years (Methodology guidelines on Life-Cycle Assessment of 

Photovoltaic Electricity, 2011). 

 

For manufacturing plants, the lifetime would be shorter than 30 years since there will 

be various changes in technology due to development. 

 

Energy payback time (EPBT)  

 

The energy payback time is defined as the years required for a PV system over its life 

cycle, mainly reflecting on production, installation, dismantlement and recycle of a 

certain amount of energy for compensation of the energy consumption (Solar 

generation 6, 2011). The calculation equation of EPBT can be presented as 

!"#$ = !!"#$%!!!"#,!
!!"#$"#

; !!"#$% (MJ) is the primary energy input of PV module during 

life cycle, which including energy requirements in module manufacturing, 

transportation, installation and maintenance; !!"#,!  (MJ) is the energy requirement 

of the balance of system components, which including support structures, cabling, 

inverters and so on; !!"#$"#  (MJ) is the annual primary energy savings due to 

electricity generation by PV system (Peng et al, 2013). There are 3 determinant of 

EPBT, respectively are the level of irradiation, the type of system and the technology 

(Solar generation 6,2011). Below Table 1 shown the general indicative energy 

payback times from EPIA (European Photovoltaic Industry Association). 

 

Table 1: GENERAL INDICATIVE ENERGY PAYBACK TIMES (EPIA) 

EPBT for all PV systems 1 to 3 years* 

Operational lifetime of PV modules 25 years (or even more) 

Production time for clean electricity 22 to 24 years (or even more) 

* Average values for European conditions. 

  

 

 

 



GHG emission  

 

The best-known GHG is carbon dioxide, other gases including !"!,  !"! etc. And the 

greenhouse effect of a specific gas is defined as its global warming potential (GWP) 

relative to !"!. 

 

Typically LCA will be considered at the following stages of GHG emissions, 

including energy resource exploration and extraction, production of infrastructure, 

transport of material, conversion to electricity and waste management. The GHG 

emissions from various life-cycle studies for photovoltaic system range between 43-

73 g!"!eq/kWh (Weisser, 1999). For photovoltaic system, the majority of GHG 

emissions occur during the production of the module (50-80%) and other GHG 

emissions is from the balance-of-plant (BoP) and inverter. However, the associated 

transport activities do not account for GHG emissions part (Weisser, 1999).  

 

In order to aid and evaluate the life cycle assessment of power generation 

technologies, the GHG emission rate is introduced to measure how many greenhouse 

gases emitting while per unit of electricity power is generated. The calculation 

equation of GHG emission rate can be presented as 

 !"!!!!"#$ =
!"!!!!"!#$
!!"#!!"#$"#

= !"!!"!!"!!"#
!!"#!!"#$"#

; 

o !"!!!!"#$  is the GHG emission rate of per unit electricity power 

generated by PV system (g CO2-eq./kWh); 

o !"!!!!!"#$ is the total amount of GHG emission throughout the life cycle 

(g CO2-eq.); 

o !!"#!!"#$"# is the total electricity power generated by PV system during 

its life cycle (kWh); 

o !"!!" and !"!!"#  are the total GHG emission with respect to PV 

modules and BOS components, respectively (Peng et al, 2013). 

 

 



Irradiation 

 

The irradiation can be analyzed by two ways, which are of industry average and of a 

grid network. It defined as the energy collected by modules, and depended on their 

location and orientation. The unit of irradiance is W/!! and the unit for insolation is 

kWh/!!/yr. 

 

Functional unit and reference flow of LCA for PV system 

 

The functional unit is a significant parameter based upon the electricity-generating 

system and PV systems. And it is usually defined as one piece of product or the 

provision of a specific function. According to ISO issues, “the functional unit 

specifies the reference flow to enable comparisons, the reference flow is quantified 

with the functional unit “kWh electricity produced” or “!! module” or kWp rated 

power” (Fthenakis et al, 2011). 

 

kWh is a unit which used to compare the electricity output of different technologies, 

such as PV technologies, module technologies and electricity generating technologies 

in general. 

!!  is a unit which used to quantify the environmental impacts of supporting 

structures and a certain building area. 

KWp is a unit which used to quantify the environmental impact of electrical parts, 

such as inverter, transformer, grid connection and grounding devices. 

 

 

 

 



Reporting and communication (Key parameters) 

In order to assess the performance of a PV system at a certain site, the following 

parameters must be determined: (Methodology guidelines on Life-Cycle 

Assessment of Photovoltaic Electricity, 2011). 

 

1) On-plane irradiation level and location; 

2) Time-frame of data; 

3) Module-rated efficiency; 

4) System’s performance ratio; 

5) Type of system (roof-top etc); 

6) Expected lifetime for PV and BOS; 

7) The place/region of production modeled (Site specific power use, average grid 

medium voltage of countries etc); 

8) System’s boundary (manufacture, installation, disposal, transportation, 

maintenance, recycling of both PV modules and balance-of-system); 

9) Explicit goal of the study (technical and modeling assumptions, e.g.,Prototype 

or commercial production and expected future development); 

10)  Degradation ratios; 

11) Assumptions for production of major input materials. 

 

 

 

 

 

 

 

 

 



PV in Building 
 

Introduction of PV in building 

 

Nowadays, PV systems provide a reliable solution for building electricity supply. PV 

technologies can be installed on the surfaces of buildings according to the possibility 

to combine electrical energy production with other functions of the building structures 

(J.N. Schoen, 2001).  The utility of PV system in building aims to minimize the 

requirement for land, especially in Europe and Japan where population density is high 

and the land is valuable (Reijenga, 2003). Current technologies may be incorporated 

into human daily life, for example, the architects and urban planners are supposed to 

urge solar systems in becoming an integral part of our society and environment. 

According to  “White Paper for a Community Strategy and Action Plan, Energy, for 

the future: Renewable Sources of Energy” which issued by the European Commission, 

it points out a target of 12% for the contribution of renewable energy sources to the 

total energy consumption in the European Union year 2010, and one of the key points 

is to promote PV systems – 1 million systems in total (EC DG XVII, 1999). In details, 

Table 2 shows the complexity and size of PV systems in buildings in Europe. 

Table 2: Data of PV systems in buildings in the European Union (Reijenga, 2003) 

 Average Capacity 

(kWp) 

(MWp) Number of 

installed systems  

Rooftop system 3 450 150000 

Building facades 30 150 5000 

 

 
 
 
 
 



Building integration and BIPV system 

 

A definition of Building Integration concerns the physical integration of a PV system 

into a building but it is difficult to give a certain statement of it. Most building-

integrated PV systems are applied in commercial and industrial buildings, and the 

facades and roofs of building are the main type parts where modules are installed. 

And the aim of building integration is to reduce the requirement for land and costs 

(Muller, 1997). 

Nowadays, 40% of the global energy consumption is due to buildings (EXEGER,	  

http://exeger.com/bipv). Due to the advantages of solar cells in the buildings, 

including it can absorb 70 to 80% of the sun radiation (EXEGER,	  

http://exeger.com/bipv) and it also can increase the usage of daylight instead of 

window glass. The building integrated photovoltaic is one of the popular developed 

technologies around the world. The combination of the physical (with the function of 

producing electricity and being a façade) and aesthetic integration of the PV system in 

the building, creates a situation called a well-integrated BIPV system. According to 

Udo Möhrstedt (1996), the CEO and founder of IBC SOLAR, “BIPV represents great 

contemporary, innovative potential, an excellent way for the buildings of the future to 

be truly ‘green’.” 

BIPV is defined as the photovoltaic cells which are integrated into the building 

envelope as part of the building structure as well as replaced conventional building 

materials (Henemann, 2008). 

Basically, the BIPV system are divided into two types:  

1) BISPV system: A number of semitransparent (glass to glass) PV modules are 

integrated in the building; 

2) BIOPV system: A number of opaque (glass to tedlar) PV modules are 

integrated in the building. 

In both types, they can be further divided into two kinds for each, with air ducts and 

without air ducts for cooling purposes (Vats & Tiwari, 2012). 

BIPV systems can be divided into different categories according to the location of 



applications: roof systems, façade systems, glass construction systems and building 

components (shading and canopy systems). Obviously, different buildings have 

different functions, but the location of a building is the main factor of the design of 

BIPV system. 

 

PV modules in architecture  

Shape and composition can be served as basic selections of PV system in architecture. 

And frameless and framed modules are two categories of visual type (Stephen and F 

James P, 2001). 

Frameless module is outstanding of the high quality of aesthetic value, which can 

insert a “hidden” mounting system into an individual module (Reijenga, 2003). 

Frame module is a better type to recognize every individual module of a surface of 

PV system, with less aesthetic value than frameless modules. 

On the other hand, the size of modules is a significant factor of the module choice. 

For example, a tailor-made module is a better choice considering fulfillment of the 

shape and dimension possibilities of the demand, and thin-film modules have greater 

freedom to choose the size and color of modules (Stephen and F James P, 2001). 

Today, the mainstay materials of PV modules are mono-crystalline and 

polycrystalline forms respectively (Reijenga, 2003). In this research, the design plans 

of architecture will select the mono-crystalline type.  

 

Steps in the PV design process 

 

Design process: Strategies planning steps 

In a PV system, there are a number of modules with solar cells, an inverter, batteries 

or a connection to the grid in a setup. In order to ensure the PV system is integrated 

into the design successfully, there are a few procedures be introduced below 

(Reijenga, 2003): 



Step 1: The first step is consultation with the authorities about local regulations, 

building permits and the electrical connection to the grid. 

Step 2: The second step is to consult the utility company about the grid connection, 

electrical diagrams and the metering system. 

Step 3: The third step is the internal meeting with all building partners. A kick-off 

meeting very early in the process may be useful, to discuss the entire integrated PV 

system with the building contractor, the roofing company, the electrician and the PV 

supplier. 

 

Parameters of design process (Reijenga, 2003) 

Orientation and angle: The amount of irradiance is related to the orientation and angle 

of the modules, that is, the latitude and surfaces determined the facilities cost of PV 

design system. 

Zoning problem: In urban areas, the PV system needs to be clearly marked on three-

dimensional maps to prevent the detail problems of design and in the future. And the 

amount of sunlight can be determined on the three-dimensional maps. 

Distance between buildings and reflection: For BIPV, the shadowing between 

buildings affected the sensitivity of modules and time period of sunlight absorption. 

And also, there are some rules for limit the distances between buildings, which 

eliminated most of the potential problems. 

 

 
 

 

 

 



Methodology 
 

The methodology was developed to meet the following objectives: 

1) The buildings located at Norra Fiskargatan in Gävle are hypothetically to be 

equipped with PV modules. These buildings will be the base of the case study; 

2) To design a proper photovoltaic system for the building in the case study, and 

calculate how much electricity that can be supplied from this plan; 

3) To do a life cycle assessment of photovoltaic system – mono-crystalline 

modules, with respect to estimate how much CO2eq is released in the 

production of the modules, against how much CO2eq is saved by using the 

module for electricity production during its service life.  

 

To accomplish these objectives, the energy consumption of the building has to be 

limited with the hypothesize building model being set, in order to install the mono-

crystalline modules and reduce the carbon dioxide emissions of this residential 

building, comparing with the old energy system of electricity grid. Installing a 

photovoltaic system in a residential building aims to supply household electricity and 

to operate electric devices within the building, for example pumps, fans and lighting 

in common spaces, elevators, etc.While reducing the carbon dioxide emissions as 

much as possible.  

 

Data sources and collection 
 

The data was collected from different organizations in Sweden, Europe and other 

countries, such as: 

• Drawings of the building facades come from the municipalities corporation – 

Gävlegårdarna AB; 

• National statistics on electricity consumption for multifamily buildings 

(household and building use of electricity);  

• PV module data from a retailer of Sungoldenpower; 

• General system performance data and GHG emission data from the 

International Energy Agency and many solar power or photovoltaic researches. 



Research technique and analysis 
 

A quantitative research method has been used for this study in order to collect and 

analyze the possibility of solar modules installation of the residential buildings and 

the carbon dioxide equivalents emissions. In order to manage and analyze these data, 

a lot of different figures and tables are used, which was clearly allocated and extracted 

the specific data for the each objective in every certain branch. 

 

Some formulas in calculation part: 

1) !"! − !"#$$#%&!!!"  !"#$%  !"#  !"  !"#$%#&'( =   !!"!#$%&#&$'  !"#$%&'() ∗   CO2 emission 

factor (kg CO2-e/kWh) 

2) !!"#$%  !"#$%  !"#$%&'   = 

                            !!"  !"#$%& ∗ !!"#�!"#$ ∗ !"#$!"#$%  !"#$%& ∗ !"#$%&"  !"#$   !"#$%

∗   !"#$%&#  !"#$%  !"#$"%$&' 

3) !!"!#$%&#&$'  !!  !"#$%#&'( = 

!"#$%#&'  !"#$ℎ!"#$  !"!#$%&#&$' ∗ !!"##$  !"  !!!  !!!"#  !"#$%#&' 

 

Program Solelekomomi 1.0 is a easy and quick tool, which illustrates the solar cells of 

implementation, commissioning and evaluation, and shows the electricity distribution 

of Grid system and Solar systems.  

 

Life Cycle Assessment (LCA) is a structured, comprehensive and internationally 

standardized method, which quantifies all relevant emissions and resources consumed 

and the related environmental and health impacts and resource depletion issues that 

are associated with the entire life cycle of any products (goods or services). It is a 

powerful decision support tool to help effectively and efficiently make consumption 

and production more sustainable.  

 
 
 
 
 



Case study  

Design of the plant at residential building of Norra Fiskargatan in 
Gävle 
 

The aims of this study is to design a photovoltaic installation on the building on the 

group of buildings at Norra Fiskargatan in Gävle, and comparing the energy input and 

output of this building group between with photovoltaic installations to supply 

electricity of buildings and with electricity grid connected to these buildings. 

 

First of all, there will be an introduction part which is about basic information of the 

location and kind of module panels being decided to install building.  

 

Building description 
 

The buildings in being researched in this study are located in Norra Fiskargatan, 

Gävle, Sweden. It is a type of multifamily buildings. There are 4 separate residential 

buildings in the group belonging to Gävle municipality’s housing company 

Gavlegårdarna (See Figures 8, 9, 10). 

 

According to the drawings of this building group, these illustrates different facades, 

which is a basis of design and installation of PV-panels. The first problem 

encountered is to decide the proper orientations of different façades, since the 4 

residential buildings of this building group are nearly the same appearance and 

structure. Below drawings are viewed from the façade to northwest southeast and to 

northeast of each residential building, due to the specific situation of the buildings, 

that there are some new houses being built in addition. 

 

 

 

 

 

 

 



In each figure, there are red capital letters which mark positions used in a later part of 

the report.  

 

 
Fig.8: Façade to the Northeast 

 

 

 

 

 
Fig.9: Façade to the Northwest 

 



 
Fig.10: Façade to the Southeast or façade towards to the railroad 

 

Choice of the Mono-crystalline PV-Panel   
 

In this case study, the Mono-crystalline PV-panels are chosen to be install in these 

residential buildings. The reasons are referred below. 

 

Mono-crystalline solar panels are the first generation of solar technology, it is more 

durable and has a longer service life. Usually its performance warranted go for 25 

years, if the PV panel can be kept clean, it can continue producing electricity longer. 

Secondly, mono-crystalline is a type that has the highest conversion amount of solar 

energy into electricity among flat solar panels, that is, it has a higher efficiency than 

other types. Thirdly, the loss of efficiency of heat resistance is lower than other types 

and mono-crystalline can produce more electricity per square meter of installed panels 

with less environmental impact of solar panels. Lastly, the installation costs of mono-

crystalline are lower than other types, since the lower installation costs the bigger 

installation area to be set. 

 

 

	  

	  



Module product details 

Type: 50W Solar Panel, 50Watt Mono Crystalline Solar Panel 

Table 3: 50W Solar Panel Characters 

Model no SG-50SPM 

Nominal Output (Pmax) 50W 

Cell Type Mono-crystalline 

Optimum Operating Voltage (Vmp) 17.5V 

Optimum Operating Current (Imp) 2.86A 

Open Circuit Voltage (Voc) 21.89V 

Short Circuit Current (Isc) 3.09A 

Operating Temperature -40°C ∼ +85 

Maximum System Voltage 1000V DC 

Power Tolerance +0.5W 

Front Cover Low iron tempered glass 

Frame Material Anodized aluminum alloy 

Warranty 90% power output over 10 years 

80% power output over 25 years 

Free from defects in materials and  

workmanship for 5 years 

  

Length 720 mm 0.72m  

Width 550 mm 0.55m 

Thickness 35 mm   0.035m 

Weight 6.5 Kg 

STC* (Standard Test Conditions):  

Irradiance 1000W/m²; 

Module Temperature 25°C; 

Air Mass 1.5 Note*: Nominal Operation Cell Temperature Sun 800W/m²; 

Air 20°C,Wind speed 1m/s. 

 

The choice of 50 W solar panel is due to that it has a high conversion efficiency, and 

laminated solar panels from 50W, with mono-crystalline cells. 



Choice of inverter 
 

Type: 250w grid tie inverter for solar panel system  

 

Table 4: 250 W grid tie inverter characters  

Electrical Specifications SGTI-250 

Normal AC Output Power 225W 

Maximum AC Output Power 250W 

AC Output Voltage Range (Optional) 190V~260V   90V~130V 

AC Output Frequency Range 46Hz~65Hz 

Total Harmonic Distortion (THD) <5% 

Power Factor 0.99 

DC Input Voltage Range 10.8V~30V 

Peak Inverter Efficiency 92% 

Standby Power Consumption <0.5W 

Output Current Wave Form Pure Sine-Wave 

MPPT Function Yes 

Over Current Protection Yes 

Over Temperature Protection Yes 

Reverse Polarity Protection Yes 

Stackable Yes 

 

Mechanical Specifications   

Operating Temperature Rang -10℃ ~ +45 

Net Weight 1.5 KG 

Gross Weight 1.7 KG 

Dimension 265mm*190mm*100mm 

  

The choice of 250W grid tie inverter is due to that it can be directly connected to the 

solar panel to the residential buildings grid.  

  

 



The mono-crystalline modules in architecture need to consider a few parameters in 

different aspects. The size should be appropriate with the building installation area, 

the choice of installation place of modules on the roof, façade and building 

components, in this case study the façade of building in northwest, southeast and 

northeast are the main installation area for the sake of solar radiation, the distance 

between buildings and reflection and the orientation and angle of modules. And the 

direct connect electricity input to home inverter is a good way to design the 

photovoltaic system integrated with the residential building. 

 

Building installation area calculation 
 

Calculation for 50W Solar Panel: 

Area of per module is A = L * W = 0.72 * 0.55 (m) = 0.396 !! 

In this case study, it is assumed that the performance deteriorates over time, so that 

the output related to the initial values are 90% power output over the first 10 years 

and 80% power output after 25 years. 

 

Case of Façade Northwest 

 

The plan is to install solar modules in between place between windows on the 4th floor 

of this building, and another place is the roof of the lower part of the building. The 

determinant is according to the sunlight incident angles of Gavle. 

 

 

 

 

 

 

 

 

 

 



 

Table 5: Calculation of façade Northwest 

Number of 

columns  

Area calculation 

between windows 

Number of 

modules 

installation 

90% power 

output over 

10 years 

80% power 

output over 

25 years 

A (6*1.7+5*1.5)*1.7= 

30.09 m²; 

75 3375W 3000W 

B (6*1.7+5*1.5)*1.7= 

30.09 m²; 

75 3375W 3000W 

C (6*1.7+5*1.5)*1.7= 

30.09 m²; 

75 3375W 3000W 

D (6*1.7+5*1.5)*1.3= 

23.01 m²; 

57 2565W 2280W 

E (6*1.7+5*1.5)*1.3= 

23.01 m²; 

57 2565W 2280W 

F (6*1.7+5*1.5)*1.7= 

30.09 m²; 

75 3375W 3000W 

 

Area calculation of roof Number of 

modules 

installation 

90% power 

output over 10 

years 

80% power 

output over 25 

years 

37.3 m *1.51 m = 56.3 

m²; 

135 6075W 5400W 

 

Total PVs installation 

area of façade northwest: 

Total numbers of 

modules installation of 

façade northwest 

Total power output  

(Peak value) 

222 m² 549 27450W 

 

Case of Facade Southeast 

 
The plan for this facade is the same as the plan for façade northwest, but the data is 

changing. 



 

Table 6: Calculation of façade Southeast 

Number 

of 

columns  

Area calculation between 

windows 

Number of 

modules 

installation 

90% power 

output over 

10 years 

80% power 

output over 

25 years 

A 2.3 m * 15.3 m = 35.19 m²; 

 

87 3915W 3480W 

B 1.3 m * 15.3 m = 19.89 m²; 

 

48 2160W 1920W 

C 1.3 m * 15.3 m = 19.89 m²; 

 

48 2160W 1920W 

D 2 m * 15.3 m = 30.60 m²; 75 3375W 3000W 

 

Area calculation of roof Number of 

modules 

installation 

90% power 

output over 10 

years 

80% power 

output over 25 

years 

37.3 m *1.51 m = 56.3 

m²; 

135 6075W 5400W 

 

Total PVs installation 

area of façade southeast 

Total numbers of 

modules installation of 

façade southeast 

Total power output  

(Peak value) 

162 m² 393 19650W 

 

	  
	  

Case of Facade towards the railroad Southwest 

 

The plan is to install solar modules on the empty walls without windows above the 4th 

floor of the tall building. 

 

 



Table 7: Calculation of façade on the railroad 

Area calculation between 

windows 

Number of 

modules 

installation 

90% power 

output over 10 

years 

80% power 

output over 

25 years 

1.5 m * 18.7 m = 28.05 m²; 

 

69 3105W 2760W 

1.8 m * 18.7 m = 33.66 m²; 

 

83 3735W 3320W 

 

Total PVs installation 

area of façade towards 

the railroad 

Total numbers of 

modules installation of 

façade towards the 

railroad 

Total power output  

(Peak value) 

62 m² 152 7600W 

	  

Case of Facade to the northeast 

 

The plan is to install solar modules on the empty wall without windows above the 4th 

floor of the tall building. 

Table 8: Calculation of façade to the Northeast 

Area calculation between 

windows 

Number of 

modules 

installation 

90% power 

output over 

10 years 

80% power 

output over 

25 years 

1.5 m * 18.7 m = 28.05 m²; 

 

69 3105W 2760W 

1.8 m * 18.7 m = 33.66 m²; 

 

83 3735W 3320W 

 

Total PVs installation 

area of façade northeast: 

Total numbers of 

modules installation of 

façade northeast 

Total power output  

(Peak value) 

62 m² 152 7600W 



Calculation of Program Solelekonomi 1.0 
 

Introduction of Program Solelekomomi 1.0 
	  
Program Solelekomomi 1.0 is a tool describing the solar cells to implementation, 

commissioning and evaluation, and shows the electricity distribution between grid 

and solar power systems. It is a easily and quickly calculation tool of a photovoltaic 

power generation system (ELFORSK, Projekteringsverktyg – SoLELProgrammet). 

 
There are some tables (Table 10-15) illustrates the basic settings of Program 
Solelekonomi 1.0 used on different facedes, and the Table 9 is the background 
settings of Progrom Solelekonomi 1.0. In Table 16 and 17 and Figure 11 show the 
overall results of this case study, which state the final overall results, such as the total 
production of electricity from the PVs and Electricity supplied by the grid, and the 
detailed results can be found in the appendixes 2. 
 
Table 9: The basic settings of Program Solelekonomi 1.0 
Location information 
 Latitude Longitude Annual global insolation 
Stockholm 59.35 °N 18.07 °E 987 kWh 
Module information 
Module area 
/per 

The peak power 
of module 

Module 
efficiency 

Other cell losses Inverter 
efficiency 

0.396 !! 50 Wp 12.63% 10% 90% 
Electricity information 
Scale factor Annual electricity use 
3 150000 kWh 
 

Case 1: Façade of Northwest 

Northwest wall 
 
Table 10: The program settings of Northwest wall 
System orientation 
Azimuth angle Inclination 
135 ° 90 ° (Vertical) 
Module information 
Number of modules Peak power of the system Total area of modules 
414 20700 Wp 163.94 m! 

Northwest roof 
 
Table 11: The program settings of Northwest roof 
System orientation 
Azimuth angle Inclination 



135 ° 62 ° (Vertical) 
Module information 
Number of modules Peak power of the system Total area of modules 
135 6750 Wp 53.46 m! 

Case 2: Façade of Northeast 

Northeast wall 
 
Table 12: The program settings of Northeast wall 
 
System orientation 
Azimuth angle Inclination 
-135 ° 90 ° (Vertical) 
Module information 
Number of modules Peak power of the system Total area of modules 
152 7600 Wp 60.19 m! 
 
 

Case 3: Façade of Southeast 

Southeast wall 
	  
Table 13: The program settings of Southeast wall 
System orientation 
Azimuth angle Inclination 
-45 ° 90 ° (Vertical) 
Module information 
Number of modules Peak power of the system Total area of modules 
258 12900 Wp 102.17 m! 
 
Southeast roof 
 
Table 14: The program settings of Southeast roof 
System orientation 
Azimuth angle Inclination 
-45 ° 62 ° (Vertical) 
Module information 
Number of modules Peak power of the system Total area of modules 
135 6750 Wp 53.46 m! 
 
 
 
 



Case 4: Façade of Southwest 

Southwest wall 
 
Table 15: The program settings of Southwest wall 
System orientation 
Azimuth angle Inclination 
45 ° 90 ° (Vertical) 
Module information 
Number of modules Peak power of the system Total area of modules 
152 7600 Wp 60.19 m! 
 
Table 16: The results of Program Solelekonomi 1.0, including Annual output, 
Performance ratio and Normalized production 
	   Annual	  output	  

	  
kWh	  

Performance	  ratio	   Normalized	  
production	  
kWh/Wp	  

Northwest	  	   Wall	   7435	   76%	   0.36	  	  
Roof	   2977	   76%	   0.44	  	  

Northeast	  	  	  	  	  	  Wall	   2665	   76%	   0.35	  
Southeast	  	  	  	  	   Wall	   8570	   78%	   0.66	  

Roof	   5627	   79%	   0.83	  
Southwest	  	  	  	  	  Wall	   5151	   78%	   0.68	  
 

Table 17: The total production of electricity from the PVs, electricity demand from 

building and electricity supplied by the grid in Program Solelekonomi 1.0. 
	  	   Northwest	   Southeast	   North

east	  
South
west	  

Total	  
production	  
from	  the	  PVs	  
	  
[kWh]	  

Electricity	  
demand	  
from	  
building	  
[kWh]	  

Electricity	  
supplied	  by	  
the	  grid	  
	  
	  
[kWh]	  

	  	   Wall	   Roof	   Wall	   Roof	   Wall	   Wall	  

Jan	   101 35 284 147 37 163 767	   12740 11973	  

Feb	   184 66 224 127 67 155 823	   11507 10684	  

Mars	   419 166 712 444 142 470 2353	   12740 10387	  

April	   888 351 1272 827 330 723 4391	   12329 7938	  

May	   1153 469 1038 728 397 628 4413	   12740 8327	  

June	   1475 605 1189 868 519 728 5384	   12329 6945	  

July	   1223 508 1002 718 439 620 4510	   12740 8230	  

August	   975 399 1104 746 351 654 4229	   12740 8511	  

Sep	   522 211 762 485 201 445 2626	   12329 9703	  

October	   329 111 558 313 120 322 1753	   12740 10987	  

Nov	   119 40 285 152 43 173 812	   12329 11517	  

Dec	   48 17 140 71 18 72 366	   12740 12374	  

Total	   7435 2977 8570 5627 2665 5151 32425	   150000 117575	  



 
 
 
 
 
 
 
 
 
 
Fig.11 The electricity distribution in every mouth of one year 
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Results and discussion  
 

Results and discussion of Case study 
 
In this paper, PV systems are regarded as an energy supply and demand plan for a 

residential building located at Norra Fiskargatan in Gävle. In consideration of the 

possibility of combining electrical energy production with different building 

structures, the optimum power output of mono-crystalline modules is calculated 

theoretically as a comparison factor with the electricity network. 

 

This is a ideal model of these residential buildings, but there is a problem in reality. In 

Gävle, the solar radiation is concentrated upon the south area of buildings, that is to 

say, the PVs are not cost-effective in north area of buildings. After the case study and 

calculation of Program Solelekonomi 1.0, whatever the northwest or northeast 

direction is not a good choice to install PVs due to the insufficient solar radiation. In 

Table 17 and Figure 11, the electricity distribution looks like reasonable, but 

combined the solar radiation data in north direction, the PVs system is insufficient. A 

example is if the PVs installed on the north direction, the normalized production is 

averaged at 0.38 kWh/Wp, but the normalized production on the south direction is 

averaged at 0.72 kWh/Wp. 

 

LCA for PV cells  (Mono-crystalline)  
 

In this life cycle assessment study, the conventional LCA procedure is used, including 

goal and scope definition, life cycle inventory and improvement assessment. Since 

this is an ideal model of reality, the impact assessment is not included in this life cycle 

assessment. The methodology is introduced in the above.  

Goal and scope definition 

 

The aim of this LCA study is to quantify the differences between electricity grid and 

photovoltaic system and GHG emissions from electricity generation from both 

electricity grid and solar PV system. In this study, energy use, emissions and cost are 

indexed based on the functional unit, which is defined as 1 kWh of electricity. And 



the system boundaries are included in this study, including manufacturing of PV 

modules and balance of the system (BOS). 

 

Life cycle inventory 

 

The life cycle of mono-crystalline is shown in below flow charts (Fig.12, 13, 14). 

 

 
Fig.12: General steps considered in mono-crystalline modules in PV system 

 

 
Fig.13: Manufacturing of mono-crystalline cells 

 

In these figures, they show the processes of raw material acquisition, material disposal, 

manufacturing of solar components, decommissioning, disposal of solar components 

and recycling of solar components. 



 

Some studies have been carried out the energy consumption in the manufacturing of 

mono-crystalline modules, according to these summaries of mono-crystalline modules 

in before studies, the energy consumption for manufacturing of solar PV modules can 

vary between 11 and 40.55 MWℎ!/k!!. The Table 18 shown the summarized data of 

mono-crystalline solar PV modules. 

 

 

Table 18: Life cycle energy use in manufacturing of mono-crystalline solar PV 

module (Kannan et al, 2006) 

Source Primary energy use Processes included in the 

study 

Hagedorn (1989) 11-17.5 MWℎ!/k!! Exploitation and 

preparation of raw 

materials, process energy, 

hidden energy of input 

materials and production 

equipment 

Kato et al. (1997) 17.70 MWℎ!/k!! 

 

 

12.4 MWℎ!/k!! 

From quarts (production of 

MG silicon) to module 

fabrication 

Off-grade silicon (from 

semiconductor industry) to 

module fabrication 

Mathur et al. (2002) 40.55 MWℎ!/k!! Manufacturing of silicon 

wafers to modules 

fabrication 

Karl and Theresa (2002) 16 MWℎ!/k!! From growth of the silicon 

crystalline ingot to module 

fabrication 

GEMIS (2002) 13.78 MWℎ!/k!! From mineral sand to 

module fabrication 

Reference: (Hagedorn, 1989; Kato et al., 1997; GEMIS, 2002; Karl and Theresa, 



2002; Mathur et al., 2002) 

 

 
Fig.14: Energy use in manufacturing of mono-crystalline modules 

 

The energy use in manufacturing of mono-crystalline modules involves many 

boundaries in construction phase, operational phase and decommissioning phase. 

 

As can be seen in Figure 14, there is no external source of energy supply in the 

operational phases, the energy is supplied by itself. 

 

In the decommissioning phase, recycling of aluminium supporting structures and 

module frames are the main energy demand. According to Phylipsen and Alsema’s 

research in 1995, the aluminium frame takes up 10% of the module weight (G.J.M, 

1995).  

 

In the transportation phase, including the raw material or the solar PV modules and 

inverters, usually they transported by ships and trucks. And the energy use per 

functional unit is kWℎ!. 

 

Based on the whole manufacturing process of mono-crystalline modules, it accounts 

for 81% of the life cycle energy use, and the details can be shown in Figure 15. 



 

 
Fig.15 : Distribution of life cycle primary energy use in solar PV system 

 

The properties of mono-crystalline PV system include irradiation, efficiency, lifetime, 

energy payback time and GHG emissions. Some data collections are shown in Table 

19 below. 

 

Table 19: LCA results review of mono-Si PV system (Vats & Tivari, 2012) 

 Mono-crystalline photovoltaic system 

Authors/

years 

Location/irradi

ation 

(kWh/m2/yr) 

Efficiency Life 

time 

EPBT 

(yr) 

GHG 

emissions 

(g CO2-

eq./kWh)  

Wilson 

and 

Young 

UK/573-1253 12% 20 7.4-

12.1 

N/A 

Alsema 

and 

Wild-

Scholten 

South-

European/1700 

13.7% 30 2.6 41 

Alsema South- 14.0% 30 2.1 35 

6%	  
2%	  

9%	  

7%	  

76%	  

Mono-crystalline solar PV system 

Inverters + BOS 

Transportation 

Aluminium 

Metal recycling 

Solar PV modules 



and 

Wild-

Scholten 

European/1700 

Jungblut

h and 

Dones 

Switzerland/11

17 

14% 30 3.3 N/A 

Wild-

Scholten  

Ito and 

Komoto 

South-

European/1700 

China/1702 

14%  

 

N/A 

30 

 

N/A 

1.75 

 

2.5 

30 

 

50 

 

Carbon dioxide emissions from residential buildings in Sweden 

 

In Sweden, the carbon dioxide emission is released by residential, transport, 

manufacturing industry and construction, electricity and heat and other energy 

industries.  

 

One of aims in this case study is to reduce carbon dioxide emissions in electricity and 

heating in Sweden. If this case study can be carried out in reality, that is to create a 

new energy consumption model for Swedish residential building environment. 

 

Carbon dioxide emissions from a residential building contain all emissions from 

electricity, district heating and fuel combustion. In Sweden, carbon dioxide emissions 

can be produced during consumption of different energy transformation in a 

residential building, such as electricity transportation and the manufacture of different 

sectors of building (cement). Table 20 is collected by the World Bank which shows 

the carbon dioxide emissions of Sweden in recent years. 

 

 

 

 

 

 



Table 20: Carbon dioxide emissions in Sweden in 2005, 2006, 2007, 2008 and 2009 

(Data source: The World Bank Group, 2013) 

Unit: tons per capita 2005 2006 2007 2008 2009 

Carbon dioxide emissions 5.7 5.5 5.3 5.3 4.7 

 

CO2 emission from electricity grid in Gävle, Sweden 

According to Swedish Association of Local Authorities and Regions in 2011, the 

energy consumption in the municipal owned homes in Gävle in 2009 is shown in 

below Table 21. 

 

Table 21: The energy consumption in the municipal owned homes in Gävle in 2009 

Area 
Energy 

purchased 

kWh/!!  

Purchased 

electricity 

kWh/!!!!"#$ 

Purchased 

energy 

excluding 

household 

electricity 

kWh/!!years 

Purchased 

electricity 

excluding 

household 

electricity 

kWh/!!years 

Area 

housing 

!!/inv 

Gävle 151,7 21,9 151,7 15,9 14,9 

  

And the emission factor for CO2  is 0.085 kg CO2-e/kWh, it is the average value for 

the Nordic electricity mix (Swedish Energy 2010, Varmeforsk 2011, SOU 2008:25). 

 

EPBT analysis of  Mono-crystalline PV cells 

 

The level of irradiation, the type of system and the technology are effected the EPBT, 

in this study, the level of irradiation referred to Stockholm area, since the situation is 

almost the same with Gävle area, which shown below (and in 

www.solelprogrammet.se/beräkningar). The technology is selected as the mono-

crystalline modules. 

 



And based on the type of Mono-crystalline PV system. According to the research of 

Kato K et al, the EPBT of Europe is 1.5-3.5 years of mono-crystalline cells, and the 

lifetime is around 30 years for most of European area (Kato K et al, 1998). 

 

GHG emissions of Mono-crystalline PV system 

For photovoltaic system, the majority part of GHG emissions are the production of 

modules, which occupied 50-80% of the gross, and the other parts is mainly from 

balance of plant and inverter. GHG emission potentially occurs during the 

manufacturing of PV modules and the balance of system. The accumulated energy 

consumption of the manufacturing and construction in PV electricity generation will 

be evaluated. The life cycle !"!  emission is 5.020 kg-!"!/kWp for mono-crystalline 

silicon technology in general according to an analysis report of Schaefer and 

Hagedorn (1992). 

 

Interpretation 

 
According to the life cycle inventory part related to carbon dioxide emissions and 

GHG emissions, it is shown that the photovoltaic system is more environment 

friendly than the electricity grid supplied to the building electricity system.  There are 

many system boundaries involved in the photovoltaic technologies – in this 

assessment is focused on the mono-crystalline modules.  

 

The life cycle of mono-crystalline is the base of assessment that involves a lot 

parameters in the processes, and the manufacturing of mono-crystalline cells is a main 

branch of the life cycle assessment, since most of carbon dioxide emissions produced 

in this period which occupied 50-80% of the total gross. There is no definite data for 

mono-crystalline silicon technology since its various types and locations, but the life 

cycle !"! emission of mono-crystalline modules is around 5 kg-!"!/kWp, this data is 

deduced by the data collection in life cycle inventory part.  

 

The primary energy use during these processes is very different due to the different 

steps of the process, for example the national mix. According to the different life 

cycle assessment results review, it is easy to set a better plan for a new program, it 



benefits that there are represented different system conditions and boundaries of 

mono-crystalline photovoltaic system. 

 

Since the demand of electricity and heating in residential buildings persists unchanged, 

and the carbon dioxide emissions of residential buildings are reduced by energy 

transform changed, the photovoltaic technologies used in building is a good way to 

perform this imperfection of environmental effects.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
	  
	  
	  
	  
	  
	  



	  

Conclusion 
 

In this paper, the aims have been to investigate a group of residential buildings 

located in Gävle, Sweden, with and without a photovoltaic system and to assess 

carbon dioxide emission of both situations. According to these investigations, a plan 

of mono-crystalline modules installation design is derived, and through the general 

data of Gävle area, a carbon dioxide reduction is showed if the modules are installed 

on these residential buildings. 

 

In the case study, the possible installation area is calculated, where is a better place to 

install the modules and to induct solar radiation. And the power output of this case 

study mono-crystalline type is calculated which could be a reference for later 

installation plans. And the results of case study shows the savings of electricity grid is 

almost 76% in Figure 15. They illustrates how the electricity various after the PVs 

installation in every mouth of one year. And through the annual output, performance 

ratio and normalized production, these data are good reference factors of PVs 

installation in economic point of view. 

 

The Energy Policy of Sweden 2013 illustrates the current situation of carbon dioxide 

emissions during operational process of residential buildings. In Sweden, the 

electricity and heating is a main part of energy supply and !"! emissions can be 

reduced by changing the original sources that is causing the emissions releasing. In 

recent decades, the carbon dioxide emission has been reduced by changing the energy 

generation approaches and sources.   

 

The solar module part can be regarded as a part of building structure, since the 

building integration is the physical integration of a PV system into a building. In the 

life cycle of solar modules, carbon dioxide is released in every process. But the 

manufacturing of mono-modules occupied a large part of the !"! emission gross, in 

general, the input energy consumption for manufacturing balanced at 11 – 

40.55MWℎ!/k!! which referred in Table 18. 

 



The carbon dioxide emission of mono-crystalline modules is around 5.02 kg-

!"!/kWp during the production process, according to an analysis report of Schaefer 

and Hagedorn (1992). The purchased electricity of householed in Gävle is 6 kWh/m!. 

Due to this comparison, if a mono-crystalline utility is installed on a residential 

building, in the form of combination of electricity grid and PV modules, the energy 

consumption system can be more environmental friendly. 
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Appendixes  

Appendixes 1: Drawing of residential buildings located in Gävle 

 
 

 

 



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Appendixes 2: The calculating results of Program 1.0 
	  
Table 22: The calculating result of Northwest wall 
Mouth Global radiation on to 

surface 
Electricity of panel Produced electricity, after 

inverter  
 [kWh/m2] [kWh] [kWh] 
Jan 6 124 101 
Feb 12 227 184 
Mars 27 517 419 
April 57 1096 888 
May 72 1423 1153 
June 93 1820 1475 
July 77 1510 1223 
August 62 1203 975 
Sep 33 645 522 
October 21 406 329 
Nov 8 146 119 
Dec 3 59 48 
Total 470 9179 7435 
	  
Table 23: The calculating result of Northwest roof 
Mouth Global radiation on to 

surface 
Electricity of panel Produced electricity, after 

inverter  
 [kWh/m2] [kWh] [kWh] 
Jan 7 43 35 
Feb 13 81 66 
Mars 33 205 166 
April 69 433 351 
May 90 579 469 
June 116 747 605 
July 97 627 508 
August 77 493 399 
Sep 41 260 211 
October 22 137 111 
Nov 8 50 40 
Dec 3 21 17 
Total 577 3676 2977 
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  



Table 24: The calculating result of Northeast  
Mouth Global radiation on to 

surface 
Electricity of panel Produced electricity, after 

inverter  
 [kWh/m2] [kWh] [kWh] 
Jan 6 46 37 
Feb 11 82 67 
Mars 25 175 142 
April 57 407 330 
May 68 490 397 
June 89 641 519 
July 75 542 439 
August 61 434 351 
Sep 35 248 201 
October 21 149 120 
Nov 7 54 43 
Dec 3 22 18 
Total 460 3290 2665 
	  
Table 25: The calculating result of Southeast wall 
Mouth Global radiation on to 

surface 
Electricity of panel Produced electricity, after 

inverter  
 [kWh/m2] [kWh] [kWh] 
Jan 28 350 284 
Feb 22 277 224 
Mars 71 879 712 
April 126 1570 1272 
May 104 1282 1038 
June 120 1468 1189 
July 101 1237 1002 
August 110 1363 1104 
Sep 76 941 762 
October 55 689 558 
Nov 28 352 285 
Dec 14 173 140 
Total 855 10581 8570 
	  



Table 26: The calculating result of Southeast roof 
Mouth Global radiation on to 

surface 
Electricity of panel Produced electricity, after 

inverter  
 [kWh/m2] [kWh] [kWh] 
Jan 28 182 147 
Feb 24 157 127 
Mars 84 548 444 
April 155 1021 827 
May 137 899 728 
June 164 1071 868 
July 136 887 718 
August 141 921 746 
Sep 91 598 485 
October 59 386 313 
Nov 29 187 152 
Dec 13 88 71 
Total 1061 6946 5627 
 
Table 27: The calculating result of Southwest wall 
Mouth Global radiation on to 

surface 
Electricity of panel Produced electricity, after 

inverter  
 [kWh/m2] [kWh] [kWh] 
Jan 27 201 163 
Feb 26 192 155 
Mars 78 580 470 
April 122 892 723 
May 107 775 628 
June 125 898 728 
July 106 765 620 
August 111 807 654 
Sep 75 549 445 
October 54 398 322 
Nov 29 213 173 
Dec 12 89 72 
Total 872 6359 5151 
 
 
 
 
 
 
 
 
 



Appendixes 3: List of Figures and Tables 
 
 
Fig.1: A solar module 

Fig.2: Individual photovoltaic (PV) cells (A) are combined in series strings (B) to      

obtain higher voltage. Series strings are encapsulated together to form a module (C), 

modules are connected in series strings, and module series strings are connected in 

parallel to form a PV array (D) that produces the desired voltage and power  

Fig.3: A simplified energy band diagram used to describe semiconductors. 

Fig.4: Current-Voltage characteristic of P-N junctions 

Fig.5:  Layer structure of basic silicon cell 

Fig.6: Framework of life cycle assessment 

Fig.7: Flow chart of the life-cycle stages for PV systems 

Fig.8: Façade to the northeast of Norra Fiskargatan, Gävle 

Fig.9: Façade to the northwest of Norra Fiskargatan, Gävle 

Fig.10: Façade to the southeast of Norra Fiskargatan, Gävle 

Fig.11 The electricity distribution in every mouth of one year 

Fig.12: General steps considered in mono-crystalline modules in PV system 

Fig.13: Manufacturing of mono-crystalline cells 

Fig.14: Energy use in manufacturing of mono-crystalline modules 

Fig.15 : Distribution of life cycle primary energy use in solar PV system 
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Table 2: Data of PV systems in building of European Union  

Table 3: 50W Solar Panel Characters 

Table 4: 250 W grid tie inverter characters 
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Table 16: The results of Program Solelekonomi 1.0, including Annual output, 

Performance ratio and Normalized production 
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building and electricity supplied by the grid in Program Solelekonomi 1.0. 
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