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Abstract 

Microgrid can provide stable, clean, and sustainable electricity supply for remote places since it can 

operate on renewable energy sources and work isolated from the utility grid. This thesis evaluates 

the life cycle greenhouse gas (GHG) emissions of the microgrid system which is located at the 

‘North-five Islands’ of Changshan archipelago in China. The existing electricity generation 

technologies of the microgrid system are wind turbine, PV system and diesel generators with the 

capacity of 2 MW, 300 kW and 2046 kW, respectively. The total demand of electricity (362.2 GWh) 

will be supplied by the wind turbine, PV system and diesel generators with 32.03%, 2.36% and 

65.62%, respectively, if  the microgrid system is required to supply the electricity demand for the 

‘North-five Islands’ area alone under the islanded mode during 20 years lifespan. The thesis uses the 

Life Cycle Assessment (LCA) to evaluate the life cycle GHG emissions of the microgrid system. 

The life cycle stages of this study include: raw material extraction, manufacturing, transportation 

and operation. In order to assess the environmental benefits of the microgrid system, three 

electricity supply options – ‘microgrid electricity supply option’, ‘grid extension electricity supply 

option’, and ‘conventional fossil diesel generators electricity supply option’ are designed to evaluate 

the life cycle GHG emissions for supplying 20 years electricity demand (362.2 GWh) of the ‘North-

five Islands’. 

The results show that the life cycle GHG emissions of the ‘microgrid electricity supply option’ are 

223.19 million kgCO2eq. Compared to the ‘grid extension electricity supply option’ and ‘conventional 

fossil diesel generators electricity supply option’, the net savings of  the GHG emissions are 70.56 

and 112.18 million kgCO2eq, respectively. It mainly results from the differences of  the electricity 

supply methods of  the three electricity supply options. For the ‘microgrid electricity supply option’ 

itself, the operation stage takes the most responsibility of  the life cycle GHG emissions with 97.6%. 

The raw material extraction, manufacturing and transportation stages account for 1.93%, 0.44% and 

0.026%, respectively. For the system components of  the microgrid system, the wind turbine, PV 

system, diesel generators, energy storage system, and cables account for 0.34%, 0.18%, 97.75%, 

0.60%, and 1.12%, respectively, of  the microgrid system’s life cycle GHG emissions.  

The thesis conducts the sensitivity analysis of  diesel burn rate efficiency (L/kWh) of  the microgrid 

system’s diesel generators due to a large quantity (60.84 million L) of  diesel consumption by the 

diesel generators during 20 years operation time. According to the results of  the sensitivity analysis, 

the diesel burn rate efficiency can directly impact the diesel consumption of  the diesel generators, 

and consequently has a significant impact on the life cycle GHG emissions of  the ‘North-five 

Islands’ microgrid system. Since the diesel burn rate efficiency represents the amount of  diesel 

consumption, this results highlight the significance of  any factors that affect the diesel consumption 

(e.g. quantity of  diesel, temperature, altitude, etc.), in affecting the life cycle GHG emissions of  the 

‘North-five Islands’ microgrid system. In addition, the thesis performers the sensitivity analysis of  
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renewable energy (wind and solar energy in specific) fraction of  the studied microgrid system 

because of  the huge potential of  available renewable energy (63.65 MW of  wind turbines) nearby 

the microgrid system. The results of  the sensitivity analysis show that the life cycle GHG emissions 

of  the microgrid system decrease linearly with the increase of  wind and solar energy fraction. 

Particularly, the life cycle GHG emissions of  the microgrid system decrease 1.46% (3.26 million 

kgCO2eq) and 1.37% (3.05 million kgCO2eq) with an increase of  1% in wind and solar energy, 

respectively. 

 

Keywords: Microgrid system, Life cycle Assessment (LCA), Climate change impact, Greenhouse 

gas emissions (GHG), China 
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1. Introduction 

This chapter presents the motivation for analyzing the life cycle GHG emissions of  the microgrid system 

which is located at the ‘North-five Islands’ of  Changshan archipelago in China. Thesis goal, research 

gap and contributions, and thesis outline are provided in this chapter. 

1.1 Motivation  

The access of  electricity is one of  the most important issues in modern life. However, 20% of  the 

global population are still out of  the reach of  electricity. The barriers include geographical 

obstruction, low load densities, transmission power losses and high investment cost [1]. Microgrid 

system is a collection of  regional distributed generation, loads and electricity network to meet the 

regional electricity demand [2]. Microgrid system become a heated research topic since it can provide 

electricity in local area and avoid transmission losses via long distance cable from the utility grid. 

China has made the target to peak CO2 emission by 2030 and try to accomplish it as soon as possible, 

reduce the emission of  CO2 per unit of  GDP by 60% to 65% by 2030 compared with the 2005 

level, increase the proportion of  non-fossil fuels in primary energy consumption to nearly 20% [3]. 

Therefore, this thesis responds to a requirement of  quantifying the GHG emissions of  the 

microgrid system, and evaluates the quantity of  GHG emission saving by changing the share of  the 

renewable energy (wind and solar energy in specific) of  the microgrid system’s electricity supply.    

The studied microgrid system servers the ‘North-five Islands’ of  Changshan archipelago in China. 

The microgrid system is designed as a demonstration project to verify the feasibility of  applying 

microgrid system in Changshan archipelago area. If  the government finds interests of  taking the 

usage of  the microgrid system based on its performance, the service of  microgrid system may be 

extended from the ‘North-five Island’ to the whole archipelago. For instance, the capacity of  the 

wind turbine in the ‘North-five Islands’ microgrid system is 2 MW while the total available capacity 

of  the wind turbines on the whole Changshan archipelago are 63.65 MW [4]. That leaves a huge 

potential for introducing more wind turbines into further constructed microgrid system. Therefore, 

the thesis conducts a sensitivity analysis on the share of  renewable energy (wind and solar energy in 

particular) of  the microgrid system to reveal how would the lifecycle GHG emissions of  the 

microgrid system be affected by this share. In addition, the thesis also performers a sensitivity 

analysis on the diesel burn rate efficiency (L/kWh) of  the diesel generators of  the microgrid system. 

Because huge proportion (65.62%) of  the electricity supply of  the studied microgrid system is 

provided from the diesel generators. 

Apart from evaluating the life cycle GHG emissions of  supplying electricity with the microgrid 

system (The way of  supplying the electricity with the microgrid system is named as the ‘microgrid 

electricity supply option’), the thesis also evaluates the life cycle GHG emissions of  two 

conventional electricity supply methods (i.e. ‘grid extension electricity supply option’ and 
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‘conventional fossil diesel generators electricity supply option’) to compare with the ‘microgrid 

electricity supply option’ in order to quantify the net savings of  the GHG emissions. 

The Life Cycle Assessment (LCA) is a concept that is utilized to evaluate the environmental impact 

of  the particular service or product during its entire lifetime [5]. LCA is considered as one of  the 

best tool to compare the impact of  alternative technologies [6][7][8] because it contains all the 

process and environmental discharges during the production stages of  the product, and therefore 

helps avoiding burdens shifting of  environmental issue from one location to another along the 

production chain [9]. Thus, the LCA is chosen as the tool to evaluate the GHG emissions of  the 

three electricity supply options. The International Organization for Standardization (ISO) 14040 [10] 

and 14044 [11] present the framework for LCA applications. A LCA study contains four phases: 

goal and scope definition, life cycle inventory, life cycle inventory, life cycle impact assessment, and 

life cycle interpretation. Detailed definitions of the four stages will be presented in section 4.1. 

Previously, the LCA study of  environmental performance has been extensively applied to individual 

renewable electricity generation technology, such as LCA studies on photovoltaic (PV) and wind 

energy systems [12]-[25]. However, these studies only focused on individual renewable electricity 

generation technology rather than a microgrid system. In fact, only few studies [6][26]-[28] 

performed the LCA on the microgrid system and none of  these studies evaluated Chinese microgrid 

system. Some of  the studies [6][26]-[28] have their own shortage. Specifically, Cameron Smith et al. 

[26] carried out a LCA study on a diesel/PV/wind hybrid microgrid system, and made comparisons 

of  the life cycle environmental impacts among different electricity supply scenarios. However, the 

scale of  this study is small, thus there is a need to conduct the LCA study of  a large-scale hybrid 

microgrid system. The LCA study on the CHP-based microgrid system made by Di Zhang et al. [6] 

only focused on the manufacturing phase and use phase. Daniel O. and Ramesh K. [27] preformed 

the LCA study on a SPM, and made a comparison of  life cycle GHG emissions between the SPM 

electricity supply method and diesel system electricity supply method. But the study only considered 

the operation stage of  the involved diesel generator while considered the whole life cycle stages of  

the SPM. It makes the comparison not very accurate. Alexander, Norman and Florian [28] made the 

LCA study on the microgrid system, and presented that the life cycle GHG emissions various a lot 

based on different microgrid configurations.  

Therefore, the research gap is identified as a need of  the LCA study on a Chinese microgrid system. 

This thesis aims to make a contribution to bridge the mentioned research gap, by evaluating the life 

cycle GHG emissions of  a Chinese microgrid system through the LCA. Chinese local data is utilized 

for the involved emission factors (e.g. the emission factor of  raw material extraction, electricity 

consumption, transportation, etc.) during the LCA study in order to enhance the accuracy of  the 

results. The results of  the thesis can act as a reference when considering the life cycle GHG 

emissions of  Chinese microgrid system for further studies and decision-making.  
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1.2 Thesis objective and research questions 

The objective of  this thesis is to reveal the life cycle GHG emissions of  the microgrid system by 

taking a case study of  a microgrid system at the ‘North-five Islands’ of  Changshan archipelago area 

in China.  

Key research questions of  this thesis are presented as follows: 

1. What is the life cycle GHG emission of  the ‘North-five Islands’ microgrid system? 

2. How much GHG emissions would be saved by the microgrid system compared with the 

conventional electricity supply options (i.e. fossil diesel power generation and grid extension)? 

3. How would the diesel burn rate efficiency (L/kWh) of  the microgrid system’s diesel generators 

affect the life cycle GHG emissions of  the microgrid system? 

4. How would the life cycle GHG emissions of  the microgrid system be saved by increasing the 

share of  the renewable energy of  the microgrid system? 

By answering the four questions, the thesis aims to quantify the life cycle GHG emissions of  the 

microgrid system and net savings of  GHG emissions among the three electricity supply options. 

Previous study [26] presents that the diesel burn rate efficiency of  the diesel generator is related 

with its capacity. There is a general trend for larger diesel generator to has a higher diesel burn rate 

efficiency. The diesel burn rate efficiencies of  the diesel generators has a significant impact on the 

life cycle GHG emissions of  the microgrid system because 65.62% of  the electricity supply of  the 

microgrid system is provided by the diesel generators [4]. Therefore, the thesis will take the 

sensitivity analysis on the diesel burn rate efficiency of  the diesel generators to reveal how would 

the diesel burn rate efficiency affect the life cycle GHG emissions of  the microgrid system. In 

addition, although the capacity of  the wind turbine of  the microgrid system is 2 MW, there is a  

huge potential of  wind energy (65.65 MW [4]) at Changshan archipelago as mentioned in section 

1.1. Thus, the sensitivity analysis of  the share of  the renewable energy (wind and solar energy in 

specific) of  the microgrid system will be conducted to show how would the share of  renewable 

energy affect the life cycle GHG emissions of  the microgrid system. 

1.3 Outline of the thesis 

The thesis is divided into six chapters as presented in Figure 1 and the information of  each chapter 

is given as below. 

Chapter 1 provides motivation, project goal and outline of  the thesis. 

Chapter 2 offers the technical background and general information of  microgrid system. In addition, 

information of  the specific case study that is the ‘North-five Islands’ microgrid system is presented 

in this chapter. 
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Chapter 3 reviews previous LCA studies of  wind, solar, and diesel energy systems, as well as 

microgrid systems. It provides solid references for identifying the research gap. Also, the results of  

the reviewed LCA studies are concluded so that it can be compared with the results of  the thesis 

later on (in section 5.3). 

Chapter 4 illustrates the definitions of  the three electricity supply options (namely microgrid 

electricity supply option, grid extension electricity supply option and conventional fossil diesel 

generators electricity supply option) and their system boundaries. The research methodology, 

functional unit, inventory data and emission factors are provided in this chapter.  

Chapter 5 offers the LCA results of  the three electricity supply options and discussions for these 

results. In addition, this chapter illustrates the results and discussions of  the sensitivity analyses. 

Chapter 6 summarizes the results and draws the conclusions. This chapter firstly summarizes the 

life cycle GHG emissions of  the three electricity supply options, secondly highlights the net savings 

of  the GHG emissions of  supplying 20 years’ electricity for the ‘North-five Islands’ by using the 

microgrid system when compared to the other two electricity supply options, and lastly draws a 

conclusion from the sensitivity analyses. 
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Figure 1. Outline of  the thesis. 
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2. Microgrid system: an overview 

This chapter provides the information of  technical background for general microgrid system. In addition, 

this chapter offers information about the studied microgrid system, such as location, system components, 

importance of  building the microgrid system, and benefits of  the microgrid system. 

2.1 Technical background of microgrid system 

The concept of microgrid is proposed by the Consortium for Electric Reliability Technology 

Solutions (CERTS) [29]. As an alternative choice to traditional centralized energy generation, 

microgrid can supply energy locally by taking the usage of distributed energy resources (DER) [6]. 

DER contains energy generation, energy storage system, and load management options. The units 

of the involved energy generation are located nearby the end user [30]. However, DER systems have 

some problems such as large initial cost and community acceptance [31]. The aggregation and 

integration of different DER systems led to the concept of microgrid that can minimize the negative 

impacts of single usage of DER system [32]. 

Microgrid system can work parallel with the utility grid when connected with it, and it can also work 

on itself when disconnected with the utility grid. It is called the islanded mode when microgrid 

system is working on its own. When operating under the islanded mode, microgrid should be able 

to utilize locally generated electricity to maintain the essential service for the loads within the 

microgrid system [29]. The distributed generations in microgrid can be renewable energies as well 

as fossil fuel based system such as diesel generator. The intermittency of some renewable resources 

(such as wind and solar energy) can lead to challenge to the grid and electricity generation device. 

Microgrid system has the ability to overcome this challenge with advanced microgrid controls [29].  

2.2 Description of the case study - the ‘North-five Islands’ 

microgrid system in China 

2.2.1 Basic information 

The studied microgrid system is located on the ‘North-five Islands’ which belong to Changshan 

archipelago in China. Geographical coordinates of  Changshan archipelago is 37°53′N-38°28′N and 

120°35′E-120°56′. The archipelago consists 32 islands with the area of  55.96 km2. The population 

of  the archipelago is 44619 [4]. Specifically, the ‘North-five Islands’ of  Changshan archipelago refers 

to Tuoji island (砣矶岛), Daqing island (大钦岛), Xiaoqing island (小钦岛), Nanhuangcheng island 

(南隍城岛) and Beihuangcheng island (北隍城岛). Specific geographical location of  Changshan 

archipelago is presented in Figure 2 [4]. 
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Figure 2. Map of  Changshan archipelago. 

The ‘North-five Islands’ microgrid system was contracted on the year 2014 and acted as a 

demonstration project [4]. The circuit diagram of  the microgrid system can be observed from Figure 

3 [4]. When operating under the islanded mode, the microgrid system is designed to fully supply the 

electricity for the ‘North-five Islands’ area with annual electricity demand of  18.11 GWh [4]. 

Generally, the electricity demand of  the ‘North-five Islands’ area is supplied by the 220 kV 

transformer substation which named Tangqiu (汤邱站) on the main land. The electricity is firstly 

transferred to the 35 kV Changshan (长山站) transformer substation through a 110 kV submarine 

cable ( the length of  the 110 kV cable is 10.1 km) , and then supplied to the ‘North-five Islands’ 

through two 35 kV transformer substation that are Tuoji (砣矶站) and Daqing（大钦站）

transformer substations [4]. The length of  the 35 kV cable between Changshan and Tuoji 

transformer substations is 25 km, while the length of  the 35 kV cable between the Tuoji and Daqing 

transformer substations is 15 km. In addition, the lengths of  the 10 kV cables that are paved in the 

‘North-five Islands’ are 70 km [4].  

The microgrid system is used as a backup electricity supply method if  necessary. Generally, the 

microgrid system is connected with the utility grid, and it acts as an emergency electric source in 

case break down occurs on the cable which connects the archipelago with the utility grid. It should 

be noticed that before the construction of  the microgrid, there were 3944 kW of  diesel generators 

existed on the ‘North-five Islands’ and worked as the back-up electric source [4]. However, none of  

this part of  diesel generators is introduced into the microgrid system because the diesel generators 

12

长山站
110kV/31.5MW

砣矶站
35kV/2+3.15MW

大钦站
35kV/3.15MW

长岛站
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W

华风站
110kV/31.5MW

汤邱站
220kV/31.5MW

大唐联凯风电
12MW

华能风电
24.45MW

华能风电
27.2MW
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are too old to have the function of  automatic control (can be switch on/off  automatic when there 

is a need by the microgrid system). Therefore, this part of  diesel generators will be called as ‘the old 

diesel generators’ in order to distinguish from the diesel generators (2046 kW) of  the microgrid 

system. 

The microgrid system contains three electricity generation technologies that are wind turbine, multi-

Si (multi-crystalline silicon) PV system and diesel generators with the capacity of  2 MW, 300 kW 

and 2046 kW, respectively [4]. When operating under the islanded mode, the annual demand of  the 

electricity of  the microgrid system is provided from the wind turbine, PV system and diesel 

generators with 32.03%, 2.36% and 65.62%, respectively. The proportion of  the electricity supply 

is calculated based on the capacity of  the electricity generation technologies and local climatological 

conditions. Section 4.7.3 offers the detailed calculation process of  the proportion of  the electricity 

supply. 1 MWh Li-ion batteries and 300 kWh lead acid batteries are included in the microgrid system 

to act as the energy storage system [4].  

Wind and solar power are used as the prioritized energy sources. Although the diesel generators is 

the primary energy source of  the microgrid system, it is only used when the renewable energy is not 

available and electricity is not available from the energy storage system as well [4]. 
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Figure 3. Circuit diagram of  the ‘North-five Islands’ microgrid system. 

(Adopted from the feasibility report of  Changshan microgrid project [4], and modified by the thesis author Yuning Jiang.)
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2.2.2 Purpose of building the ‘North-five Islands’ microgrid: 

Why the microgrid is important in the area? 

Access to electricity for Changshan archipelago is limited through only one 110 kV cable between 

Changshan archipelago and the utility grid that is located on the main land. Should break down 

occurred on this cable, the whole archipelago would be out of  electricity. The cable was built in the 

seventies of  last century and suffered from corrosion as it is paved under the ocean. As a result, 

many stoppages have happened especially in recent years. The most serious stoppage occurred in 

2010 caused a loss of  842300 kWh electricity and 3.965 million CNY [4]. 

The purpose of  designing the microgrid system on the ‘North-five Islands’ is to verify the feasibility 

of  applying microgrid system in Changshan archipelago area. The total capacities of  wind turbines 

on Changshan archipelago are 63.65 MW, while 2 MW wind turbine is introduced into the ‘North-

five Islands’ microgrid system [4]. The studied microgrid system acts as a demonstration project that 

only serves the ‘North-five Islands’ area. More wind turbines may be introduced to serve the whole 

archipelago in the future if  the government finds the interest based on this demonstration project. 

In addition, 300 kW of  PV system is included in the microgrid system in order to test the 

performance of  PV system in Changshan archipelago area [4]. The performance of  the PV system 

can provide a reference for introducing PV system in this area in the future. 

2.2.3 Benefits of the microgrid system 

There are several benefits of  supplying electricity with the microgrid system, especially compared 

with the electricity supply option of  conventional fossil diesel generators. 

As mentioned in section 2.2.1, Before the construction of  the microgrid system, the old diesel 

generators were used as the back-up electricity supply methods against the emergency situation 

(break down occurs on the utility grid, the submarine cable breaks, etc.). For the microgrid system, 

the wind and solar energy are used as the prioritized energy source. The diesel generators of  the 

microgrid system are used as the back-up electric source when renewable energy is not available. 

This option of  using the renewable energy as the prioritized energy source makes the microgrid 

system more environmental friendly compared with the electricity supply option of  conventional 

diesel generators.  

As presented in section 2.2.1, an energy storage system with the capacity of  1.3 MWh is included in 

the microgrid system. The function of  the energy storage system of  the microgrid is to smooth 

fluctuation of  voltage and frequency of  the electricity produced from wind and solar energy. Also, 

the energy storage system can store the excess energy for later use. Specifically, it can be observed 

from Figure 3 that the energy storage system is divided into three parts. The first part is connected 

with 2 MW wind turbine in order to smooth the fluctuation of  the voltage and frequency of  the 

electricity produced by the wind turbine. The second part is connected with 300 kW PV system, and 

utilized to smooth the fluctuation of  the electricity that is produced from the PV system. The third 
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part is connected with the electricity loads, and receives the excess electricity in the microgrid system 

for later use [4]. 

It can be observed from Figure 3 that there is an electric switch between the wind turbine and the 

bus line. The sketch of  the function of  the electric switch is presented in Figure 4. The voltage of  

the electricity produced by the wind turbine is 690 V. This part of  electricity will go through the 

transformer of  the wind turbine and stepped up to 35 kV, and then supplied to the 35 kV cable. 

The electricity produced by the PV system firstly goes through the inverter, and then it shares the 

transformer of  the wind turbine before supplied to the 35 kV cable. Therefore, the electric switch 

is designed to be switched off  automatically when break down occurs on the wind turbine side so 

that the breakdown would not affect the usage of  the PV system. 

 

 

Figure 4. Sketch of  the function of  the electric switch. 

(Adopted from the feasibility report of  Changshan microgrid project [4], and modified by the thesis author 

Yuning Jiang.) 
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3. Literature review 

This chapter introduces the LCA studies of  PV systems, wind energy systems, diesel generators and 

microgrid systems. The observations of  the reviewed studies are presented in the chapter.  

The numbers of  previous LCA studies of  diesel generators and microgrid systems are few, but the 

LCA studies of  individual renewable electricity generation technology such as PV and wind energy 

systems have been carried out extensively. Since the studied microgrid system in this thesis includes 

PV and wind energy systems, the LCA studies of  these two renewable energy systems are reviewed 

individually in the following sector. Since most of  the previous LCA studies of  diesel generators are 

part of  hybrid energy systems such as microgrid system, the descriptions of  LCA studies of  diesel 

generators and microgrid systems are presented together in section 3.3. Specifically, the reviewed 

studies [26][27] of  microgrid system include the LCA of  diesel generators.  

The reviewed studies in the section can offer solid references to help the identification of  the 

research gap which has been identified in section 1.1 In addition, for the purpose of  validating the 

thesis results, the results of  the reviewed LCA studies will be summarized in section 3.4 and 

compared with the LCA results of  this thesis in section 5.3. 

3.1 LCA of PV systems  

The literature review of  previous LCA studies of  PV systems is conducted as shown in Table 1 [12]-

[17]. Details of  these studies are presented as follows. For these studies, systematic reviews and 

specific case studies are both included.  
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Table 1. Previous LCA studies of  PV systems [12]-[17]. 

Author 
Published 

year 

Number of 

involved 

study case 

Location 
Type of solar 

module  
Type of PV panel Capacity 

Life time 

(years) 

Life cycle GHG 

emission intensity      

(gCO2eq/kWh) 

N. Jungbluth [12] 2005 12 Switzerland a-Si and multi-Si Panel 3 kW 30 39-110 

Fthenakis et al. [13] 2006 12 EU and US multi-Si 
Integrated in the 

roof construction 
/ 30 37 

    12 EU and US mono-Si 
Integrated in the 

roof construction 
/ 30 45 

Ito et al. [14] 2008 1 China mono-Si Panel 100.8 MW 20 12.1 

   China multi-Si Panel 105.1 MW 20 9.4 

   China a-Si Panel 109.6 MW 20 15.6 

   China CdTe Panel 104 MW 20 12.8 

     China CIS Panel 103.7 MW 20 10.5 

Sherwani AF et al. [15] 2010 7 
US, Japan, Netherlands, 

India, UK, Singapore 
mono-Si Panel 2.7-300 kW 20 44-280 

  7 
China, Japan, Italy, Greece, 

US 
multi-Si Panel 1 kW-100 MW 20 9.4-104 

  5 China, Netherlands, US a-Si Panel 8-100 MW 20 15.6-50 

In Bravi et al. [16] 2011 6 Switzerland multi-Si Panel 1 kW 20 37-67 

  6 Switzerland a-Si Panel 1 kW 20 32-58 

  6 Switzerland CIS Panel 1 kW 20 34-62 

  6 Switzerland CdTe Panel 1 kW 20 33-65 

 



14 

 

(Table 1 continued) 

Author 
Published 

year 

Number of 

involved 

study cases 

Location 
Type of module 

technology 
Panel type Capacity 

Life time 

(years) 

Life cycle GHG 

emission intensity      

(gCO2eq/kWh) 

D. Zhang et al. [17] 2012 1 China multi-Si Panel 4.2 kW 20 64 

* multi-Si (multi-crystalline silicon), a-Si (amorphous silicon), mono-Si (monocrystalline silicon), CdTe (cadmium telluride), CIS (copper indium selenium). 
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Niels Jungbluth [12] performed a LCA study of the PV systems by using the Swiss ecoinvent 

database. The study involved twelve different grid-connected PV systems which were located in 

Switzerland. The studied PV systems were manufactured in the form of panels or laminates. The 

solar cells were made from mono-Si. The capacities of the PV systems were 3 kWp. The operation 

time of the PV systems was 30 years. The system components of the PV systems were solar 

panel/laminate, electric components and mounting system. The process data in the study contained 

quartz reduction, silicon purification, wafer, panel and laminate production. The results presented 

that the life cycle GHG emission intensities of the PV systems were 39-110 gCO2/kWh. The results 

illustrated that the assumption of electricity mixes during the production stage had a significant 

impact on the results of the LCA. 

Vasilis Fthenakis and Erik Alsema [13] published a LCA study of the photovoltaics by using the 

latest manufacturing data at the time. The study focused on the usage of the latest data from silicon 

feedstock production to PV module production. The manufacturing data was provided from twelve 

European and US photovoltaic companies. The involved photovoltaics were the type of roof-top 

installation. The European irradiation (1700 kWh/m2/yr) was used as the isolation condition. The 

system component of the photovoltaics only considered the PV modules. The lifetime of the 

photovoltaics was 30 years. The life cycle stages started from the mining process of solar cell 

materials to the final decommissioning and disposal. The ExternE methodology was used as the 

research methodology. The results illustrated that the life cycle GHG emission intensities of the 

multi-Si and mono-Si PV modules were 37 and 45 gCO2/kWh, respectively.  

Ito et al. [14] conducted the LCA study of five 100 MW PV systems with the type of mono-Si, multi-

Si, a-Si, CdTe and CIS based PV modules. The system components of the PV systems were solar 

modules, cable, inverter with transformer, circuit breaker, pylon, and foundation. The PV systems 

were located in the Gobi desert with the irradiation of 1702 kWh/m2/yr. Specifically, the title angle 

of the PV systems were 30-degree and thus the particular irradiation for the PV systems was 2017 

kWh/m2/yr. All the PV systems were panel PV system with the life time of 30 years. The life cycle 

GHG emission intensities of the mono-Si, multi-Si, a-Si, CdTe and CIS modules based PV systems 

were 12.1, 9.4, 15.6, 12.8 and 10.5 gCO2/kWh, respectively.  

A.F. Sherwani, J.A. Usmani and Varun [15] reviewed 19 previous LCA studies of the PV systems. 

The locations of the involved PV systems were Europe, Asia, and US. The types of the involved PV 

modules were mono-Si, multi-Si and a-Si with the capacity of 2.7-300 kW, 1 kW-100 MW, and 8-

100 MW, respectively. The results showed that the life cycle GHG emission intensities of the mono-

Si, multi-Si and a-Si solar module based PV systems were 44-280, 9.4-104, and 15.6-50 gCO2/kWh, 

respectively.  

In Bravi et al. [16] made an in-depth life cycle analysis of the novel-connected photovoltaic 

micromorph system, and made comparisons with the CIS, CdTe photovoltaic technologies. The PV 

systems were located in Switzerland with the irradiation of 1700 kWh/m2/yr. The lifetime of the 
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PV systems was set to be 20 years. The system components of the PV systems were solar modules, 

balance of system, framework, cables and contact boxes. The system boundary included the 

production of the PV systems, transportation, operation and disposal. The SimaPro software was 

utilized for the LCA process. The results presented that the life cycle GHG emission intensities of 

the multi-Si, a-Si, CIS, and CdTe solar module based PV systems were 37-67, 32-58, 34-62 and 33-

65 gCO2/kWh, respectively.  

Da Zhang et al. [17] conducted the LCA study of a multi-Si PV system and made comparisons with 

the coal-fired power in China in order to show the environmental benefits of the PV system. Four 

life cycle stages that were PV module production, transportation, installation and operation were 

considered within the system boundary. The system boundary of the coal-fired power included 

equipment production, equipment transportation, plant construction, plant operation, coal 

transportation and coal production. The lifetime of the PV system was 20 years while lifespan of 

the coal-fired power was 30 years. The results showed that the life cycle GHG emission intensity of 

the studied multi-Si PV system was 64 gCO2/kWh. Compared with previous studies, this result 

indicated good capacity for China to produce PV modules. In addition, when comparing with the 

coal-fired power, the net savings of the GHG emissions of taking the usage of the PV system to 

generate electricity was 960 g/kWh according to the results. 

It can be concluded that the life cycle GHG emission intensity of  PV system has high variability, 

and it is caused by a set of  parameters. The parameters that can influence the life cycle GHG 

emission intensity are cell types, system boundary, manufacturing process, and location of  the PV 

system. It also can be observed that almost every study related all the GHG emissions to 

infrastructure, particularly to the solar cell manufacturing, however ignored the impact from the 

process of  maintenance.  

3.2 LCA of wind energy systems  

The involved wind turbine in the ‘North-five Islands’ microgrid system is an onshore and horizontal 

axis wind turbine, thus the literature review of previous LCA studies of wind energy systems will 

focus on the type of onshore and horizontal axis wind turbine. The reviewed LCA studies of the 

wind energy systems are presented in Table 2 [18]-[25]. Details of these LCA studies are described 

as below.
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Table 2. Previous LCA studies of  wind energy systems [18]-[25]. 

Author 
Published 

year 
Location Site 

Hub height 

(m) 

Lifetime 

(years) 

Rotor 

diameter 

(m) 

Number of 

involved 

turbine 

Capacity 

Life cycle GHG 

emission intensity      

(gCO2eq/kWh) 

Faisal I. Khan et al. [18] 2005 Canada Onshore / 20 / 1 4.5 MW 35-41 

Fulvio Ardente et al. [19] 2008 Italia Onshore 55 20 50 11 
660 kW of each 

wind turbine 
8.8-18.5 

R.H. Crawford [20] 2009 Australia Onshore 60, 80 20 52, 90 2 850 kW, 3 MW 8.29, 9.10 

Brice Tremeac et al. [21] 2009 France Onshore 124 20 113 2 250 W, 4.5 MW 16, 46 

Yuxuan Wang et al. [22] 2012 

Three 

developed 

countries and 

China 

Onshore，

Offshore, 

Onshore, 

Onshore 

/ 20 / 
186 100, 

100, 116 

1.65 MW, 3.0 MW, 

3.0 MW, 850 kW of 

each wind turbine, 

respectively 

5.0-8.2 

Nesrin Demir et al. [23] 2013 Turkey Onshore 50, 80, 100 20 
33, 48, 

53, 82, 82 
5 

330, 500, 810, 2050, 

3020 kW 
15.1-38.3 

Shiyu Ji, Bin Chen [24] 2016 China Onshore / 21 / 24 
2000 kW of each 

wind turbine 
5.38 

Lei Xu et al. [25] 2018 China Onshore 65, 50 20 77, 50 18, 30 

1.5 MW, 0.75 MW 

of each wind 

turbine, respectively 

8.65 
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The LCA study of  a Canadian wind turbine system with a fuel cell energy storage system was 

performed by Faisal I. Khan et al [18]. The capacity of the studied wind turbine was 4.5 MW while 

the capacity of the fuel cell was 500 kW. The system components of the wind turbine system were 

wind turbines, fuel cell, electrolyzer and other accessories. The LCA databanks were utilized to 

provide data for environmental burden of the key materials and recycle. Raw material extraction, 

manufacturing assembly, transportation, and decommissioning were considered as the life cycle 

stages in this study. The wind-fuel system was considered as a zero emission system during the 

operation stage. The lifetime of the wind-fuel system was 20 years. By using three inventory data 

sources, the results showed that the life cycle GHG emission intensity of the wind-fuel system was 

35-41 gCO2eq/kWh.  

Fulvio Ardente et al. [19] conducted the LCA study of an Italian wind farm that contained 11 wind 

turbines with the capacity of 660 kW of each wind turbine. The considered life cycle stages were 

raw materials extraction, components manufacturing, transportation, installation, maintenance, 

disassembly and disposal. The system components of the wind turbine system were transformers, 

tower, nacelle and rotors. The results presented that the life cycle GHG emission intensities of the 

wind turbines varied from 8.8 to 18.5 gCO2eq/kWh. 

Crawford RH [20] performed the LCA study of two Australian wind turbines with the capacity of 

850 kW and 3 MW, respectively. The processes data of this study was obtained from the SimaPro 

Australian database. The system components were the two wind turbines with the components of 

rotor (hub and blades), nacelle (generator, gearbox, breaks, electronic controller, transformer, and 

control system), tower and base. Both of the two wind turbines were horizontal axis, three-blades 

system with the lifetime of 20 years. The considered life cycle stages included the entire life cycle of 

the wind turbines from the raw materials extraction stage to disposal stage. The processes of 

construction, installation and maintenance were also considered within the life cycle. The life cycle 

GHG emission intensity turned out to be 8.29 and 9.10 gCO2eq/kWh for the 850 kW and 3 MW 

wind turbine, respectively. 

Brice Tremeac and Francis Meunier [21] managed the LCA study of two wind turbines that were 

located in the south France. The involved wind turbines were 4.5 MW with horizontal axis and 250 

W with vertical axis. The SimaPro software was utilized to carry out the LCA. The life time of the 

two wind turbines was both 20 years. The involved life cycle stages were manufacturing, 

transportation, installation, maintenance, disassembly and disposal. The system components of the 

wind turbines were tower, nacelle, blade, generator and gearbox. According to the results, the life 

cycle GHG emission intensity of the 4.5 MW and 250 W wind turbines turned out to be 16 and 46 

gCO2eq/kWh, respectively.  

Aiming at evaluating the potential of wind energy for reducing CO2 intensity of the energy sector, 

Yuxuan Wang and Tianye Sun [22] managed the LCA for estimating the life cycle CO2 emission 

intensities of four wind farms (one in China and three in developed countries). For the system 
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boundary, the study considered four life cycle stages (production, transportation, operation and 

disposal) of the wind farms. Each wind farm contained two parts which were wind turbines 

(foundation, tower, nacelle, and rotor) and transmission (internal cables, transformer stations and 

external cables). The details of wind turbine quantity and capacity of each wind turbine were 

presented in Table 2. The results showed that the life cycle CO2 emission intensities of  the wind 

farms varied from 5.0 to 8.2 gCO2/kWh.  

Nesrin Demir and Akif Taskın [23] conducted a LCA study to make a comparison of the 

environmental performance of five different rated power (330 kW, 500 kW, 810 kW, 2050 kW, and 

3020 kW) wind turbines that were operated at three different hub heights (50 m, 80 m, and 100 m). 

The lifetime of the 15 analyzed wind turbine scenarios was 20 years. The GaBi4 life cycle assessment 

software was utilized for the LCA analysis. The system components were wind turbines which 

contained foundation, tower, nacelle (bedplate, nacelle cover, generator, main shaft, and gear box), 

rotor (blades, hub, nose cone, and bolts), cables and transformer station. The whole life cycle from 

raw material extraction stage to disposal stage of the analyzed turbines was taken into consideration. 

The processes of installation, transportation, assembly, and maintenance were included in the life 

cycle of the wind turbines. The results presented that the life cycle GHG emission intensities of the 

wind turbines varied from 15.1 to 38.3 gCO2eq/kWh.  

Shiyu Ji and Bin Chen [24] established a systematic accounting framework with the LCA and input-

output analysis (IOA) to estimate the life cycle CO2 emissions of a Chinese wind farm. The studied 

wind farm included 24 wind turbines with the capacity of 2000 kW of each wind turbine. The annual 

optimal gross electricity output of the wind farm was 127.28 GWh. The life cycle of the wind farm 

was divided into three phases that were construction, operation and dismantling. The inventory data 

of the wind farm was delivered from sources offered by the developer, in the meanwhile, the CO2 

emission factors were obtained from previous study [34]. Calculations of the life cycle CO2 

emissions were based on the input–output table of China from the National Bureau of Statistics 

[35]. The results showed that the total CO2 emissions of the wind farm were 14500 tonnes during 

21 years lifespan. It meant the life cycle CO2 emission intensity of the wind farm was 5.38 g/kWh 

CO2. The construction phase accounted for the largest proportion of the life cycle CO2 emissions 

of the wind farm with 76.74%, followed by the operation phase and decommissioning phase with 

15.32% and 7.94%, respectively. The IOA results indicated that the direct emissions and indirect 

emissions contributed 2.97% and 97.03%, respectively, of the life cycle CO2 emissions of the wind 

farm.  

Lei Xu et al. [25] estimated the environmental performance of a Chinese wind power plant (Saihan 

plant) based on LCA. The involved life cycle stages in the study were production, transportation, 

installation, operation and disposal. The scope of the wind farm included 0.75 MW and 1.5 MW 

wind turbines with the number of 30 and 18, respectively, 800 KVA and 1600 KVA box-type 

transformers with the number of 30 and 18, respectively, one 220 kV step-up transformer, and 

cables. The inventory data was mainly collected from the supplier’s technical and maintenance 
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manual. The emission factors were obtained from the Ecoinvent 2.2 database. The authors 

emphasized that for the most important background data, e.g. electricity mix, specific data of 

Chinese condition was utilized while other background processes were based on global data because 

the lack of localized statistics of this information in China. The LCA was managed by using the 

Gabi 6 software. The results showed that the life cycle GHG emission intensity of the wind farm 

was 8.65 gCO2eq/kWh. The study compared the life cycle GHG emission intensity of the wind farm 

with that of a Chinese coal power plant and a Chinese gas power plant, respectively. The results 

revealed that the life cycle GHG emission intensity of the wind farm was only 0.8% and 1.2%, 

respectively, of the compared coal power plant and gas power plant.  

In a conclusion, it can be observed that the life cycle GHG emission intensity of  wind energy system 

has high variability. It is caused by the parameters of  system boundary, location, capacity, hub height, 

rotor diameter, and lifespan.  

3.3 LCA of diesel generators and microgrid systems 

Cameron Smith et al. [26] performed the LCA study of  the microgrid system on Thai island. The 

electricity generation technologies in the microgrid system were wind energy system, PV system and 

diesel generator. The capacities of  the wind turbine, PV and diesel generator were 5 kW, 9 W and 

65 kW, respectively. The daily electricity demand of  the microgrid system was 265 kWh. Particularly, 

the renewable electricity generation technologies and diesel generators were designed to supply 53 

kWh (30%) and 212 kWh (70%), respectively, of  the daily electricity demand of  the microgrid 

system. The system components of  the microgrid system were diesel generator, solar panels, wind 

turbines, converters, batteries, distribution system, and grid control center. The study designed 

another two electricity supply methods (i.e. home diesel generator scenario and grid extension 

scenario) to make comparisons with the microgrid electricity supply method in order to show the 

environmental benefits of  the microgrid electricity supply method. For the home diesel generator 

scenario, the electricity demand was supplied by 94 home diesel generators with a rated capacity of  

5 kWh at 100% load. The home diesel generators were the only system component considered in 

the home diesel generator scenario. For the grid extension scenario, the electricity demand was 

supplied through the utility grid. The system components of  the grid extension scenario were cable, 

transformer, and infrastructure. The functional unit was defined as providing 265 kWh electricity 

per day (or 1,934,500 kWh in total) to Koh Jig for 20 years, and therefore it allowed comparisons 

among the three scenarios. The life cycle stages for the three scenarios were raw material exaction, 

manufacturing, transportation, use stage. The results presented that the life cycle GHG emissions 

of  the microgrid scenario, home diesel generator scenario and grid extension scenario were 1.23, 

9.57, and 2.36 million kgCO2eq, respectively. It meant the net savings of  the GHG emissions of  

supplying 20 years electricity to Koh Jig by using the microgrid system were 8.34 and 1.13 million 

kgCO2eq compared to the home diesel generator scenario and grid extension scenario, respectively. 

For the diesel generator of  the microgrid system, its capacity was 65 kW and it was designed to 
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supply 212 kWh of  daily electricity demand of  the microgrid system for 20 years as mentioned 

before. The life cycle GHG emissions of  the diesel generator were 1.03 million kgCO2eq. It indicated 

that the life cycle GHG emission intensity of  the diesel generator of  the microgrid system was 

760.62 gCO2eq/kWh. 

Daniel O. and Ramesh K. [27] conducted an environmental analysis to a SPM (solar photovoltaic 

microgrid) for remote communities in Nigeria. The SPM included solar panel, battery, and inverter. 

The SPM was designed to fully provide the electricity demand of  the involved communities. The 

study considered the energy demand growth in the future. The growth of  the annual electricity 

demand was designed as 2%, which means 50% growth of  the electricity over 25 years lifespan of  

the microgrid system. In detail, the annual electricity demand will be increased from 63875 kWh to 

95630 kWh. The capacity of  the SPM was also considered to be increased from 55 kW to 82.5 kW 

corresponding to the growth of  the electricity demand. The life cycle GHG emissions of  the SPM 

were evaluated based on the value obtained from the previous studies of  c-Si photovoltaic module 

[33][36][37]. As a result, the GHG emission intensity of  the SPM was evaluated to be 56.7 

gCO2eq/kWh. The study also provided diesel system as an electricity supply method to make 

comparisons with the SPM electricity supply method. The diesel system was also designed to fully 

supply the electricity demand of the communities with the annual electricity demand increasing from 

63875 kWh to 95630 kWh during the study period of  25 years. The results presented that the GHG 

emission intensity of the diesel system varied from 576 to 695 gCO2eq/kWh, and the GHG emission 

intensity of the diesel system was 10.2-12.3 times of the estimated GHG emission intensity of the 

SPM. This study presented the GHG emission intensities of  diesel systems from the previous 

studies for comparison, such as 870 gCO2eq/kWh in Ref. [38], 763 gCO2eq/kWh in Ref. [39], and 

1178 gCO2eq/kWh in Ref. [40]. The values of GHG emission intensities of the diesel systems from 

the mentioned literatures can be useful when performing results validation of this thesis. It should 

be noticed that both the mentioned studies [38][39][40], and the study of Ref. [27] only considered 

the operation phase of the diesel systems.  

Di Zhang et al. [6] conducted the LCA study of  a UK combined heat and power (CHP)-based 

microgrid system. The project goal of  the study was to estimate the environmental influence of  

four CHP systems that were combined with the thermal energy storage and additional boiler to 

work within a distributed generation network. The involved CHP technologies were: proton 

exchange membrane fuel cell, solid oxide fuel cell, Stirling engine and internal combustion engine. 

For the life cycle stages, the study only focused on the manufacturing phase and use phase. To be 

specific, the manufacturing stage included production of  the energy system, transportation of  the 

materials and energy consumption of  the production of  the system components. The system 

components were CHP system, thermal storage and additional boiler. The LCA of  the study was 

performed by using the GaBi 6.0 sustainability software and the inventory data was based on the 

Ecoinvent database. LCA results presented that the GHG emission intensities of the studied proton 

exchange membrane fuel cell, solid oxide fuel cell, Stirling engine, internal combustion engine, 
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additional boiler and thermal energy storage were 1160, 665, 4290, 910, 38 kg, and 49.2 kgCO2eq/kW 

capacity, respectively, during the manufacturing stage. In addition, the GHG emission intensities of 

these system components were 0.218, 0.218, 0.225, 0.202, 0.264 and 0 kgCO2eq/kWh, respectively. 

Alexander, Norman and Florian [28] analyzed the economic feasibility and environmental 

ramifications of  operating a renewable energy based microgrid for making ultimate self-sufficiency. 

An urban microgrid system located in Berlin was managed as the case study. The objective of  the 

study was to find out an optimal approach for installing and operating a microgrid system which 

contained various types of  renewable energy generators and a storage system. The microgrid system 

was required to provide load with locally produced renewable energy. The computer model called 

SMOOTH (simulation model for optimized operation and topology of  hybrid energy systems) was 

employed to find out the optimal approach of  the microgrid system based on the levelized cost of  

electricity, local autarky and life cycle GHG emissions. The study selected five optimal microgrid 

system configurations to analysis. The results are presented in Table 3. It can be observed from 

Table 3 that the life cycle GHG emission intensity of  the microgrid system varied from 167 to 520 

gCO2eq/kWh according to different microgrid configurations. Based on the results, the authors 

proposed that the economic viability and ecological effectiveness of a local microgrid can only be 

accomplished with an optimized combination of storing, curtailing and feeding-in of surplus 

renewable power. 

Table 3. Optimal microgrid configurations for different operational conditions of  Ref. [28]. 

  
Cost of 

electricity     

(EUR/kWh) 

Time-based 

autarky 

Pswt            

(kWh) 

PPV              

(kWp) 

Cappb 

(kWh) 

CapLi     

(kWh) 

GHG emission 

intensity                             

(gCO2eq/kWh) 

Microgrid 1 0.43 28.30% 20 235 219 0 167 

Microgrid 2 0.33 29.00% 0 257 0 0 180 

Microgrid 3 2.65 77.70% 32 308 9749 4 268 

Microgrid 4 0.72 80.00% 27 625 727 0 146 

Microgrid 5 2.28 98.40% 0 3487 3452 10 520 

* Pswt : Capacity of small wind turbine, PPV : Capacity of PV, Cappb : Capacity of Lead acid battery,  

CapLi : Capacity of Li-ion battery 

3.4 Observations of the literature review 

The reviewed studies of  the individual renewable energy systems presented methods of  performing 

LCA on PV and wind energy systems [12]-[23]. These studies provided examples of  setting system 

boundary, selecting involved life cycle stages, and managing inventory data and emission factors. For 

the reviewed LCA studies of  microgrid systems [6][26]-[28], apart from providing examples of the 

factors that mentioned above, the most significant inspirations from the studies is the idea of how 
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to manage the LCA study to the microgrid system as a whole rather than only consider performing 

the LCA of individual renewable energy technology [6][26]-[28]. For the results of the reviewed LCA 

studies [12]-[23], the life cycle GHG emission intensities of  the PV and wind energy systems varied 

from 9.4 to 280 gCO2eq/kWh and 5.0 to 46 gCO2eq/kWh, respectively. In addition, according to the 

previous studies [26][27][38]-[40], the life cycle GHG emission intensities of  the diesel systems 

varied from 576 to 1178 gCO2eq/kWh. The values of the life cycle GHG emission intensities will be 

compared with the results of this thesis in section 5.3 in order to evaluate the results of the thesis. 
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4. Methodology and materials 

This chapter offers information of  the system components of  the three electricity supply options and their 

system boundaries. The methodology, functional unit, emission factors and inventory data are also 

provided in this Chapter. 

4.1 LCA method 

The LCA is directed by the International Organization for Standardization (ISO) standards [10][11], 

and it contains four stages as follows [41]: 

1. Goal and scope definition: Descriptions of the analyzed system is presented during this step 

with the information of the system boundary, functional unit, assumptions and limitations. The 

system boundary illustrates the involved process in the research. The functional unit defines 

object that is being studied and used to quantify the service delivered by the product system in 

order to offer a reference so that the inputs and outputs can be related [41]. 

2. Life cycle inventory (LCI): All relevant data are collected during the LCI stage. Since the LCA 

is a study highly based on the data source, there is no way to evaluate the environmental impact 

without a well-established LCI data. The data can be obtained directly from companies and 

utilities or from available database [41].  

3. Life cycle impact assessment (LCIA): The LCIA provides indicators to analysis the potential 

contributions of the resource extraction and emissions that are involved in the LCI [41]. 

4. Life cycle interpretation: The life cycle interpretation process is a systematic procedure to 

evaluate the information from the conclusion of the inventory analysis and impact assessment 

to fulfill the research goal of the study [41].  

All in all, LCA is an evaluation method that collects the inputs and outputs from the product system 

and makes the assessment of the environmental performance of these inputs and outputs. LCA can 

indicate the opportunities to improve the studied system for decision makers or relevant companies 

[41].  

4.2 Electricity supply options 

As mentioned in section 2.2.1, before the construction of  the microgrid system, there were two 

conventional electricity supply options for the ‘North-five Islands’. Specifically, electricity provided 

from the national grid through a 110 kV submarine cable is considered as the routine electricity 

supply method for the ‘North-five Islands’, while operating the old diesel generators (3944kW) 

which are located on the ‘North-five Islands’ to supply electricity is treated as the backup option of  

offering electricity under some urgent situations [4]. Therefore, these two conventional electricity 

supply methods are made as another two electricity supply options, and named as ‘grid extension 
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electricity supply option’ and ‘conventional fossil diesel generators electricity supply option’. The 

way of  supplying electricity by the ‘North-five Islands’ microgrid system under the islanded mode 

is designed to be the ‘microgrid electricity supply option’ to make comparisons with the two 

conventional electricity supply options. The scope and system components of  each electricity supply 

option are described in detail in section 4.4.  

4.3 Functional unit 

This thesis evaluates the life cycle GHG emissions of  electricity supply for the ‘North-five Islands’ 

in China, considering the three electricity supply options: the newly constructed microgrid systems, 

grid extension from the national grid, and conventional fossil diesel generators in the time span of  

20 years. The functional unit is defined as supplying 20 years electricity for the ‘North-five Islands’ 

area with the total amount of  362.2 GWh [4]. For the consumed electricity, residential use, 

commercial use and seawater desalination account for 48.6%, 11.4% and 40%, respectively [4]. 

By designing the functional unit, it allows comparison of  life cycle GHG emission among the three 

electricity supply options. The environmental benefits of  using microgrid system can be qualified 

with the net savings of  the GHG emissions.  

4.4 System boundaries 

System boundaries of  the three electricity supply options are described in detail in this section. The 

sketches of  the system boundaries of  the three electricity supply options are presented from Figure 

5 to Figure 7. Figure 3 previously presented the circuit diagram of  the microgrid system and it 

focused on offering the information of  the system components of  the microgrid system. On the 

other hand, Figure 5, Figure 6 and Figure 7 show the system boundary of  the three electricity supply 

options in a macroscopic way, which indicates the lifecycle stages and involved GHG emission 

processes of  the electricity supply options. In Figure 5, Figure 6 and Figure 7, the rectangular made 

by imaginary line represents the system boundary. The process which is inside of  the rectangular 

means it is included within the system boundary of  the electricity supply option, otherwise it is 

excluded from the system boundary. For the involved life cycle stages in this study, the whole lifetime 

of  the three electricity supply options is divided into four stages: raw material extraction, 

manufacturing, transportation, and operation. The literatures [6][12]-[28] show that the disposal 

stage only takes quite small responsibility for the life cycle GHG emissions of  the renewable 

electricity generation technologies. In addition, the emissions factors of  disposal stage are not 

available from the Chinese Life Cycle Database (CLCD) [42]. Therefore, the disposal stage is 

excluded from the LCA in this thesis. The transportation between the raw material stage and 

manufacturing stage is not contained in the three electricity supply options because the lack of  data. 

The cables are considered as the only component of  the transmission system due to the lack of  data 

for other transmission components. Furthermore, the processes of  assembly and installation of  

setting up the system components in each system, maintenance and disassembly of  the system 

file:///C:/Users/King/AppData/Local/youdao/dict/Application/7.2.0.0511/resultui/dict/?keyword=disassembly


26 

 

components are excluded of  the system boundaries due to the unavailability of  the data. Particular 

descriptions of  each electricity supply option are presented as follows: 

⚫ Microgrid electricity supply option: 

The system components of  the microgrid electricity supply option are 2 MW wind turbine, 300 kW 

PV system, 2046 kW (two sets of  200 kW and 823 kW) diesel generators, 300 kWh lead acid batteries, 

1MWh Li-ion batteries, 10 kV (70 km) and 35 kV (15 km) cables [4]. Firstly, the materials that are 

required for creating the system components are extracted during the raw material extraction stage, 

and then transported from the raw material extraction plant to the manufacturing plant (this part of  

transportation process is not included within the system boundary as explained before). 

Subsequently, these raw materials are constructed into the mentioned system components during 

the manufacturing stage. The system components are transported through the transportation stage 

to the location of  the microgrid system. The next process is the operation stage of  the microgrid 

system (The assembly and installation process of  making the separate system components into a 

whole microgrid system, as well as the maintenance of  each system components during the 

operation stage are excluded from the system boundary).  

⚫ Grid extension electricity supply option: 

The electricity demand of  the grid extension electricity supply option is fully provided from the 

national grid through a 110 kV (10.1 km) submarine cable [4], thus the only considered system 

components in this electricity supply option are the cables with the type of  10 kV (70 km), 35 kV 

(40 km) and 110 kV (10.1 km). When considering the life cycle of  this electricity supply option, the 

mentioned cables are firstly manufactured through the raw material extraction stage and 

manufacturing stage. Then the cables are transported through the transportation stage to where they 

should be placed. The assembly, installation and maintenance of  these cables are not included in the 

system boundary due to the lack of  data. During the operation phase, the electricity is provided 

though the national grid. It is the only GHG emission process weighted in this stage. The national 

grid that provides the electricity is located in Shandong province, and it belongs to the ‘North grid’. 

Therefore, the GHG emissions of  generating this part of  electricity is based on the data of  the 

‘North Grid’, which is 799.5 kgCO2eq/MWh [43]. The emission factor of  the ‘North Grid’ only 

considers the operation stage while other life cycle stages of  the ‘North Grid’ are excluded from the 

system boundary due to the unavailable of  the data.  

⚫ Conventional fossil diesel generators electricity supply option: 

For this electricity supply option, the electricity demand is fully supplied by the old diesel generators 

that were installed on the ‘North-five Islands’ before the construction of  the microgrid system. 

Thus the system components in this electricity supply option are 3944 kW old diesel generators, 10 

kV cables (70 km) and 35 kV (15 km) cable. The system components are firstly constructed after 

the raw material extraction and manufacturing stage, and then transported to the ‘North-five islands’. 

After that the system components are assembled and installed, however, the processes of  assembly 
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and installation are not included in the system boundary due to the lack data as mentioned before. 

During the operation stage, the only process related to GHG emissions is the diesel combustion by 

the old diesel generators, while the maintenance of  the system components is excluded from the 

system boundary.  
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Figure 5. System boundary of  the microgrid electricity supply option. 

(Adopted from the LCA study of  the Thai island microgrid system [26], and modified by the author of  the thesis) 
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Figure 6. System boundary of  the grid extension electricity supply option. 

(Adopted from the LCA study of  the Thai island microgrid system [26], and modified by the author of  the thesis) 
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Figure 7. System boundary of  the conventional fossil diesel generators electricity supply option. 

(Adopted from the LCA study of  the Thai island microgrid system [26], and modified by the author of  the thesis) 
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4.5 LCA process 

For the LCA in this thesis, the GHG emissions are calculated as follows [44]: 

𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 = ∑ 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑖

𝑛

𝑖=1

 

= ∑ 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦

𝑛

𝑖=1

𝐿𝑒𝑣𝑒𝑙𝑖 × 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟𝑖 

Emissioni: Quantity of  the GHG emissions emitted from the material during particular life cycle 

stage. 

Activity leveli: Material consumption for the particular material i. 

Emission factori: emission factor of  the consumed material i. 

In particular, the activity level refers to the amount of  the material and energy consumed during the 

life cycle. The emission factor is corresponding to particular material during the certain life cycle 

stage. The whole life cycle GHG emissions equal to the summary of  the GHG emissions from the 

raw material extraction, manufacturing, transportation and operation stages. The emission factors 

and inventory data of  the material and energy consumption is presented in detail in section 4.6 and 

4.7. 

4.6 Emission factors 

The quantity of  the CO2 equivalent that emits from the whole life time of  the electricity supply 

options is designed as an indicator of  the life cycle GHG emissions of  the electricity supply options. 

The major emissions included as GHG emissions are CO2, CH4, and N2O with the global warming 

potential of  1, 25 and 298, respectively [45].  

4.6.1 Emission factors of the raw material extraction stage 

The Chinese Life Cycle Database (CLCD) [42] is chosen as the prioritized source for the emission 

factor associated with the certain kind of  material consumption. The European Reference Life Cycle 

Database (ELCD) [46], Ecoinvent Database [47], and IPCC Emission Factor Database [48] are used 

as supplement data sources. Details of  the CO2eq emission factors that are used for the raw material 

extraction are provided in Table 4 [42]-[48].  

Table 4. Emission factors of  the raw material extraction stage [42]-[48]. 

Material kgCO2/t kgCH4/t kgN2O/t kgCO2eq/t 

Steel [CLCD] 1654 5.71 0.01 1800.74 

Iron [CLCD] 2130 0.01 0 2130.17 

Aluminum [CLCD] 20110 53.4 0.28 21527.84 

Lead [CLCD] 1885 0.01 0 1885.15 

Zinc [CLCD] 6100 15.9 0.14 6538.92 



32 

 

(Table 4 continued) 

Material kgCO2/t kgCH4/t kgN2O/t kgCO2eq/t 

Zinc [CLCD] 6100 15.9 0.14 6538.92 

Copper [CLCD] 2675 0.02 0.35 2778.22 

Silica [CLCD] 17630 74.6 0.33 19591.85 

Ethylene [CLCD] 1432 0.01 0 1432.31 

Phosphoric acid [CLCD] 1258 0.01 0 1258.38 

Low density polyethylene [CLCD] 2476 0.02 0 2476.39 

High density polyethylene [CLCD] 2290 0.01 0 2290.36 

Calcium [CLCD] 984.9 0 0 984.93 

Tin [CLCD] 16330 46.7 0 17497.5 

Antimony (Sb) [CLCD] 9507 29.5 0 10244.5 

Sulfuric acid [CLCD] 404.7 0 0 404.73 

Phosphoric acid (H3PO4) [CLCD] 646.4 1.81 0.014 695.71 

Polyvinylchloride resin (E-PVC) [ELCD] 2718 0.02 0 2718.54 

Glass fiber [ELCD] 1258 0 0 1258.09 

ABS [ELCD] 3052 0.03 0 3052.75 

Concrete [ELCD] 118 0.1 0 120.55 

Deionized water [ELCD] 8116 0.01 0 8116.4 

Graphite [IPCC] 2620 / / 2620 

Flat glass [Ecoinvent] 945.4 1.24 0.01 978.13 

Chemical, organic [Ecoinvent] 1713.82 12.46 0.03 2032.94 

Chemical, organic [Ecoinvent] 1784.04 4.56 1.42 2320.13 

CLCD: Chinese Life Cycle Database [42], ELCD: European Reference Life Cycle Database [46] 

Ecoinvent: Ecoinvent Database [47], IPCC: IPCC Emission Factor Database [48] 

4.6.2 Emission factors of the manufacturing stage 

During the manufacturing stage, the GHG emission factors of  energy consumption highly depends 

on the analyzed country. Thus the energy consumption emission factors of  China from previous 

study [49] are applied to this thesis. The GHG emission factors are shown in Table 5. In addition, 

the GHG emission factors of  the electricity consumption of  the manufacturers are specified to the 

particular region in China. These emission factors are presented in Table 6 refer to the National 

Development and Reform Commission (NDRC) of  China [43]. The emission factors of  the regional 

electricity grid only consider the operation stage of  the regional electricity grids. 

Table 5. Emission factors of  energy consumption in China [49].  

Categories of energy sources 
CO2  CH4         N2O         CO2eq   

(g/MJ) (g/MJ) (mg/MJ) (g/MJ) 

Raw coal 82.54 0.43 1.07 93.51 

Crude gas 62.96 0.1 1.36 65.95 
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(Table 5 continued) 

Categories of energy sources 
CO2  CH4         N2O         CO2eq   

(g/MJ) (g/MJ) (mg/MJ) (g/MJ) 

Crude oil 79.29 0.04 0.36 80.43 

Coal 85.52 0.43 1.18 96.61 

Natural gas 64.25 0.11 1.38 67.44 

Diesel 90.42 0.08 25.56 100.98 

Gasoline 86.54 0.16 2.57 91.33 

Fuel oil 90.61 0.07 0.52 92.48 

 

Table 6. GHG emission factors of  power grids in China [43]. 

Regional Grid Coverage of Provinces 
GHG emission factor  

(kgCO2eq/MWh) 

North Grid 
Beijing, Tianjin, Hebei, Shanxi, 

Shandong, Inner Mongolia 
799.5 

Northeast Grid Liaoning, Jilin, Heilongjiang 840.9 

Eastern Grid 
Shanghai, Jiangsu, Zhejiang,  

Anhui, Fujian 
747.8 

Central Grid 
Hubei, Hunan, Jiangxi, Sichuan, 

Chongqing, Henan 
723.05 

Northwest Grid 
Shanxi, Gansu, Qinghai, 

Ningxia Autonomous Region 
667.5 

Southern Grid 
Guangdong, Guangxi Zhuang  

Autonomous Region, Yunnan 
918.3 

4.6.3 Emission factors of the transportation stage 

The system components of  the three electricity supply options are transported from the 

manufacturers to the latest harbor of  Changshan archipelago through road transportation, after that, 

the system components are transported to the location of  the ‘North-five Islands’ with ship. CLCD 

[42] offers the road and sea transportation methods and their emission factors (see Table 7). 

Particularly, the heavy truck with 20 tonnes loading capacity is chose as the road transportation 

instrument, in the meanwhile, the ship with 2500 tonnes loading capacity is considered to be the sea 

transportation tool.   

Table 7. Emission factors of  road and ship transportation [42]. 

Transportation method gCO2/kg*km gCH4/kg*km gN2O/kg*km gCO2eq/kg*km 

Road transportation 65900 234 3.10 72700 

Sea transportation 13400 3.10 0.626 13700 
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4.6.4 Emission factors of the operation stage 

The detailed information of  the operation stage of  the three electricity supply options is presented 

as below.  

⚫ Microgrid electricity supply option 

Diesel consumption of  the diesel generators is the only GHG emission process that considered in 

the operation stage of  this electricity supply option. The diesel generators are assumed to be 

operated under the full load conditions. Diesel burn rate efficiencies of  the 200 kW and 823 kW 

diesel generators of  the microgrid system can be achieved from Table 8 [50][51]. Since two sets of  

200 kW and 823 kW (which means the total capacities are 2046 kW) diesel generators are involved 

in the microgrid system, the overall diesel burn rate efficiency of  the diesel generators is 0.256 

L/kWh. 

Table 8. Diesel burn rate efficiencies of  the diesel generators of  the microgrid system [50][51]. 

Type of the diesel generator Diesel burn rate efficiency (L/kWh) 

200 kW diesel generator  0.265 

823 kW diesel generator 0.254 

 

Heat value of  diesel is 42.68 MJ/kg while density of  diesel is 0.8304 kg/L [52]. In addition, the 

GHG emission factor of  diesel consumption in China is 100.98 gCO2eq/MJ as mentioned in Table 

5. The GHG emissions (kg) of  the diesel generators equal to the volume (L) of  the consumed diesel 

multiplies the heat value (MJ/kg) multiplies the density of  diesel (kg/L), and then multiplies the 

emission factor of  diesel consumption (kgCO2eq/MJ). 

⚫ Grid extension electricity supply option 

The electricity demand during the operation stage of  this electricity supply option is fully supplied 

by the national grid. The national grid is located in Shandong province, and it belongs to the regional 

grid named the ‘North Grid’ according to the NDRC [43]. The electricity emission factor of  the 

‘North Grid’ that is 779.5 kgCO2eq/MWh can be found in Table 6. 

⚫ Conventional fossil diesel generators electricity supply option 

During the operation stage of  this electricity supply option, the electricity demand is fully supplied 

by the old diesel generators that were installed on the ‘North-five islands’ before the construction 

of  the microgrid system. These old diesel generators were designed to be used as a backup source 

before installation of  the microgrid system. 

Total available capacities of  the old diesel generators are 3944 kW [4]. The diesel burn rate 

efficiencies of  the old diesel generators are assumed to be the same as the microgrid system’s diesel 
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generators, which means the diesel burn rate efficiencies of  these diesel generators are 0.256 L/kWh. 

The calculation of  the diesel consumption during the operation stage is the same as the microgrid 

electricity supply option that is the volume (L) of  the diesel consumption multiplies the heat value 

(MJ/kg), and then multiplies the density of  diesel (kg/L), after that, multiplies the diesel 

consumption emission factor (kgCO2eq/MJ). 

4.7 Inventory data 

The inventory data is mainly provided from site visits, interview with the system designer, the 

feasibility report of  the ‘North-five Islands’ microgrid project [4], and data sheets from the 

manufacturers [53]-[57]. In addition, previous LCA studies are used as supplementary data source 

due to confidential demand of  some manufacturers that are involved in the thesis. Specific inventory 

data is presented in the following section. 

4.7.1 Inventory data of the raw material extraction and 

manufacturing stages 

For the three electricity supply options, the overall inventory data of  material input during the raw 

material extraction stage is presented in Appendix 1 with the specific mass and raw material 

extraction emission factor of  each involved material. The overall inventory data of  the energy input 

during the manufacturing stage of  the three electricity supply options is shown in Table 9. Table 9 

is only a summary of  the energy input, particular sources of  the data are described in detail of  every 

system component as follows. 

Table 9. Manufacturing stage inventory data of  the three electricity supply options. 

System components Energy input 

Microgrid electricity supply option  

Wind turbine system 1147000 MJ energy, 54000 kWh electricity 

PV system 478200 kWh electricity 

Diesel generator (200 kW) 247860 MJ nature gas, 20400 kWh electricity 

Diesel generator (823 kW) 859680 MJ nature gas, 70756 kWh electricity 

Lead acid batteries 99300 kWh electricity 

Li-ion batteries 
35539.21 MJ light fuel, 269607.80 MJ nature gas, 

91911.75 kWh electricity 

10 kV Cables 134400 kWh electricity 

35 kV Cable 47700 kWh electricity 

System components Energy input 

Grid extension electricity supply option  

10 kV Cables 134400 kWh electricity 

35 kV Cables 127200 kWh electricity 
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(Table 9 continued) 

System components Energy input 

Grid extension electricity supply option  

110 kV Cable 76113.6 kWh electricity 

Conventional fossil diesel generators electricity supply option 

10 kV Cables 134400 kWh electricity 

35 kV Cable 47700 kWh electricity 

Old diesel generators 24443900 MJ nature gas, 201144 kWh electricity 

 

Inventory data of  the raw material extraction and manufacturing stages of  the wind 

turbine 

The wind turbine is a complex system that contains many components. The energy consumption 

of  the wind turbine during the manufacturing process equals to the summation of  the energy that 

is spent on each component of  the wind turbine. Particular material and energy consumption 

inventory data of  each component is shown in Table 10 [53]. Since there is no specific description 

of  the sources of  the consumed heat, the heat that used for the wind turbine system during the 

manufacturing stage is assumed to be provided from coal, natural gas and crude oil in average.  

Table 10. Inventory data of  the 2 MW wind turbine [53]. 

Components Sub-components Material Mass (kg) Energy input 

Rotor Three blades Resin 11700  20150 kWh 

   Fiber glass 7800    

 Hub Cast iron 14000  12000 kWh 

 Nose-cone Fiber glass 124  950 kWh 

    Resin 186    

Foundation Footing Concrete 700000  400 kWh 

 Ferrule Steel 15000  17000 MJ 

Tower Three sections Steel 143000  170000 MJ 

 Bed frame Iron 10500  9000 kWh 

 Main shaft Steel 6100  5300 kWh 

 Transformer Silica 149  200000 MJ 

  Steel 3300    

 Generator Silica 195  265000 MJ 

  Copper 2000   

   Steel 4290    

 Gearbox Iron 8000  495000 MJ 

   Steel 8000    
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(Table 10 continued) 

Components Sub-components Material Mass (kg) Energy input 

Tower Nacelle cover Fiber glass 800  6200 kWh 

    Resin 1200    

 

Inventory data of  the raw material extraction and manufacturing stages of  the PV 

system  

For the location of the microgrid system, the annual electricity production of PV system is 1.424 

kWh/W [58]. This value has taken the overall efficiency of PV system into consideration. The 

average peak irradiation hour of the area is 4.94 h/day and best installation angle for the PV panel 

is 33°[58]. Capacity of the PV system is 300 kW. In addition, the total area of the PV panel is 299 

m2 [54].                

The multi-Si based PV system installed in the microgrid is supplied by the Marino Solar Energy Co., 

Ltd. [54]. The inventory data of production and manufacture of the PV system is not available due 

to confidentiality, and therefore this part of inventory data is replaced by theoretical statistic that 

comes from previous study as it is shown in Table 11 [59][60]. 

Table 11. LCI data of  the multi-Si PV system [59][60]. 

Category Material  Weight  

Solar module [59] Multi-Si cell 1.6 kg/m2 

 Glass 9.1 kg/m2 

 Ethylene vinyl acetate 1 kg/m2 

 Others 1.8 kg/m2 

Mounting system [60] Stainless steel 0.72 kg/m2 

 Aluminum 0.97 kg/m2 

Cabling [60] Copper 0.083 kg/m2 

 Thermoplastic elastomer (TPE) 0.064 kg/m2 

Inverters [60] Steel 9.8 kg/2500W 

 Aluminum 1.4 kg/2500W 

  Copper 7.3 kg/2500W 

 

The manufacturing stage of  the PV system begins after the extraction of  the required raw material. 

The whole process of  the manufacture contains the processes of  quartz reduction, metallurgical 

grade silicon purification, solar grade silicon production, multi-Si ingot, multi-Si wafer, cell 

production, and module assembly [61].  



38 

 

The previous study made by Jinqing peng et al. [62] reviewed 9 multi-Si PV studies to illustrate the 

difference of the energy consumption for manufacturing the multi-Si PV modules. The results are 

presented in Table 12. It can be observed from Table 12 that the energy consumption various a lot 

(from 2699 to 5150 MJp/m2) as a result of individual manufacturing technologies from each PV 

manufacturer and country. Thus, the specific research situation should be considered when 

calculating the energy consumption of the manufacture of the multi-Si PV module in order to 

accurate the results. Therefore, the inventory data of the energy consumption during the 

manufacturing stage for China is applied. 

Table 12. Energy breakdown of the manufacture of the multi-Si PV modules [63]-[71]. 

Authors 

Si 

feedstock 

production 

(MJp/m2) 

Casting, 

cutting, 

wafer 

process  

(MJp/m2) 

Cell 

production 

process 

(MJp/m2) 

Module 

assembly 

process 

(MJp/m2) 

Frame 

(MJp/m2) 

Others 

(MJp/m2) 

Total 

(MJp/m2) 

Kato et al.  1562 717 353 709 N/A 39 3380 

Alsema et al.  2250 1000 600 350 Frameless N/A 4200 

Alsema et al.  2200 1000 300 200 400 500 4600 

Battisti et al.  3904 535 115 556 N/A 40 5150 

Alsema et al.  1759 1078 473 276 236 118 3940 

Pacca et al.  1075  3247  N/A N/A 4322 

Alsema et al.  1400 550 400 500 270 N/A 3120 

Jungbluth et al.  1030 968 544 523 Frame N/A 3065 

Wild-Scholten  1110 744 378 467 Frameless N/A 2699 

 

For Chinese conditions, the specific amount of  the energy consumption for the processes is shown 

in Table 13 based on the latest study [72]. 

Table 13. Energy consumption of  the multi-Si PV system during the manufacture processes [72]. 

Process Energy input (kWh/Wp) 

Metallurgical grade Si production 0.093 

Solar grade Si production 0.687 

Ingot casting 0.042 

Wafer slicing 0.109 

Cell production 0.204 

Module production 0.204 

System integration 0.255 

Total 1.594 

 

All in all, based on Chinese conditions, the energy consumption for manufacturing the multi-Si PV 
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system is 1.594 kWh/Wp.  

Inventory data of  the raw material extraction and manufacturing stages of  the diesel 

generators  

The diesel generators in the microgrid and conventional fossil diesel generators electricity supply 

options are provided from the Cummins Energy Co., Ltd. [50][51]. Inventory data of total weight 

of the diesel generators is obtained from the specification sheets of the diesel generators [50][51]. 

In addition, the materials of the diesel generators are assumed to be 30% steel, 30% casted steel, 35% 

aluminum, 3% copper, and 2% plastic according to previous study [73]. The inventory data of the 

diesel generators is presented in Table 14. 

Table 14. Inventory data of  the diesel generators [50][51][73]. 

Type of diesel generator Material Weight (kg) 

 

 

Steel 688.5 

Nodular cast iron 688.5 

200 kW diesel generator [50][73] Aluminum 803.25 

  Copper 68.85 

  Plastic 45.9 

 

 

Steel 2388 

Nodular cast iron 2388 

823 kW diesel generator [51][73]  Aluminum 2786 

 Copper 238.8 

  Plastic 159.2 

 

A diesel generator is made up of  diesel engine, alternator, cooling system, exhaust system, air filter, 

control panel, fuel tank and circuit breaker [74]. Therefore, the amount of  energy that is spent on 

the manufacturing process of  the diesel generator equals to the aggregated energy consumption of  

these components. However, the manufacturer of  the diesel generators in this thesis is not able to 

offer such data. Thus, the energy consumption of  the diesel generators during the manufacturing 

process refers to previous study, which is 54 GJ nature gas and 16 GJ electricity per ton [75]. 

Inventory data of  the raw material extraction and manufacturing stage of  the Li-ion 

batteries  

The Li-ion batteries of  the microgrid system are provided by Sky Energy Co., Ltd. [76]. The Li-ion 

batteries belong to the type of  iron phosphate lithium-ion batteries. A battery pack includes battery 

cell, module and packaging, battery manage system (BMS), and cooling system as the main 

components. The main elements in the battery cell are cathode, anode, electrolyte, separator, and 

cell container [77]. It should be noticed that the cooling system is not considered in the thesis due 

to the lack of  data. The inventory data of  the material and energy consumption of  the Li-ion 
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batteries is presented in Table 15 [78]. For the individual Li-ion battery, its capacity is 3.4 V/60 Ah. 

In addition, the mass of  the Li-ion battery is 2.5 kg [76]. Therefore, the energy density of  the Li-

ion battery is 81.6 Wh/kg. The total masses of  the Li-ion batteries of  the microgrid system are 

12254.90 kg since the capacity of  the Li-ion batteries is 1 MWh.  

Table 15. Inventory data of  material and energy input for manufacturing the Li-ion batteries [78]. 

Material inputs Weight (kg/kg) 

Positive electrode paste 0.25 

Negative electrode paste 0.08 

Positive electrode substrate 0.036 

Negative electrode substrate 0.083 

Electrolyte 0.12 

Separator 0.033 

Cell container 0.2 

Module and Battery Packaging 0.17 

BMS 0.02 

Water, decarbonated 380 

Energy inputs Unit (MJ/kg) 

Electricity 27 

Heat (light fuel) 2.9 

Heat (nature gas) 22 

 

Inventory data of  the raw material extraction and manufacturing stages of  the lead 

acid batteries 

The lead acid batteries of  the microgrid system are provided from the Sky Energy Co., Ltd. [56]. 

For Chinese condition, the inventory data of  the material and energy input for manufacturing the 

lead acid batteries is presented in Table 16 [79][80]. The unit of  the data is presented as the material 

input and energy inputs for producing every kWh of  lead acid batteries. Thus, the units of  the 

material and energy inputs are kg/kWh and kWh/kWh, respectively.   

Table 16. Inventory data of  the material and energy input of  the lead acid batteries [79][80]. 

Material inputs Weight (kg/kWh) 

Lead 24.2 

Calcium 0.0023 

Tin 0.176 

Sulfuric acid 4.1 

ABS 2.8 

Absorbed glass mat (AGM) 0.65 

Sb, Al, Cu 11.4 
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(Table 16 continued) 

Material inputs Weight (kg/kWh) 

Barium sulfate 51 

Humic acid 31.5 

Tetrabasic lead sulfate (4BS) 40.7 

Graphite 8.8 

Short fiber 6.8 

Energy inputs Unit (kWh/kWh) 

Electricity 331 

 

Inventory data of  the raw material extraction and manufacturing stages of  the 

cables 

The detailed information of  the locations and lengths of  the 10 kV, 35 kV and 110 kV cables was 

presented in section 2.2.1. [4]. Inventory data of  the 10 kV, 35 kV and 110 kV cables is shown in 

Table 17, Table 18 and Table 19, respectively [57].  

Table 17. Inventory data of  the material and energy input of  the 10 kV cables [57]. 

Cable (ZC-YJV-8.7/10kV) from Phelps dodge cable Co., Ltd. 

Core number * Cross section area: 3 * 240 mm2   

Components Material inputs Weight (kg/km) 

Copper Copper 6345.37 

Internal shield Polytene 143.57 

Insulation Polytene 949.75 

External shield Polytene 196.79 

Copper strips Copper 297.56 

Filler  Polypropylene 749.7 

Filler yarn  Polypropylene 34 

BOPP wrapping tape Polypropylene 41.8 

Flame-retardant jacket PVC 1052.81 

  Energy in puts Unit (kWh/km) 

  Electricity 1920 

 

Table 18. Inventory data of  the material and energy input of  the 35 kV cables [57]. 

Cable (ZC-YJV-26/35kV) from Phelps dodge cable Co., Ltd. 

Core number * Cross section area: 3 * 240 mm2 

Components Material inputs Weight (kg/km) 
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(Table 18 continued) 

Components Material inputs Weight (kg/km) 

Copper Copper 6345.37 

Internal shield Polytene 164.95 

Insulation Polytene 2786.21 

External shield Polytene 361.15 

Copper strips Copper 422.95 

Filler Polypropylene 1162.8 

Filler yarn Polypropylene 34 

BOPP wrapping tape Polypropylene 59.07 

Flame-retardant jacket PVC 1885.95 

  Energy in puts Unit (kWh/km) 

  Electricity 3180 

 

Table 19. Inventory data of  the material and energy input of  the 110 kV cable [57]. 

Cable (ZC-YJV-26/35kV) from Phelps dodge cable Co., Ltd. 

Core number * Cross section area: 3 * 240 mm2 

Components Material inputs Weight (kg/km) 

Copper Copper 6345.37 

Internal shield Polytene 164.95 

Insulation Polytene 2786.21 

External shield Polytene 361.15 

Copper strips Copper 422.95 

Filler Polypropylene 1162.8 

Filler yarn Polypropylene 34 

BOPP wrapping tape Polypropylene 59.07 

Flame-retardant jacket PVC 1885.95 

  Energy in puts Unit (kWh/km) 

  Electricity 3180 

4.7.2 Inventory data of the transportation stage  

The transportation distances between each manufactories and the installation site of  the system 

components are calculated by using the google maps as the assess tool. The system components are 

firstly transported from the manufacturers to the latest harbor of  Changshan archipelago through 

road transportation. After that, the system components are transported to the ‘North-five Islands’ 

with ship. The distance of  the sea transportation is 39.2 km for all the system components. The 

distance of  the road transportation for each system component is given in Table 20 [4]. 

 



43 

 

Table 20. Locations of  the manufacturers and road transportation distance [4]. 

System components Manufacturers 
Locations of the 

manufacturers 

Distance of the road 

transportation (km) 

Microgrid electricity supply option   

Wind turbine  Gamesa Co., Ltd.  Tianjin, China 553.5 

PV system Solar Energy Co., Ltd.  Jinan, China 420 

Diesel generators Cummins Co., Ltd. Jinan, China 420 

Lead acid batteries Scared sun Co., Ltd. Qufu, China 541.6 

Li-ion batteries Sky Energy Co., Ltd. Luoyang, China 975 

Cables Phelps dodge cable Co., Ltd. Yantai, China 93.4 

Grid extension electricity supply option 

Cables Phelps dodge cable Co., Ltd. Yantai, China 93.4 

Conventional fossil diesel generators electricity supply option 

Cables Phelps dodge cable Co., Ltd. Yantai, China 93.4 

Old diesel generators Cummins Co., Ltd. Jinan, China 420 

4.7.3 Inventory data of the operation stage  

As mentioned in section 4.3, the total demand of  the electricity for the three electricity supply 

options is 362.2 GWh during the 20-year operation time. The inventory data of  each electricity 

supply option during the operation stage is given as below: 

⚫ Microgrid electricity supply option 

The electricity demand of  the microgrid electricity supply option is fully supplied by the microgrid 

system. For the ‘North-five Islands’ microgrid system, the involved electricity generation 

technologies are the wind turbine, PV system and diesel generators with the capacity of  2 MW, 300 

kW and 2046 kW, respectively [4]. As mentioned before, the wind and solar energy are used as the 

prioritized sources to supply electricity for the microgrid system, while the diesel generators are 

considered as the backup electricity supply method of  the microgrid system. For the proportion of  

the electricity supply for the three electricity generation technologies, the detailed information is 

presented as below: 

⚫ Wind turbine of the microgrid system 

For the wind turbine, its capacity is 2 MW and the annual full-load operation time is 2900 h/year 

[4]. Therefore, the electricity supplied by the wind turbine during 20 years operation time equals to 

2000 kW * 2900 h/year * 20 years = 116 GWh (32.03% of  362.2 GWh). 

⚫ PV system of the microgrid system 

The capacity of  the PV system is 300 kW [4]. The PV system is located in Shandong province where 

the annual electricity production of  the PV system is 1.424 kWh/W [58]. The value of  the annual 

electricity production has taken the overall system efficiency into consideration. Thus, the electricity 
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supplied by the PV system during 20 years operation time is calculated as 300 kW * 1.424 kWh/W 

* year * 20 years = 8.54 GWh (2.36% of  362.2 GWh). 

⚫ Diesel generators of the microgrid system 

The diesel generators are designed to fulfill the electricity demand gap of  the microgrid system when 

electricity is not available from either the renewable energy technologies or energy storage system. 

Thus, the electricity supplied by the diesel generators during the 20-year operation time is 362.2 

GWh – 116 GWh – 8.54 GWh = 237.66 GWh (65.62% of  362.2 GWh). Because the overall 

efficiency of  the diesel generators is 0.256 L/kWh (the electrical conversion efficiency is 39.68%) 

[50][51] as mentioned in section 4.6.4, the consumption of the diesel fuel during the operation stage 

is 237.66 GWh * 0.256 L/kWh = 60.84 million L. 

All in all, during the 20-year operation time, wind turbine, PV system and diesel generators account 

for 32.03%, 2.36% and 65.62%, respectively, of  the electricity supply. 

⚫ Grid extension electricity supply option 

The electricity demand of  the grid extension electricity supply option during the operation stage is 

fully supplied by the ‘North Grid’. The electricity GHG emission factor of  the ‘North Grid’ is 799.5 

kgCO2eq/MWh as described previously in Table 6. For the ‘North Grid’, the coal power shares the 

majority part of  the electricity supply with 77.07%, followed by the hydro power, solar power and 

wind power with the share of  2.17%, 8.22% and 12.54%, respectively [81]. 

⚫ Conventional fossil diesel generators electricity supply option 

For the conventional fossil diesel generators electricity supply option, the electricity demand during 

the operation stage is fully supplied by the old diesel generators. The available capacities of  these 

old diesel generators are 3944 kW [4]. The diesel burn rate efficiency of  the old diesel generators is 

0.256 L/kWh as mentioned in section 4.6.4. 

4.8 Sensitivity analyses 

4.8.1 Sensitivity analysis of the diesel burn rate efficiencies 

of the diesel generators 

Sensitivity analysis of  the diesel burn rate efficiencies of  the diesel generators of  the microgrid 

system is managed by the thesis. The diesel generators account for majority of  the electricity supply 

of  the microgrid system with the specific number of  65.5% [4]. This leads to a highly usage of  the 

microgrid system’s diesel generators, and therefore causes a large quantity of  GHG emissions due 

to the diesel consumption. The value of  the diesel burn rate efficiency can directly affect the diesel 

consumption of  the diesel generators, and as a result can directly affect the life cycle GHG emissions 

of  the microgrid system. This is the reason why the diesel burn rate efficiencies of  the ‘North-five 

Islands’ microgrid system’s diesel generators is chosen as the variable for the sensitivity analysis. 
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By varying the value of  diesel burn rate efficiency of  the diesel generators, the variation of  the life 

cycle GHG emissions of  the microgrid system can be observed. Specifically, the diesel burn rate 

efficiency with the value of  0.256 L/kWh [50][51] in the real case is set to be the business as usual 

scenario. The rest values of  diesel burn rate efficiencies in each scenario is set to be 0.3 L/kWh, 

0.35 L/kWh, 0.4 L/kWh, 0.45 L/kWh and 0.5 L/kWh, respectively. The difference of  the GHG 

emissions of  each scenario can be compared based on the result of  the sensitivity analysis. It can 

illustrate how would the diesel burn rate efficiency of  the diesel generators affect the microgrid 

system’s life cycle GHG emissions. 

4.8.2 Sensitivity analysis of renewable energy fraction of the 

microgrid system 

The thesis conducts the sensitivity analysis of  renewable energy (wind and solar in specific) fraction 

of  the microgrid system. It is because of  the huge potential (63.65MW [4]) of  available wind 

turbines on Changshan archipelago. As mentioned before, the government may introduce more 

renewable energy to the microgrid system or extend the service of  microgrid system to the whole 

archipelago as a result of  the huge potential of  available renewable energy. This sensitivity analysis 

can work as a reference for decision makers by revealing the relationship between the renewable 

energy fraction and the life cycle GHG emissions of  the microgrid system. 

In particular, sensitivity analysis on the fraction of  wind and solar energy of  the microgrid system 

will be conducted separately. For the wind energy fraction, it is varied based on the capacity of  wind 

turbine of  the microgrid system in the scenarios. The same turbine (2 MW each) of  the microgrid 

system will be assumed to be introduced in different scenarios with the number varying from 1 to 

3, which means the total capacity of  the wind turbines are 2, 4, 6 MW in the scenarios, respectively. 

It means the fractions of  wind energy are 32.03, 64.05, 96.08%, respectively. For the sensitivity 

analysis of  solar energy fraction, the capacity of  the PV system in the business as usual scenario is 

300 kW, and the capacity of  following scenarios is 5, 10, 15, 20, 25 times of  that. It means the 

capacities of  the PV systems are 300, 1500, 3000, 4500, 6000, 7500 kW, respectively in the scenarios, 

and the corresponding fractions of  solar energy are 2.36, 11.79, 23.58, 35.37, 47.16, 58.95%, 

respectively. It should be noticed that when changing the fraction of  one renewable energy (wind 

or solar), the fraction of  the other renewable is a fixed value (the same fraction as it is in the business 

as usual scenario). However, for the diesel generators of  the microgrid system, its fraction of  

electricity supply is varied based on the fraction of  renewable energy. That is because the diesel 

generators are used as the back-up electric source to fulfill the energy gap when the renewable energy 

is not available. In addition, the main function of  the energy storage is to smooth the fluctuation of  

voltage and frequency of  the electricity produced from wind and solar energy. Therefore, the 

capacity of  the energy storage system is changed in the scenarios according to the capacity of  

renewable energy generations in the scenarios. The length of  the 10 kV and 35 kV cables will not 

be changed in different scenarios. 
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4.9 Assumptions  

The assumptions of  the LCA study in the thesis are concluded as below. 

Assumptions of  the involved life cycle stage: 

1. Raw material extraction stage: the impact of  the infrastructures are excluded for all electricity 

supply options. The materials of  the system components of  the three electricity supply options 

are all virgin materials.   

2. Manufacturing stage: the manufacturing stage only considers the impacts of  the energy input. 

3. Transportation stage: the transportation from raw material extraction stage to manufacturing 

stage is excluded for all the three electricity supply options. All the components are firstly 

transported from the manufacturers to the latest harbor of  Changshan archipelago through 

road transportation. After that, the system components are transported to the ‘North-five 

Islands’ with ship. The heavy truck with 20 tonnes loading capacity is chose as the road 

transportation instrument. In addition, the ship with 2500 tonnes loading capacity is considered 

as the sea transportation tool. 

4. Operation stage: the processes of  assembly, installation and maintenance are excluded for all 

electricity supply options. 

Assumptions of  the system components of  the electricity supply options: 

1. Wind turbine: the wind turbine does not produce any GHG emission during the operation 

stage. The heat that used for the wind turbine system during the manufacturing stage is assumed 

to be provided from coal, natural gas and crude oil in average. 

2. PV system: the PV system does not produce any GHG emission during the operation stage. 

Based on Chinese condition, the energy consumption (1.594 kWh/Wp [75]) for manufacturing 

the multi-Si PV system is applied to the PV system of  the microgrid system. 

3. Diesel generators: the materials of the diesel generators are assumed to be 30% steel, 30% 

casted steel, 35% aluminum, 3% copper, and 2% plastic [73]. The energy consumption of  the 

diesel generators during the manufacturing process is 54 GJ nature gas and 16 GJ electricity 

per ton [75]. The diesel generators are operated under the full load condition during the 

operation stage. The diesel burn rate efficiency of  the diesel generators of  the conventional 

fossil diesel generators electricity supply option is assumed to be the same as the overall diesel 

burn rate efficiency (0.265 L/kWh) of  the diesel generators of  the microgrid electricity supply 

option. 

4. Lead acid batteries: the lead acid batteries do not produce any GHG emission during the 

operation stage. The electrolytes of  the batteries do not need to be replaced during the 

operation stage.  

5. Li-ion batteries: the Li-ion batteries do not produce any GHG emission during the operation 
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stage. The electrolytes of  the batteries do not need to be replaced during the operation stage. 

The cooling system of  the Li-ion batteries is not taken into consideration. 

6. Cables: the material requirement of  the cables remains the same in different scenarios of  the 

sensitivity analyses. 
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5. Results and discussions 

This chapter presents the results and discussions of  the LCA of  the three electricity supply options, and 

makes comparisons of  the LCA results among the three electricity supply options. In addition, the results 

and discussions of  the sensitivity analyses are provided in this chapter. 

5.1 LCA of the electricity supply options 

5.1.1 Microgrid electricity supply option 

The life cycle GHG emissions of  the microgrid electricity supply option are 223.14 million kgCO2eq 

(see Table 21). For the system components of  the microgrid system, the detailed information of  the 

life cycle GHG emissions is presented in Table 21. 

Table 21. LCA results of  the microgrid electricity supply option. 

Microgrid components 

Raw material 

extraction                     

(million 

kgCO2eq) 

Manufacturing                       

(million 

kgCO2eq) 

Transportation                     

(million 

kgCO2eq) 

Operation                     

(million 

kgCO2eq) 

Total                 

(million 

kgCO2eq) 

Wind turbine 0.59 0.14 0.04 0 0.77 

PV system 0.03 0.38 0.0002 0 0.41 

Diesel generators 0.18 0.15 0.001 217.84 218.17 

Lead acid batteries 0.08 0.08 0.002 0 0.16 

Li-ion batteries 1.08 0.09 0.01 0 1.18 

Cables 2.35 0.15 0.01 0 2.5 

Total 4.31 0.98 0.06 217.84 223.19 

 

For the life cycle GHG emissions of  the system components of  the microgrid, it can be observed 

from Table 21 that the wind turbine, PV system, diesel generators, energy storage system, and cables 

account for 0.34%, 0.18%, 97.75%, 0.60%, and 1.12%, respectively, of  the life cycle GHG emissions 

of  the microgrid electricity supply option. In addition, Figure 8 presents the life cycle GHG 

emissions of  the microgrid system for the involved life cycle stages based on the results from Table 

21 for easy observation. It is shown in Figure 8 that the operation stage takes the major responsibility 

of  the microgrid system’s life cycle GHG emissions. In detail, the raw material extraction, 

manufacturing, operation and transportation stages account for 1.93%, 0.44%, 97.60%, and 0.026%, 

respectively, of  the microgrid system’s life cycle GHG emissions. 

As shown in Table 21 and Figure 8, the operation stage emits the most of  the GHG emissions 

among the life cycle stages while the diesel generators accounts for the most of  the microgrid 
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system’s life cycle GHG emissions among the system components. According to the results, the 

operation stage accounts for 97.60% of  the microgrid system’s life cycle GHG emissions. 

Furthermore, the life cycle GHG emissions of  the diesel generators are 218.17 million kgCO2eq, 

which account for 97.75% of  the microgrid system’s life cycle GHG emissions. It is mainly because 

65.62% (calculation process of  this percentage was presented in section 4.7.3) of  the electricity 

demand of  the microgrid electricity supply option is supplied by the diesel generators. In the 

meanwhile, the total demand of  the electricity for the ‘North-five Islands’ is 362.2 GWh during 20 

years operation time [4]. This leads to a large quantity of  diesel consumption (60.84 million L) by 

the diesel generators during the operation stage, and therefore causes high quantity of  GHG 

emissions from the operation stage and diesel generators.  

  

 

Figure 8. Life cycle GHG emissions of  the microgrid electricity supply option broken down by life cycle 

stage. 

Figure 9 and Figure 10 offer a visualized presentation of  the GHG emissions of  the microgrid 

system’s components broken down by life cycle stage. Since the diesel generators account for most 

of  the microgrid system’s life cycle GHG emissions, the life cycle GHG emissions of  the diesel 

generators are presented separately in Figure 10 in order to allow the detailed statements of  other 

system components’ GHG emissions during the life cycle stages. From Table 21, Figure 9 and Figure 

10, it can be observed that different life cycle stages take the main responsibility of  the life cycle 

GHG emissions of  the system components based on their particular conditions. Specifically, the 

raw material extraction stage takes the major responsibility of  the life cycle GHG emissions of  the 

wind turbine with 77.13%. This is as a result of  large consumption of  concrete, steel and iron during 
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the raw material extraction stage. For the PV system, 93.05% of  its life cycle GHG emissions come 

from the manufacturing stage because of  large number of  natural gas and electricity consumption 

during this stage. For the diesel generators, the operation stage accounts for 97.75% of  the life cycle 

GHG emissions because the huge amount (60.84 million L) of  diesel fuel consumption during this 

life cycle stage. Most of  the life cycle GHG emissions of  the lead batteries is emitted during the raw 

material extraction and manufacturing stage. It happens mainly because of  the consumption of  lead, 

antimony, aluminum, and copper during the raw material extraction stage as well as the large amount 

of  electricity consumption during the manufacturing stage. For the Li-ion batteries, the raw material 

extraction stage accounts for 91.70% of  the life cycle GHG emissions of  the Li-ion batteries. It is 

caused by the large consumption of  deionized water and aluminum during the raw material 

extraction stage. For the cables, the raw material extraction stage emits majority of the life cycle 

GHG emissions. In specific, the raw material extraction stage accounts for 93.92% of the cables’ 

life cycle GHG emissions. This happens due to the large number of demand of copper during the 

raw material extraction stage. 

 

 

Figure 9. Life cycle GHG emissions of  the microgrid components broken down by life cycle stage. 
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Figure 10. Life cycle GHG emissions of  the microgrid system’s diesel generators broken down by life cycle 

stage. 

5.1.2 Grid extension electricity supply option 

The life cycle GHG emissions of  the grid extension electricity supply option are 293.75 million 

kgCO2eq. The detailed information of  the life cycle GHG emissions is presented in Table 22 and 

Figure 11. 98.58% of  the life cycle GHG emissions of  the grid extension electricity supply option 

come from the operation stage. This part of  GHG emissions is emitted due to the process of  

supplying electricity from the ‘North grid’ to the ‘North-five Islands’ area during the operating stage. 

The GHG emissions of  the rest three life cycle stages only take quite small percentage with the total 

number of  1.42% of  the life cycle GHG emissions. In detail, the raw material extraction, 

manufacturing, and transportation stages account for 1.32%, 0.092%, 0.0033%, respectively, of  the 

life cycle GHG emissions. Similar to the microgrid electricity supply option, the huge amount of  

electricity demand (362.2 GWh) during the operation stage makes this life cycle stage the major 

GHG emissions contributor among the life cycle stages. 

Table 22. LCA results of  the grid extension electricity supply option. 

Life cycle stage 
Raw material 

extraction                
Manufacturing                   Transportation                      Operation                     Total             

GHG emissions (million 

kgCO2eq) 
3.89 0.27 0.01 289.58 293.75 
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Figure 11. Life cycle GHG emissions of  the grid extension electricity supply option broken down by life 

cycle stage. 

5.1.3 Conventional fossil diesel generators electricity supply 

option 

The LCA results of  the conventional fossil diesel generators electricity supply option are presented 

in Table 23 and Figure 12. It can be observed that the life cycle GHG emissions of  this electricity 

supply option are 335.36 million kgCO2eq. The results show that the GHG emissions of  the raw 

material extraction, manufacturing, transportation and operation stages account for 0.81%, 0.096%, 

0.0024%, 99.08%, respectively, of  the life cycle GHG emissions of  the conventional fossil diesel 

generators electricity supply option. It can be noticed that the operation stage takes the most 

responsibility of  the GHG emissions, which is quite similar with the other two electricity supply 

options. Specifically, the electricity demand is 362.2 GWh and it is fully provided by the conventional 

fossil diesel generators (the old diesel generators). The consumption of  the diesel fuel during the 

operation stage is 92.8 million L. The enormous consumption of  the diesel fuel leads to a large 

quantity of  GHG emissions, and makes the operation stage accounts for the most of  the life cycle 

GHG emissions. 

Table 23. LCA results of  the conventional fossil diesel generators electricity supply option. 

Life cycle stage 
Raw material 

extraction                
Manufacturing                   Transportation                      Operation                     Total             

GHG emissions (million 

kgCO2eq) 
2.75 0.32 0.01 332.28 335.36 
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Figure 12. Life cycle GHG emissions of  the conventional fossil diesel generators electricity supply option 

broken down by life cycle stage. 

5.1.4 Comparisons among the three electricity supply 

options 

The life cycle GHG emissions of  the three electricity supply option are presented within one figure 

that is Figure 13 in order to offer a clear view of  the comparisons. The life cycle GHG emissions 

of  the microgrid, grid extension, and conventional fossil diesel generators electricity supply options 

are 223.19, 293.75, and 335.36 million kgCO2eq, respectively. Compared with the grid extension and 

fossil diesel generators electricity supply options, the net savings of  the GHG emissions of using 

the microgrid system to supply 20 years electricity for the ‘North-five Islands’ area is 70.56 and 

112.18 million kgCO2eq, respectively. This is because of  relative lower GHG emissions of  the 

microgrid electricity supply option during the operation stage compared to the two conventional 

electricity supply options. It is caused by the difference of  the electricity supply methods for the 

three electricity supply options. The operation stage takes the major responsibility of  the life cycle 

GHG emissions for all electricity supply options. As mentioned before, this phenomenon is caused 

by huge electricity demand during the operation stage of  the three electricity supply options. 

Although the three electricity supply options are designed to provide the same amount (362.2 GWh 

[4]) of  electricity supply during 20 years operation time, the different electricity supply methods of  

the electricity supply options consequently lead to different share of  the involved electricity 

generation technologies for the electricity supply, and therefore causes huge difference of  GHG 

emissions during the operation stage. Particularly, the electricity supply of  the microgrid electricity 

supply option is provided by the wind turbine, PV system and diesel generators with 32.03%, 2.36% 
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and 65.62%, respectively. The electricity supply for the grid extension electricity supply option is 

fully supplied by the ‘North grid’. In detail, as presented in section 4.7.3, the electricity supply of  

the ‘North grid’ is shared by coal power, wind power, solar power and hydro power with 77.07%, 

12.54%, 8.22% and 2.17%, respectively [81]. For the conventional fossil diesel generators electricity 

supply option, the electricity supply is full provided from the old diesel generators. 

Although the life cycle GHG emissions of  the microgrid electricity supply option are lower than 

that of  the two conventional electricity supply options, the quantity of  GHG emissions of  the raw 

material extraction, manufacturing, and transportation stages of  the microgrid electricity supply 

option are higher than that of  the two conventional electricity supply options. This illustrates that 

the system components of  the microgrid electricity supply option emit more GHG emissions during 

the raw material extraction, manufacturing and transportation stages compared with the two 

conventional electricity supply options. This phenomenon is caused due to higher quantity of  

materials requirements of  the system components of  the microgrid electricity supply option 

compared to the other two electricity supply options. Thus, before the end of  the whole life time 

of  the electricity supply options, the GHG emissions of  the microgrid electricity supply option are 

not always lower than that of  the grid extension and conventional fossil diesel generators electricity 

supply options. Specifically, it takes the grid extension and conventional fossil diesel generators 

electricity supply options 0.017 and operation 0.02 year of  the operation time, respectively, to reach 

the break-even level of  system GHG emissions with the microgrid electricity supply option. After 

that the GHG emissions of  the microgrid electricity supply option would be lower than the other 

two electricity supply options till the end of  study period. 

 

 

Figure 13. Comparisons of  the life cycle GHG emissions among the three electricity supply options. 
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5.2 Sensitivity analyses  

5.2.1 Diesel burn rate efficiency 

The results of  the sensitivity analysis of  diesel burn rate efficiency are presented in Table 24 as 

shown below. It can be observed from the results that the diesel burn rate efficiency of  the diesel 

generators has a significant impact on the life cycle GHG emissions of  the ‘North-five Islands’ 

microgrid system. Specifically, compared with the business as usual scenario, when the diesel burn 

rate efficiency increases from 0.256 L/kWh to 0.3 L/kWh, 0.35 L/kWh, 0.4 L/kWh, 0.45 L/kWh 

and 0.5 L/kWh in different scenarios, the life cycle GHG emissions of  the microgrid system 

increases 16.76%, 35.77%, 54.76%, 73.95% and 92.94%, respectively. As presented in section 4.7.3, 

65.62% of  the electricity demand of  the microgrid system is supplied by the diesel generators. The 

large amounts of  the electricity supplied by the diesel generators lead to a large quantity of  diesel 

consumption, and therefore causes a large quantity of  GHG emissions. In detail, the diesel burn 

rate efficiency in the business as usual scenario is 0.256 L/kWh. As presented in section 5.1.1, 97.60% 

of  the microgrid system’s life cycle GHG emissions come from diesel consumption by the diesel 

generators under this diesel burn rate efficiency (0.256 L/kWh). Compared with the business as 

usual scenario, the diesel burn rate efficiencies in the scenarios increase gradually. It leads to more 

diesel consumption, which causes more GHG emissions from the microgrid system.  

The results show that the diesel burn rate efficiency of  the microgrid system’s diesel generators has 

a significant impact on the life cycle GHG emissions of  the microgrid system. The diesel burn rate 

efficiency can directly affect the diesel consumption of  the diesel generators, which as a result can 

directly affect the GHG emissions of  the microgrid system. It is because of  the large quantity (60.84 

million L) of  diesel consumption of  diesel generators during the operation stage. Since the diesel 

burn rate efficiency represents the amount of  diesel consumption, the results of  the sensitivity 

highlight the significance of  any factors that affect the diesel consumption (e.g. quantity of  diesel, 

temperature, altitude, etc.), in affecting the life cycle GHG emissions of  the ‘North-five Islands’ 

microgrid system 

Table 24. Sensitivity analysis results of  diesel burn rate efficiency. 

Diesel burn rate efficiency of the microgrid 
0.256 0.3 0.35 0.4 0.45 0.5 

system’s diesel generators (L/kWh) 

Life cycle GHG emissions of the microgrid 

system (million kgCO2eq) 
222.99 260.37 302.74 345.10 387.88 430.25 

5.2.2 Renewable energy fraction 

The results of  sensitivity analyses of  wind and solar fraction of  the microgrid system are presented 

in Table 25 and Table 26, respectively. It can be observed that the life cycle GHG emissions of  the 

microgrid system decrease linearly with the increase of  wind or solar fraction due to the reduction 

of  diesel consumption by the diesel generators of  the microgrid system. 
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Specifically, when energy fraction varies from 32.03% to 96.08% (i.e. capacity of  wind turbine varies 

from 2 to 6 MW) in different scenarios, the life cycle GHG emissions of  the microgrid system 

decrease 1.46% (3.26 million kgCO2eq) with an increase of  1% in wind energy fraction. For the solar 

energy fraction, when its fraction changes from 2.36% to 58.95% (i.e. capacity of  PV system changes 

from 300 to 7500 kW), the life cycle GHG emissions of  the microgrid system decrease 1.37% (3.05 

million kgCO2eq) with an increase of  1% in solar energy fraction. The difference of  the decrease of  

life cycle GHG emissions with 1% increase of  energy fraction between wind and solar due to their 

different electricity generation technologies. Particularly, for the wind turbine and PV system of  the 

microgrid system, the life cycle GHG emission intensities are 6.63 and 48.11 gCO2eq/kWh, 

respectively. The calculation process of the values of GHG emission intensities will be presented in 

section 5.3 along with the evaluation and validation of the values by comparing with previous studies. 

Table 25. Sensitivity analysis results of  wind energy fraction of  the microgrid system. 

Capacity of wind turbine (MW) Wind energy 

fraction (%) 

Life cycle GHG emissions of the microgrid 

system (million kgCO2eq) 

2 (business as usual scenario) 32.03 223.19  

4 64.05 118.80 

6 96.08  14.41 

 

Table 26. Sensitivity analysis results of  solar energy fraction of  the microgrid system. 

Capacity of PV system (kW) Solar energy fraction 

(%) 

Life cycle GHG emissions of the microgrid 

system (million kgCO2eq) 

300 (business as usual scenario) 2.36 223.19 

1500 11.79 194.42 

3000 23.58 158.45 

4500 35.37 122.49 

6000 47.16 86.52 

7500 58.95 50.56 

5.3 Evaluation of the results 

The results of  the thesis are validated by comparing with the results from the reviewed LCA studies. 

Specifically, the compared results are the life cycle GHG emission intensities (gCO2eq/kWh) of  the 

microgrid, wind turbine, PV system and diesel generator. The results of  the comparisons are 

presented in Table 27. Detailed processes of  the comparisons are described as below. 

For the microgrid electricity supply option, the life cycle GHG emissions are 223.19 million kgCO2eq 

as presented in Table 21. As mentioned in section 4.3, the studied microgrid system is required to 

supply electricity for 20 years with the total amount of 362.2 GWh [4], thus the life cycle GHG 

emission intensity of  the microgrid system is calculated to be 616.20 gCO2eq/kWh. It has been 

concluded from the literature review that the life cycle GHG emission intensity various a lot based 
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the configurations of  the microgrid systems; therefore the results of  Ref. [26] is included in the 

comparison because the configuration of  the microgrid system in Ref. [26] is similar to the microgrid 

system in this thesis. Particularly, for the ‘North-five Islands’ microgrid system, the renewable energy 

and diesel generators are designed to provide 34.39% and 65.62% (calculation process was provided 

in section 4.7.3), respectively, of  the electricity demand. On the other hand, renewable energy and 

diesel generator are designed to supply 30% and 70%, respectively, of  electricity demand for the 

microgrid system in Ref. [26]. The similarity on the allocations of  renewable energy and diesel 

generators between the two studies makes the two microgrid systems’ life cycle GHG emissions 

comparable. Particularly, the life cycle GHG emission intensity of the microgrid system in Ref. [26] 

is 635.82 gCO2eq/kWh. It can be observed that the life cycle GHG emission intensity of the thesis 

is comparable with that of Ref. [26]. 

As presented in Table 21, the life cycle GHG emissions of the PV system and wind turbine in the 

thesis are 0.41 and 0.77 million kgCO2eq, respectively. In addition, the PV system and wind turbine 

in the thesis are designed to supply 2.36% (8.54 GWh) and 32.03% (116 GWh) of the electricity 

demand of the microgrid system during 20 years lifespan [4]. It means the life cycle GHG emission 

intensities of the PV and wind turbine are 48.11 and 6.63 gCO2eq/kWh, respectively. For the review 

PV [12]-[17] and wind energy systems [18]-[25], the life cycle GHG emission intensities vary from 

9.4 to 280 and 5.0 to 46 gCO2eq/kWh of the PV and wind energy systems, respectively. It can be 

observed that the values of the life cycle GHG emission intensities of the PV system and wind 

turbine in this thesis are both within the range estimated by the reviewed LCA studies [12]-[25]. As 

mentioned in section 5.1 and 5.2, the deviations of the values of the life cycle GHG emission 

intensities of PV and wind energy system is caused by the difference of the technology, geographic 

location, system boundary of  study, involved life cycle stage, inventory data and emission factors. 

The diesel generators of  the microgrid system in this thesis are designed to supply 65.62% (237.66 

GWh) electricity demand for the microgrid system (calculation process was provided in section 

4.7.3). The life cycle GHG emissions of  the diesel generators are 218.17 million kgCO2eq. It means 

the life cycle GHG emission intensity of the diesel generators is 918.75 gCO2eq/kWh. The life cycle 

GHG emission intensities of the diesel systems calculated by previous studies [26][27][38]-[40] are 

mentioned in the literature review. The values of these life cycle GHG emission intensities are used 

to compare with the results of the thesis. Particularly, the life cycle GHG emissions intensities of 

the diesel generators are 760.62 gCO2eq/kWh in Ref. [26], 576 to 695 gCO2eq/kWh in Ref. [27], 870 

gCO2eq/kWh in Ref. [38], 763 gCO2eq/kWh in Ref. [39], and 1178 gCO2eq/kWh in Ref. [40]. It 

should be noticed that the reviewed studies [27][38]-[40] only considered the operation stage of the 

diesel systems while the thesis includes four life cycle stages (i.e. raw material extraction, 

manufacturing, transportation, and operation stages) of the diesel generators. However, it can be 

realized from Table 21 that 99.85% of the life cycle GHG emissions of the diesel generators come 

from the operation stage. Thus, the difference of the included life cycle stages would not affect the 

conclusion that the life cycle GHG emission intensity of the diesel generators estimated by this 
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thesis is comparable with previous studies [26][27][38]-[40].  

Table 27. Results of  comparisons of  the life cycle GHG emission intensities. 

Component 
Lifecycle GHG emission intensity 

(gCO2eq/kWh) 

Microgrid system of the thesis 616.20 

Microgrid system of previous study [26] 635.82 

PV system of the thesis 48.11 

PV system of previous studies [12]-[17] From 9.4 to 280 

Wind turbine of the thesis 6.63 

Wind turbine of the previous studies [18]-[25] From 5.0 to 46 

Diesel generators of the microgrid system of the thesis 918.75 

Diesel generators of previous studies [26][27][38]-[40] 760.62, 576 to 695, 870, 763, 1178 
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6. Conclusions 

This chapter summarizes the results and draws a conclusion. The net savings of  the GHG emissions 

of  taking the usage of  the microgrid system are given in this chapter. In addition, the significances of  

diesel burn rate efficiency and renewable energy fraction in affecting the life cycle GHG emissions of  the 

microgrid system are presented. 

By conducting the LCA to the ‘North-five Islands’ microgrid system, the life cycle GHG emissions 

of  supplying 20-year electricity demand (362.2 GWh) with the microgrid system are calculated to 

be 223.19 million kgCO2eq. When comparing the microgrid electricity supply option with the grid 

extension and conventional fossil diesel generators electricity supply options, the net savings of  the 

GHG emissions are 70.56 and 112.18 million kgCO2eq, respectively. Although the life cycle GHG 

emissions of  the microgrid electricity supply option are lower than that of  the other two electricity 

supply options, the GHG emissions of  the raw material extraction, manufacturing and 

transportation stages of  the microgrid electricity supply option are higher than that of  the other 

two electricity supply options. It is mainly due to higher quantity of  material requirements of  the 

microgrid electricity supply option compared to the other two electricity supply options. It takes the 

grid extension and conventional fossil diesel generators electricity supply options 0.017 and 0.02 

year of  the operation time, respectively, to reach the break-even level of  system GHG emissions 

with the microgrid electricity supply option. After that, the whole system GHG emissions of  the 

microgrid electricity supply option keep lower than that of  the other two electricity supply options 

till the end of  the study period.  

For the system components of  the microgrid system, the wind turbine, PV system, diesel generators, 

energy storage system, and cables account for 0.34%, 0.18%, 97.75%, 0.60%, and 1.12%, 

respectively, of  the microgrid system’s life cycle GHG emissions. The diesel generators emit most 

of  the GHG emissions among the system components of  the microgrid system, which is mainly 

due to a large quantity of  diesel consumption (60.84 million L) by the diesel generators for the 

electricity supply. For the GHG emissions of  the involved life cycle stages of  the microgrid system, 

the raw material extraction, manufacturing, transportation and operation stages account for 1.93%, 

0.44%, 0.026%, and 97.60%, respectively, of  the microgrid system’s life cycle GHG emission. The 

operation stage takes the most responsibility for the life cycle GHG emissions of  the microgrid 

system, which is mainly because of  huge consumption of  diesel fuel during the operation stage.  

The results of  the sensitivity analyses show that the diesel burn rate efficiency of  the microgrid 

system’s diesel generators has a significant impact on the life cycle GHG emissions of  the ‘North-

five Islands’ microgrid system. It is as a result of  a large quantity of  diesel consumption by the diesel 

generators during the operation stage. The large amounts of  diesel consumption generate a large 

quantity of  GHG emissions. The diesel burn rate efficiency can directly affect the diesel 

consumption of  the diesel generators, and consequently has a significant impact on the life cycle 
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GHG emissions of  the microgrid system. Since the diesel burn rate efficiency represents the amount 

of  diesel consumption, the results highlight the significance of  any factors that affect the diesel 

consumption (e.g. quantity of  diesel, temperature, altitude, etc.), in affecting the life cycle GHG 

emissions of  the ‘North-five Islands’ microgrid system. Also, the results of  the sensitivity analyses 

present that the life cycle GHG emissions of  the microgrid system decrease linearly with the increase 

of  wind and solar energy fraction. Specifically, the life cycle GHG emissions of  the microgrid system 

decrease 1.46% (3.26 million kgCO2eq) and 1.37% (3.05 million kgCO2eq) with an increase of  1% in 

wind and solar energy, respectively. 
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8. Appendix 

Appendix 1. Raw material extraction stage inventory data of  the three electricity supply options. 

Components Material Mass (kg) 

Microgrid electricity supply option 

2 MW wind turbine [53]   

    

Blade Resin 11700.00  

 Fiber glass 7800.00  

Hub Cast iron 14000.00  

Nose-cone Fiber glass 124.00  

 Resin 186.00  

Foundation Concrete 700000.00  

 Iron 25000.00  

 Steel 15000.00  

Tower Steel 143000.00  

Bed frame Iron 10500.00  

Main shaft Steel 6100.00  

Transformer Silica 149.00  

 Cooper 1500.00  

 Steel 3300.00  

Generator Silica 195.00  

 Copper 2000.00  

 Steel 4290.00  

Gearbox Iron 8000.00  

 Steel 8000.00  

Nacelle cover Fiber glass 800.00  

  Resin 1200.00  

300 kW PV system [54]   

   

Solar module  Multi-Si cell 478.40  

  Glass 2720.90  

  Ethylene vinyl acetate 299.00  

 Others 538.20  

Mounting system  Stainless steel 215.28  

  Aluminum 290.03  

Cabling  Copper 24.82  

  Thermoplastic elastomer (TPE) 19.14  
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(Appendix 1 continued) 

Components Material Mass (kg) 

Microgrid electricity supply option 

300 kW PV system [54]   

   

Inverters  Steel 1176.00  

  Aluminum 168.00  

  Copper 876.00  

200 kW diesel generator [50] Steel 1377.00  

 Nodular cast iron 1377.00  

 Aluminum 1606.50  

  Copper 137.70  

  Plastic 91.80  

823 kW diesel generator [51] Steel 4776.00  

 Nodular cast iron 4776.00  

 Aluminum 5572.00  

  Copper 477.60  

  Plastic 318.40  

300 kWh lead acid batteries [55] Lead 7260.00  

  Calcium 0.69  

  Tin 52.80  

  Sulfuric acid 1230.00  

  ABS 840.00  

  AGM 195.00  

  Antimony, Aluminum, Copper 3420.00  

  Barium sulfate 15300.00  

  Humic acid 9450.00  

  Tetrabasic lead sulfate (4BS) 12210.00  

  Graphite 2640.00  

  Short fiber 2040.00  

1 MWh Li-ion batteries [56]   

   

Positive electrode paste Lithium hydroxide (LiOH)  1225.49  

 Phosphoric acid (H3PO4) 1734.07  

 Iron sulphate (FeSO4) 2665.44  

 Deionized water  122610.27  

 Carbon black 153.19  

 Poly tetra fluoroethylene  245.10  

 N-methyl-2-pyrrolidone  857.84  
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(Appendix 1 continued) 

Components Material Mass (kg) 

Microgrid electricity supply option 

1 MWh Li-ion batteries [56]   

    

Negative electrode paste Graphite  931.37  

 Poly tetra fluoroethylene  49.02  

 N-methyl-2-pyrrolidone  274.51  

Positive electrode substrate Aluminum 441.18  

Negative electrode substrate Copper 1017.16  

Electrolyte LiPF6 176.47  

 Solvent 1294.12  

Separator Polyethylene, LDPE granulate  202.21  

 Polypropylene, granulate 202.21  

Cell container Aluminum 2450.98  

Battery module and packaging Polyethylene   2083.33  

BMS Integrated circuit 24.51  

 Copper, primary  122.55  

 Chromium steel 98.04  

 Wire drawing, copper 122.55  

  Sheet rolling, steel  98.04  

10 kV Cables [57]   

    

Copper Copper 444175.99  

Internal shield Polytene 10049.77  

Insulation Polytene 66482.74  

External shield Polytene 13775.51  

Copper strips Copper 20829.16  

Filler  Polypropylene 52479.00  

Filler yarn  Polypropylene 2380.00  

BOPP wrapping tape Polypropylene 2925.72  

Flame-retardant jacket PVC 73697.03  

35 kV Cable [57]   

   

Copper Copper 95180.57  

Internal shield Polytene 2474.19  

Insulation Polytene 41793.09  

External shield Polytene 5417.18  

Copper strips Copper 6344.29  
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(Appendix 1 continued) 

Components Material Mass (kg) 

Microgrid electricity supply option 

35 kV Cable [57]   

   

Filler  Polypropylene 17442.00  

Filler yarn  Polypropylene 510.00  

BOPP wrapping tape Polypropylene 886.11  

Flame-retardant jacket PVC 28289.25  

Grid extension electricity supply option 

10 kV Cables [57]   

    

Copper Copper 444175.99  

Internal shield Polytene 10049.77  

Insulation Polytene 66482.74  

External shield Polytene 13775.51  

Copper strips Copper 20829.16  

Filler  Polypropylene 52479.00  

Filler yarn  Polypropylene 2380.00  

BOPP wrapping tape Polypropylene 2925.72  

Flame-retardant jacket PVC 73697.03  

35 kV Cables [57]   

   

Copper Copper 253814.85 

Internal shield Polytene 6597.842 

Insulation Polytene 111448.25 

External shield Polytene 14445.80 

Copper strips Copper 16918.10 

Filler  Polypropylene 46512 

Filler yarn  Polypropylene 1360 

BOPP wrapping tape Polypropylene 2362.97 

Flame-retardant jacket PVC 75438.10 

110 kV Cables [57]   

   

Copper Copper 72163.05  

Shield Polytene 1272.54  

Insulation Polytene 24371.61  

Insulation shield Polytene 2524.36  
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 (Appendix 1 continued) 

Components Material Mass (kg) 

Grid extension electricity supply option 

110 kV Cables [57]   

   

Aluminum strip Aluminum 17556.82  

Flame-retardant jacket High density polyethylene 17522.49  

Conventional fossil diesel generators electricity supply option 

Diesel generators [50][51] Steel 13577.22  

 Nodular cast iron 13577.22  

 Aluminum 15840.09  

 Copper 1357.72  

  Plastic 905.15  

10 kV Cables [57]   

    

Copper Copper 444175.99  

Internal shield Polytene 10049.77  

Insulation Polytene 66482.74  

External shield Polytene 13775.51  

Copper strips Copper 20829.16  

Filler  Polypropylene 52479.00  

Filler yarn  Polypropylene 2380.00  

BOPP wrapping tape Polypropylene 2925.72  

Flame-retardant jacket PVC 73697.03  

35 kV Cable [57]   

   

Copper Copper 95180.57  

Internal shield Polytene 2474.19  

Insulation Polytene 41793.09  

External shield Polytene 5417.18  

Copper strips Copper 6344.29  

Filler  Polypropylene 17442.00  

Filler yarn  Polypropylene 510.00  

BOPP wrapping tape Polypropylene 886.11  

Flame-retardant jacket PVC 28289.25  

 

 


