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Abstract 

As society develops, energy needs and the warnings of global warming 
have become main areas of focus in many areas of human life. One such 
aspect, the building sector, needs to take responsibility for a significant 
portion of energy use. Researchers need to concentrate on applying 
innovative methods for controlling the growth of energy use. Apart from 
improving energy efficiency by reducing energy use and improving the 
match between energy supply and demand, energy quality issues have 
become a key topic of interest. Energy quality management (EQM) is a 
technique that aims to optimally utilize the exergy content of various 
renewable energy sources. The evaluation of the optimum energy systems 
for specific districts is an essential part of EQM. 

  
The optimum energy system must follow the concept of 

“sustainability.” In other words, the optimization process should select 
the most suitable energy systems, which fulfill various sustainable 
requirements such as high energy/exergy performance, low 
environmental impacts and economic cost, as well as acceptable system 
reliability. A common approach to dealing with complex criteria involves 
multi-objective optimization, whereby multi-objective optimization is 
applied in the context of EQM of building clusters and districts (BCDs). 
In the present thesis, a multi-objective optimization process is proposed 
that applies a genetic algorithm (GA) to address non-linear optimization 
problems. Subsequently, four case studies are used to analyze how the 
multi-objective optimization process supports EQM of BCDs. Detailed 
information about these cases is provided below: 

 
1. Basic case (UK): This case is used to investigate the application 

possibility of the approach in BCD energy system design and to analyze 
the optimal scenario changes, along with variations of optimization 
objective combinations. This approach is proven to be time-effective. 

2. Case 1 (Norway): The use of renewable energy sources can be highly 
intermittent and dependent on local climatic conditions; therefore, 



 

energy system reliability is a key parameter be considered for the 
renewable energy systems. This section defines system reliability as a 
constraint function and analyzes the system changes caused by the 
varying reliability constraints. According to the case, system reliability 
has been proven to be one of the most important objectives for the 
optimization of renewable energy systems. 

 
3. Case 2 (China): In this section, the approach is applied in order to 

search for the optimal hybrid system candidates for a net-zero exergy 
district (NZEXD) in China. Economic analysis is included in this case 
study. Through the optimization process, the proposed approach is 
proven to be flexible and capable of evaluating distinct types of energy 
scenarios with different objective functions. Moreover, the approach is 
able to solve practical issues, such as identifying the most feasible options 
to the stepwise energy system transition for a specific case. 

 
4. Case 3 (China): This section makes two major contributions. The 

first is to test the expansibility of inserting additional objectives into the 
approach; a parametric study is then applied to investigate the effects of 
different energy parameters. The second contribution is the conclusion 
that the optimum energy systems might vary significantly, depending on 
certain parameters. 

 
According to the analyses in these case studies, the multi-objective 

optimization approach is capable of being a tool for future BCDs’ energy 
system design. It should also be noted that the findings from the case 
studies – especially the parametric study – might provide some 
interesting research topics for future work. 

Keywords:  
Energy quality management; building clusters and districts; energy 
system optimization; multi-objectives genetic algorithm; exergy efficiency; 
life cycle analysis; system reliability. 
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Nomenclature 
𝐶 cost, c/kWh 
𝐶0 cost of component, c/kWh 

𝐶𝑂2(C) CO2 equivalent of component, g/kWh 
𝐶𝑂2(I) CO2 equivalent of installation, g/kWh 
𝐶𝑂2(O) CO2 equivalent of operation, g/kWh 
𝐶𝑂2(M) CO2 equivalent of maintenance, g/kWh 
𝐶𝑂2(R) CO2 equivalent of recycling, g/kWh 

d discount rate 
𝐸 energy, MJ 
𝐸�̇� exergy, MJ 
𝐹Q Carnot Factor 
i inflation rate  
P power, kW 
P0 constant ambient pressure, Pa 
𝑃𝑟 present worth factor 
𝑃𝑊 present worth, c/kWh 
Q energy demand, MJ 
𝑇 thermal source temperature, K 
𝑇0 constant ambient temperature, K  
𝜔 weight of benefit 

Subscripts 
CC cooling capacity demand 

DHW domestic hot water demand 
EL electricity demand 
ele electricity 

heat thermal energy 
in input 
int installation 
ke kinetic energy 

man maintenance 
out output 



 

recy recycling 
rep replacement 
SH space heating demand 

waste-SH waste heat used for space heating 
waste-DHW waste heat used for domestic hot water 

waste-CC waste heat used for cooling capacity 

Abbreviations 
3E minimum life cycle CO2 emissions and life cycle 

cost  as well as maximum exergy efficiency  
AC air conditioner 

BCHP biofuel micro-turbine power and heat system  
CC cooling capacity 
DH district heating 

DHW domestic hot water 
EE exergy efficiency 

EDTE electric drive thermal energy  
EH electricity heater 
EL electricity 
FC fuel cell micro-turbine power and heat system 
GA genetic algorithm 
GB biogas boiler 
HP air source heat pump 
LCC life cycle cost 

LCCO2 life cycle CO2 equivalent 
MTBE micro-turbine based energy 

PE public electricity grid  
PV photovoltaic 

SAC solar absorption cooling 
SH space heating 
STE solar thermal energy 
STH solar thermal heater  
TC photovoltaic thermal system 
WT wind turbine 
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Chapter 1 Introduction 

1.1. Background 

As society has developed, energy crises have become a main focus in 
many significant aspects of human life. Almost every process that is 
carried out in our society –every house that is cooled, every computer that 
is used – requires energy in some form. One could briefly conclude that 
the foundation of modern society is built upon a supply of energy for all 
the processes it encompasses [1]. Buildings play an essential role in our 
daily lives, and a significant proportion of energy is used by the building 
sector. For instance, approximately 38.9 percent of the total primary 
energy requirement (PER) in the US was related to buildings [2]; likewise, 
over 35 percent of the PER in China is used for energy use in buildings [3]. 
In Canada, buildings accounted for approximately 30 percent of the total 
secondary energy use [4]. In the EU, approximately 57 percent of the total 
energy use is related to space heating, 25 percent to domestic hot water 
generation and 11 percent to electricity [5]. 

 
Despite the spreading knowledge and availability of information about 

the crisis of overconsumption of limited natural resources, the energy 
demand keeps continuous high-rate growth, especially in buildings. With 
rising living standards, building energy use has increased significantly in 
recent decades. For instance, energy used for buildings in China has been 
increasing at more than 10 percent per year over the past 20 years [6]. 
Researchers need to concentrate on introducing innovative methods for 
controlling the growth of energy use in order to reduce global warming 
and our reliance on primary energy. Energy quality management (EQM) 
is seen as a promising way to achieve this. Unlike other types of energy 
management, EQM uses a stepwise process to achieve better energy 
quality.  

 
A key aspect of energy quality can be expressed as “exergy,” which 

measures the useful work of a specific amount or flow of energy. Exergy is 
the measure of the maximum useful work that can be done by a system 
interacting with a reference environment at a constant pressure P0 and a 
constant ambient temperature T0. Five key points highlight the 
importance of exergy and its essential utilization in numerous ways: (a) 
exergy is a primary tool for best addressing the impact of energy resource 
utilization on the environment; (b) exergy analysis is an effective concept 
building on the principles of the conservation of mass and energy coupled 
with the second law of thermodynamics to design and evaluate energy 
systems; (c) exergy analysis is a suitable technique for furthering the goal 
of more efficient use of energy resources; (d) exergy analysis is an 
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efficient technique for exploring whether and to what extent more 
efficient energy systems can be designed by reducing inefficiencies in 
existing systems; (e) exergy analysis is a key tool in pursuing a 
sustainable development [7]. Accordingly, EQM in buildings aims at 
reducing primary energy use, primarily by reducing the thermal energy 
demands, making use of passive building techniques, exploiting local 
available renewable sources and efficiently utilizing non-renewable 
energy sources [8]. 

 
In this thesis, EQM is defined as follows: 
 
EQM represents a technique that aims to optimally utilize the exergy 

content of various energy sources, identify inefficiencies in energy 
systems, and therefore reduce primary energy use. 

 
The concept of energy quality has been previously used in the context 

of energy conversion systems, such as PV, microturbine CHP, geothermal 
and bio-energy systems [9-13]. Those studies found that energy systems 
should pay attention not only to energy performance, but also to exergy 
performance. Later, Björk [8], Kilkiş [14] and Molinari [15] introduced 
EQM into building design and established a rational exergy management 
model (REMM) for individual buildings. The model based on EQM has 
been proven to be able to mitigate the problems related to energy use in 
the built environment through a reduced and more efficient use of energy. 
Meanwhile, the International Energy Agency’s (IEA) Annex 49 
strengthened the position of EQM to the built environment and extended 
the focus to the community level [16]. Following Annex 49, Lu [17] 
worked to extend the scope of energy quality management from 
individual buildings to the district level, and developed an energy 
optimization approach for building clusters. Following the definition of 
EQM, efficient energy systems for buildings or districts are required to 
reduce the loss of useful energy, which could be expressed to reduce 
exergy loss. Exergy loss often occurs when high-exergy energy supply 
technologies are used to satisfy low-exergy energy demand; for example, 
when electricity is utilized to provide domestic thermal energy. Such 
electricity-driven thermal energy system has relatively high energy 
efficiency, but contributes to high exergy loss. This phenomenon is called 
energy quality mismatch, which ought to be avoided in energy system 
design, especially in the thermal energy conversion system. 

 
The main use of the concept of EQM in this thesis is in the context of 

energy system optimization. Energy system optimization aims to design 
an appropriate energy supply system that matches actual energy demand. 
Optimal energy systems should, of course, maximize the use of renewable 
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resources. However, depending on local conditions, optimal energy 
supply may involve the use of hybrid energy systems, coupling renewable 
energy systems with high-efficiency fossil-fuel systems, in order to 
comply with complex sustainability requirements including high 
energy/exergy performance, low environmental impacts and economic 
cost, as well as acceptable system reliability (security of supply). Given 
these requirements, a novel multi-objective design approach is 
introduced in this thesis to be applied in the context of EQM of BCDs. 
Several case studies are then presented in order to analyze how the multi-
objective optimization process supports EQM and to prove that the 
proposed approach is capable of solving different practical and scientific 
issues by following specific requirements and objectives. 

 
In this thesis, the concept of “energy quality” is a key parameter in 

analyzing the energy use in individual buildings and districts. In previous 
works, a new concept called “net-zero exergy building (NZEXB)” was 
defined as a building that equates the exergy delivered from the power or 
gas grid with the exergy exported to the grid during a given period of time 
[14]. The International Energy Agency’s (IEA) Annex 49 strengthened the 
position of exergy to the community level [16]. To that end, NZEXB was 
expanded as a net-zero exergy district (NZEXD). NZEXD is a district 
using to the extent possible renewable energy sources (solar, wind, 
biomass, etc.) with net-zero exergy transfer across the district boundaries. 
In this context, it is assumed that the energy requirements of NZEXD can 
be met by using distributed energy systems (DES) [14].  

1.2. Objectives and structure of the thesis 

Based on the brief introduction of this thesis, its purpose is to provide 
a new methodological approach for BCDs energy system design. Detailed 
information is provided below. 

• Key application contributions 

- Analyzing energy systems with regard to system reliability and 
deriving related constraints for the optimization problem. 

- Providing a multi-objective optimization approach for decision-
makers in policy-making and system design. 

- Providing guidance in developing a hybrid energy system transition 
path towards distributed energy systems for existing BCDs. 

- Applying multi-objective optimization in the context of EQM of 
BCDs and considering energy quality performance as a key objective in 
the optimization process. 
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• Key method contributions 

- Developing an efficient approach to dealing with multiple objectives, 
with the possibility of changing or inserting new objectives. 

- Conducting a sensitivity analysis for the energy system optimization 
and presenting the most significant parameters for the distributed energy 
system selection. 

- Improving the time-effectiveness of the optimization process 
(reducing computational time). 

 
The main text of this thesis is divided into six parts (Chapters 2–7) 

corresponding to these objectives. Several case studies are used as 
supporting “test laboratories” for the new methodological approaches. 
Various case studies attempt to solve specific problems. The chapters are 
organized as follows: 

• Chapter 2: Methodology 

This chapter is based on Publication A (“Energy quality management 
for new building clusters and districts”) and on Publication D 
(“Parametric analysis of energy quality management for district in 
China using multi-objective optimization approach”). The existing 
energy system optimization approaches are reviewed and evaluated. It is 
concluded that these approaches are unable to solve the optimization 
problem for BCDs; therefore, the first version of the multi-objective 
optimization method is proposed (Licentiate thesis). To make the 
optimization process simpler and easier to use, the second version of the 
optimization method is introduced in Journal Paper 3. 

• Chapter 3: Basic case (UK) – Model validation 

This chapter is based on Publication A (“Energy quality management 
for new building clusters and districts”). Two objectives are considered 
for the case: exergy performance and environmental impacts. This section 
aims to examine the time-effectiveness of the proposed approach and to 
analyze the optimal scenario changes, along with the variation of 
optimization objective combinations. 

• Chapter 4: Case 1 (Norway) – Reliability constraints 
analysis 

This chapter is based on Publication B (“Energy quality management 
for building clusters and districts (BCDs) through multi-objective 
optimization”). The availability of renewable energy sources can oscillate 
substantially depending on local climatic conditions; therefore, system 
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reliability (security of supply) needs to be considered for such systems. 
This section defines system reliability as a constraint function in order to 
investigate the system changes caused by varying reliability constraints. 

• Chapter 5: Case 2 (China) – Economic analysis and 
Transition path 

This chapter is based on Publication C (“Transition path towards 
hybrid systems in China: obtaining net-zero exergy district using a multi-
objective optimization method”). There are two main goals in this section. 
The first is to test the feasibility of changing objectives in the optimization 
approach. Economic analysis is an essential part of practical projects; 
therefore, “economic cost” replaces “environmental burdens” as the 
optimization objective included in the approach. The study is based on a 
real-life case, aiming at replacing an existing energy system with a 
distributed energy system over several decades. Replacing the existing 
system immediately would be both complicated and unpractical; 
therefore, the second task of this chapter is to develop a reasonable multi-
stage transition path towards distributed energy for the case. 

• Chapter 6: Case 2 (China) – Objective insert and 
parametric study 

This chapter is based on Publication D (“Parametric analysis of 
energy quality management for district in China using multi-objective 
optimization approach”). For this case, the optimization approach is 
improved from the second version to make the optimization process 
simpler and easier to use. There are two major contributions in this 
section. The first is to analyze the optimal energy system with a relatively 
systematic scope. Three types of objectives are considered in the case. The 
second contribution is to take the parametric study to analyze the effects 
of varying energy parameters on the selection of the energy system. 

• Chapter 7: Conclusion and future work 

Based on the publications included in the thesis, a significant amount 
of useful information is obtained. According to this information, some 
basic exploration needs to be made for future research, which will 
concentrate on one or two specific energy conversion and storage 
technologies (solar energy technology and thermal energy storage).  
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Chapter 2 Methodology 

2.1. Existing optimization tools 

For new energy systems, the planned performance can be achieved 
only when an appropriate combination of energy technologies and 
operations exist. However, determining the optimal combination is quite 
difficult. Being aware of this problem, some commercial tools were used 
for the energy supply system optimization, with different objectives. 

 EnergyPLAN 
EnergyPLAN was developed and introduced as a renewable energy 

system analysis tool in 1999. The latest version is EnergyPLAN 9.0, which 
was updated in February of 2011. The previous version had been applied 
in many activities, including in expert committee work for the Danish 
Authorities [18]. 

 
EnergyPLAN optimizes the operation of a given system, compared to 

other tools that only optimize initial investments in the system. This tool 
was applied in different kinds of energy systems in Estonia, Denmark, 
Germany, Ireland, Poland, Spain and the UK. The energy systems 
included a small-scale CHP system [19], as well as the integration of wind 
power, wave power and PV into the electricity supply [20], the effect of 
energy storage [21], the management of surplus electricity production 
from renewable energy [22] and the use of waste for energy purposes.  

 COMPOSE 
COMPOSE (Compare Options for Sustainable Energy) is a techno-

economic energy project assessment tool developed in 2008 by Aalborg 
University in Denmark [23]. This tool assesses which energy projects 
match the case energy demand. The objective is to offer realistic cost 
evaluations for energy options. 

 
This tool has been used with wind power in the West Danish energy 

system [23], as well as to analyze the benefits of energy storage and 
relocation options (such as the integration of heat pumps with combined 
heat and power plants) [21]. 

 E4cast 
E4cast is a partial-equilibrium tool for the Australian energy system 

that is used by the Australian Bureau of Agricultural and Resource 
Economics. Total economic cost and energy use are the assessment 
objectives for different energy scenarios. Until now, E4cast has been used 
to predict future scenarios within the Australian energy system [24]. 



METHODOLOGY 9 
 

  
The main benefit of this tool is to predict future energy scenarios from 

a relatively wide scope, including all possible costs (such as mining, 
manufacturing, and transportation) and all promising energy source 
candidates (such as crude oil, brown coal and renewable energy, for 
example). The main drawback of this tool is that it is only suitable for 
Australia and could not be applied in other countries until now. 

 MESSAGE 
MESSAGE is the abbreviation of “Model for Energy Supply Strategy 

Alternatives and Their General Environment Impact.” It was developed in 
the 1980s by the International Institute for Applied System Analysis in 
Austria [25]. This system engineering optimization tool is used for the 
planning of medium- to long-term energy systems. This tool can provide 
cost-effective and environmentally friendly energy scenarios for national 
and global regions. The objectives are to minimize economic costs and 
greenhouse gas emissions. The tool has been used to develop energy 
scenarios in the Baltic state [26] and to design a sustainable energy 
supply system for Cuba [27]. 

 RETScreen 
The RETScreen “Clean Energy Project Analysis Software” is an 

investment optimization tool for energy projects developed by Natural 
Resources Canada in 1996 [28, 29]. This tool offers a comparative study 
between a basic case, which is typically the conventional technology, and 
a proposed case, which are the sustainable energy technologies. Normally, 
the comparison includes all costs and numerous economic indicators. 
This tool is widely used in the world, with over 200,000 downloads as of 
the date of this thesis. RETScreen’s “Clean Energy Project Analysis 
Software” has been used to analyze the feasibility of solar water heating in 
Lebanon [30], the feasibility of wind farm developments in Algeria [31] 
and the potential of PV systems in Egypt [32]. 

 GenOpt® 
GenOpt® is a commercial optimization tool that was developed by the 

simulation research group at the Lawrence Berkeley National Laboratory. 
The software is a generic optimization program that can be used for 
system optimization.  

 
GenOpt® aims at minimizing cost functions that are evaluated by 

other external simulation programs. The promising external programs 
contain EnergyPlus, TRNSYS, SPARK, IDA-ICE, and DOE-2. GenOpt® 
was developed for optimization problems in which the cost function is 
computationally expensive and its derivatives are not available or may not 
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even exist [33]. According to previous literature [34-36], GenOpt® has 
been implemented in the optimization of buildings and HVAC systems. In 
these studies, GenOpt® was combined with EnergyPlus and IDA ICE 3.0 
(IDA Indoor Climate and Energy 3.0 program). 

 
The main advantage of this tool is that it can receive input from an 

external simulation program; thus, the tool can be easily combined with 
other energy demand simulation tools. GenOpt® also covers a number 
types of optimization algorithms, and users can choose suitable 
algorithms according to the user manual. The biggest drawback of 
GenOpt® is that it can only be applied for single-objective optimization.  

 DESDOP 
The District Energy System Design and Optimization (DESDOP) tool 

was developed in the UK by Imperial College. This tool combines the 
consideration of all available energy services at the community level. The 
objective function of this tool can be expressed as economic costs or 
environment burdens [37]. The process of this tool could be easily 
described as input and output. The input should be a small city, with its 
layout, promising renewable energy sources, buildings and their energy 
demand profiles, as well as the combination of energy conversion systems. 
The results (so-called outputs) should include an appropriate 
combination of energy sources, conversion technologies, together with 
the (potential) distribution network [37]. The main drawback of this 
optimization tool is that it only works for a single objective (cost or 
environmental value) at a time.  

 
According to the analysis above, the findings gathered can be 

displayed in Table 2-1. The table includes basic information for each tool, 
along with the gaps the present research intends to fill. 

 
Table 2-1 Existing tools for energy system optimization 

Model Country Objective Limitation 

EnergyPLAN Denmark Min. initial investment 

Only initial cost is 
considered during the 
optimization process. 

Economic cost assessment 
should be calculated 

during life cycle time. 
RETScreen Canada Min. economic cost Economic cost is the only 

objective for the energy 
system optimization. 

Other objectives need to 
be elaborated. 

COMPOSE Denmark Min. realistic cost 

GenOpt® U.S. Min. economic cost 

DESDOP U.K. 
Min. economic cost 

OR 
1. The layout of the district 

that needs the 



METHODOLOGY 11 
 

Min. environmental 
impacts 

optimization is required as 
input. 

2. Although two objectives 
are included in the tool, 

only one objective is 
considered for each 

optimization process. 

E4cast Australia 
Min. economic cost 

Max energy efficiency 

This tool could not be used 
in other locations other 

than Australia. 

MESSAGE Austria 
Min. economic cost 
Min. environmental 

impacts 

1. Energy performance 
indicators are not included 

as the optimization 
objectives. 

2. It is not possible to 
insert new objectives into 

the tool. 

 

2.2. Analysis of existing optimization tools 

Table 2-1 shows that the objectives of these tools are predefined, with 
a key objective to minimize economic costs. It is difficult to insert new 
optimization objectives into these tools or to change any of their 
objectives. Energy system optimization should pay attention to many 
elements, such as energy performance, economic cost and environmental 
impact; an optimal energy system should be a trade-off between these 
objectives.  

 
Accordingly, there is significant need for developing a more 

comprehensive approach to multi-objective optimization, capable of 
exploring different energy system scenarios with different combinations 
of objectives and having expansibility for inserting new optimization 
objectives in the future. To this end, suitable algorithms need to be 
chosen capable of defining optimal solutions under complex multi-
objective conditions. 

 
By following the requirements of the optimization approach 

mentioned above, the genetic algorithm (GA) was selected as the main 
algorithm to develop the novel optimization approach. The reasons for 
this selection are as follows: 

 
1. The selected algorithm must be time-effective. GA could satisfy this 

requirement because of its high-speed optimization process featuring a 
multi-path algorithm that searches for peaks in parallel and reduces the 
possibility of local minima trapping.  
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2. Another advantage of GA is that the calculation of the objective 
function can be placed in a black box. GA only needs to know the 
combination of the input values and the resulting objective function 
values; with this knowledge, this algorithm can search for optimized 
input values according to the required objective function values.  

 
3. Additionally, the advantage of being able to code an infinite number 

of parameters on a chromosome makes it suitable for sizing hybrid energy 
supply systems. 

2.3. Introduction of Genetic Algorithm 

The genetic algorithm (GA) was developed by Holland in 1975. Its 
initial application was to solve scientific and economic problems [38]. 
The algorithm is a time-effective method to optimize the sizing of hybrid 
systems, especially in complex systems, where a large number of 
parameters or variables have to be considered [39, 40].It is able to 
provide a near-optimal solution in a short simulation time. GA is 
regarded as a powerful general-purpose optimization method which is 
stochastically navigated using a single-minded search method that 
mimics the metaphor of natural biological evolution [41]. 

 
Generic algorithm was inspired by the Darwinian evolution of a 

population subject to evolution operators in a selective environment 
where the fittest survive [42]. There are three basic evolution operators of 
GA, which are selection, crossover and mutation. The detail information 
of these operators is listed below: 

 
Selection: the quality of each individual is presented through its 

fitness function used by the selection operation. 
Crossover: crossover combines the genes of two parent individuals 

to produce a completely unique individual. 
Mutation: Mutation separately changes the gene structure of each 

individual.  
 
GA has bloomed in recent decades. Several publications [41, 43, 44] 

adopted the GA method to solve heating, ventilation and air-conditioning 
(H GA has grown in popularity in recent decades. Several studies [41, 43, 
44] have adopted the GA method to solve heating, ventilation, and air-
conditioning (HVAC) control problems in order to optimize performance 
and primarily to save power and curb CO2. The most promising energy 
machinery combination must be chosen for new energy supply systems; 
therefore, GA could be used in the design process. A GA-optimal design 
method used for building energy systems was developed by researchers 
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such as Ooka [45] and Kayo [46] at the University of Tokyo. The only 
objective of their optimal design method is the minimization of primary 
energy use – which does not include start-up energy, only the operational 
requirements. References [47] and [48] used a single-objective GA 
method, which focused on economic cost minimization, as a tool for 
hybrid renewable energy system (consisting of fuel cells, thermal storage 
and heat pumps) and desalination plant design, respectively. 

 
Assessing and designing a system by a single objective is inefficient. 

Therefore, multi-objective assessment and optimization combined with 
GA are necessary for the design process. Hamdy employed a multi-
objective GA (MOGA) combined with IDA ICE software to determine the 
minimum primary energy use and the minimum equipment size of 
building energy systems [49]. In Canada, Wang used a novel multi-
objective GA combined with life-cycle analysis in a green-building design 
process. The life-cycle analysis methodology was employed to evaluate 
both economic and environmental criteria [50]. Ref. [51] minimized the 
environmental impacts (CO2 emission) and economic costs in dwelling 
buildings by using a three-phase multi-objective optimization approach 
(PR_GA_RF). The approach focused on reducing the random behavior of 
GA by using a good initial population from the preparation phase (PR). 
The study focused on the influence of energy sources, ventilation heat 
recovery systems and building envelopes. The optimal solution was not 
only dependent on the heating and cooling energy source, but also on the 
performance of HVAC systems and building shading. The effect of the 
supply heating and cooling system type (energy source and HVAC system) 
is more significant than other variables. Hamdy (2011) utilized GA as 
main methodology to search for economic and environmental solutions 
towards nearly-zero-energy buildings. The research focused on exploring 
the possible combination of energy-saving measures (envelopes, heat 
recovery system) and energy supply systems (PV and wind turbine) [52]. 
Ahmadi (2013) implemented a multi-objective GA optimization approach 
to present a comprehensive study of a multi-generation system based on 
a heat recovery unit, an organic Rankine cycle, and ejector refrigeration 
cycle and a domestic water heater for residential applications. The 
optimization objectives utilized were the total cost rate of the system and 
the system exergy efficiency. A parametric study was included to analyze 
the effects of varying design parameters and operation conditions [53]. 
Recently, some researchers began to pay attention to energy system 
reliability; thus, system reliability indicators were coupled with multi-
objective energy system optimization and considered as one of the 
optimization objectives in Ref. [54-56]. 
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Table 2-2 Comparison of existing GA optimizations 
Ref. Optimization subject Optimization objective 
[40] HVAC Min. CO2 emission 
[43] HVAC Min. equipment size 
[44] HVAC Min. equipment size 
[45] Building energy system Min. primary energy use 
[46] Building cogeneration Min. primary energy use 
[47] Hybrid energy system Min. economic cost 
[48] Desalination plant Min. economic cost 

[49] Building 
Min. primary energy use 

Min. equipment size 

[50] Green building 
Min. life-cycle environmental impacts 

Min. life-cycle economic cost 

[51] Building energy system 
Min. economic cost 

Min. environmental impacts 

[52] 
Nearly-zero-energy building 

and its energy system 
Min. economic cost 

Min. environmental impacts 

[53] Multi-generation system 
Min. economic cost 

Max. exergy performance 

[54] PV-wind-battery system 
Min. annualized cost 

Maintaining acceptable loss of power 
supply probability 

[55] PV-wind-battery system 
Min. annualized cost 

Min. acceptable loss of power supply 
probability 

[56] 
Districts and their energy 

systems 
Min. environmental impacts 

Max. exergy performance 

 
Although GA can be powerful tools in energy system optimization, 

they have been are rarely applied for BCDs’ EQM. Most GA-based energy 
system optimization has been done for individual buildings. In previous 
work, the optimization objectives typically considered different building 
envelope properties or explored the possibility of PV-system integration. 
If the optimization target changes from building level to community level, 
the corresponding optimization approach needs to be modified. This also 
includes the need to expand the complexity of optimization objectives. 
Financial cost was a frequent optimization objective in previous studies. 
However, crucial other objectives – such as energy system reliability and 
exergy performance – also need to be considered at community level. 

2.4. Energy system optimization model 

The main task of this optimization model it to search for the most 
appropriate energy system scenarios that can match actual energy 
demands from numerous decision variables with various optimization 
objectives. Therefore, there are three important parts included in the 
model: decision variable, optimization objectives and fitness function. 
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Two versions of optimization models are introduced in this section. 
The initial version is mainly applied for case studies 1 to 3, and the second 
version is utilized for case study 4. Compared with the initial version, the 
second version aims to reduce the number of decision variables in order 
to make the optimization process more time-effective. 

2.4.1. Decision variables and variable constraints 

From section 2.4, it is concluded that the main improvement of the 
second version of the optimization model is being able to change the 
decision variables. Two types of variables are considered in the initial 
model: discrete and continuous variables. In the second version of the 
model, only one type of variable – continuous variables – is included. . 

2.4.1.1. Decision variables for the initial version 

Decision variables for the initial version are classified into two 
categories: discrete variables (𝑥𝑖) and continuous variables (𝑦𝑖). 

 
Discrete variables (𝑥𝑖 ) indicate which energy conversion and heat 

recovery methods will be chosen for the BCD energy system scenario. 
Hybrid energy systems should avoid being complicated due to practical 
reasons; therefore, the maximum number of electricity (EL) supply 
technologies included in one solution is limited to three. Based on the 
quantitative constraint, the electricity supply technologies (decision 
variable vector X1) include the options from x1 to x3. Correspondingly, the 
space heating (SH) options (X2) refer to the decision variables x4-x5. The 
options of domestic hot water (DHW) production (X3) have two variables 
(x6-x7), and cooling capacity (CC) supply options (X4) are decision 
variables x8-x9. The decision variable vectors are expressed in Equation 
(2-1): 

 

X1 → 𝑥1, 𝑥2, 𝑥3;  X2 → 𝑥4, 𝑥5; X3 → 𝑥6, 𝑥7; X4 → 𝑥8, 𝑥9; 
X𝑖 ∈ (1,2, … ,𝑛) (𝑖 ≤ 4)                                                                                    (2-1) 

 
where n means the number of potential energy supply options. 
 
The last three variables (x10-x12) indicate whether waste heat produced 

by the EL generation process is used for thermal energy (SH, DHW and 
CC) supply (X5). The decision variable vector is: 
 
X5 → 𝑥10, 𝑥11,𝑥12;  X5 ∈ (0,1)                                                                              (2-2) 
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In Equation (2-2), the binary number “0” means that waste heat 
produced by the electricity generation process is not utilized for other 
energy supplies and “1” stands for waste heat used for other energy 
supplies. 

 
Continuous variables (y1-y9, variable vectors Y1-Y4) are included to 

optimize the equipment sizes in the energy supply technology candidates 
(X1- X4). 

 

The equipment sizes for x1-x9 can be calculated by multiplying energy 
demand peak load with the corresponding variables y1-y9. The total 
capacity of the hybrid energy system needs to match the energy demand 
peak load, and the energy demands in all conditions should be fulfilled 
completely. The corresponding variable constraints are included in 
Equations (2-3) to (2-6): 

 

Y1 → 𝑦1,𝑦2,𝑦3; ∑ 𝑦𝑖3
𝑖=1 ≥ 1; ∑ ∫ PEL(𝑖)(t𝑖)d(t𝑖)

t𝑖
0

3
𝑖=1 ≥ QEL                             (2-3) 

Y2 → 𝑦4,𝑦5; ∑ 𝑦𝑖5
𝑖=4 ≥ 1; ∑ ∫ PSH(𝑖)(t𝑖)d(t𝑖)

t𝑖
0

5
i=4 ≥ QSH                                  (2-4) 

Y3 → 𝑦6,𝑦7; ∑ 𝑦𝑖7
𝑖=6 ≥ 1; ∑ ∫ PDHW(𝑖)(t𝑖)d(t𝑖)

t𝑖
0

7
𝑖=6 ≥ QDHW                           (2-5)  

Y4 → 𝑦8,𝑦9; ∑ 𝑦𝑖9
𝑖=8 ≥ 1; ∑ ∫ PCC(𝑖)(t𝑖)d(t𝑖)

ti
0

9
𝑖=8 ≥ QCC                                  (2-6)  

 
where PEL(𝑖)(t𝑖), PSH(𝑖)(t𝑖),PDHW(𝑖)(t𝑖) and PCC(𝑖)(t𝑖) represent the supply 

profile of each EL, SH, DHW and CC supply technology, respectively, ti is 
operation time of each energy supply technology, and QEL,QSH, QDHW and 
QCC  are the total amounts of the EL, SH, DHW and CC demand, 
respectively. 

 
The last three variables (y10-y12) describe “ratios of waste heat 

utilization (WHU)” (decision variable vector Y5), indicating the 
percentage of WHU for thermal energy production (SH, DHW and CC). 
The sum of WHU for thermal energy could not exceed the total amount of 
waste heat. The decision variable vector is expressed as: 

 
Y5 → 𝑦10,𝑦11,𝑦12; ∑ 𝑦𝑖12

𝑖=10 ≤ 1                                          (2-7) 
 

2.4.1.2. Decision variables for the second version 

All decision variables included in the second version are continuous 
variables (𝑦𝑖). Variables (𝑦1-𝑦𝑛) indicate the extent to which an energy 
supply technology candidate will match the peak load and satisfy the 
energy demand, and their purpose is to optimize the equipment sizes in 
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the energy supply technology candidates. Selection of “n” is dependent on 
the number of potential energy conversion and storage systems.  

 
The equipment size for each energy supply technology is calculated by 

multiplying energy demand peak load with the corresponding variables 
𝑦1-𝑦𝑛. The capacity of the entire energy system should guarantee that the 
energy demands and the energy peak loads are fulfilled completely in all 
conditions. The corresponding variable constraints are in Equations (2-8) 
to (2-11): 

 

Y1 → 𝑦1,𝑦2,⋯ ,𝑦𝑘; ∑ 𝑦𝑖𝑘
𝑖=1 ≥ 1; ∑ ∫ 𝑃EL(𝑖)(t𝑖)d(t𝑖)

t𝑖
0

𝑘
𝑖=1 ≥ 𝑄EL               (2-8) 

Y2 → 𝑦𝑘+1,⋯ ,𝑦𝑙 ; ∑ 𝑦𝑖𝑙
𝑖=𝑘+1 ≥ 1 ; ∑ ∫ 𝑃SH(𝑖)(t𝑖)d(t𝑖)

t𝑖
0

𝑙
𝑖=𝑘+1 ≥ 𝑄SH − 𝑄waste−SH 

(2-9) 

Y3 → 𝑦𝑙+1,⋯ ,𝑦𝑚 ; ∑ 𝑦𝑖𝑚
𝑖=𝑙+1 ≥ 1 ; ∑ ∫ 𝑃DHW(𝑖)(t𝑖)d(t𝑖)

t𝑖
0

𝑚
𝑖=𝑙+1 ≥ 𝑄DHW −

𝑄waste−DHW                                                                                                        (2-10) 

Y4 → 𝑦𝑚+1,⋯ ,𝑦𝑛 ; ∑ 𝑦𝑖𝑛
𝑖=𝑚+1 ≥ 1 ; ∑ ∫ 𝑃CC(𝑖)(t𝑖)d(t𝑖)

ti
0

𝑛
𝑖=𝑚+1 ≥ 𝑄CC −

𝑄waste−CC                                                                                                            (2-11) 
 

where 𝑃EL(𝑖)(t𝑖) , 𝑃SH(𝑖)(t𝑖) , 𝑃DHW(𝑖)(t𝑖)  and 𝑃CC(𝑖)(t𝑖)  represent the 
supply profile of each EL, SH, DHW and CC supply technology, 
respectively, ti is operation time of each energy supply technology, and 
𝑄EL, 𝑄SH, 𝑄DHW and 𝑄CC are the total amounts of EL, SH, DHW and CC 
demand, respectively. 𝑄waste−SH , 𝑄waste−DHW  and 𝑄waste−CC  represent the 
total amounts of SH, DHW and CC converted from waste heat, 
respectively.  

 
The last three variables (yn+1-yn+3) describe the “ratios of waste heat 

utilization (WHU),” indicating the percentage of WHU for thermal energy 
production (SH, DHW and CC). The sum of WHU for thermal energy 
could not exceed the total amount of waste heat. The decision variable 
vector is expressed as Eq. (2-12): 

 

Y5 → 𝑦𝑛+1,𝑦𝑛+2,𝑦𝑛+3; ∑ 𝑦𝑖𝑛+3
𝑖=𝑛+1 ≤ 1                                                              (2-12) 

2.4.2. Optimization objectives 

The optimization objectives of this thesis are to maximize the exergy 
efficiency (EE) of the entire energy system and minimize the life cycle 
cost (LCC) and life cycle CO2 equivalent (LCCO2) for providing one unit 
(kWh) of energy at the boundary of the demand point. The general form 
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of the optimization problem included in the two models can be expressed 
as Eq. (2-13): 
 

Max 𝑓1(𝑦�)  𝑜𝑟  𝑓1(�̅�,𝑦�) ;  �̅� = [𝑥1, 𝑥2, … , 𝑥𝑚];  𝑦� = [𝑦1,𝑦2, … ,𝑦𝑛] 

Min 𝑓2(𝑦�),𝑓3(𝑦�)  𝑜𝑟   𝑓2(�̅�,𝑦�),  𝑓3(�̅�,𝑦�);  �̅� = [𝑥1, 𝑥2, … , 𝑥𝑚];  𝑦� =

[𝑦1,𝑦2, … ,𝑦𝑛]                                                                                                      (2-13) 

 
where, 𝑓1 , 𝑓2 and 𝑓3 are the EE, LCC and LCCO2 of the energy system, 

respectively;  �̅� is the vector of discrete decision variables (𝑥1, 𝑥2, … , 𝑥𝑚), 
and 𝑦�  is the vector of continuous decision variables (𝑦1,𝑦2, … ,𝑦𝑛 ), as 
defined in Section 2.4.1. 

2.4.2.1. Exergy efficiency 

The first objective function is EE of the entire energy system (𝑓1 ), 
which is calculated from Eq. (2-14): 

 
𝑓1 = ∑𝐸�̇�out /∑𝐸�̇�in                                           (2-14) 

 
where 𝐸�̇�out and 𝐸�̇�in are the total exergy output and the total exergy 

input for the entire energy system, respectively. In the case of thermal 
energy, the maximum theoretical exergy content is determined by the 
Carnot efficiency as 𝐹Q = 1 − 𝑇0/𝑇. 

 
Exergy contents for individual energy forms (decision variables 

1…i…m) are addressed by Equations (2-15) to (2-17) [56]. 
 

Thermal energy: 𝐸�̇�heat,𝑖 = 𝐸heat,𝑖 × 𝐹Q,𝑖                                                       (2-15) 
Electrical energy: 𝐸�̇�ele,𝑖 = 𝐸ele,𝑖                                                                    (2-16) 
Kinetic energy: 𝐸�̇�ke,𝑖 = 0.91 × 𝐸ke,𝑖                                                               (2-17) 

 
where Eheat is the thermal energy, FQ is the Carnot factor, Eele is the 

electrical energy, and Eke is the kinetic energy (for example, wind energy) 
for each energy form. 

2.4.2.2. Life cycle cost 

The second objective function (𝑓2) is the LCC of the entire system 
covering the cumulative cost throughout its life cycle, from installation to 
recycling. In the economic model, LCC incorporates five parts: 
component cost (𝐶0), installation cost (𝐶𝑖𝑛𝑡 ), replacement cost (𝐶𝑟𝑒𝑝), 
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maintenance cost (𝐶𝑚𝑎𝑛) and recycling cost (𝐶𝑟𝑒𝑐𝑦), and the objective 
function f2 is their sum: 

 
𝑓2 = 𝐶0 + 𝐶𝑖𝑛𝑡 + 𝐶𝑟𝑒𝑝 + 𝐶𝑚𝑎𝑛 + 𝐶𝑟𝑒𝑐𝑦                                                            (2-18) 

 
The replacement costs are calculated knowing the present worth for all 

components as Eq. (2-19). 
 

𝐶𝑟𝑒𝑝 = 𝑃𝑟 × ∑𝐶0,𝑖                                                                                             (2-19) 
 
where 𝐶0,𝑖 is the replacement cost related to each component in the 

entire energy system and represent 𝑃𝑟 is the present worth factor for an 
item that will be purchased n years later [57]. The present worth factor 
for the single payment including inflation is calculated from: 

 

𝑃𝑟 = (1+𝑖
1+𝑑

)𝑛 = 𝑥𝑛                                                                                             (2-20) 

 
where i represents the inflation rate and d is the discount rate. 𝐶𝑚𝑎𝑛 

could be calculated using the cumulative present worth factor as Eq. (2-
21): 

 
𝐶𝑚𝑎𝑛 = (𝑃𝑊𝑚𝑎𝑛) × ∑𝑥𝑛                                                                                  (2-21) 

 
where 𝑃𝑊𝑚𝑎𝑛 is the present maintenance cost and 𝑥 is defined in Eq. 

(2-20). 

2.4.2.3. Life cycle CO2 equivalent 

The third objective (𝑓3) aims to audit the LCCO2 of the entire system, 
which is calculated from Eq. (2-22): 

 
LCCO2 = ∑𝐶𝑂2(C)𝑖 +𝐶𝑂2(I) + 𝐶𝑂2(O) + 𝐶𝑂2(M) + 𝐶𝑂2(R)                   (2-22) 

 
where 𝐶𝑂2(C)𝑖 means the CO2 equivalent for each component in the 

entire energy system; 𝐶𝑂2(I), 𝐶𝑂2(O), 𝐶𝑂2(M) and 𝐶𝑂2(R) stand for the 
entire system’s CO2 equivalents of installation, operation, maintenance 
and recycling. Greenhouse gas factor (GGF) is chosen to convert material 
and energy sources to the amount of CO2 equivalents [58]. 

2.4.3. Fitness function 

The optimization process needs to be time effective; therefore, the 
computational time of optimization processes has been brought up in 
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some studies [59]. The application of the fitness function was regarded as 
a promising method to improve the optimization speed. The fitness 
function started being applied in multi-objective optimization problems 
in many reference works, such as [60, 61]. The most significant meaning 
of the fitness function is to transfer multiple objectives to a single 
objective. Therefore, the fitness function is capable of simplifying a multi-
objective optimization problem, making it less time consuming and also 
providing the decision makers with the ability to place more emphasis on 
some objectives than on others [62]. The fitness function for the two 
novel models aims at maximizing the benefits of the hybrid energy system, 
shown as Eq. (2-23): 
 

Max 𝑈(�̅�,𝑦�) = 𝜔1 �
𝑓1(�̅�,𝑦�) − 𝑓1(O)

𝑓1(O) � + 𝜔2 �
𝑓2(O) − 𝑓2(�̅�,𝑦�)

𝑓2(O) � + ⋯

+ 𝜔𝑖 �
𝑓𝑖(O) − 𝑓𝑖(�̅�,𝑦�)

𝑓𝑖(O) �    

𝑜𝑟 

 Max 𝑈(𝑦�) = 𝜔1 �
𝑓1(𝑦�)−𝑓1(O)

𝑓1(O)
� + 𝜔2 �

𝑓2(O)−𝑓2(𝑦�)
𝑓2(O)

� + ⋯+ 𝜔𝑖 �
𝑓𝑖(O)−𝑓𝑖(𝑦�)

𝑓𝑖(O)
� ; 

�̅� = [𝑥1, 𝑥2, … , 𝑥𝑚];  𝑦� = [𝑦1,𝑦2, … ,𝑦𝑛];  ∑𝜔𝑖 = 1                                        (2-23) 

 

where 𝜔𝑖 is the weight of the benefit of 𝑓𝑖. Here, weight means how 
important the objectives are; weights are set by the decision makers [63]. 
The number “i” means the number of optimization objectives; 𝑓𝑖(O) is the 
𝑓𝑖 value of the reference energy system. Fitness function will be calculated 
as the weighted sum of the benefits of 𝑓1, 𝑓2 to 𝑓𝑖. The use of an additional 
fitness function assumes that these objective values are compensatory; 
that is, that the good performance of a candidate system in exergy 
efficiency can compensate its poor performance in life cycle costs, and 
vice versa. 

2.4.4. Constraint - System reliability 

Besides the optimization objectives, the optimization process needs to 
confirm the constraints. Unlike the traditional fossil fuel energy systems, 
renewable or distributed energy systems – especially solar and wind 
energy systems – are influenced by energy sources because of the 
intermittent solar radiation and wind speed characteristics. Accordingly, 
energy system reliability is regarded as an important constraint for the 
optimization approach. A reliable energy system means that a system has 
sufficient power to feed the load demand during a certain period of time. 
Therefore, system reliability is additionally considered by means of one of 
the following indicators: 
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Loss of load probability (LOLP): power failure time period divided by 

a given period of time (generally one year). 
Loss of power supply probability (LPSP): the probability of insufficient 

power supply resulting from the hybrid renewable energy system being 
unable to satisfy the load demand. 

Unmet load (UL): non-served load divided by the total load of a period 
(generally one year). 

 
Currently, LPSP is selected as the main indicator to represent system 

reliability. LPSP is a statistical parameter, which indicates the probability 
of power supply failure either due to low renewable resource or technical 
failure to meet demand [1]; it is widely applied in hybrid energy system 
optimization, especially in renewable energy systems, including solar and 
wind technologies [54-56, 64, 65]. Ref. [54-55] and [64-65] utilized GA to 
design hybrid solar-wind-battery systems that can achieve the customers’ 
required Loss of Power Supply Probability (LPSP) with a minimum 
annual economic cost. Recently, Lu (2014) proposed a novel multi-
objective design optimization scheme focused on the community level. 
The approach minimizes the global warming potential during the life 
cycle and maximizes the exergy performance, while the maximum 
allowable level of the loss of power supply probability (LPSP) is 
predefined by the user as a constraint. A fictitious case located in Norway 
was used to prove that the proposed approach achieves the optimal 
design in practice [56]. 

 
An LPSP value of 0 means that the load demand will always be 

satisfied, and the LPSP value of 1 means that the load demand will never 
be satisfied. It is calculated from Eq. (2-24) and (2-25) [54]: 

 

LPSP =
∑ Time(𝑃supply(𝑡)<𝑃demand(𝑡))𝑇𝑖𝑚𝑒
𝑡=0

𝑇𝑖𝑚𝑒
                          (2-24) 

 

where Time is number of hours that require energy demand, 𝑃supply(𝑡) 
and 𝑃demand(𝑡)  are power of energy supply and energy demand. For 
hybrid energy system, 𝑃supply(𝑡) can be expressed as: 

 
𝑃supply(𝑡) = ∑ 𝑃supply(𝑖)(𝑡)𝑛

𝑖=0 + 𝑃stor(𝑡)                        (2-25) 
 
where 𝑃supply(𝑖)(𝑡) is the power of each energy conversion system, and 

𝑃stor(𝑡)  is the power of storage system. For an advanced sustainable 
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energy system, the maximum allowable LPSP value should be less than 5 
to 10 percent [54, 55]. 

2.4.5. Implementation of Genetic Algorithm (GA) model 

Here, the GA was implemented into the MATLAB environment for the 
optimization of the energy system for the new BCDs. At the beginning of 
an optimization run, the tool randomly generates a set of potential 
decision variables (discrete variables (𝑥𝑖) and continuous variables (𝑦𝑖) or 
only continuous variables (𝑦𝑖)) combinations (Fig 2-1). The first set of 
solutions is called the initial generation of the optimization run. 

 
 

Selection: 10% individuals with the 
highest fitness are selected for new 

generation

Crossover: 90% of all individuals 
cross with other one to produce new 

individuals

Mutation: 10% of individuals after 
crossover mutate to produce new 

individual for next generation

New generation: generation n+1 (new group) Variables with constrains

Generation n (n=0,1...N):  
Initial generation  (First set) include 

M individuals (M groups of variables 
combinations)

Fitness function evaluation
(Objective calculation for every 

variables combination)

Generation N: Optimal Pareto solution 
(optimal combination)

Optimization stop criterion (Y/N)

Yes

No

Reinsertion: 10% of individuals with 
the lowest fitness are replaced by the 

selection individuals

Insert

 
Fig 2-1 Optimization model framework 

 

Each combination should be assessed when the actual population is 
completed. The assessment is based on the calculation of objective 
functions. The result of each combination consists of several objective 
values (𝑓1 to 𝑓𝑖). These multiple objective values are then transferred to a 
single objective value, which is called as fitness value; this fitness value is 
then used by the GA to compare, classify and rank the individuals 
(combinations). 

 
After the fitness calculation process, the subsequent step is to check 

the optimization stop criteria. The optimization stop criteria can be, for 
example, a set computing time or a set number of generations. The latter 
is normally used as the optimization stop criterion [62]. If the 
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optimization stop criteria are not met, the creation of the new generation 
starts. 

 
The process of creating a new generation could be described as 

following: 10 percent of individuals (combinations) with higher fitness 
value are selected to be kept as offspring. Then, the crossover operator 
mixes the characteristics of 90 percent of all individuals to produce the 
offspring in such a way that the good parts from different parents can be 
combined; in this way, the operator can improve the individuals. The 
mutation operator changes 10 percent of all individuals after crossover 
operator. Once the offspring has been produced, the fitness of the 
offspring may be determined and ranked. Then, 10 percent of the 
offspring with the lowest fitness needs to be replaced by the selection 
individuals. This step is called the reinsertion process. The new 
generation consists of the offspring after the selection, crossover, 
mutation and reinsertion processes. The new generation repeats this 
process until the optimization stop criterion is met; the optimized 
combination of decision variables (called Pareto solution) can then be 
achieved. Each Pareto front has one optimal solution, which is the most 
appropriate set of decision variables for the case with the defined 
optimization objectives. The equipment size for each energy supply 
system can be translated by the corresponding variables (𝑦1-𝑦𝑛) included 
in the optimal solution. The amount of energy produced by each energy 
system is calculated by multiplying its supply profile with the 
corresponding operation time. Finally, the ratio of energy from each 
energy system is achieved. 
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Chapter 3 Basic case (U.K.) – Model validation 
The main purposes of this basic case study are: 
1. To check the time-effectiveness of the optimization approach.  
2. To analyze the sensitivity of the optimal solution to change along 

with variations in decision variables and weight elicitation. 

3.1. Case description 

This case study is based on previous work to develop a new eco-town 
in London, England [37]. Basic information on this district (energy 
demand, peak load, load profiles and climatic conditions) was simulated 
and provided by Ref. [37] and can be found in Publication A. An August 
day represents summer energy demand and load profiles; an April day 
represents mid-season energy demand and load profiles; and a January 
day represents winter energy demand and load profiles [46]. 

 
Four types of energy resources are shown: biofuel, solar, water and 

ground thermal, and wind. Corresponding to these types of energy 
resources are eight types of energy supply systems: biofuel CHP (BCHP), 
wind turbine (WT), solar photovoltaic (PV), solar PV/thermal collector 
hybrid plant (TC), solar thermal collector water tank (SWT), ground 
source heat pump (HP), biogas boiler (BGB) and solar absorption cooling 
(SAC). These resources and technologies are used to satisfy four types of 
energy demand: electricity (EL), space heating (SH), domestic hot water 
(DHW) and cooling (CC). Table 3-1 shows the energy performances of 
these energy supply technologies. 

 
Fig 3-1 Energy efficiency values for renewable energy supply systems in London 

Energy 
system 

Energy efficiency Ref. 
EL SH DHW CC 

BCHP 0.24 0.85 0.85 0.8 [66] 
WT 0.9 - - - [66] 
TC* 0.14 0.75 0.75 - [66-68] 
PV* 0.13 - - - [69] 

SWT* 0.5 0.45 - - [67, 68] 
HP - 2.02 2.02 1.98 [66] 

BGB - 0.91 0.91 - [46] 
SAC* - - - 1.2 [46] 

*Efficiency value is based on solar radiation of 1,200w/m2. 
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3.2. Applying the optimization model 

According to optimization model description in Section 2.4, the 
discrete decision variables for the case are initiated in Table 3-2. 

 
Table 3-2 Discrete variables instantiation 

Variable name x 
Variable 

type 
Range of 

value 
EL supply technology (X1) x1,x2,x3 Discrete (1,2,3,4) 
SH supply technology (X2) x4,x5 Discrete (1,2,3) 

DHW supply technology(X3) x6,x7 Discrete (1,2,3) 
CC supply technology (X4) x8,x9 Discrete (1,2) 

Waste heat 
utilization 

(X5) 

Waste heat used for 
SH supply 

x10 Discrete (0,1) 

Waste heat used for 
DHW supply 

x11 Discrete (0,1) 

Waste heat used for 
CC supply 

x12 Discrete (0,1) 

 
As seen in Table 3-2, the EL supply technologies (decision variable 

vector X1) include the options BCHP, WT, PV and TC. Hence, there are 
three decision variables (x1-x3) in vector X1. Correspondingly, the SH 
options (X2) and the options of DHW production (X3) refer to the decision 
variables x4-x7 covering the HP, BGB and SWT technologies. The CC 
supply options (X4) are HP and SAC, and the corresponding decision 
variables are x8-x9. 

 
The continuous decision variables are listed in Table 3-3. 
 

Table 3-3 Continuous variables instantiation 

Variable name y 
Variable 

type 
Range of value Step 

Ratio of EL supply technology 
candidate (Y1) 

y1, y2, y3 Continuous [0,100%] 0.01% 

Ratio of SH supply technology 
candidate (Y2) 

y4, y5 Continuous [0,100%] 0.01% 

Ratio of DHW supply 
technology candidate (Y3) 

y6,y7 Continuous [0,100%] 0.01% 

Ratio of CC supply technology 
candidate (Y4) 

y8,y9 Continuous [0,100%] 0.01% 

Ratios of 
waste heat 
utilization 

(Y5) 

Ratio of waste 
heat used for 

SH supply 
y10 Continuous [0,100%] 0.01% 

Ratio of waste 
heat used for 
DHW supply 

y11 Continuous [0,100%] 0.01% 

Ratio of waste 
heat used for CC 

supply 
y12 Continuous [0,100%] 0.01% 
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Two optimization objectives are involved in this case study: 
1. Energy performance: maximizing the total exergy efficiency (EE). 
2. Environmental impacts: minimizing the life cycle CO2 equivalents 

(LCCO2). 

3.3. Time-effectiveness analysis 

There will be 1.66 × 1065  possible solutions for this optimization 
problem. If a brute-force approach (where all the possible combinations 
were examined) is applied, the process could take more than 1060 
minutes ( 1.9 × 1054  years). Accordingly, an optimization algorithm is 
needed to cut the elapsed computational time. 

 
According to the optimization of this case, the approach is proven to 

be time-effective. The optimization algorithm cuts the required number of 
iterations to approximately 120 (approximately 6 × 105  individuals), 
which reduces the elapsed computational time to approximately 40 to 60 
minutes. The difference between the maximum and minimum 
computation time is mainly caused by two reasons: the number of energy 
demands (for instance, space heating is not considered during the 
summer) and the number of potential energy-conversion technologies. 
The computer for the optimization is an Intel i7 2.80GHz CPU, 8 GB 
RAM. Such time-effectiveness allows this approach to solve some 
practical issues. 

3.4. Optimization results 

In order to examine the application possibility of the approach in 
practical design with specific optimization objectives, and to analyze 
optimal scenario changes along with variations of optimization objective 
combinations, three types of weight combinations are predefined in the 
paper. Through Ref. [63, 70], weights could be defined as having equal 
importance (100/100) and –oriented (100/50). Therefore, weights for the 
case study are: 

 
1. Equal importance scenarios: weight of environmental value 

100/weight of exergy efficiency value 100 (corresponding normalized 
weight factors 𝜔1/𝜔2 = 0.5/0.5). 

2. Slightly environment-oriented scenarios: weight of environmental 
value 100/weight of exergy efficiency value 50 (corresponding normalized 
weight factors 𝜔1/𝜔2 = 0.67/0.33). 

3. Slightly exergy efficiency-oriented scenarios: weight of 
environmental value 50/weight of exergy efficiency value 100 
(corresponding normalized weight factors 𝜔1/𝜔2 = 0.33/0.67). 
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All the abbreviations mentioned in this part could be found in the 
nomenclature. 

3.4.1. Equal importance scenario 

Tables 3-4, 3-6 and 3-8 present the optimal energy system scenarios 
transferred from the optimization solutions for a representative winter 
day, mid-season day and summer day load profiles. The optimal 
configuration and operation for these scenarios are shown in Tables 3-5, 
3-7 and 3-9.  

 Representative winter day 

Table 3-4 Equal-importance energy system scenario for a representative winter day  
Energy 

technology 
Equipment 
size (MW) 

Energy 
technology 

Equipment 
size (MW) 

Energy 
technology 

Equipment 
size (MW) 

BCHP 3.59 WT 1.05 HP for SH 0.17 

 
Table 3-4 shows that the equal-importance energy system scenario in 

the winter consists of 3.59MW BCHP, 1.05MW WT and 0.17MW HP; HP 
is used to provide space heating. Both the configuration and operation of 
this scenario are shown in Table 3-5. 

 
Table 3-5 Optimal configuration for the representative winter day (equal-importance 

scenario) 
Load 

profile 
EE 
(%) 

LCC
O (g 
/k

Wh
) 

Electricity 
supply 

Space heating 
supply 

Domestic 
hot water 

supply 

Cooling 
supply 

Percen
tage of 
BCHP 
produ
ction 
(%) 

Percen
tage of 

WT 
produ
ction 
(%) 

Percentag
e of waste 
heat (%)/ 

percentage 
of all 

waste heat 
(%) 

Perc
enta
ge of 
HP 

prod
ucti
on 
(%) 

Percentage 
of waste 

heat (%)/ 
percentage 
of all waste 

heat (%) 

Percentag
e of waste 
heat (%)/ 
percentag

e of all 
waste 

heat (%) 

Winter 64.35 68.4 77.92 22.08 
95.3 

(53.62) 
4.7 

100 
(41.21) 

100 
(5.17) 

 

According to Table 3-5, the results show that electricity consumption 
is supplied by BCHP and WT technologies. The corresponding ratio is 
77.92 percent/ 22.08 percent. Then the waste heat from the BCHP system 
is used for space heating, cooling and domestic hot water. Approximately 
53.62 percent of waste heat is used for space heating; the ratios for 
domestic hot water and cooling supply are about 41.21 percent and 5.17 
percent, respectively. Domestic hot water and cooling are fully supplied 



BASIC CASE 28 
 

by waste heat. Space heating is mostly (95.3 percent) covered by waste 
heat, and the remainder is supplied by the HP system. 

 Representative mid-season day 

Table 3-6 Equal-importance energy system scenario for a representative mid-season day  

Energy 
technology 

Equipme
nt size 
(MW) 

Energy 
technology 

Equipme
nt size 
(MW) 

Energy 
technology 

Equipm
ent size 
(MW) 

BCHP 1.77 WT 2.5 SAC 1.4 

 
Table 3-6 shows that the equal-importance energy system scenario in 

mid-season consists of 1.77MW BCHP, 2.5MW WT and 1.4MW SAC. The 
configuration and operation of this scenario are shown in Table 3-7. 
 

Table 3-7 Optimal configuration for the representative mid-season day (equal-importance 
scenario) 

Load 
profile 

EE 
(%) 

LCCO
2 (g 

/kWh
) 

Electricity supply 
Space 

heating 
supply 

Domesti
c hot 
water 
supply 

Cooling supply 

Percenta
ge of 

BCHP 
producti
on (%) 

Percenta
ge of WT 
producti
on (%) 

Percentag
e of waste 
heat (%)/ 

percentage 
of all 

waste heat 
(%) 

Percentag
e of waste 
heat (%)/ 
percentag

e of all 
waste heat 

(%) 

Percenta
ge of 
waste 
heat 
(%)/ 

percenta
ge of all 
waste 

heat (%) 

Percen
tage of 

SAC 
produ
ction 
(%) 

Mid-
season 

63.82 70.7 41.49 58.51 
100 

(26.21) 
100 

(70.52) 
16.51 
(3.27) 

83.49 

 

According to Table 3-7, 58.51 percent of electricity consumption is 
supplied by the WT technology. The remainder (41.49 percent) of the 
electricity is produced by BCHP systems. The waste heat from the BCHP 
system is used for space heating, domestic hot water and cooling 
production. Approximately 70.52 percent of waste heat is used for 
domestic hot water, and the ratios for space heating and cooling supply 
are about 26.21 percent and only 3.27 percent, respectively. Therefore, all 
consumption of space heating and domestic hot water is fulfilled by waste 
heat. Cooling capacity is covered by a combination of waste heat and SAC 
systems. Only 16.51 percent of cooling is fulfilled by waste heat, and the 
remainder is fulfilled by SAC systems. 
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 Representative summer day 

Table 3-8 Equal-importance energy system scenario for a representative summer day 

Energy 
technology 

Equipme
nt size 
(MW) 

Energy 
technology 

Equipme
nt size 
(MW) 

Energy 
technology 

Equipmen
t size 
(MW) 

BCHP 2.32 WT 1.81 HP for CC 0.35 

 
Table 3-8 shows that the equal-importance energy system scenario 

for the summer consists of 2.32MW BCHP, 1.81MW WT and 0.35MW HP; 
HP is used to provide cooling capacity. Both the configuration and 
operation of this scenario are shown in Table 3-9. 

 
Table 3-9 Optimal configuration for the representative summer day (equal-importance 

scenario) 
Load 

profile 
EE 
(%) 

LCCO2 

(g 
/kWh) 

Electricity 
supply 

Domestic hot 
water supply 

Cooling supply 

Percenta
ge of 

BCHP 
producti
on (%) 

Percen
tage of 

WT 
produ
ction 
(%) 

Percentage of 
waste heat (%)/ 
percentage of all 
waste heat (%) 

Percentage 
of waste 

heat (%)/ 
percentage 
of all waste 

heat (%) 

Percenta
ge of HP 
producti
on (%) 

Winter 59.93 67.3 53.61 46.39 
100 

(48.42) 
92.46 

(51.58) 
7.54 

 
According to Table 3-9, electricity consumption is equally supplied 

by WT and BCHP systems. The ratio is about 53.61 percent/46.39 percent. 
The lack of a space heating requirement during the summer means that 
the waste heat from the BCHP system is used for domestic hot water and 
cooling production. The ratios for domestic hot water and cooling supply 
are about 48.42 percent and 51.58 percent, respectively. Therefore, 
domestic hot water is 100 percent fulfilled by waste heat. Cooling is 
satisfied by the combination of waste heat (92.46 percent) and HP 
systems (7.54 percent). 

3.4.2. Slightly environment-oriented scenario 

Tables 3-10, 3-12 and 3-14 present the optimal energy system 
scenarios transferred from the optimization solutions for a representative 
winter day, mid-season day and summer day load profiles. Both the 
optimal configuration and operation of these scenarios are shown in 
Tables 3-11, 3-13 and 3-15. 
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 Representative winter day 

Table 3-10 Slightly environment-oriented energy system scenario for a representative 
winter day  

Energy 
technol

ogy 

Equip
ment 
size 

(MW) 

Energy 
technol

ogy 

Equip
ment 
size 

(MW) 

Energy 
technol

ogy 

Equip
ment 
size 

(MW) 

Energy 
technol

ogy 

Equip
ment 
size 

(MW) 

BCHP 3.66 WT 1 
HP for 

CC 
0.04 SAC 0.06 

 
Table 3-10 shows that the slightly environment-oriented energy 

system scenario in the winter consists of 3.66MW BCHP, 1 MW WT, 
0.06MW SAC and 0.04MW HP; HP is used to provide cooling capacity. 
Both the configuration and operation of this scenario are shown in Table 
3-11. 

 
Table 3-11 Optimal configuration for the representative winter day (slightly 

environment-oriented scenario) 
Load 

profile 
EE 
(%) 

LCC
O2 

(g 
/kW
h) 

Electricity 
supply 

Space 
heating 
supply 

Domes
tic hot 
water 
supply 

Cooling supply system 

Percen
tage of 
BCHP 
produ
ction 
(%) 

Percen
tage of 

WT 
produ
ction 
(%) 

Percenta
ge of 
waste 
heat 
(%)/ 

percenta
ge of all 
waste 

heat (%) 

Percenta
ge of 
waste 
heat 
(%)/ 

percenta
ge of all 
waste 

heat (%) 

Percenta
ge of 
waste 
heat 
(%)/ 

percenta
ge of all 
waste 

heat (%) 

Perc
enta
ge of 
HP 
(%) 

Percen
tage of 

SAC 
produ
ction 
(%) 

Winter 64.25 66.7 79.34 20.66 
100 

(55.26) 
100 

(40.43) 
84.49 
(4.31) 

11.21 4.3 

 
According to Table 3-11, electricity demand is supplied by BCHP and 

WT technologies. The corresponding ratio is approximately 79.34 
percent/ 20.66 percent. The waste heat from the BCHP system is used for 
space heating, cooling, and domestic hot water. Approximately 55.26 
percent of waste heat is used for space heating, and the ratios for 
domestic hot water and cooling supply are about 40.43 percent and 4.31 
percent, respectively. Therefore, space heating and domestic hot water 
are completely covered by waste heat. The cooling capacity is supplied by 
a combination of HP systems, SWT systems, and waste heat. The ratio is 
84.49 percent/ 11.21 percent/4.31 percent. 
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 Representative mid-season day 

Table 3-12 Slightly environment-oriented energy system scenario for a representative 
mid-season  

Energy 
technol

ogy 

Equip
ment 
size 

(MW) 

Energy 
technol

ogy 

Equip
ment 
size 

(MW) 

Energy 
technol

ogy 

Equip
ment 
size 

(MW) 

Energy 
technol

ogy 

Equip
ment 
size 

(MW) 

BCHP 2.05 WT 2.22 HP for 
SH 0.02 SAC 0.065 

 
Table 3-12 shows that the slightly environment-oriented energy 

system scenario in mid-season consists of 2.05MW BCHP, 2.22MW WT, 
0.065MW SAC and 0.02MW HP; HP is used to provide space heating. 
Both the configuration and operation of this scenario are shown in Table 
3-13. 

 
Table 3-13 Optimal configuration for the representative mid-season day (slightly 

environment-oriented scenario) 
Load 

profile 
EE 
(%) 

LCC
O2 

(g 
/k

Wh
) 

Electricity 
supply 

Space heating 
supply 

Domest
ic hot 
water 
supply 

Cooling 
supply 

Percen
tage of 
BCHP 
produ
ction 
(%) 

Percen
tage of 

WT 
produ
ction 
(%) 

Percenta
ge of 
waste 
heat 
(%)/ 

percenta
ge of all 
waste 

heat (%) 

Percen
tage of 

HP 
produ
ction 
(%) 

Percenta
ge of 
waste 
heat 
(%)/ 

percenta
ge of all 
waste 

heat (%) 

Percenta
ge of 
waste 
heat 
(%)/ 

percenta
ge of all 
waste 

heat (%) 

Perc
enta
ge of 
SAC 
prod
ucti
on 
(%) 

Mid-
season 

63.22 63.4 47.78 52.22 
98.33 

(22.35) 
1.67 

100 
(61.23) 

95.33 
(16.42) 

4.67 

 
From Table 3-13, WT and BCHP systems are applied equally to 

electricity generation. The corresponding ratio is about 52.22 
percent/48.78 percent. Then, 61.23 percent of waste heat from the BCHP 
system is used for space heating. The ratios for space heating and cooling 
supply system are about 22.35 percent and 16.42 percent, respectively. All 
domestic hot water demand is satisfied by waste heat. Over 98 percent of 
space heating is fulfilled by waste heat, and the remainder is from HP 
systems. Nearly 95.33 percent of cooling capacity is produced by waste 
heat, and 5 percent is from the SAC system. 
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 Representative summer day 

Table 3-14 Slightly environment-oriented energy system scenario for a representative 
summer day 

Energy 
technol

ogy 

Equip
ment 
size 

(MW) 

Energy 
technol

ogy 

Equip
ment 
size 

(MW) 

Energy 
technol

ogy 

Equip
ment 
size 

(MW) 

Energy 
technol

ogy 

Equip
ment 
size 

(MW) 
BCHP 0.21 WT 2.45 TC 1.5 SAC 0.1 

 
Table 3-14 shows that the slightly environment-oriented energy 

system scenario in the summer consists of 0.21MW BCHP, 2.45MW WT, 
0.1MW SAC and 1.5MW TC. Both the configuration and operation of this 
scenario are shown in Table 3-15. 

 
Table 3-15 Optimal configuration for the representative summer day (slightly 

environment-oriented scenario) 
Load 

profile 
EE 
(%) 

LCC
O2 (g 
/kW

h) 

Electricity supply 

Domesti
c hot 
water 
supply 

Cooling supply 

Percen
tage of 
BCHP 
produ
ction 
(%) 

Percen
tage of 

WT 
produ
ction 
(%) 

Percen
tage of 

TC 
(%) 

Percentag
e of waste 
heat (%)/ 

percentage 
of all 

waste heat 
(%) 

Percentag
e of waste 
heat (%)/ 

percentage 
of all 

waste heat 
(%) 

Percen
tage of 

SAC 
produ
ction 
(%) 

Summer 49.49 47.6 5.15 60.02 34.83 
100 

(45.83) 
98.4 

(54.17) 
1.6 

 
According to Table 3-15, the electricity generation scenario for the 

summer load profile is complex. Electricity demand is supplied mainly by 
WT technology: about 60.02 percent. Another part of the electricity 
demand is supplied by BCHP and TC systems: 5.15 percent and 34.83 
percent, respectively. Due to the lack of space heating requirements 
during the summer, the waste heat from the electricity generation system 
is used for domestic hot water and cooling production. The ratios for 
domestic hot water and cooling supply are about 45.83 percent and 54.17 
percent, respectively. Therefore, domestic hot water is fully covered by 
waste heat. Cooling capacity is mainly satisfied by waste heat, and only 
less than 2 percent is provided by the SAC system. 

3.4.3. Slightly exergy efficiency-oriented scenario 

Tables 3-16, 3-18 and 3-20 present the optimal energy system 
scenarios transferred from the optimization solutions for a representative 
winter day, mid-season day and summer day load profiles. The optimal 
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configuration and operation of these scenarios are shown in Tables 3-17, 
3-19 and 3-21. 

 Representative winter day 

Table 3-16 Slightly exergy efficiency-oriented energy system scenario for a 
representative winter day 

Energy 
technol

ogy 

Equip
ment 
size 

(MW) 

Energy 
technol

ogy 

Equip
ment 
size 

(MW) 

Energy 
technol

ogy 

Equip
ment 
size 

(MW) 

Energy 
technol

ogy 

Equip
ment 
size 

(MW) 

BCHP 3.05 WT 1.56 
HP for 
DHW 

4.34 SAC 0.14 

 
Table 3-16 shows that the slightly exergy efficiency-oriented system 

scenario consists of 3.05 MW BCHP, 1.56MW WT, 0.14MW SAC and 
4.34MW HP; HP is used to provide domestic hot water. Both the optimal 
configuration and operation are shown in Table 3-17. 

 
Table 3-17 Optimal configuration for the representative winter day (slightly exergy 

efficiency-oriented scenario) 
Load 

profile 
EE 
(%) 

LCC
O2 

(g 
/kW

h) 

Electricity 
supply 

Space 
heating 
supply 

Domestic hot 
water supply 

Cooling 
supply 

Percen
tage of 
BCHP 
produ
ction 
(%) 

Percen
tage of 

WT 
produ
ction 
(%) 

Percenta
ge of 
waste 
heat 
(%)/ 

percenta
ge of all 
waste 

heat (%) 

Percen
tage of 

HP 
(%) 

Percenta
ge of 
waste 
heat 
(%)/ 

percenta
ge of all 
waste 

heat (%) 

Percen
tage of 
waste 
heat 
(%)/ 

percen
tage of 

all 
waste 
heat 
(%) 

Percen
tage of 

SAC 
(%) 

Winter 64.75 80.8 66.15 33.85 
100 

(64.26) 
35.22 

64.78 
(30.45) 

89.69 
(5.29) 

10.31 

 
According to Table 3-17, electricity demand (about 66.15 percent) is 

supposed to be mainly supplied by BCHP technology. The remainder of 
the electricity is satisfied by WT systems (33.85 percent). The waste heat 
from the BCHP system is used for space heating, cooling and domestic 
hot water. Approximately 64 percent of waste heat is used for space 
heating, and the ratios for domestic hot water and cooling supply are 
about 30 percent and five percent, respectively. Space heating is fully 
supplied by waste heat. Domestic hot water is generated by waste heat 
and HP systems (64.78 percent/35.22 percent). Cooling is 89.69 percent 
fulfilled by waste heat, with the remainder being supplied by SAC systems. 
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 Representative mid-season day 

Table 3-18 Slightly exergy efficiency-oriented energy system scenario for a 
representative mid-season day 

Ener
gy 

techn
ology 

Equip
ment 
size 

(MW) 

Ener
gy 

techn
ology 

Equip
ment 
size 

(MW) 

Ener
gy 

techn
ology 

Equip
ment 
size 

(MW) 

Ener
gy 

techn
ology 

Equip
ment 
size 

(MW) 

Ener
gy 

techn
ology 

Equip
ment 
size 

(MW) 

BCH
P 

1.58 WT 2.68 
HP 
for 
SH 

0.02 
HP 
for 

DHW 
0.96 SAC 1.55 

 
Table 3-18 shows that the slightly exergy efficiency-oriented energy 

system scenario in mid-season consists of 1.58MW BCHP, 2.68MW WT, 
1.55MW SAC and 0.96MW HP; 0.96MW HP is used to provide domestic 
hot water, and the remainder is used for space heating. Both the 
configuration and operation are shown in Table 3-19. 

 
Table 3-19 Optimal configuration for the representative mid-season day (Slightly exergy 

efficiency-oriented scenario) 
Load 
profil

e 

EE 
(%) 

LCCO
2 (g 

/kWh
) 

Electricity 
supply 

Space heating 
supply 

Domestic hot 
water supply 

Cooli
ng 

suppl
y 

Percen
tage of 
BCHP 
produ
ction 
(%) 

Percen
tage of 

WT 
produ
ction 
(%) 

Percenta
ge of 
waste 
heat 
(%)/ 

percenta
ge of all 
waste 

heat (%) 

Percen
tage of 

HP 
produ
ction 
(%) 

Percenta
ge of 
waste 
heat 
(%)/ 

percenta
ge of all 
waste 

heat (%) 

Percen
tage of 

HP 
produ
ction 
(%) 

Percenta
ge of 
SAC 

producti
on (%) 

Mid-
season 

63.99 76.5 37.17 62.83 
98.61 

(28.81) 
1.39 

90.45 
(71.19) 

9.55 100 

 
Table 3-19 shows that electricity is mainly (over 62.83 percent) 

supplied by the WT system. Less than 38 percent of the electricity is 
supplied by BCHP systems. The waste heat from the BCHP system is 
applied to space heating and domestic hot water production. 
Approximately 71.19 percent of waste heat is used for domestic hot water, 
and the amount for space heating supply is about 28.81 percent. Space 
heating and domestic hot water are supplied by a combination of waste 
heat and HP systems; the ratios for these are 62.57 percent/37.43 percent 
and 88.87 percent/11.23 percent, respectively. Additionally, cooling 
capacity is fully provided by the SAC system. Figures 6-29 through 6-32 
show the detailed operations of this energy supply scenario on a 
representative mid-season day. 

. 
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 Representative summer day 

Table 3-20 Slightly exergy efficiency-oriented energy system scenario for a 
representative summer day  

Energy 
technology 

Equipme
nt size 
(MW) 

Energy 
technology 

Equipme
nt size 
(MW) 

Energy 
technology 

Equipm
ent size 
(MW) 

BCHP 2.03 WT 2.1 SAC 1.4 
 

Table 3-20 shows that the slightly exergy efficiency-oriented energy 
system scenario in the summer consists of 2.03MW BCHP, 2.1MW WT 
and 1.4MW SAC. Both the configuration and operation are shown in 
Table 3-21. 

 
Table 3-21 Optimal configuration for ̀  the representative summer day (slightly exergy 

efficiency-oriented scenario) 
Load 

profile 
EE 
(%) 

LCCO2 

(g 
/kWh) 

Electricity supply 
Domestic 
hot water 

supply 
Cooling supply 

Percentage 
of BCHP 

production 
(%) 

Percentage 
of WT 

production 
(%) 

Percentage 
of waste 

heat (%)/ 
percentage 

of all 
waste heat 

(%) 

Percentage 
of waste 

heat (%)/ 
percentage 
of all waste 

heat (%) 

Percentage 
of SAC 

production 
(%) 

Summer 60.49 76.6 49.19 50.81 100(57.08) 65.26(42.92) 34.74 

 
Table 3-21 shows that electricity demand is equally supplied by WT 

and BCHP systems; the ratios are nearly 50.81 percent and 49.19 percent, 
respectively. No space heating is required in the summer. Waste heat 
from the BCHP system is used for domestic hot water and cooling 
production. The ratios for domestic hot water and cooling supply are 
about 57.08 percent and 42.92 percent, respectively. Therefore, all 
domestic hot water is covered by waste heat. Cooling is mainly satisfied 
by waste heat (65.26 percent), and only less than 35 percent is provided 
by SAC systems. 

3.5. Discussions 

According the basic case study, it is confirmed that this approach 
could be applied for searching the optimal energy system for a specific 
district. Some useful information is presented below: 

 
1. The approach is proven to be able to significantly reduce 

computational efforts; it searches for the global optimums from a huge 
number of possible solutions (1.66 × 1065) with a relatively small number 
of iterations (only 120 iterations and approximately 6 × 105 individuals).  
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2. Three types of weight combinations were presented above: equal-
importance, slightly exergy efficiency-oriented, and slightly environment-
oriented. Thus, this design approach can provide different optimal 
scenarios along with a variation of optimization objective combinations. 
Accordingly, the approach can be adapted to other objective 
combinations. 

 
3. Optimization results change for the same optimization objectives, 

with different weight combinations. Hence, optimal scenarios must be 
related to their specific corresponding weight combinations. 
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Chapter 4 Case 1 (Norway) – Reliability 
constraints analysis 

The main scientific values of case study 1 are: 
1. To examine the necessity of inserting system constraints into the 

optimization approach. 
2. To analyze optimal scenario changes caused by the varying 

reliability constraints. 
3. To explore the necessity of system reliability for the renewable 

energy systems. 

4.1. Case description 

This case study makes use of a BCD located in Trondheim, Norway. 
The volume of the BCD includes 50 houses (average area 150 m2), 200 
apartments (average area 70 m2), seven offices (average area 6000 m2), 
five hospitals (average area 3000 m2) and two restaurants (average area 
7000 m2). Basic information on this district (energy demand, peak load, 
load profiles and climatic conditions) can be found in Publication B 
(“Energy quality management for building clusters and districts (BCDs) 
through multi-objective optimization”). An August day represents 
summer energy demand and load profiles; an April day represents mid-
season energy demand and load profiles; and a January day represents 
winter energy demand and load profiles [46]. 

 
The potential energy sources and energy conversion systems are the 

same as those in Table 3-1. Table 3-1 shows the efficiencies of these 
energy supply technologies. Fig. 4-1 depicts the possible energy-flow 
routes from each energy resource via energy conversion systems to each 
type of consumption. 



CASE 1 38 
 

 
Fig 4-1 Overview of energy system 

4.2. Applying the optimization model 

The decision variable initiation is the same as that presented in Tables 
3-2 to 3.3 in Section 3.2. For this part, it should be noted that a new 
constraint function needs to be considered for the optimization process. 

 
In this case, LPSP is included as a reliability constraint; it is kept from 

exceeding the maximum allowable (user-defined) value, which is 
represented in the model as a constraint function 𝑓𝑐𝑜𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑡: 

 
𝑓𝐶𝑜𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑡(�̅�,𝑦�) ≤ C; �̅� = [𝑥1, 𝑥2, … , 𝑥𝑚];  𝑦� = [𝑦1,𝑦2, … ,𝑦𝑛]           (4-1) 

where C is the maximum allowable LPSP value that is predefined as a 
constraint.  

 
Therefore, two optimization objectives and one constraint function are 

involved in this case study: 
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Energy performance: Maximizing the total exergy efficiency (EE). 
Environmental impacts: Minimizing the life cycle CO2 equivalents 

(LCCO2). 
Reliability constraint: Keeping the LPSP value of the holistic 

energy system from exceeding the desired value. 

4.3. Optimization results 

Optimization results appeared as Pareto fronts, and are shown in Fig 
4-2 through 4-4. In brief, a Pareto front indicates the increase in exergy 
efficiency the decision-maker has to be ready to accept a corresponding 
increase in life-cycle global warming potential, when the LPSP is at the 
acceptable level (pre-defined by users or decision makers). The solid 
shapes represent the optimal solutions, which are the most appropriate 
sets of decision variables for the case with certain objective combinations 
and that can transfer to optimal scenarios. The maximum allowable LPSP 
values 0, 1 and 5 percent were used in the computational analysis. Three 
groups of optimization results, which correspond to these three values, 
are presented and compared in Tables 4-1 through 4-3. Here, it is 
highlighted that all the optimization objectives have equal importance. 
According to Ref. [63, 70], weight combination for the case study is 
0.5/0.5. All the abbreviations mentioned in this part could be found in 
the nomenclature. 

 Representative winter day 

 

Fig 4-2 Pareto front for the representative winter day profile 
 

Optimal solutions in Fig 4-2 could be transferred as energy system 
scenarios shown in Table 4-1.  
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Table 4-1 Optimal energy system scenarios and configurations on representative winter 
day 

Allow
able 

LPSP 

TEE 
(%) 

LCCO2 

(g 
/kWh) 

EL supply SH supply DHW supply 
CC 

supp
ly 

Percenta
ge of 

BCHP 
productio

n (%) 

Percen
tage of 

WT 
produ
ction 
(%) 

Percentag
e of waste 
heat (%)/ 

percentage 
of all 

waste heat 
(%) 

Percen
tage of 

HP 
(%) 

Percentag
e of waste 
heat (%)/ 

percentage 
of all 

waste heat 
(%) 

Perc
enta
ge of 
HP 
(%) 

Perce
ntage 
of HP 
(%) 

0 
65.73 59 50.15 49.85 

91.42 
(78.16) 

8.58 
85.74 

(21.84) 
14.2

6 
100 

Scenario: 0.87 MW BCHP, 0.9 MW WT, 0.25 MW HP for SH, 0.15 MW HP for DHW and 0.06 
MW HP for CC 

1% 
66.71 57.8 55.76 44.24 

100 
(77.7) 

N/A 
91.32 
(22.3) 

8.68 100 

Scenario: 0.97 MW BCHP, 0.8 MW WT, 0.09 MW HP for DHW and 0.06 MW HP for CC 

5% 
72.01 54.6 57.15 42.85 

100 
(78.05) 

N/A 
92.28 

(21.95) 
7.72 100 

Scenario: 0.99 MW BCHP, 0.78 MW WT, 0.08 MW HP for DHW and 0.06 MW HP for CC 
 
According to Table 4-1, EL is primarily supplied by the BCHP system. 

The ratio of EL produced by the BCHP system grows from 50.15 percent 
to over 57 percent with the increase of the LPSP value (from 0 to 5 
percent). The rest of EL is generated by the WT system. For SH 
generation, waste heat and the HP system are applied when the LPSP 
value is 0. If the LPSP value increases to 1 percent or 5 percent, SH is fully 
provided by waste heat. DHW is primarily satisfied by waste heat, and 
another part (7.72% to 14.26) is from the HP system for all LPSP values. 
The ratio of DHW produced by waste heat goes up (from 85.74 percent to 
92.28 percent) with the increase of the LPSP value. The HP system fulfills 
CC for all maximum allowable LPSP values. The fundamental 
components of the optimal scenarios are also shown in Table 4-1. 
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 Representative mid-season day 

 

Fig 4-3 Pareto front for the representative mid-season day profile 
 

Optimal solutions in Fig 4-3 could be transferred as energy system 
scenarios shown in Table 4-2.  

 
Table 4-2 Optimal energy system scenarios and configurations on representative mid-

season day  
Allo
wabl

e 
LPS

P 

TEE 
(%) 

LCCO
2 (g 

/kWh
) 

EL supply SH supply DHW supply CC supply 

Percen
tage of 
BCHP 
produ
ction 
(%) 

Perce
ntage 

of 
WT 

prod
uctio
n (%) 

Percenta
ge of 
waste 

heat (%)/ 
percenta
ge of all 
waste 

heat (%) 

Percen
tage of 

HP 
(%)/ 

Percentag
e of waste 
heat (%)/ 
percentag

e of all 
waste 

heat (%) 

Perc
enta
ge of 
HP 
(%) 

Percenta
ge of 
waste 

heat (%)/ 
percenta
ge of all 
waste 

heat (%) 

Per
cent
age 
of 

HP 
(%) 

0 
68.28 54.1 17.92 

82.0
8 

84.09 
(28.83) 

15.91 
91.13 

(65.14) 
8.87 

100 
(6.03) 

N/A 

Scenario: 0.31 MW BCHP, 1.45 MW WT, 0.08 MW HP for SH and 0.09 MW HP for DHW 

1% 
70.6 56,6 14.25 85.75 

56.09 
(29.07) 

43.91 
88.26 

(60.58) 

11.7
4 

 
N/A 100 

Scenario: 0.25 MW BCHP, 1.5 MW WT, 0.22 MW HP for SH, 0.12 MW HP for DHW and 0.06 
MW HP for CC 

5% 
78.38 58.5 5.88 94.12 100(100) N/A N/A 100 N/A 100 
Scenario: 0.1 MW BCHP, 1.65 MW WT, 0.98 MW HP for DHW and 0.06 MW HP for CC 

 

Table 4-2 shows that a large portion of EL is provided by the WT 
system. The ratio of EL supplied by the WT system continues to have an 
increasing trend (from 82.08 percent to 92.14 percent) with the rise of 
the LPSP value. The BCHP system takes charge for the remaining part of 
EL. SH is mainly generated by waste heat. As the LPSP value increases 
from 0 to 1 percent, a decline occurs for SH satisfied by waste heat, from 
84 percent to 56 percent. The rest of SH is provided by the HP system. At 



CASE 1 42 
 

the LPSP value of 5 percent, SH is fully provided by waste heat. DHW is 
fulfilled by a combination of waste heat and the HP system at the LPSP 
values of 0 and 1 percent. As the LPSP value climbs to 5 percent, the HP 
system is used to match all DHW demands. CC is fully covered by waste 
heat when the LPSP value is 0. At LPSP values 1 percent or 5 percent, all 
CC is satisfied by the HP system. The fundamental components of the 
optimal scenarios are also shown in Table 4-2. 

 Representative summer day 

 
Fig 4-4 Pareto front for the representative summer day profile 

 
Optimal solutions in Fig 4-4 could be transferred as energy system 

scenarios shown in Table 4-3.  
 

Table 4-3 Optimal energy system scenarios and configurations on representative 
summer day 

Allo
wabl

e 
LPSP 

TEE 
(%) 

LCCO
2 (g 

/kWh
) 

EL supply DHW supply CC supply 
Percenta

ge of 
BCHP 

producti
on (%) 

Percen
tage of WT 
productio

n (%) 

Percentage 
of waste 

heat (%)/ 
percentage 
of all waste 

heat (%) 

Percen
tage of 

HP 
(%) 

Percentage of 
waste heat 

(%)/ 
percentage of 
all waste heat 

(%) 

Perc
enta
ge of 
HP 
(%) 

0 68.23 51.6 16.1
5 

83.85 100(79.48) N/A 96.35(20.52) 3.65 

Scenario: 0.28 MW BCHP, 1.45 MW WT and 0.01 MW HP for CC 
1% 70.24 49.2 16.4 83.6 100(79.01) N/A 100(20.99) N/A 

Scenario: 0.29 MW BCHP and 1.44 MW WT 
5% 77.76 49.6 9.27 90.73 72.29(100) 27.71 N/A 100 

Scenario: 0.16 MW BCHP, 1.57 MW WT, 0.27 MW HP for DHW and 0.98 MW HP for CC 
 
As shown in Table 4-3, the WT system is utilized to generate the 

majority of EL. The ratio of EL produced by the WT system is nearly 84 
percent when the LPSP value is either 0 or 1 percent. If the LPSP value 
rises to 5 percent, more than 90 percent of EL is produced by the WT 
system, with the rest being produced by the BCHP system. DHW is 
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completely provided by waste heat when LPSP values are 0 and 1 percent. 
As the LPSP value jumps to 5 percent, DHW is covered by waste heat and 
the HP system (72.29 percent/27.71 percent). All CC is satisfied by waste 
heat when LPSP values are 0 and 1 percent. After the LPSP value 
increases to 5 percent, the HP system is supposed to be a promising 
solution. The fundamental components of the optimal scenarios are also 
shown in Table 4-4. 

4.4. Discussions 

Examining the results from the first case study, it can be noticed that 
optimization results could vary significantly by inserting some specific 
constraints. For instance, optimal energy system scenarios are highly 
sensitive to the maximum allowable LPSP. For example, given that the 
maximum allowable LPSP value jumps from 0 to 5 percent, the optimal 
scenarios with these two LPSP values will be completely different. Based 
on this study, it is concluded that system constraints need to be 
confirmed prior to the optimization process. Furthermore, it is argued 
that system reliability should also be included in the framework of larger 
“energy quality” discussions.  

 
The BCHP system has acceptable exergy efficiency and reliability; thus, 

it is the main component of the hybrid system. WT technology is 
influenced by local wind characteristics; hence, its utilization needs to 
connect with system reliability. With the increase of the maximum 
allowable LPSP value, more EL is produced by WT technology in the 
electricity-dominant seasons (mid-season and summer). In order for the 
WT system to be widely utilized in the future, efforts must focus on 
improving its reliability. 

 
According to the concept of “sustainability,” energy systems should be 

cost-effective. Gross pointed out that the integration of technology and 
energy resources, especially for renewable energies, poses a great 
economic challenge, in addition to technical and environmental 
challenges [74]. Hence, it is necessary to consider economic costs as an 
optimization objective of the approach for practical cases. An economic 
analysis, coupled with the optimization approach, is provided in Chapter 
5.  
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Chapter 5 Case 2 (China) – Economic analysis 
and Transition path 

This case is a realistic case located in Hangzhou, China. Therefore, the 
missions of the case study are divided in two groups: 

1. Scientific contributions: 
   a. To examine the feasibility of changing any optimization objective 

of this approach. 
   b. To take the economic analysis for the optimum energy system and 

solve the problems presented in Chapter 4.  
 
2. Practical contribution: This district needs to replace the existing 

energy system with a distributed energy system (DES) between 2015 and 
2030. Immediately replacing the existing energy system with a DES is 
both complicated and unpractical, so the transition work will be a multi-
stage process. This part of the thesis presents a reasonable optimum 
transition path towards distributed energy systems for the district. 

5.1. Case description 

The district used for the case study is located in Qingshan Lake 
District, China. The strategic aim is to fulfill the criterion of “NZEXD” in 
the time range between 2015 and 2030. A gradual process is suggested to 
replace the existing energy system with a DES. Basic information on this 
district (energy demand, peak load, load profiles and climatic conditions) 
is measured by the Energy Auditing Platform of Zhejiang University and 
can be found in Journal paper C (Transition path towards hybrid 
systems in China: obtaining net-zero exergy district using a multi-
objective optimization method). An August day represents the summer 
energy demand and load profiles; an April day represents the mid-season 
energy demand and load profiles; and a January day represents the 
winter energy demand and load profiles [46]. 

Twelve energy supply systems are involved on the transition path: 
biomass CHP (BCHP), small-scale wind turbine (WT), solar photovoltaic 
(PV), solar photovoltaic thermal system (TC), centralized electricity grid 
based on the traditional fossil fuel power generation technologies (CEG), 
solar thermal heater (STH), air-source heat pump (HP), district heating 
(DH), air conditioner (AC), biogas boiler (GB), electricity heater (EH) and 
solar absorption cooling (SAC). These systems are used to satisfy four 
types of district energy demands: EL, SH, DHW and CC. Table 5-1 depicts 
the possible routes of energy supply systems to each type of consumption 
and the efficiency of each technology. 
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Table 5-1 Energy supply systems lineup 
Energy 
system 

Energy efficiency 
EL SH DHW CC 

BCHP 0.24 0.80 0.75 0.75 
WT 0.9 - - - 
TC* 0.14 0.75 0.75 - 
PV* 0.13 - - - 

CEG*** 0.24 - - - 
STH* - 0.5 0.45 - 

AC - 2.6 2.6 2.4 
HP - 2.8 2.8 2.5 
DH - 0.85 - - 
EH - 0.98 0.98 - 

BGB - - 0.91 - 
SAC* - - - 1.2 

*Efficiency value is based on solar radiation of 1200 w/m2 
**References: [46, 64, 76, 77] 
***Centralized electricity grid is based on the traditional fossil fuel power generation 
technologies 

 
Maximum wind speed in this area could reach 18.0 m/s, which 

matches the wind speed work range of the WT system (4–25 m/s) [17]. 
Solar energy conversion technologies are greatly influenced by solar 
radiation; thus, energy conversion times of solar technologies are set as 7 
hours (9:30 a.m. to 4:30 p.m.) on the representative winter day, 9 hours 
(8:30 a.m. to 5:30 p.m.) on the representative mid-season day and 12 
hours (7:00 a.m. to 7:00 p.m.) on the representative summer day, 
respectively. 

5.2. Definition of transition path 

As mentioned in Chapter 1, the energy demands of NZEXD are 
presumed to be fully satisfied by the distributed energy system (DES) [14]. 
Immediately replacing the existing energy system with DES is both 
complicated and unpractical; therefore, the transition work is required to 
take place in a multi-stage process. Hybrid energy systems, which include 
both off-site and distributed systems, are the necessary steps on a 
transition path towards the sustainable energy system for NZEXD. The 
boundaries of the hybrid energy systems on the path would be varied, 
along with the transition process, from both centralized energy system 
and DES to DES only.  

 
Currently, district energy demands are mainly fulfilled by a centralized 

energy grid. The EL, SH, and CC demands are completely covered by the 
centralized electricity grid, as the DHW demand is handled by a 
centralized gas grid coupled with a solar water tank. Following the 
requirements of NZEXD, the transition process from the existing energy 
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system to DES needs to be completed by 2030. To guarantee the 
transition process runs smoothly, the acceptable path for the case is 
divided into three steps, taking place in 2020, 2025, and 2030. The initial 
step aims to reduce reliance on the centralized electricity grid. Therefore, 
it is necessary to apply DES to replace the centralized electricity grid by a 
small portion (25–45 percent) of electricity generation by 2020. The next 
step is to guarantee that the majority (65–85 percent) of energy is 
provided by DES from 2025 onwards. The final step is to cover all energy 
demands by DES after 2030. The basic transition path for the case is 
shown in Fig.5-1. Multi-objective optimization is applied for this part in 
order to choose the most suitable hybrid energy systems in these three 
steps.  

 
Fig. 5-1 Basic transition path 

 

5.3. Applying the optimization model 

According to optimization model description in Section 2.4, the 
discrete decision variables for the case are presented in Table 5-2. 

Table 5-2 Discrete variables instantiation 

Variable name x 
Variable 

type 
Range of 

value 
EL supply technology (X1) x1,x2,x3 Discrete (1,2,3,4,5) 
SH supply technology (X2) x4,x5 Discrete (1,2,3,4,5) 

DHW supply technology(X3) x6,x7 Discrete (1,2,3,4) 
CC supply technology (X4) x8,x9 Discrete (1,2,3) 

Waste heat 
utilization 

(X5) 

Waste heat used for 
SH supply 

x10 Discrete (0,1) 

Waste heat used for 
DHW supply 

x11 Discrete (0,1) 

Waste heat used for 
CC supply 

x12 Discrete (0,1) 
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As shown in Table 5-2, EL supply technologies (vector X1) include the 
options BCHP, WT, PV, TC and CEG. Correspondingly, the SH options 
(X2) refer to the decision variables x4-x5 covering five technologies HP, 
DH, AC, EH and STH. The options of DHW production (X3) have two 
variables (x6-x7) and four alternatives HP, GB, STH and EH. The CC 
supply options (X4) are HP, AC and SAC, and the corresponding decision 
variables x8-x9. 

The continuous decision variables are listed in Table 5-3. 
 

Table 5-3 Continuous variables instantiation 

Variable name y Variable type 
Range of 

value 
Step 

Ratio of EL supply 
technology candidate (Y1) 

y1, y2, 
y3 

Continuous [0,100%] 0.1% 

Ratio of SH supply 
technology candidate (Y2) 

y4, y5 Continuous [0,100%] 0.1% 

Ratio of DHW supply 
technology candidate (Y3) 

y6,y7 Continuous [0,100%] 0.1% 

Ratio of CC supply 
technology candidate (Y4) 

y8,y9 Continuous [0,100%] 0.1% 

Ratios of 
waste heat 
utilization 

(Y5) 

Ratio of WHU 
for SH supply 

y10 Continuous [0,100%] 0.1% 

Ratio of WHU 
for DHW supply 

y11 Continuous [0,100%] 0.1% 

Ratio of WHU 
for CC supply 

y12 Continuous [0,100%] 0.1% 

 
This case study is based on a realistic case whose energy demands are 

measured by the Energy Auditing Platform of Zhejiang University; thus, 
an economic cost analysis is regarded as an essential part of the energy 
system design. Accordingly, economic cost is applied to replace 
environmental impact as the main objective of the optimization process. 
The optimization objectives involved in this case study are: 

 
1. Energy performance: maximizing the total exergy efficiency (EE). 
2. Economic cost: minimizing the life cycle cost (LCC). 

5.4. Optimization results 

Three types of hybrid energy scenarios are included for each 
representative day, corresponding to the three steps stated in Section 5.2. 
They are: off-site energy system dominated (OED), DES dominated (DED) 
and DES only (DEO). Each type of scenario has three treatment strategies, 
which correspond to three groups of weight combinations: equal 
importance (𝜔1/𝜔2 = 0.5/0.5), LCC oriented (𝜔1/𝜔2 = 0.33/0.67) and EE 
oriented (𝜔1/𝜔2 = 0.67/0.33). These weight combinations are based on 
Ref. [63, 70]. All the optimization results are based on the assumptions 
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addressed in Section 5.1. Besides, all the abbreviations mentioned in this 
part could be found in the nomenclature. 

 Representative winter day 

For the representative winter day, the preference treatment strategies 
are: LCC and EE are equal importance (A1-A3), LCC oriented (B1-B3) and 
EE oriented (C1-C3). The solutions are shown in Fig. 5-2 and the detailed 
information is presented in Table 5-4. 

 

 
* PS- Pareto solutions; OS-Optimal solution 

Figure 5-2 Optimization solutions for the representative winter day 
 

Table 5-4 Optimal energy system alternatives on representative winter day 
Scenario OED DED DEO 

Alternative A1 B1 C1 A2 B2 C2 A3 B3 C3 
EE (%) 44.3 43.7 45.8 56.9 54.9 57.6 61.5 60.3 62.0 

LCC (c € /kWh) 3.85 3.74 4.28 8.43 7.75 9.06 10.7 10.0 11.2 

E
L 

BCH
P 

Product
ion (%) 

43.1 32.8 42.2 73.9 73.1 72.6 75.5 75.7 76.5 

Size 
(kW) 

310
0 

236
0 

300
0 

532
0 

526
0 

522
0 

543
0 

545
0 

5510 

WT 

Product
ion (%) 

- - - 17.1 9.4 23.1 36.3 32.8 38.4 

Size 
(kW) 

- - - 890 320 790 1610 1590 1530 

CEG 
Product
ion (%) 

56.9 67.2 57.8 17.5 27.8 14.3 - - - 

S
H 

WH
U 

Product
ion (%) 

42.9 56 20.3 100 100 100 82.4 99.1 59.7 

HP 
Product
ion (%) 

- - - - - - 17.6 0.9 40.3 
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Size 
(kW) 

- - - - - - 
1500

** 
80** 

343
0** 

DH 
Product
ion (%) 

57.1 44 79.7 - - - - - - 

D
H
W 

WH
U 

Product
ion (%) 

28.1 - 82.5 45.2 41.7 41.2 68.5 46.4 95.2 

HP 

Product
ion (%) 

- - - 30.7 36.4 36.8 20.2 29.5 2.7 

Size 
(kW) 

- - - 
252
0* 

300
0* 

302
0* 

1560
** 

242
0** 

220*

* 

GB 

Product
ion (%) 

71.9 100 17.5 24.1 21.5 22.0 11.4 24.1 2.1 

Size 
(kW) 

590
0 

820
0 

1450 1970 1750 
180

0 
930 

198
0 

170 

C
C 

WH
U 

Product
ion (%) 

100 100 67.9 - - 100 - - 13.6 

SAC 

Product
ion (%) 

- - 32.1 100 100 - 100 100 86.7 

Size 
(kW) 

- - 200 600 600 - 600 600 520 

* Electricity for this system is generated by both CEG and distributed systems. 
** Electricity for this system is generated by distributed systems. 

 
The data in Table 5-4 indicates that the BCHP system is the most 

promising selection for the distributed electricity system. The maximum 
amount of electricity generated by the BCHP system could meet 76.5 
percent of EL demand. The WT system covers an increasing fraction of 
EL demand (reaching 38.4 percent) after reliance on the centralized 
electricity grid is decreased (from OED to DEO). For the SH supply, waste 
heat from the electricity generation process is the first choice. DED 
solutions only use waste heat for the SH production, while OED solutions 
select the combination of WHU and DH. DEO alternatives apply WHU 
and HP to satisfy the SH demand. Three types of elements are involved in 
fulfilling DHW demand: WHU, HP, and GB. OED prefers WHU and GB 
systems, while the WHU, GB, and HP hybrid systems are utilized by DED 
and DEO solutions. Two technologies – WHU and SAC –are used to cover 
the CC demand. Wind energy, bioenergy, and air source (heat recovery) 
are the essential parts for winter energy supply. Due to climatic reasons, 
solar energy only accounts for a very small proportion in the hybrid 
systems. 

 
Electricity used for thermal energy conversion systems should be 

considered. Hence, a portion of solutions generate more electricity that 
exceeds the actual demand. The difference is employed to drive the 
thermal energy conversion systems. 
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 Representative mid-season day 

For the representative mid-season day, the three alternatives are equal 
importance (A4-A6), LCC oriented (B4-B6) and EE oriented (C4-C6). The 
optimization solutions are shown in Figure 5-3, and the detail 
information is shown in Table 5-5. 

 

 
* PS- Pareto solutions; OS-Optimal solution 

Figure 5-3 Optimization solutions for the representative mid-season day 
 

Table 5-5 Optimal energy system alternatives on representative mid-season day 
Scenario OED DED DEO 

Alternative A4 B4 C4 A5 B5 C5 A6 B6 C6 
EE (%) 44.3 43.8 47.8 52.0 49.4 57.7 54.5 52.9 58.0 

LCC (c € /kWh) 4.28 3.97 4.95 6.96 6.7 7.6 10.9 10.4 11.6 

E
L 

BC
HP 

Producti
on (%) 

37.9 35.0 40.5 53.2 52.5 53.7 39.3 54.4 38.9 

Size 
(kW) 

258
0 

237
0 

276
0 

362
0 

360
0 

365
0 

267
0 

370
0 

264
0 

WT 

Producti
on (%) 

- - - 12.7 12.5 15.6 60.7 45.6 61.1 

Size 
(kW) 

- - - 430 420 520 
203

0 
1520 

204
0 

CE
G 

Producti
on (%) 

62.1 65 59.5 34.1 35 30.6 - - - 

S
H 

WH
U 

Producti
on (%) 

100 77.4 100 90.4 45.1 100 96.8 77.5 100 

ST
H 

Producti
on (%) 

- - - 9.6 42.9 - 5.2 22.5 - 

Size - - - 24 1070 - 130 560 - 
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(kW) 

DH 
Producti
on (%) 

- 22.6 - - 12.0 - - - - 

D
H
W 

WH
U 

Producti
on (%) 

- 5.4 100 92.9 81.8 93.7 20.3 55.9 51.9 

ST
H 

Producti
on (%) 

- - - 4.5 11.4 4.1 48.9 27.1 11.0 

Size 
(kW) 

- - - 330 840 300 
363

0 
200

0 
820 

GB 

Producti
on (%) 

100 94.6 - 2.6 6.8 2.2 30.8 17.0 37.1 

Size 
(kW) 

740
0 

700
0 

- 200 500 160 
228

0 
1260 

274
0 

C
C 

WH
U 

Producti
on (%) 

100 100 - 12.4 87.6 - 100 100 - 

SAC 

Producti
on (%) 

- - 100 87.6 12.4 100 - - 100 

Size 
(kW) 

- - 
220

0 
1930 270 

220
0 

- - 
220

0 

 
As illustrated in Table 5-5, BCHP and WT systems take responsibility 

for the EL demand excluded from the CEG system. With the development 
of DES, the WT system plays a more important role in the hybrid system. 
The maximum ratio of WT could reach 61.1 percent in DEO solutions. To 
satisfy the SH demand, waste heat from the electricity generation process 
is primarily used. For the rest of SH, OED solutions only apply DH. With 
the popularity of DES, the STH system begins to be applied as a 
supplement for the SH supply in DED and DEO solutions. Three types of 
elements are involved in providing DHW demand: WHU, STH, and GB 
technologies. GB and WHU technologies are the only DHW supply 
methods for solutions A4 and C4, respectively. A combination of WHU 
and GB systems is chosen by solution B4; moreover, a hybrid system of 
all three elements is implemented in the DED and DEO solutions. Two 
types of technologies – WHU and SAC – are considered to cover CC 
demand.  

 
Compared with wintertime, solar characteristics improve significantly 

and remain at acceptable levels during mid-season. All of the above 
solutions illustrate that solar energy technologies play an increasingly 
important role in thermal energy production. 

 Representative summer day 

The three alternatives for the representative summer day are equal 
importance (A7-A9), LCC oriented (B7-B9) and EE oriented (C7-C9). The 
optimization solutions are shown in Figure 5-4, and detailed information 
is presented in Table 5-6. 
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* PS- Pareto solutions; OS-Optimal solution 

Figure 5-4 Optimization solutions for the representative summer day 
 

Table 5-6 Optimal energy system alternatives on representative summer day 
Scenario OED DED DEO 

Alternative A7 B7 C7 A8 B8 C8 A9 B9 C9 
EE (%) 48.0 46.7 48.7 52.9 50.7 57.1 56.7 55.6 60.3 

LCC (c € /kWh) 4.61 4.45 4.79 7.92 6.90 9.38 10.7 9.97 10.8 

E
L 

BC
HP 

Producti
on (%) 

36.9 33.0 41.2 59.2 59.2 39.4 38.3 34.9 41.6 

Size 
(kW) 

229
0 

205
0 

255
0 

367
0 

367
0 

244
0 

237
0 

2170 
250

0 

WT 

Producti
on (%) 

- - - 20.9 10.7 40.7 56.7 51.2 58.4 

Size 
(kW) 

- - - 660 330 1270 1760 1590 1810 

TC 

Producti
on (%) 

- - - - - - 5.0 13.9 - 

Size 
(kW) 

- - - - - - 310 860 - 

CE
G 

Producti
on (%) 

63.1 67.0 57.8 19.9 30.1 19.9 - - - 

D
H
W 

WH
U 

Producti
on (%) 

100 80.5 100 100 100 100 30.6 31.0 100 

ST
H 

Producti
on (%) 

- - - - - - 42.6 41.6 - 

Size 
(kW) 

- - - - - - 2170 2120 - 

GB 

Producti
on (%) 

- 19.5 - - - - 26.8 27.4 - 

Size 
(kW) 

- 990 - - - - 1360 1390 - 

C WH Producti 36.8 38.2 48.3 56.3 56.3 17.5 100 100 33.8 
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C U on (%) 

SAC 

Producti
on (%) 

63.2 61.8 51.7 43.7 43.7 82.5 - - 66.2 

Size 
(kW) 

4110 
402

0 
336

0 
284

0 
284

0 
537
0 

- - 4310 

 
The data in Table 5-6 implies that BCHP and WT systems are no 

longer the only selection for the distributed electricity system. The TC 
system begins to participate in the EL generation in DEO solutions. The 
recommended maximum equipment size of the TC system is 860 kW. 
WHU, STH, and GB technologies are the basic elements applied to match 
the DHW demand. Most solutions only select WHU as the DHW-
producing technology. Other solutions use GB and STH systems as 
supplements to satisfy the DHW demand. The two types of technologies 
that are considered to cover the CC demand, WHU and SAC, are applied 
for all OED and DED solutions. Only solutions A9 and B9 use WHU only 
to cover the CC demand. 

 
Since solar radiation reaches its peak in the summer, the results 

indicate that solar energy is beginning to be widely utilized in the hybrid 
system and is becoming an acceptable source for electricity generation. 

5.5. Transition path 

The multi-stage integration, which is intended to increase the 
feasibility of the transition process, is divided into three steps, as shown 
in Section 5.2. All of the promising hybrid energy system candidates could 
be obtained through the multi-objective optimization process and are 
shown in Section 5.4.  

 
The selection of distributed energy technologies in each step is not 

straightforward. The initial step aims to match 25–45 percent of 
electricity through DES by 2020. According to research conducted by 
Marszal [76], the off-site energy system needs to regard energy 
performance as its first priority. Although some energy is supplied by 
distributed energy options, the system is still an off-site, energy-
dominated system. Therefore, energy performance needs to be slightly 
emphasized when selecting a system. Solutions C1, C4 and C7 are chosen 
for the first step. 

 
The second step is to guarantee that over 65 percent of energy 

demands are provided by DES after 2025. For this step, more distributed 
energy is considered; thus, economic viability is required to enhance its 
position for the selection [76]. Therefore, equal-importance solutions A2, 
A5, and A8 are selected as the potential components for the path. 
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Finally, all energy demands are covered by DES by the end of 2030. 

Contrary to the initial step, economic costs in the case of DES need to 
have a higher weight for selection [11]. Hence, solutions B3, B6, and B9 
are included in the path. 

 
Detailed information about the transition path is shown in Figure.5-5. 

Figure 5-5 shows that an increasing number of bioenergy, wind energy, 
and solar energy would be involved in the hybrid system along with the 
transition path. 

 
At the beginning of the path, energy demands are supplied by the 

existing energy system, which mainly consists of a centralized energy grid 
and has comparatively poor energy performance. As the pathway 
progresses, the primary goal is to decrease reliance on centralized 
electricity grid. The first choice for the distributed electricity system is 
BCHP, which has the ability to achieve such a goal. BCHP has been found 
to play a dominant role for energy generation in the path. With more 
electricity from the BCHP system, a growing amount of waste heat is 
generated during the electricity generation process. Such heat could be 
re-used to provide thermal energy (SH, DHW and CC). Consequently, 
thermal energy demands are mainly covered by WHU, with the remaining 
supplemented by DH, GB, STH, and SAC systems. According to Figure 6, 
the increment of BCHP development appears to have a downward trend 
from 2025. The reason for the bottleneck is that the amount of waste heat 
accompanied by the electricity generation process exceeds the demand. 
This wasted excess heat might contribute to the cost escalation against 
thermal pollution and the decline of energy performance. Thus, the 
secondary step is to introduce other types of distributed energy 
conversion systems – such as WT and TC – into the hybrid energy system. 
Until 2030, the total amount of power converted by wind and solar 
energy is capable of fulfilling over 60 percent of electricity demand in the 
summer. 
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Figure 5-5 Transition path for Qingshan Lake district 

5.6. Discussions 

In this part, the multi-objective optimization approach based on GA is 
applied to search for the optimal hybrid system candidates for a net-zero 
exergy district (NZEXD) in Hangzhou, China. Compared with the case 
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studies shown in Chapters 2 and 3, the environmental impact objective is 
replaced here with the economic cost objective. The candidates are 
selected as the optimal hybrid energy systems with maximum exergy 
efficiency and minimum life-cycle costs. The proposed approach is proven 
to have the feasibility to evaluate distinct types of energy scenarios with 
varying optimization objectives. 

 
In comparison with off-site energy systems, the distributed energy 

system is relatively expensive. Therefore, economic incentives would be 
needed prior to other objectives in order to encourage the transition 
process. On the basis of the case study, the BCHP system can be 
recommended as a promising technology for the development of DES in 
terms of its balance of exergy efficiency and economics cost. The scale of 
the BCHP system is four times larger than that of the WT system. The 
maximum equipment size of the BCHP system could reach up to 5450 kW. 
The main factor preventing wind energy technology from being BCHP 
system’s rival is its relatively high cost. With the reduction of component 
costs and escalating market prices of fossil fuels, distributed energy 
systems such as wind technology would have more feasibility in the near 
future.  

 
In the future, new objective functions will be inserted into this 

approach, such as environmental impacts during life span. The future will 
also call for the development of simple and easy-to-use optimization tools 
for strategic developers and designers. A key element in the approach 
would be a sensitivity analysis for input parameters. It is necessary to test 
the effects encountered by such parameters as energy efficiencies of 
energy conversion systems, investments of distributed energy 
components, and the environmental burdens of off-site energy 
technologies. These issues will be presented and solved in Chapter 6. 
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Chapter 6 Case 3 (China) – Objective insert and 
parametric study 

This section aims to explore the unsolved problems from Chapter 5. 
The main scientific contributions are: 

1. To improve the optimization approach to make it simpler and easier 
to use. 

2. To analyze the optimal energy system from a relatively systematic 
view. Three types of optimization objectives are considered. 

3. To take a parametric study to investigate the effects of different 
energy parameters on the optimum system selection. 

6.1. Case description 

The district used for this case study is located in Qingshan Lake 
District, China. The basic information about this district is similar to that 
presented in Section 5.1 and can be found in Publication D 
(“Parametric analysis of energy quality management for district in 
China using a multi-objective optimization approach”). 

 
The energy system for this case study is modeled as three major parts: 

energy resources, energy conversion technologies, and energy outputs. 
There are six potential electricity (EL) conversion alternatives: biofuel 
microturbine power and heat system (BCHP), small-scale wind turbine 
(WT), solar photovoltaic (PV), solar PV/thermal collector hybrid system 
(TC), fuel cell microturbine power and heat system (FC), and public 
centralized electricity grid (PE). Additionally, solar thermal heater (STH), 
air-source heat pump (HP), biogas boiler (GB), electrical thermal heater 
(ETH), district heating (DH), and solar absorption cooling (SAC) are 
considered to satisfy thermal energy demands such as space heating (SH), 
domestic hot water (DHW), and cooling (CC). Waste heat from the 
electricity generation process is proposed to help provide thermal energy. 
Fig 6-1 depicts the possible routes of energy flows from the energy 
resources via the energy conversion systems to each type of consumption. 
Energy systems inside the gray dashed border are distributed energy 
systems, while centralized energy systems (PE and DH) are shown out of 
the border. The basic energy parameters of these energy conversion 
systems (such as energy efficiency) can be found in Table 5.1 and Ref. [78]. 
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* Waste heat utilization is abbreviated as WHU. 

Fig 6-1 Energy system model 

6.2. Applying the optimization model 

All decision variables included in this part are continuous variables 
(𝑦𝑖), which are shown in Table 6-1. Variables (𝑦1-𝑦18) indicate to which 
extent an energy supply technology candidate will match the peak load 
and satisfy the energy demand, and their purpose is to optimize the 
equipment sizes in the energy supply technology candidates. If, for 
example, half of the peak loads will be met using the WT system, the 
corresponding decision variable (ratio of WT) will obtain the value 50%.  

 
Table 6-1 Continuous variables instantiation 

Variables y Variable type Range of value Step 
Ratio of BCHP y1 Continuous [0,100%] 0.1% 

Ratio of WT y2 Continuous [0,100%] 0.1% 
Ratio of PV y3 Continuous [0,100%] 0.1% 
Ratio of TC y4 Continuous [0,100%] 0.1% 
Ratio of PE y5 Continuous [0,100%] 0.1% 
Ratio of FC y6 Continuous [0,100%] 0.1% 

Ratio of HP for SH y7 Continuous [0,100%] 0.1% 
Ratio of STH for SH y8 Continuous [0,100%] 0.1% 

Ratio of DH y9 Continuous [0,100%] 0.1% 
Ratio of AC for SH y10 Continuous [0,100%] 0.1% 
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Ratio of ETH for SH y11 Continuous [0,100%] 0.1% 
Ratio of HP for DHW y12 Continuous [0,100%] 0.1% 

Ratio of STH for DHW y13 Continuous [0,100%] 0.1% 
Ratio of GB y14 Continuous [0,100%] 0.1% 

Ratio of ETH for DHW y15 Continuous [0,100%] 0.1% 
Ratio of SAC y16 Continuous [0,100%] 0.1% 

Ratio of HP for CC y17 Continuous [0,100%] 0.1% 
Ratio of AC for CC y18 Continuous [0,100%] 0.1% 

Ratio of WHU for SH 
supply 

y19 Continuous [0,100%] 0.1% 

Ratio of WHU for 
DHW supply 

y20 Continuous [0,100%] 0.1% 

Ratio of WHU for CC 
supply 

y21 Continuous [0,100%] 0.1% 

 
A relatively systematic study is taken out for the case. Thus three 

optimization objectives are involved in this case study: 
1. Energy performance: maximizing the total exergy efficiency (EE). 
2. Economic cost: minimizing the life cycle cost (LCC). 
3. Environmental impacts: minimizing the life cycle CO2 equivalents 

(LCCO2). 

6.3. Optimization results (Reference energy system) 

Optimization results for the three typical days (winter, mid-season 
and summer day) appeared as Pareto fronts, shown in Fig 6-2. In brief, a 
Pareto front indicates that the increase in exergy efficiency might lead to 
a corresponding change in LCCO2 and LCC values. The reference energy 
systems for the three typical days are presented and compared in Table 6-
2. Here, all the optimization objectives are set with equal importance 
(weight combination 0.33/0.34/0.33) [63, 70]. All the abbreviations 
mentioned in this part could be found in the nomenclature. 
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Fig 6-2 Pareto fronts for the three typical days 
 

Table 6-2 Optimal 3E energy system scenarios on typical days 

Season 
EL supply SH supply DHW supply CC supply 

BCH
P 

W
T 

FC 
WH

U 
H
P 

ST
H 

WH
U 

H
P 

STH 
WH

U 
HP 

SA
C 

Wint
er 

Ratio 
(%) 

79.0 
20
.3 

0.
7 

44.7 
 

55
.3 

- 
100.

0 
- - - 9.3 

90
.7 

Size 
(kW) 

705
0 

18
10 

60 - 
47
00 

- - - - - 50 
55
0 

Mid-
seaso

n 

Ratio 
(%) 

67.2 
32
.1 

0.
7 

61.2 - 
38
.8 

88.4 - 
11.6 

 
59.3 - 

40
.7 

Size 
(kW) 

457
0 

21
80 

50 - - 
97
0 

- - 860 - - 
90
0 

Sum
mer 

Ratio 
(%) 

49.7 
42
.4 

7.
8 

- - - 84.7 1.7 13.6 46.3 18.0 
35
.6 

Size 
(kW) 

320
0 

25
00 

50
0 

- - - - 90 690 - 120 
23
10 

 
The information in Table 6-2 indicates that the BCHP system is the 

most promising power generation technology in the reference energy 
systems. The maximum amount of power generated by the BCHP system 
could match 79.0 percent of EL demand. Besides the BCHP system, the 
WT system also takes charge of a great fraction of EL demand, the 
equipment size of which could reach 2730 kW. Additionally, the FC 
system is responsible for matching a minor portion of electricity demand 
during the load peak period; the WHU–HP system is applied to satisfy 
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the SH demand in winter days; meanwhile, WHU technology 
supplemented by the STH system is implemented to provide SH during 
mid-season. Three elements are involved in providing DHW demand: 
WHU, HP, and STH systems. The greatest part of DHW demand is 
covered by WHU for all seasons; only a small share is fulfilled by HP and 
STH systems in mid-season and summer days. SAC and WHU 
technologies are supposed to be the most promising solutions for CC 
generation: over 80 percent of CC demand is satisfied cooperatively by 
these two technologies. Additionally, the HP system is applied for the rest 
of CC production in wintertime and summertime. 

 
In particular, electricity used for thermal energy conversion systems 

(such as HP) should be considered. Hence, a portion of solutions generate 
electricity that exceeds the actual demand shown in section 5.1. The 
difference is employed to drive the thermal energy conversion systems. 

6.4. Parametric study 

According to the results shown in section 6.3, the optimization 
objectives are conflicting; that is, the good performance of a candidate 
system in EE can compensate for its poor performance in LCC and LCCO2. 
Therefore, it is meaningful to consider questions such as “How will the 
basic energy system change with the cost reduction of one energy 
technology with good exergy performance?” 

 
Such questions can only be answered through a parametric study. The 

parametric analysis shows the effects of varying parameters on the energy 
system selections for the case located in Hangzhou. Three types of 
parameters are considered in Sections 6.4.1–6.4.3. 

6.4.1. Economic parameters 

In this part, the costs of several energy conversion and storage 
components are assumed to be varying at a certain rate, predefined as a 
constraint (5–25 percent). The selected energy components are wind 
turbine, fuel cell, battery storage, heat pump, solar thermal collector and 
PV panel, and biofuel. The analyzed results related to the economic 
parameters are shown in Fig 6-3. Fig 6-3(a) states the system changes 
caused by the cost reductions of fuel cell and wind turbine; Fig 6-3(b) 
illustrates the system modifications with the investment reduction of 
battery storage; Fig 6-3(c) presents the system variations along with the 
cost reductions of solar energy components (thermal collector and PV 
panel); and Fig 6-3(d) shows the differences caused by the investment 
decrease of heat pump. Only Fig 6-3(e) focuses on the system alterations 
with the cost growth of biofuel. 
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 (a) Cost reduction ratios of fuel cell 

and wind turbine 
(b) Cost reduction ratio of battery storage 

  
(c) Cost reduction ratios of solar energy 

components 
(d) Cost reduction ratio of heat pump 

 
(e) Cost increase ratio of biofuel 

Fig 6-3 Parametric analyzes of economics parameters 
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 Cost reduction of fuel cell 

Fig. 6-3(a) shows how the share of FC application changes with the 
reduction in fuel cell cost. Briefly, the decreasing cost of fuel cell might 
encourage the utilization of FC system for this district. At the initial point, 
energy converted from the FC system only satisfies 2.8 percent of the 
annual energy demand. Since the investment drops from 90 percent to 85 
percent of the current level, the share of energy from the FC system 
appears as a two-stage jump, from 6.5 percent to 20.1 percent to 26.7 
percent. Then, the increasing trend becomes smoother. When the cost of 
fuel cell falls to 75 percent of the current level, the share of energy 
provided by the FC system climbs slightly, from 26.7 percent to 27.4 
percent. This means that the reduction of fuel cell costs hardly leads to 
promoting FC system application, since the fuel cell cost has fallen to 80 
percent of the current level. 

 Cost reduction of wind turbine  

As shown in Fig 6-3(a), the trend of energy produced by the WT 
technology remains stable with the decreasing cost of wind turbine for the 
case. There is only a 2.7 percent increment of annual energy generated by 
the WT system, while the cost of wind turbine drops to 75 percent of the 
current level. This phenomenon means that current cost of the wind 
turbine has been generally accepted in this district, and the proportion of 
energy provided by the WT system has reached the critical point with this 
cost. Reduction of wind turbine investment has limited the impact on the 
growth of WT technology for the district. 

 Cost reduction of battery storage 

According to Fig 6-3(b), the utilization statuses of WT and TC systems 
are developed in two paths. Investment reduction of battery storage has 
limited the impacts on WT system utilization. Although the ratio of cost 
reduction has reached 25 percent, the ratio of annual energy from the WT 
system only climbs 2.4 percent, from 10.7 percent to 13.1 percent. On the 
other hand, TC system application is significantly promoted with the cost 
decrease of battery storage. There is no solar power generation system in 
the basic system (shown in Section 3.2). When the cost of battery storage 
drops to 75 percent of the current level, energy provided by the TC system 
reaches 7.9 percent. 

 Costs reduction of solar energy components  

Two types of solar energy components are considered in this part: 
thermal collector and PV panel. Fig 6-3(c) could be simplified as meaning 
that an increasing amount of energy is provided by solar energy 
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conversion systems with the investment reduction of solar energy 
components. 

 
Cost reduction of the thermal collector has a moderate effect on the 

utilization status of the TC system. When the cost drops to 90 percent of 
the current level, the TC system begins to be used for providing energy 
(only 0.3 percent). The proportion of annual energy from the TC system 
then maintains a smooth increase to 4.8 percent, while the cost of 
thermal collector is only 75 percent of the current level. 

 
For the solar thermal energy (STE) system (STH and SAC) application, 

a boom occurs with the decreasing cost of the thermal collector. A cost 
reduction ratio of 15 percent is an important cut-off point. Before this 
point, the share of annual thermal energy from the STE system shows a 
steady growth. Since the investment declines from 85 percent to 75 
percent of the current level, a two-stage jump, from 22.1 percent to 29.7 
percent to 44.1 percent, appears on the proportion of thermal energy 
from the STE system.  

 
When the cost of the PV panel begins to decrease, the TC system is 

proposed to provide electricity and thermal energy. With the constant 
increase of cost reduction, the amount of energy from the TC system rises 
slightly to 2.7 percent of the annual energy generation.  

 Cost reduction of heat pump 

The high investment cost is one of the main factors preventing heat 
pump thermal energy systems from being more widely used in practice 
[79]. Fig 6-3(d) illustrates that cost reduction of heat pumps is beneficial 
for the promotion of HP systems. The proportion of annual thermal 
energy provided by the HP system keeps an upward trend when the cost 
of heat pumps continues to decline. The linear ascent stage varies from 
14.5 percent to 33.1 percent until the cost drops to 75 percent of the 
current level. The increment of thermal energy from the HP system in 
mid-season is greater than the increment in other seasons with the 
investment reduction. This increment could be the main reason for the 
increasing amount of annual thermal energy from the HP system. 

 Cost increase of biofuel 

Energy crises can lead to a rapid increase in fuel prices, including 
biofuel. Therefore, utilization statuses of biofuel energy systems need to 
be investigated with the varying biofuel costs. With the assumption that 
the cost of biofuel continues to rise, the ratio of energy supplied by biofuel 
presents an extremely downward trend, as shown in Fig 6-3(e). The initial 
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point shows that over 67 percent of energy is provided by the BCHP 
system when the cost of biofuel is at the current level. At the beginning of 
the cost increase (5–15 percent), the total amount of annual energy from 
the BCHP system plummets to 44.3 percent. Subsequently, the ratio 
slows its descent, from 44.3 percent to 42.1 percent, since the cost of 
biofuel grows constantly. It must be noted that there is no thermal energy 
generated by the GB system with this cost rise. As supplements, the WT, 
FC, and even PE systems would play more important roles during the 
energy generation process. 

6.4.2. Environmental parameters 

The environmental impacts of certain energy technologies are 
assumed to be decreasing at a certain rate predefined as a constraint (5– 
25 percent). The chosen technologies are fuel cell usage, biofuel usage 
and centralized power generation. The analyzed results related to these 
environmental parameters are shown in Fig. 6-4. Fig 6-4(a) illustrates the 
system changes caused by the CO2 equivalent reductions of fuel cell and 
biofuel usage; Fig 6-4(b) presents the system variations along with the 
CO2 equivalent reduction of centralized power generation. 

 

  
(a) CO2 equivalent reductions of fuel cell and 

biofuel usage 
(b) CO2 equivalent reduction of centralized 

power generation 
Fig 6-4 Parametric analyzes of environmental parameters 

 CO2 equivalent reduction of fuel cell usage 

According to Fig 6-4(a), the ratio of annual energy from the FC system 
appears to have linear growth with the CO2 equivalent of fuel cell 
declining continuously. For this case, every time the CO2 equivalent drops 
by 5 percent, the ratio keeps increasing at an average rate of 4 percent. 
The maximum increment of annual energy from the FC system is 5.2 
percent, when the CO2 equivalent reduction varies from 10 percent to 15 
percent. When the CO2 equivalent of fuel cell achieves 75 percent of the 
current level, 22.9 percent of the annual energy is provided by the FC 
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system. It is concluded that FC system application in this district will 
grow at a steady rate, while the CO2 equivalent of fuel cells will decrease 
continuously. 

 CO2 equivalent reduction of biofuel usage 

Briefly, the trend of annual energy generated from biofuel remains 
relatively stable with the CO2 equivalent reduction of biofuel usage 
according to Fig 6-4(a). There is a slightly sharp rise (67.0 percent to 73.4 
percent) when the CO2 equivalent drops from the initial point to 95 
percent of the current level. This is not only because the BCHP system 
contributes more to the annual energy generation, but also because the 
GB system starts to be applied for providing thermal energy as well.  

 
After this point, thermal energy from the GB system continues to grow, 

unevenly, to 7.7 percent, but there is a minor drop in the amount of 
energy converted from the BCHP system. As a result, the total amount of 
annual energy provided by biofuel is steady. Accordingly, CO2 equivalent 
reduction has some benefits for promoting the application of biofuel 
energy systems for this case, but the benefits begin to decrease gradually 
since the ratio of CO2 equivalent reduction reaches 5 percent. 

 CO2 equivalent reduction of centralized power 
generation  

Coal is the main source for the existing centralized power generation 
in this district. To establish the green grid for this district, an increasing 
number of clean centralized power generation systems are being planned. 
This development will lead to less CO2 equivalent of centralized power 
generation. With the control of CO2 equivalent, two types of changes are 
shown in Fig 6-4(b). The first change is that the proportion of electricity 
from PE appears as an upward trend; the second is that more thermal 
energy would be converted by the electric drive thermal energy (EDTE) 
systems, which consist of AC, ETH, and HP. 

 
As shown in Fig 6-4(b), the ratio of electricity from the PE system 

increases sharply (2.6–9.9 percent), since the CO2 equivalent of 
centralized power generation falls to 90 percent of the current level. The 
ratio then remains stable for a while and continues to climb with the 
constant decrease of CO2 equivalent. The final share of annual electricity 
from the PE system could reach 12.3 percent.  

 
On the other hand, the ascent stage of annual thermal energy 

converted by EDTE systems also starts when the CO2 equivalent 
reduction ratio is set as 10 percent. From this point, the share of thermal 
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energy from EDTE systems maintains a rapid rise, from 14.7 percent to 
29.1 percent. It should be noted that there is little difference between the 
lines “thermal energy from EDTE systems” and “thermal energy from the 
HP system.” The minimal difference means that a major proportion of 
thermal energy from EDTE systems is taken by the HP system. The 
increasing amount of thermal energy from the EDTE system is caused by 
the popularity of the HP system. Therefore, the HP system has the 
potential to be given importance with the development of 
environmentally friendly centralized power technology. 

6.4.3. Energy performance parameters 

The efficiencies of two types of energy conversion technologies are 
assumed to continue to rise at a certain rate predefined as a constraint (5 
percent to 25 percent of the current level). The selected ones are micro-
turbine technology and PV technology. The analyzed results related to 
these parameters are shown in Fig. 6-5. Fig 6-5(a) demonstrates the 
system changes caused by the efficiency increase of micro-turbine 
technology; Fig 6-5(b) presents the system variations along with the 
efficiency increases of solar conversion technologies. 

  
(a) Efficiency increase of micro-turbine 

technology 
(b) Efficiency increase of PV 

technology 
Fig 6-5 Parametric analyzes of energy performance parameters 

 Efficiency increase of microturbine technology 

The efficiency change of microturbine technology might have an 
impact on the development trends of the microturbine-based energy 
(MTBE) systems, which are BCHP and FC systems. According to Fig 6-
5(a), the total amount of annual energy from MTBE systems presents a 
stepwise upward trend with the efficiency increase of microturbine 
technology. However, the trends of BCHP and FC systems are not quite 
the same. 
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When the efficiency of microturbine starts to improve, the amount of 
energy converted from the FC system immediately begins to rise. When 
the ratio of efficiency increase reaches 25 percent, the amount of energy 
from the FC system accounts for 28.2 percent of the annual energy 
generation. On the other hand, the ratio of annual energy from the BCHP 
system appears to descend unevenly. When the efficiency starts to 
improve, there is a minor increase in the utilization of the BCHP system. 
Thereafter, an increasing proportion of energy from the BCHP system is 
replaced by other types of energy systems. When the ratio of efficiency 
increase reaches 25 percent, only 55.2 percent of the annual energy is 
provided by the BCHP system. 

 Efficiency increase of PV technology 

The main reason that prevents solar energy power systems from being 
used for this district is their relative poor energy performance. This part 
of the thesis aims to present the trends of solar power technologies varied 
with the efficiency increase of PV technology. As illustrated in Fig 6-5(b), 
a significant increase occurs on the amount of energy converted by solar 
power technologies. 

 
Since the efficiency of PV technology begins to improve, TC system is 

introduced for energy supply. The share of energy from the TC system is 
only 1.6 percent. Then, the proportion of annual energy from the TC 
system increases sharply from 2.3 percent to 18.0 percent when the 
efficiency increase changes from 10 percent to 20 percent. The reason for 
this phenomenon is that over 56 percent more energy (from 7.1 percent to 
63.2 percent) is provided by the TC system during the summer. Finally, 
the ratio of energy demands covered by the TC system reaches 
approximately 19.1 percent. A pure PV system is hardly a candidate for 
power generation with the improvements of PV technology. 

6.5. Discussions 

A novel multi-objective optimization approach for the design and 
evaluation of energy systems of a district has been introduced in this 
section. The optimization scheme minimizes the global warming potential 
and economic cost during the life cycle and maximizes the exergy 
performance. Compared with the previous case studies, the novel 
approach was improved by reducing the number of decision variables. 
Only one type of variable is considered during the optimization process, 
which makes the approach simpler and easier to use. According to the 
case study results, it is possible to insert more objectives into the 
optimization approach. Today, a realistic design for an energy system 
must concern a number of objectives, covering many aspects such as 
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environment, economy, efficiency, reliability, and comfort. Such 
expansibility guarantees that the optimization approach could be utilized 
in a realistic case design.  

 
After the parametric study, some useful information is obtained. 
1. Currently, most energy is satisfied by the BCHP and WT systems for 

this district. The parametric study found that the application statuses of 
the BCHP and WT systems are approaching saturation point; therefore, 
positive parameter changes such as cost and CO2 equivalent reductions 
have limited effects on the promotion of these two systems. Besides, the 
impacts of negative parameters are hard to neglect. A distinct descent 
would be seen on the amount of energy from BCHP system as the cost of 
biofuel rose. Accordingly, investment control must be highlighted for the 
application of biofuel energy systems in the future. 

 
2. As a novel power and heat generation technology, the FC system has 

potential to be popular for energy supply. All energy performance, 
environmental, and economic parameters have significant influences on 
the application of the FC system. As analyzed by the parametric study, the 
FC system should improve its energy performance while the 
environmental and economic viabilities are kept at acceptable levels. 
With improvements to FC technology, the system can be a strong rival to 
the BCHP system when it comes to energy supply. 

 
3. Although solar energy is expected to not produce any pollution 

during operation, it is only used to satisfy the thermal energy demands 
for this case. Compared with other parameters, energy performance 
increase is regarded as the most promising way to involve solar power 
technologies in power generation. Nevertheless, more efforts should be 
put into the optical and thermal efficiency improvements of solar energy 
technologies. 

 

4. With the development of clean centralized power generation 
technologies, a centralized electricity grid would be reconsidered as a 
promising solution for energy supply. Meanwhile, an increasing number 
of thermal energy demands would be matched by the environmentally 
friendly electric-drive thermal energy conversion systems. Therefore, the 
developments of green, centralized power generation technologies such as 
windmills and solar farms might create a new path to design the optimum 
energy system for the district. 
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Chapter 7 Conclusions and future work 
7.1. Conclusions 

The four case studies discussed above show that the developed multi-
objective optimization approach is capable of being a tool for future BCDs’ 
energy system design. 

 
The approach is time-effective. The optimal scenarios have been 

explored from an enormous amount of combinations (1.66 × 1065) with a 
suitable number of individuals (only 6 × 105). The computation time of 
this approach is dependent on the number of decision variables and 
optimization objectives, and is approximately 40–60 minutes. It is 
necessary to clarify the system constraints and weight combinations of 
different optimization objectives prior to the optimization process as 
these two settings could significantly affect the optimization results. 

 
For practical design, various types of objectives must be considered 

and the optimization objectives will change frequently. The proposed 
approach has good expansibility for adding further optimization 
objectives, and it is feasible to change any optimization objective. Hence, 
this approach is suitable for realistic case designs with more objectives. 

 
Apart from the contributions to the development of multi-objective 

optimization approach, some useful information could be obtained 
through the four case studies and the parametric analysis: 

 
1. Optimal energy system selection is highly sensitive to system 

reliability. System reliability should certainly be inserted in the 
framework of “energy quality” in larger discussions. 

 
2. Immediately achieving the target of “applying distributed energy 

systems to fulfill all energy demands” is both complicated and unpractical; 
therefore, the transition work towards distributed energy systems must 
be a multi-stage process. 

 
3. Compared to off-site energy systems, the distributed energy system 

is relatively expensive. Therefore, economic incentives would be needed 
prior to other objectives in order to encourage the transition process. 
With the reduction of component costs and the escalating market prices 
of fossil fuels, such systems will have more feasibility in the near future. 

 
4. For all cases in this thesis, a major part of energy (power and 
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thermal energy) is provided by the biofuel energy conversion systems. 
The share of energy from biofuel decreases dramatically when the cost of 
biofuel rises steadily. Therefore, investment control needs to be 
emphasized for the application of biofuel energy systems in the future. 

 
5. The WT system has relatively high energy efficiency and contributes 

less to environmental burdens; thus, investment control and reliability 
improvement will be the main missions for future research on this system. 

 
6. Cost reduction of solar technologies could lead to significant 

improvement of solar-thermal energy systems, but it only has a limited 
impact on the popularity of solar power-generation systems. Additionally, 
investment decrease of battery storage technology might promote the 
application of solar power systems. As shown in Fig 6-5(b), a sharp 
increase appears on the energy from solar power generation when the 
efficiency of PV system increases constantly. Therefore, the key regarding 
solar power generation is to improve its efficiency. If the energy 
performances of solar power technologies achieve an acceptable level, 
solar power systems are capable of playing an important role in energy 
supply, especially during the summer. 

 
7. Although the HP system is responsible for part of the current energy 

supply, there are still several weaknesses that prevent it from being more 
widely used in practice. Hence, improvements to these weaknesses are 
needed in order to promote the HP system’s application status. The 
improvements consist of two aspects: the first is to control the investment 
of heat pump, and the second one requires driving the HP system through 
cheap and clean electricity. 

 
8. It is difficult to balance energy generated from renewable energy 

sources, especially solar and wind energy, with real-time energy demand 
[51]. To solve this problem, energy storage technology has become one of 
the key components of these technologies. 

 
Also, there are some limitations in this doctoral thesis. Numbers of 

parameters have been investigated, but a study of the synergistic effects 
of these parameters is absent. For example, it is interesting to analyze the 
development trend of energy system with the synergistic effect of 
increasing energy performance of solar technology and reducing energy 
storage cost. Another limitation concerns energy conversion and storage 
system alternatives. Besides the technologies mentioned in the thesis, 
other energy conversion and storage systems, such as electric vehicle 
charging stations, must be considered in future. Finally, different energy 
demands have significant impacts on the evaluation of energy systems 
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[80]. It is crucial to extend the analysis to more distinct case studies and 
conduct comparative studies of these cases in the future. 

 
7.2. Future work 

Based on the conclusions above, future research topics are presented 
below. 
1. Based on the optimization approach: 

a. A number of parameters have been investigated in the thesis, but a 
study about the synergistic effects of these parameters is absent. An 
in-depth study focusing on solving this limitation is required. 

b. Currently, this approach only concerns the optimization of energy 
conversion and supply technologies. Future work should consider 
the energy demand aspect. More decision variables, such as design 
parameters of building, should be included in the approach. 

c. The approach should be applied for a real-life smart power grid 
optimization and management projects. The objectives of the 
project would be more concentrated on the indicators of electricity 
generation and supply, such as voltage and frequency. Also, the unit 
commitment problem or transportation problem needs to be 
considered in the approach. The optimization could be extended, for 
example, to determining the preferred locations of charging station. 

2. Based on the results from the optimization and parametric study, 
future research topics include: 

a. Improving solar power generation technology. Solar power 
generation has the potential to be applied for power supply when 
the efficiency increases. This work would aim to improve the 
efficiency of solar thermal-driven power generation systems. 

b. Improving the thermal energy storage technology. Currently, 
thermal energy could be stored by the Phase Change Materials 
(PCMs). Therefore, future work should pay attention to improving 
the efficiency of PCMs. Besides, as increasing application of Nano 
material in energy technologies, it would be interesting to add the 
nanoparticles or nanofluids into traditional PCMs. 
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