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1. INTRODUCTION 

As a distributed high-efficient generation technology, combined heat and power 

(CHP) has been widely applied to generate thermal and electrical energy in residential 

and commercial buildings. This thesis aims to investigate the efficient operation and 

optimal sizing problems of CHP to guide optimal operations of a smart energy hub 

(S.E. Hub). For this purpose, the detailed background, objectives, motivation, novelty, 

and outlines of the thesis are introduced below. 

1.1. Background 

With the modernization of power grid, technologies of power generation and 

transmission have been developed quickly. In light of the rising significance of 

distributed energy resources, research on electric power distribution is attracting 

increasing attention. Electric power systems have been undergoing a radical 

transformation and new challenges have been raised due to renewable energy sources, 

distributed generations, demand-driven planning ambitions, microgrids and smart grid 

technologies, climate change related pressures and increasing consumer preferences 

[1].  

The technologies such as demand side response (DSR) and CHP have been 

proposed and developed to meet the requirement of energy efficiency improvement. 

Meanwhile, the idea of S.E. Hub becomes an advanced technology and a suitable 

choice to integrate DSR [2], CHP [3] and storage systems [4] as a potential solution to 

tackle challenges such as efficient energy usage, optimal design, etc. 

1.1.1. S.E. Hub 

In view of environmental concerns and diverse power consumption by demand 

side, future energy supply systems will take the form of sustainable multi-energy 

systems [5], which is described as an S.E. Hubs or a microgrid comprised of multiple 
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S.E. Hubs, as shown in Fig. 1.1. Energy hub is defined as the place where the energy 

generation, conversion, storage and consumption take place [6]. An S.E. Hub is 

considered as an upgraded energy hub deploying intelligent devices such as smart 

meters and smart appliances [7], it is a new topic of past few years in multi-energy 

management [8]. 

 

Fig. 1.1 Illustrative diagram of S.E. Hubs equipped with EMS and communication 

lines (taken from [9]) 

The establishment of S.E. Hubs becomes a popular trend to improve energy 

efficiency and decrease environmental pollution, with benefits on integration of 

highly-efficient devices, adoption of advanced control approaches, and establishment 

of bi-directional communications between utilities and consumers. On the other hand, 

the control of S.E. Hub provides system operators and prosumers opportunities to 

enhance the grid flexibility [10]. This flexibility is defined as the grid system capability 

of modifying generation and/or consumption patterns in response to an external signal 

(such as a change in energy price) [11]. Additionally, an S.E. Hub can enhance the 
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reliability of the energy system [12] as different energy sources back up each other to 

satisfy the load demands of end-users [13]. The development of S.E. Hubs has 

significantly strengthened the integration of various energy resources [14, 15]. Thus, 

optimal operation of S.E. Hubs has become increasingly important to ensure 

coordinated operation of multi-energy sources, and has attracted great research 

interests. 

Σ 
Power grid

EMS
Price

Substation
Electricity 

Demand

Natural gas Gas Furnace Σ 
Thermal 

Demand

CHP

Demand 

Signal

Demand 

Signal

Energy Flow Information Flow

S.E. Hub

 

Fig. 1.2 The schematic of a typical S.E. Hub 

As shown in Fig. 1.2, a typical S.E. Hub is comprised of an energy management 

system (EMS), an energy conversion system, such as CHP, and energy and 

information flows between demand side and supplier side [16, 17]. The EMS is 

functioned to analyze the demand signals and electricity tariff information, so as to 

send commands to local power and heat generations while making decisions for energy 

purchase from the external. In developed countries, the building energy consumption 

(both residential and commercial) increases steadily occupying 30-40% of total energy 

consumption, and it exceeds the industrial and transportation energy consumption in  

most countries [18]. Thus, it is crucial to manage the building’s demands of an S.E. 

Hub, where DSR is proposed. 
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1.1.2. Demand side response  

DSR is an economic operational strategy widely used in building demand 

management [19]. It is a program encouraging end-users to reduce or shift their 

electricity load during peak electricity price period in response to varying electricity 

price (price-based DSR) or other forms of financial incentives (incentive-based DSR). 

With respect to the current technologies of power distribution, DSR is an efficient 

solution to improve the energy usage efficiency of end-users [20]. Instead of treating 

end-users as passive electricity consumers, DSR enables end-users to save energy costs 

against the varying electricity price [21]. 

In power systems, DSR has been in use for over ten years in various forms like 

load shifting to satisfy the needs of industrial users [22]. Nevertheless, over the past 

few years, there has been an increasing interest in DSR programs because of the 

prevalence of intermittent renewable energy sources [23]. DSR programs is 

particularly useful for enhancing renewable generation and improving power systems’ 

flexibility, reliability, and energy efficiency [24]. Additionally, DSR programs can 

engage in the energy market by offering peak-shaving and load-changing services so 

as to reduce the demand for expensive plants during the peak time [25], decrease the 

financial investment in extra generators, and reduce the pressure on current 

transmission and logistics infrastructure [24]. 

In conventional DSR programs, the optimization is achieved by pre-acting or 

delaying some flexible loads from the peak electricity price region to the valley 

electricity price region [26]. However, this single energy carrier DSR is not suitable 

for end-users without energy storage facilities. Thus, the end-users’ DSR capability 

cannot be fully exploited [17]. In an S.E. Hub, DSR is integrated with multi-energy 

system, known as integrated demand response (IDR).  
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In this thesis, IDR scheme is implemented along with CHP dynamic control, 

where the EMS can not only shift the load demand in the peak tariff period but also 

increase the power output of CHP generation instead of purchasing electricity from the 

power grid. The IDR scheme of this thesis depends on a TOU tariff, which is a price-

based DSR program [27]. 

1.1.3. CHP system  

Employment of on-site CHP can greatly strengthen a building’s energy security. 

Meanwhile, it can also serve as a protector from rising electricity prices. In this regard, 

CHP systems are suitable for a large range of applications, both in industries and 

commerce [28]. Commercial buildings are suitable for CHP installations particularly 

due to their relatively large heating, cooling, and electrical loads that can be well 

predicted. This enables CHP systems to realize sufficient operating hours so as to 

achieve the purposes of environmental protection or energy conservation [29]. 

Additionally, a DSR program enables an extra source of revenues, making it more 

feasible to apply CHP technology in commercial buildings. With the increasing 

prevalence of decentralized energy generation, CHP can be considered as more useful 

both for system operators and for owners of buildings, as it can offer reliable, secure, 

and cost-effective energy.  

CHP units and heat pumps are two efficient systems that constitute an S.E. Hub, 

producing the required energy demand such as electricity, heating, and cooling [30]. 

Notably, some types of CHP systems can use sustainable fuels as energy resource such 

as biomass and wood chips [31], recognized as possessing good potential to mitigate 

climate change [32]. CHP systems are considered as distributed sustainable energy 

generations in power systems with nearly 90% energy conversion efficiency [33]. 

Because of these advantages, traditional centralized boilers tend to be replaced by 
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community-sized CHP units in buildings [34], such as hotels, hospitals, university 

campuses, and office buildings [35].  

In this thesis, the optimal operation control of CHP and the optimal design for 

new CHP installation are explored through case studies. Under the proposed optimal 

operation strategies of an S.E. Hub, the power and heat split ratio of CHP is determined 

dynamically for CHP cost minimization. The optimal design for CHP operation 

reduces the investment and also helps the building owner save energy cost based on 

the proposed S.E. Hub operational strategy.  

1.2. Motivation of Research 

Most DSR schemes are developed for cost saving (price-based ) or revenue 

generating (incentive-based) for residential consumers [36, 37], or for improving 

network stability [38-41]. A recent move is to combine DSR technology with 

microgrid optimization.  

A hybrid renewable energy system operational optimization model with DSR 

has been presented in [42] considering solar, wind, diesel, and storage systems, where 

the energy management is formulated as a two-layer optimization problem. The DSR 

is taken as the first layer and then total energy cost is minimized through optimal 

control of components under regulated load. However, this approach decreases the 

function of controllable components such as CHP system and storage systems, which 

are flexible to manage under time-varying electricity prices.  

Jin et al. [43] assume a building as a virtual energy storage system, its internal 

space can be pre-warmed under a DSR method and the virtual energy storage system 

is integrated with dispatchable hybrid distributed generators including a CHP unit to 

reduce daily operational cost. A multi-objective optimization of microgrid with DSR 

including different types of heat and electricity generators is developed in [44]. 

Firouzmakan et al. propose a day-ahead energy management system including CHP 
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units to minimize the microgrid operational cost and improve the reliability under DSR 

[45]. However, these CHP units in [44, 45] are considered as generators with fixed 

power-heat ratio to follow the optimal strategies.  

A research gap is identified as that CHP units are generally considered as fixed 

heat-power output generators in most microgrid optimization systems including CHP 

and DSR. The capability of CHP dynamic generation in response to varying electricity 

price and demands has been largely ignored, and the fixed CHP units may not operate 

optimally since the electricity and thermal demands may change significantly from one 

time to another. To fill this gap in research, this thesis proposes several S.E. Hub 

operational strategies, in which the ration of the electrical power over thermal heat 

output of CHP is dynamically controlled along with DSR and energy storage 

technologies to achieve the overall energy cost minimization.  

For residential buildings, energy are mainly used for space cooling and heating, 

consuming more than 50% of the total energy demand in developed countries [46]. In 

Europe, space heating is generally supplied by heating, ventilation, and air-

conditioning (HVAC) systems in smart commercial buildings [47]. HVAC is therefore 

taken as the main load in DSR. Through the integrated optimization scheme in this 

thesis, the load management of HVAC can be attained by combining optimal controls 

of CHP, electricity storage system (ESS) and thermal storage system (TSS).  

After S.E. Hub optimal operation strategies are proposed, controllable 

components, such as CHP, can be optimally re-designed following the strategies for 

better operation performance or investment reduction. This can be supported by an 

optimization with the aim to find the optimal size of CHP considering the building 

owner/designer’s preference with respect to saving operational cost and reducing CHP 

investment payback period. 
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1.3. Aims and Objectives 

The power grid will be able to save a huge amount of energy with improved 

energy efficiency of each S.E. Hub. Therefore, it is crucial to optimize operation of 

S.E. Hubs. This thesis aims to integrate optimal operation control of CHP and energy 

storage with DSR to achieve the overall cost savings of an S.E. Hub. 

The following are the three main objectives of this thesis: 

i. The first objective is to reduce the S.E. Hub operational cost through 

dynamically changing the thermal and power output ratio of the CHP so that 

the overall cost can be minimized. Most of the CHPs are operated with a 

fixed ratio of thermal to power output, although the thermal and electrical 

load demand always change with time, therefore, this fixed thermal/power 

ratio is often not the most economical way to operate CHP. This first 

objective will be achieved through optimally control the CHP along with 

other S.E. Hub energy facilities under price-based DSR. 

ii. The second objective is to integrate controllable buffer components, i.e., 

ESS and TSS, to further optimize the economic performance of CHP and 

extend the scale of the S.E. Hub for system flexibility improvement. This is 

because that an S. E. Hub without energy storage facilities has to meet the 

load demand in real time, which may cause higher operating cost under peak 

tariff period and also cause unnecessary burden to the power grid. 

Furthermore, the storage of surplus thermal energy from CHP when supply 

is greater than demand can also make CHP run at a high energy efficiency 

operating point. Therefore, inclusion of ESS and TSS will further reduce the 

overall operating cost of an S.E. Hub. 
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iii. The third objective is to optimally design the size of CHP regarding 

investing a CHP unit in building retrofit. After obtaining the optimal 

operation strategies for an S.E. Hub, the optimal sizing of CHP will be 

studied so as to invest and install a properly sized CHP within a given budget 

for cost-saving purpose. The operational cost after CHP installation will be 

calculated by considering the building operated under the proposed strategy, 

which combines dynamic control of CHP operation with DSR. The 

optimization design will prioritize building owner/designer’s preference on 

saving operational cost and reducing CHP investment payback period. 

1.4. Novelty of Research 

The main contributions of this thesis with novelties are summarized as follows. 

i. A modeling framework of an S.E. Hub for a smart building system has been 

established in Chapter 4, based on which the operational cost of the overall 

system is minimized through the demand side management and the optimal 

selection of CHP’s power-heat generation ratio. In this optimization scheme, 

efficient CHP operation and HVAC scheduling are determined under a TOU 

tariff. It is the first time in literature to minimize an SEH operational cost 

through CHP power and heat split ratio control cooperating with DSR 

simultaneously. 

ii. The controllable energy storage systems (ESS and TSS) are implemented to 

further improve the effectiveness of the proposed optimization scheme in 

Chapter 5. The most suitable storage capacities and charging/discharging 

power flows of ESS and TSS are discussed to enhance the optimization effect. 

Furthermore, two methods of ESS and TSS modeling are explored to ensure 

the optimization scheme practical. 
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iii. A multi-factors optimization model has been established to find the optimal 

size of CHP for investment decision in Chapter 6. The obtained two objectives 

are to minimize the building operational cost and the CHP investment payback 

period, respectively. Depending on the preference of the building 

owner/designer with respect to the two objectives, the optimal solution of CHP 

capacity can be obtained through the proposed model. 

1.5. Outline of Thesis  

This thesis is arranged as follows. 

Chapter 2 provides literature reviews on the technologies of key components, 

such as CHP, ESS and TSS, the applications of DSR, optimal operational strategies in 

S.E. Hubs and microgrids, and the optimal design for component investment. 

Chapter 3 presents general methodologies of S.E. Hub energy cost minimization 

including CHP hourly dynamic control, appliances load management and optimal 

design for high-efficiency energy components investment. 

Chapter 4 proposes an energy cost minimization model, which combines the 

dynamic control of CHP with DSR, for an S.E. Hub. Since the HVAC system 

consumes the majority of the electricity required at the building, the corresponding 

HVAC load management strategy is developed to verify the feasibility of the DSR. 

The optimization of S.E. Hub operation under a TOU tariff considers factors such as 

the capacity and constraints within CHP operation, the operating condition of HVAC, 

and the range of indoor air temperature. Efficient CHP operation and optimal HVAC 

scheduling are determined through optimization. The effects of the proposed 

optimization strategies are verified in case studies by comparing with two existing S.E. 

Hub operational strategies, which consider CHP optimal control and DSR separately. 



CHAPTER 1 INTRODUCTION 

11 

 

Chapter 5 develops an expanded energy cost minimization model for an S.E. 

Hub with the deployment of controllable storage systems. ESS and TSS are designed 

as on/off components with fixed power level options. The power and heat split ratio 

of CHP, scheduling of HVAC, and charging/discharging of energy storage systems are 

determined through the optimization solution. Technically available SOC ranges of 

ESS and TSS, and state of charge (SOC) and depth of discharge (DOD) related 

degradations of ESS are taken into consideration in the optimization problem. Besides, 

different capacity sizes and charging/discharging power levels of TSS and ESS are 

tested for a better optimization effect. Moreover, two methods of ESS and TSS 

modeling are explored in Chapter 5. The first method, without consideration of 

charging/discharging efficiency, simplifies the calculation whereas performances of 

ESS and TSS are relatively amplified. Charging/discharging efficiencies are 

considered in the second method thus improved the modeling accuracy. 

Chapter 6 proposes an optimization method to determine the optimal size of CHP 

for building retrofit. The investment budget, maximal payback period and the 

preference of the building owner/designer with respect to these two objectives are 

considered in the optimization model design. The optimization problem has been 

solved by combing the two objectives into a single-objective function using weighting 

factors. The new building system after CHP installation is considered to operate with 

the operational strategy proposed in Chapter 4 for operational cost minimization, 

which combines the CHP dynamic control with HVAC scheduling. The energy saving 

after CHP installation is compared to a benchmark system, which is also considered to 

operate with HVAC load management for a conservative estimation on CHP 

investment payback period. Different building owner/designer’s intentions with 

different optimal CHP sizes are discussed in the case study.  

Chapter 7 draws conclusions and gives perspectives of future research. 
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The appendix delivers a short history of CHP, detailed reviews of CHP and ESS 

technologies. The popular types of CHP generation, such as CCGT, Stirling engine, 

microturbine system and fuel cell system, are introduced. Suitable types of generation 

for a small-scale CHP system are recommended. The operating methods, advantages 

and disadvantages of ESS technologies are discussed. 
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2. LITTERATURE REVIEW 

In this Chapter, the relevant literature on CHP system, energy storage system, 

DSR applications and optimal operation and design of S.E. Hubs are discussed.  

In Section 2.1, the technologies of CHP, ESS and TSS are reviewed, where the 

focus is on advantages and disadvantages of those technologies for applications in S.E. 

Hubs. Section 2.2 delivers the applications of different DSR programs in power 

systems, along with microgrids optimization models including both CHP units and 

DSR. Section 2.3 reviews optimal operational control of S.E. Hubs with CHP systems 

or energy storage systems. In Section 2.4, optimal design of S.E. Hubs has been 

reviewed to facilitate the investigation of CHP optimal sizing for S.E. Hubs. A brief 

summary is given in Section 2.5. 

2.1. CHP and Energy Storage Systems in S.E. Hubs 

2.1.1. CHP technologies and economic analysis 

CHP is a power generation system with capability of using waste heat. There are 

many approaches to generate heat in various CHP systems [48], which can be 

categorized as three types: gas liquefaction from high-pressure steam to low-pressure 

hot water, heat conduction from hot gas or heated air, absorption from a refrigeration 

process. Different operating mechanisms and steam turbines such as combined cycle 

gas and steam turbines (CCGT), gas turbines, reciprocation engines, microturbines, 

fuel cells, and the Stirling engine are used in CHP systems. Different CHP generation 

types also have different output power ranges, power efficiency ranges, and peak 

energy utilization rates, as shown in Table 2.1. The requirement of thermal demand is 

the key factor to choose a suitable type of CHP; for example, a mill requiring steam 

should be best served by a gas turbine CHP. Additionally, the power range and heat to 
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power ratio also need to be considered to match applications. The output of a CHP 

plant is expected to match the power and heat demands. 

Table 2.1 Overall CHP generation types [49] 

CHP Generation 

Types 

Power Range 

(MW) 

Power Efficiency 

Range (%) 

Peak Energy 

Utilization Rate (%) 

CCGT 20-600 30-55 85 

Gas Turbine 2-500 20-45 80 

Steam Turbine 0.5-100 15-40 75 

Reciprocating Engine 0.005-10 25-30 85 

Micro-turbine 0.03-0.25 25-35 75 

Fuel Cell 0.005-1 30-40 75 

Stirling Engine 0.001-0.05 10-25 80 

The information in Table 2.1 comes from historical data, with the development 

of various CHP technologies, each CHP technology may have flexible power ranges 

and higher power efficiency. For example, a gas turbine CHP system already has 100-

500 kW power levels application for residential and commercial buildings  ADDIN 

EN.CITE 

<EndNote><Cite><RecNum>0</RecNum><IDText>Sokratherm</IDText><Displa

yText>[50]</DisplayText><record><urls><related-

urls><url>https://www.sokratherm.de/en/compact-chp-units/compact-chp-units-of-

the-500-kw-class/</url></related-

urls></urls><titles><title>Sokratherm</title></titles><pages>500kW class CHP 

production</pages><number>12 April</number><added-date 

format="utc">1586696866</added-date><ref-type name="Web Page">12</ref-

type><rec-number>301</rec-number><last-updated-date 

format="utc">1586697066</last-updated-

date><volume>2020</volume></record></Cite></EndNote>[50]. The S.E. Hub 
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under study is based on a community sized smart building whose peak power value is 

around 450-500kW. Considering both power efficiency and construction cost, a 500 

kW gas turbine CHP is a suitable choice other than a steam turbine CHP or a 

reciprocation engine CHP. More details of different CHP types are discussed in 

Appendix. 

The role of CHP unit in an S.E. Hub is not only a conversion component, but 

also a key player for energy cost reduction. The economic analysis of CHP is directly 

related to electricity price, fuel price and the respective efficiency of output power and 

heat. The relationship among these factors and their efficiencies are described by a 

metric named “spark spread”, which is used to indicate the gross income of one-unit 

electricity sold after purchasing the necessary fuel.  

The spark gap is another metric used to measure the competitiveness of a CHP, 

which is the price gap between electricity and gas price [51]. A huge difference 

between electricity price and gas price at any time point indicates the strong 

competitiveness of CHP. In the electricity market, high electricity demand leads to 

high electricity prices where a larger spark gap will be generated. To date, electricity 

price in the UK has been shifting between £0.13 and £0.16 per kWh [52], with gas 

price fluctuating around £0.028 per kWh [52]. This large spark gap indicates the 

economic advantage of employing a CHP system in UK energy market. However, a 

spread gap does not include all necessary data of a CHP system, such as data about 

levies or levy exemptions, operational expenses, energy distribution, ability to utilize 

waste heat, emissions trading permits, etc. 

CHP generation tends to be located in buildings or at the community level [53], 

such as in hotels, hospitals, university campuses, and office buildings [35]. From an 

economic perspective, distributed CHP generation provides many advantages in 
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comparison to traditional centralized electricity generation. These advantages have 

been summarized in Table 2.2. 

Table 2.2 Advantages of distributed CHP generation 

Advantages Description 

Enable to utilize waste heat CHP enables waste thermal energy to be utilized 

onsite or nearby for residents heating or other 

productive purposes. 

Easy installation  Contrary to large scale centralized electrical 

generation, distributed CHP is modular and can 

be installed quickly. 

Carbon saving  As electricity is generated onsite, a huge amount 

of carbon is saved due to reduced losses. 

Moreover, the micro CHP system is expected to 

meet up to 50% of a home’s electricity needs. 

Reduced transmission and 

distribution losses 

Near the point of demand leads to less 

transmission and distribution losses. 

Diversity of energy sources  Many types of primary fuels can be used for 

distributed generation, such as wood chips, 

biomass, etc. 

However, there are still some disadvantages and challenges of distributed CHP 

generation. The main disadvantage is that most CHP systems are currently fueled by 

natural gas. Unless biogas is widely adopted as the main energy source, CHP cannot 

be seen as a true sustainable generation. The other disadvantage is that CHP systems 

are only suitable for sites which have both electricity and thermal heat demands. And 

the high installation cost of CHP makes a hard decision for CHP investment. 

2.1.2. ESS technologies and applications in S.E. Hubs 

According to the Low Carbon Transition Plan, the UK government has 

guaranteed that over 30% of total electricity and 15% of total energy will be generated 

with renewable sources by 2020 [54]. This objective has already been achieved; 
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however, the increase in renewable energy generation is accompanied by many 

problems. For example, most renewable generations are affected by weather 

conditions, which may cause intermittent dispatch. Unstable electricity generation 

increases the difficulty of grid network management [54]. Under these challenges, ESS 

is considered as an effective way to support the balance of electricity supply and 

demand in a highly renewable generation penetrated power grid. 

Selection of suitable ESS technologies poses a challenge for grid applications 

depending on a series of factors such as network capacity and geographical 

environment [55]. For instance, as per the 2018 UK Hydropower Status Report [56], 

the UK power network already has a total hydropower installed capacity of over 4600 

MW, including 2744 MW of pumped storage. However, the potential of pumped 

hydroelectric storage scheme is considered to be restricted in UK [57]. Some of the 

pumped hydroelectric storage projects were initially developed to support coal and 

nuclear generation. After those coal generation is replaced by renewable generation, 

many pumped hydroelectric storages in UK have not been operating on daily cycles 

[56]. Thus, the selection of ESS needs comprehensive consideration and long-term 

planning.  

The most widely used method to categorize ESS technologies is based on the 

form of energy stored in ESS [58, 59], as shown in Table 2.3.  

Table 2.3 Classification of ESS technologies 

ESS Types Specific Technologies  

Mechanical ESS Pumped Hydroelectric Storage 

Compressed Air Energy Storage 

Flywheel Energy Storage 

Electrochemical ESS Secondary Battery (Lead-acid/NaS/Lithium-ion) 

Flow Battery (Redox flow/Hybrid flow) 

Electrical ESS Capacitor/Supercapacitor 

Superconducting Magnetic Energy Storage 

Thermochemical ESS Solar Fuels 
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Chemical ESS Hydrogen (Fuel cell) 

Details of ESS technologies and relevant research studies have been provided in 

Appendix (Section 8.2). The ESS in this work employ electrochemical batteries for a 

commercial building-based S.E. Hub. Commercially-available sodium-sulfur (NaS) 

batteries, relatively low-cost redox-flow batteries, and lithium-ion batteries are usually 

selected for S.E. Hub applications [60], in which lithium-ion batteries are most popular 

and have the highest storage efficiency [61]. A Li-ion battery is comprised of a cathode 

(positive electrode), an anode (negative electrode), and an electrolyte. Many materials 

can be used for electrodes in a lithium-ion battery. The most commonly selected 

material for the cathode and anode is lithium cobalt oxide and graphite respectively. 

Lithium-ion batteries have been used as ESS in this work. When a lithium-ion battery 

is charging, the lithium ions move from the cathode to the anode and absorb electrons 

from the outside electricity. Contrarily, in the discharging status, electrons are 

transmitted to outside loads, and lithium ions move back towards the cathode. 

➢ Advantages of lithium-ion batteries 

Compared to other rechargeable batteries, lithium-ion batteries have one of the 

highest energy densities, which can reach 100-265 /Wh kg  or 250-670 /Wh L [62]. A 

Lithium-ion battery cell can drive up to 3.6 volts, thrice more than a Ni-Cd (Nickel-

cadmium) battery cell or a Ni-MH (Nickel-metal hydride) battery cell. Moreover, 

lithium-ion batteries have a relatively low maintenance cost and do not need to 

schedule cycling to maintain their life. Their self-discharging rate is approximately 

1.5%-2% [62], which is lower than other battery technologies. Most importantly, 

lithium-ion batteries do not contain toxic cadmium; it is easier to be disposed of than 

Ni-Cd batteries. Accompanied with the development of renewable generations, 

lithium-ion batteries possess the potential to be applied in small-scale renewable 

generations in a microgrid.  



CHAPTER 2 LITTERATURE REVIEW 

19 

 

➢ Disadvantages of lithium-ion battery: 

Lithium-ion batteries still have a number of shortcomings, especially in terms of 

safety. They tend to become overheat and suffer damage at a high voltage, which may 

result in thermal runaway and combustion. Thus, a safety mechanism is required to 

limit lithium-ion batteries’ voltage and internal pressures. Furthermore, lithium-ion 

batteries are characterized by the problem of ageing, which may lead to loss of capacity 

or operation failure over several years. Another factor limiting the wide adoption of 

lithium-ion batteries is their expensive cost, it is around £15000/100 kWh [63] which 

is 40% higher than Ni-Cd’s [62]. 

2.1.3. Necessity of TSS in S.E. Hubs 

In the future, energy systems should be designed to utilize various renewable 

energy resources, waste energy, and effective techniques, as mentioned in many 

studies [64, 65]. To improve the energy efficiency for future power grid requirements, 

it is crucial to install and enhance district heating and cooling, where both systems 

have played a critical role in European energy systems due to the possibility of 

combining the following options [66, 67]:  

• Renewable resources such as solar energy or biomass [68-70] 

• Pumps for air and groundwater heat [71, 72] 

• Waste heating collected from industrial or energy plants [73-75] 

• Cogeneration plants to produce both electricity and heat (e.g. CHP) [76] 

• Traditional plants such as boiler systems [77] 

• Heat created by prosumers linked to the system [78] 

It should be noted that there are two major gaps in district heating and cooling 

systems [79]. The first gap is the dynamic unbalance between demand and supply sides 

caused by time difference between them. For instance, this can be caused by the 
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intermittent characteristics and dynamic feature of energy produced by solar resources 

or economic reasons due to variations in the daily price of thermal energy. The second 

gap is the great loss of heat during the thermal power transmission from production 

plants to consumers. 

The existence of a gap between production and consumption may result in the 

waste of thermal energy. TSS is integrated into district heating and cooling systems to 

better bridge the gap between demand and supply. This integration can optimize both 

the flexibility and performance of district heating and cooling systems, and improve 

the smart combination of renewable energy sources and thermal systems. 

TSS has a storage medium (adopted to reserve thermal energy for heating and 

cooling), and the energy stored can be used later. The use of TSS systems in 

commercial buildings can save energy by 7.8% on an annual basis in the EU [79]. 

Meanwhile, it can also reduce CO2 emissions by 5.5% [79]. In general, the adoption 

of TSS can reduce 1.4 million GWh of energy on an annual basis in Europe [79]. When 

integrated with a thermal system, TSS can increase the flexibility of an energy hub [80, 

81]. 

In an ideal situation, demand should be kept stable to make full use of the 

capacity of thermal plants. However, in winter time, the daily demand for heating is 

higher. Similarly, in summer, the requirement for cooling is high. Additionally, the 

demand of heating and cooling are changing during the day based on the behaviors of 

end-uses, types of heating devices, or regulatory facilities of an energy hub. Therefore, 

the long-run or short-run TSS can be used to actively balance the supply and demand 

in an S.E. Hub. Another critical feature of TSS is associated with thermal production, 

particularly when heat is wasted in an industrial process. Many thermal production 

sources generate a great surplus, which can be stored conveniently. Advantages and 

disadvantages of TSS application in S.E. Hubs are summarized in the following. 
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➢ Benefits of TSS can be found in technical, economic and environmental aspects 

[82]. 

• Flexibility can be increased with a reservation system which also influences 

the design of CHP. It can especially reduce the heat production of CHP at 

the peak heat demand, which implies that the capacity of the CHP can be 

optimized for construction cost saving [83].  

• When connected to the major line of a district heating and cooling system, 

smaller pipelines can be used for energy distribution [84].  

• The stored heat can relieve over demand. 

• Time-varying management can boost overall performance of an S.E. Hub. 

• The management and operation of TSS can reduce the impact of thermal 

heat demand on CHP operation, and enhance CHP power generation when 

the electricity price is high [85, 86]. 

• Reducing the intermittent characteristics of renewable energy sources can 

provide microgrids with better flexibility in choosing different energy 

sources.  

• Operational costs can be reduced through storage, such as costs for pumping 

systems, as flow rates can be reduced in a certain network during the peak 

time. Pumping cost cannot be ignored, which takes around 1% of primary 

energy use, particularly in large district heating networks, as seen in [87, 88]. 

• Installing TSS can prevent the integration of a pressurization vessel under 

circumstances [89]. 

• Users can save money with a flexible heat request, as TSS will allow them 

to change their peak-time load.  

➢ Disadvantages of TSS 

• TSS entails non-negligible installation costs and investment. 
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• A space is needed for TSS - a typical issue for all storage-related aspects at 

different levels. 

• Significant thermal losses throughout the storage process are an important 

issue to consider in energy conservation, thus, further research is required. 

• New challenges will arise in terms of system design and connection planning. 

The TSS can be divided into short-run and long-run storages [19, 90]. The first 

refers to storage used to satisfy daily demand at the peak time with a duration varying 

from a few hours to a day. A long-run TSS ensures long-term energy storage from 

several weeks to months. In an S.E. Hub, short-run TSS can extend technological 

limits and strengthen the advantages of some components such as a CHP system. As 

CHP-district heating systems are the most widely used technology in an S.E. Hub, it 

is very important to analyze the potential installation of a TSS [91]. Designed with 

both CHP and boiler plants, TSS can enhance system flexibility and bring profits from 

sale of electricity and reduction in CHP installation capacity [92]. In plants supported 

by CHP, heat production is based on the generation of electricity while heat storage 

reduces the impact of thermal demand and enables full-power operation during the 

peak electricity price. In this regard, TSS can save operational energy cost and ensure 

a CHP system to achieve optimal operation [93]. Furthermore in [94], integrating fuel 

cells with TSS in district heating systems can increase energy efficiency by up to 350% 

while reducing CO2 emission by half. 

In this thesis, a short-run TSS is employed to enhance the S.E. Hub’s flexibility 

under a TOU tariff. The TSS is integrated with a CHP unit to enable the best power-

heat generation ratio for CHP so as to minimize the overall operational energy cost. 

2.2. DSR Applications in S.E. Hubs  

Most DSR schemes include cost saving (price-based DSR) or revenue generating 

(incentive-based DSR) options for residential consumers. The DSR programs can be 
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divided into two types: incentive-based DSR and price-based DSR. These two DSR 

types complement each other and can be employed in the same system, therefore 

enabling a wide range of customers to engage in the DSR program. Additionally, these 

systems can be adopted in energy, capacity, and ancillary markets on the basis of a 

regulatory system. Table 2.4 summarizes different DSR types. For this work, the price-

based DSR under a TOU tariff is selected. 

Table 2.4 DSR program classification and description [95] 

Incentive 

Types 

Incentive

-based 

Price-

based 
Explanation 

Direct Load 

Control 

√  Participants are controlled by the system 

operator to a certain extent, but they receive 

payment in return. 

Load Curtail √  Incentives are used to adjust the load or need 

for energy. 

Demand 

Building  

√  Load reduction bids are submitted to the 

market. 

Capacity 

Market  

√  Participants can bid in the capacity market to 

change their load on request. 

Ancillary 

Market  

√  Participants in an ancillary market reduce their 

load on request, but usually for a short period 

of time.  

TOU Tariffs   √ Electricity rates are solid in response to daily 

changes.  

Critical Peak 

Pricing  

 √ It is used to avoid the electricity usage during a 

peak electricity price period. However, this is 

not popular in the market and operationally 

depends on time. 

Real Time 

Pricing  

 √ This entails daily changes in electricity prices, 

in accordance with the wholesale market price, 

marginal price or other pricing schemes.  

To allow wide applications of DSR programs, challenges need to be addressed, 

such as controlling and optimizing market demand with effective price indicators, 

constructing a favorable market situation and setting up profitable business models 
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[96]. Moreover, there are barriers such as regulation, policy issues, and requirements 

for infrastructure need to be overcome [25]. Additionally, issues such as limited user 

experience and uncertainty of DSR programs are still in place due to the fact that much 

of the current work is still confined by certain aspects.  

2.2.1. Price-based DSR 

The price-based DSR allows participants to change their load on a voluntary 

basis in a manual or automatic manner, as a response to the price signals in electricity 

market. This technology activates a large amount of industrial, commercial and 

residential end-users, which can participate individually or through aggregators. With 

the development of information communication technologies, the range of appliances 

has been expanded to be used in DSR. However, at the time of saving cost through 

price-based DSR, the convenience and experience of end-users need to be carefully 

protected.  

A typical example for price-based DSR was presented in [97]. This paper 

considers residential appliances such as lights, dishwasher, bread maker, swimming 

pool pump, electric water heater, TV, DVD player, decoder, clothes drier and washing 

machine, and also considers the operation relationship, for example, clothes drier must 

follow the washing machine, TV and decoder must operate at the same time. The 

electricity storage system is implemented to store electricity at the off-peak time and 

to discharge at the peak time. All the energy cost reduction in [97] is based on the 

electrical appliances’ load management. Safdarian et al. [98] design real time operating 

models for electric water heater and HVAC considering DSR. Their models consider 

various factors such as the internal water circulation inside the electric water heater, 

ambient temperature of HVAC, resident comfortable level, and also switching actions 

of electric water heater and HVAC. The power levels of the electric water heater and 

HVAC are modeled as binary variables, which are similar to the modeling approach 
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in this thesis. Setlhaolo et al. [36] establish a residential operational cost minimization 

model through the scheduling of typical home appliances. In their model, the 

consumers can shift their consumption in response to the varying prices by choosing 

an inconvenience level in the DSR program.  

Caprino et al. [99] present a peak shaving approach through applying price-based 

DSR to aggregators of electricity users. The authors mainly focus on modeling and 

management of household appliances. The predicable reduction of the peak load was 

achieved while guaranteeing the users’ comfort. Mohsenian-Rad et al. [100] apply 

game theory and formulate an energy cost scheduling game for a group of DSR 

participants. The authors assume that each user simply applies his/her best load 

management strategy under real-time energy price. All consumers are served by a 

single utility company; therefore, the utility company can change the pricing tariffs to 

influence the energy usage for energy generation optimization.  

In [101], an automated DSR program for residential appliances is proposed to 

reduce the electricity bill under the dynamic electricity price while fulfilling comfort 

constraints. Juan et al. [102] propose a DSR scheme for smart buildings to balance the 

customers’ requirements and energy cost by integrating a novel cost structure that 

encourages load shifting. Customer response is studied considering demand price 

elasticity and historical response curve in [103, 104] in order to achieve better 

performance under the TOU based DSR programs. For electricity retailers, risk 

management has been discussed in [105] considering the difference between time-

varying wholesale purchase price and the fixed retail selling price. By comparing 

several DSR programs based on TOU, critical peak pricing and peal time pricing, the 

effectiveness of DSR programs on economic savings and load shifting is discussed in 

[106]. 



CHAPTER 2 LITTERATURE REVIEW 

26 

 

2.2.2. Incentive-based DSR 

The incentive-based DSR requires participants to shift their load patterns on 

request and then obtain direct payment. The industrial and commercial users can 

participate individually or through aggregators, where residential users usually only 

can participate through aggregators. Increase-based DSR can create short term 

response for grid balancing, reduce the peak electricity usage and improve the grid 

reliability. This technology highly depends on the policy of electricity market, thus the 

main challenge for operators is to control and optimize market demand with effective 

price indicators. 

Wang et al. [107] analyze the effectiveness of incentive-based DSR through the 

data from large-scale DSR trials and matching questionnaires. They combine trial data 

and survey data together, which provides important references with respect to policies 

implemented and participants’ attributes. Three incentive-based DSR programs with 

four different incentives are discussed in [108], in which the consumers’ willingness 

and interest among different incentive-based DSR programs are analyzed. A suitable 

incentive-based DSR program for a typical subsidized market is obtained considering 

the consumers’ preference and a linear relationship between incentivization and load 

reduction. Aalami et al. [109] develop a non-linear model of incentive-based DSR for 

a real-world power system, based on the demand elasticity on price and benefit 

function of consumers. The authors provide network operators references about the 

effect of incentives and the economic performance of the power system. Similar 

references about the incentives policy determination for network operators are 

discussed in [110], in which the aim is to minimize generators’ fuel cost while 

considering the emission cost.  

An incentive-based DSR scheme for a microgrid containing different types of 

generations is proposed in [111] to generate optimal energy dispatch strategies for  
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cost minimization. In [112], a dynamic pricing-based buy-back scheme is used to 

encourage end users to generate more renewable energy, thereby enhance the energy 

efficiency of a smart grid. Similar direct load control-based DSR schemes are 

proposed in order to reduce the peak system load [113, 114], save operational cost 

[115, 116], and optimize customer satisfaction [117]. The elastic price of demand is 

achieved in [118] through a scheduling model of smart home energy management. For  

larger consumers, such as electricity retailers, a linear bidding function based DSR 

program is proposed in [119] to improve social welfare. 
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Fig. 2.1 A typical microgrid comprising multi-S.E. Hubs (taken from [120])   

The methodologies in the above references can also be generalized to study 

multiple S.E. Hubs as described in Fig. 2.1, which has significant applications for 

distribution operators or load aggregators to implement price-based or incentive-based 

DR within a microgrid optimization.  
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2.3. Optimal Operation Control of S.E. Hubs 

An S.E. Hub is established based on a commercial building system in this thesis. 

According to [121], around 40% of the energy consumption is consumed by buildings, 

with half of it on commercial buildings, resulting in one-third of total greenhouse gas 

emissions. Therefore, the energy efficiency of commercial buildings has great 

potential to be improved in order to save energy, reduce buildings’ energy cost and 

reduce pollution emissions. Power and heat at commercial buildings are traditionally 

provided by the power grid and large boilers, respectively. However, with the 

development of distributed generation technologies and the increase of electricity 

prices, CHP systems become preferred solutions in commercial buildings. A CHP unit 

can be operated together with renewable energy sources and energy storage systems 

to improve overall energy performance. The operational optimization of such systems 

has great potential for cost reducing and energy saving for an S.E. Hub. In the 

following, the optimal operations of S.E. Hubs are reviewed on CHP system and 

energy storage system, respectively. 

2.3.1. Optimal operation of CHP system 

As a popular energy conversion system in S.E. Hubs, CHP generation can be 

controlled by dynamically optimizing its power and heat split ratio to improve the 

energy efficiency and economic performance of S.E. Hubs. A general evaluation of a 

CHP in a commercial building is proposed in [122] from the aspects of operation cost 

and carbon emission. Two non-convex operation regions with four or five operating 

points (based on the power to heat ratio) of a CHP are defined in [123]. The operation 

of different types of CHPs under such non-convex operation regions has been 

discussed in [124], and a short-term optimal scheduling strategy has been proposed to 

reduce the operational cost.  
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It has been pointed out in [125] that the CHP operating points highly affect its 

energy efficiency and economic performance. Meanwhile, the flexible operation 

strategies under different external conditions, such as varying electricity prices and 

buyback prices, of a CHP enhance the economic benefits [126, 127]. Several operation 

modes have been discussed in [128], including different lengths of daily operation time 

and intervals. However, the CHP was only modeled with fixed power and heat ratios. 

Three CHP operation modes known as heat-driven, electricity- driven and cost- driven 

modes have been defined in [129]. The economic performances of these operation 

modes have been evaluated where the results show that the cost-driven mode can 

improve the economic performance.   

Different operation strategies of a CHP system integrating solar thermal system 

in a commercial building are proposed and compared in [130] regarding to the CHP’s 

economic performance, where different demand types have also been considered. Xie 

et al. propose a CHP operational optimization model in [131], taking the real heat, 

electricity and gas prices into account to enhance the CHP economic performance. 

Their case studies reveal that the power to heat ratio should be regulated according to 

the time day and the energy prices, in order to pursue higher profits. However, the 

CHP operation in [131] is simply modeled by different loading levels with 

corresponding power-heat ratios. The real-time CHP control based on varying 

demands and energy prices is not achieved. 

On another aspect, the greenhouse gas emission regarding to different CHP 

operation strategies has been considered by Peacock et al. in [132], where the results 

show that the great emission reduction can be achieved by proper operation strategies 

such as minimizing the thermal surplus generated on ‘warm’ days in a Stirling engine 

based CHP. The carbon emission has also been considered in [133] together with the 

operational cost, forming a multi-objective operational optimization strategy of a CHP. 

With the S.E. Hub and CHP operational optimization strategy, £110 million can be 
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saved in a time frame of 20 years, based on the energy consumption data of University 

of Bath [133]. 

However, the CHP operational optimization are rarely considered with DSR 

technology, and no previous work focuses on the CHP heat-power split ratio control 

together with load management of a HVAC system under a TOU tariff. Even in some 

microgrid models including both CHP and DSR technologies, CHP is considered as a 

generator with fixed heat-power ratio. In this thesis, the S.E. Hub’s energy cost can be 

reduced by enhancing CHP economic performance along with regulating HVAC load 

optimally. 

2.3.2. Optimal operation of energy storage systems 

To cope with energy demand and environmental challenges, renewable energy, 

such as wind energy and solar energy, has been integrated into the power distribution 

network gradually [134, 135]. However, the inherent characteristic of such renewable 

generations makes their reliability highly affected by the natural conditions (e.g. 

weather and the time of the day). Therefore, the renewable generations should be 

implemented along with reliable distributed generators, such as CHPs, and energy 

storage systems [136, 137], in order to assure their power supply reliability. More 

importantly, the implementation of storage systems in an S.E. Hub can greatly improve 

the overall system energy efficiency with operational flexibility [138, 139], and 

delivers better economic performance to the owners [140].  

Nowadays, the most mature and widely used energy storage system is battery 

energy storage system [141-143], such as lithium-ion battery, which is also the storage 

system used in this thesis. The proper control and operation of storage systems in an 

S.E. Hub provide significant potential for energy efficient enhancement and economic 

performance improvement. 
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A wide range of studies have been focused on optimal operation of battery ESS 

in building systems. Generally, the storage system enables building owners to store 

energy during lower electricity price periods and discharge during high electricity 

price periods. In this way, the overall energy cost can be reduced [144]. Oudalov et al. 

propose an optimal operational strategy based on dynamic programming for a battery 

ESS in the peak load shifting process in order to achieve the operational cost 

minimization [145]. The optimal sizing problem of the battery ESS also has been 

considered in literature to minimize the investment cost while fulfilling the demand.  

In [146], the next day electricity price is forecasted to optimize the battery ESS 

operation, aiming to improve the overall economic performance. Proper scheduling of 

battery ESS has been determined and longer lifetime (reduced investment cost) of 

batteries is achieved [146]. In [147], an optimal scheduling of storage system has been 

proposed to reduce the energy cost and minimize the power loss considering the 

batteries’ charging/discharging efficiency. Similar work has been done in [148], where 

the energy storage system is composed of both battery ESS and TSS.  

In [149], energy storage constraints such as the charging/discharging rates of 

electrical and thermal energy storage, and the heat loss of thermal energy storage, are 

considered. The thermal energy storage system is usually implemented along with 

CHPs to reduce the heat loss. It has also been considered in an S.E. Hub to reduce the 

energy cost of the HVAC system, which consumes nearly 50% of the total energy in a 

commercial building [150]. Thermal energy storage also participates in day-ahead 

energy dispatch scheduling program in a building [151]. The energy consumption is 

predicted one day ahead, and the stored energy is scheduled to release for the heating 

demand during the high electricity/gas price period. The effectiveness of the proposed 

optimal operation strategy is significantly affected by the predicted next-day thermal 

load. 
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Simple battery degradation models are used in [152-155] for modeling of the 

energy storage systems and optimization of their operation. The battery degradation is 

often considered as a fixed cost per kWh while evaluating the economic performance 

of a storage system. However, as discussed in [156], the actual lifetime of a battery is 

largely affected by the DOD and SOC, which are the significant factors need to be 

considered when optimizing the storage system operation. Therefore, it is necessary to 

apply more accurate battery degradation models in S.E. Hub studies. In [157, 158], 

battery ESS cost function and optimal control are formulated considering battery 

degradation as a function of DOD, charge rate and SOC. It has been indicated in [159] 

that the lifetime of a battery highly depends on its operations, thus an optimal operation 

strategy has been proposed to find the balance between the building operational cost 

and the batteries’ lifetime. The results in [155] show that 40% of the battery 

degradation cost and 8.5% to 16% of the building overall operational cost can be saved 

with a good balance point. 

According to the research, an optimal operational scheme of ESS and TSS can 

greatly improve the overall S.E. Hub energy efficiency. However, rare research 

combines the optimal controls of CHP and storage system under a TOU tariff and 

varying demands. In this thesis, the optimal controls of ESS and TSS are integrated 

with CHP dynamic heat-power split ratio control and HVAC load management to 

achieve the overall S.E. Hub operational cost saving. 

2.4. Optimal Design of S.E. Hubs 

As mentioned above that the energy consumed by buildings around the world 

shares 40% of the total energy [160], it is worthwhile to invest in the building energy 

efficiency improvement. Multiple actions can be taken such as energy efficient lighting 

and heating, advanced controller for HVAC, on-site energy production components 

improvement, and energy storage systems improvement [161-163]. Since CHP is the 
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main object of study in this thesis, the relevant sizing and investment studies on CHP 

are reviewed in this section. 

The purpose of installing CHPs in commercial buildings is to improve energy 

efficiency and reduce operational cost, however, unreasonable size of the CHP units 

will not achieve such a target, and sometimes it may cause unnecessary investment 

and operational costs. In [164], a maximum rectangle method, which is usually used 

in finding proper capacity of generators [165], is used to find the optimal size of CHP 

in a building. The load distribution curve (demands versus number of sampling points) 

is drawn firstly using the building’s load data sampled every minute through a year. 

Then the width of the rectangle with the largest area under the load distribution curve 

is considered as the optimal capacity for the given load data. The same method has 

been used in [166] to determine the CHP size and several case studies have been 

carried out to evaluate its effectiveness. The maximum rectangle method aims to find 

the most efficient CHP capacity with the purpose to fulfill the demand without 

considering the investment cost.  

Another method based on linear programming of CHP operation model has been 

used in [167, 168], and the purpose of optimal sizing of CHP is included in the model 

in order to determine the sufficient capacity to fulfill the demand and minimize the 

overall operational and investment cost. The balance between meeting demand and 

minimizing cost affects the results significantly, and the result depends on the owner’s 

preferences among these two objectives. Similar work has been reported in [169] using 

non-linear programming, where the sizing of CHP is affected by investment cost and 

operational strategies. Another economic factor known as net present value has been 

used for CHP optimal sizing [170], in which the increase of electricity price and 

depreciation of equipment are taken into consideration when optimizing the CHP size 

for commercial and office buildings.  
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The payback period has been considered for the CHP capacity design in [171]. 

The proposed method is used to evaluate the optimal capacities of a micro turbine-

based CHP unit for buildings with different power and thermal demand. Kim et al. 

considered the relationship between the efficiency and size of CHP in [172]. With 

improved efficiency by CHP size optimization, the economic performance can be 

enhanced.  

Another significant factor, which is carbon emission, has been discussed in 

designing the CHP capacities [173]. A more comprehensive evaluation of CHP sizing 

considering multiple objectives such as operational cost, primary energy consumption 

and the pollution emission has been proposed in [174]. Liu et al. consider the total 

annual cost of the entire S.E. Hub while optimizing the CHP size [175]. 

The expensive installation cost leads to a hard decision for CHP investment. 

Previous researchers provide different models to find a suitable CHP size depending 

on various considerations. However, there is no method optimally determining the 

CHP capacity by both considering building’s energy cost saving and payback period 

reduction. In this thesis, the newly installed CHP system operates along with HVAC 

load management to achieve building operational cost minimization. 

2.5.Summary 

A literature review is given in this chapter on optimal operation control of S.E. 

Hubs in building systems with CHP and DSR. Firstly, key components in S.E. Hubs 

are introduced including CHP, ESS and TSS in Section 2.1, followed by DSR 

applications in S.E. Hubs in Section 2.2. Next optimization of CHP and energy storage 

systems operation are reviewed in Section 2.3. Then the optimal design of CHP 

generator is discussed for building systems in Section 2.4. From the literature review, 

it is found that CHP plays an important role to improve the energy performance of an 

S.E. Hub, and existing studies have neglected the dynamic control of CHP power to 
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heat ratios to improve the overall S.E. Hub operational and economic performance. In 

the following chapters, this power to heat ratio in CHP will be modeled and controlled 

to achieve minimal operating cost in S.E. Hubs, together with the HVAC load 

management, optimal sizing of CHP under DSR. In addition to the operational cost, 

the CHP investment payback period will also be investigated. 

 



CHAPTER 3 METHODOLOGY 

36 

 

3. METHODOLOGY 

This thesis establishes an optimization scheme for an S.E. Hub to minimize the 

overall cost of the hub system. The main development includes the following four parts:  

i. Establish a modeling framework for S.E. Hubs including hourly operations 

of a CHP unit, an electricity storage and a thermal storage combined with 

DSR under a time-of-use tariff. 

ii. Develop optimal operation of CHP, ESS and TSS in the S.E. Hub, with the 

hourly dynamic control of the CHP heat and power split ratio. 

iii. Implement DSR programs in S.E. Hub, mainly focusing on the load 

management of centralized/grouped appliances. 

iv. Investigate the optimal sizing of CHP for the purpose of energy cost saving 

and investment payback. 

This chapter delivers the general methodologies to support studies in the later 

chapters, especially on CHP modeling, load management and optimal sizing of CHP 

investment. The outline of this chapter is arranged as follows.  

In Section 3.1, a general S.E. Hub operational cost minimization methodology 

including CHP dynamic control is presented. Section 3.2 introduces a load 

management method on appliances of an S.E. Hub, and the logic correlations between 

appliances are discussed. In Section 3.3, a component investment modeling algorithm 

is studied, and an optimization example is cited for optimal design problem in building 

energy system retrofit. A summary is given in Section 3.4. 
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3.1. S.E. Hub Optimization 

3.1.1. CHP dynamic control 

Linear Programing (LP) [176] and non-linear programing [176] are two 

techniques used in CHP dynamic operation. LP methods are suitable for most CHP 

generation types, e.g. gas turbine CHP, steam turbine CHP and micro CHP. Non-linear 

programming algorithm is usually used for complex CHP technologies, for example, 

CCGT CHP system which is generally used in large-scale power plant. In this thesis, 

the S.E. Hub is studied under a typical commercial building system, and the gas turbine 

CHP generation is selected. Thus, LP is applied to determine the CHP operational 

strategy. 

 

 

Fig. 3.1. The convex operating region of a CHP unit 

Assume that the operating region of each CHP unit is convex in terms of the 

areas formed by the output of power and heat, meanwhile the cost of each CHP is also 

a convex function with respect to its power and heat production, see an illustration in 

Fig. 3.1. This convexity property implies that any operating point in the operating 
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region can be represented as a vector combination of characteristic points (
ju ,

jp ,
jq ), 

where 
ju ,

jp  and 
jq  are the cost, power and heat values of the characteristic point 

j  of a CHP unit, respectively. The five characteristic points correspond to 5 extreme 

CHP operations (See Fig. 3.1): minimal power and minimal heat (point 1), maximal 

heat when power is minimal (point 2), maximal heat (point 3), maximal heat when 

power is maximal (point 4), and maximal power and minimal heat (point 5). In order 

to simplify the later calculation in Chapter 3-6, all hourly energy flows in kJ/h are 

transferred into kW (3.6 × 103 𝑘𝐽/ℎ = 1𝑘𝑊). 

Then the operating cost U , power production P  and heat production Q  can 

be expressed as a vector combination of characteristic points [177]: 

 ( ) ( )j j

j J

U t u x t


=     (3.1) 

 ( ) ( )j j

j J

P t p x t


=    (3.2) 

 ( ) ( )jj

j J

t xQ q t


=   (3.3) 

 ( ) ( )1, 0 1j j

j J

tx x t


=     (3.4) 

where 𝐽 is the index set of characteristic points of the CHP unit; 𝑥𝑗 is the decision 

variable encoding the vector combination of the operating region. 

These functions allow the shape of the operating region to change over time, but 

always keep convexity. When a CHP unit is turned off, the characteristic points will 

be changed to (0,0,0) for all (𝑢𝑗, 𝑝𝑗 , 𝑞𝑗). The optimal control of CHP unit should 

include the turn-on and turn-off cost. 
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3.1.2. S.E. Hub energy cost minimization 

In an S.E. Hub with only one CHP unit, other common components such as heat-

only boiler, ESS and TSS, also need to be considered in the energy cost minimization 

model. The excess electricity excessP  generated by the CHP unit can be sold to the 

power grid to generate additional revenue. In the following grid – connected system, 

a boiler and a CHP are included. Without considering the operation cost of ESS and 

TSS, the objective function to minimize energy cost can be formulated as 

( ) ( ) ( )
1

( ) ( ) (mi ) ( )n j j boiler boiler grid grid excess excess

j

T

t J

u x t c t Q t c t P t c t P t t
=

 
 +  +  −   

 
  

  (3.5) 

subject to the constraints of CHP decision variables 
jx  in Eq. (3.4). boilerc  is the 

unit cost of heat generated by the boiler; boilerQ  is the heat output of the boiler; 
gridc  

is the electricity tariff of the power grid; 
gridP  is the electricity power purchased from 

the power grid; excessc  is the excess electricity selling price; t  is the length of 

sampling time, which is generally set as one hour for building systems.  

The power balance function is represented as 

 ( ) ( ) ( ) ( ) ( ) ( )+j j s s grid excess

j J

p x t P t P t P t P t P t− +



 − + − =   (3.6) 

where sP +  and sP −  are the ESS charging power and discharging power, respectively; 

P  is the power demand of the S.E. Hub. 

The heat balance function is written as an inequality constraint, which implies 

that the excess heat is produced to ensure sufficient supplies and it can be freely 

disposed. The minimized operational cost will also make the excess heat minimal. The 

heat constraint is written as 
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 ( ) ( ) ( ) ( ) ( )+j j s s boiler

j J

q x t Q t Q t Q t Q t− +



 − +    (3.7) 

where sQ +  and sQ −  are the TSS charging power and discharging power, 

respectively; Q  is the heat demand of the S.E. Hub. 

For ESS and TSS, the storage efficiencies caused by their self-discharging rates 

are considered as follows [176]. 

 ( ) ( )( ) ( 1)P P sP sS Pt S t P tt − +=  − +−   (3.8) 

 ( ) ( )( ) ( 1)Q Q sQ sS Qt S t Q tt − +=  − +−   (3.9) 

where PS  and 
QS  are the energy stored in ESS and TSS, respectively; P  and 

Q  

are the self-discharging related storage efficiencies of ESS and TSS, respectively. 

The energy stored in ESS and TSS are subject to equipment capacity limitations. 

 
min max( )P P PS S t S   (3.10) 

 min max( )Q Q QS S t S   (3.11) 

where min

PS   and max

PS  are the minimum and the maximum energy stored in ESS; 

similarly min

QS  and max

QS  for TSS. 

With the above model, the operating points of CHP, or equivalently the 

heat/power split ratio of the CHP, can be determined dynamically so as to minimize 

the overall operating cost. In this general framework, the boiler system is a backup 

component for thermal demand, which is not necessary if the CHP heat output is 

sufficient. In this thesis, only CHP is considered for power and heat generation within 

a building. Different from this framework, the charging/discharging efficiencies of 

ESS and TSS, and the degradation cost of ESS are considered in Chapter 5. 
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3.2. Appliances Operation Modeling under DSR 

DSR can be used to achieve energy cost minimization in an S.E. Hub. In this 

thesis, the DSR is employed on centralized/grouped appliances, i.e., the HVAC. In this 

section, an appliance operation method proposed by Xia and Zhang [178] is introduced 

considering five main types of appliances constraints.  

Assume that an energy hub consists of I  appliances, each of them can be 

independently controlled as on/off status. The appliances are divided into two groups: 

i. The 𝑖-th appliance operates at its rated power, iP  kW, if it is switched on, 

where 11,2, ,i I= ; 

ii. The 𝑖 -th appliance operates at any power value between 0 and its rated 

power, iP , if it is switched on, where 1 1 11, 2, , ; andi I I I I I= + +  . 

In the first group, 1I  appliances operate with only simple on/off status, for 

example, electric kettles, electric water heater and night lights. In the second group, 

1I I−  appliances can operate with variant powers, for example, air conditions or 

HVAC, washing machines. 

Assume all electricity is purchased from the power grid, and the electricity price 

is 
gridc , which generally takes real-time pricing or a TOU tariff in price-based DSR. 

The on/off status of the 𝑖-th appliance is represented by ib  and is defined as  

 ( )

 

1

1

1

1, if the -th appliance is on and 1

0, if the -th appliance is off and 1

0,1 ,  if                                      

i

i i I

b t i i I

I i I

 =  

=  
  

  (3.12) 

Then the energy cost function cf  over a fixed time interval ,o ft t    is 

formulated as  
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01

( ) ( )d
f

I t

c i i grid
t

i

f P b t c t t
=

=      (3.13) 

In [178], five types of constraints are presented on appliances, including logic 

correlations, mass balance, energy balance, process and service correlations, and 

boundary constraints. The logic correlations of appliances are shown as below. 

i. When the 𝑖-th appliance is switched on at time 1t , the 𝑦-th appliance must be 

switched off at time 2t , where   1 20, ; ; and , ,o fy I y i t t t t     .  

In this case, a new sign function is introduced to cover the appliances with 

variable powers, and the sign function is given as 

 ( )( )
( )

( )

1,  if >0
sign

0,  if =0

i

i

i

b t
b t

b t


= 


  (3.14) 

The mathematical equivalent expression can be formulated as  

 ( )( )( ) ( )( )( )1 2sign 1 sign 2 6i yb t b t+  +    (3.15) 

Consider a simple example with an electric appliance which can be powered by 

the grid or by a distributed generation, such as CHP, but it cannot be supplied by both 

at same time. The connection status of the power grid to this appliance can be 

represented as ( )1sign a , while the connection status of the distribution to this 

appliance corresponds to ( )2sign a . ( )1sign a  and ( )2sign a  are both binary 

variables, where equaling one means on and equaling zero means off. Then the 

connection constraint can be derived as 

 ( )( )( ) ( )( )( )1 1 2 1sign 1 sign 2 6a t a t+  +    (3.16) 
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ii. When the 𝑖-th appliance is switched on at time 1t , the 𝑦-th appliance must 

be switched on at time 2t . 

The constraint function is formulated as the following inequality. 

 ( )( )( ) ( )( )( )1 2sign 1 sign 2 4i yb t b t+  +    (3.17) 

iii. When the 𝑖-th appliance is switched off at time 1t , the 𝑦-th appliance must 

be switched on at time 2t . 

The constraint function under this case is formulated as the following inequality. 

 ( )( )( ) ( )( )( )1 2sign 1 sign 2 2i yb t b t+  +    (3.18) 

iv. When the 𝑖-th appliance is switched off at time 1t , the 𝑦-th appliance must 

be switched off at time 2t . 

The constraint function under this case is formulated as the following inequality. 

 ( )( )( ) ( )( )( )1 2sign 1 sign 2 3i yb t b t+  +    (3.19) 

v. The on/off status of the 𝑖-th appliance does not affect the status of 𝑦-th 

appliance. In this case, no mathematical constraint is required.  

3.3. Optimal Design for Building Energy System Retrofit 

To optimally sizing components in building energy system retrofit, assume that 

there are 𝐼 components to be retrofitted with more energy efficient ones, among them 

the 𝑖-th component has iK  different choices, and denote the 𝑘-th alternative choice 

of the 𝑖 -th component by ikd , where 1,2,i I= , and 1,2, ik K= . Each 

component ikd  corresponds to an installation cost represented by ikc . The choosing 
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activity of each ikd  is the decision variable in optimal design model, and this variable 

is defined as  

 
1,  if  is chosen      

0,  if  is not chosen

ik

ik

ik

d
x

d


= 


  (3.20) 

Then the total investment of the energy retrofit, denoted by 0I , can be 

formulated as 

 0

1 1

iKI

ik ik

i k

I x c
= =

=    (3.21) 

The total investment of energy system retrofit must be limited by the allowed 

maximum budget. 

 
1 1

iKI

ik ik budget

i k

x c I
= =

    (3.22) 

Assume the rated power output of ikd  is ikP . The overall total power of these 

I components must be within a lower bound 
powerL  and an upper bound 

powerU , 

which is formulated as 

 

1 1

iKI

power ik ik power

i k

L x P U
= =

     (3.23) 

Malatji et al. [161] proposed a multi-objective model for new components 

investment in building retrofit, the two objectives are to minimize the investment 

payback period and to maximize the energy saving. They also considered the 

electricity price change by years and the net present value (NPV) constraint. Their 

method is briefed below, which will be applied in Chapter 6.  

Assume ika  is the average annual energy savings of component 𝑖, which can 

be represented as 
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 existing proposed

ik i ika EC EC= −   (3.24) 

where existing

iEC  is the energy consumption of the existing component 𝑖  and  

proposed

ikEC  is the energy consumption of the proposed component 𝑖 with investment 

choice 𝑘. The average annual year energy cost saving B is formulated as  

 ( )
1 1 1

1
1

iKT I
t

ik ik grid

t i k

B a x c
T


= = =

=    +   (3.25) 

where 1,2, ,t T=  stands for year index, T is the minimum number of years needed 

for a nonnegative NPV as defined later in (3.28), 
gridc  is the electricity price of the 

power grid;   is an averaged electricity price annual increasing rate. 

The two objectives functions for minimum payback period and maximum energy 

saving are formulated as 

 

( )

1

1

0 1 1
1

1 1 1

min

1

r

r

I K

ik ik

i k

I KT
t

ik ik grid

t i k

T x c
I

f
B

a x c 

= =

= = =

 

= =

  +




  (3.26) 

 
1

2

1 1

max
rI K

ik ik

i k

f a x
= =

=    (3.27) 

subject to 

 

( )
0

1

NPV:= 0
1

T
t

t
t t

B c
I

d=

−
− 

+
   (3.28) 

 0 T     (3.29) 

 1f Z   (3.30) 

 2 expf EC   (3.31) 
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and also subject to investment budget constraint in Eq. (3.22). In the above 

optimization model, tc  is the operational cost in year t; td  is the average discount 

rate of each year;   is the upper bound integer that makes NPV non negative. Z  

and 
expEC  are the maximal expected payback period and minimal energy savings, 

respectively.  

3.4. Summary 

The methodologies presented in this chapter provide strong support to the later 

studies of this thesis, especially on CHP modeling and optimization, HVAC modeling 

and operation in DSR, and optimal sizing of CHP investment. The detailed 

optimization scheme and constraints are proposed in Chapter 4-6.  
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4. OPTIMAL OPERATION OF CHP COMBINED WITH DSR 

In this chapter, the ratio of the electricity and thermal output of the CHP unit is 

controlled, along with HVAC load management, so as to minimize the overall 

microgrid operational cost. A model is established for the energy cost minimization of 

an S.E. Hub, which includes factors such as TOU tariffs, the capacity and constraints 

within CHP operation, the operating condition of HVAC, and the indoor air 

temperature comfortable range. Efficient CHP operation and optimal HVAC 

scheduling are determined through optimization. The improved performance of the 

optimization route is discussed in case studies by comparing with two existing optimal 

strategies, which consider CHP optimal control and DSR separately. 

This chapter is arranged as follows. In Section 4.1, the basic configuration of the 

proposed optimization framework is introduced. In Section 4.2, the modeling of CHP 

unit and HVAC system is presented. In Section 4.3, the energy cost minimization 

problem is formulated. In Section 4.4, a description of the baseline system is illustrated. 

In Section 4.5, the case study optimizations are implemented under different scenarios, 

and the results are discussed. Finally, conclusions are drawn in Section 0. 

4.1. Model Configuration 

A typical S.E. Hub configuration is illustrated in Fig. 4.1, which consists of two 

energy sources (electricity and gas), a CHP unit, an EMS, and two types of energy 

demands, namely the electricity demand and the thermal demand. The HVAC load, 

HVACP , is purposely separated from the electricity demand since this is taken as the 

main load in DSR. Apart from the HVAC load, other electricity demands are put into 

one term, LP , which are regarded as inflexible loads that cannot be controlled by DSR. 
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Both HVACP  and LP  are supplied by the power grid, 
gridP , and the CHP output power, 

1P .  

Power Grid

Gas Utility CHP

EMS

Electricity Demand

(Except HVAC Load)

Thermal Demand

(Hot Water)

 

HVAC Load
PHVAC

Pgrid

Pexcess

P1

Q1

P1 – Pexcess

GMFCHP

TOU tariff; Indoor air 

temperature; Outdoor air 

temperature; CHP operation 

constraints.

Energy Suppliers

PL

Energy Flow Signal Flow

 

Fig. 4.1 The proposed configuration of an S.E. Hub for optimization. 

The fuel of a CHP unit is natural gas and the gas usage within each time slot is 

represented by gas mass flow, CHPGMF . The excess electricity generated by a CHP 

unit, excessP , can be exported to the power grid to get profit. The thermal demand in 

this model is mainly the hot water usage, since the space heating and cooling is 

supplied by the HVAC system. The thermal demand, Q, is only supplied by the CHP 

heat output, 𝑄1. It is assumed that the CHP heat output is sufficient to meet the heat 

demand and no boiler is required. 

The EMS is used to gather information such as energy demands, electricity price, 

environmental temperature, system operation constraints, etc. The controllable 

components in this S.E. Hub include a CHP unit and an HVAC system. The EMS 

controls the power and heat output of CHP unit and the load of HVAC system to 

achieve optimal economic performance for the whole S.E. Hub. 
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This proposed model is established on a building system, all of the energy 

generation, conversion, transmission and consumption are taken place inside the 

building. Thus, the energy transmission losses among each component can be 

neglected. It is assumed that all the electricity energy can be fully utilized, where the 

excess electricity can be sold to be the power grid. However, there may exist thermal 

heat waste, it can be reduced after considering storage system in Chapter 5. 

4.2. Modeling of CHP and HVAC 

4.2.1. CHP modeling 

The gas consumption of a CHP unit depends on its working conditions, where 

the power and heat can be produced at different ratios. In order to minimize the 

operational cost of the CHP unit, the most suitable ratio between power and heat needs 

to be determined. The cost of natural gas depends on both power and heat generation 

in CHP. In this thesis, the CHP characteristic operating region is assumed to be convex. 

Referring to the CHP optimal control in Section 3.1.1, the CHP operating cost 

( 2 CHPc GMF ) and the production of power ( 1P ) and heat (𝑄1) can be represented by 

vector combination of five characteristic points (
ju ,

jp ,
jq ). Here ju , 

jp  and 
jq  are 

the cost, power and heat values of the 𝑗-th CHP characteristic point. As shown in Fig. 

3.1, five characteristic points correspond to 5 extreme CHP operations, then we have 

 ( )
5

2

=1

( )CHP j j

j

c GMF t u x t=       (4.1) 

 ( )
5

1

=1

( )j j

j

x ttP p =   (4.2) 

 ( )
5

1

=1

( )j j

j

x tQ t q =   (4.3) 
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subject to  

 
5

=1

( ) 1, 0 ) 1(j j

j

x t x t=     (4.4) 

where 1,2, ,t N=  are the time indices; N is the total sampling number in time 

horizon; 1,2,3,4,5j =  represent the five characteristic points of CHP; 
jx  is the 

decision variable, which encodes the vector combination of the operating. 

Constraints on the maximal output power and the power ramping must be 

considered for real CHP operation and for assuring stability of the whole system. 

 ( ) max

1 CHPP t P   (4.5) 

 ( )
5

1
( ) ( 1) rate

j CHPj j jx t x tp P
=

 − −   (4.6) 

where max

CHPP  is the maximal power limit; rate

CHPP  is the CHP power ramping rate. 

The constraint in Eq. (4.6) restricts how much the power production of a CHP 

unit may increase or decrease between two consecutive time steps. In this work, hourly 

time step is used in optimization, which is a general set in building energy systems. 

For the heat generation, the hourly heat output, 
1Q , must meet the thermal demand, 

Q , with consideration of the heat utilization efficiency, 
1

heat . 

 ( ) ( )1 1

heat Q t Q t     (4.7) 

4.2.2. HVAC modeling 

To achieve optimal energy utilization, the main electricity consumption 

appliance, HVAC system, needs to be scheduled. The HVAC system can be controlled 

to have n operating power levels, denoted by 𝑃𝑙𝐻𝑉𝐴𝐶
, where each operating level can 

be manipulated as on/off by a binary variable, 𝑏𝑙𝐻𝑉𝐴𝐶
. The HVAC operating power at 

time t  is written as 
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 ( ) ( )
1 HVAC HVACHVAC

n

HVAC l ll
P t b t P

=
=    (4.8) 

subject to 

 ( )
1

1, HVAC is on

0, HVAC is offHVACHVAC

n

ll
b t

=


= 


   (4.9) 

where 𝑏𝑙𝐻𝑉𝐴𝐶
 is a 0/1 binary decision variable indicating on/off status of the HVAC; 

𝑙𝐻𝑉𝐴𝐶  (𝑙𝐻𝑉𝐴𝐶 = 1, ⋯ , 𝑛) represents the index of operating levels; n  is the number 

of HVAC working levels, which is taken to be five in this work balancing the 

effectiveness of the operation strategy and the computational load for the optimization 

algorithm.  

Equation (4.9) assures that, at each time t, HVAC can only work at one 

operating level. The HVAC system is off when all binary variables 𝑏𝑙𝐻𝑉𝐴𝐶
 are zeros. 

In this work, the objective of HVAC load management is to shape the system load to 

achieve cost reduction during the period of peak tariff, where the indoor air 

temperature 𝑇𝑖 is kept within an acceptable and comfortable range. The indoor air 

temperature is affected by multiple factors including the HVAC power transformation 

efficiency 𝜂𝐻𝑉𝐴𝐶 , the heat capacity of the building 𝐶𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔 , the outdoor ambient air 

temperature, 𝑇𝑜, the ground temperature, 𝑇𝑔, the ventilation temperature, 𝑇𝑣, and 

their conductance with the indoor air temperature (
ioH , 

igH , 
ivH ). 𝑇𝑔, and 𝑇𝑣 are 

considered as constant in this thesis. The multiplication term HVAC

HVACP   is the 

HVAC power output used to keep the indoor air temperature. According to the indoor 

temperature balance function in [179], the indoor air temperature balance function 

related to the HVAC load can be formulated as 

 
( ) ( )

( ) ( )

( ) 1 + ( )

       

( ) ( ) ( )

                     + ( ) + ( )

HVAC io o

HVAC building

ig g iv v

i i i

i i

P t C H T t

H T H

T t T t T t

T TT t t

 

 

 =  − − −

− −
 (4.10) 

The following constraint is applied to keep the indoor temperature within a given range. 

min

iT  and 
max

iT  denote the lower and upper indoor temperature bounds, respectively. 



CHAPTER 4 OPTIMAL OPERATION OF CHP COMBINED WITH DSR 

52 

 

 
min max( )i i iT T t T   (4.11) 

4.3. Energy Cost Minimization with Combined CHP and HVAC Optimal 

Control 

For an S.E. Hub, the total energy cost, totalc , consists of three parts: electricity 

cost 
electricityc , natural gas cost 

gasc , and the income from selling excess electricity 

incomec , i.e., 

 
electricittotal gas i coy n mec cc c −+=   (4.12) 

electricityc  is the sum of purchased electricity multiplying the TOU tariff 1c , which is 

formulated as 

 ( ) ( )1

1

=electricity

T

grid

t

c c t tP t
=

   (4.13) 

where the sample time interval, t , is one hour, and T  is the total number of 

sampling hours. 

According to the power flow chart in Fig. 4.1, the purchased power from power 

grid at each time slot can be formulated as 

 ( ) ( ) ( ) ( ) ( )1grid HVAC L excessP t P t P t P t P t= + − +    (4.14) 

The cost of natural gas purchased from the gas utility, 
gasc , can be formulated as 

 ( )2

1

=
T

gas CHP

t

MF ttc c G
=

    (4.15) 

where the natural gas price, 2c , is considered as constant; CHPGMF  is the gas mass 

flow of the CHP unit, which is described by Eq. (4.1) in the CHP model.  
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Besides, when the CHP generates excess electricity, it can be sold to the power 

grid for income incomec . 

 ( )3

1

T

excessincom

t

ec tc P t
=

=     (4.16) 

where 3c  is the excess electricity sale price from CHP to the grid; and the excessP  can 

be written as 

  1( )=max ( ) ( ( ) ( )),0excess HVAC LP t P t P t P t− +   (4.17) 

Referring to the logic correlation modeling methodology in Section 3.2, to 

denote that excessP  and 
gridP  are not able to exist simultaneously, the following 

constraint is given as 

 ( ) ( ) 0excess gridP t P t =   (4.18) 

Thus, the mathematical energy cost model of the S.E. Hub is summarised as 

 ( ) ( ) ( ) ( )( )1 2 3

1

T

total grid CHP excess

t

c c P c GMt t F c P tt t
=

  = + −     (4.19) 

In this model, there are two controllable components, namely CHP unit and 

HVAC system. When considering five operating points for CHP and five power levels 

for HVAC, the total number of decision variables in these two components is ten and 

they are denoted as follows. 

Table 4.1 Decision variables in optimization 

Components Decision variables Values 

CHP 
1 2 3 4 5, , , ,x x x x x  Real numbers between 0 and 1 

HVAC 
1 2 3 4 5, , , ,b b b b b  Binary numbers 0 or 1 



CHAPTER 4 OPTIMAL OPERATION OF CHP COMBINED WITH DSR 

54 

 

Denote the 10 decision variables in a vector 𝜙. The feasible domain of 𝜙 is 

denoted as  . 

 
T

11 2 3 2 3 44 5 5= , , , , , , , , ,x x x x b b b b bx      (4.20) 

The energy cost minimization problem for a typical S.E. Hub is formulated as follows 

 

( )( )

( ) ( )

( )

( ) ( )

( ) ( )
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1 1
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 
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
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

− − 

 



 

=





  (4.21) 

The decision variables include real numbers and integers; thus the overall 

optimization is a mixed-integer programming problem. An advanced global 

optimization method, Genetic Algorithm (GA) [180], is selected to solve this problem. 

GA simulates the biological processes of reproduction and the natural selection to find 

the optimal solution. It has a good convergence rate, low computational time and high 

robustness with satisfactory precision [181]. GA is conceptually simple without the 

requirement of gradient information. Furthermore, GA has the ability to deal with 

various optimization problems, such as stationary or non-stationary, linear or non-

linear, continuous or discontinuous objective functions [182].  

4.4. Baseline Model Assessment 

The initial energy hub without optimization is assumed as the baseline system, 

which will be presented in this section. In this work, the S.E. Hub model is established 

using data collected from a smart hotel building in Miami State, USA [183]. The TOU 
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tariff for grid power is taken from [184] and the outdoor air temperature used is the 

historical Miami State air temperature data in November 2016 [185], as shown in Fig. 

4.2 (a) and (b), respectively. The original S.E. Hub model is established using survey 

data from USA. In order to make this work more meaningful to the UK, all price data 

including TOU tariff, gas price and excess electricity sell price, are taken form the UK 

grid. The settings of all constant parameters are provided in Table 4.2. Both the gas 

price 2c  and the feedback tariff 3c  are considered as constant, which are set as 

£0.03 kW h  and £0.05 kW h , respectively [52]. 

Table 4.2 Setting of constant parameters 

Parameters Values Parameters Values 

2c  2.83 p kw h  ivH  
12.5 kW C   

3c  5 p kw h  igH  
2.5 kW C  

μj (£) ( )10,10,45,35,34  HVAC  0.85 

( )jp kw  ( )80,80,250,400,400  
buildingC   22.92 kW C   

( )jq kw  ( )10,200,500,350,10  gT   12 C  

max

CHPP  400kW  vT  12 C  

rate

CHPP
  100kW  

( 0)iT t =   16 C   

1( 0)P t =   0 
min

iT   16 C  

1

heat   0.85 
max

iT   24 C  

ioH  
16 kW C  T   360h 
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The simulation period is set to be 15 days (360 hours) and this length will reflect 

the practical situation and test the reliability of the algorithm. Each sampled time slot 

is 1 hour. In this 15-days period, the TOU tariff, the outdoor temperature, the original 

load of HVAC system without DSR, the sum of inflexible power demands, and the 

total power demands of the baseline system are illustrated in Fig. 4.2 and Fig. 4.3. 

 

Fig. 4.2 (a) The TOU tariff and (b) the outdoor temperature 

 

Fig. 4.3 The power demands of the baseline system 
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All model simulations are implemented with MATLAB software.. In the original 

operation of this hotel building system, there is no CHP unit, instead a centralized gas 

boiler is used for thermal supply to hot water usage. Also no load management is 

applied to the HVAC system. All the electricity demands are supplied by the power 

grid. In all the simulations in this thesis, it is assumed that there is no loss of electricity 

transmission from the power grid to appliances. The power balance function of the 

baseline system is 

 ( ) ( ) ( )grid L HVACP t P t P t= +   (4.22) 

where the data for 𝑃𝐻𝑉𝐴𝐶  and 𝑃𝐿 are shown in Fig. 4.3. The thermal demand data 

𝑄(𝑡) are also taken from survey data, as illustrated in Fig. 4.4 (a). The hourly costs of 

electricity and gas are calculated by ∆𝑡 ∙ 𝑐1(𝑡) ∙ 𝑃𝑔𝑟𝑖𝑑(𝑡) and ∆𝑡 ∙ 𝑐2 ∙ 𝑄(𝑡) 𝜂𝑏𝑜𝑖𝑙𝑒𝑟⁄ , 

respectively, where the TOU tariff data 𝑐1(𝑡) are shown in Fig. 4.2 (a); the gas price 

𝑐2 is 0. 03£/𝑘𝑊 ∙ ℎ; and 𝜂𝑏𝑜𝑖𝑙𝑒𝑟  is the energy efficiency of the centralized gas boiler, 

which is taken to be 0.85. 

 
Fig. 4.4 (a) The energy demands and (b) the energy cost of the baseline system 

The results from the survey data are taken as the baseline results, which will be 

used for comparison with different control strategies presented later. The thermal and 
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power demands and the energy cost for the baseline system are shown in Fig. 4.4, from 

which it can be seen that the electricity power demand is much higher than the thermal 

demand for hot water. This is because the space heating is supplied by the HVAC 

system. The indoor temperature managed by HVAC consumes power from grid, and 

the gas is only used for thermal demand. Correspondingly, the electricity cost is much 

higher than the gas cost. The total energy cost of the baseline system is £12,040 over 

the 15 days. 

4.5. Optimization under Different Scenarios 

In this section, the strength of the proposed optimization strategy will be 

examined by comparing with two existing micro-grid optimizations. In Section 4.5.1, 

the system operates only with CHP optimal control. Section 4.5.2 simulates an 

optimization scheme with only HVAC load management, where a centralized gas 

boiler is used to replace the CHP unit for thermal demand. Section 4.5.3 presents the 

simulation results of the proposed optimization method that combines both CHP 

operation and HVAC load management.  

4.5.1. Scenario 1: Optimization with only CHP control implemented  

Scenario 1 is designed to examine the control effect of CHP unit under the TOU 

tariff. There’s no load management of HVAC. Both 𝑃𝐻𝑉𝐴𝐶  and 𝑃𝐿  are taken as 

inflexible loads and the storage systems are not considered, as in the baseline system. 

The system configuration of Scenario 1 is shown in Fig. 4.5. The performance of this 

CHP control strategy will be studied by comparison with the baseline system. 
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Energy Suppliers
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（No load management of HVAC)

EMS

TOU; CHP operation constraints.

Energy Flow Signal Flow  

Fig. 4.5 System configuration of Scenario 1 with only CHP control. 

In this scenario with only CHP control, the power balance function is 

 
1( ) ( ) ( ) ( ) ( )grid L HVAC excessP t P t P t P t P t+ = + +   (4.23) 

The CHP unit is modeled by Eq. (4.1)-(4.3) under the constraints in (4.4)-(4.6). 

The heat generated from CHP unit needs to cover the thermal demand, i.e., 

( )1 1 ( )heat Q t Q t   . The hourly energy cost, 𝑐𝑠1, in Scenario 1 is formulated as 

 ( )1 21 3( ) ( )( ) ( ) ( )grid CHP exs cesst P t c GMF t c Pc t t c t=    + −    (4.24) 

The five decision variables in CHP control are denoted as 1 . 1  is the feasible 

domain for 1 . 

  1 2

T

41 3 5= , , , ,x x x x x   (4.25) 

Hence, in Scenario 1, the objective function is formulated as 
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The calculated results of the decision variable set 1  is plotted in Fig. 4.6. The 

five characteristic points of power generation are [𝑝1, 𝑝2, 𝑝3, 𝑝4, 𝑝5] =

[80,80,250,400,400] kW. In this simulation, the decision variable 3x  mostly equals 

zero, it implies that the CHP unit always generates electricity at a lower or higher 

output level.  

 

Fig. 4.6 Decision variables 𝑥1 to 𝑥5 for the CHP unit in Scenario 1 
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Fig. 4.7 (a) Power output of the CHP unit and (b) power purchased from the grid 

in Scenario 1. 

The calculated power generation and the power purchased from the grid are 

shown in Fig. 4.7(a) and (b), in both the TOU tariff is provided as a reference. It can 

be seen that the control of CHP unit has been effective over the whole time period 

under the TOU tariff, because in this scenario the CHP unit is the sole hot water 

supplier. From the survey data in Fig. 4.4 (a), the thermal demand of the building 

system is relative low compared to the electricity demand, this implies that excessive 

heat generation from CHP may lead to more heat losses without energy storage system. 

Due to the high coupling characteristic of power and heat production in CHP 

generation, it is more economical to purchase electricity from the power grid, 

especially at the time of low electricity price. It can be seen from Fig. 4.7 that when 

the electricity price is high, the CHP system tends to generate more power (Fig. 4.7 

(a)); and when the electricity price is low, the S.E. Hub purchases electricity from the 

power grid (Fig. 4.7 (b)).  
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Fig. 4.8 Electricity cost, gas cost, and income in Scenario 1. 

 

Fig. 4.9 Energy costs under CHP control (Scenario 1) and baseline settings 

The costs of gas and electricity in Scenario 1 is shown in Fig. 4.8. Comparing 

Fig. 4.8 with Fig. 4.4 (b), it can be seen that the gas cost is increased when CHP is 

included in the S.E. Hub, but the electricity cost from grid supply is reduced. The total 

energy costs from the grid and gas together, under CHP control and baseline settings, 

are compared in Fig. 4.9, from which the cost reduction by CHP optimal control can 
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be clearly seen. The sum of the total energy cost over 15 days is £9,718 with CHP 

control (Scenario 1), while the sum of the total cost for the baseline system is £12,040. 

Therefore, the optimal CHP control strategy has achieved a reduction of 19.3% of the 

total energy cost over 15 days compared to the baseline system. 

4.5.2. Scenario 2: Optimization with only HVAC scheduling implemented 

In this scenario, we consider only the HVAC load management in optimization 

of S.E. Hub. The CHP optimal control is not included. Similar to the baseline system, 

a centralized gas boiler system is used to replace the CHP unit to supply thermal 

demand 𝑄(𝑡). Without CHP, the electricity supply is purely purchased from power 

grid. The load demand HVAC system is controlled at on/off status of each HVAC 

power level, via the decision variables, 𝑏𝑙𝐻𝑉𝐴𝐶
. The system configuration of this 

scenario is shown in Fig. 4.10. 

Power Grid

Gas Utility Gas Boiler

EMS

Electricity Demand

(Except HVAC Load)

Thermal Demand

(Hot Water)

 

HVAC LoadPHVAC

Pgrid

GMFboiler

TOU tariff; Indoors air 

temperature; Outdoor 

air temperature.

Energy Suppliers

PL

Energy Flow Signal Flow

HFboiler

 

Fig. 4.10 System configuration in Scenario 2 with only HVAC control 

The grid power formulation is the same as the baseline system in Section 4.4, i.e., 

( ) ( ) ( )grid L HVACP t P t P t= +  . The heat demand is supplied by the heat flow, boilerHF  , 

generated by the gas boiler. 
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 ( ) ( )boilerHF t Q t=   (4.27) 

 ( ) ( )boiler

boiler boilerHF t GMF t=    (4.28) 

where boiler  is the operating efficiency of the gas boiler; boilerGMF  is the gas mass 

flow of boiler input. 

The hourly energy cost for Scenario 2, 𝑐𝑠2, is calculated by 

 ( )1 22( ) ( ) ( ) ( ) boi r

rids

le

gt P tc tc Q tc t = +    (4.29) 

The five decision variables in HVAC load management are denoted as 2 , its 

feasible domain is 2 . 

 
T

2 1 2 3 4 5= , , , ,b b b b b      (4.30) 

The energy cost minimization model is established as 
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  (4.31) 

The optimized decision variables are illustrated in Fig. 4.11. The optimal scheme 

for HVAC system and the corresponding indoor air temperature in 360 hours are 

shown in Fig. 4.12. Again the TOU tariff is provided in Fig. 4.12 to provide the 

background of variation of electricity price. 
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Fig. 4.11 Decision variables 𝑏1 to 𝑏5 for HVAC operation in Scenario 2. 

 

Fig. 4.12 (a) Indoor air temperature and (b) HVAC load under the TOU tariff in 

Scenario 2. 

As can be seen from the optimized results in Fig. 4.12 (a), the hotel building’s 

indoor air temperature was kept within the range of [16, 24]℃ as expected. When the 

HVAC system is on, its power is controlled at 5 levels (50, 100, 180, 260, 340) kW 

(Fig. 4.12 (b)), which is affected by the TOU tariff. The HVAC system is in off status 
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in a few occasions. In order to reduce the load demand at the period of peak electricity 

price, the controlled HVAC system increases its load demand before the peak price 

occurs so as to increase the indoor air temperature in advance before the peak price. In 

this way the HVAC load is lowered while the internal temperature can still be kept 

within the desired range; the total system operational cost is thus reduced. 

 

Fig. 4.13 The optimized power demand in Scenario 2 and the power demand in 

baseline system 

In Fig. 4.13, it is shown that the optimized total power demand in Scenario 2 is 

lower than the baseline power demand most of the time during the 15 days. In the 

baseline system with survey data, there were times when the hotel was loosely 

occupied and that reduced power demand, e.g. the temperature control was off for 

empty rooms. With the HVAC control in Scenario 2, it is assumed that all rooms are 

occupied and the temperature in all rooms are always kept within the desired range. 

Thus, the optimized power and total cost of Scenario 2 is higher than the baseline 

system at some specific time slots as shown in Fig. 4.13 and Fig. 4.14. With the optimal 

HVAC operation, the sum of total energy cost in Scenario 2 is £11,305, which brings 

a reduction of 6.1% in the total energy cost from the baseline system’s £12,040. 
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Fig. 4.14 Energy costs under optimal HVAC operation (Scenario 2) and baseline 

settings 

4.5.3. Scenario 3: CHP optimal control combined with HVAC optimal scheduling  

In this section, the energy hub operates following the proposed operational 

strategy in Section 4.3, which is formulated in Eq. (4.21). The system operates with 

CHP optimal control and HVAC load management together, the latter is also called 

DSR. The system configuration is shown in Fig. 4.1, which is not repeated here. 

The optimized results for the five decision variables in CHP operation and five 

for HVAC load management are plotted in Fig. 4.15 and Fig. 4.16, respectively. 
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Fig. 4.15 Decision variables 𝑥1 to 𝑥5 for the CHP unit in Scenario 3 

 

Fig. 4.16 Decision variables 𝑏1 to 𝑏5 for the HVAC system in Scenario 3 
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Fig. 4.17 (a) CHP power output and power demand; and (b) CHP heat output and 

thermal demand in Scenario 3 

In Fig. 4.17 (a), the optimized HVAC load and the inflexible loads constitute the 

optimized power demand. Comparing Fig. 4.7 (a) with Fig. 4.17 (a), it can be seen that 

the peak value of CHP output power in Scenario 3 is lower than that in Scenario 1 

(CHP control only), but the CHP power output in Scenario 3 has smaller variation, 

which can help to extend the lifecycle of CHP units. In Scenario 3, the power demands 

are supplied by both the CHP unit and the power grid, among them the CHP provides 

the majority of electricity demand. 
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Fig. 4.18 (a) Power purchased from the power grid and (b) power sold to the 

power grid in Scenario 3 

The grid power is shown in Fig. 4.18(a) and the excessive power in Scenario 1 

and Scenario 3 are shown in Fig. 4.18(b). It can be seen that in Scenario 3, the Hub 

system successfully avoids purchasing electricity from the grid during the peak 

electricity price period. On the other hand, the excess power sold back to the power 

grid is much more than Scenario 1. Therefore, the system flexibility has been improved 

through the combination of CHP optimal control and HVAC load management. 

The indoor temperature profile is shown in Fig. 4.19 (a) and the HVAC power 

operation levels are given in Fig. 4.19 (b). It can be seen that the indoor air temperature 

is kept within the expected range and the HVAC powers operates at 5 levels. The 

combined strategy in Scenario 3 can not only shift the HVAC load, but also optimize 

CHP generation under the TOU tariff. With the help of CHP dynamic operation, the 

DSR program is less dependent on TOU tariff. 
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Fig. 4.19 The response of (a) indoor air temperature and (b) HVAC load under the 

TOU tariff in Scenario 3 

 

Fig. 4.20 Energy costs and income in Scenario 3. 

The energy cost details of Scenario 3 are expressed in Fig. 4.20. Within the 15 

days, the main cost of the S.E. Hub is the cost of natural gas, which always keeps at a 

relatively high level. The electricity cost is much lower in Scenario 3 compared to the 

that in the baseline system. 
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Fig. 4.21 Energy costs under combining CHP optimal control and HVAC load 

management (Scenario 3) and the baseline system 

The total energy cost of Scenario 3 is compared to the baseline system in Fig. 

4.21. It can be seen that the optimized total energy cost with the proposed control 

scheme is significantly lower than that in the baseline system. The total energy cost in 

Scenario 3 is £9,133 which is a reduction of 24.1% of total energy cost of the baseline 

system (£12,040). The performance of Scenario 3 is also better than separate CHP 

control (£9,718) and HVAC load management (£11,305) in Scenarios 1 and 2, 

respectively, in that the total cost is reduced and the system flexibility is enhanced. 

Table 4.3 Statistics on total costs in different scenarios 

 Grid cost Gas cost Income Total cost 

Baseline system £11,223 £817 0 £12,040 

Scenario 1 – CHP only £2,414 £7,408 £104 £9,718 

Scenario 2 – HVAC only £10,760 £545 0 £11,305 

Scenario 3 – combined 

CHP and HVAC control 
£845 £8,950 £662 £9,133 
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The optimization results are listed in Table 4.3. The total energy cost in Scenario 

3 is lower than both Scenarios 1 and 2. It demonstrates that the combination of CHP 

optimal control and load management on HVAC system has better performance than 

CHP or HVAC control alone. In order to achieve the overall S.E. Hub energy cost 

minimization under varying electricity price, the energy hub system in Scenario 3 can 

not only shift HVAC load to reduce the electricity usage in peak tariff period, but also 

modify the CHP operation to reduce the electricity purchase and increase excess 

electricity sales. The combination of hourly modulating CHP operation and demand 

responds enhances the system’s flexibility under a TOU tariff. 

4.6.Summary 

In this chapter, an energy cost minimization model for an S.E. Hub is established, 

based on which the CHP optimal control is integrated with the HVAC load 

management. The development in this work suggests the possibility to combine the 

optimal operation of an S.E. Hub with DSR programs. It is revealed that a clear 

reduction of total energy cost can be achieved with the use of the proposed 

optimization strategy. Through the comparison among different scenarios, the 

superiority of the proposed optimization strategy is demonstrated against existing 

optimization strategies, which separate CHP optimal control and DSR. In the next 

chapter, further investigation will be focused on system promotion by considering 

energy storage system.  
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5. OPTIMAL OPERATION OF CHP AND ENERGY STORAGES 

INTEGRATED WITH DSR  

In an S.E. Hub, an energy storage system is required for the wider and more 

extensive applications of DSR. In Chapter 4, the proposed optimization framework 

including CHP optimal control and optimal scheduling of HVAC is established; the 

EMS can reduce the energy hub’s energy cost by adjusting CHP operation and shift 

the demand load of the HVAC system. However, the economic performance of the 

CHP unit is not fully explored due to the wasted heat and the DSR performance of 

HVAC is potential to be further improved. In this regard, it is indispensable to employ 

energy storage systems as buffer components under a TOU tariff.  

In this chapter, the deployment of controllable storage systems for improving the 

effectiveness of the S.E. Hub’s optimization is examined. Safe and economic available 

range of ESS and TSS, and SOC and DOD-related degradations of ESS are taken into 

consideration in the optimization problem. Different capacity sizes and 

charging/discharging power levels of TSS and ESS are tested for a better 

understanding of optimization performance. The function of ESS and TSS for system 

flexibility, CHP generation efficiency and the interaction with DSR are investigated in 

the case study. Moreover, two types of storage modeling methods are investigated in 

this Chapter. The description of the energy storage system ranges from simple to 

complex modeling; the simple one doesn’t consider the charging/discharging 

efficiency while the complex one does.  

This chapter is arranged as follows. The basic configuration of the upgraded 

optimization model is introduced in Section 5.1. The model methodology of the 

storage system and the expanded optimization problem are presented in Section 5.2. 

The assessment of capacities and charging/discharging power levels of ESS and TSS 

are performed in Section 5.3. After the most suitable capacities and power levels are 
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determined, the optimization results of Scenario 4 are obtained in Section 5.4. 

Subsequently, a new energy storage system method is proposed considering 

charging/discharging efficiency, which is taken as Scenario 5 in Section 5.5. Finally, 

a summary is given in Section 5.6. 

5.1. S.E. Hub Model Configuration with Energy Storage Systems 

Power Grid

Gas Utility CHP
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Electricity Demand

(Except HVAC 

Load)

Thermal Demand

(Hot Water)
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Pgrid
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Fig. 5.1 S.E. Hub configuration with energy storage systems 

Fig. 5.1 represents a typical S.E. Hub which consist of two energy sources 

(electricity and gas), a CHP unit, an EMS, an ESS, a TSS, and two types of energy 

demands, namely the electricity demand and the thermal demand. With the use of ESS 

and TSS, electricity power and thermal energy can be stored in ESS and TSS and used 

when required. Most terms are the same as shown in Fig. 4.1. The thermal demand in 

this system is mainly hot water usage, and the space heating and cooling is supplied 

by the HVAC system. The thermal demand, 𝑄, is supplied by the CHP heat output, 

𝑄1, and the TSS discharging energy flow, 𝑄𝑠. The electricity demand is supplied by 

the CHP output, 𝑃1, the grid power, 𝑃𝑔𝑟𝑖𝑑, and the ESS discharging power, 𝑃𝑠. 

EMS is used to gather information such as energy demands, electricity price, 

environmental temperature, system operation constraints, SOC of ESS and TSS. The 
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controllable components in this S.E. Hub include CHP unit, HVAC system, ESS and 

TSS. The EMS controls the power and heat output of CHP unit, the load of HVAC 

system and the charging/discharging of ESS and TSS to achieve optimal economic 

performance of the whole S.E. Hub. 

5.2. Scenario 4: Optimal Control with ESS and TSS with a Simple Model 

The modeling of energy storage systems and the expanded energy cost model 

will be presented in this section. Referring to the S.E. Hub optimization methodologies 

in Section 3.1.2, the ESS and TSS operations and self-discharging rates are considered 

in this chapter. To start with, the charging/discharging efficiencies are not considered 

which will simplify the modeling. A more complex modeling method of ESS and TSS 

will be presented later in Section 5.5. 

5.2.1. Storage system modeling  

The energy storage systems include ESS and TSS. The energy stored in ESS and 

TSS are denoted as PS  and 
QS , and the SOC of ESS and TSS are respectively 

described as [186] 

 ( )
( )P

ESS

ESS

S t
SOC t

C
=   (5.1) 

 ( )
( )Q

TSS

TSS

S t
SOC t

C
=   (5.2) 

where ESSC  and TSSC  are the storage capacities of ESS and TSS respectively. 

Considering the storage efficiencies [187], the time-varying energy stored in 

ESS and TSS are described by  

 ( ) ( 1) ( )P P P sS t S t P t=  − −   (5.3) 

 ( ) ( 1) ( )Q Q Q sS t S t Q t=  − −   (5.4) 
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where P  and 
Q  are the storage efficiencies of ESS and TSS considering their self-

discharging rates, which are set as 0.99 and 0.95 respectively.  

In order to maintain the stability of the whole system, the charging/discharging 

power levels of each cycle are assumed to be fixed. The charging/discharging power 

of ESS and TSS are formulated as on/off models without charging/discharging 

efficiencies, which are formulated as  

 

, if ESS is discharging

( )= , if ESS is charging

0, otherwise

s

e

P t e

+

−




  (5.5) 

 

, if TSS is discharging

( )= , if TSS is charging

0, otherwise

s

a

Q t a

+

−




  (5.6) 

where e  and a  (kW) are the charging/discharging powers of ESS and TSS 

respectively, they are two positive constants.  

The energy stored in ESS and TSS are subject to equipment limitations [120]. 

 
min max( )P P PS S t S    (5.7) 

 
min max( )Q Q QS S t S    (5.8) 

where 
min

PS  and 
max

PS  are the minimum and the maximum energy stored in ESS; and 

min

QS  and max

QS  for minimum and maximum energy stored in TSS. 

The storage capacity of TSS equipped with unpressurized water tanks is 

calculated by Eq. (5.9), which considers water temperatures at the top and at the 

bottom of the tank. A drop of 5℃ of water temperature is assumed in the district 

heating network at its inlet and outlet [187]. Moreover, the maximum temperature is 

set to be 98℃ for an unpressurised TSS. 
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 ( ) max 1
min 5 ,98 ( 5)

3600
Q water g hS V C t t  =    − − +

 
  (5.9) 

where 𝜌  is the water density; 𝑉  is the water volume in the TSS; 𝐶𝑤𝑎𝑡𝑒𝑟   is the 

specific heat capacity of water, ( )4.2 /waterC kJ kg C=  ; 
gt  and ht  are the supply 

and return water temperatures in the district heating network, respectively.  

After employing TSS, the new thermal demand constraint is formulated as 

 ( ) ( ) ( )1 1 s heat Q t Q t Q t  +    (5.10) 

➢ ESS’s cost of SOC-related degradation  

The SOC-related degradation cost of ESS can be formulated as  

     
max

( )
( )=

15 365 24

ESS

con

ESS

SOC

SOC t
c

C
ct

F

  −


  
      (5.11) 

where 𝑐𝑐𝑜𝑛
𝐸𝑆𝑆  is the construction cost of the battery, which is assumed as 

£15000/100𝑘𝑊 ∙ ℎ  [63]; 𝛼 and 𝛽  are determined by linear regression from the 

battery’s measured data, which is set as 1.59 ∙ 10−5 and 6.41 ∙ 10−6, respectively 

[188]; 𝐶𝐹𝑚𝑎𝑥 is the maximum capacity fade constant, which is set as 20% in this work, 

it represents the lifetime of battery will end when the SOC of the battery cannot charge 

up to 80%. And the lifetime of the ESS is set as 15 years in this work. 

➢ ESS’s cost of DOD-related degradation 

The DOD of ESS in each time slot can be expressed as  

 ( ) ( )1DOD t SOC t= −   (5.12) 

Each discharging cycle cost related to DOD degradation can be expressed by a 

polynomial function, which is proposed in [189, 190]. The corresponding lifecycle 

number of the battery is related to the DOD variation ( DOD ). The number of life 

cycles is denoted as Z, which is formulated as  
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The cost of DOD-related degradation can be calculated as  

 
( )

( )
( ) =

( )

ESSESS

onD cOD

DOD t
c t

f D
c

OD t





  (5.14) 

5.2.2. Energy cost minimization model 

In order to reduce the total energy cost of the S.E. Hub, an expanded energy cost 

minimization model is established in this section. The total energy cost, 𝑐𝑡𝑜𝑡𝑎𝑙 , 

consists of four parts: electricity cost, 𝑐𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 , natural gas cost, 𝑐𝑔𝑎𝑠, the cost of 

storage system, 𝑐𝑠𝑡𝑜𝑟𝑎𝑔𝑒 , and the income from selling surplus electricity, 𝑐𝑖𝑛𝑐𝑜𝑚𝑒 . 

Thus, the energy cost model can be formulated as 

 
electricitotal gas storage incomty ecc c cc + −+=   (5.15) 

 ( ) ( )1

1

=electricity

T

grid

t

c c t tP t
=

    (5.16) 

In Eq. (5.16), the power purchased from power grid, gridP , can be formulated as  

 ( ) ( ) ( ) ( ) ( ) ( )1grid HVAC L s excessP t P t P t P t P t P t= + − − +   (5.17) 

The cost of natural gas, gasc , can be formulated as 

 ( )2

1

=
T

gas CHP

t

MF ttc c G
=

    (5.18) 

where the gas price 𝑐2 is considered as constant; 𝐺𝑀𝐹𝐶𝐻𝑃 is the gas mass flow of 

CHP input, which is described by Eq. (4.1) in CHP modeling. 

The operational cost of the storage system 𝑐𝑠𝑡𝑜𝑟𝑎𝑔𝑒  mainly considers the cost 

of ESS. The operational cost of TSS is negligible in this study because of its relatively 
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low construction cost and simple working principle. The heat losses in TSS due to 

storage time is formulated in Eq. (5.4). In this section, the charging/discharging 

efficiencies of ESS and TSS are not considered to allow a simple model for storage 

systems. The cost of ESS typically includes SOC-related degradation cost, 𝑐𝑆𝑂𝐶
𝐸𝑆𝑆 , 

DOD-related degradation cost, 𝑐𝐷𝑂𝐷
𝐸𝑆𝑆 , and the temperature related degradation cost. 

The temperature related degradation is usually caused by the fluctuations in charging 

or discharging. It is negligible for ESS in this thesis, because the charging/discharging 

current and voltage of batteries are assumed to be stable. The 𝑐𝑠𝑡𝑜𝑟𝑎𝑔𝑒  can be 

formulated as  

 ( )
1

= ( ) ( )ES
T

storage

t

S ESS

SOC DODc t c tc
=

+   (5.19) 

𝑐𝑆𝑂𝐶
𝐸𝑆𝑆 and 𝑐𝐷𝑂𝐷

𝐸𝑆𝑆  can be calculated by Eq. (5.11) and (5.14). Thus, the total cost 

of the energy system is formulated as 
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Besides, the CHP may generate excess electricity, 𝑃𝑒𝑥𝑐𝑒𝑠𝑠 , which can be sold to 

the power grid to get profit 𝑐𝑖𝑛𝑐𝑜𝑚𝑒. 

 ( )3

1

T

excessincom

t

ec tc P t
=

=     (5.21) 

 ( ) ( ) ( ) ( ) ( )( ) 1= max ,0excess HVAC L sP t P t P t P t P t− + −   (5.22) 

 ( ) ( ) 0excess gridP t P t =   (5.23) 

Referring to the correlation constraints introduced in Section 3.2, Eq. (5.23) 

indicates that 𝑃𝑒𝑥𝑐𝑒𝑠𝑠  and 𝑃𝑔𝑟𝑖𝑑 do not exist at the same time. 𝑃𝑔𝑟𝑖𝑑 and 𝑃𝑒𝑥𝑐𝑒𝑠𝑠  are 
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both affected by CHP operation, optimal scheduling of HVAC system and storage 

system operation. 

The energy cost model of the S.E. Hub is summarized as  

( )( ) ( )1 2 3

1 1

( ) ( ) ( ) ( ) ( )
T T

total grid CHP exce

ESS ESS

SOC DODss

t t

c c t t tP c GMF c P tt c t c t
= =

= +   +−  +   

  (5.24) 

In this proposed S.E. Hub operation control model, there are four controllable 

components namely CHP unit, HVAC system, ESS and TSS. The total number of 

decision variables of these four components is twelve and they are listed in Table 5.1. 

Table 5.1 Decision variables in S.E. Hub optimization of Scenario 4 

Components Decision variables Values 

CHP 
1 2 3 4 5, , , ,x x x x x  Real numbers between 0 and 1 

HVAC 
1 2 3 4 5, , , ,b b b b b  Binary numbers 0 or 1 

ESS 𝑃𝑠(𝑡)  Integers 𝑎, −𝑎, 0 

TSS  𝑄𝑠(𝑡)  Integers 𝑒, −𝑒, 0 

The decision variables are denoted as 𝜙4, and its feasible domain is donated as 

Φ4. 

 1 2 3 44 1 2 3 4 55= , , , , , , , , , , ,
T

s sb bx x x b b bx P Qx      (5.25) 

All the components in the energy cost model are included in Eq. (5.24). The 

constraint functions are established via Eq. (4.4)-(4.6), (5.10), (4.9), (4.11), (5.7)-

(5.8), (5.23), for all operations. The complete model for the total energy cost 

minimization of the S.E. Hub can be established as Eq. (5.26). 
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  (5.26) 

This is also a mixed-integer programming problem, where GA will be selected 

to solve this problem. Before comparing this expanded optimization including energy 

storage systems with the optimization in Chapter 4, the most suitable storage capacities 

and charging/discharging power levels of ESS and TSS need to be investigated first. 

5.3. Investigation of Storage Capacities and Power Levels 

The operational models of ESS and TSS are established with fixed 

charging/discharging power levels as mentioned in Section 5.2.1. For a given S.E. Hub 

system with determined power and thermal demands illustrated in Fig. 5.2, it is crucial 

to verify different storage capacities and charging/discharging power levels of ESS 

and TSS for better performance. According to previous studies [141, 143-144], a 

suitable power range from a backup storage system occupies 20%-50% of the highest 

demands in building energy systems. According to Fig. 5.2, the highest power demand 

is 545.2 kW, and the thermal demands are all less than 100 kW. This section attempts 

4 cases of storage systems with different proportions, e.g. the ESS and TSS in Case A 

can supply around 20% of the peak power and thermal heat demand respectively; the 

ESS and TSS in Case D can supply around 50% of the peak power and thermal heat 

demand respectively. 
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In terms of storage capacity, for safety and economy reasons, the available 

storage range is limited by their lower and upper bounds shown in Eq. (5.7)-(5.8). 

Thus, the storage capacities of ESS and TSS are set to be five times or more than 

charging/discharging powers to ensure the continuity of the storage system operation. 

The corresponding charging/discharging power for ESS and TSS, and their suitable 

storage capacities are listed in Table 5.2.  

 

Fig. 5.2 Power and thermal demands in the baseline system 

Table 5.2 Charging/discharging power levels and storage capacities of ESS and TSS 

 Charging/discharging 

power of ESS ( kW ) 

Capacity 

of ESS 

( kW h ) 

Charging/discharging 

power of TSS ( kW ) 

Capacity 

of TSS 

( kW h ) 

Case A 100 500 20 150 

Case B 150 750 30 200 

Case C 200 1,000 40 250 

Case D 250 1,250 50 300 
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After the storage capacities of ESS and TSS are determined, the corresponding 

safe storage range in Eq. (5.7)-(5.8). are shown in Table 5.3. 

Table 5.3 Available storage range for ESS and TSS 

Cases min

PS  max

PS  min

QS  max

QS  

Case A  100kW h  400kW h  15kW h  135kW h  

Case B 150kW h  600kW h  20kW h   180kW h  

Case C 200kW h  800kW h   25kW h  225kW h  

Case D 250kW h  1000kW h  30kW h  270kW h  

The optimization objective in this work is to minimize the operational cost of 

the S.E. Hub, the construction cost of TSS is not considered. The construction cost of 

ESS (𝑐𝑐𝑜𝑛
𝐸𝑆𝑆) is related to the calculation of ESS degradation cost of the storage system 

by Eq. (5.24). The ESS is lithium-ion battery with £15000/100𝑘𝑊 ∙ ℎ [63]. The 

𝑐𝑐𝑜𝑛
𝐸𝑆𝑆 in different cases is valued in Table 5.4. 

Table 5.4 Construction costs of ESS in different cases 

Cases ESS

conc  

Case A  £75,000   

Case B £112,500   

Case C £15,0000   

Case D £187,500   

As the same in Chapter 4, the research data are collected from a smart hotel 

building in Miami State, USA. The system’s operating data are collected from [183]. 

The hotel system in all cases operates under TOU tariffs [184]. And the outdoor air 

temperature is from the historical Miami State air temperature data in November 2016 

[185]. All uncontrollable variables are illustrated in Fig. 5.3. Except for the difference 
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in storage capacities and charging/discharging powers among the four cases, the 

setting of the remaining constant parameters related to gas price, feed in tariff, CHP 

unit, and HVAC system are similar to Table 4.2 in Chapter 4, and the setting of the 

extra constant parameters about the storage system is listed in Table 5.5. 

Table 5.5 Setting of extra constant parameters about ESS and TSS 

Parameters  Values Parameters  Values 

     𝜂𝑃 0.99      𝑡𝑔 90 C  

𝜂𝑄  0.95      𝛼 51.59 10−  

     𝜌     997𝑘𝑔/𝑚3      𝑡ℎ 40 C   

     𝐶𝐹𝑚𝑎𝑥 20%      𝛽 66.41 10−  

 

Fig. 5.3 (a) The TOU tariff; (b) Outside air temperature; (c) Original HVAC load 

without optimization; (d) Sum of inflexible loads 

Scenario 4 describes the proposed optimal operational strategy and illustrates the 

optimization problem formulated in Eq. (5.26). In this scenario, different storage 

capacities and charging/discharging powers are investigated in four cases, and the 

setting of related parameters is given in Table 5.2 to Table 5.5. The comparison studies 
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among the four cases are mainly focused on the working conditions of ESS and TSS, 

the degradation cost of ESS and the total energy cost in 360 hours. 

 

Fig. 5.4 The operating conditions of (a) ESS and (b) TSS in Case A 

The electricity power in ESS and thermal energy in TSS in Case A are illustrated 

in Fig. 5.4(a) and Fig. 5.4 (b), respectively. With the controlled charging/discharging 

operations, ESS can improve the S.E. Hub system in two aspects. One is to purchase 

electricity from the power grid during the valley tariff periods through charging. The 

other one is to support CHP generation with a more economic performance, for 

example, ESS can share the electricity load with CHP unit at the peak tariff periods. 

TSS can be used to enhance the CHP performance in response to thermal demand and 

improve the system stability. TSS help CHP to reduce the impact from thermal demand 

and to operate at a highly efficient power level for operational cost reduction. 

Considering safety and economic requirements, the energy stored in ESS and TSS are 

limited between 100 400 kW h−   and 15 135 kW h−  , respectively in Case A. 
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Fig. 5.5 The operating conditions of (a) ESS and (b) TSS in Case B 

 

Fig. 5.6 The operating conditions of (a) ESS and (b) TSS in Case C 
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Fig. 5.7 The operating conditions of (a) ESS and (b) TSS in Case D 

The operating conditions of TSS and ESS in another three cases are illustrated 

in Fig. 5.4-Fig. 5.7. The charging/discharging frequency of ESS is decreased when the 

ESS capacity and charging/discharging powers are increased. The 

charging/discharging times of ESS and TSS in all four cases are shown in Table 5.6. 

The change of storage capacities and charging/discharging powers among 4 cases does 

not impact the operating frequency of TSS, this is because the thermal demand of this 

S.E. Hub is much lower than the power demand. The main function of TSS is to reduce 

the thermal impact for full-power generation. The setting of TSS for 4 cases does not 

change much. Hence, the frequency of TSS operation is not affected. 

Table 5.6 Charging/discharging times of ESS and TSS 

 ESS 

charging times 

ESS 

discharging 

times 

TSS 

charging times 

TSS 

discharging 

times 

Case A  66 58 134 86 

Case B 48 41 133 84 
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Case C 40 33 129 83 

Case D 37 31 126 84 

 

Fig. 5.8 The degradation cost of ESS in Case A: (a) SOC-related degradation and 

(b) DOD-related degradation 

In this work, the degradation cost of ESS is also studied as a part of the S.E. 

Hub’s operational cost. The negative cost of SOC-related degradation in Fig. 5.8(a) 

means it is beneficial to battery’s life. Because the discharging power level is fixed in 

this model, the DOD variation and the DOD-related degradation cost are both fixed in 

Fig. 5.8(b). As a result, the SOC-related degradation cost can be ignored, and the sum 

of DOD-related degradation cost of 58 discharging times in Case A is £208.8. The 

degradation cost of ESS in the other three cases are illustrated as below. 
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Fig. 5.9 The degradation cost of ESS in Case B: (a) SOC-related degradation and 

(b) DOD-related degradation 

 

Fig. 5.10 The degradation cost of ESS in Case C: (a) SOC-related degradation 

and (b) DOD-related degradation 
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Fig. 5.11 The degradation cost of ESS in Case D: (a)SOC-related degradation and 

(b)DOD-related degradation 

 

Fig. 5.12 The total energy cost comparison among four cases 

According to Fig. 5.9-Fig. 5.11, the SOC-related degradation cost in all four 

cases can be ignored. Fig. 5.12 shows the total energy costs of 4 cases in 360 hours, 

where Case A has the lowest total cost and Case D requires the most energy payment. 

As the storage capacity and charging/discharging powers are higher, the cost of system 
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operation increases. The total DOD-related degradation cost of ESS and the total 

operational cost of the S.E. Hub in four cases are listed in Table 5.7.  

Table 5.7 Energy cost analysis among 4 cases 

 Total DOD-related 

degradation cost of the 

ESS 

Total operational 

cost of the S.E. 

Hub 

Total cost without 

considering 

degradation cost of 

ESS 

Case A  £208.8 £8,844.3 £8,635.5 

Case B £221.4 £9,279.6 £9,058.2 

Case C £237.3 £9,705.8 £9,468.5 

Case D £279 £9,782.6 £9,503.6 

As the storage system capacity increases, the higher construction cost makes the 

increase of DOD-related degradation cost, even when the number of discharging 

cycles of ESS decreases. Additionally, the total cost also increases from Case A to 

Case D without considering the degradation costs of ESS. This indicates that Case A 

can help the energy hub system operate with a larger benefit. Thus, the storage system 

capacities and charging/discharging powers in Case A are the best choice for this S.E. 

Hub system. The following optimization (Scenarios 4 and 5) employs 100kW -

500kW h  ESS and 20kW -150kW h  TSS. 

5.4. Optimization Results of Scenario 4 

This section shows the results of the proposed optimization scheme in Section 

5.2.2. The object of investigating this scenario is to verify whether the optimal 

operational strategy has better flexibility and optimization effect after adding the 

energy storage systems. The optimized decision variables 4  are illustrated in Fig. 

5.13-Fig. 5.15. 
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Fig. 5.13 Decision variables 𝑥1 to 𝑥5 for the CHP unit in Scenario 4 

 

Fig. 5.14 Decision variables 𝑏1 to 𝑏5 for the HVAC system in Scenario 4 
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Fig. 5.15 Decision variables sP  and sQ  for the ESS and TSS in Scenario 4 

The operation of the storage system is described as Case A in Section 5.3. The 

energy stored in ESS and TSS and the degradation cost of ESS is illustrated in Fig. 5.4 

and Fig. 5.8. In terms of system operation, the CHP power generation and the 

optimized power demand in Scenario 4 are compared to Scenario 3 in Fig. 5.16. It can 

be seen that the power generated by the CHP unit can cover the power demand most 

of the time in Scenario 4, and accompanied with surplus power sold to grid. In Scenario 

3, CHP provides the majority of the power demand but rarely beyond 300 kW. The 

average power generation rate in Scenario 4 is higher than that in Scenario 3, which 

means a higher power generation can be achieved in the proposed optimal operational 

strategy taking energy storage systems. 
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Fig. 5.16 The power generation of CHP and the optimized power demand in (a) 

Scenario 4 and (b) Scenario 3 

 

Fig. 5.17 The power purchased from power grid in (a) Scenario 3 and (b) 

Scenario 4 
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Fig. 5.18 Excess power sold to the power grid in (a) Scenario 3 and (b) 

Scenario 4 

For Scenario 3 and Scenario 4, the purchased power from the grid and the excess 

power sold back to grid are shown in Fig. 5.17 and Fig. 5.18, respectively. It can be 

seen that the amount of power purchased from the power grid and the selling back 

power in Scenario 4 are much higher than those in Scenario 3. The ESS gives more 

flexibility to the hub system in response to a varying electricity price. The S.E. Hub 

can purchase more power from the grid during low price region to store in ESS. The 

combination of ESS and TSS also reduces influence from thermal demand variations. 

Instead of increasing the indoor air temperature and modifying CHP generation before 

the peak value of electricity price as in Scenario 3, the system has the alternative to 

save energy to storage systems. Thus, the proposed strategy implemented in Scenario 

4 can further reduce the overall energy cost of an S.E. Hub. 
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Fig. 5.19 Energy costs in Scenario 4 compared to the baseline system 

The sum of energy cost in Scenario 4 is £8,844 including the degradation cost of 

ESS. It saves 26.5% of total operational cost when compared to the baseline system 

(£12,040) in Chapter 4. The optimization performance of the proposed strategy in this 

Section is better than the previous three scenarios in Chapter 4 without energy storage 

systems. The function of the controllable storage systems in the S.E. Hub system is 

indicated by comparing Scenarios 3 and 4. The latter further enhances the system’s 

flexibility, assist CHP unit into a better operation to maximize the optimal effect. 

5.5. Alternative Modeling of Storage System Considering 

Charging/discharging Efficiencies  

The optimization in Scenario 4 mainly focuses on the function of the energy 

storage systems and their cooperation with the CHP optimal operation and scheduling 

of the HVAC system. For simplification, the model employed in Section 5.2 does not 

consider charging/discharging efficiencies of ESS and TSS. In fact, the 

charging/discharging of ESS causes energy conversion losses, and the 

charging/discharging of TSS causes thermal losses in energy transmission. To include 
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these two factors into optimization, an alternative model for ESS and TSS is employed 

as in Scenario 5. 

The charging/discharging power of ESS and TSS are formulated as on/off 

models with charging/discharging efficiencies in this section, which are formulated as  

 

, if ESS is discharging

( )= , if ESS is charging

0, otherwise

s

e

P t e





+ 

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  (5.27) 

 

, if TSS is discharging

( )= , if TSS is charging

0, otherwise
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
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+ 
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  (5.28) 

where 𝜑 is the ESS charging/discharging efficiency, which represents the energy 

conversion loss. 𝜓  is the TSS charging/discharging efficiency, which covers the 

transmission loss. 

After considering 𝜑 and 𝜓 , the system’s operation is formulated under four 

conditions.  

➢ If ESS is discharging, sP  is positive: 

The power balance function is  

 ( ) ( ) ( ) ( ) ( ) ( )s 1grid HVAC L excessP t P t P t P t P t P t= + − − +   (5.29) 

The excess power generated by the CHP unit is formulated as 

 ( ) ( ) ( ) ( ) ( )( ) 1= max ,0excess HVAC L sP t P t P t P t P t− + −   (5.30) 

The ESS operation with time-based power storage efficiency is described as 

 
( )

( ) ( 1) s
P P P

P t
S t S t


=  − −   (5.31) 

➢ If ESS is charging, sP  is negative: 
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The power balance function is  

 ( ) ( ) ( )
( )

( ) ( )s

1grid HVAC L excess

P t
P t P t P t P t P t


= + − − +   (5.32) 

The excess power generated by the CHP unit is formulated as 

 ( ) ( ) ( ) ( )
( )

1

s

HVACmax ,?0excess LP t P t P t P t
P t



   
= − + −  

   
  (5.33) 

The ESS operation with time-based power storage efficiency is described as 

 ( ) ( 1) ( )P P P sS t S t P t=  − −   (5.34) 

➢ If TSS is discharging, sQ  is positive: 

The TSS operation with time-based thermal storage efficiency is described as 

 
( )

( ) ( 1) s
Q Q Q

Q t
S t S t


=  − −   (5.35) 

The thermal demand constraint is formulated as  

 ( ) ( ) ( )1 1 s

heat Q t Q t Q t  +    (5.36) 

➢ If TSS is charging, sQ  is negative: 

The TSS operation with time-based thermal storage efficiency is described as 

 ( ) ( 1) ( )Q Q Q sS t S t Q t=  − −   (5.37) 

The thermal demand constraint is formulated as  

 ( )
( )

( )s

1 1

heat
Q t

Q t Q t


 +    (5.38) 

The energy cost model of the S.E. Hub in Scenario 5 is the same as in Scenario 

4, which is summarized as Eq. (5.24). And similar to Scenario 4, the controllable 
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components in Scenario 5 are CHP unit, HVAC system, ESS and TSS with 12 

controllable variables, which are listed in Table 5.1. 

At any time slot t , there are totally 12 decision variables denoted as 5 . The 

feasible domain of 5  is donated as 5 . 

 1 2 3 4

T

5 1 2 3 45 5= , , , , , , , , , , ,s sb bx x x b b bx P Qx      (5.39) 

Hence the complete model for the total energy cost minimization of the S.E. Hub 

can be established as Eq. (5.40). 

 

( )( )

( ) ( )

( ) ( ) ( )

( ) ( ) ( )

( )
( )

( )

( )

5 5

*

5 5

max

1 1 s

s

1 1

5

=1

min max

m

5

=1

1 1 1

in

arg min

0

, 1

when TSS is charging

when TSS is discharging

. .

( ) 1

1

( ) ;

HVACHVAC

total

excess grid

rate

CHP CHP

heat

heat

ll

i i i

P

j

j

c

P t P t

t P t t P

Q t Q t Q

s t

x t

P

t

Q t
Q t Q t

b t

T T

S

P

T t

P


 







=

 =

 − − 

 + 

 + 



 



=





max min max( ) , ( )P P Q Q QS t S S S t S  

  (5.40) 

The object of Scenario 5 is to check the performance of the operational strategy 

by considering charging/discharging efficiency of ESS and TSS. Scenario 5 is a 

supplementary investigation to Scenario 4. The setting of storage systems in Scenario 

5 is shown in Table 5.8. 

Table 5.8 Setting of storage system in Scenario 5 

 TSS ESS 
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Capacity 500 𝑘𝑊 ∙ ℎ  150 𝑘𝑊 ∙ ℎ  

Charging/discharging power 100kW 20kW 

Initial storage status (t=0) 200 𝑘𝑊 ∙ ℎ  100 𝑘𝑊 ∙ ℎ  

Charging/discharging efficiency  0.85 0.8 

The optimized controllable variables are plotted in Fig. 5.20-Fig. 5.22. 

 

Fig. 5.20 Decision variables 𝑥1 to 𝑥5 for the CHP unit in Scenario 5 
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Fig. 5.21 Decision variables 𝑏1 to 𝑏5 for the HVAC system in Scenario 5 

 

Fig. 5.22 Decision variables (a) ( )sP t  and (b) ( )sQ t  for the ESS and TSS in 

Scenario 5 
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Fig. 5.23 The operation of (a) ESS and (b) TSS in Scenario 5 

 

Fig. 5.24 The (a) SOC and (b) DOD-related degradation cost in Scenario 5 

Comparing Fig. 5.23 with Fig. 5.4, the ESS in Scenario 5 appears to have weaker 

storage performance than that in Scenario 4. In order to be practical, the energy stored 

in ESS in Scenario 5 increases only 85 kW during charging, and decreases 100kW 

during discharging. And the energy losses due to storage time are also considered, 
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even when there is no charging/discharging operation. To ensure power balance of 

charging and discharging, the ESS in Scenario 5 requires more charging times, which 

means higher cost. The ESS charges 76 times and discharges 63 times in Scenario 5, 

both of which are higher than the numbers in Scenario 4. The SOC and DOD-related 

degradation costs are illustrated in Fig. 5.24(a) and Fig. 5.24(b), respectively. As can 

be observed, the SOC-related degradation costs can be ignored, and the sum of DOD-

related degradation cost from 63 discharging activities in Scenario 5 is £226.8. 

Next the system flexibility in Scenario 5 is investigated by comparing with 

Scenario 3. The characteristic of the system flexibility can be reflected by electricity 

purchased in the valley tariff and the excess electricity sold back to the power grid, 

which are illustrated in Fig. 5.25 and Fig. 5.26 respectively. 

 

Fig. 5.25 The power purchased form grid in (a) Scenario 3 and (b) Scenario 5 
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Fig. 5.26 The excess power sold to the grid in (a) Scenario 3 and (b) Scenario 5 

In Fig. 5.25, the distribution of purchasing power from the power grid in 

Scenario 5 shows better performance than that in Scenario 3; it is mainly concentrated 

on the valley tariff period. This indicates that the average electricity payment to the 

power grid in Scenario 5 is cheaper than that in Scenario 3. According to Fig. 5.26, the 

amount of excess power in Scenario 5 is more than that in Scenario 3, which means 

more profit can be obtained in Scenario 5. All these results indicate that the use of 

energy storage systems can help to improve the whole system’s operation flexibility. 

The higher degree of system flexibility enhances the system’s adjusting ability under 

varying electricity prices and improves the optimization effect of the S.E. Hub. 

Comparing with Fig. 5.17 and Fig. 5.18, the system flexibility in Scenario 5 is lower 

than that in Scenario 4, this is because the charging/discharging efficiencies are 

considered in Scenario 5. 
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Fig. 5.27 Energy costs in Scenario 5 and the baseline system 

As a result, the total operational cost in 360 hours in Scenario 5 is £9,104 

including £226.8 degradation cost of ESS. This represents a saving of 24.4% of the 

total energy cost from the baseline system ((£12,040)). Comparing with Scenario 3 

without energy storage systems, the optimization performance is improved when the 

TSS and ESS are included. 

5.6. Summary 

In this chapter, an expanded modeling framework has been established for the 

operational energy cost minimization of an S.E. Hub with added energy storage 

systems. An operational strategy for EMS is developed to optimally control the CHP 

unit, ESS and TSS together with optimal scheduling of the HVAC system. System 

operation requirements and environmental factors are considered in the optimization, 

including those on CHP’s power generation rate, indoor/outdoor/ground/ventilation’s 

temperatures, safe and economic charging/discharging range of ESS and TSS, and two 

types of degradation cost of ESS.  
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Different storage capacities and charging/discharging powers of ESS and TSS 

are investigated to ensure a better understanding of their impacts on the optimization 

performance. Two modeling methods of ESS and TSS are explored as Scenarios 4 and 

5 in this chapter. In Scenario 4, the modeling of ESS and TSS and corresponding 

calculations are simplified without considering charging/discharging efficiencies. The 

optimization in Scenario 5 considers the energy conversion losses of ESS and the 

energy transmission losses of TSS by their charging/discharging efficiencies. The 

optimization performance in Scenario 5 is slightly lower than that in Scenario 4, but 

the results from Scenario 5 is more practical. 

Table 5.9 Statistics on total costs in different scenarios 

Scenarios Grid cost Gas cost Income ESS cost Total cost 

Baseline system £11,223 £817 0 0 £12,040 

Scenario 1 £2,414 £7,408 £104 0 £9,718 

Scenario 2 £10,760 £545 0 0 £11,305 

Scenario 3 £845 £8,950 £662 0 £9,133 

Scenario 4 £1,679 £7,893 £936 £208 £8,844 

Scenario 5 £999 £8,813 £935 £227 £9,104 

The optimization results including Scenarios 1-5 are listed in Table 5.9. The total 

operational cost in both Scenarios 4 and 5 are lower than in Scenario 3. This 

demonstrates that the combination of the optimal control on the CHP unit, ESS, TSS 

and HVAC system has better optimization performance than any previous operational 

strategies without considering ESS and TSS. The function of the storage systems in 

this chapter is not only to reduce electricity usage at the peak tariff period, but also to 

enhance the CHP’s power generation. The ESS can charge or discharge power to 

ensure that the CHP unit keeps operating at a higher power-output efficiency. The TSS 
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can reduce the impact of thermal demand and enable CHP’s full-power operation to 

save electricity cost or increase profits form electricity sales. In a word, ESS and TSS 

enhance the system’s flexibility, assist CHP unit into better performance to maximize 

the optimal effect, and reduce the side impact of DSR on consumer energy usage. 

The results in this chapter demonstrate a new way to improve microgrid 

operational efficiency through integrated optimal operation of CHP, ESS and TSS 

under DSR. By comparing with the optimization results of Chapter 4, the superiority 

of the optimal operational strategy and the function of storage systems for S.E. Hub 

optimization are demonstrated. Indeed, Scenario 5 reveals that 24.4% of the total 

energy cost can be saved under the proposed strategy. The DSR in the S.E. Hub system 

is represented by the optimal scheduling of the HVAC system under TOU in this 

chapter.  

In the next chapter, further investigation will be made on optimal sizing of CHP 

for investment decision.  
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6. OPTIMAL SIZING OF CHP CONSIDERING DSR 

In this chapter, decision making is discussed through optimization on investing 

a CHP unit in building retrofit. The objectives are to reduce the building’s operational 

cost and the payback period for a given investment budget. The building’s operational 

cost is minimized by the proposed operational strategy in Chapter 4, where optimal 

control of the new installing CHP is integrated with HVAC load management. The 

payback period refers to the simple payback of the CHP investment which is calculated 

by the quotient of investment and the annual cost savings from the CHP installation. 

The optimization problem in this chapter is addressed by combing the two 

objectives into one scalar fitness function. Subsequently it can be solved by GA, and 

the optimal sizing of the CHP unit and its investment can be determined by the building 

owner’s priority among the two objectives. 

This chapter is arranged as follows. The optimization model for a smart 

building’s operation cost minimization and payback period minimization is proposed 

in Section 6.1. Following this, the baseline (without HVAC load management) and 

benchmark system (prior to installing the new CHP unit, but HVAC load is optimized 

using same scheme as Scenario 2) is described in Section 6.2. Section 6.3 discusses 

the optimal sizing of the CHP based on different weighting factors. Finally, 

conclusions are drawn in Section 6.4.  

6.1. Optimization Model for Operational Cost Minimization and Payback 

Minimization 

From the perspective of the building owner or building designer, both 

operational cost and investment payback period should be considered in energy-

efficient building retrofit. An optimization model is proposed to reduce operational 

cost of the whole system as well as the CHP payback period.  
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HVAC

HVAC

The load of HVAC is 

optimized

VS

A new CHP unit with 

optimal size

CHP

The load of HVAC is 

optimized

 

Fig. 6.1 Schematic of the operational cost comparison 

To meet the first objective of reducing operational cost of the smart building, 

optimal power and heat ratio of the CHP unit is dynamically selected and the HVAC 

load is scheduled, which is similar to Scenario 3 in Chapter 4. For the second objective 

of reducing the payback period, cost saving is obtained through comparison with a 

benchmark system (similar as Scenario 2) which implements the optimal load 

management of the HVAC, as shown in Fig. 6.1. This comparison may lead to a 
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conservative estimate on investment payback period, which will be much shorter if the 

HVAC load is not optimized. In the benchmark building system, neither the CHP unit 

nor the storage systems are included.  

The CHP’s capacity and price are assumed to satisfy a linear relationship. The 

unit price of CHP is approximately valued as £35,000 per 100 kW [191]. Let 𝐾 be an 

positive integer multiplier of 100 kW in CHP capacity, e.g. 𝐾 = 5 represents that the 

CHP capacity is 500 kW. K is limited by investment budget budgetI  as  

 1
35,000

budgetI
K    (6.1) 

Since the peak value of power demand in the benchmark building system is 

between 400-500 kW, designing a CHP unit exceeding 500 kW is not required. 

 1 5K    (6.2) 

The maximal CHP output power constraint is rewritten as  

 ( )1 100P t K   (6.3) 

The CHP model is the same as in Eq. (4.1)-(4.3) in Chapter 4, and the CHP 

operating constraints are described in Eq. (4.4)-(4.7). The HVAC modeling and 

operating constraints, including indoor air temperature comfortable range, are the 

same as in Scenario 2, 3, 4 and 5 in the previous two chapters. 

The operational cost minimization model for the first objective is similar to 

Scenario 3 in Section 4.3. The total energy cost totalc  consists of three parts: 

electricity cost, natural gas cost and the income from selling excess electricity. There 

are two kinds of controllable components (i.e. CHP and HVAC), and for each 𝐾 there 

are 10 corresponding controllable variables denoted as 
K  and its feasible domain is 

denoted as 
K .  
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 1 2 3 4 5

T

1 2 3 4 5= , , , , , , , , ,K b b b b bx x x x x      (6.4) 

where 𝑥1 − 𝑥5 are the decision variables for CHP dynamic control; 𝑏1 − 𝑏5 are the 

0/1 binary decision variables for HVAC operation management. 

The payback period 𝑓2(𝐾) can be calculated by the CHP investment CHPI  and 

the benefits in one year due to energy cost saving 𝐵. Load management of the HVAC 

system implemented in the benchmark system is similar to Scenario 2. Thus, the 

energy reduction of the new building system with CHP is compared to 𝑐𝑑𝑎𝑖𝑙𝑦
𝑆2 , which 

is the average daily energy cost of benchmark building in Scenario 2. The two 

objectives can be defined as 

    ( ) ( )1min , ,K K

totalf K c K =   (6.5) 

 ( )
( )( )

2 2

1

35000
min , =

365 ,

K CHP

S K

daily

I K
f K

B c f K





=

 −
  (6.6) 

subject to  

 ( ) 2

1 , K S

dailyf K c    (6.7) 

 ( )2 , Kf K     (6.8) 

and also other constraints in Eq. (6.1)-(6.3), (4.4)-(4.7), (4.9) and (4.11). 

𝑓1(𝐾,Ф
𝐾

)  is the operational cost of a typical day;   is the allowed maximum 

payback period in years. 

The problems presented in Eq. (6.5) and (6.6) are two separate optimization 

problems, which can be combined into a single optimization by weighting factors 𝜆1 

and 𝜆2. 

 
( ) ( )1 2*

1 22

, ,
arg min

K K

S

daily

f K f K
K

c

 
 



 
 =  + 
 
 

  (6.9) 
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subject to 

 1 2 1 2+ =1, 0, 0.       (6.10) 

and other constraints in Eq. (6.1)-(6.3), (6.7)-(6.8), (4.4)-(4.7), (4.9) and (4.11).  

The two terms in Eq. (6.9) is normalized by 
( )1

2

, K

S

daily

f K

c


 and 

( )2 , Kf K 


, so that 

they stay a comparable range. The optimization problem obtained above is a mixed-

integer programming problem. It is a global optimization problem, which will be 

solved by GA.  

6.2. System Specifications  

This chapter aims to find the optimal sizing of the CHP unit considering CHP 

hourly operation and HVAC scheduling. The research data are collected from the same 

hotel building as in Chapters 4 and 5. The established operation model (only with load 

management of HVAC, but without CHP and storage system) of Scenario 2 in Chapter 

4 is assumed as the benchmark system for results comparison in this section. However 

instead of 360 hours in the previous scenarios, the operational cost of the smart 

building in a typical day (24h) is adopted to simplify the calculation, and this typical 

day refers to a day with specific average energy consumption. The settings of constant 

parameters are the same as in Table 4.2, except the values of characteristic points in 

CHP modeling. 

Table 6.1 The corresponding values for CHP cost, power and heat of five 

characteristic points 

Cost/Power/Heat Values of each characteristic point 

𝜇𝑗  (£)  ( )2, 2, 9, 7, 6.8 K  

𝑝𝑗  (kW)  ( )16,16, 50, 80, 80 K  



CHAPTER 6 OPTIMAL SIZING OF CHP CONSIDERING DSR 

114 

 

𝑞𝑗 (kW)  ( )2, 40,100, 70, 2 K  

The investment budget budgetI  is set at £175,000, and the allowed maximum 

payback period   is 3.5 years. The given data (including TOU tariff, outside building 

temperature, HVAC load, the sum of inflexible loads, total power demand and thermal 

demand) in a typical day are obtained by calculating their average hourly data over 15 

days. These obtained daily data are plotted as Fig. 6.2. 

 

Fig. 6.2 (a) Outdoor temperature and (b) TOU tariff in a typical day 
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Fig. 6.3 (a) Power and (b) thermal demand of the baseline building system 

The power demand of the baseline building system in a typical day without load 

management of the HVAC is illustrated in Fig. 6.3. Since HVAC consumes the 

majority of electricity in this hotel building for space heating and cooling, the 

building’s power demand is much higher than thermal demand. For the baseline 

system without CHP unit, the thermal demand is supplied by a centralized gas boiler 

and the power demand is totally supplied by the power grid. The total energy payment 

in this typical day is £803. To achieve a conservative estimate on CHP payback period, 

the HVAC in the benchmark system is optimally scheduled as Scenario 2. The total 

operational cost in a half-months in Scenario 2 is £9,133, thus 𝑐𝑑𝑎𝑖𝑙𝑦
𝑆2  is calculated to 

be £754. 

6.3. Results and Discussion 

This case study aims to find the optimal sizing of CHP unit depending on the 

preference of the building owner/designer with respect to the two objectives, which 

are represented by 𝜆1 and 𝜆2, respectively. The optimal value of K can be obtained 

by Eq. (6.9) among different values of 𝜆1 and 𝜆2. The building system’s operation 
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with different CHP capacity is investigated to identify the corresponding minimal 

operational cost in a typical day and the corresponding minimal payback period.  

6.3.1. System operation with a 200 kW CHP unit 

The case study starts by analyzing the extreme value of 𝜆1 and 𝜆2, where 𝜆1 

is set as 0, and 𝜆2 is set as 1, which represents that the preference of the building 

owner/designer is to minimize the investment payback period only while all the load 

service requirements are maintained unchanged. As the result, a value of 𝐾 = 2 is 

obtained, indicating that 200 kW CHP installation provides the shortest payback period. 

The 100 kW CHP is not suitable, because the new building system’s operational cost 

with 100 kW CHP is higher than the benchmark system cost 
2S

totalc . 

 

Fig. 6.4 (a) HVAC load in baseline system and (b) optimized HVAC load 

cooperating with a 200 kW CHP  
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Fig. 6.5 (a) Power demand in the baseline system and (b) optimized power 

demand with a 200 kW CHP 

According to Fig. 6.4, the HVAC load has been scheduled at fixed power levels, 

and some of the HVAC load in the peak tariff is shifted to reduce the electricity cost. 

The air-conditioning is initially controlled by guests in the hotel building, but now 

HVAC is controlled by EMS to keep indoor air temperature at a comfortable range. 

The building can increase the indoor air temperature in advance of the peak tariff 

period to reduce the usage at high electricity price. After load management of the 

HVAC, the total electricity usage of HVAC is reduced compared to the baseline 

system. Fig. 6.5 illustrates the power demand with optimized HVAC load, which is 

also lower when compared to the baseline system. 
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Fig. 6.6 (a) Power and (b) heat production from a 200 kW CHP 

Fig. 6.6 shows that a 200 kW CHP unit can meet the building’s heat demand and 

supply nearly half of building’s power demand. The CHP power output varies between 

100-200 kW most of the time. No excess power is generated by the CHP unit, since 

all of the power generated is used to supply the power demand. 

 

Fig. 6.7 Operational cost from (a) the benchmark system and (b) the building 

system with a 200 kW CHP 
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As shown in Fig. 6.7, in the first six hours, the building without CHP has a lower 

operational cost, since the valley tariff is cheaper than the CHP cost. In Scenario 2, the 

thermal demand is supplied by a centralized gas boiler. However, this gas boiler is now 

replaced by the CHP unit, requiring the CHP unit to continually operate to ensure the 

thermal demand supply, even in the first six hours. 

As a result, combining the optimal control on a 200 kW CHP with load 

management on HVAC, the building’s total operational cost in a typical day is £677.46, 

and the payback period is approximately 2.51 years. The average daily operational cost 

in Scenario 2 is £753.67, where the HVAC system is also optimally scheduled. Thus, 

the energy reduction compared to Scenario 2 is caused by CHP’s better economic 

performance in electricity generation. For a smaller value of 𝜆1, when the building 

owner/designer prefers the shortest payback period, a 200 kW rated power CHP unit 

is the optimal selection.  

6.3.2. System operation with a 300 kW CHP unit 

When the value of 𝜆1 increases to 0.4 and 𝜆2 equals 0.6, the optimal sizing of 

CHP is obtained as 𝐾 = 3. This increased 𝜆1 implies that more attention is paid to 

the building’s daily operational cost by the building owner/designer, and the 

corresponding size of CHP is increased to 300 kW. 
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Fig. 6.8 HVAC load comparison between (a) the building with a 300 kW CHP and 

(b) the building with a 200 kW CHP 

From Fig. 6.8, it is evident that the HVAC loads in two buildings are affected by 

a TOU tariff, especially in the peak tariff period. In both cases, the building systems 

prevent the electricity usage in the peak tariff through HVAC load management to 

reduce the total operational cost in 24 hours, where the indoor air temperatures are 

kept at an acceptable range, as shown in Fig. 6.9.  
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Fig. 6.9 Indoor air temperature of (a) the building with a 300 kW CHP and (b) the 

building with a 200 kW CHP 

 

Fig. 6.10 (a) Power output of the CHP compared to the power demand; (b) Excess 

power generated by a 300 kW CHP 

As shown in Fig. 6.10, a 300 kW CHP unit can meet more than half the power 

demand of the building system. The CHP power output varies between 150-250 kW 

most of the time. Moreover, in some periods, such as 𝑡 = 11 and 𝑡 = 12, a small 
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amount of excess power is sold to the power grid for revenue. Thus, the newly installed 

300 kW CHP unit can save money not only by providing cheap electricity, but also 

generate profit from selling excess electricity. 

 

Fig. 6.11 (a) Energy costs and (b) incomes of the building with a 300 kW CHP  

Fig. 6.11 shows that the total operational cost of the smart building system with 

a 300 kW CHP unit consists of three parts: electricity payment to the power grid, 

natural gas consumption, and the incomes from selling excess power to the power grid. 

The peak tariff leads to the peak value of building’s operational cost, especially in the 

period from 𝑡 = 18 to 𝑡 = 21. Comparing this with Fig. 6.10, except in the hour 

𝑡 = 21, the amount of electricity purchased from the power grid in this period is not 

large, so the high electricity cost in this period is caused by the expensive tariff. Thus, 

if the capacity of the CHP unit is larger than 300 kW, where the power supply 

capability in the peak tariff period is improved, the building system’s operational cost 

can be further reduced.   
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Fig. 6.12 Operational cost of the buildings (a) with a 300 kW CHP and (b) a 200 

kW CHP separately 

According to Fig. 6.12, the building’s operational cost with a 300 kW CHP unit 

is further reduced than that in the case with a 200 kW CHP unit. Since the incomes 

illustrated in Fig. 6.11 are very low, this further cost reduction is primarily achieved 

by more power output from CHP generation. As the result, after a 300 kW CHP 

installed, the building system’s minimal operational cost is £645.14, and the payback 

period of a 300 kW CHP unit is approximately 2.64 years. 

When 𝜆1 equals 0.4 or 0.5, the solutions of Eq. (6.9) are the same, as 𝐾 = 3. 

It means that under these preferences on operational cost minimization and payback 

period minimization, a 300 kW rated power CHP unit is still the optimal selection. 

6.3.3. System operation with a 400 kW CHP unit 

When the building owner/designer tends to pay more attention to minimizing the 

building’s operational cost than the payback period (𝜆1 equals 0.6, 0.7 or 0.8), a 400 

kW CHP unit is found as the optimal capacity.  
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Fig. 6.13 (a) CHP power output compared to the power demand and (b) excess 

power generated by a 400 kW CHP 

According to Fig. 6.13, a 400 kW CHP unit can almost supply the power demand 

of the building system. The CHP output power varies between 200-300 kW most of 

the time. Sum of excess electricity is 317.67 𝑘𝑊 ∙ ℎ, which can be sold to the power 

grid to make a profit of £15.88 profit in a typical day. 

 

Fig. 6.14 (a) Energy costs and (b) incomes of the building with a 400 kW CHP  
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From Fig. 6.14, the total operational cost of the building system with a 400 kW 

CHP unit consists of three parts: electricity payment to the power grid, natural gas 

payment and the incomes from selling excess power to the power grid. Natural gas 

replaces electricity as the main energy source, where the electricity cost is £158.55, 

and the natural gas cost is £475.38. The CHP’s generation is limited by the building’s 

lower thermal demand. A 400 kW CHP unit has the ability to generate more excess 

electricity to get higher profit, however this is accompanied with more thermal losses. 

 

Fig. 6.15 Operational cost of the buildings (a) with a 300 kW CHP and (b) a 400 

kW CHP separately 

As shown in Fig. 6.15, the 400 kW CHP can decrease operational cost especially 

at the peak tariff period (from 𝑡 = 18 to 𝑡 = 21), because the CHP with a higher 

capacity can provide a larger amount of electricity at the peak tariff period. As the 

result, after the installation of a 400 kW CHP, the building system’s minimal 

operational cost is £618.05, and the payback period of a 400 kW CHP unit is 

approximately 2.82 years. 

When 𝜆1 equals 0.6, 0.7, and 0.8, the solutions of optimization problem in Eq. 

(6.9) are the same, as 𝐾 = 4, which means that when the building owner/designer 
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prefers to have a lower operational cost rather than a shorter payback period, a 400 kW 

rated power CHP unit is the optimal selection. 

6.3.4. System operation with a 500 kW CHP unit 

When the value of 𝜆1 increases to 0,9 and 𝜆2 equals 0.1, the optimal sizing of 

CHP is obtained as 𝐾 = 5 . In this case, minor consideration of the building 

owner/designer is given to the payback period, but the minimalization of the 

operational cost is required. A 500 kW CHP unit is found to be installed. However, 

this requires a much higher investment of £175,000.  

 

Fig. 6.16 The scheduled HVAC load in buildings with (a) a 200 kW CHP and (b) a 

500 kW CHP separately 

As shown in Fig. 6.16, the HVAC load is obviously affected by TOU tariff when 

combined with a 200 kW CHP unit. However, after the installation of the 500 kW CHP, 

the HVAC load becomes less affected by the changes of electricity tariffs because a 

500 kW CHP can almost meet all of the power demand during the peak tariff period. 
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Fig. 6.17 (a) CHP power output compared to the power demand and (b) excess 

power generated by a 500 kW CHP 

According to Fig. 6.17, a 500 kW CHP unit can supply the total power demand 

of the building system most of the time, and generate a significant quantum excess 

electricity leading to more revenue. The CHP output power varies between 200-400 

kW most of the time. The sum of excess electricity is 1073.34 kW h , which can be 

sold to the power grid to obtain a profit of £53.67 profit in a typical day. 
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Fig. 6.18 (a) Energy costs and (b) incomes of the building with a 500 kW CHP  

From Fig. 6.18, it is observed that natural gas accounts for almost all of the 

energy costs, at £589.86, while the electricity cost is only £63.73. Resultantly, the 

building system’s minimal operational cost is £599.92 and the payback time of a 500 

kW CHP unit is approximately 3.11 years. 

When 𝜆1 equals 0.9 or 1.0, the solutions of Eq. (6.9) are both 𝐾 = 5. This 

implies that when the main intention of the building owner/designer is to minimize the 

operational cost of the building regardless of the payback period, a 500 kW rated 

power CHP unit is the optimal selection. 

The optimal sizing of the CHP, the corresponding operational costs after CHP 

installation, and the payback periods for different values of weighting factors 𝜆1 and 

𝜆2 are listed in Table 6.2. 

Table 6.2 Optimal sizing of the CHP unit depending on the weighting factors 

𝜆1  𝜆2  CHP optimal size  𝑓1(𝐾) (£) 𝑓2(𝐾) (year) 

0 1.00 𝐾 = 2  677.46 2.51 
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0.10 0.90 𝐾 = 2  677.46 2.51 

0.20 0.80 𝐾 = 2  677.46 2.51 

0.30 0.70 𝐾 = 2  677.46 2.51 

0.40 0.60 𝐾 = 3  645.14 2.64 

0.50 0.50 𝐾 = 3  645.14 2.64 

0.60 0.40 𝐾 = 4  618.05 2.82 

0.70 0.30 𝐾 = 4  618.05 2.82 

0.80 0.20 𝐾 = 4  618.05 2.82 

0.90 0.10 𝐾 = 5  599.92 3.11 

1.00 0 𝐾 = 5  599.92 3.11 

6.4.Summary 

In this chapter, the problem of CHP optimal sizing is discussed for building 

retrofit. The two objectives are to reduce the building’s operational cost and to reduce 

the payback period of CHP investment. The investment budget and the preferences of 

the building owner/designer with respect to these two objectives are considered in the 

optimization design. The optimization problem has been formed by combing the two 

objectives into a single function with weighting factors that reflect building 

owner/designer’s preferences. The optimal sizing of the CHP unit has been obtained 

under different combinations of weighting factors. A 200 kW CHP unit is determined 

to be the best option for the shortest payback period. When more preference is put on 

the building’s daily operational cost minimization, the optimal capacity of the CHP 
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increases. Without much consideration on the payback period, a 500 kW rated power 

CHP unit is found to be the optimal selection to minimize the operational cost of the 

building system.  

CHP is a sustainable and high-efficient distributed generation technology. This 

case study demonstrates the feasibility to replace the traditional centralized boilers by 

a CHP unit in commercial buildings. The optimal sizing of a CHP can be obtained 

through the combined optimization scheme proposed in this chapter.  
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7. CONCLUSION AND FUTURE WORK 

This thesis focuses on optimal operation and sizing of CHP in an S.E. Hub 

considering demand side response. The main aim is to minimize the total operational 

cost of the S.E. Hub system that integrates dynamic control of CHP, ESS, TSS and 

HVAC load management. After obtaining the optimal operational strategies for the 

S.E. Hub, the optimal sizing problem of the CHP is studied so as to find the proper 

capacity of CHP within a given budget for cost-saving purpose.  

In Chapter 4, an energy cost minimization framework for an S.E. Hub has been 

established, under which the optimal dynamic control of CHP combined with HVAC 

load management can be investigated under a TOU tariff. The results in this chapter 

suggest the benefit to combine the optimal operation of microgrid with a DSR program. 

The proposed optimization scheme enhances the system’s flexibility under varying 

electricity price. System operational requirements and environmental factors have 

been considered in the optimization, including CHP’s power generation rate and 

indoor/outdoor/ground/ventilation’s temperatures. The economic performance of CHP 

is optimized, and the best power and heat split ratio is determined through the 

optimization route. Furthermore, the CHP operation becomes more stable when 

combined with DSR, which is beneficial to extend lifecycle of a CHP unit.  

The case studies in Chapter 4 based on a building system reveals a clear 

reduction of total energy cost under the proposed optimal solution. Through the 

comparison among different scenarios, the superiority of the proposed operational 

strategy has been demonstrated against existing S.E. Hub operational strategies that 

consider CHP optimal control and DSR separately. The total energy cost has achieved 

a reduction of 24.1% of the baseline system cost. This performance improvement is 

achieved without taking into account energy storage systems in the S.E. Hub, which 

doesn’t explore the full potential of the hub system in energy cost saving. 
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In Chapter 5, the energy operational cost minimization is further expanded to 

include electrical and thermal energy storage systems. An optimal operational strategy 

has been developed from the expanded model which controls together the CHP unit, 

ESS, TSS, and the HVAC system to achieve minimal energy cost. The added 

components, ESS and TSS, are modeled by considering practical factors such as safe 

and economic charging/discharging range of ESS and TSS, self-discharging rates and 

two types of degradation costs of ESS. Meanwhile, the most suitable storage capacities 

and charging/discharging power flows have been discussed to enhance the 

optimization performance. Furthermore, the impact of charging/discharging 

efficiencies of ESS and TSS have been discussed.  

Results of case studies in Chapter 5 demonstrate that the deployment of energy 

storage systems can not only reduce electricity energy demand during the peak tariff 

period, but also enhance the CHP’s power generation. ESS and TSS can be used to 

share electrical and thermal loads of the system, and keep optimal operation of CHP 

unit. In this case the total energy cost can be further minimized. With the integration 

of ESS and TSS, the S.E. Hub has gained a higher supply flexibility and reliability, 

and also has ensured customer satisfaction on electrical and thermal demands. The 

case study reveals that 26.5% in Scenario 4 (i.e., the scenario non-considering 

charging/discharging efficiencies of ESS and TSS) and 24.4% in Scenario 5 (i.e., the 

scenario considering charging/discharging efficiencies of ESS and TSS) of the total 

operational cost can be saved over a half-month period.  

Chapters 4 and 5 show the significant role of CHP in minimizing the total 

operational cost of a smart building based S.E. Hub, however, not all the buildings are 

installed with CHPs, and a high installation cost of CHP usually makes a hard decision 

for investment. Therefore, the optimal sizing problem for CHP investment has been 

further investigated in Chapter 6. Two objectives are considered to minimize the 

building’s operational cost and the payback period, respectively. These two objectives 
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are combined into a single optimization problem using weighting coefficients, which 

can be solved by GA algorithm.  

The optimal sizing of the CHP unit has been obtained under different choices of 

weighting factors. A 200 kW CHP unit is found to be able to achieve the shortest 

payback period. When a higher priority is put on the building’s daily operational cost 

minimization, the optimal capacity of the CHP is increased. When the payback period 

is ignored, a 500 kW CHP unit is found to be the optimal selection to achieve the 

operational cost minimization of the building system. This case study demonstrates the 

feasibility to replace the traditional centralized boilers by a CHP unit in commercial 

buildings. 

Potential areas of future research include the following directions. 

The DSR strategy for S.E. Hub is developed based on the optimal loading of 

HVAC system under a TOU tariff in this thesis. Further research can be conducted 

focusing on the load management under incentive-based DSR programs. Renewable 

generations and electric vehicles can also be considered in the S.E. Hub system to 

enable wider applications. 

The proposed optimization strategies in this thesis can be further developed to 

integrate forecasting data, such as future electricity price, power/thermal demand, and 

outdoor temperature. This will provide predictive feature to the S.E. Hub systems and 

therefore enhance the operational performance and cost savings.  

With the fast development of 5G technology in recent years, increased ability of 

data transmission and processing techniques can be utilized in the S.E. Hub real time 

control and management. There’s a better chance to generate and regulate operational 

solutions in smaller time scales that would certainly be more suitable for real-time S.E. 

Hub operations. 
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8. APPENDIX 

This chapter delivers a short history of CHP and detailed reviews of CHP and 

ESS technologies. The popular types of CHP generation, such as CCGT, Stirling 

engine, microturbine system and fuel cell system, are introduced. Suitable types of 

small-scale CHP system for commercial buildings are recommended. The operating 

methods, advantages and disadvantages of ESS technologies are discussed, meanwhile 

recommendations are also made for building energy systems. 

8.1. CHP History and Technologies 

Since CHP is an important component in microgrid and S.E. Hub, it is helpful to 

review CHP history and the relevant technologies. The general definition of CHP is a 

power generation system with capability of using waste heat, which is widely used and 

can be traced back to late nineteenth century [192]. Due to difficulties to supply 

thermal energy over a long distance, the traditional power grid is powered by 

conventional electricity generators (e.g. synchronous generators) instead of CHP. 

However, with the development of microprocessor-based controller and the increasing 

requirement of energy-use efficiencies, CHP and micro-CHP systems become popular 

in microgrids in the early twenty-first century [49, 193].  

In the traditional industry, mechanical power is generated by the combustion of 

coal, which causes huge energy losses during energy conversion between thermal and 

mechanical power. It was recognized by the Victorian engineers that the wasted 

thermal energy from power plant can be used to provide heating for workers in winter. 

In early twentieth century, electricity replaced mechanical power as the main energy 

source, while the generation of electricity causes significant heat losses. Thus, The 

earliest CHP plant was formed when workers started to export the waste heat within a 

factory to surrounding dwellings, offices and shops [49]. 
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The first documented use of CHP in a commercial building is the reconstruction 

of the Bank of England designed by Oscar Faber [49]. The rebuilt building has its own 

power generation with a heating system, which utilizes waste heat independently from 

national grid. From the 1970s, the development of natural gas makes many energy 

intense industries opt to CHP for cost reduction [194]. As the advent of modern 

industrial gas turbines and the corresponding control techniques, small-scale CHPs are 

made possible for business unit. In the twenty-first century, the micro scale CHP 

emerges to provide power and heat for house hold [195]. This micro scale of CHP is 

realized based on external combustion engine-Stirling engine. In this type of heat 

engine, the combustion is separated with the working internal parts, which is also 

effective at small sizes [196].  

Distributed CHP system is very cost efficient in S.E. Hub, if it is proper managed 

to supply load and sell the surplus electricity to the power grid. In [193], a payback 

period of less than five years is achievable for the proposed CHP system which can 

work at least 15 years, indicating that the CHP system produces significant economic 

benefits in the last 10 years of its life period. In addition, the CHP system provides an 

eco-friendly solution for the earth’s environment [197]. 

The CHP technologies are categorized and introduced based on the types of 

generation, such as CCGT, Stirling engines, microturbine system and fuel cell system. 

8.1.1. CCGT based CHP 

CHP generation is able to be supplied by gas turbine or steam turbine generally, 

but there is one type of CHP that consists of both two turbines to improve the efficiency 

of generation, which is called CCGT. In a typical gas turbine [198], which normally 

consists of a 270 MW primary gas turbine coupled to a 130 MW secondary steam 

turbine, the temperature of exhaust gas is approximately 600°C. In CCGT plants, the 

Heat Recovery Steam Generator (HRSG) uses the energy of exhaust gas to raise steam, 
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which is combined with the original gas turbine to improve the overall energy-

utilization efficiency. The typical configuration of CCGT is formed by HRSG and the 

steam turbine. Depending on the size of steam turbine, more than one HRSG can be 

installed to absorb the exhaust gas energy. It makes CCGT achieve a thermal efficiency 

of more than 50% in base-load operation, where the single cycle steam power plant 

has only around 35% thermal efficiency. The reference [199] describes the benefits 

and advantages of CCGT plants about the generation efficiency, pollutant emission 

and operating cost. Moreover, CCGT not only has lower pollution levels, but also can 

be installed with cheaper cost [200].  

Fig. A.1 and Fig. A.2 show the structure of HRSG and the steam turbine 

respectively. Fig. A.3 shows the connection approaches of HRSG and steam turbine. 
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Fig. A.2 Steam turbine with a condenser 
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Fig. A.3 Combinations of HRSG and steam turbine 

As shown in the above figures, there are two electricity-generation cycles in 

CCGT systems. One is the gas turbine cycle and the other one is the steam turbine 

cycle [198]. The energy to heat the cold water in steam turbine cycle is released from 

the high temperature gas in gas turbine cycle. 
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The above mentioned CCGT are usually hundreds of MW which is a large-scale 

CHP system generally adopted in industrial applications. There are also other small 

CHP systems to be discussed below.  

8.1.2.  Stirling engine based CHP 

Stirling engines are currently used in cooling systems, industrial engines and 

cogeneration, etc. [49, 201-205] with high efficiency of generation, environment 

friendly working medium (such as compressed air, helium, nitrogen and hydrogen), 

and relatively low cost. 

Stirling engines are external combustion engines, which work with a closed 

regenerative thermodynamic cycle. Stirling engines have three typical types: alpha, 

beta and gamma types, which are differently structured as shown in Fig. A.4. 

 

Fig. A.4 Three typical types Stirling engines (H: heater; R: regenerator; C: cooler; 

DP: displacer; PP: power piston) [202] 

➢ Alpha type Stirling engines have two cylinders with two power pistons, which are 

installed at cooler side and heater side separately. Both pistons are used to transfer 

energy caused by different pressure of gas which is sealed within the cylinder. The 

working gas is forced to move back and forth via the regenerator; hence the 

thermal efficiency is enhanced by the regenerator. Alpha Stirling engine can work 

as double-acting configuration by connecting to a serious alpha unit.  
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➢ Beta type Stirling engines have one cylinder with one power pistons connecting 

to one displacer. The inside gas is not allowed to exchange via displacer, the 

regenerator is the only way for exchanging. The movement of displacer is the 

unique approach to control the heating gas space, where the cooling gas space is 

controlled by both the displacer and power piston. For high temperature Stirling 

engines, the gas between cooler side and the heater side has very large difference 

of temperatures, where the displacer is even required to have radiation shields 

inside. 

➢ Gamma type Stirling engines have two cylinders with one power piston and one 

displacer, which are similar to Beta type Stirling engines. The difference is that 

the power piston in Gamma unit is installed in other cylinder and connects cooling 

gas space in main cylinder via a tube. The large void volume of cooling gas space 

will reduce the efficiency of power transmission. But the Gamma type engines can 

use two cylinders with different dimensions, which is critical in low temperature 

differential Stirling engines. 

The external combustion system of Stirling engine makes it possible to use the 

renewable heat resources, such as geothermal and solar energy, despite they are at 

relatively low and moderate temperature [202]. A large number of previous research 

focuses on Stirling engines operating at low and moderate temperature, where 

Kongtragool and Wongwises [206] summarize the general principles and research 

results of the Stirling cycle engine, solar-powered Stirling engines and low temperature 

differential (LTD) Stirling engines in 2003. In 2008, Thombare and Verma [207] 

presents a detailed review on the technical development of Stirling cycle engines, and 

its potential application in low temperatures. 

The typical Stirling engine based CHP can deliver 1 kW to 50 kW power [207]. 

Thus, it is a micro-scale CHP used in residential area generally. 
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8.1.3. Microturbine systems based CHP 

A microturbine based CHP consists of a compressor, a combustion chamber, a 

turbine and a generator. The compressor compresses air to a greater pressure (3-5 bars), 

the combustion chamber, by taking advantage of part of the compressed air and the 

combustion gases entering the chamber, is able to burn the fuel. The turbine expands 

gases to produce greater power than what the compressor could consume. The extra 

power is transformed into shaft power to motivate the generator (Fig. A.5). The gases 

exhausted from the turbine can be of a higher temperature. Then a recuperator is used 

(Fig. A.6) to recover some of the energy. The power generation efficiency of the 

current microturbines with recuperated configuration is at nearly 30 per cent, which, 

however, would be halved without the recuperator. In this CHP, the overall efficiency 

to generate power and heat is generally between 75 and 85 percent based on the 

applications [49].   
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Fig. A.5 The simple gas turbine cycle 
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Fig. A.6 The recuperative cycle 

To put the compressor, turbine and generator on a single shaft is the simplest 

design. When it comes to the two-shaft arrangement, the compressor on the first shaft 

is driven by the first turbine while the generator on the other shaft is powered by the 

second turbine. The capacity of 1000 kW electricity production is the highest limit of  

microturbine CHPs, and usually they are below 1000 kW, with some lower than 100 

KW and some even less than 15 kW [208]. Therefore, the microturbine is normally 

used as micro or small-scale CHP systems for winter heating in hospitals, office and 

factory buildings.   

8.1.4. Fuel cell based CHP 

Fuel cell based CHP are electrochemical devices that change chemical energy of 

a fuel into electricity and heat in a direct manner without any involvement of the 

combustion process. As explained by Hawkes [209], a fuel cell can be seen as a cross 
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between a battery (from chemical to electrical generator) and a heat engine (from 

chemical to heat to generator). An anode, electrolyte and cathode are comprised in 

individual fuel cells, which are linked in series to build up a “stack” through electricity. 

Bipolar plates are utilized to allocate fuel and oxidant to the individual cells and to link 

them together through electricity. Common characteristic of them are high efficiency 

with no moving parts, quiet operation, and low or no emissions when at use.   

One example is the low temperature polymer electrolyte fuel cell operated on 

hydrogen. Fig. A.7 illustrates the fundamental operation of fuel cell. Electrons are 

connected from the incoming hydrogen at the anode of the cell, which forms ions that 

go through a conductive electrolyte to integrate oxygen at the cathode. An electric 

current can be produced by the stripped electrons through the external circuit.  
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Fig. A.7 Fuel cell operation (two cells in a stack) with hydrogen fueled polymer 

electrolyte [210] 



APPENDIX 

143 

 

The ideal fuel for most of the fuel cell types is hydrogen considering 

performance and durability. However, direct use in homes is not practical, as there is 

no hydrogen generation or distribution infrastructure. Instead, hydrocarbons are 

regarded as the ideal fuel for micro-CHP systems, as these can be integrated into 

hydrogen [211]. Natural gas is inexpensive, sufficient (at least for the time being) with 

sufficient infrastructure in Western Europe. Natural gas, liquefied petroleum gas or 

kerosene is used to fuel all commercial fuel cell micro-CHP systems. However, 

academic research also identifies systems using gasified coal [212], diesel [213], 

biogas from waste [214], biomass [215], and hydrogen produced biologically from 

sugary waste [216].  

8.1.5. Alternative CHP energy source - biomass 

Alternative environment friendly energies other than fossil fuels are required for 

the future development of CHP. As one of these alternatives, biomass is easily found 

around the kitchen or agricultural waste. Biomass has been used more frequently as 

alternative energy resources for transportation, space heating, and power generation 

because of the continuously growing energy price and the urgency of carbon dioxide 

reduction. 

Biomass consists of trees, crops and other plants, as well as residues from 

agriculture and forest. There are also many materials included in biomass that are 

regarded as waste, such as the effluents from food and drink manufacture, and the 

organic elements of house hold waste. Biomass can be regarded as a kind of reserved 

solar energy in many ways. The energy of the sun is secured and collected in the 

process of photosynthesis in plants that are growing [217].  

Carbon dioxide is produced and emitted by burning biomass and burning fossil 

fuels. Nevertheless, two cases are vastly different: CO2 released by burning fossil fuels 

reserved for millions of years underground could impact the natural cycle of CO2 and 
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lead to the growth in the CO2 concentration in the atmosphere. On the contrary, 

burning biomass simply emits CO2 into the atmosphere, which would be absorbed as 

the plants grow for a relatively short period of time, e.g. a decade. The same quantity 

of CO2 was absorbed from the atmosphere through the photosynthesis process when 

the plants were growing. However, when biomass is burned, CO2 was released back 

into the air and there was no net emission of CO2 into the atmosphere. It is neutral in 

terms of CO2 when the growth cycle and harvest is remained. Therefore, biomass can 

be regarded as a renewable source of energy. When the production or transportation 

of the biomass fuel consists of the utilization of fossil fuel, some net release of CO2 

will occur. This part of CO2 can be important for some biofuels with low ratios of 

energy [218].  

An analysis on direct-combustion biomass CHP unit is presented in [219]. It 

indicates that the problem of biomass CHP unit promotion is the lower heating 

temperature because of less carbon.  

8.1.6. Small-Scale CHP for commercial building 

Small-scale CHP produces electricity and heat from the same energy source in 

individual buildings or homes with the purpose to substitute gas central-heating boilers 

in a hydronic central heating system, which proposes a huge potential sales market. 

The small-scale CHP is generally equipped in buildings requiring year-round demand 

of power and heat together with capacity of 30 kW to 2 MW [49]. The main economic 

and environmental advantages comparing to conventional commercial building power 

supply system would be the following: 

i. Electricity is generated as a by-product when small-scale CHP is generating heat 

for existing thermal load. Such electricity can be used locally or sold to power 

grid. 
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ii. Since electricity is generated and mostly consumed on-site, power transmission 

losses are significantly reduced compared to the conventional generators. 

Moreover, we could expect that the small-scale CHP system can meet up to 50% 

of a home’s electricity needs. 

iii. CHP can save energy cost due to its high efficiency. Despite the high investment 

cost, the benefits of CHP still outweigh its alternatives in terms of low carbon 

emission and high energy efficiency. 

The main types of small-scale CHP are gas turbine, microturbine and 

reciprocating internal combustion engine [49]. The CHP using technique of 

reciprocating internal combustion provides good reliability and long lifecycle. The 

installation is easy, and the capital cost is relatively low. The pollution emission is 

largely improved by the developed control techniques. However, the ability of 

producing steam using the recycled heat to generate electricity is insufficient, with an 

electric power generation efficiency of around 30% [49]. Thus, the reciprocating 

internal combustion CHP is suitable for the buildings with high thermal demand but 

low power demand. 

The microturbine based CHP generally provides tens to few hundreds kW power 

output, but with 30% electric power efficiency and 75-85% overall energy conversion 

efficiency. It is suitable for residential buildings due to its lower installation cost and 

smaller carbon footprint compared with reciprocating internal combustion CHP and 

gas turbine CHP. The microturbine based CHP is generally used as a backup unit for 

emergency purpose.  

Gas turbine generation are widely used for industrial generators as a mature 

technology and can also be used for small-scale CHP in commercial buildings. With 

the enhancement in the internal flow features of turbines and compressors and the 

growing turbine inlet temperatures, the efficiency of gas turbines is boosted. Gas 

turbines can provide 45% electric power conversion efficiency using the recycled heat 
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to generate electricity. Meanwhile, the CHP in this thesis is implemented in a building 

with higher electricity demand compared with thermal load. Therefore, the gas turbine 

based CHP is chosen for further study in this thesis. 

8.2. ESS Technologies 

8.2.1. Pumped hydroelectric storage 

Pumped hydroelectric storage is a type of ESS technology featuring high 

maturity and large capacity. It has an installed capacity of 127-129 GW in 2012 in the 

world, taking up over 99% of bulk storage capacity and 3% of global electricity 

generated [220, 221]. There are two separate water reservoirs, exhibiting a height 

difference between them, for a typical pumped hydroelectric storage plant. During 

valley electricity price periods, the water will be pumped into the higher water 

reservoir. When it comes to peak periods, the water in the higher-level water reservoir 

will be released back to the lower water reservoir. During the water pumping process, 

power turbines drive electrical machines for electricity generation. Height difference 

between the two reservoirs and the aggregated amount of reserved water will 

determine the volume of energy stored. Water pressure, flow speed through turbines, 

and the rated power of pumps, turbines and generator/motor units, will determine the 

rated power of pumped hydroelectric storage plant [222]. 

However, since pumped hydroelectric storage plants are restricted to certain sites, 

they usually require a long time of construction and large capital investment. The 

recent technological development has enabled some pumped hydroelectric storage 

plants to adopt flooded mine shafts, caves underground and oceans as water reservoirs. 

The 300 MW ocean-based pumped hydroelectric storage plant in Hawaii, Ohio’s 

Summit Project and New Jersey’s Mount Hope project are all examples of this 

application [223]. Moreover, a new development is the combination of creating wind 



APPENDIX 

147 

 

and solar power with pumped hydroelectric storage plants, which can help the adoption 

of renewable energy in isolated or distributed networks [224, 225]. 

8.2.2. Compressed air energy storage 

Compressed air energy storage is another kind of commercial ESS technology. 

It is able to generate power of more than 1000 MW in a single unit. During off-peak 

periods, extra electricity will be used to power a reversible motor or generator, which 

drives a set of compressors to inject air into a storage vessel. It can either be a cavern 

underground or a tank on the ground. High pressure air is a form of energy storage. 

When the demand cannot be satisfied with the power supply, the compressed air stored 

will be released and heated by the consumption of fossil fuels or the heat generated in 

the compression process. Turbines will catch the stored air energy while a recuperate 

unit can recycle the extra heat generated.  

Compressed air energy storage systems have flexible capacities, their storage 

capacities can be up to hundreds of MWh and outputs can reach tens of MW [226].. 

The moderate speed of response and good partial-load performance can be provided 

by compressed air energy storage. Because of these advantages, the large-scale 

compressed air energy storage plants are usually used to shift loads, shave peaks and 

control frequency and voltage in the grid network. Intermittent renewable energy 

generations are also suitable to cooperate with compressed air energy storage, in 

particular wind power plants, which is able to smoothen the output of energy [227, 

228]. The key challenge for adopting large-scale compressed air energy storage plants 

is to find appropriate sites, which is closely related to the investment in its construction. 

Another barrier for compressed air energy storage technology is the relatively low 

efficiency of a round trip compared with pumped hydroelectric storage and battery 

technologies. However, the small-scale compressed air energy storage has developed 
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rapidly, which can be used as an alternative to the battery in industrial applications 

[229]. 

8.2.3. Flywheel energy storage 

There are five fundamental components in a modern flywheel energy storage 

system, i.e., a flywheel, a set of bearings, a reversible motor/generator, an electronic 

unit and a vacuum chamber [230]. The flywheel can be accelerated or decelerated by 

electricity. The energy can be stored by speeding up the flywheel, and released through 

an integrated motor/generator. The amount of energy stored in flywheel energy storage 

system depends on the rotating speed of the flywheel and its inertia [231]. Due to 

energy loss from air resistance and wind shear, the flywheel energy storage system is 

placed in a high vacuum environment. 

There are two types of flywheel energy storage system. One is low-speed 

flywheel energy storage, where the flywheel is made of steel and its rotating speed is 

below 
36 10 rpm . The specific energy storing capacity of low-speed flywheels is 

around 5 /W h kg . The other is high-speed flywheel energy storage, in which the 

flywheel usually uses advanced composite materials, for instance carbon-fiber. The 

rotating speed of high-speed flywheel energy storage can rise up to 
510 rpm [232], 

and the high-speed composite rotor can achieve a specific energy storage capacity of 

around 100 /W h kg . In a high-speed flywheel energy storage system, the wear of 

bearing is reduced by using non-contact magnetic bearings, which also improves the 

efficiency. Low-speed flywheel energy storage are usually selected for short-term and 

low-power applications. High-speed flywheel energy storage systems are mainly used 

in high-power quality and aerospace industry [233]. However, compared with 

traditional metal flywheel systems, a high-speed flywheel energy storage system is 

much costly. But it has incomparable advantages such as high cycling efficiency (95% 
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of rated power), relatively high power density, zero depth-of-discharge impact and 

easier maintenance [234].  

8.2.4. Battery energy storage 

One of the most widely used ESS technologies in industrial application and daily 

life is the rechargeable battery. A battery energy storage system comprises different 

electro-chemical units. They are arranged and connected in series or paralleled 

structure to generate electricity from an electrochemical reaction. There are two 

electrodes for each cell: anode and cathode. The two electrodes have either a solid, 

liquid or viscous electrolyte [235]. Electricity or chemical energy can be converted by 

a cell. In the discharging process, electrochemical reactions will take place at both 

electrodes at the same time. In terms of the external circuit, anodes can provide 

electrons while cathodes are collecting them. In the charging process, the reverse 

reaction takes place and the electrodes are applied with an external voltage.  

Batteries can be used widely for various applications. For instance, batteries can 

be used for power quality control, energy management, and transportation systems 

[236]. It requires a relatively short period of time to build up a system. The installation 

location is also very flexible, either inside a building or close to the needed 

infrastructure. The installation of large-scale battery storage needs to consider the 

degradation cost and maintenance cost. Recycling or disposal of dumped batteries 

should also be taken into consideration, if they contain any toxic materials. Moreover, 

because of the fact that batteries’ life-time rely on the DOD cycle, they should not be 

fully discharged [237]. 

There is another kind of battery, flow battery storage system. It has two external 

liquid electrolyte tanks with two soluble redox couples, which is used to store energy. 

These electrolytes can be transmitted from the tanks to the cell stack. In the cell stack, 

there are two electrolyte flow compartments, which are isolated by ion selective 
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membranes. The operation of flow battery energy storage system depends on 

Oxidation-reduction reactions of the electrolyte solutions. In the charging process, the 

anode is the end where one electrolyte is oxidized and the cathode is the end where the 

other electrolyte is reduced.    

There are two categories of flow batteries: redox flow batteries and hybrid flow 

batteries, which relies on the fact whether the electrolyte can dissolve all electroactive 

elements or not. The power of a flow battery system can be separated from its storage 

capacity, which constitutes a crucial advantage of the system. The scale of the 

electrodes and the number of stack cells will determine the power of the flow battery. 

The concentration and the amount of electrolytes will determine the capacity of storage 

[238]. Another inherent advantage of the flow battery energy storage system is its very 

small self-discharging loss, as electrolytes are stored in individually sealed tanks [239]. 

However, it also has disadvantages, such as low performance as a result of inconsistent 

pressure drop and the transfer limits from reactant mass, higher cost for production 

and more complicated structure than conventional batteries [240]. The power of flow 

batteries can reach a few hundred kW and even MW levels, which can be used for 

industrial and commercial ESS applications [241]. There are three types of flow 

batteries in common use: vanadium redox, zinc bromine and polysulfide bromine. 

8.2.5. Capacitor and supercapacitor 

There are at least two electrical conductors, which is usually made of metal foils, 

in one capacitor. A thin layer of insulator (usually made of ceramic, glass or plastic) 

is in the middle of the capacitor to separate conductors. Energy can be stored in the 

electrostatic field’s dielectric material when a capacitor is charged. The maximum 

voltage of operation relies on the breakdown characteristics of separated dielectric 

material [242]. Small quantities of electrical energy with a varying voltage is suitable 

to be stored by capacitors. Comparing with traditional batteries, capacitors have a 
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shorter charging time and a higher power density [243]. Nevertheless, their capacity is 

limited because of low energy density and high dissipation of energy from self-

discharging process [244]. Based on these features, capacitors are generally used for 

certain power quality applications, for instance, power factor correction and absorption 

of harmonics.  

Supercapacitors, also known as electric double-layer capacitors or 

ultracapacitors, comprise two conductor electrodes, an electrolyte and a porous 

membrane separator. Because of the structures, features of both traditional capacitors 

and electrochemical batteries are available for supercapacitors. Energy is stored as the 

static form on the surfaces of two conductor electrodes. Nano-materials have increased 

the electrode surface area, which have improved supercapacitors’ storage performance. 

Supercapacitors’ power and energy densities are in the middle of rechargeable 

batteries and traditional capacitors [244]. Supercapacitors have advantages of long 

cycling times and high cycle efficiency, which can reach 84% 97%−  [245]. However, 

the construction cost of supercapacitors is pretty expensive and their self-discharge 

rate is high. Thereby, supercapacitors are suitable for short-term storage applications 

which requires high quality of power. 

8.2.6. Superconducting magnetic energy storage (SMES) 

A typical SMES system comprises a superconducting coil unit, a power 

conditioning subsystem, and a refrigeration and vacuum subsystem [246]. The energy 

of SMES system is stored in the magnetic field, which is generated by the direct current 

in superconducting coil. The superconducting coil is cooled down cryogenically under 

the critical superconducting temperature. However, when the current is passing 

through a coil, some electrical energy will be converted into heat because of the wire 

resistance. But if the coil uses the same material as the superconductor, such as 

mercury or vanadium, there will be no resistance under the superconducting state 
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(usually at an extremely low temperature) and there will be almost no losses of energy 

storage. Niobium-Titanium is a commonly used superconducting material at a 

superconducting critical temperature of 9.2 K [247]. During the discharging process, 

the stored electrical energy can be released back from the SMES system to the system 

of alternating current through a connected power converter. Coil’s self-inductance and 

the current passing through the coil can determines the amount of stored energy [248]. 

Comparing with rechargeable batteries, SMES system can discharge almost all 

stored energy, and with little degradation even after thousands of full cycles. However, 

the construction cost of SMES is very expensive and may cause negative impact to the 

environment, because of its strong magnetic field [248]. The coil of SMES is sensitive 

to temperature variation, which limits its applications. Therefore, SMES is suitable for 

short-term storage and better to be used with intermittent renewable energy system 

[246]. 

8.2.7. ESS selection for commercial buildings  

After reviewing the operating methods, advantages and disadvantages of various 

ESS technologies, it is recommended to choose lithium-ion battery storage system for 

the smart building considered in this thesis, and reasons are explained below.   In 

view of the power demand of the building (a few hundred kW), the ESS construction 

cost, power and energy densities, self-discharging rate, charging/discharging time and 

the environmental factors, rechargeable batteries are most suitable to be selected as a 

buffer component participating in a smart building’s operational cost minimization 

model. In rechargeable battery technologies, lithium-ion battery is the optimal 

selection for the smart building system, because of these advantages: 

i. Compared to other advanced ESS technologies, such as high-speed flywheel 

energy storage and SMES, lithium-ion batteries have a relatively low 

construction cost. 
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ii. Compared to other rechargeable batteries, lithium-ion batteries have one of 

the highest energy densities. 

iii. A unit lithium-ion battery (i.e. a battery cell) can drive up to 3.6 volts, which 

is higher than other rechargeable battery cells. 

iv. Lithium-ion batteries have a relatively low maintenance cost and do not 

need to schedule cycling to maintain their life. 

v. The self-discharging rate of lithium-ion batteries is approximately 1.5%-2% 

[62], which is lower than other battery technologies. 

vi. Lithium-ion batteries do not contain toxic cadmium, thereby easier to be 

disposed. 
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