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Abstract 

Energy prices are rising on a daily basis due to the energy crisis, which affecting the living 

costs of UK households. The reduction of electric energy requirement for the households can 

reduce energy market crisis and the energy expenses. The deployment of renewable system 

improves the importance of energy storage system in the network. Its adaptability can reduce 

the impact of the irregular power generation and energy expenses. The supply to demand 

balancing is the main issue of renewable integrated home energy system. So, the perfect 

energy management module with control strategies is necessary for household. Most of the 

home energy management system concept for the energy cost reduction are focused on the 

load shifting methodology according to the energy price variations. This project shows the 

relevance of a residential energy management system with a battery and PV (photovoltaic) 

system along with a supply-side controller concept that uses weather, load, and electricity 

price forecasting can reduce energy costs for UK households. Here different way of battery 

scheduling concepts that reduces the energy cost at the present energy market and future 

predictive energy market compare and evaluates. The requirement of ESS with a control 

aspect necessity to utilise the real-time management which considered solar system 

performance and low-cost energy utilisation for the cost-effective control strategy. An 

explanation about the future energy market and future challenges in the control strategy for 

this system is included. 
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1.0 Introduction  

The energy prices have been increasing day by day which affects the living cost of 

households in UK. According to Ofgem, approximately 2-3 people live in an average 

household and the average energy bill for a small family is approximately £1600 per year [1]. 

The energy market in UK is experiencing energy pricing crisis. Gas and electricity prices 

have risen dramatically in recent months because of the rise of costs for purchasing energy 

reserves for suppliers. [67] 

UK government summary report mentioned that around approximately 64% of the total gas 

and 40% of the total electricity are consumed by the domestic sector. Domestic buildings 

consume around 30% of primary energy (Electrical energy and gas supplies are the main 

sources) [68]. Most of the houses in UK use electricity for lighting, cooling systems, and 

other electrical appliances, and for heating and hot water systems using energy from gas. 

Where 80% of kWh energy annual consumption by an average household is from gas and 

48% of homes use natural gas for heating. It is estimated that 8% of households used 

electricity as their main fuel [69].  Low-carbon heating systems are the way of the future in 

household heating. The majority of houses in UK use fossil-fuel burning equipment to heat 

their homes. Around 80% of homes are now connected to the gas network, using boilers. In 

England, around 1.1 million rural homes are not linked to the gas grid and they rely on fossil 

fuels like oil or LPG for heating [70]. Fossil fuel emits 215grams of CO2 per kWh of heat 

delivered. 185g of CO2 generated from natural gas burning [27]. So, low-carbon heating 

alternatives, such as heat pumps, are necessary and the UK government already set a target to 

install new heating system in all homes by 2035 [72]. Heat pumps utilise heat from the air 

outside or from beneath to heat home. When compared to a gas furnace, residential heat 

pumps can reduce carbon dioxide emissions by 38-53% and it can minimise the potential 20-

year global emissions by 53-67 percent [2]. Now heat pumps only account less than 2% in 

UK market.  It is expected that in the future, heat pump will replace boilers for the net zero 

transition world [71]. After considering the relevance and importance of low carbon thermal 

energy production, electric consumption of heat pump is considered instead of gas 

consumption of gas boilers, for the selected households in this study.    

For the UK net zero transition target, the portion of the UK energy market must have to 

eliminate extra carbon content from the air than they release. So, electricity consumption 

increasing faster than other energy sectors because of the electrification of energy uses. So, 
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more adaptability of renewable systems is required. According to renewable studies, wind, 

solar, wave, hydro and biomass are the main source of natural energy in UK, overall 

accounting for 39.3% total electricity generation [25].  

Renewable energies, notably solar energy, have improved rapidly during the previous decade. 

Rooftop solar PV(Photovoltaic) is the best renewable energy source for residential 

applications. According to the UK government's 2020 report, around 3.3% of UK homes 

installed PV modules [26]. The decrease of air pollution and the falling cost of solar 

photovoltaic (PV) technologies are the primary reasons for its strong integration in power 

systems (Cost of solar PV module fell by 82% within the last decade [24]). So, the global 

capacity of residential solar PV is anticipated to rise in the next years. 

Now, the world is going to more digitalised, and the future electricity supply will be 100% 

renewable. This leads to the possibility of blackouts in the network due to their intermittency. 

But the perfect assistance to RES with the help of digitalisation can reduce the risks. The 

possibility of balancing issues between the supply and demand in a large overall system can 

be mitigated by using a local energy production network or the development of a microgrid. 

Microgrids are combined energy systems composed of different loads, Storage devices 

(ESS), and Renewable Resources (RES). The growing deployment of RES has enhanced 

microgrid efficiency and lowered global CO2 emissions [88].  

A System for Energy Storage has the ability to reduce the intermittent nature of photovoltaic 

Solar energy output while also managing peak loads. The cost-effective size of PV and ESS 

may be established to save capital costs while providing adequate storage to benefit the 

building load. To increase the stability of a microgrid, several software and algorithms are 

employed [88]. Thus, a forecasting and scheduling algorithms required to attain the full 

benefits of Battery ESS. An ESS forecasting algorithm is used to predict when peak load 

occurs and how much power is required. That information is critical to schedule the system. 

Peak shaving, power pricing, and solar PV output must all be addressed when creating an 

efficient energy storage plan. Customers are installing solar panels on their rooftops with an 

ESS to offset rising power rates and environmental concerns. The inability to formulate a 

correct cost function can impair the efficient utilisation of battery energy. This work presents 

a cost function that integrates restrictions with the charging component of the function to 

efficiently manage battery energy through charging/discharging behaviour management. [89]. 
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Now microgrids are emerging to reduce load consumption, integrate intermittent renewable 

energy supplies, and prevent long-term power disruptions. To achieve this, it should be able 

to monitor and regulate loads and energy resources placed in the building [44]. But for this 

thesis, a house with its own managing and monitoring possibility concept is considered. 

Increasing reliability for RES integrated microgrid system is challenging, for the smart 

operation, existing power systems have to improve to the smart grid by updating new 

requirements and new communication technologies for the electricity consumer and utility 

[45]. The main problem with the renewable integrated power system in households is energy 

management issues and energy price variation. So, energy management systems for home are 

developed as a remedy. A well-designed HEMS enables electricity consumers to achieve 

better levels of energy controls. Different traditional techniques (mathematical optimisation), 

model predictive control techniques, Heuristic & Metaheuristics, Appliance scheduling, and 

other techniques used in HEMS are detailed in different research papers are reviewed in [46]. 

Most research papers mainly focused on the demand side response algorithms and load 

shifting according to the price. In this thesis, a grid connected home with solar system and 

energy storage system with cost-effective battery control patterns according to the electricity 

real price and renewable energy performance are evaluated and future green tariff price-based 

energy cost reduction calculations are obtained.  

1.1 Aim and Objective  

Aim: The goal of this research is  

• A study on the concept of home energy management system for grid connected home 

with PV and ESS to supply the house loads. 

• To create and test algorithms concepts that uses climate, load demand, and electricity 

price forecasts to reduce energy consumption from the grid and the net cost of 

electricity by increasing and utilising self-consumption.  

• To show a future energy system that uses a 100% renewable green tariff for battery 

control which suitable for a UK residential building. 

Objectives:  

• A detailed background study about the energy management system, and its relevant 

components and terms for a household. Show the relevance of an energy management 
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system using weather and electricity forecast services for reducing net annual 

electricity cost for a household. 

• Sizing and modeling of Battery and PV according to the load and the importance of 

these components for the energy cost reduction for households.  

• Develop an equation-based control supply-side energy management concepts 

evaluation in matlab/Simulink as a modeling software by considering the constraints 

of the components, system requirement and the electricity price. Select a cost-

effective battery control strategy which reduces total electricity expenses. 

• An overlook into the home energy system with the developed cost-effective battery 

charging/discharging control strategies on the basis of onsite excess solar energy 

generation and future 100% renewable electricity supply rate (green tariff). 

2.0 Background study 

This section is intended to provide insight into relevant project areas while also supporting 

the technical assessment methodology. A wide range of literature will be mentioned and 

explained in order to give a full and comprehensive understanding of main points. The first 

step is to investigate future residential plans and home electrical systems in the United 

Kingdom and the relevance of the energy management system in the Home. Secondly, the 

components of the home energy system relevant to the future development will be 

investigated.  

The following steps after this background study are system modeling, system component 

selection, and developing and comparing different algorithms concept for controlling battery 

charging/discharging periods based on solar power generation and energy tariff to select the 

best cost-effective control model for residential buildings in the UK.  

2.1  Smart Grid 

A smart grid is an electrical network that builds on digital technology that uses two-way 

digital communication to deliver smart electricity to users. This system can analyse and 

perform itself as a problem solver, update information regarding the faults or issues to the 

operator before it happens, and it can divert or redirect electricity automatically to reduce 

areas affected by the blackout [7]. The advanced and smart grid system is one of the solutions 

for the drawbacks of an existing system and the deployment of new technologies. Smart grid 
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uses 2-way communication, smart meter, smart appliances, renewable resources, etc. Two-

way communication and two-way flow of electricity improve the distribution network [73]. 

 

Figure 1 Grid system before vs future [7] 

The future technologies of the smart grid are, Energy management systems, Advanced 

metering infrastructure, IoT programs, Big-data, EV points, etc [73,74]. The smart grid's goal 

is to transmit real-time information to improve efficiency and reduce the possibility of 

burnouts, blackouts, and surges, etc. smart grid technologies will allow to the management of 

high-frequency switching devices and unpredictable renewable outputs [7].  Figure 1 shows 

the electric grid system before and in future.  

2.2  Energy Management System (EMS) for Home 

This section provides an overlook into the concept of EMS in residential building. Energy 

management in residential buildings increasingly important to integrate more sustainable 

energy resources. The main concept of EMS is to connect or disconnect source components 

like, grid, battery and PV to the home load, and manage the power flows between smart 

loads, renewable generators, electrical storage, and the power grid [81]. The energy 

management is the process of saving energy by monitoring or controlling the system 
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components. Energy monitoring shows energy consumption, solar energy output, battery 

state, electric price etc. The practical system module main components of EMS are smart 

electrical panels, monitoring modules, control programs and applications, smart electrical 

circuits etc. The goal of EMS is to reduce peak demand charges and to optimise the 

scheduling of the BESS to charge and discharge economically in the presence of electricity 

price and develop power exchange programmes by considering excess or deficit power value 

of solar power generation and predict the energy purchase from and energy sell to the grid. 

Due to the intermittent nature of renewable energy sources, a forecasting algorithm is 

necessary to correct for uncertainties and give high precision data for load and generation 

characteristics [7]. 

 

Figure 2 EMS (Energy Management System) [9] 

Figure 2 depicts an EMS that controls energy to ensure the residential building's balance of 

power criteria throughout time periods via power exchange programmes with grid and solar 

system power output. [89]. Here the EMS uses PV as its primary source of energy. The 

objective to manage the power flow in this system, real-time energy management process is 

applicable in practical applications. Where, real-time data by using sensors can be used to 

schedule the components. But for an accurate control historical datas are required to predict 

the data. If we have the historical datas of the energy consumption, climate datas and the size 

of battery it is possible to make an analysis by considering battery model in a software with 
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necessary scheduling program. Which can create the practically relatable output and state of 

battery. By using this information, effective control module with necessary predictive 

operation from big data processing. So, statistical analysis is really important to develop a 

control system.   

2.2.1 The architecture of HEMS  

 

 

Figure 3 HEMS architecture [76] 

Practical EMS in the home consists of an active hub device for maintaining communication 

between necessary home functions, the households, and the utility or energy provider 

company. The majority of HEMS are designed with the goal of controlling power 

consumption, improving smart grid performance levels, demand optimisation, enabling 

devices in residential buildings, and so on. HEMS could automatically monitor and adjust 

power use via smart metres, smart plugs, smart devices and appliances resulting in better 

power and improved management. [23,76].  

The figure 3 shows the simple architecture of HEMS. Where, two methods are used to reduce 

energy consumption and energy cost; 1) supply-side management by integrating alternative 

power generation such as renewable energy supply and battery systems; 2) management of 

load by categorizing schedulable and non-schedulable loads and controlling schedulable 

loads to reduce cost (not practicable in the case of fixed tariff). A detailed explanation and 

comparison of these methods are included in the article [37] and it is emphasised the 

advantages of demand side management and supply side management for an energy bill 

reduction. The power balance issue between demand and supply is the main challenge in the 

operation of grid-connected system. The key parameter of effective generation planning, and 
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power management are power generation and load predictions [38]. The EMS works with the 

help of Artificial Intelligence and Optimisation Programming algorithms to achieve 

electricity bill reduction and the reduction of uncertainty in power exchange between utility 

and end user. In previous research [36], 3.23% reduction in electrical energy bills were 

achieved.  In [39], a review concepts for electricity consumers in microgrids related to 

Building automation and Control Systems, energy management systems, and Home energy 

management systems (HEMS), with the mission of increasing energy performance are 

included. Which give an overlook concept regarding the EMS for home. In the article [40], 

affordable energy management structures show demand response programs for residential 

buildings in the UK. Where, 3 stages of optimisation are obtained, first, day-ahead load 

shifting according to the electricity fluctuating prices, second, supply and load balancing, and 

finally, integration of power flow which provides real-time energy supply during minimising 

cost. Day head optimum scheduling techniques for a grid-connected system based on an 

storage strategy proposed by [42]. Where optimal scheduling of ESS to reduce running costs 

and technical properties of battery is taken into account for the control methods. An enhanced 

dynamic programming approach is used to solve optimisation model.  

 

2.2.2 Smart Home Energy Management System (SHEMS): 

 

Figure 4 Elements of smart Home with EMS [7] 

   

From the perspective of the consumer, the objective principle of SHEMS is to lower their 

total power consumption/ bill without changing their needs. SHEMS’s main purpose is to 

control components at home according to the real-time price, climate data, load preferences, 

etc. Here, the practical side details about the future developed energy system are explaining 
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in detail. Home energy management systems depends advanced metering infrastructure 

(AMI) devices to enable the communication between energy supplies and residential 

building. This communication channel created the path for the inclusion of anticipated 

incentives for a smart house for supply-side resource management as energy consumption 

reduction method for shifting energy consumption from peak load hours to lower electricity 

bill hours [20,45]. Smart home connected to the smart grid will maintain perfect interaction 

and which will support energy providers and households to manage energy in useful ways. 

 

Figure 5  components and features of SHEMS [20] 

Figure 4 shows the elements of smart home. The features of HEMS are, monitoring, 

recording, controlling, management and activating warning mechanisms. Monitoring real-

time information of all equipment's and components in the system is the main functionality of 

EMS. The user can access device information via a web interface. In its most basic form, 

device control should be offered to the user manually. Control can be automated if the 

management system supports smart scheduling [19]. Another specification of home EMS is 

seamless communication between different devices by using different technologies, such as 

ZigBee, CTA-2045, wi-fi, Z-wave, etc. In this case, the system should be capable of 

facilitating communication across multiple components independent of their communication 

capabilities [20]. CTA 2045 port adapter and the unified communication manager (software) 

communicate with water heater and HVAC systems to react and work intelligently for the 

necessary condition and it works as a mediator between these devices and control module 

[19] .The Zigbee is a Low rate, low power and wireless network device can transmit data 

over long distances. 
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As illustrated in the figure 6, the primary functions of the expected SHEMS are: 1) Collect 

information and messages such as Real-time pricing, Occupant preferences, their activities, 

Load status, Climate data, Battery performance status, Solar PV performance, and other 

relevant notifications; 2) Analyse the collected data and generate the optimal control strategy; 

3) Controlling the battery operation according to the processing stage operations based on the 

automatically generated strategy; 4)Send feedback and other relevant information to control 

algorithms [35].  

For the Real-time price data collection, for reading and collecting real-time tariff data from 

energy providers, an internet connection is necessary. So, the ethernet module should be 

included in the SHEMS module. Communication and updates like weather alerts, electricity 

availability alerts, and scheduled or perfect outage periods from energy providers are 

necessary. Data collection module in EMS with Ethernet or internet connection can improve 

the system performance. The processing module is the brain of SHEMS, collected data for 

processing is wired to appropriate equipment to get connected.  This module will process the 

data obtained from human actions or motions, battery level, load preferences, tariff data, 

climate data, and other necessary information, which will be employed in machine learning 

and optimisation algorithms to induce behaviour modifications, and power flow control, and 
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Figure 6 Functions of Smart Home Energy Management 
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further load optimisation. The function of the controlling part includes load control and 

battery control according to the optimised way processed by a processor on the basis of real-

time prices and the real-time status of all appliances 

2.3  Energy Storage Systems 

The deployment of renewable energy resources challenges the energy balancing and 

flexibility of future energy systems. Energy storage systems are capable for improve the 

reliability and flexibility of the renewable integrated system [80]. It is a critical component of 

a power system that includes renewable systems. Its adaptable operational capabilities can 

mitigate the impact of intermittent power generation as well as operational costs. They are 

used to store energy for a period and used later to do some useful operations. It can reduce 

energy costs for the consumer, be useful for renewable integrated systems and help to reduce 

environmental problems.  

2.3.1 Classification of Energy storage system 

Different types of Energy storage methods are Hydrogen, Compressed air energy storage, 

flow battery, pumped hydro, electrochemical batteries, etc. Each device has different 

characteristics, including energy density, power density, specific power, rated power, rated 

energy capacity, response time, discharge time, storage duration, lifetime, response time, 

impacts, etc. Electrical energy cannot be stored on large-scale projects due to the technical 

limitations of thermodynamics. It is more accessible and sustainable than chemical, 

mechanical, and thermal energy storage methods. Selecting the best technology, power and 

energy criteria can be used to classify ESS [11]. ESSs are playing an important role in 

enhancing operational abilities of a microgrid. There are several types of ESS available but 

not all of them can be efficiently used in MGs. The most common type of energy storage 

options for heat is thermal stores and heat batteries. Thermal store ESS is expensive if it is 

connected to renewable sources. Heat batteries are more expensive than hot water cylinders 

and their space efficiency relation is high. But it can store energy from the heat source and 

other electricity sources.   

BESS is one of the primary power source in micro-grids due to its high-power density and 

quick response. Fly-wheel Energy Storage, Super-conducting Magnetic Energy storage and 

Supercapacitor technologies are often utilised to maintain power quality because they have 

high power density and life [11]. Electro-chemical energy storage systems are selected in this 
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study because of their property to save energy for a long time and suitability in solar 

integrated system.  

To balance power generation and demand, the storage system can mitigate the effect of RESs' 

stochastic nature on the microgrid. This can be accomplished by charging and discharging the 

storage system during excess and deficient RES energy, respectively. Battery charging and 

discharging intervals for residential buildings can be regulated based on solar power output 

and real-time energy costs. The battery's performance is determined by the storage system's 

parameters. Different types of BESS are classified here, 

Table 1 Classification of Electro-Chemical Energy Storage Systems (ESS) [10,11] 

ESS type Lithium ion 
Lead- 

Acid 
NaS battery 

Redox flow 

Vanadium 

battery 

Hydrogen fuel 

cell 

Capacity(kWh) 250-2500 250-5000 <300000 <250000 33kwh/kg 

Power (MW) upto 100 up to 100 up to 50 up to 50 ~1 

capital 

cost(£/kW) 
300-600 50-150 250-400 100-1000 45-50 

Response time <1s <1s <1s <10min <1s 

Discharge time <1h <4h ~6h ~8h >1h 

efficiency % ~90 ~75 ~80 ~80 35-45 

Lifetime 

(Years) 
~15years ~20 ~15 ~10 1-1.5 

Cycles 
<10000 

times 
2000 time 2500-6000 

10000-

16000 
50,000 

Adv. 

High 

efficiency, 

Low 

maintenance 

less costly 

compared 

to Li-ion 

extended 

life and 

great power 

density 

Not 

explosive 

Reliable, less 

harmful to the 

environment, 

and less noisy 
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Disadv. Ageing 

excessive 

upkeep 

and 

efficiency 

less than 

80% 

High 

maintenanc

e 

low density 

for stored 

energy 

Hydrogen 

storage is 

expensive, and 

there are some 

safety issues. 

 

The chemical energy is transformed to electrical energy and made available as an electric 

current at a predetermined voltage in electro-chemical storage devices. The primary benefit 

of this sort of storage is that devices of any size may be developed and built based on 

Voltage-current availability [10,11]. Classification of different electro-chemical ESS are 

shown above. Where the lead-acid battery has been around for over a century and is presently 

the most common rechargeable storage technology. It can be used for an uninterruptible 

power supply because of its efficiency, cell voltage property, and inexpensive advantage. 

With low specific energy and short cycle life, traditional lead-acid batteries need periodic 

maintenance, and they can fail unexpectedly due to a chemical reaction called sulphation. 

These batteries are very quiet simple to recycle, but lead is a toxic material that can harm the 

environment [77]. 

Lithium-ion batteries (LiBs) have been the most extensively utilised technology in 

electrochemical energy storage since the 1990s [10]. LiBs have a high energy density, a high 

efficiency (~90%), a quick response and an attractive self-discharge rate (refer table 1) [12]. 

Lithium's rapid reaction and nature of less weight make it ideal for battery production. But 

the drawbacks included are low depth of discharge (DoD) cycle, and the high cost of the 

materials is an issue [11]. The cost and safety issues factors are the problem when using this 

in the power system. The Tesla company developed the powerwall lithium-ion rechargeable 

battery that can stores energy in an advanced way and it can detect outputs automatically, and 

so can reduces reliance on the grid [15,16]. They are claiming that their new battery has 

100% depth of discharge and a 20-year lifespan. Tesla’s advanced battery research 

department published an article on a nickel-based battery that last 100 years while charging 

with high efficiency [90]. 

Hydrogen fuel cells (HFC) have grabbed the interest of both academics and industry due to 

its promise for zero-emission energy generation [13,11]. In [14,11], it is mentioned that 
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Hydrogen has a high specific energy (142 MJ/kg), and the water vapour the only by-product 

of Hydrogen storage cell. The benefits of the use of hydrogen as an energy vector are, 

sustainable development, energy security, etc. The barriers are increased production cost, 

liquid hydrogen storage, etc. The unavailability of an efficient hydrogen infrastructure, high-

risk factors like complexity of the integration into the energy system, burning properties of 

hydrogen in the presence of air, system integration issues, and high cost are the disadvantages 

[17]. In [43], ratio of self-sufficiency and Net Present Value is compared between Battery and 

hydrogen storage system, and the results show that battery storage are more self-sufficient 

than battery under the same cost function as hydrogen storage, and the ratio difference 

between these two systems grows when the NPV decreases. At last, this study suggested that 

hybrid battery and hydrogen storage can adopt the benefits of both system. So, Hybrid 

batteries and hydrogen systems are the best options for future energy systems. Future energy 

storage systems for residential applications have to be above 90% efficient and should have 

good switching properties. But in this study, the characteristics of lithium-ion battery is 

considered for the analysis because it efficiency and high energy density. .  

2.3.2 Challenges and problems of ESS 

1. Size & cost: Sizing is critical for assuming ideal and cost-effective microgrid 

operation. If the energy storage capacity is insufficient, it might not be able to deliver 

the required economic advantages. If it is larger than the required size, then it would 

impose a higher cost. The right sizing of ESS will justify the investment and benefits 

over time. Total cost of ESS= Operational expenses + Capital Expenses [78,11]. 

Capital expenses increases linearly as the size increases and Operational cost 

expenses decreases with increasing size. The optimal size of ESS is the lowest value 

of total cost. 

The implementation challenges of ESS are the cost and size. The size and cost 

characteristics of the battery storage system are shown in table 1. The cost of the 

system depends on the material used for manufacturing, operation time, capacity, and 

life cycle. But the optimal scheduling or operation of ESS can reduce the cost 

challenges. [78] 
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Figure 7 Optimal Sizing of Battery [11] 

2. Materials availability: Materials availability challenges faced due to the concerns 

about the sustainable supply of the materials and the difficulties encountered because 

of high geopolitical concentrations and the availability of environmentally friendly 

materials. [77] 

3. Environmental impacts: Despite their overall positive impact, ESSs have little impact 

on the environment in terms of air, water, or soil pollution during manufacturing, 

disposal, and recycling. This is especially true for technologies based on electrical 

energy systems. The majority of the environmental impact is attributed to the mining 

of its raw materials, such as cobalt and lithium. Furthermore, the post-processes cause 

a variety of respiratory, neurological, and pulmonary diseases [11,18]. As a result, 

proper safety precautions and new technologies in the manufacture, maintenance, and 

disposal of ESSs are required because in [79] it is mentioned that cobalt lithium 

materials mining causes lots of environmental impacts so this material using for the 

manufacturing of ESS also leads to environmental issues.  

2.3.3 BMS (Battery Management System) 

In this section, the relevance of BMS, its type, and its expected developments are explained. 

The performance of Electro-chemical batteries used for PV application is relying on chemical 

reactions. The battery pack will be consisting of different battery cells which have their own 

properties like internal resistance, capacity, etc and this property may change due to the 

temperature and load current which may impact the present state of individual cells. An 

uncontrollable self-discharging inside the battery cell may increase the temperature inside the 

cell connection (because weak cell can discharge energy quickly than others). This 

temperature variation lead to thermal run way affect. The small variation in the cell will not 

lead to increase temperature more but the discharging efficiency will reduce gradually. To 
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maintain the battery operation, to protect them from damages, and for the power balancing 

issues mitigation, BMS is necessary. It is a system control unit that is designed to assure the 

battery pack’s safety operations [47]. The usage of BMS can increase the life cycle of the 

battery. If the ESS is a lithium-ion battery then the battery should charge and discharge 

within the 20 to 80% energy level, otherwise, there is a chance to occur blasting. By limiting 

the batteries state of Charge (SOC) within this constraints, battery life can increase.  Cell 

imbalance is a major problem in big-size battery packs that reduces the battery performance 

(State of Health). When the battery pack discharges energy below its limit, the weakest cell in 

the combination of cells discharges the energy very quickly which causes hazards and 

thermal runaway. The BMS consists of circuitry to monitor the voltage and temperature 

across each cell. This monitoring analysed by the balancer inside the BMS. Based on the 

SOC (state of Charge), cell balancing is classified into two methods: passive and active cell 

balancing [49,52]. Where passive balancer is the most commonly used type in the present 

case. The Future BMS balancer will be an active balancer. The different balancing simple 

image is shown below. The passive cell balancing method equalises the SOC of each cell by 

dissipating energy from high SOC cells to the resistor and maintaining the cells with same 

level of charge. Likewise, the active cell balancing method is a non-dissipate balancing 

technique that uses storing elements to equalise the level of charge in each cell by 

transferring energy from the cell in the battery with highest level of charge to the cell with 

lowest. The passive cell balancing method is applicable for low power applications because 

of its less amount of heat dissipation and extended balancing period and the active cell 

balancing method is applicable for high power applications because of its lower speed for 

balancing and higher efficiency [37]. 

So, an active battery monitoring and managing system (BMS) is required to extend battery 

life, sfety of the device, and monitor of each cell's voltage and energy levels is necessary 

[48]. 
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Figure 8 Battery Balancing concept based on SOC of Li-ion battery [49] 

 

In future BMS for the home applications will be use active balancing method with smart 

control techniques to improve the life of battery, the perfect operation will reduce the safety 

issues and the operational cost and expenses can be reduced. The future BMS can 

communicate with the home energy management system for the perfect utilisation of stored 

energy in the battery. This is an unavoidable module for smart control applications in the 

future energy system or home network. 

 

2.4 Heat pump 

Due to rising fuel costs, government policy, and the shift towards net zero transition domestic 

heat pumps installed in Uk have increased gradually over the last years (installing around 

20000 heat pumps every year) [92]. The general working of the heat pump is, taking energy 

from the air, the ground, or water and delivering this energy as heat through hot water or a 

heating system. The type options are Space heating Heat pump (SH HP), Domestic Hot 

Water Heat Pump (DHWHP), and Combined Space Heating (SH) and Domestic Hot Water 

(DHW) Heat Pump.  Among them combined heat pumps are the most installed type of HP 

(refer Figures 7 a & b)).  
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Figure 9 Combined heat pump [28] 

Heat pumps are well-suited for fully functional smart controls. That means, enabling and 

disabling the equipment is possible according to the supplier's signals on the basis of grid 

information. This information can be in terms of variable tariff, time, etc.  

Main space heating controls are Time controls, Temperature controls, ambient air 

temperature load correction, and optimised controls. The intermittent time-controlled heating, 

to return the building to design conditions, the plant is turned OFF at the end of the predicted 

building occupancy period or occupancy activity and turned ON before the next period of 

predicted occupancy. [28]. The continuous time control system has no particular time control, 

and its control system is ON for all time, but its operation depends on the temperature sensor.  

The combined intermittent and continuous time control is an effective way of control, the 

system with this control is continuous and enabled all the time but the temperature settings 

change during the daytime. Both controls in one will determine the working of the system. 

Weather compensation or ambient air temperature load correction efforts are used to improve 

the efficiency of the HP during seasonal operation by temperature flow reduction. Different 

temperature controllers for SH are, set point controllers (simple user interface control), 

radiators with trimming control, individual room temperature control called underfloor 

heating, etc. Where HP operation is controlled with the help of thermostatic devices [28]. 

Possible future smart control of heat pumps will be influenced by the spot price of electricity. 

Such smart control would enable systems to store heat in a domestic water cylinder or other 

heat storage system, during low demand periods with lower electricity prices and lower 

emission factors. By doing this, consumers such as household energy cost bills can be 

reduced, and this method will be useful for the net zero transition world. In this thesis, heat 

pump control is not included. But effective control of heat pump can reduce energy 
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consumption or cost by minimising the thermal energy into the minimum border level during 

the high peak energy cost times.   

2.5 Tariff  

An energy tariff is a fee that an energy provider charges a customer for the use of gas and 

electricity. Tariffs are classified into two types: fixed rate and variable rate. A fixed-rate tariff 

locks in the cost of energy for a set t period of time, typically one year or more, whereas 

variable tariff prices fluctuate with the market [21]. In this section, different type of tariff and 

the selection of the perfect tariff for a household is explained. For the components control, 

cost reduction, and performance analysis, octopus Time of Use tariff rates are considered for 

importing energy, and fixed outgoing rate for export energy is considered. At last, for the 

future energy system cost analysis, green tariff rate provided by Octopus energy is selected.  

2.5.1 Fixed tariff 

The fixed tariff guarantees consumers energy price for a set period of time (usually 1- 2 

years). After this period, it's free to switch again, but the supplier can charge an extra fee if 

the customer leaves before the agreement. The fixed tariff rates help to keep customers' 

budgets without confusion and that rate will be lower than standard tariff rates. For example, 

due to the energy crisis in the UK caused gas and electricity prices to skyrocket. These price 

changes will not be affected if the consumer has a fixed rate tariff and the cost per kWh will 

remain unchanged. Most fixed rate tariffs become more expensive now than the variable 

tariff and the fixed rate may vary by region and meter type.  

2.5.2 Variable tariff 

Energy prices for this type of tariff can fluctuate depending on the market and can be 

inexpensive. This can be advantageous when energy prices are falling, but the customer must 

pay more when they rise. Variable tariffs can be a major issue if the energy market 

experiences a sharp increase.  

2.5.3 Export tariff 

This type of tariff applies to what energy companies pay to the consumer. It applies only if 

the consumer of energy company generates their own power, such as with solar panels. Feed-

in-tariff rates may vary on the capacity of installed PV. The government's feed-in-tariff 

program ended for new solar panel installations. But outgoing smart export tariff of Octopus 

can pay customers for the export energy. For a home with PV and a battery, the outgoing 
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Octopus smart export tariff is a perfect option. They have two options, one is, a flat unit price 

and another is a half-hour day ahead of the wholesale price of energy at the time.  

2.5.4 Time of Use tariff (ToU) 

If Economy 7, Economy 10, or time of use tariff taken for consumers, they will get cheaper 

‘off peak’ energy for either 7 hours or 10 hours a day.  

Economy 7: - midnight and 7am 

Economy 10: - spreads its cheaper hours set time throughout a day 

Customers in the energy market have two primary charging policies: Real Time Pricing 

(RTP) and Time of Use (ToU) tariffs. RTP deals with both retail and wholesale power 

pricing. Tariffs under the TOU provide the client with two or three pricing tiers (peak, and 

off-peak prices) [34].  Off-peak rates are cheap, but energy rates other than the off-peak 

period rates are high. If the smart way of usage arranged by the consumer can reduce energy 

costs as much as possible. The cheapest Economy 7 period of time is the 7-hr span between 

23:00 to 8:00 am (From 23:00 to 6:00 is selected for this thesis [32]). Other than peak and 

offpeak rate, the standing rate per day will chargeable for every day whether or not the 

consumer use electricity. The best energy supplier for 2022 is Octopus Energy and their new 

price rates of flexible octopus are shown in figure 10. The rates changes and value depends 

on the Great Britain region [31]. For the analysis, the electricity price of the north- Eastern 

England Eco 7 electricity price for import energy, and fixed feed-in-tariff rate for outgoing 

energy are selected.  

 

Figure 10 Flexible Octopus according to the region [31] 
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2.5.5 Green tariff 

Green, 'eco,' or renewable tariffs can work in a variety of ways. One option is that whatever 

amount of energy households use is 'given back' to the National Grid by the supplier of 

renewable energy. Alternatively, they may provide your home with 100 percent renewable 

energy, a mix of renewable and non-renewable energy, or they may contribute to 

environmental projects instead [21]. The greenest tariffs, according to the Energy Saving 

Trust, are those in which the energy supplier purchases renewable electricity directly from 

generators such as UK wind or solar farms. It claims that this will benefit the UK renewable 

industry significantly [21]. Future tariff will be Eco or renewable tariff, apart from the current 

electricity tariff rate variation, future tariff price will be completely weather depended and 

cost will be high in winter and night times. The energy cost for the upcoming year will hike 

more, because of the huge deployment of decarbonised sector and which leads to the increase 

development cost, so, energy cost for consumer (refer Appedices II) [91]. 

2.6  Forecasting 

This section explaining about different data forecasting and its importance in energy 

management systems. Forecasting is essential for efficient scheduling of power distribution 

and for controlling renewable energy system in microgrid. It is a strategy for predicting future 

energy requirements to establish demand-supply balance [51]. Forecasting techniques are 

mainly classified into three, these are, short –term, medium term and long-term forecasts. The 

short-term forecast represents the forecasting of required data for time interval of a few hours 

to a few days, the medium-term forecast represents the forecasting of required data for time 

interval of a few months and the long-term forecast represents the required data forecast over 

a time for years [57]. The accurate short-term energy generation and consumption forecasts 

improve unit commitment by creating unit operation schedules & operating planning, 

increasing dispatch efficiency, reducing reliability issues, and therefore reducing the 

operational requirements in the system [56]. For energy cost reduction, the power generation 

and consumption forecast method for real-time dispatch application is suitable.  

2.6.1 Load forecasting: 

Electrical generation should follow the electrical load demand for an optimal operation and 

scheduling. Predicting fluctuations in electrical load is extremely difficult. In an electric 

network, supply and demand must be synchronised in terms of frequency and power, so, 

forecasting the load consumption is necessary. As a result, energy providers and microgrid 
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energy management system modules utilise electric load forecasting algorithms. Load 

forecasting is a technique for anticipating future load demand based on physical features of 

the network such as temperature, losses, and others. An unwanted power supply may be 

avoided with the aid of this forecasting method. That means, electrical failure such as 

blackouts and breakdowns caused by excessive loading can be avoided if sufficient attention 

is given to the load demands [50]. The block diagram below is developed as a concept and it 

is expected that these are the inputs needed to predict the load. were, sensor data can be 

consisting of the occupancy and state of each electrical equipment.  

 

Figure 11 concept based load forecasting   

 

2.6.2 Weather forecasting:  

Weather predictions are mostly used to forecast RES generation in microgrid or HEMS. 

Weather data is a critical input for scheduling the components. Previously, some studies 

analysed the prediction of solar generation directly taken without using weather forecasts 

datas. In general, projections are made by adding stochastic behaviour into historical PV 

production series with the help of meteorological variables, or PV power estimates are 

obtained from forecast services or derived using time-series forecasting algorithms from local 

power data. Some examples of time-series forecasting techniques are, autoregressive method, 

ANN, etc [53]. The PV power estimations are derived from weather forecasts and the 

meteorological data transformed into power estimates by using PV models (model based on 

real PV panels [54] or theoretical PV power equation [55]). In most cases PV power 

production depends on the typical meteorological parameters such as irradiance and 
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temperature. Advanced weather forecasting systems use live and historical meteorological 

data and create forecasts using developments in digital technology such as artificial 

intelligence (AI) and big data [56].  

Figure 12 shows how the weather forecast can be used to predict the solar power output. With 

the help of big data of historical weather of the particular site and numerical forecast models, 

the air temperature and solar irradiance are predicted by comparing the sensor data after the 

bigdata processing. From the forecasted weather data, by considering the practical system 

characteristics and its availability power generation can be forecast.   

 

Figure 12 weather forecast and Solar power forecast [56] 

 

 

2.6.3 Battery level forecasting: 

For an optimal, reliable, and smooth smart control application for batteries, forecasting 

models are used. The most important aspects of battery management is predicting the State of 

Charge of a battery. The internal chemical processes of lithium-ion batteries are complicated; 

its SOC (State of Charge) prediction has significant nonlinear properties. Forecasting models 

for SOCs are mainly used to calculate the realistic charge and discharge schedules for cost-

effective and efficient operation [61]. 

2.6.4 Electricity price forecasting: 

Electricity price forecasting is necessary to perform an optimal control operation for home 

applications. The factors affecting the future electricity price variations depend on the 

weather (temperature, wind power, humidity, precipitation etc) and the variations in the daily 
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activity which influence electricity consumption and pricing (off-peak, peak and weekend, 

etc). The instability of electricity prices is caused by the inability of electrical energy to be 

stored and the variation in energy demand [58]. Anyway, octopus provides their agile API to 

utilise energy greener and cheaper, which can be utilised for smart control applications 

[59],[62]. API or application programming interface is a way to communicate between 

computer programs. It is possible to make an API if we have the required data. The different 

methods for API creation are included in [60].  

2.6.5 Forecasting technique relevant for future energy systems for residential 

applications 

This section explaining about an overlook into a forecasting technique for an understanding 

of the relevance in future system. Different forecast techniques are available such as linear 

regression, state space method, Knowledge-based expert approach, Artificial Neural Network 

(ANN), etc, among them, ANN is a highly accurate and useful technique, and this can be 

used for the future controller [50]. In this thesis, the training and data analysis that uses ANN 

is not included but it will be suitable for future works. Here, a detailed explanation of this 

technique is included.  

In artificial intelligence, a non-linear model called ANN has a future in energy systems 

because it is a scientific computing network that mimics the properties of the human brain 

[64,65]. Now ANN have been widely employed in a various field to solve complicated issues 

which requires optimization, power balancing and forecasting. Which the help of machine 

learning software, datas can be trained to solve complex and confusing situations [66].  

For load forecasting, battery level forecasting, and renewable power forecasting in home 

energy management systems, ANN-based controller module can be used. For a perfect data 

prediction, training in big data input-output performance is necessary. So, before installing a 

management system with forecast techniques, historical performance and events bigdatas are 

required. This controller can predict any of complex combination of power variations so, the 

energy management system can avoid upcoming complexity due to faults, blackouts, or 

deficiency of energy in the network. 

The basic processing component of the ANN is neurons that are programmed to receive 

input, process input, and predict the output. The schematic diagram of ANN neuron is shown 

above. In most cases, the real number of signal connections between neurons with the help of 
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non-linear function of its input combinations calculates the predictive output [50]. So, this 

technique is suitable for load forecasting, Solar PV power forecasting and SOC forecasting.  

 

 

Figure 13 ANN technique [50] 

2.7 Summary 

Following the background research on EMS, it is apparent that it will play an important role 

in the future system. To lower a household's energy costs, two control strategies are 

available: supply-side management and demand-side management (section 2.1.0). The 

majority of the studies focused on load shifting control and the scheduling strategy of energy 

storage devices. The supply-side management component is taken into account for this 

project. Following an examination of the devices' adaptability and usefulness for the future 

smart system, the potential of source scheduling in practical application is accepted as an 

understanding. Solar systems are flexible renewable energy systems for residential 

applications, and in order to utilise their output, an energy storage system is required 

(explained in section 2.2). Because of their appropriateness in solar integrated systems, 

electro-chemical storage technologies are used. Following a rigorous evaluation of several 

energy storage systems, hydrogen storage has a future in the net-zero transition world, but 

due to efficiency, affordability, and safety concerns, the specifications of a lithium-ion 

battery were chosen for this study. Its efficient charging and discharging schedules can help 

to save energy costs.  The necessity of heat pumps in the future system is discussed, as well 

as their potential for energy reduction strategies. As a result, heat pumps for both space 

heating and water heating will be included in the study of household power use. Energy rates 

in the energy market are evaluated to determine the optimal cost-cutting technique. For this 
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study, the Time of Use tariff rate for import and fixed price for outbound were adopted for 

the investigation of current market costs. The significance of various forecasting methods and 

the ANN approach for future development is examined for comprehension. The importance 

of different forecasting and the ANN technique for the future development is carried for an 

understanding. In the next section modelling and the how different control aspect can help to 

reduce the energy consumption from grid are mentioned in detailed.  

3.0 System Modelling methodology 

This area includes component selection, calculations, and modeling or control processes that 

aid in the evaluation of supply-side management strategies. Where demand side management 

and accurate forecasting techniques are absent. The emphasis is mostly on the importance of 

ESS in the future energy management system for cost-cutting objectives and its control 

strategies according to the energy price for reducing energy purchase from utility. To 

evaluate the real electricity consumption from grid, and to develop battery performance 

according to the renewable energy availability, big data like load consumption, weather data 

and energy price rates are needed. For this required data, CREST simulation tool [3] is 

selected to generate data set. 

This study is concentrated for a single-family house in UK with electrical and thermal load. 

So, the stochastic load patterns are based on single-family house data extracted from CREST 

simulation tool [3]. The inputs that are given to generate required per day load profile are, 

equipment preferences, occupancy rate, house type, location, date and month, and weekday 

or weekend day selection (to predict the activity). According to the finding preferences, 

energy consumption and weather datas are taken from this tool. But it is difficult to extract 

per year datas from this tool so, for a simplicity, 7 days datas for every 4 season is considered 

and that repeated for each seasonal weeks and it is take it as an annual data. This method is 

not a perfect way to show an actual analysis. But this is the method I have carried out for the 

annual analysis because of the time limit to process big data.  After considering the load 

consumption next step is to model the system components. For that, battery and solar PV 

equation-based models are selected and rated values for this component are calculated by 

considering per day average value of energy consumption  
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3.1 Residential building  

Flats, terraced, semi-detached, and detached buildings are the four primary property kinds, a 

look at the UK landscape as a whole indicates that semi-detached properties are now the most 

common residence, accounting for slightly over 30% of the total national housing stock and 

60% of population living in this type of property [82]. 

Here Improved semi-detached residential building with 87m2 floor area for 2-3 residentials is 

considered as an example model [3].  

Table 2 Residential Building Parameters [3] 

Building Type Improved Semi-detached 

Floor area, living space 87m2 

Height, living space 4.2m 

 

The appliances for generating the electric load profile selected from CREST simulation tool 

these are fridge, TV, oven, Microwave, kettle, dishwasher etc. The main data collected is 

thermal demand for both for water heating and space heating and calculated the 

corresponding electrical demand with the help of Coefficient of performance (COP) and the 

efficiency of the boiler(80%) is taken (because I simulated the semidetached house with 2-3 

people and using boiler for the thermal energy).  

Electric demand of WH or SH = Thermal demand in W/COP*0.8 

The value of COP in pleasant weather is 4, and when the temperature falls below 0 degrees, 

the number drops to 2.8. This is thought to account for the production of electric demand. 

The load consumption data for control strategies is the combined electrical demand of 

appliances and the electrical demand of HP is estimated from the thermal demand required. 
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Figure 14  Summer Electric load demand in W [3] 

 

 
Figure 15  Winter Electrical load demand in W [3] 

 

  

Based on the location, occupancy, and climatic data presented above, a load profile was 

created using the CREST simulation programme. [3]. Figures 14 and 15 depict the two-day 

electric load profile of a residential building on summer and winter weekdays, respectively. It 

has been discovered that the most activity happens at night or early in the morning (cooking 

and similar hobbies are popular before going to bed). The usage of electricity for thermal 

energy is also covered here. Due to the high energy consumption requirements for space 

heating and water heating, electric use is particularly high during the winter season. 

3.2 Energy Storage System 

Uncontrollable operation of ESS may lead to some safety issues (refer section 2.3.3). This 

section explaining about the battery constraints, equation models and the rated size 

calculation for the battery system. 

3.2.1 Battery Constraints and Equation model 

Equation based models for charging and discharging are represented here. [9] 

During battery charging time battery energy level can be represented as:  

 𝐸𝑏𝑙𝑒𝑣(𝑡) = 𝐸𝑏𝑙𝑒𝑣(𝑡−1) + (𝑃𝑏𝑐ℎ(𝑡) ∗ 𝑡𝑖𝑚𝑒 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛) (1) 

During battery discharging time battery level can be represented as:  

 𝐸𝑏𝑙𝑒𝑣(𝑡) = 𝐸𝑏𝑙𝑒𝑣(𝑡−1) + (𝑃𝑏𝑑𝑖𝑠(𝑡) ∗ 𝑡𝑖𝑚𝑒 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛) (2) 

In Equation 1 & 2, actually battery charging and discharging efficiency have to be multiplied 

with the charging and discharging powers but for a simplicity these values are taken as 1. 
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The battery energy limits should be below and above of the battery maximum and minimum 

limits respectively. i.e.,  

Battery constraints: [78]:  

Battery energy level limits: 

 𝐸𝑏𝑙𝑒𝑣𝑚𝑎𝑥
< 𝐸𝑏𝑙𝑒𝑣(𝑡) > 𝐸𝑏𝑙𝑒𝑣𝑚𝑖𝑛

 (3) 

Battery Power limits:  

 𝑃𝑏𝑐ℎ𝑚𝑎𝑥
> 𝑃𝑏𝑐ℎ(𝑡) > 0 (4) 

 𝑃𝑏𝑑𝑖𝑠𝑚𝑎𝑥
< 𝑃𝑏𝑑𝑖𝑠(𝑡) < 0 (5) 

𝑃𝑏𝑐ℎ(𝑡) , 𝑃𝑏𝑑𝑖𝑠(𝑡)   = Battery charging and discharging power at 𝑡th time. 

𝐸𝑏𝑙𝑒𝑣𝑚𝑎𝑥 , 𝐸𝑏𝑙𝑒𝑣𝑚𝑖𝑛
 = Maximum and minimum energy level of battery in 𝑊ℎ 

𝑃𝑏𝑐ℎ𝑚𝑎𝑥 ,𝑃𝑏𝑐ℎ𝑚𝑖𝑛
 = Maximum and minimum battery charging power in W 

 

 𝐸𝑏𝑙𝑒𝑣𝑚𝑎𝑥
= 𝑆𝑂𝐶𝑚𝑎𝑥 ∗ 𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝑠𝑖𝑧𝑒 (6) 

 𝐸𝑏𝑙𝑒𝑣𝑚𝑖𝑛
= 𝑆𝑂𝐶𝑚𝑖𝑛 ∗ 𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝑠𝑖𝑧𝑒 (7) 

For a smooth operation, state of charge (SOC) of battery should be within maximum and 

minimum percentage. i.e, 𝑆𝑂𝐶𝑚𝑎𝑥 =80% and 𝑆𝑂𝐶𝑚𝑖𝑛 =20% 

 

3.2.2 Battery selection 

In this thesis, the combination of batteries is considered to make a battery system. Where the 

average electrical load of the residential building per year is calculated (by taking 7 days 

energy consumption from crest tool for each season separately and that converted to annual 

energy consumption) is approximately 5000 𝑘𝑊ℎ. So, total kWh energy required from 

battery = per day average electrical load =  13.7𝐾𝑊ℎ  

Battery size calculation equation taken from [86], 

Assumptions: 𝐷𝑎𝑦𝑠 𝑜𝑓 𝐴𝑢𝑡𝑜𝑛𝑜𝑚𝑦 = 2𝑑𝑎𝑦𝑠, 𝐷𝑒𝑝𝑡ℎ 𝑜𝑓 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 (𝐷𝑜𝐷) =  80% (𝐿𝑖 −

𝐼𝑜𝑛). 
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Battery size needed =   
𝐷𝑎𝑦𝑠 𝑜𝑓 𝐴𝑢𝑡𝑜𝑛𝑜𝑚𝑦 ∗ 𝑃𝑒𝑟 𝑑𝑎𝑦 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑙𝑜𝑎𝑑

𝐷𝑜𝐷
 (8) 

=  
13.7 ∗ 2

0.8
 = ~ 35𝑘𝑊ℎ 

So, 3 batteries of 12 𝑘𝑊ℎ rating have to be taken. To check the area required to install the 

battery, Tesla’s Powerwall 2 datasheet is considered. The performance and mechanical 

specification of Tesla battery is shown below (figure 16 [83]). 

 

Figure 16 Specifications of Tesla Powerwall [83] 

According to their specification, thickness, width and height of a 14kWh battery is only 

6.1inch, 29.7 inch and 45.4 inch respectively. So, its sufficient to fix 3 batteries in a normal 

home wall (outside or inside) and utilisable energy from 3 Powerwall battery is 40.5kWh. For 

this analysis, 35-36 kWh battery only needed, so three 12 kWh battery is enough for this 

model and it is expectable that the size less than that of tesla’s powerwall.  

3.3 Solar Power system 

Solar power generation is depending on the solar irradiance(G), outside temperature(T), and 

size of the photovoltaic panel. Solar irradiance varies in different locations and is expressed 

as W/m2. The PV panels can be operated in MPPT mode which uses maximum energy. 

MPPT examines the PV module’s output, determining the best power that the PV module can 

produce and converting it to the best voltage to obtain the maximum current as needed.  

3.3.1 Solar System equation model 

If a PV system with Npv no of modules considered, then the power generated from the solar 

system at a particular outside temperature (T) and solar radiation (G) is calculated by using 

an equation provided in [9],  
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 𝑃𝑝𝑣 (𝑡)  =  𝑁𝑝𝑣 ∗  𝑃𝑟𝑎𝑡𝑒𝑑 ∗ 𝐴 ∗ 𝐸𝑓𝑓𝑝𝑣 (𝐺(𝑡)/1000)  ∗  (1 − (𝑇(𝑡) − 20))  (9) 

Here, 

𝑃𝑝𝑣 (𝑡) = PV power output in kW at tth instant   

𝐺(𝑡) = Solar irradiance in W/m2 at tth instant   

𝑇(𝑡) = outside air temperature in 0C at tth instant   

𝐴 = area of PV panel in m2 

𝐸𝑓𝑓𝑝𝑣 = Overall efficiency of PV system 

The power generated by photovoltaic panels also depends on the maximum rated power of 

solar panel and other climate conditions and its specifications. The efficiency of commercial 

solar panels varies from 15% to 20% and the researchers have develop PV cells with 

approximately 50% efficiency [87]. But in this case, PV technology with 20% efficiency is 

selected for the calculation and analysis [63]. 

The solar irradiance and temperature for summer and winter selected is shown in figure 

below. Where the time resolution is 30 min (Here, x-axis 0.02 span =30min (refer appendices 

I table 10)). Solar irradiance and temperature are less in winter season. In figure 19 and 20, 

X-axis is the days and y-axis shows the temperature in degree C and in figure 17 and 18, y 

axis shows the solar irradiance in W/m2. The solar power generation for the data analysis, 

equation 9 is considered to generate solar output model for every half-hour time. 

 



 

32 

 

 

Figure 17 Solar irradiation during summer days 

 

Figure 18 Solar irradiance during winter days 

 

Figure 19 Summer temperature) [3] 

 

Figure 20 Winter days temperature [3] 

3.3.2 Power rating and the size of Solar PV 

The size and number of solar panels for this home are determined by considering the area of 

the roof of a residential building. Solar panels are installed in arrays, with the number of 

panels varying according to the available roof space and the rated power to be generated from 

PV. Most common individual solar panel area is 1.6 m2. These panels can then be linked 

together to cover the areas and generate more power. If a house needed 6 panels, then the 

area covered by that solar system is 9.6m2, and the rated power is around 1.3𝑘𝑊 [5]. 

Ground-based solar panels are an option if the building doesn’t have available roof space or a 

south-faced roof. But this method is not really recommended because of the shading problem 

and this option is suitable for the residential building with a large garden area.  

Energy production prediction is critical for the design and installation of the PV system. Free 

software tools are available for predicting PV energy production, these are, Solar Advisor 

Model, PVGIS, PVSyst, etc.  
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PV selection 

To figure out the size of the solar system required, first determine how much power is 

required from the solar system on a daily basis. The amount of daylight hours in the site 

region, as well as the size of the roof space, are other important factors to consider. 

The normal size of one PV panel is 250𝑊𝑝 its area is considered as1.6m2. The average load 

consumption of a small home is 13.7𝑘𝑊ℎ. Average annual daily sun hour of UK will not be 

exceeded 5hrs. According to statista’s research, 4.7 hours was the average daily sun hour in 

the year of 2018 [85]. 

Rated power of PV = Electrical load consumption/Average daily sun hour = 

13700/4.7=~3000𝑊 

For this project, approximately 16 Nos of 250𝑊𝑝 rating panels are selected. And its 

parameters are shown in Table 3. 

 

Table 3 Solar panel parameters 

One PV panel size 250 

Area for one PV 1.6m2 

Suitable roof area of house (considered)  30m2                                      [5]. 

No of panels (appropriate) 16 nos    (25.6m2)   [5]. 

Rated power output of the whole system 3.5kW       [5]. 

4.0 Supply-side control strategy and results 

To visually analyse component performance, equation and performance-based ideas are 

created in Matlab/Simulink, where system component performances are parameterized to 

closely reflect the practical specification of energy system components. The input data for 

this study include electrical load, heat pump use, electricity price, solar irradiation, outdoor 

temperature, and PV and battery size. The cost study is based on the UK marketplace's 

energy costs. Assume that a house that relies only on the electric grid is linked to the PV and 

a battery to fulfil supply-demand power balancing and cost reduction. The performance of 

supply components in the energy network is discussed for houses with and without PV and 
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batteries, as well as the projected consumption of energy for load from grid. To do this 

analysis, many instances are as follows: 

1) A home energy system in which the electric load is powered only by the solar system 

and the electric grid. (case1) 

2) Electric load power consumption from the solar system, electric grid, and energy 

storage system in a home energy system. Where the battery charges extra PV energy 

after taking into account load requirements and discharges energy at other times. 

(case2) 

3) Home energy system with solar system, grid, and energy storage system electric load 

power consumption Where the battery charges low-cost grid electricity and discharges 

energy during peak periods. (case3) 

4) Home energy system with the combination of case 2 & 3, where the battery charges 

low-cost energy from the grid and excess energy from the solar panel, and discharges 

energy at other times. (case4)  

5) Future home energy system based on the green energy tariff rates. But the battery 

control concept same as in case 4. (case5) 

In 1,2,3 and 4th cases, electricity cost calculation is done by using at present tariff rates.( 

Appendices III) 

 

4.1 Case 1: with 3 system components (grid, load, and PV) 

 

A residential house load with PV and batteries is explored in this scenario. The major goal of 

this part is to demonstrate the relevance of PV for residential applications in terms of energy 

cost reduction. The load consumption in this case is just from PV and the grid. 

If in any instant of time, solar power becomes more than the electric load, then the excess 

amount of power is directly sold back to the grid. Otherwise, a deficit amount of power will 

be taken from the grid supply. 
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Figure 21 Flow chart - case1 

Equation-based control strategy developed in MATLAB/Simulink by fetching data from 

excel sheets. Practically, output of solar systems are direct current but the load required ac 

power so, relevant converters are required, but here inverter parameters are not considered. 

The Flow chart shows the power management strategy that the energy management unit have 

to follow in this case.  Where solar power generation is developed using Equation 9 with the 

help of Solar irradiance (G) and outside temperature(T) datas for every half hour instant. This 

PV power output is the main source for electric loads and the deficit amount will be analyse 

by the system controller program and according to the deficit value, necessary information 

will take to consume sufficient energy to balance the power to demand.  Flow chart (figure 

21) is developed before making the modelling in software.   

The power balance equation in this case is, 

 𝑃𝑙𝑜𝑎𝑑(𝑡) = 𝑃𝑔𝑟𝑖𝑑(𝑡) + 𝑃𝑝𝑣(𝑡) (10) 

 𝑃𝑔𝑟𝑖𝑑(𝑡) = 𝑃𝑙𝑜𝑎𝑑(𝑡) − 𝑃𝑝𝑣(𝑡) (11) 

𝑃𝑙𝑜𝑎𝑑(𝑡) = Load power at 𝑡th time in W 

𝑃𝑔𝑟𝑖𝑑(𝑡) = Grid power at 𝑡th time in W 

𝑃𝑝𝑣(𝑡) = Solar power at 𝑡th time in W 
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If 𝑃𝑔𝑟𝑖𝑑(𝑡) power sell to the grid is taken as a negative value for the cost analysis 

If 𝑃𝑔𝑟𝑖𝑑(𝑡) power purchase from grid is taken as positive value for the easiness in 

calculation 

 

  

Figure 22 Summer power demand and consumption profile Figure 23 winter power demand and consumption profile 

     

Figures 22 & 23 shows the power flow of PV output (Green graph), grid electricity (Black 

graph), and household energy consumption (Red graph) during summer and winter days 

(with data resolution is on half-hourly basis). This electrical load consumption is very low 

from 9 am to 5 pm due to the low occupancy activity rate during this period (these two days 

datas are of weekday occupancy prediction so, less occupancy in day time). during the 

daytime solar PV output is high, Occupancy independent load uses only this PV power output 

and excess will sell back to the grid.  

The consumer with tariff plan of Eco 7 octopus tariff rates for importing energy from the grid 

is taken, Night (23:00 to 06:00) unit rate: 21p/kWh, Morning unit rate: 31p/kWh, and 

standing rate; 45p/kWh [31]. For outgoing energy, the octopus energy providing a rate of 

7.5p/kWh. Standing charge is the fixed daily amount that the consumer has to pay every day 

and this rate does not depend on the energy used by the consumer. The consumer must pay 

this amount daily even if they didn’t consume energy from the utility. According to this tariff 

rates, annual energy cost variation is calculated after adding 3.5 kW PV panel with the help 

of climate data and load consumption for a working family. Here, 4 seasonal separate one-

week consumption taken to calculate the annual cost. The  Table 4 shows the total expense 
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comparison of the residential home with and without PV. This shows that after installing 3.5 

kW PV system, selected household consumption can reduce 17% electric energy cost.   

 

Table 4 Total energy expenses - case1 

 
Cost for total energy 

purchase from grid 

Income after selling the 

energy to the grid 

Total spent money for 

electricity by consumer 

without PV £1,608 £0.00 £1,608 

With PV £1,417 £80 £1337 

 

4.2 Case 2: with 4 system components (grid, load, PV and battery). 

Battery control based on excess and deficit solar power. 

The goal of this example is to demonstrate the change in the system and energy expenditures 

after including an 36kWh Energy Storage System (ESS) into the prior scenario. Section 

2.3discusses the various ESS and battery system options for this thesis, as well as an 

explanation of BMS. In this scenario, the solar power output controls battery charging and 

discharging. The load immediately consumes the solar power produced. If the PV generates 

more power than the intended load power, the extra power is immediately accepted by the 

battery, and it begins to charge up to its maximum limit level. This charged energy will be 

discharged at night or when solar power does not satisfy the needed load power.  

Here power balance equation while discharging the battery is, 

 𝑃𝑙𝑜𝑎𝑑(𝑡) = 𝑃𝑝𝑣(𝑡) + 𝑃𝑔𝑟𝑖𝑑(𝑡) + 𝑃𝑏𝑎𝑡(𝑡) (12) 

If 𝑃𝑝𝑣(𝑡) > 𝑃𝑙𝑜𝑎𝑑(𝑡),    then, (𝑃𝑝𝑣 −  𝑃𝑙𝑜𝑎𝑑)  =  𝑃_𝑒𝑥𝑐𝑒𝑠𝑠 = excess amount from solar 

panel is stored by battery if the battery energy within its limits. (Battery SOC should be 

between 20% to 80% charge to reduce battery blasting issue)  

Expected Battery power while charging, 

 𝑃𝑏_𝑐ℎ(𝑡)  =  𝑃𝑝𝑣(𝑡) − 𝑃𝑙𝑜𝑎𝑑(𝑡) (13) 
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Figure 24 flow chart- case2 

If 𝑃_𝑒𝑥𝑐𝑒𝑠𝑠 value within the battery charging power and energy level limit (refer section 

3.2.1), then this excess power charge by the battery within its limits or otherwise it will 

directly fed into the grid. i.e., if excess power from the solar system is generated while the 

battery is fully charged then this excess energy will sell back to the grid. Detailed flow chart 

is developed here (refer figure 24). 

Expected Battery power while discharging, 

If the battery level is within limitations and 𝑷𝒍𝒐𝒂𝒅(𝒕) exceeds 𝑷𝒑𝒗(𝒕) , the, expected battery 

power when discharging is, 𝑷𝒃_𝒅𝒊𝒔(𝒕) =  𝑷𝒍𝒐𝒂𝒅(𝒕) − 𝑷𝒑𝒗(𝒕). If the battery level reaches 

its lowest, the battery should cease draining and demand power should be drawn from the 

grid after using PV power. 

Figures 25 and 26 illustrate the two-day power values of the battery (blue graph), grid (black 

graph), load (red graph), and solar system (green) during the summer and winter seasons with 

half-hourly resolution. Figures 27 and 28 depict the battery's state of charge (SOC). To read 

state of battery from the graph, the positive power value when charging and the negative 

power value when discharging. Thus, battery power 𝑷𝒃𝒂𝒕 is the sum of charging and 

discharging power. 
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Table 5 Annual electric energy cost- case 2 

 Annual Cost for total 

electric energy purchase 

from grid 

Annual Income after 

selling the energy to 

the grid 

Total spent money 

for electricity by 

consumer 

without PV £1,608 £0.00 £1,608 

Case1: With PV £1,417 £80 £1337 

Case 2: with PV 

&battery  

£1169 £26.56 £1142.44 

 

Table 5 shows the overall yearly energy expenditure (electricity price same as previous case). 

As a result, it is concluded that combining PV and batteries in a residential building with 

'case 2 control operation' may cut energy bills by around 29%. 

 

Figure 25 Summer days - power flow graph- case2 

 

 

Figure 26 Winter days - power flow graph - case 2 

 

Figure 27 Summer days battery state of charge graph - case 2 

 

Figure 28 Winter days battery State of Charge - case2 

Because the battery stored energy is very low during the winter season due to the lower 

power output from the solar system, the energy cost reduction value during this season is 
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quite low. To make better use of battery operation for energy cost reduction during low air 

temperature seasons, battery control based on electricity cost fluctuation is discussed in the 

next section (4.3). 

4.3 Case 3: with 4 system components (grid, load, PV and battery). 

Battery control based on the electric price. 

In this situation, battery scheduling is solely based on the cost of energy. The battery is not 

directly linked to the solar PV in this case. PV power generation is sent directly to the load, 

with any excess power sold back to the grid at any time. Battery charging is solely 

determined by the cost of electricity at the time of use (same rate as in case1). When the 

electricity price is very low, the battery charges energy and discharges that energy to load 

when the electricity price is at a peak cap. The flow chart is developed which showing the 

correct dispatching.  

 

Figure 29 Flowchart- Case 3 
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After considering the input half hourly electricity price value, threshold values are generated 

and the battery will start to charge if the electricity price below threshold minimum tariff 

price (0.25p/kWh) and will discharge other time. But in algorithm used for modelling is 

considered 0.30p/kWh as the highest threshold tariff rate. When the electricity price become 

above 0.30p/kWh then the battery will start to discharge up to its minimum level energy 

value. The supply and demand consumption graph and corresponding battery state of charge 

graph during two days in summer and winter days shown below. In the both cases, battery 

charging up to its maximum value.  

 

Figure 30 Summer power demand and consumption profile - Case 3 

 

Figure 31 Winter power demand and consumption profile 

- Case 3 

 

Figure 32 Summer days battery State of charge - Case 3 

 

Figure 33 Winter days battery State of Charge- Case 3 

 

Figure 34 ToU tariff rates- case 3 [31] 

 

Figure 35 ToU tariff rates- case 3 [31] 

Table 6 shows the annual energy expenditures incurred by employing this battery scheduling 

technique. Case 3 battery operation lowered energy costs by 22%. Because of the rise in grid 

buy rate and poor battery operation, this cost reduction value is less than the preceding 

instance. 
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4.4  Case 4: with 4 system components (grid, load, PV and battery). 

Battery control based on Time of use tariff and excess PV generation. 

 

Case 4 is a hybrid of cases 2 and 3. Battery charging is planned in this situation when the PV 

generates surplus power or when the grid distributes electricity at a lower cost per kWh. 

Where the threshold value for the minimum tariff rate is the same as in example 3. However, 

the discharge period is not specified in advance. The battery cannot be charged and 

discharged at the same time, and their operation is completely governed by the battery 

management system. In this situation, the BMS and EMS work together to govern the 

charging and discharging of the battery. The system first analyses the performance of the 

other components and then operates in an optimised manner. Simulink was used to build the 

combined equation and rule-based algorithm. The combined equation and rule-based 

algorithm was created in Simulink. The graph of the power output from energy suppliers and 

load consumption of residential home during summer and winter days is shown below.  

 

 

Figure 36 Summer days power demand and consumption profile 

 

Figure 37 Winter power demand and consumption profile - Case 4 

 

Figure 38 Summer days battery State of Charge - Case 4 

 

Figure 39 Winter days - Battery State of Charge - Case 4 
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Table 6 Total energy expenses - Case 4 

 

Annual expenses 

Annual Cost for total 

electric energy 

purchase from grid 

Total spent 

money for 

electricity by 

consumer 

Annual Income 

after selling the 

energy to the grid 

without PV £1,608 £1,608 £0.00 

case1 (with PV only)  £1,417 £1337 £80 

Case2 (with PV 

&battery) 

£1169 £1142.44 £26.56 

Case3 (with PV &battery 

(tariff based))  

£1,338 £1258 £80 

Case 4 (combination of 

Case 2& 3) 

£1029 £988 £41 

 

Annual energy expenses data by using this battery scheduling scheme is shown in this table. 

The case 4 battery operation reduced ~ 39% of energy cost.  

Table 7 Energy consumption from grid and energy sell back to grid in kWh 

 

Annual energy purchase 

from grid in kWh 

Annual energy sells 

back to grid in kWh 

Base case 4977.45 kWh - 

Case1: With PV 4361.85 kWh 1063.22 kWh 

Case 2: with PV &battery (Algorithm 2) 3501.00 kWh 352.10 kWh 

Case 3: with PV &battery (Algorithm 3) 4284.80 kWh 1063.04 kWh 

Case 4: with PV &battery (Algorithm 4) 3215.25 kWh 544.05 kWh 
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In each scenario, Table 7 provides the yearly energy consumption and annual outbound 

energy values. When each is compared, it is evident that case4 is the optimal control method 

for supply side management in the home energy management system. This regulation 

lowered utility energy use by 36%. 

4.5  Case 5: Case 4 with future green energy tariff 

The future energy system will share decarbonised energy. So, in this case, home energy 

system operation according to the green tariff is explained in detail.  

The idea of the future energy management system (FEMS) must anticipate real-time half-

hourly fluctuating tariff data and record it in its memory, and the system will transmit 

information to the controller inside based on the dayahead or yesterday's tariff rate. This 

FEMS system will feature a programmed system that can take expected power, compare 

projected prices, and adjust the low and high tariff rate thresholds. These figures indicate that 

the battery may be charged and discharged successfully. This strategy is only appropriate if 

the energy price for tomorrow is available now. The threshold value setting algorithm is not 

shown in this thesis because, first, I took the mean of whole day halfhourly electric rates to 

divide the price rate as low and high, but its operation is tricky, and whenever the real time 

tariff varies greatly, the mean value becomes a little high, which does not provide an effective 

cost reduction. Furthermore, abruptly shifting tariff prices complicate system operation. In 

the future, electrical energy will be generated entirely from renewable sources, and energy 

companies refer to this as a green tariff rate. 

Green, 'eco,' or renewable tariffs can now operate in a variety of ways. Octopus Energy 

Group, formed in 2015, is a renewable energy firm focused on sustainable energy. They 

offered a lot of information regarding the future tariff or green tariff on their website. As a 

result, Octopus green energy tariff rates are used in the analysis. Tariffs based on renewable 

energy are heavily reliant on climatic data. 'Octopus energy' offers two options: a fixed time 

based option and a half-hour day ahead Octopus Agile option (refer figure 40). ‘Octopus 

weather depend Agile’ is different for different locations. Agile outgoing Vs Agile import 

rates of England for every half hour are shown below [34]. Export and import real-time half 

hourly rate high during morning and evening peak and at the same time, weekdays domestic 

energy consumption also high for a working family. So, Battery fully charge the PV 

generation and shift its discharging to the night time can be cost effective. Switching of 
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battery on the basis of real time rates is complicated, so, time of Use rate again considered in 

this case with green tariff rates. This greenest energy tariff rate is available from Octopus, 

and they only charge if 100% energy from renewable sources is supplied [30]. 

 According to super green octopus 12Month eco 7, electricity rates are;  

 

𝐷𝑎𝑦 𝑢𝑛𝑖𝑡 𝑟𝑎𝑡𝑒: 𝟔𝟒. 𝟖𝟔 𝒑/𝒌𝑾𝒉;  𝑁𝑖𝑔ℎ𝑡 𝑢𝑛𝑖𝑡 𝑟𝑎𝑡𝑒: 𝟒𝟔. 𝟑𝟖𝒑/𝒌𝑾𝒉;  

𝑆𝑡𝑎𝑛𝑑𝑖𝑛𝑔 𝑐ℎ𝑎𝑟𝑔𝑒: 𝟒𝟗. 𝟒𝟕 𝒑/𝒅𝒂𝒚 [30], 

𝐹𝑖𝑥𝑒𝑑 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑜𝑢𝑡𝑔𝑜𝑖𝑛𝑔 𝑒𝑛𝑒𝑟𝑔𝑦 𝑖𝑠 𝟕. 𝟓 𝒑/𝒌𝑾𝒉 

(14) 

𝑜𝑓𝑓𝑝𝑒𝑎𝑘 𝑡𝑖𝑚𝑒 𝑠𝑝𝑎𝑛 𝑖𝑠 7 ℎ𝑜𝑢𝑟𝑠( 𝑓𝑟𝑜𝑚 23: 00 𝑡𝑜 6: 00 ) 

 

 

Figure 40 Octopus agile outgoing and Agile import rate [34] 

 

 

 

Most of the energy consumption in the home is high during the morning and evening hours 

and the energy rate in the case of agile octopus is low comparatively to the eco 7 energy rate 

not only that the energy providers can vary the rate of energy price according to their energy 

supply production and weather conditions. So, during winter season, there is a chance to rise 

the energy rate. In such conditions, fixed eco 7 energy rates are adaptable for the consumer. 
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But while considering the energy sell back to the utility, real time energy sell rates per kWh is 

more effective; the values are;, 

per day average p/kWh of agile octopus= approximately 50-53p/kWh ;  

per day average p/kWh of eco7 =59.47p/kwh  

But some days agile imports have no more variations in the price its looks like a constant 

tariff rate with slight variations. Because of the optimal unpredictability of setting threshold 

value, huge or less variation in the half-hourly electric price and necessity of modern 

algorithms, scheduling of system components according to this value is quite complicated. In 

this case, two rate electricity price for import energy and fixed outgoing tariff for exporting 

energy is considered.  

 

Table 8 Comparison of the system considering green tariff 

 Annual energy 

purchase from 

grid in kWh 

Annual energy 

sells to the 

utility in kWh 

Annual energy 

purchase cost 

in £ 

Annual 

energy sells 

cost in £ 

Base case without 

PV and battery 

4958.55 kWh - £2919.15 - 

Case 5 with green 

tariff 

3183.75 kWh 781.79 kWh £1961.53 £58.63 
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Data on residential building energy use and energy costs are compared to green energy tariff 

data. It was discovered that the system with PV, battery with battery control and excess solar 

power output saves 36% of the energy usage in kWh from the grid (refer figure 8). But the 

base case annual cost is estimated on the basis of the present market. The renewable based 

tariff is really high and it is expecting to hike more in coming years because of the 

deployment of new system. So, 18 % energy expense is increased even if the energy 

consumption decreased to 36%.  

4.6  Comparison 

Figure 44 shows a comparison of import and export annual energy in kWh in all cases. It is 

predicted that the per unit energy cost for upcoming decarbonised energy will be increases 

than the present rate and will gradually decrease in the future. But the energy purchase in 

kWh from the utility was reduced after considering the control of the system according to the 

green tariff. The future supply-side management and demand side management in the energy 

management system in home will be based on the climate and green tariff rates. Which can 

reduce more energy consumption for households.  

      

Figure 41 Annual energy import and export in all cases 

5.0 Limitation 

In addition to the primary components described in this work, other components such as an 

inverter, supporting modules, connecting cables, electric switches, monitoring devices, and so 
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on must be included for supply management analysis. Because each system has its own 

efficiency and problems. This will have an impact on system performance. Small variations 

in frequency and power can disrupt the energy system. As a result, comprehensive and 

thorough analysis and data gathering are essential to achieve future energy system modelling 

and accurate data analysis. In the case of batteries, scheduling without sufficient monitoring 

might generate a slew of problems in the system. 

The paucity of data and the simplicity of the mathematical model of the components lowered 

the accuracy of the data. The suggested control aspect in this situation has some practical 

concerns because there is the possibility of the synchronisation charging and discharging 

based on both PV power supply and low tariff rate, which would complicate battery 

management (battery cannot be charge and discharge at a same time). If future energy 

suppliers establish the energy price to be totally half-hourly changing, the suggested 

regulation will be ineffective. Only a completely digitalised smart world will be able to 

address these concerns.  

6.0 Conclusion  

The relevance of energy management with PV and battery with perfect forecasting as a 

concept is explained in this thesis. Here a study of HEMS and relevant system components 

and its terms for the future energy system are included. This thesis focused on the supply side 

management strategy among two management strategy of HEMS by considering ESS as a 

main component. Performance of ESS and different battery scheduling algorithm strategies 

and equation-based data analysis are evaluated and finalised that battery that stores both 

excess solar generating output and low-cost energy can reduce approximately 36-39 % of 

energy cost expenses annually. A simple overlook into Octopus energy tariff rates is done 

and it is concluded that perday mean value of future energy green agile tariff is less than 

fixed time of use tariff and they providing the API to collect tariff data for users to implement 

smart controls, but the half-hourly varying rate can complicate the battery control on the basis 

of tariff threshold rate updation. As a result, for the final case system performance evaluation, 

eco 7 green tariff for import energy and fixed tariff for outgoing energy are considered. It is 

determined that the adaptability of future energy management system module taking green 

tariff and a battery control approach based on electric price fluctuations, as well as solar 

power output, might minimise kWh utility energy usages. 
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8.0 Appendices 

 

Appendices I 

 

Table 9 X-axis of graphs, days and corresponding time (half-hour=0.02) 

day Time day Time day Time day Time day Time day time day Time day Time 

0.02 00:30:00 0.27 06:30:

00 

0.52 12:30:

00 

0.77 18:30:

00 

1.02 00:30:

00 

1.27 06:30:

00 

1.52 12:30:

00 

1.77 18:30:

00 

0.06 01:30:00 0.31 07:30:

00 

0.56 13:30:

00 

0.81 19:30:

00 

1.06 01:30:

00 

1.31 07:30:

00 

1.56 13:30:

00 

1.81 19:30:

00 

0.10 02:30:00 0.35 08:30:

00 

0.60 14:30:

00 

0.85 20:30:

00 

1.10 02:30:

00 

1.35 08:30:

00 

1.60 14:30:

00 

1.85 20:30:

00 

0.15 03:30:00 0.40 09:30:

00 

0.65 15:30:

00 

0.90 21:30:

00 

1.15 03:30:

00 

1.40 09:30:

00 

1.65 15:30:

00 

1.90 21:30:

00 

0.19 04:30:00 0.44 10:30:

00 

0.69 16:30:

00 

0.94 22:30:

00 

1.19 04:30:

00 

1.44 10:30:

00 

1.69 16:30:

00 

1.94 22:30:

00 

0.23 05:30:00 0.48 11:30:

00 

0.73 17:30:

00 

0.98 23:30:

00 

1.23 05:30:

00 

1.48 11:30:

00 

1.73 17:30:

00 

1.98 23:30:

00 

0.25 06:00:00 0.50 12:00:

00 

0.75 18:00:

00 

1.00 00:00:

00 

1.25 06:00:

00 

1.50 12:00:

00 

1.75 18:00:

00 

2.00 00:00:

00 



   

 

Appendices II 

 

Figure 42 Predicted electric price in UK developed by Statista [91] 

Appendices III 

Table 10 simulink model 

 
 

 


