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ABSTRACT

The energy consumption of residential buildings contributes approximately 42 % towards
the total electrical energy production on a global scale. In residential buildings, the energy
consumption could be further sub-categorized into the electrical energy required for space
heating, space cooling and water heating, which accounts for 61.2 % of the total energy
consumption, thereof. These systems utilized in large residential buildings, are vital for the
occupants, to meet their thermal comfort needs, with regards to the residential building air
temperature and hot water temperature.

Some conventional means of performing space heating and water heating technology, is
the boiler type, where hot water is transferred to the various rooms within the residential
building and, thereafter, transferred to the spaces in the building, by means of a radiator.
Another conventional space heating and water heating technology, is an electric element,
which is used predominantly in water heating applications, as well as the wall mounted
electric radiators. These conventional technologies are extremely ineffective due to their
elementary operating principle.

Therefore, in this study, an air-to-air heat pump was selected, to provide space heating
and space cooling to the residential building and an air to water heat pump, which provides
hot water to the residential building. This type of technology generally consumes
approximately three times less energy, compared to the conventional technologies, whilst
performing at similar levels. However, the initial investment of the air-to-air heat pump and
air-to-water heat pump type technology is significantly higher in comparison and becomes
economically feasible over an extended period. The air-to-air heat pump and air-to-water
heat pump could be further improved through various methods, from an operational energy
cost and energy efficiency perspective, such as the addition of renewable energy, energy
storage systems and effective control techniques, to the residential energy hub, as well as

thermal energy recovery. The residential building was integrated with renewable energy,

© Central University of Technology, Free State



: Central University of
Technology, Free State

which in this case is solar photovoltaic (PV) technology and an energy storage technology,
known as hydrogen.

Effective energy management techniques, making use of advanced optimization
techniques, become essential when it comes to further energy efficiency optimization and
operational energy cost minimization of a residential energy hub. Therefore, in this study,
various methods to minimize the operational energy costs and improve the energy efficiency
of the space heating, space cooling and water heating equipment are applied to a large
residential building. These methods, firstly, include the addition of solar PV technology with
hydrogen energy storage and, secondly, apply optimization techniques to the large residential
building.

The main objective is to minimize the operational energy cost of the utility grid, with
respect to the Time-of-Use (TOU) tariff structure, to the electrical load and the polymer
electrolyte membrane water electrolyser (PEMWE), which is responsible for producing
hydrogen gas. The other main objectives, were to maximize the electrical energy supply to
the load produced by the solar PV modules, optimal switching statuses of the air-to-air heat
pump and the air to water heat pump. These main objectives outlined, were achieved by
making use of the optimization algorithm, known as the OPTI-Toolbox, in the MATLAB
software. These optimization problems are known as mixed integer nonlinear optimization
problems (MINLP) and are solved using the (solving constrained integer programs) SCIP
solver in the optimization toolbox of MATLAB.

The first model was developed for the optimal switching control of an air-to-air heat
pump space heating and space cooling system, to provide space heating and space cooling to
a large residential building. A mathematical model of the proposed system was developed,
after which simulations were conducted to reveal the performance, as well as the economic
viability, thereof. A second model was developed, of a hydrogen PEMWE water heating
system, after which the optimal control algorithm was applied and simulated. A third model
was developed of the residential energy hub integrating renewable energy, demand response
and energy storage system. The proposed model was simulated, in terms of its operation to

evaluate the performance and the economic feasibility, thereof.

7
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Two baselines were established for the first model, to thoroughly evaluate the
performance and economic feasibility of the air-to-air heat pump space heating and space
cooling system. One baseline was established, for the second model, to thoroughly evaluate
the performance and economic feasibility of the hydrogen PEMWE water heating system.
Two baselines were established, for the third and final model, to thoroughly evaluate the
performance and economic feasibility of the proposed residential energy hub integrating
renewable energy, demand response and energy storage system.

The proposed air-to-air heat pump space heating and space cooling system, depicted a
daily operating energy cost saving of 27.63 % and 14.73 %, compared to the first and second
baseline, during the selected winter day, respectively. Furthermore, a potential daily operating
energy cost saving of 16.91 % and 12.30 %, could be achieved, compared to the first and
second baseline, during the selected summer day, respectively.

Additionally, the study focusing on the proposed hydrogen PEMWE water heating
system, revealed that the hydrogen PEMWE water heating system, with optimal switching
control, produced slightly less hydrogen energy and, in turn less hydrogen, compared to the
standard PEMWE system. However, a daily maximum of 67.32 kWh of thermal energy was
recovered during summer. Furthermore, by recovering the generated heat from the
PEMWE, the time for the membrane to degrade to a thickness of 50 %, could be prolonged
by 1.02 years.

Thirdly and finally, the proposed large 270 occupant residential energy hub integrating
renewable energy, demand response and energy storage system, revealed a potential break-
even point of 5 years, compared to the first baseline, with a potential cost-saving of
5 640 043.28 USD over a 20-year life cycle, was observed. The optimal control case revealed
a potential break-even point of 5.74 years compared to the second baseline, with a potential
cost-saving of 5 102 634.70 USD, over a 20-year life cycle, was observed. Furthermore, the
proposed optimal control model achieved an annual operational grid energy cost-savings of
83.59 % and 82.37 %, compared to the first baseline and second baseline, respectively.

The results of the various proposed models, by applying the proposed optimal control

techniques, illustrated that an improved feasibility, in terms of energy efficiency and
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economic feasibility of high initial capital investments may be achieved. These operational
energy costs and energy efficiency incentives become of great importance when it comes to

the national energy grid security and greenhouse gas emissions.

Keywords:

Cost minimization; Hydrogen storage; Residential energy hub; Space heating, space cooling

and water heating; Thermal energy recovery; Time-based pricing.
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CHAPTER I: INTRODUCTION

1.1 BACKGROUND

Globally, approximately 42 % of the total energy production is consumed by residential
buildings [1]. Space heating, space cooling and water heating at a domestic level, contribute
61.2 % towards the total energy consumption [2]. Fossil fuel resources are depleting, and the
electrical energy grid capacity demand is increasing, which, in turn, proportionally increases
the carbon dioxide (CO2) emissions. Due to the observed increase in the electrical energy
grid capacity demand, various initiatives, such as load shifting, load shedding, load
curtailment, peak clipping, notified maximum demand (NMD) penalties and TOU electricity
pricing are enforced, to ease the strain imposed upon the electrical energy grid [3]. The
operational cost can become quite significant during the high demand regions of the TOU
tariff structure. The forecasted increase, with regards to electricity tariffs in South Africa,
poses a threat to the operational costs of residential buildings. Therefore, to mitigate the
aforementioned risks effective energy management strategies, should be implemented at the
large residential buildings scale to conserve energy which, in turn, could contribute to
alleviating the burden on the national energy grid.

In Reference [4], the authors have developed a technique for the optimal design and
management of hybrid integrated micro-grid systems, integrating renewable energy and
energy storage. Considering the integrated system, consisting of solar PV modules, batteries,
heat pump and thermal storage systems, of which the main aim was to maximize the storage
efficiencies. The developed energy management strategy was applied to a research center
near Rome, Italy.

In Reference [5], the authors have developed a hybrid integrated renewable energy system
for heating and cooling equipment, which incorporated demand-side management (DSM).
The hybrid integrated renewable energy system consisted of photovoltaic-thermal (PV/T), a
ground-source heat pump and the effective control, thereof. The aim of the proposed hybrid

integrated renewable energy system was to meet the space heating and space cooling loads of

17

© Central University of Technology, Free State



: Central University of
Technology, Free State

the residential building, as well as the electrical energy requirements from the space heating
and space cooling equipment, efficiently.

The author in Reference [6], has developed an energy efficiency strategy, applied to a
hybrid integrated system for Hitit University, consisting of a grid-tied solar PV system, gas
engine, electrolyser, hydrogen storage and fuel cell. The solar PV modules and the gas engine
were used to supply electrical energy to the university, of which the heat generated by the gas
engine was used to supply hot water and space heating demands from the residential
building.

In Reference [7], the author has developed a hybrid tri-generation system, integrating
renewable energy, solar PV modules, wind turbine and steam turbine, driven by biomass fuel
for a small-scale farm and residential building. The electrical energy, generated by the solar
PV modules, wind turbine and steam turbine, is supplied to the load, of which the excess
heat is recovered from the biomass steam boiler and utilized to assist in meeting the heating
loads of the small-scale farm and residential building.

A practical example is the Central Energy Corporation (CENERCOR), proposed to
whom a residential energy hub integrating renewable energy, demand response and energy
storage system. In Fig. 1.1, a schematic overview of the integrated system, proposed by
CENERCOR, is illustrated. As can be seen from the schematic below, the integrated system
consists of solar photovoltaic (PV) modules, hydrogen electrolyser, hydrogen fuel cell,
battery bank and heat pump. The solar PV modules are controlled based on priority, as the
first priority is the hydrogen electrolyser for hydrogen production and the second priority is
the residential electrical load and, thirdly, the campus mini grid. The hydrogen, which is
generated by the electrolyser, is stored and only utilized by the campus mini grid during the
high demand periods of the TOU tariff structure. The heat pump is used for the space
heating, space cooling and water heating demands from the residential building. Heat
generated by the heat pump, is transferred to two separate tanks, known as a domestic hot
water (DHW) storage tank and a heating tank required for water heating and space heating,

respectively. The heat, which is generated during the operation of the electrolyser, as well as
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the fuel cell, is transferred to the central DHW storage tank. Energy is further stored in a

battery bank, which is supplied to the electrolyser, when hydrogen is required by the fuel cell.

Electrical
Chemical
3 Campus Mini-grid Cooling
Heating
Heat Pump
Solar PV 1 H2 Storage
A
y
2 Electrolyser Fuel Cell —]
DHW Heating
/1
Battery
Priorities for Solar PV
1. Electrolyser ' )
2. Residential Building Residential
Building

3. Feed in to Mini Grid

A A A

Fig. 1.1: Integrated space heating and water heating system proposed by Cenercor

Based on the proposal presented by CENERCOR, the heat transferred from the
electrolyser and fuel cell, are uncontrolled, which means that the majority of the heat
generated by the electrolyser and fuel cell are absorbed, leading to a exceptionally low
operational efficiency. Another disadvantage is the priority-based control philosophy applied
to the solar PV modules, which poses several concerns, such as its inability to be optimally
controlled, due to the proposed system being constrained within a rigid control framework.
Furthermore, the battery storage becomes of less importance when the solar PV modules are
optimally controlled. A further drawback, is that solely one heat pump is used in this setup,
as it would become challenging to control the heat pump to meet the space heating, space
cooling and water heating demand, based on the TOU tariff structure. Another drawback of

the proposed system, is that the hydrogen electrolyser is purely supplied from the solar PV
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modules and not from the utility grid, where the utility grid could supply the electrolyser
during the low demand regions of the TOU tariff structure.

Therefore, due to the problems identified from the various proposed integrated
renewable energy system, the following residential energy hub integrating renewable energy,
demand response and energy storage system, is proposed. In Fig. 1.2, a schematic overview
of the proposed integrated system is illustrated. Seen below, is the newly proposed integrated
system, consisting of solar PV modules, polymer electrolyte membrane water electrolyser
(PEMWE), hydrogen storage, polymer electrolyte membrane fuel cell (PEMFC), air-to-air
heat pump, air-to-water heat pump and DHW storage tank. The solar PV modules are
supplied to the PEMWE and the electrical load. The hydrogen generated by the PEMWE is
stored for later use in the hydrogen storage tank, which is supplied to the PEMFC. The
PEMFC is used to supply electrical energy to the electrical load, which is further supplied
from the utility grid. The utility grid supplies electrical energy to the PEMWE, as well as to
the electrical load, which are primarily the air-to-air heat pump and the air-to-water heat
pump. The air-to-air heat pump and air-to-water heat pump is supplied by both the utility
grid and the integrated renewable energy system. The air-to-air heat pump is purely used to
supply space heating and space cooling to the residential building. The air-to-water heat
pump is used to supply heat to the DHW storage tank. Due to the nature of the solar PV
modules, PEMWE and PEMFC heat is generated during their operation, which could be

recovered by the DHW storage tank, alleviating the burden on the air-to-water heat pump.
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Fig. 1.2: Schematic layout of the proposed residential energy hub integrated with renewable

energy

1.2 PROBLEM STATEMENT

From an operational point of view, one of the key challenges experienced by integrated
or hybrid systems, for space and water heating, is the power balance that is not easily
achievable at minimum cost, between the stochastic demand (heating and cooling loads) and
the power generation systems, both submitted to external exogenous variables, such as
weather conditions, etc. In literature, as well as the practical example, the performance of
such a dynamic operating system is not optimal, due to the following prominent challenges:

e  The PV modules, which form part of the integrated system, experience a decrease in

the overall efficiency due to heating. There is no provision made for thermal energy
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recovery from the PV panel for water heating purposes. This is an important heat

source not used.

The heat pumps in the integrated system consume high amounts of electrical
energy, due to the compressor running with a lack of control. This results in higher
energy costs, particularly during the high demand regions of the TOU tariff
structure.

The electrolyser, in the integrated system, generates heat during its normal
operation. The generated heat is wasted as a byproduct during this operation and is
not recuperated, to supply heat to the domestic hot water storage tank. From the
literature observed, limited research work has been published, regarding the
modeling of generated heat during the charging and discharging operation, as well as
utilizing the wasted heat for heating purposes.

The fuel cell, which forms part of the integrated system, is mainly used to supply
electrical energy to the air-to-air heat pump and air-to-water heat pump. Heat

generated as a byproduct, is not being recovered.

1.3 OBJECTIVES

This study proposes a hybrid residential energy hub for large residential buildings,

integrating renewable energy, demand response and energy storage, by firstly applying the

Performance, Operation, Equipment and Technology (POET) concept and, secondly, the

optimal control thereof. The aim of the proposed optimal control model applied to the

residential energy hub, is to reduce the energy cost, by applying optimal control to space

heating, space cooling and water heating integrated system. This may improve the operation

efficiency, by reducing the operational cost, whilst preserving certain specific load

requirements. Renewable energy systems will be used in tandem with energy storage systems,

reducing the strain on the electrical grid. An optimal power dispatch model will be

developed, for the sole purpose of reducing the energy costs of the hybrid energy systems.

Therefore, the objectives of this study are as follows:
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e  To review energy efficiency initiatives, applied to integrated energy systems in large

residential buildings, for energy cost reductions and energy efficiency improvements.

e  To develop a model and simulate the operation of the proposed optimal switching
control of an air-to-air heat pump space heating and space cooling system. The
simulation results are, thereafter, compared with two baselines. The thermostat-
based control of an air-to-air heat pump serves as the first baseline and the timer,
with thermostat-based control of an air-to-air heat pump, serves as the second

baseline.

o To develop a model and simulate the operation of the proposed optimal switching
control of a solid polymer electrolyte membrane water electrolyser (PEMWE) water
heating system. The simulation results are, thereafter, compared to a conventional
PEMWE system, to evaluate the feasibility of the proposed system.

o To develop a model and simulate the operation of the proposed optimal control of
the residential energy hub, integrating renewable energy, demand response and
energy storage system. The simulation results are, thereafter, compared to a standard
space heating, space cooling and water heating system, which consists of an air-to-
water heat pump, for the water heating requirements and an air-to-air heat pump for
the space heating and space cooling requirements, to evaluate the feasibility thereof.

. To conduct a techno-economic analysis on the proposed optimal control of the
residential energy hub, integrating renewable energy, demand response and energy

storage system.
1.4 RESEARCH METHODOLOGY
To achieve the objectives of the study, the methodology is as follows:

1.4.1 Literature review: A comprehensive review of hybrid renewable energy systems
connected to space heating, space cooling and water heating systems, by making use of

the POET framework. This includes a thorough survey of literature, relating to the
23

© Central University of Technology, Free State



O

Central University of
Technology, Free State

operation and control of renewable energy arrangements with energy storage, space
heating, space cooling and water heating equipment. Furthermore, with waste heat
recovery techniques applied to each sub-system forming part of the integrated
renewable energy system.

1.4.2 Model 1 - Proposed optimal switching control model of an air-to-air heat pump space

heating and cooling system

1.4.2.1 System variable identification:

The optimal switching control model of the proposed space heating and space
cooling system, consists of an air-to-air heat pump, which is responsible for the
space heating and space cooling requirements. Optimal control techniques were
applied to the aforementioned model, to achieve various objectives, such as
improving the performance, as well as reducing the energy costs subjected to the
TOU tariff:

— Independent variables - all the collected input variable data
— Control variable, i.e. decision variable:
+ Switching status of the air-to-air heat pump
— Dependent variables (state variables): The variables influenced by any change in
the independent variables and control variables, such as:

. Residential building temperature

1.4.2.2 Data collection (input variables) and case study:
— Ambient air temperature for the area

— TOU tariff electricity pricing

1.4.2.3 Modelling of the system, as illustrated in Fig. 1.1:
— The model of the proposed system, which includes the space heating, was

developed.
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— The optimal control algorithm was developed to minimize the operating energy
cost of the space heating and space cooling equipment, based on the TOU tariff
structure, by making use of the SCIP solver, in the OPTI-Toolbox in MATLAB.

— FEach baseline system, as well as the optimal control case study is simulated, using

the respective data collected.

1.4.2.4 Simulation:

The proposed model is identified as mixed integer non-linear optimization
problems by nature, which forms part of the OPTI-Toolbox in MATLAB. The
proposed model is solved using the SCIP solver, due to the fast-solving capabilities
which it possesses, as well as seamlessly solving TOU related optimization
problems.

— The simulated results include:
The optimal switching function of the air-to-air heat pump and the

residential building temperature.

1.4.3 Model 2 - Proposed optimal switching control of a solid polymer electrolyte

membrane water electrolyser (PEMWE) water heating system.

1.4.3.1 System variable identification:

The optimal switching control model of the proposed PEMWE water heating
system, consists of solar PV modules, a PEMWE and a hydrogen storage tank. The
PEMWE generates hydrogen from the electrical energy generated from the solar PV
modules and, thereafter, is stored in the hydrogen storage tank. Optimal control
techniques are applied to the aforementioned model, to achieve various objectives,

such as improving the performance and the heat recovery from the PEMWE.
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— Independent variables - All of the collected input variable data
— Control variable, i.e. decision variable:
Switching status of the PEMWE water heating system
— Dependent variables (state variables): The variables influenced by any change in
the independent variables and control variables:

Hot water storage tank (HWST) temperature

1.4.3.2  Data collection (input variables) and case study:
— Solar radiation data
— Inlet water temperature supplied to the water heating system

— Ambient air temperature for the area

1.4.3.3 Modelling of the system, illustrated in Fig. 1.1:
— The model of the proposed system, which includes the water heating system, was
developed.
— The baseline system and the optimal control case study were simulated, using the

respective collected data.

1.4.3.4 Simulation:

The proposed model is identified as a mixed integer non-linear optimization
problem by nature, which forms part of the OPTI-Toolbox in MATLAB. The
proposed model is solved using the SCIP solver, due to its fast-solving capabilities.
— 'The simulated results include:

The optimal switching function of the air-to-air heat pump and the

residential building temperature.

1.44 Model 3 - Proposed optimal control of the residential energy hub integrating

renewable energy, demand response and energy storage system.
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1.4.4.1 System variable identification:

The third system consists of a residential energy hub integrating renewable
energy, demand response and energy storage system. Optimal control techniques are
applied to the aforementioned model, to achieve various objectives, such as
improving the performance and the heat recovery of the equipment, as well as
reducing the energy costs subjected to the TOU tariff:

— Independent variables
All of the collected input variable data
—  Control variable, i.e. decision variable:
Power flows between sub-systems of the hybrid system and switching
status of the air-to-air heat pump and the air-to-water heat pump.
— Dependent variables (state variables): The variables which are influenced by any
change in the independent variables and control variables. These are:

State variables: Hydrogen storage level and HWST temperature

1.4.4.2 Data collection (input variables) as well as the case study on the new residence
at the Central University of Technology (CUT), Bloemfontein, Free State.
— Solar radiation data
— Hot water demand flow rate
— Inlet water temperature supplied to the water heating system
— Ambient air temperature for the area

— TOU tariff electricity pricing

1.4.4.3 Modelling of the system, as illustrated in Fig. 1.1:
— The final optimal control algorithm is developed to dispatch power efficiently
between the sub-systems, forming part of the hybrid integrated system, by
making use of the SCIP solver in the OPTI-Toolbox in MATLAB. In addition,

the aforementioned algorithm included the space heating and water heating
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equipment, with thermal energy recovery supplied solely to the water heating
system.
— The two baseline systems, as well as the optimal control case study, are simulated

using the respective data collected.

1.4.44 Simulation:

The proposed model is identified as a mixed integer non-linear optimization
problem by nature, which forms part of the OPTI-Toolbox in MATLAB. The
proposed model is solved using the Interior Point Optimizer (IPOPT) non-linear
solver, due to its capabilities of solving power dispatch problems, as well as solving
TOU related optimization problems efficiently.

— The simulated results include:
The optimal power flow of the solar PV, utility grid and the PEMFC
power supplied to the electrical load, optimal power flow of the utility
grid and the solar PV power supplied to the PEMWE, the hydrogen
storage level, residential building temperature, thermal energy recovery
of the solar PV modules, PEMWE and PEMFC, as well as the HWST

temperatur C.

The flowchart of the thought processes behind the modelling methodology, for each of
the models, is depicted in Fig. 1.1. The first step, regarding the modelling methodology, is to
identify the respective input variables, after which realistic initial values are set for each state

variable. In the final step, the optimization problem was solved.
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Model 2 (Input variables)
- Ambient air temperature

- Inlet water temperature

- Solar radiation

State variable
- Set the initial value of the
residential temperature

Model 3 (Input variables)
- Hot water flow rate

- Ambient air temperature

- Inlet water temperature

- Solar radiation

- Time-of-use (TOU) tariff

State variable

- Set the initial value of the
HWST temperature

- Set the initial estimated
value of the hydrogen
storage level

Optimization control

problem

- Minimizing the operational
energy cost, while load
demand is maintained

-Obtaining the optimal control
variable: switching ~ status of
the ATA heat pump.

State variable

- Set the initial value of the
HWST temperature

- Set the initial estimated
value of the hydrogen
storage level

- Set the initial estimated
value of the hydrogen
storage level

Optimization control

problem

- Maximizing the hydrogen
production and minimizing
the level of discomfort to
the consumers of hot water

- Obtaining the optimal
control variable: switching
status of the PEMWE

Optimization control

problem

- Maximizing the PV electrical
production to the load and
minimizing the level of
discomfort to the consumer
of hot water

- Obtaining the optimal
power flows between each
component

Fig. 1.3: Flowchart of methodology and research design

1.4.5 Techno-economic analysis of the proposed residential energy hub integrating

renewable energy, demand response and energy storage system

1.45.1 Annual cost-savings analysis:

— The annual utility grid electrical energy cost of the first baseline, second baseline
and proposed residential energy hub integrating renewable energy, demand
response and energy storage system, are calculated from each simulation result.

— An annual energy cost-savings analysis is conducted on the proposed system,

compared to the first baseline.
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— An annual energy cost-savings analysis is conducted on the proposed system,

compared to the second baseline.

1.4.5.2 Initial capital investments:
— 'The initial capital investment, forming part of the first baseline, is outlined.
— 'The initial capital investment, forming part of the second baseline, is outlined.
— The initial capital investment, forming part of the proposed optimal control of
the residential energy hub integrating renewable energy, demand response and

energy storage system, is outlined.

1.4.5.3 LCC analysis:
- A LCC analysis is conducted on the proposed system, compared to the first
baseline, to determine a break-even point.
— A LCC analysis is conducted on the proposed system, compared to the second

baseline, to determine a break-even point.

1.5 CONTRIBUTIONS TO KNOWLEDGE

1.5.1 Model 1

The first contribution of the optimal switching control of an air-to-air heat pump,
described in detail in Chapter III, was that the electrical energy cost of the air-to-air heat
pump was able to be minimized, by avoiding operating the equipment during the peak
pricing regions of the TOU tariff structure, whilst ensuring that the level of discomfort of
the consumer was minimized; thus, ensuring the temperature set-points were reached, with
the least amount of energy consumed.

The second contribution of the proposed model adapted excellently to the various
disturbances under which it is exposed to, including building transmission losses, number of

occupants present, as well as the number of lights switched on.
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The first contribution of the comprehensive optimal switching control model of a

1.5.2 Model 2

PEMWE, described in detail in Chapter IV, was a maximized heat recovery from the
PEMWE by the HWST, whilst ensuring sufficient hydrogen was produced. The recovered
heat was utilized to form part of an integrated water heating system effectively, to minimize
the operational energy cost of the main water heating source, such as an air-to-water heat
pump.

The second contribution of the optimal control model yielded a prolonged membrane
lifespan of the PEMWE, by controlling its operating temperature, which is one of the

highest costs in this type of system.

1.5.3 Model 3

The first contribution of the optimal control strategy of a residential energy hub
integrating renewable energy, demand response and energy storage system, described in
detail in Chapter VI, was the maximized heat recovery from the solar PV modules, PEMWE
and PEMFC by the HWST, whilst maximizing the electrical energy supplied from the solar
PV modules to the electrical load.

Secondly, the operating energy cost of the utility grid was also minimized, from a power
dispatch perspective.

The third contribution yielded a prolonged lifespan of the solar PV modules, PEMWE
and PEMFC membranes, by reducing the operating temperature of the equipment through

effective cooling.

Social impact:

e  The proposed research solutions provide a means to minimize the imposed
operating energy costs of the hybrid renewable energy systems connected to space

heating, space cooling and water heating systems.
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Furthermore, the proposed research solutions contribute towards energy efficiency
improvements, as well as reducing greenhouse gas emissions, by minimizing the

operating energy costs, as well its carbon footprint.

1.6 HYPOTHESIS

The optimal switching control algorithm of the air-to-air heat pump, may
substantially reduce the operating energy cost, as well as the energy consumption,
thereof.

The optimal control algorithm of a hybrid renewable energy system, connected to
space heating and water heating systems may maximize the heat recovery from the
solar PV modules, PEMWE and PEMFC by the HWST, whilst maximizing the
electrical energy supplied from the solar PV modules to the electrical load.

The optimal control model will prolong the membrane lifespan of the PEMWE and
PEMFC, as well as prolonging the lifespan of the solar PV modules, by reducing the
operating temperature of the equipment through effective cooling, as this

equipment is one of the highest costs in this type of system.

1.7 DELIMITATION

The study was conducted with the following delineations:

The main focus of this study is mainly on large scale residential buildings, due to the
extensive load requirements, particularly from the perspective of space heating,
space cooling and water heating equipment. However, the energy management
techniques applied to the proposed research models, have the potential to be
applied to any residential and commercial building with similar technology installed,

as seen in Chapter II1.
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e  The study mainly focused on the mathematical model developments and the
simulations, thereof.

e In this study, a large residential building in Bloemfontein is considered, as the
variable input data was available for this case study. However, the energy
management schemes and optimization techniques applied to the case study
mentioned above may, in addition, be applied to further large residential buildings,

commercial buildings, as well as in healthcare institutions, worldwide.
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o Siecker Juan, Kusakana Kanzumba, and Numbi Bubele P. “Optimal heat recovery
and power dispatch of a proton exchange membrane fuel cell integrated with a

renewable energy grid tied hybrid system”. (Accepted)
1.9 THESIS LAYOUT

This thesis has been distributed into six Chapters, of which the main research results are
presented in Chapters 111, IV and V.

Chapter I presents the background related to the study, problem statement and research
methodology.

Chapter II presents a comprehensive review of hybrid renewable energy systems
connected to space heating, space cooling and water heating systems, by applying the POET
tramework, including a thorough literature survey, further focusing on the operation and
control of renewable energy arrangements with energy storage, space heating, space cooling
and water heating equipment.

Chapter III presents the formulation of the optimal switching control model of an air-
to-air heat pump providing space heating and space cooling to a residential building. A
mathematical model was developed, after which the various constraints and the multi-
objective function were developed and defined. Actual and accurate variable input data was
used to perform the simulations of this model. Furthermore, a daily economic analysis was
conducted, to evaluate the feasibility thereof, by comparing it with two baselines.

Chapter IV presents an optimal switching control model of a solid polymer electrolyte
membrane water electrolyser (PEMWE), to obtain optimal heat recovery to a HWST. A
similar process to the previous chapter was followed, which involved mathematical model
development. The various constraints and multi-objective function were cautiously defined
and developed. The simulations were conducted by making use of actual and accurate
variable input data. The feasibility of the proposed model was thereafter evaluated, by

comparing it to a conventional PEMWE system.
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Chapter V presents an optimal control model for a residential energy hub integrating
renewable energy, demand response and energy storage system. A comprehensive
mathematical model was developed, as well as the multiple constraints to which the
integrated system and the various sub-systems are exposed. Furthermore, the multi-objective
function was developed and clearly described in this chapter. A thorough economic analysis
was conducted to evaluate the feasibility of the proposed optimal control model.

Chapter VI concludes the work of this thesis and proposes recommendations for further

possible research.
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CHAPTER II: REVIEW ON IMPROVING THE
ELECTRICAL AND THERMAL EFFICIENCY OF
A RESIDENTIAL ENERGY HUB

2.1 INTRODUCTION

In this chapter, the thermal processes, such as space heating, space cooling and water
heating processes in residential buildings and various recent energy management strategies
applied to them, are reviewed comprehensively and further discussed. The comprehensive
review process is based on the POET framework, which systematically assesses the potential
energy efficiency improvements that could be applied to large residential buildings. At each
level of the POET framework, the associated results are compared, in terms of the energy
savings and the associated effort, which relates to the costs of the initiatives.

This chapter is set out in the following manner: The review justification is presented in
Section 2.2. Section 2.3 presents the sustainability of an energy management strategy, based
on the POET concept. In Section 2.4, the methodology followed in this chapter is
presented. In Section 2.5, the literature containing various energy efficiency improvements
applied to the space heating, space cooling and water heating processes in large residential
buildings, are outlined and summarized, according to the various levels of which the POET
tframework is comprised. The key findings of the comprehensive literature reviewed, are

presented in Section 2.6.
2.2 REVIEW JUSTIFICATION

The operational energy costs associated with the significant energy consumption of
residential buildings, on a global scale and the impact, thereof, may become particularly
significant during the high demand regions of the TOU tariff structure. Furthermore, the

forecasted increase, with regards to electricity tariffs in South Africa, poses a threat to the
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operational costs of residential buildings. These systems should be managed as efficiently as
possible, reducing the energy cost, whilst preserving certain specific load requirements.

To reduce the strain that electricity costs pose upon large residential buildings, energy-
demanding systems should be effectively managed, to conserve energy. Energy conservation
studies and initiatives may be applied to large residential buildings, which could ultimately
reduce the strain upon the national energy grid. Therefore, the aim of this chapter is to
conduct a comprehensive review, using an effective energy management outline to conserve
energy, such as the POET energy efficiency concept, presented by Xiaohua Xia and
Jiangfeng Zhang [8].

Energy efficiency comprises of various aspects, which are not clearly defined, posing as a
challenge in conducting effective energy management strategies. Therefore, in principle, the
POET concept is divided into four pillars: performance, operation, equipment, and
technology. The POET framework has yielded successful results, with regards to the energy
management of various systems, which resulted in substantial energy cost savings. These
include healthcare institutions [9], cruise control of heavy haul trains [8] and conveyor belt
systems [10]. However, energy efficiency improvements in residential buildings, specifically,
may be a particularly challenging task to accomplish. Thus, the energy management
framework is broken up into four levels, which involves ease of implementation related to
reward.

The first level, further known as the conceptual level, involves rudimentary energy
efficiency methods. At this level, a general energy consumption evaluation is performed, to
identify the most dominant energy consumers. These problems, at the conceptual level, are
solved by applying the Pareto analysis. The Pareto analysis is referring to the 80/20 principle,
which implies that if 20 % of effort is applied, an 80 % return may be achieved, further
known as the “low hanging fruits” [11]. At this level, the air-to-air heat pump was selected
for space heating and cooling and the air-to-water heat pump is selected for water heating,.

The second level, further known as the active level, involves more effort in applying

strategies, with less than 80 % return. At this level, additional strategies and accessories were
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used to potentially improve the efficiency of the systems. These accessories include variable
speed drives (VSD’s), soft starters and low-cost timers.

The third level, which is the technical level, involved altering/modifying the design of the
existing technology or replacing it with new and more efficient technology. This may
improve the efficiency of the systems further, at a greater cost. Furthermore, additional
validation of data is required, which may improve the accuracy of the economic feasibility
studies. New supplementary renewable energy equipment, such as solar PV modules, a
proton exchange membrane (PEM) electrolyser, hydrogen storage vessel and PEM fuel cell,
were selected.

The last level, which is known as the engineering level, involves acquiring the validated
data obtained at the technical level and applying optimization control techniques to the
current preferred technology. Therefore, at this level, which is the last level of this energy
management framework, the maximum possible efficiency and, in turn, energy cost savings
may be achieved. The supplementary renewable energy equipment has been improved
through accessories/modifications applied to them. Furthermore, at this level, optimal
control techniques are applied to the equipment individually, as well as in an integrated

system.

2.3 SUSTAINABILITY OF AN ENERGY MANAGEMENT STRATEGY, BASED
ON THE POET CONCEPT

The sustainability of an energy management framework, in order to improve the
efficiency of the system, may be assessed by the following three crucial facets: organizational
structure, compatibility of performance indices and engineering support [12].

A well-thought-out organizational structure consistently supports the sustainability of any
energy management strategy. The POET efficiencies may be greatly stimulated, to enhance
the sustainability of an energy management strategy, by depositing certain rule-sets in place,
such as energy policies, regulations, incentives and penalties. An example of this, is the TOU

tariff structure, which promotes load shifting from peak times. Energy awareness campaigns,
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skills development and training, as well as the appointment of energy managers and energy
alerts, are crucial for human sensitization, in order to support energy management strategies
[13].

The compatibility of performance indices is generally classified into engineering indices
and socio-economic indices. Engineering indices include energy security, energy consumed
and further technical indicators. On the other hand, socio-economic indices include
environmental impact, labour, energy costs, etc. In several cases, these two types of indices
may contradict each other. For example, when an improvement in any engineering indices is
observed, deterioration in socio-economic indices is further observed. Sustainability enters
the picture, when all of these previously discussed indices yield positive compliance with set-
targets [14].

Engineering support provides engineering analysis, modelling and optimization
techniques, to be the main drivers of the technical feasibility study of an energy system. This
may cause the energy management strategy to possess more reliable solutions, which may,

turthermore, drive the energy management strategy to be more sustainable [15].
2.4 REVIEW METHODOLOGY

In this chapter, the POET concept is used to conduct a comprehensive review on the
energy efficiency of a residential energy hub. The requirement for such an extensive review
has been outlined in the introduction sub-section. This section primarily focuses on how the
review was directed, as well as its advantages and disadvantages.

A systemic review process, is followed based on the POET concept, to evaluate the
energy efficiency improvements, which may possibly be applied to residential energy hubs.
Systemic reviews are commonly used, to provide reliable research to the highest degree. The
main purpose of these reviews is to provide current extensive research evidence, which
encourages the researcher to pursue all possible avenues, with regards to his/her studies, not

restricted to one point of view.
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The search strategy to provide extensive research evidence is based on peer-reviewed
conferences and journal scientific papers. These published articles were obtained from
available online databases, related to improving the electrical and thermal energy efficiency
of residential energy hubs. Most recent published articles, where possible, were obtained to
conduct this extensive review.

The following are considered, regarding the selection criteria for this study: articles
published in English, full-text articles, relevant research topics and publication dates. The
major advantage of this study is an extensive evaluation of the possible energy savings and,
in turn, energy costs, if the precise energy efficiency actions, obtained from the energy
management strategy, are applied.

However, the disadvantage of the POET concept is the challenge of determining an
accurate amount of effort, in relation to the return, described by the Pareto Analysis, in the
introduction sub-section. Therefore, it is of utmost importance to obtain the most accurate

quantitative data, which is used to conduct economic feasibility studies.

2.5 ENERGY EFFICIENCY INITIATIVES BASED ON THE POET ENERGY
MANAGEMENT STRATEGY

2.5.1. Conceptual Level
2.5.1.1. Technology Efficiency

Electricity consumption data of residential buildings should be analysed, to identify the
largest contributors. Fig. 2.1 presents the average energy consumption of residential
buildings in a pie chart format [2]. After observing the chart illustrated below, it is evident
that space heating and cooling, are the single largest energy-intensive processes in residential
buildings, contributing approximately 47.1 % towards the total energy consumption. Water
heating, further known as domestic hot water (DHW), consumes approximately 14.1 %

towards the total energy consumption and is the second highest energy consumer in
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residential buildings. Cooking may consume approximately 12.4 %, which is slightly above
the 10 % threshold. Refrigeration, washing, cleaning, ironing, lighting, audio/video,

computer/internet, care person and other equipment, consume significantly less than the 10

% threshold.

B Space Heating and
Cooling

m DHW

m Cooking

B Refrigeration

® Washing

® Cleaning and Ironing

= Lighting

m Audio/Video

Fig. 2.1: Average electricity consumption of residential buildings

The three largest thermal energy-consuming processes, identified as space heating and
cooling, as well as water heating, combined, account for approximately 61.2 % of the total
energy consumption. The thermal energy processes are elected, due to the significant energy
consumption, which further indicates the most potential, regarding energy efficiency

improvements.
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2.5.1.2. Equipment Efficiency

Once the major energy consuming processes have been identified, such as the space
heating and cooling and water heating, appropriate decisions regarding prioritization and
justification of equipment should be made. Improving energy efficiency, at this level, entails
the basic operation of each of the equipment required to conserve energy, with regards to

space heating and cooling, as well as water heating.
2.5.1.2 a) Space heating and cooling equipment

In this case an air-to-air source heat pump was used, where a refrigerant acts as the
evaporating and condensing fluid. The boiling point of the refrigerant is extremely low; thus,
heat transfer may occur at ambient fluid temperature. The refrigerant is initially in a low
temperature partial liquid/vapour state. The main function of the refrigerant is to transfer
heat in the system. Heat from the ambient outside air is absorbed by the Evaporator, where
the refrigerant changes from a partial liquid/vapour mixture, into a slightly superheated
vapour. The compressor increases the temperature and pressure of the refrigerant vapour, to
improve heat transfer. The high pressure and temperature refrigerant vapour is transferred
to the condenser unit, where the refrigerant condenses when thermal energy is transferred to
the building for space heating. After the condenser phase, the refrigerant is changed to a
high pressure and lower temperature vapour. The refrigerant is finally transferred to the
expansion/expression valve, which is responsible for changing the refrigerant to a low
temperature and pressure pattial liquid/vapour mixture. This process, known as the heat
pump cycle, as seen from Fig. 2.2, is ready to commence again [16]. For space cooling, a

reversing valve is used to reverse this process.
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High Temperature, High ComptESSOI Low Temperature, Low Pressure
Pressure Vapour Vapour
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Condenser Evaporator

®
High Temperature, High Low Temperature, Low Pressure

Pressure Liquid Exp ansion Valve Liquid

Fig. 2.2: Schematic layout of an air-to-air source heat pump

Heat pumps, at this level, require substantial energy efficiency improvements, with minimum
amount of effort. Hence, the following may be considered at the conceptual level, improving
the space heating and cooling equipment efficiency:

Building air leakages may be minimised by ensuring appropriate dynamic insulation
material for building envelopes, is in order and complies with SANS 10400-XA building
regulations [17]. Automatic sliding doors may be used, so that energy is conserved and not
wasted to the outside environment.

Energy conservation could be improved by making use of low-cost timers, which may

solely be switched on at pre-determined times.
2.5.1.2 b) Water heating equipment

At this level, electric storage tank water heaters (ESTWH) and air-to-water heat pump

water heaters are considered. Air-to-water heat pump water heaters offer an energy saving of
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approximately 65 %, compared to ESTWHSs. Furthermore, the initial investment of air-to-
water heat pump water heaters is relatively higher, as compared to ESTWHs [18]. However,
an air-to-water heat pump water heater remains the most feasible option when the entirety
of the project lifetime is taken into consideration.

Air-to-water heat pump water heaters, operate on the same principle as the air-to-air heat
pumps. The heat pump absorbs outside ambient air-to-heat water, as seen in Fig. 2.3, which,
in this case, a reversing valve is not required in this setup. The following energy efficiency
improvements, at this level, may include the following:

HWST may be subjected to standby losses, which is where thermal energy is lost from
the tank to the outside environment. Furthermore, thermal energy is lost from the thermal
connecting pipes, due to insufficient piping insulation. Thermal blankets and pipe lagging
may be installed, minimizing these effects, which may improve the daily energy efficiency by
21.74 % and 13.04 %, respectively [19].

Low-cost timers may be installed, ensuring that hot water is available at pre-determined

times.

Hot Water Storage Tank .
' Compressor

High Temperature, High

Low Temperature, Low Pressurc
Pressure Vapour Vapour
—-ea—

Condenser Evaporator
High Temperature, High ® Low Temperature, Low Pressurc
Pressure Liquid Liquid

Expansion Valve

Fig. 2.3: Schematic layout of an air-to-water source heat pump
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2.5.1.3. Operation Efficiency

The operation efficiency of a residential building, at this level, requires basic energy
management strategies. These energy management strategies may involve basic control

techniques, to ensure significant energy efficiency improvements.
2.5.1.3 a) Space heating and cooling equipment

In this case, the operational efficiency, regarding space heating and cooling, may require
switching equipment off when not in use and adjusting the temperature set point, to
conserve energy.

Space heating and cooling equipment may be switched off when not required to be in
operation. Firstly, a study should be conducted to determine at which time intervals
occupants are present, which may serve as the estimated load demand. Once the estimated
load demand has been established, the low-cost timer may be set up, ensuring sufficient
space heating/cooling.

Furthermore, the adjusting of the heating and cooling set-points may result in significant
energy efficiency improvements. This was carried out by decreasing the heating set-point and
increasing the cooling set-point. According to previous research, if the heating set-point is
decreased from 21.1 °C to 20 °C, an energy saving of 34 % may be achieved. Similarly, if the
cooling set point is increased from 22.2 °C to 25 °C, an energy saving of 27 %, may be

achieved [20].
2.5.1.3 b) Water heating equipment
Water heating equipment may be switched off when not required to be in operation.

Once the estimated load demand is established, the low-cost timer may be set up to ensure

that sufficient hot water is available during the required intervals.
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In addition, if the water temperature set-point is reduced by 10 °C, a possible energy

saving of up to 5 %, may be achieved [21].
2.5.1.4. Performance Efficiency

Energy security is regarded as the initial level of performance efficiency, which is one of
the key performance indicators (KPI) used for the performance efficiency, known as the
energy performance indicator (EPI). Other EPI’s may include energy consumption and
energy cost.

Enhancements in energy security of a residential building, involve securing the energy
supply, without its energy efficiency is meaningless. These may include uninterruptable
power supplies (UPS) and generators. In the event of a power failure, UPSs’ may solely carry
the critical load, until the generator has started up and stabilized. Once the generator has
stabilized, it takes over from the UPS, by means of change-over contactors [22]. Whereas,
the non-critical load, is solely powered by the generator, in the event of a power failure.

The energy consumption indicator may initially involve a baseline analysis of the energy
consumption, which may be followed by setting up energy consumption targets. These
targets may be tracked, which may further indicate the energy savings, in terms of energy
cost savings. This may create awareness to all stakeholders of the benefits of the energy

saving initiatives and, in turn, stimulate energy efficiency as a whole [23].
2.5.2. Active level

At the active level of the energy management strategies, additional
equipment/components and softwate may be required. These energy management strategies
may involve more advanced control techniques, compared to that of the conceptual level, in
order of ensuring higher energy efficiency improvements. Furthermore, another important

facet, at this level, is the validation of further energy etficiency improvements.
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2.5.2.1. Technology efficiency

The technology efficiency, at this level, may require intermediate energy monitoring
technologies, which may be measured and logged. These technologies may include VSD,
soft starters and energy meters. The VSD’s and soft starters may have the functionality of
indicating the instantaneous readings, such as the power, current, speed, etc [24, 25]. The
energy meters could be installed at strategic locations, to measure the various energy-

consuming processes, as well as, alerting personnel during any abnormal conditions.
2.5.2.2. Equipment efficiency

At this stage, limited energy management strategies have been applied, which may
increase the energy efficiency at the previous level, which is the conceptual level. In this
section, basic energy management improvements may be achieved, through the

implementation of additional equipment.
2.5.2.2 a) Air-to-air heat pump

At this level, the equipment efficiency, regarding space heating and cooling, may require
additional equipment to improve the energy efficiency further, which, hence, may require
higher initial investment costs. Therefore, the following are considered at the active level for
turther energy efficiency improvements, regarding the air-to-air heat pump:

Implementation of VSD’s or soft starters on the space heating and cooling equipment
fans and compressor, may be considered. The VSD allows the abovementioned components
to be controlled, responding to the changing thermal load, as opposed to the ON/OFF
control. The soft starters may solely control the inrush current, at every instance when the
abovementioned components are switched on. One may observe that VSD’s are far more
efficient, compared to the soft starters. However, though the VSD’s come at a higher cost,

compared to the soft starters, the VSD’s are elected, due to their flexibility.
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2.5.2.2 b) Air-to-water heat pump

In this case, the water heating equipment, such as the air-to-water heat pump water
heater, may require the same additional components as those used for the space heating and

cooling equipment, at the active level.
2.5.2.3. Operation efficiency

The operation efficiency, at this level, may be improved through the implementation of
the previously mentioned additional equipment/components in the equipment efficiency
section. Therefore, in this section, control techniques will be discussed, for further energy

efficiency improvements.
2.5.2.3 a) Air-to-air heat pump

The operation efficiency may be improved, by reducing the VSD speed at which it
operates. The authors in Reference [20], successfully validated a maximum energy saving of
83 %, when the motor speeds were reduced by 60 %. However, these speeds may most likely

not satisty the load requirements, which translates to a significantly lower energy saving.
2.5.2.3 b) Air-to-water heat pump
The operational efficiency of the water heating system may be improved, by adopting the

same control techniques as those used for the space heating and cooling equipment, at the

active level.
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Initially, at the conceptual level, backup systems were implemented, to ensure energy

2.5.2.4. Performance efficiency

security.

The reliability improvement of these backup systems, may affect the performance
efficiency at this level. A database may be established for all backup systems, to improve the
performance efficiency. The database and monitoring systems may contain equipment
details, such as diesel storage levels, standby capacity, UPS battery system state of charge
(SOC), voltage reading and overall health of the UPS [27, 28].

This data may be useful to determine the overall condition of energy security of the
measured equipment, which may indicate whether the equipment should be serviced or

replaced.

2.5.3. Technical level

At the technical level of the energy management strategies, new equipment, modifications
of existing equipment and automation, may be introduced, further improving energy
efficiency.

Additional basic energy management techniques, regarding DSM, may be introduced.
Medium to large scale buildings are subjected to the TOU tariff structure, for which the
purpose, thereof, is to promote end-users to consume less energy during the high demand
regions of the TOU tariff structure. By meritoriously implementing DSM, significant energy

savings may be achieved.

2.5.3.1. Technology efficiency

The technology efficiency, at this level, may involve more advanced dashboards for
energy monitoring purposes, such as supervisory control and data acquisition (SCADA)

software [29]. This software is capable of connecting to field measuring devices, such as
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programmable logic controllers (PLC). PLCs may be used, providing real-time data,
regarding the energy consumption of various components. These SCADA systems have the
functionality of forming a part of the Internet of Things (IOT), which enables the user to
have control access from anywhere on earth [28]. Furthermore, the SCADA systems usually
have a ‘historian’, which has the functionality of showing various energy monitoring trends

and storing the important history of that data for analysis purposes.
2.5.3.2. Equipment efficiency

At the technical level, the equipment efficiency should be further improved, compared to
the previous level, which is the active level. This may be achieved through the
implementation of hybrid renewable energy systems. These systems are designed to perform
optimally, when the energy consumption is shifted from the high demand regions to the low
demand regions of the TOU tariff structure, which is, mostly, achieved through hybrid
energy storage systems [30]. At this level, the equipment efficiency, regarding space heating
and cooling, may require supplementary renewable energy equipment, to further improve the
energy efficiency, which may require even higher initial investment costs. Therefore, the
supplementary renewable energy equipment, such as solar PV modules, electrolyser and
hydrogen storage vessel, are introduced, and basic energy management improvements are
discussed in the following passages. Thereafter, the air-to-water heat pump energy efficiency

improvements are discussed.
2.5.3.2 a) Air-to-air heat pump

Additionally, heat pumps, at this level, require substantial energy efficiency
improvements, with a substantial amount of effort. Hence, the following may be considered
at the technical level, to improve the air-to-air heat pump efficiency:

The authors in Reference [31], have presented a seasonal solar thermal energy storage

system for space heating in cold climatic weather conditions, at various locations. The solar
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collector area, borehole length, number of boreholes and heat pump capacity, were
determined for a typical dwelling for each location. The results have shown that the ground
temperatures were stable in each location with solar charging. The coefficient of
performance (COP) of the compressor, has shown to be more than 5.8, which shows
potential for these systems. It further showed that this type of system may provide more
than 93 % of the space heating demands.

In Reference [32], the authors have presented an air-source thermoelectric heat pump
system, which may provide both space cooling and water heating, simultaneously. The
results of this study indicated that an overall energy efficiency of 90 %, both for space
cooling and water heating may be achieved. This validates that thermoelectric heat pumps

may be beneficial in daily life, with ambient air as the source of energy.
2.5.3.2 b) Air-to-water heat pump

In this case, the water heating equipment, such as the air-to-water heat pump water
heater, may require the same supplementary renewable energy equipment as those being
used for the space heating and cooling equipment, at the technical level. However, the
following may be considered at the engineering level, to improve the air-to-water heat pump
efficiency:

Nannan et al. [33], have built a heat pump water heater test system and a coupling model,
containing the vapour-compression-cycle and water heater, with the purpose of analysing the
charging and discharging performance. The fixed and variable diameter coil of the heat
pump was compared, with regards to its temperature distribution, heat transfer coefficient
and the operating efficiency. The results of the charging process, regarding the heat transfer
coefficient, as well as the COP, indicated that the variable diameter coil outperformed the
fixed diameter coil by 20 % and 10.23 %, respectively. The results of the discharge process,
regarding the discharging efficiency and extraction efficiency, indicated that the variable

diameter coil outperformed the fixed diameter coil by 7.74 % and 9.7 %, respectively.
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In Reference [34], the authors have designed and developed a heat pump water heater,
with a frozen type evaporator, where a parallel helical coil type evaporator was used to
extract latent heat from the sewage. The data was obtained in the first freezing, melting and
second freezing process, at various water temperatures. The results of the developed system,
illustrated that it may reduce the required water by more than 90 %, compared to a
traditional heat pump water heater. After reviewing the various components, it may be
observed that these components could be part of an integrated system for space heating and
water heating, where each of the components face problems, which were discussed in the

problem statement section.
2.5.3.2 ¢) PV solar cells

Solar PV solar cells are connected in series and in parallel, which form solar panels. These
solar cells comprise of p-type and n-type semiconductor material, which is the positive layer
and negative layer, respectively, as seen in Fig. 2.4. During the presence of sunlight, photons
are absorbed by the semiconductor atoms, which knock electrons out of its valence band.
The released electrons flow from the negative layer to the positive layer, producing an

electric current [35].
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. ,// Top Llectrode
+

P-N
Junction
(Depletion
Region)

Llectron Curtent Flow
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Fig. 2.4: Physical structure of a PV cell
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The main purpose of the PV modules is to supply electrical energy to the electrolyser, to
produce hydrogen in the gaseous state. Crystalline silicon photovoltaic panels (c-Si PV),
behaves flawlessly under high temperature conditions, due to annealing effects, compared to

amorphous silicon solar cells (a-Si PV) [36].
2.5.3.2 d) Proton Exchange Membrane (PEM) electrolyser

In Proton Exchange Membrane (PEM) electrolysers, water is supplied at the anode
reaction interface through bipolar plates, as seen in Fig. 2.5. When electrical energy is

applied, as seen in Eq. (2.1), oxygen and hydrogen are produced at the anode and cathode,
respectively [37, 38].

H,O(liquid) +electrical energy — Hz(gas)+%02(gas) 2.1)

At the anode side, protons, electrons, and oxygen are produced, as seen from Eq. (2.2).
At the cathode side, hydrogen is formed when the electrons and protons recombine, as seen

trom Eq. (2.3).
R |
H,0—>2H" +2e +§Oz(anode) (2.2)

2H" +2e” — H,(cathode) (2.3)
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Fig. 2.5: Schematic layout of a Proton Exchange Membrane (PEM) electrolyser

The main purpose of the PEM electrolyser, is to produce gaseous hydrogen, which is
stored for on demand requirements. At this level, various energy efficiency improvements
have been attempted in recent years.

In Reference [39], the authors of this paper have presented the effect of applying a
magnetic field to the PEM electrolyser. The strength of the magnetic field and the flow rate
of water, were varied, to study the effect that it has on the performance of the PEM
electrolyser. The experimental results achieved a 33 % cell performance improvement, when
the magnetic field strength was 1.5 Tesla (T) and the water flow rate was 300 millilitre/per
minute (ml/min). The main reason for this improvement is due to the magnetic field causing
a pumping effect on the surface of the electrode. This improves the removal of oxygen
bubbles and reduces the mass transport polarization, improving the lifespan of the PEM
electrolyser.

In Reference [40], the authors have developed an improved design of the PEM
electrolyser. This new concept of two plastic frames with integrated mono-polar plates,

which form a flexible pocket for the inner cell components, is to improve its heat
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management, direct current and media conduction. The capability of the new concept, has
been experimentally validated.

The authors in Reference [41], have developed a mathematical model to analyse the
performance of a PEM electrolyser and the effect of operating temperature, cathode
pressure, membrane thickness, width and height of the channel and current density. The
developed model was validated, with valid experimental data, where the results indicated
that, when increasing the current density, the voltage of the electrolyser increased, the energy
and exergy efficiencies decreased. When the operating temperature of the electrolyser was
increased from 313 °K to 353 °K, and the decrease of the cathode pressure from 40 bar to 1
bar, the energy and exergy efficiencies increased between 2 % and 6 % the operating range
of the electrolyser.

Rau et al. [42] proposed a solution, which validates that the efficiency of a PV-electrolyser
system may be increased, by using a direct connection between a PV module and a PEM

electrolyser.
2.5.3.2 ¢) Proton Exchange Membrane (PEM) fuel cell

In Proton Exchange Membrane (PEM) fuel cells, hydrogen is supplied at the anode
reaction interface and oxygen is supplied to the cathode reaction interface, as seen in Fig.

2.0.
H,(gas) +%Oz(gas) — H,O(liquid) (2.4)

At the anode side, protons and electrons are produced, as seen from Eq. (2.5). At the

cathode side, water is formed when electrons, protons and oxygen recombine [43], as seen

tfrom Eq. (2.6).

H, —>2H" +2e (2.5)
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%02+2H*+2e—>HZO (2.6)
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Fig. 2.6: Schematic layout of a Proton Exchange Membrane (PEM) fuel cell

The main purpose of the PEM fuel cell is to produce electrical energy from the hydrogen
gas which is supplied from the hydrogen storage vessel. At this level, various energy
efficiency improvements have been attempted in recent years.

In Reference [44], the authors have presented an extensive review on various cooling
approaches of a fuel cell. Results showed how the operating temperature influenced the
performance of the fuel cell, where it may be seen that, by cooling the modules more
efficiently, the physical size of the fuel cells may be reduced, as well as the weight, thereof.

The authors in Reference [45], have presented the influence of the exchange current
densities, charge transfer coefficients, protonic conduction coefficient and water removal
coefficient, that they have on the PEM electrolyser. This was carried out by developing a
model, using the ANSYS PEM Fuel Cell Module, after which the simulation results
indicated how the activation losses were influenced by the exchange current densities and

charge transfer coefficients. The membrane resistance and contact resistance, between the
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various components within a fuel cell, contributed towards the ohmic losses. Furthermore,
how the concentration losses were influenced by the water removal coefficient.

In Reference [406], the authors have studied the effect of freezing on thermal cycles from
10 °C to 80 °C and further found that the current density reduced from 860 mA/cm? to 760
mA/cm?.

2.5.3.3. Operation efficiency

The operation efficiency, at the technical level, may be improved through the
implementation of the previously mentioned supplementary renewable energy equipment, in
the equipment efficiency section. Therefore, in this section, control techniques, such as

DSM, are discussed for further energy efficiency improvements.
2.5.3.3 a) Air-to-air heat pump

Basic DSM, based on the TOU tariff structure, was carried out through the
implementation of the hydrogen storage. Hydrogen was produced through the PEM
electrolyser, during off peak periods and converted to electrical energy through the PEM
tuel cell, which was used by the air-to-air heat pump, during the peak periods.

Proportional integral (PI) controllers may be implemented, to more accurately control the

different zones of heating/cooling, for energy efficiency improvements [47].
2.5.3.3 b) Air-to-water heat pump

Basic DSM, based on the TOU tariff structure, was carried out through the
implementation of the hydrogen storage. Hydrogen was produced through the PEMWE,
during off peak periods and converted to electrical energy, through the PEMFC, which was

used by the air-to-water heat pump, during the peak periods.
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Load forecasting may be performed, in order to more accurately set the low-cost timer,
for more energy savings [48].
An initiative which ensures that energy usage is monitored more accurately and

effectively.
2.5.3.4. Performance efficiency

At the previous level, which is known as the active level, a database was established for all
backup systems, which was carried out to improve the performance efficiency. Furthermore,
the performance efficiency was monitored, containing various details, as discussed in the
active level section.

The advanced energy dashboard, such as the SCADA system, discussed in the technology
efficiency section, at this level, is an outstanding tool to measure the performance efficiency
of a system. This is achieved by monitoring the energy consumption data, provided by the
historian of the SCADA system. Therefore, constant and recent data, regarding the energy
consumption, are readily available, which may be used for continuous improvement, by
conducting a new baseline analysis, followed by a new target setting. This enables the user to

determine more accurate and recent energy savings.
2.5.4. Engineering level

The engineering level, further known as the improvement level, involves more advanced
methods to improve energy efficiency. Optimization control techniques may be applied, at
this level of the POET concept, which may yield the maximum possible energy efficiency.

Therefore, ensuring that energy saving targets, are reached timeously.
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2.5.4.1. Technology efficiency

The technology efficiency, at this level, may require additional information, to be
included on the energy dashboard, to further improve on it. This may be as basic as a
maintenance schedule, which may focus on data analysis, training of personnel and
economic analysis, which may be helpful in comparing the planned savings, against the
actual savings.

Advanced automation systems, which involve, in this case, dynamic optimal control,
should be applied to the major energy consuming processes, such as the space heating and

cooling, as well as water heating equipment, to yield maximum energy savings.
2.5.4.2. Equipment efficiency

At this level, the optimal maintenance of the current equipment is attempted to improve
the equipment efficiency. As mentioned in the technology efficiency section, at this level, a
maintenance strategy should be developed, which requires training of the relevant personnel,
to compile a maintenance timetable based on the equipment requirements and specifications.

Furthermore, energy dashboards may be used as a particularly effective tool for the
planning and compiling of schedules, based on historic equipment performance. The
equipment maintenance frequency should be increased over time, as equipment deteriorates,

due to aging.
2.5.4.2 a) Air-to-air heat pump

The equipment efficiency of the space heating and cooling equipment, such as the air-to-
air heat pumps, should undergo regular maintenance, which may ensure that the optimal
energy efficiency of the air-to-air heat pump, is maintained, which may include the following
[49]:

Repairing/replacing of failed sensors, that may provide an energy saving of up to 40 %.
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Ensuring that appropriate refrigerant levels are maintained, which may provide a 5 °C —

10 °C saving.
2.5.4.2 b) Air-to-water heat pump

In terms of the air-to-water heat pump maintenance, the following may be considered to
maintain optimal energy efficiency [50]:
Thermal blankets could be inspected to ensure that everything is in order.

Pipe lagging and leak inspections may be performed.
2.5.4.2 ¢) Solar PV modules

At this level, the PV modules may require additional equipment or modification, to
turther improve the energy efficiency. The PV modules may be modified, such that the heat
generated on the surface of the PV module were absorbed through forced water circulation
and utilised for water heating applications [51]. The heat gained through forced water
circulation, may be transferred to the DHW storage tank, aiding the air-to-water heat pump

water heater.
2.5.4.2 d) PEM electrolyser

The PEMWE may require new equipment or modifications, which may further improve
the energy efficiency, thereof.

A waste heat recovery system for the PEMWE may be implemented, which may improve
its energy efficiency. The optimal operating temperature, ranges from 50 °C — 100 °C [52]
and if excess heat is present, it may be removed, by absorbing it through forced water
circulation and, in turn, be transferred to the HWST, the same methodology as adopted by

the PV modules.
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The new equipment or modifications to further improve the energy efficiency of the

PEMFC, may be an exact duplicate of that which is applied to the PEMWE.

2.5.4.2 ¢) PEM fuel cell

2.5.4.3. Operation efficiency

The operation efficiency may be further improved, at this level, by applying various
dynamic optimization techniques, which may be applied to the individual equipment. The
dynamic optimization techniques may involve, firstly, optimal control techniques. Secondly,
it may further involve an optimal power dispatch from the supplementary renewable energy
equipment, for supplying and storing of energy, to be dispatched to the loads during the high
demand regions of the TOU tariff structure. Thirdly, model predictive control (MPC) may
be introduced and applied to the individual equipment. Lastly, all the equipment mentioned,
would make up a residential energy hub, integrating renewable energy, demand response and
energy storage system. Energy efficiency improvements, related to optimal control, DSM
and MPC, are discussed in this sub-section.

MPC is a control method, which possesses the function of predicting the future states of
a dynamic process. The controller generates a control vector, to minimise a predefined cost
function, subjected to various constraints over a predetermined prediction horizon. The
control vector elements are computed for all the sampling intervals, in the prediction
horizon. The control algorithm solely applies the first control vector element at the first
sampling interval, discarding the remaining control vector elements. Thereafter, the control
algorithm computes all the control vector elements again, for the entire prediction horizon
and, once more, solely applies the first control vector element at the first sampling interval.
This process continues for every subsequent sampling interval, in the prediction horizon

[53].
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In Reference [54], the author of this paper has presented a new control strategy for a

2.5.4.3 a) Air-to-air heat pump

parallel loop hybrid system, with a heat pump and gas fired water heater, in combination.
The results of the control strategy, showed to be economically beneficial, ranging from 10 %
to 60 %, for space heating applications from -12 °C to 20 °C.

The authors in Reference [55], have developed a transient coupled model, for a variable
speed COyz direct expansion ground source heat pump, for space heating and cooling of
small-scale residential buildings, located in cold climatic weather conditions, such as Canada.
The control model rejects optimal heat, by regulating the pressure of the fluid, which allows
for the vapour compression cycle to convert from sub-critical to trans-critical. However, the

results indicated poor performance, when this system operates at low mass flow rates.

2.5.4.3 b) Air-to-water heat pump

The authors in Reference [56], have developed a heat pump predictive load-shifting
controller, where the controller predicts the following day’s heating requirements, based on
the air temperatures and solar radiation forecasted. The experimental results, indicated more
desirable thermal performance of the predictive controller, compared to the simulation
results. However, the heat pump was solely in operation during the off-peak region of the
TOU tariff, where the performance of the heat pump, under load shift control, was
particularly poor.

In Reference [57], the authors have presented an optimal control model of a hybrid heat
pump water heater, with an instantaneous shower, powered by means of an integrated
renewable energy system. The simulation results indicated a potential cost saving of 23.4 %
and 19 L of energy and water, respectively. Furthermore, the excess energy may be fed back
into the grid, which may be an additional economic benefit.

Wanjiru et al. [58], have developed an optimal control model of a heat pump and

instantaneous water heater, integrated with solar energy, under time-based pricing. The
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simulation results yielded a possible power saving of 35 %, with 7.7 kWh energy sold back to

the grid and an energy cost saving of 19 %.
2.5.4.3 ¢) PV modules

The authors in Reference [51], have developed an optimization model of a hybrid PV/T
solar system, for domestic hot water applications. Results indicated an improvement in
electrical and thermal efficiency, which proved the model to be more economically viable.

In Reference [59], the authors investigated how convection heat transfer and fluid flow,
affect the PV module efficiency, where the results of the developed model showed various
Reynolds number values in laminar flow, with both optimum plate thickness and length
increase in heat transfer.

In Reference [60], the authors have developed a model to extract further energy from
solar collectors, by optimizing the fluid flow rate. Results indicated an improvement of 7.82
% extracted energy, where the thermal efficiency decreased between 5.54 % and 7.34 %,
when using connecting pipes.

Siecker et al. [61], have developed an optimization model of a hybrid
photovoltaic/thermal (PV/T) system, to maximise the electrical output of a PV module and
supply hot water to a domestic load. The simulation results indicated a 2.65 % improvement
in the electrical efficiency during summer and 5.9 % reduction, during winter. The heat gain,
within the hot water storage tank, indicated that it may be utilised by domestic loads.

In Reference [62], the authors have developed a model for a hybrid solar water heater,
with an ESTWH. The aim was to reduce the energy cost of heating water, by maximizing the
solar water heater utilization and minimizing the switching of the ESTWH, particularly
during the high demand region of the TOU tariff structure. The simulation results indicated
an energy cost saving of 49 %, in a life cycle of 20 years.

Wu et al. [63], have developed a model to predict the thermal-electrical performance of a
heat pipe. Results showed that the overall thermal, electrical and exergy efficiency, increased

to 63.65 %, 8.45 % and 10.26 %, respectively.
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The authors in Reference [64], proposed a hybrid Photovoltaic/Proton Exchange

2.5.4.3 d) PEM electrolyser

Membrane FElectrolyser. The water temperature of the electrolyser was controlled using
fuzzy logic control, to improve its efficiency. The efficiency of the hybrid system, was
verified, by maximising the Proton Exchange Membrane Electrolyser hydrogen flow and the
PV captured energy.

In Reference [65], the authors have presented a paper to optimally match a PV system
with a PEM electrolyser, to maximize the electrical energy transfer and hydrogen production.
This was achieved by finding the optimal series-parallel configuration of PV modules and
PEM cells. In this study, four 75 W PV modules were used to transfer electrical energy to
five 50 W PEM electrolyser stacks. The model predicted a maximum theoretical energy

transfer of 94 %, whereas, the experimental results suggested a 95 % energy transfer.

2.5.4.3 ¢) PEM fuel cell

Lototskyy et al. [66], presented a concept of combined cooling, heating and power energy
systems, where solar power is used primarily to supply the electrolyser, which supplies
hydrogen to the solid oxide fuel cell. Storage of hydrogen and heat generated, was carried
out, by making use of high temperature metal hydrides, as well as low temperature metal
hydrides, for superfluous heat management. This was carried out by evaluating the energy
balances of the components within the system and the mass, as well as heat transfer
modelling. The results indicated that the energy efficiency of the electrolyser and fuel cell
modes, is 69.4 % and 72.4 %, respectively. Furthermore, the tri-generation system led to a 36
% improvement, as opposed to the standalone systems.

In Reference [67], the authors have designed a neural network controller, to control the
temperature of a 5 kW fuel cell. This controller, initially, learns the pattern of the dynamic
power demand, which is the driving force for the fuel cell to produce current. This may

influence the temperature of the fuel cell stack, where the change in temperature is
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controlled by varying the water-cooling flow rate, through the fuel cell stack. The simulation
results showed that the desired temperature set-point is maintained, by using this neural
network controller.

The authors in Reference [68], presented the importance of possessing a robust
temperature for a PEM fuel cell. In this paper, a model-based characterization of the
equilibrium point of an open cathode fuel cell, for appropriate design, is presented. The
results indicated the relation between the temperature of the fuel cell, humidification and
overall performance. Furthermore, the simulation results validated this robust temperature
controller, applied to a nonlinear plant model.

In Reference [69], the authors have proposed an analysis and optimization model for a
high temperature proton exchange membrane fuel cell (HT-PEMFC), based on the
surrogate model. The surrogate model was developed with samples obtained from the
available budget, to conduct the analysis and optimization. The results showed that it affects
the cathode stoichiometric ratio of the cell performance more than the anode stoichiometric
ratio and that significant nonlinear interactions among the flow channel geometry, are
present. The maximum current density and real power, were achieved at a fixed operating
voltage, yielding a 10.54 % and 3.93 % improvement, compared to the baseline design,
respectively.

The authors in Reference [70], have developed a MPC controller for a fuel cell, powered
by renewable energy. In this study, the MPC control algorithm regulating energy sub-system

with a supervisory MPC framework is evaluated at various parameters.

2.5.4.3 f) Residential energy hub integrating renewable energy, demand response and energy

storage system.

The optimal power dispatch of integrated renewable energy systems, under time-based
pricing are discussed in this sub-section. These energy efficiency improvement studies
include optimal control of thermal energy storage, hydrogen energy storage, battery storage

and demand response, applied to integrated renewable energy systems.
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Sichilalu et al. [71], have presented an optimal control technique, to optimize a heat pump
water heater, which is supplied from a wind generator-solar photovoltaic-grid. The main
objective, was to minimize the energy costs, whilst providing the desired hot water
temperature profile, where the results validated this model with a 70.7 % cost reduction
achievement.

The authors in Reference [72], have developed an optimal power dispatch model of a
grid-tied PV-battery—diesel system, that supplies electrical energy to heat pump water
heaters. The battery system was used as the energy storage system during the peak times of
the TOU tariff, while the diesel generator was the backup source. The simulation results
showed great potential, regarding DSM, which yielded a maximum possible energy cost
saving of 68.09 %.

Sichilalu et al. [73], have developed an optimal control model of a grid-tied-PV-fuel cell
hybrid system, with the objective of minimizing the energy cost, taking the TOU tariffs into
account. This was achieved through the PV modules supplying electrical energy to the
electrolyser, storing of the produced hydrogen, for the fuel cell to produce and supply
electrical energy to the load demand during the peak times of the TOU tariffs. The
simulation results showed that the heat pump water heater, consumed 45.50 kWh under the
optimal control conditions, whereas, with a normal thermostat-based controller, it consumed
84 kWh.

In Reference [74], the authors presented a residential energy hub model, in which energy
production, conversion and storage were integrated. The electrical, heating and cooling
demands are supplied by electricity, natural gas and solar radiation, subjected to a demand
response program, which includes load shifting, load curtailing and flexible thermal load
modelling. The simulation results validated the feasibility of the proposed model.

The authors in Reference [75], have presented a comprehensive overview of the concepts
applied to energy hubs in different sectors, that require energy, such as the residential,
commercial and industrial sectors. The energy hub as an integrated energy management
system, was evaluated to investigate whether it has the capability of solving the challenges of

the major energy consuming processes, in the various sectors. In this study, the focus was
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the possible benefits of integrating demand response, distributed energy resources,
renewable energy resources, multi-generation systems, energy storage systems and smart
energy hub applications.

Jamalzadeh et al. [76], proposed a hybrid interval-stochastic approach, to design an
algorithm of an energy hub, where a thermal energy market, thermal demand response and
electricity demand response, were considered, in order to minimize operational costs. In this
study, a deviation cost was added as a second objective to the average cost objective, with a
weighted sum. The simulation results depicted an increase in the average cost, with a
decrease in the deviation cost, which confirmed that robust scheduling of an energy hub,
system in uncertain conditions, was obtainable.

In Reference [77], the authors presented the optimal control of an energy hub, where it
consists of various energy sources and generation to supply electrical, thermal and gas
demands. The energy hub, in this study, consisted of wind and solar renewable energy
resources, combined heat and power cogeneration, power-to-gas units and a gas-fired
generator, in which interdependencies of infrastructures for these energy sources were
provided. The energy stability and security of the energy hub, were investigated in this study.
The genetic algorithm solver is used to maximize the energy efficiency and minimize the
COz emissions. The simulation results of this study, showed an increase in performance
when the aforementioned equipment is used in an integrated system.

The authors in Reference [78], proposed a demand response strategy for distribution grid
management. The distribution system operator used the various energy hubs at its disposal
in a demand response manner, to improve its operation. The aforementioned strategy used a
recursive two-level optimization structure, to model the interactions between the distribution
system operator and the energy hubs. Electrical and thermal loads were considered with
constraints, which may improve the flexibility of the energy hubs. Stochastic optimization
was included, to cater for the intermittent wind energy resource. 6-bus and 18-bus test
systems were used in this study, where the simulation results with the 6-bus test system,

illustrated that the peak loads of the energy hub and distribution grid were reduced by 29 %
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and 14 %, respectively. This relates to a 10 % and 14 % operating cost reduction of the

energy hub and distribution grid, respectively.
2.5.4.4. Performance efficiency

As discussed at the technical level, an advanced energy dashboard, such as a SCADA
system, was introduced to improve the performance efficiency, by monitoring the energy
consumption data provided by the historian of the SCADA, to analyse the various EPI’s.

At this level, energy supply security and reliability of large residential buildings are
important, which poses a problem when unproven optimization techniques are used, where
disruption of crucial supply and optimal energy efficiency, may be compromised. Therefore,
the optimization model should be validated, through conducting an extensive analysis before
implementation occurs. This may be overcome, by using real time simulation hardware and
software, which enables the user to validate and simulate the optimization control model,
while a physical controller may be tested offline, prior to implementation. In this case, a real
time simulator, with analogue and digital input-output (IO) channels, may be used to
emulate the behaviour of the process, which may assist with the fine-tuning of the controller,

in order to ensure that the system constraints are satisfied [79].

2.6 KEY FINDINGS ON REVIEWED LITERATURE

The POET concept is an effective energy management strategy, for energy efficiency
improvements of large-scale residential buildings. Based on the four levels of which the
POET comprises, various energy efficiency improvements were proposed. These levels were
presented in the sequence of which they were conducted, which includes: the conceptual
level, active level, technical level and the engineering level.

As explained previously in this study, the Pareto analysis (80/20 principle), were
conducted at the conceptual level, which implies that if 20 % of effort is applied, an 80 %

return may be achieved, further known as the “low hanging fruits”. At this level, the major
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energy consumers were identified, which is the space heating and cooling, as well as water
heating equipment. Thereafter, the previously mentioned principle was successfully applied
to the air-to-air heat pump and, air-to-water heat pump, which involved low cost and effort
initiatives, with high impact on rewards with regards to energy efficiency improvements.
Thus, a swift payback period (PBP), was achieved.

The subsequent level, which is the active level, required a higher level of cost and effort
to be applied to the space heating and cooling, as well as water heating equipment. At this
level, the Pareto analysis was slightly changed from 20/80 to 40/60 and successfully applied
to the air-to-air heat pump, for space heating and cooling, as well as air-to-water heat pump
for water heating, which implies that, if 40 % of effort is applied, a 60 % return may be
achieved, which was achieved at this level.

The third level, known as the technical level, required an even higher level of cost and
effort to be applied to the space heating and cooling as well as water heating equipment. At
this level, the Pareto analysis was, once again, changed to 60/40, which implies that if 60 %
of effort is applied, a 40 % return may be achieved. Therefore, supplementary renewable
energy equipment was introduced and successfully applied to the air-to-air heat pump and
air-to-water heat pump, at this level, which included solar photovoltaic (PV) modules, a
proton exchange membrane (PEM) electrolyser, a hydrogen storage vessel, and a PEM fuel
cell. Furthermore, energy efficiency improvements, obeying the 60/40 rule, have been
presented and successfully applied to the supplementary renewable energy equipment.

The fourth and last level, known as the engineering level, required an even higher level of
effort, compared to the previous level. At this level, the Pareto analysis was, once again,
changed to 80/20, which implies that if 80 % of effort is applied, a 20 % return may be
achieved. Therefore, modifications were made to the supplementary renewable energy
equipment. Forced water circulation was applied to the PV modules, PEM electrolyser and
PEM fuel cell, to cool the equipment appropriately, as well as absorb the wasted heat and
transfer it to the HWST, reducing the burden on the air-to-water heat pump, for further
energy efficiency improvements. Furthermore, the supplementary renewable energy

equipment plays a vital role in demand response, DSM and energy storage applied to the air-
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to-air heat pump, as well as air-to-water heat pump. Optimal control and DSM techniques

were successfully applied to various types of integrated systems.
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CHAPTER III: OPTIMAL SWITCHING CONTROL
OF AN AIR-TO-AIR HEAT PUMP OPERATING
UNDER VARIABLE TIME-BASED ELECTRICITY
PRICING

At the offset of this chapter, space heating and space cooling, in residential buildings, and
various recent energy management strategies applied to them, are reviewed, followed by
identifying the need for the study. Therefore, this chapter further presents the proposed air-
to-air heat pump space heating and space cooling system. A mathematical model is
developed for the proposed optimal switching control of an air-to-air heat pump space
heating and space cooling system, with the main aim of minimizing the operational energy
cost subjected to TOU, whilst minimizing the level of discomfort of the occupants,
regarding the desired air temperature inside the residential building.

Section 3.1 introduces the chapter, with various relevant reviews on air-to-air heat pumps
used for space heating and space cooling. Section 3.2, presents the methodology. Section 3.3,
presents the case study description. The simulation results and discussion are presented in

Section 3.4. Lastly, in Section 3.5, the conclusion is presented.
3.1 INTRODUCTION

Heat pumps in the space heating and space cooling domain, have gained a wide range of
useful applications over the years [80]. In residential buildings, space heating and space
cooling, account for approximately 47 % [2] of the total energy consumption, which
highlights the need to investigate methods of improving the efficiency, thereof.

Some general means of performing space heating and space cooling, are the boiler type, in
which hot water is transferred to the various rooms within the residential building, and

thereafter, transferred to the spaces in the building by means of a radiator [81]. A further
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method of space heating, is by making use of a wall mounted electric radiator, where it uses
an electric element to provide space heating [82]. However, both methods are extremely
ineffective, due to their elementary operating principle.

Space heating and space cooling in residential buildings, may be performed, by making
use of an air-to-air heat pump, which may be used to improve its operational efficiency,
whilst minimizing its operating energy costs.

Few authors have attempted to create a comprehensive optimal control model of an air-
to-air heat pump, which includes minimization of the running energy cost, minimization of
the level of discomfort to the user, adaptation to exogenous variables, further known as
disturbances, such as, the amount of occupants present in the residential building and the
amount of lights switched on at each moment in time.

In Reference [83], the authors have developed a dynamic optimization model of an air-
source heat pump heating system, in order to reduce energy costs, by making use of the
General Algebraic Modelling System (GAMS). The model proposed in this paper, is based
on an air-source heat pump, transferring heat to a water pipeline, situated below the building
floor, transferring heat to the building. The main objectives were to minimize the energy
costs whilst reaching the thermal comfort level of the users, where the simulations results
indicated a potential energy cost savings of 16 %.

In Reference [84], the authors have developed a comprehensive model of an air-source
heat pump system, with thermal energy storage under varying load shifting scenarios. Data
from several households were obtained, to conduct more realistic simulations, where
TRANSYS software was used to conduct the simulations. One of the key findings, was that
the space heating systems were sensitive when the load shifting techniques were applied.

The authors in Reference [85], developed a dynamic optimization model of an air-source
heat pump system, under time-based pricing. The proposed model was based on an air-to-
water heat pump, transferring heat to the buffer tank, which is connected to the floor
heating water pipeline. The objective function of the algorithm, was to minimize the

operation energy cost of the heat pump, under time-based pricing. The simulation results,
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illustrated that the hourly optimal scheduling during winter, by adjusting the temperature set-
point, based on the meteorological data, showed promising energy costs savings.

In Reference [86], the authors developed an optimal control model of an air-to-water
heat pump, which transfers heat to the water pipeline beneath the building floor, which is
used for space heating. The sequential quadratic programming solver in the Automatic
Control And Dynamic Optimization (ACADO) Toolkit, was used. A Multi-objective
function, such as the minimization of the operational energy cost and the maximization of
the thermal comfort, was used. The simulation results indicated an energy cost saving up to
4 %, if a 0.5 °C thermal comfort level deviation, which is between the actual building
temperature and reference building temperature, is permitted. If the TOU tariff structure is
considered, an energy cost savings up to 6 %, may be achieved.

In Reference [87], the authors developed an optimal control strategy, which self-adapts to
prevent frosting of air-source heat pumps. This model is based on dimensionless artificial
neural network (DANN) correlation model, which was used to analyse the frost formation
on the outside heat exchanger. The DANN is improved, by developing a self-adaptive
control algorithm, where the simulation results yielded only a 7.55 % difference, compared
to the experimental results.

The authors in Reference [88], have developed a novel deep reinforcement learning
control algorithm, of which the main focus is to ensure the building temperature is within
the desired boundaries, whilst maintaining a minimized energy consumption objective. MPC
and rule-based control have been adopted in this study, to compare the performance,
thereof. The simulation results yielded the MPC and rule-based control techniques
outperformed their model-free counterpart. However, the model-free algorithms, up to this
time, still indicated substantial energy cost savings, compared to rule-based algorithms.

After reviewing the literature, it is quite evident that the various authors have developed
optimal control algorithms with a multi-objective function, consisting of the minimization of
both the energy costs of the heat pump and the level of discomfort. However, the
integration of the system disturbances, such as, building transmission losses, the number of

occupants present at each moment in time and the number of lights switched on at each
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moment in time, are lacking. Therefore, the aim of this study is to propose a comprehensive
optimal switching control model of an air-to-air heat pump. The main contributions of this
study are as follows:

The electrical energy cost of the air-to-air heat pump is minimized, by taking the TOU
tariff structure into account, whilst ensuring the level of discomfort inside the residential
building is minimized, such that its temperature set-points are achieved, by ensuring that the
air-to-air heat pump is merely switched on to purely meet the temperature set-points and
switched off during all of the other instances. Thus, ensuring the temperature set-points are
reached, with the least amount of energy consumed. This is achieved, by making use of the
SCIP solver, due to this problem being a mixed integer nonlinear optimization problem by
nature. Furthermore, this model adapts particularly well to the various disturbances under
which it is exposed to, including building transmission losses, number of occupants present
at each moment in time and the number of lights switched on at each moment in time.
Furthermore, McArthur et al [89], have developed a water source heat pump system, where
water is transferred to the radiator units, which are used to provide space heating of the
various building rooms, by making use of the genetic algorithm. However, the weakness in
their approach, is that the genetic algorithm is stochastic by nature, which means that the
results may not be predicted precisely and results may vary significantly. Therefore, in this
chapter, a ducted air-to-air heat pump system is developed by making use of the SCIP
toolbox, which is deterministic by nature, resulting in particularly accurate and rapid

computed results.
3.2 MODEL DEVELOPMENT
3.2.1 Proposed air-to-air heat pump space heating and space cooling system

Fig. 3.1 illustrates the schematic of the proposed space heating and space cooling, to a
university residence of 270 students. The air-to-air heat pump uses the vapour compression

cycle, to successfully absorb the outside ambient air and transfer the generated heat into the
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residential building [16]. Thus, the heat pump serves as the input to the residential building,
which is responsible for providing space heating to the residential building. This model
ensures that the air-to-air heat pump is controlled, such that the desired temperature set-
points are achieved, whilst consuming the least amount of energy. Furthermore, this space
heating system may adapt flawlessly to the disturbances of which the residential building is
exposed to. These disturbances include the ambient air temperature, the number of
occupants present inside the building, during each moment in time, and the amounts of
lights that are used during each moment in time. Furthermore, losses experienced by the
residential building, is the transmission heat losses, which is through the walls, floor and

roof.
3.2.2 Dynamic model of an air-to-air heat pump for space heating and space cooling

In this Section, a mathematical model of this system is developed for simulation
purposes, which negates the necessity of conducting physical experiments. The control

variable and state variable forming part of the proposed model, are as follows:

e U,: Discrete switching function of the air-to-air heat pump;

e T5: Residential building temperature.
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Fig. 3.1: Schematic of the air-to-air heat pump model for space heating and space cooling

The first law of thermodynamics is applied to the space that should be heated, to obtain
the energy balance inside the residential building. Eq. (3.1) describes the energy balance
equation specifically for space heating. M, is the mass of the air inside the residential building
(kg), Cy is the specific heat capacity of air (J/kg°C) and Tyis the building temperature. Qi is
the useful heat gained by the thermodynamic system [90], Orr is the transmission heat load
[91], i.e. the thermal energy transferred through the building walls, floor, roof, etc, O is the
heat load generated from the occupants and (1. is the heat generated by the lighting inside

the building.
dT
Ma'ca'd_tS:QlN _QTR+QH +QL (3-1)

The useful heat gain inside the residential building is described in Eq. (3.2). 17, is the
volumetric flow rate of the circulation fluid, which is air in this case. g, is the density of air,

T'4,0 and T4 are the outlet and inlet temperatures of the air-to-air heat pump.

Qn=Va-0a 'Ca-(TA,o _TA,I ) (3.2)

76

© Central University of Technology, Free State



: Central University of
Technology, Free State

The transmission heat load of the residential building is described in Eq. (3.3). Uris the
heat transfer coefficient for the transmission load, .47 is the transmission surface area of the

building and T, is the ambient air temperatures.

Qe =Ur A (T, -T,) (3-3)
The heat load generated from the occupants, is described in Eq. (3.4), by certain factors,

such as, Py, which is the average heat generated by a human being and Np, the number of

occupants present inside the residential building.
Qy =P,.3600.N,, (3.4)

The heat generated by the lighting inside the residential building is determined by Eq.
(3.5). P is the power rating of the light and N1 is the number of lights switched on.

Q, =P .3600.N, (3.5)
By substituting Eqs. (3.2) - (3.5) into Eq. (3.1) yields:

M, C,. dths —V,.0,.C..(Tao —Tao) —Ur.A (T, —T,) + P, .3600.N,, +P,.3600.N, (3.6)

The COP of an air-to-air heat pump is calculated, by making use of Eq. (3.7) [90]. Pa is

the rated power of the air-to-air heat pump.

_Qw
coP= 3.7)

A

Combining Eq. (3.2) and Eq. (3.7) yield:
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P,COP=V,.p,C,.(T\o —Ta,) (3.8)
Eq. (3.9) can be re-written as follows:

P,.COP
(Tao ~Thao) =" ¢ (3.9)

a'pa' a

By substituting Eq. (3.9) into Eq. (3.6) yield:

M,.C,. dths :va.pa.ca.(vPA'COCP ]—UT A (T, =T,)+P,.3600.N,, + P_.3600.N, (3.10)
a'pa' a

By dividing Eq. (3.10) by M, and C, yields:

dT, _(P.COP) o (UrA ) o (U A ) (B 3600N, | (PL3600N, (51)
dt | M,C, M, C, M,.C M, C, M, C,

a a

Eq. (3.11) is required to be written in its state space representation, which is illustrated in

the following equation: The general state space representation is illustrated in Eq. (3.12),

which is necessary to express the previous expression in the state space representation. X (t)

, the state variable, is the residential building temperature, 4 is known as the state matrix, B

is the input matrix and « is the disturbances to the system.
X (t) = AX (t)+BU () +a(t) (3.12)
Then, applying (3.12) to (3.11), yields:

toy=[ PCOP oy 1 [YrA |, p [UrA |, [Pu:3600N, ) (R 3600.N, 513
M,C, M,C, M,C, M, C, M,C,
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The state matrix, A, is stated in Eq. (3.14), B, the input matrix, is illustrated in Eq. (3.15)

and «, the disturbance to the system, is stated in Eq. (3.16).

__[YUrA

A= [Ma.CJ (3.14)

B= (MJ (3.15)
Ma Ca

. =Ta.(UT'AT ]{ P,.3600.N,, j+[ PL.36OO.NL] (3.16)

M,C, M,C, M,C,
Such that:
T(t) = A(t).T, (t) + B() U (t) + a(t) (3.17)

3.2.3 Discretized building temperature

Since the numerical approach is easier than the analytical approach, Eq. (3.17) is
discretized at each £” sampling interval at a sample period of #.
The general discrete formulation of Eq. (3.17), in terms of the £ building temperature, is

given in the following equation:
T, (k+1) = (1+t.A(K)).T (k) +t.B(k)U (k) +t.a (k) (3.18)

Since the state variable, Tz+7, should be expressed in terms of its initial value, Ty and the

control variable, U(?), of the initial, Tk+s, at each interval, is first derived as:

At the first interval, kK =0, which results in the following equation:
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T1=(1+ts-Ab)-To+ts-Bo-Uo+ts-% (3.19)
At the second interval, k =1, which results in the following equation:
T, =(1+tS.A_L).T1+tS.Bl.U1+ts.al (3.20)

Furthermore, T> from Eq. (3.20) is substituted into Eq. (3.21), such that T2 in the

tollowing equation, after expansion and factorization, becomes:

T =L+t A ) (Tt A) Tyt [ (L+ A ). By Uy + BLU, [+t [ (1+t,.A ).y + | (3.21)

By applying the same principle as Eq. (3.19) — (3.21), at the third interval, k =2, T5 will be as

follows:

Ty =(L+teA) ) (L4t A ) (Tt A) T+t [ (T t.A) ). (L+ 1A ) B U, +(1+t,.A)).B U, +B,U, |+

o[ (LA (1A )y + (1t A ) oy +a, |,
(3.22)

k

Tt :TO.H(1+'[S.AJ.)+'[S.ZK:B].UJ. ﬁ (1+t5./sﬁ)+ts.zk:ogj [T(+t.A).

k
j=0 j= i=j+l =0 i=j+

Here:
Ty and Ty are the initial and £” building temperature, respectively;
t is the sampling time;

U; is the j” switching status of the air-to-air heat pump, which may either be 1 or 0.
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3.2.4 Objective function

The main part of the objective function, described in Eq. (3.23), is to minimize the air-to-
air heat pump energy cost, by controlling the switching status of the air-to-air heat pump,
Ua(?). Cais the specific heat capacity of air, ge is the electricity pricing based on the TOU

tariff structure and W7 is the weighting factor for the cost function.

C,=W. ZN:[P P (K) U (K) ]t (3.23)

k=1

A load profile is obtained, known as the function F(#). This is a function of time and
defined as the desired output temperature of the consumer. The thermal comfort level of the
consumer is addressed, where the difference between the output temperature T(?) of the hot
water storage tank and the desired temperature F(#), should not be excessive. That is, the
value of (T(?)-F(?))? should be minimized. The function L(?) in Eq. (3.24), denotes the thermal
discomfort level, which is the second objective function to be minimized [92]. W> is the

weighting factor the discomfort level minimization function.

L(t) =W22N:(T (K)-F (k) &, (3.24)

Therefore, the final multi-objective function is described in Eq. (3.25), known as J..

J, :Wl.ZN: P (K) U, (K) 4, +WZZN:(T (K)-F (k) &, (3.25)
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The discrete switching function of the air-to-air heat pump, U.4, which is used to switch

3.2.5 Constraints

the circulating fluid pump, may either be 1 or 0. This is illustrated below:

U,e{01 (3.26)

The control variable may either be 1 or 0, which is the upper bound and lower bound of

the switch. This is shown in the following equation:

Ib<x<ub (3.27)

3.2.6 Proposed optimization solver

The objective function, as shown in Eq. (3.25), is a non-linear function with an integer-
binary control variable that should be solved, in order to obtain the optimal switching status
of the air-to-air heat pump. This problem is a mixed integer nonlinear optimization problem
(MINLP) and may be solved using the SCIP solver in the optimization toolbox of MATLAB
[93]. The main reasons for using SCIP as the solver, are due to its fast-solving capabilities
and that it may solve non-linear optimization problems, by controlling a binary integer

decision variable, which is required to switch the air-to-air heat pump.

3.3 CASE STUDY DESCRIPTION

In this Section, the optimal switching control of the air-to-air heat pump is simulated
using the SCIP solver, in the optimization toolbox of MATLAB. The main objective is to
maximize the space heating and space cooling thermal comfort level of the occupants and
whilst minimizing the running energy cost of the air-to-air heat pump under time-based
pricing.
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A case study is conducted using meteorological data obtained at the University of Free
State, Bloemfontein, South Africa, on an air-to-air heat pump [94]. The air-to-air heat pump
is used to perform space heating and space cooling to a University residence for 270
students. The main objective is to maximize the space heating and space cooling thermal
comfort level of the occupants, whilst minimizing the running energy cost of the air-to-air
heat pump under time-based pricing. The sampling time, # = 30 minutes, is implemented, to

simplify the simulations.
3.3.1 Data presentation

Table 3.1 shows the parameters of a typical University residential building, with a capacity
of 270 students, to be heated and cooled [95]. As the dimensions of the residential building
is not known. Therefore, the dimensions per room are taken as 4 m x 3 m x 2.3 m, which is
multiplied, to obtain the volume per room, calculating to 27.6 m3. The calculated volume is
turther multiplied with the 270 rooms, to obtain a total volume of 7 452 m?, illustrated in

Table 3.1. The total surface area is calculated as stipulated in Table 3.1.
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Table 3.1: University residential building parameters

Parameters Symbol  Value Unit
Room height H, 2.3 m
Building volume | 7 452 m?3
Walls and roof surface area Ar 15174 m?
Heat transfer coefficient for Ur 8 W/m2K

transmission losses
Air density Oa 1.2929 kg/m?3

Building air mass M, 9634.69 kg

There are 810 lights, each rated at 15 W installed in the residential building [96]. The
number of lights switched on during the day and when the occupants are present inside the

residential building, are illustrated in Figs. 3.2 and 3.3, respectively.
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Fig. 3.2: The number of lights switched on
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Fig. 3.3: The number of occupants present in the residential building

In this study, optimal system sizing is not conducted, as this does not form part of the
main focus of the study. However, sizing of the air-to-air heat pump required for space
heating and space cooling, is conducted to a certain level. Firstly, the total heating/cooling
load should be determined. The first heating load is the heat generated from human beings,
which is, on average 100 W [97]. Therefore, the total heat generated from human beings is
calculated as 27 kW. The second heating load is the heat that is generated from lights. Each
light generates, on average, 15 W and an assumption was made that each room has 3 lights,
of which the total heating load from the lighting, is calculated as 12.15 kW. Each occupant is
assumed to have a laptop computer, where the heat generated per laptop is, on average, 100
W, which the total heating load from the laptops is calculated as 27 kW. The final and most
dominant heat load is the transmission load, which is the heat transferred through the
building walls, floor and roof.

The average transmission load during summer is calculated by making use of Eq. (3.3), in
Section 3.2.2 and the data is provided in Table 3.1, which is calculated to be 364.18 kW. For
the case to determine the load to be cooled, the sum of the human being heating load,
lighting heating load, laptop heating load and the transmission load is taken, which is
calculated to be 430.33 kW.
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The average transmission load during winter, is further calculated, by making use of Eq.
(3.3), in Section 3.2.2 and the data is provided in Table 3.1, which is calculated to be 568.11
kW. For the case to determine the load to be heated, the sum of the human being heating
load, lighting heating load and laptop heating load, is deducted from the transmission load,
due to these loads contributing towards heating the residential building, which is calculated
to be 501.96 kW.

Therefore, by making use of the load calculated to be cooled and heated, the air-to-air

heat pump parameters are selected to satisfy these loads, which is shown in Table 3.2 [98].

Table 3.2: Air-to-air heat pump parameters

Parameters Symbol  Value Unit
Electrical Power — Cooling Pac 145.9 kW
Thermal Power —Cooling Poac 433.9 kW
COP - Cooling COPc 2.97 -
Electrical Power — Heating Py 139.01 kW
Thermal Power — Heating Poan 503.2 kW
COP - Heating COPH 3.62 -

In Figs. 3.4 and 3.5, the ambient temperature in degrees Celsius for the winter and
summer cases, are illustrated. The ambient air temperatures have been retrieved from the
radiometric station situated at the University of Free State, Bloemfontein (latitude: -29.11°,
longitude: 26.185° and elevation: 1491m), forming part of the South African Universities

Radiometric Network (SAURAN) [94].
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Fig. 3.5: Ambient air temperature during summer

Fig. 3.6 illustrates the TOU tariff during a typical winter day (high demand season), where
electricity costs in USD/kWh, with respect to the vatious pricing regions are presented. The
electricity cost, with respect to the various pricing regions, have been retrieved from Centlec,

which is the energy utility situated in Bloemfontein, Free State [99].
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Fig. 3.6: Time of use Periods [100]

The space heating and space cooling demand profiles, during winter and summer, are
illustrated in Figs. 3.7 and 3.8, respectively. This figure represents a typical University
residential building, with a capacity of 270 students, to be heated and cooled. The desired
building temperature is 22 °C at 6:00, which is when the occupants wake up and get ready
for classes. From 7:00 until 17:00, the occupants should be at the university attending
classes. Therefore, the residential building is not required to be heated. However, the desired

building is 22 °C at 18:00, which is when the occupants should arrive back from classes.
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Fig. 3.7: Desired temperature of the residential building during winter
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Fig. 3.8: Desired temperature of the residential building during summer

Table 3.3 depicts the input parameters, which are used perform the simulation of the
developed model linked to the selected case study. Furthermore, the TOU tariffs for both
high demand season (winter) and low demand season (summer), are depicted in the table

below.
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Table 3.3: Simulation parameters [101]

Parameter description Value

Sampling time (ts) 30 min
Optimization interval (hours) 24 h

o (low season peak tariff) 0.092 USD/kWh
0o (low season off-peak tariff) 0.054 USD/kWh
os (low season standard tariff) 0.063 USD/kWh
oy (high season peak tariff) 0.189 USD/kWh
0o (high season off-peak tariff) 0.088 USD/kWh
os (high season standard tariff) 0.096 USD/kWh

3.4 SIMULATION RESULTS AND DISCUSSION

3.4.1 Baseline

There are various common techniques available to control an air-to-air heat pump. These
techniques are quite inefficient, due to their simplicity in which they are controlling the air-
to-air heat pump. In this Section, two different baselines are adopted, which are used to
control the air-to-air heat pump, for the selected winter and summer cases.

The first baseline is the thermostat-based control technique, discussed in Sections 3.4.1.1
and 3.4.1.3, for the selected winter case and summer case, respectively. By making use of this
technique, the air-to-air heat pump is switched on, once the minimum temperature set-point
was reached and switched off once the maximum temperature set-point is reached. Thus, the
heat pump is controlled, such that the temperature is kept within these boundary limits.

The second baseline is the timer with thermostat-based control technique, discussed in
Sections 3.4.1.2 and 3.4.1.4, for the selected winter case and summer case, respectively. By
making use of this technique, the air-to-air heat pump is further switched, such that the
temperature is retained within a maximum and minimum set-point, as well as, the use of a

timer, which ensures the desired temperatures set by the end-user, is achieved.
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The optimal switching control of an air-to-air heat pump is discussed in Section 3.4.2.
This model optimally controls the switching of an air-to-air heat pump, where it ensured that
the desired temperature set-points were achieved, whilst consuming the least amount of
energy. The optimal switching control model is thoroughly evaluated against the two

baselines, to evaluate the effectiveness thereof.
3.4.1.1 Winter case thermostat-based control (winter baseline 1)

In this Section, the thermostat-based switching control of the air-to-air heat pump is
adopted as the first baseline, in order to evaluate the economic feasibility of the optimal
switching control model. The thermostat switching control is based on the switching of the
air-to-air heat pump, ensuring the temperature of the residential building, is retained within
the temperature limits, set by the end-user.

The thermostat switching control of the air-to-air heat pump is simulated, based on the
parameters in Table 3.1, lighting load in Fig. 3.2, occupancy load in Fig. 3.3, heat pump
parameters in Table. 3.2, ambient air temperature in Fig. 3.4 and simulation parameters in
Table 3.3. The following sub-sections present the results from the thermostat-based

switching control simulation (Figs. 3.9 - 3.10).
3.4.1.1 a) First off-peak pricing period 00h00 - 06h00 (green)

From Fig. 3.2, the lighting load may be observed, which occurs solely from 04h30 and
from Fig. 3.3, it may be observed that there is an occupancy load during the entire first off-
peak pricing period, where both of these loads are contributing towards heating the space of
the residential building. From Fig. 3.4, the ambient temperature initially starts at 10 °C and
decreases until 06h00, which is when the ambient temperature is at 4 °C.

In Figs. 3.9 and 3.10, the switching function of the air-to-air heat pump, as well as the
temperature inside the residential building, are presented, respectively. Initially, the

temperature inside the residential building starts at 18.2 °C, which is the final state of the
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previous day. From 00h0OO — 05h00, the building temperature increases, due to the air-to-air
heat pump being switched on, as seen from Fig. 3.9. It may be observed that the air-to-air
heat pump is switched on from 00hOO until 05h00, in order to reach the maximum
temperature limit of 22 °C, due to the ambient temperature being initially low and decreasing
further, during this time-period. From 05h00 — 06h00, the building temperature decreases,
due to the air-to-air heat pump being switched off by means of the thermostat controller, as

seen from Fig. 3.9.
3.4.1.1 b) First peak pricing period 06h00 - 09h00 (red)

From 06h00 — 09h00, the residential building temperature decreases, as seen in Fig. 3.10.
This is due to the air-to-air heat pump being switched off, as seen from the switching
function of the air-to-air heat pump, illustrated in Fig. 3.9. Furthermore, the residential
building temperature continues to decrease, as the minimum temperature limit of 20 °C is

not obtained at this instance in time.
3.4.1.1 c) First standard pricing period 09h00 - 17h00 (yellow)

From 09h00 — 16h00, the residential building temperature decreases, as seen in Fig. 3.10.
The air-to-air heat pump is switched off, due to the minimum temperature limit of 20 °C is
obtained at this instance in time, as seen from the switching function of the air-to-air heat
pump, illustrated in Fig. 3.9. From 16h00 — 17h00, the residential building temperature
begins to increase, as seen from Fig. 3.10, which is due to the air-to-air heat pump being

switched on, by means of the thermostat controller.
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3.4.1.1 d) Second peak pricing period 17h00 - 19h00 (red)

From 17h00 — 19h00, the residential building temperature increases until it reaches the
maximum temperature limit of 22 °C, which is during the peak pricing period, as illustrated

in Fig. 3.10.
3.4.1.1 ¢) Second standard pricing period 19h00-22h00 (yellow)

From 19h00 — 22h00, the residential building temperature continues to decrease, due to
the air-to-air heat pump switched off, by means of the thermostat controller, as the

minimum temperature limit of 20 °C is not obtained, which may be observed in Fig. 3.10.
3.4.1.1 f) Second off-peak pricing period 22h00 - 24h00 (green)

From 22h00 — 24h00, the residential building temperature continues to decrease, as seen
in Fig. 3.10. The residential building temperature decreases, due to the air-to-air heat pump
being switched off during this period, as seen in Fig. 3.9. The air-to-air heat pump is not

required to be switched on, due to the minimum temperature limit not reached yet at 24h00.
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Fig. 3.9: Winter baseline 1 — Switching function of the air-to-air heat pump
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Fig. 3.10: Winter baseline 1 — Residential building temperature

3.4.1.2 Winter case timer with thermostat-based control (winter baseline 2)

In this section, the timer with thermostat-based switching control of the air-to-air heat

pump, was adopted, as the second baseline, in order to evaluate the economic feasibility of
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the optimal switching control model. The timer with thermostat switching control is based
on the switching of the air-to-air heat pump, ensuring that the temperature of the residential
building is retained within the temperature limits, as well as the use of a timer, which ensures
the desired temperatures set by the end-user, is achieved.

The timer with thermostat switching control of the air-to-air heat pump, is simulated,
based on the parameters in Table 3.1, lighting load in Fig. 3.2, occupancy load in Fig. 3.3,
heat pump parameters in Table. 3.2, ambient air temperature in Fig. 3.4 and simulation
parameters in Table. 3.3. The following sub-sections present the results from the timer, with

a thermostat-based switching control simulation (Figs. 3.11 - 3.12).
3.4.1.2 a) First off-peak pricing period 00h00 - 06h00 (green)

From Fig. 3.2, the lighting load may be observed, which occurs solely from 04h30 and,
from Fig. 3.3, it may be observed that there is an occupancy load during the entire first off-
peak pricing period, where both of these loads are contributing towards heating the space of
the residential building. From Fig. 3.4, the ambient temperature initially starts at 10 °C and
decreases until 06h00, which is when the ambient temperature is at 4 °C.

In Fig. 3.12, the temperature inside the residential building, heated by the air-to-air heat
pump, is presented. Initially, the temperature inside the residential building, starts at 18.2 °C,
which is the final state of the previous day. From 00h0OO — 05h00, the building temperature
increases, due to the air-to-air heat pump being switched on. It may be observed that the air-
to-air heat pump is switched on from 00hOO until 05h00, in order to reach the maximum
temperature limit of 22 °C, due to the ambient temperature being initially low and further
decreasing, during this time-period. From 05h00 — 06h00, the building temperature decreases
further, as the air-to-air heat pump is switched off, by means of the thermostat controller, as

seen from Fig. 3.11.
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3.4.1.2 b) First peak pricing period 06h00 - 09h00 (red)

From 06h00 — 06h30, the residential building temperature decreases, as seen in Fig. 3.12.
This is due to the air-to-air heat pump being switched off, as seen from the switching
function of the air-to-air heat pump, illustrated in Fig. 3.11. From 06h30 — 07h00, the
residential building temperature increases, as the air-to-air heat pump is switched on by
means of the timer, as seen from Fig. 3.11. From 07h00 — 09h00, the residential building
temperature decreases, as the air-to-air heat pump is switched off, by means of the
thermostat controller, as seen from Fig. 3.11. Furthermore, the residential building
temperature continues to decrease, as the minimum temperature limit of 20 °C is not

obtained at this instance in time.
3.4.1.2 ¢) First standard pricing period 09h00 - 17h00 (yellow)

From 10h00 — 15h00, the residential building temperature decreases, as seen in Fig. 3.12,
due to the air-to-air heat pump being switched off. From 15h00 — 17h00, the residential
building temperature begins to increase, as seen from Fig. 3.12, due to the air-to-air heat

pump being switched on, by means of the timer, in order to achieve the desired temperature.
3.4.1.2 d) Second peak pricing period 17h00 - 19h00 (red)

From 17h00 — 18h30, the residential building temperature continues to decrease, due to
the air-to-air heat pump being switched off, as illustrated in Fig. 3.11. From 18h30 — 19h00,
the residential building temperature begins to increase, due to the air-to-air heat pump that is
switched on, by means of the timer, in order to achieve the desired temperature, as seen

from Fig. 3.12.
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3.4.1.2. e) Second standard pricing period 19h00 - 22h00 (yellow)

From 19h00 — 22h00, the residential building temperature continues to decrease, due to
the air-to-air heat pump switched off by means of the thermostat controller, as the minimum

temperature limit of 20 °C is not obtained, which may be observed in Fig. 3.12.
3.4.1.2 f) Second off-peak pricing period 22h00 - 24h00 (green)

From 22h00 — 24h00, the residential building temperature continues to decrease, as seen
in Fig. 3.12. The residential building temperature decreases, due to the air-to-air heat pump
switched off during this period, as seen in Fig. 3.11. The air-to-air heat pump is not required

to be switched on, due to the minimum temperature limit is not yet reached at 24h00.

Switching function
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Fig. 3.11: Winter baseline 2 — Switching function of the air-to-air heat pump
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Fig. 3.12: Winter baseline 2 — Residential building temperature

3.4.1.3 Summer thermostat-based control (summer baseline 1)

In this Section, thermostat-based switching control of the air-to-air heat pump, is
adopted as the first baseline, in order to evaluate the economic feasibility of the optimal
switching control model. The thermostat switching control is based on the switching of the
air-to-air heat pump, ensuring the temperature of the residential building is retained within
the temperature limits, set by the end-user.

The thermostat switching control of the air-to-air heat pump is simulated, based on the
parameters in Table 3.1, lighting load in Fig. 3.2, occupancy load in Fig. 3.3, heat pump
parameters in Table. 3.2, ambient air temperature in Fig. 3.5, and simulation parameters in
Table. 3.3. The following sub-sections present the results from the thermostat-based

switching control simulation (Figs. 3.13 - 3.14.).

3.4.1.3 a) First off-peak pricing period 00h00 - 06h00 (green)

From Fig. 3.2, the lighting load may be observed which occurs solely from 04h00 and

from Fig. 3.3, it may be observed that there is an occupancy load during the entire first off-
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peak pricing period, where both of these loads contribute towards heating the space of the
residential building. From Fig. 3.5, the ambient temperature initially starts at 22.5 °C and
decreases until 06h00, which is when the ambient temperature is at 16 °C.

In Figs. 3.13 and 3.14, the switching function of the air-to-air heat pump, as well as the
temperature inside the residential building, are presented, respectively. Initially, the
temperature inside the residential building starts at 25.5 °C, which is the final state of the
previous day. From 00hOO — 06h00, the building temperature decreases, due to the air-to-air
heat pump being switched on, as seen from Fig. 3.13. It may be observed that the air-to-air
heat pump is switched on from 00hOO until 06h00, in order to reach the minimum

temperature limit of 22 °C.
3.4.1.3 b) First standard pricing period 06h00 - 07h00 (yellow)

From 06h00 — 06h30, the residential building temperature continues to decrease, as the
air-to-air heat pump is switched on during this period, as seen from Figs. 3.13 and 3.14. The
air-to-air heat pump is switched on during this period, until to the minimum temperature
limit of 22 °C is achieved. From 06h30 — 07h00, the residential building temperature

increases, due to the air-to-air heat pump being switched off, as seen from Fig. 3.13.
3.4.1.3 c) First peak pricing period 07h00 - 10h00 (red)

From 07h00 — 10h00, the residential building temperature continues to increase, as seen
in Fig. 3.14. This is due to the air-to-air heat pump being switched off, until the maximum

temperature limit of 24 °C, is achieved.
3.4.1.3 d) Second standard pricing period 10h00 - 18h00 (yellow)

From 10h00 — 16h00, the residential building temperature continues to increase, as seen

in Fig. 3.14. The air-to-air heat pump is switched off, due to the maximum temperature limit
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of 24 °C being achieved, as seen from the switching function of the air-to-air heat pump,
illustrated in Fig. 3.13. From 16h00 — 18h00, the residential building temperature begins to
decrease, as seen from Fig. 3.13, which is due to the air-to-air heat pump being switched on,

by means of the thermostat controller.
3.4.1.3 ) Second peak pricing period 18h00 - 20h00 (red)

From 18h00 — 20h00, the residential building temperature continues to decrease, until it
reaches the minimum temperature limit of 22 °C, which is during the peak pricing period, as

illustrated in Fig. 3.14.
3.4.1.3 1) Third standard pricing period 20h00 - 22h00 (yellow)

From 20h00 — 22h00, the residential building temperature continues to increase, due to
the air-to-air heat pump is switched off, by means of the thermostat controller, as the

maximum temperature limit of 24 °C is not obtained, which may be observed in Fig. 3.14.
3.4.1.3 g) Second off-peak pricing period 22h00 - 24h00 (green)

From 22h00 — 24h00, the residential building temperature continues to increase, as seen
in Fig. 3.14. The residential building temperature increases, due to the air-to-air heat pump
switched off during this period, as seen in Fig. 3.13. The air-to-air heat pump is not required

to be switched on, as the maximum temperature limit has not yet reached 24h00.
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Fig. 3.13: Summer baseline 1 — Switching function of the air-to-air heat pump
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Fig. 3.14: Summer baseline 1 — Residential building temperature
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3.4.1.4 Summer case timer with thermostat-based control (summer baseline 2)

In this Section, thermostat-based switching control of the air-to-air heat pump is adopted
as the first baseline, in order to evaluate the economic feasibility of the optimal switching
control model. The thermostat switching control is based on the switching of the air-to-air
heat pump, ensuring the temperature of the residential building is retained within the
temperature limits, set by the end-user.

The thermostat switching control of the air-to-air heat pump is simulated, based on the
parameters in Table 3.1, lighting load in Fig. 3.2, occupancy load in Fig. 3.3, heat pump
parameters in Table. 3.2, ambient air temperature in Fig. 3.5 and simulation parameters in
Table. 3.3. The following sub-sections present the results from the thermostat-based

switching control simulation (Figs. 3.15 - 3.16).
3.4.1.4 a) First off-peak pricing period 00h00 - 06h00 (green)

From Fig. 3.2, the lighting load may be observed, which occurs solely from 04h00 and,
trom Fig. 3.3, it may be observed that there is an occupancy load during the entire first off-
peak pricing period, where both of these loads contribute towards heating the space of the
residential building. From Fig. 3.5, the ambient temperature initially starts at 22.5 °C and
decreases until 06h00, which is when the ambient temperature is at 16 °C.

In Figs. 3.15 and 3.16, the switching function of the air-to-air heat pump, as well as the
temperature inside the residential building, are presented, respectively. Initially, the
temperature inside the residential building starts at 25.5 °C, which is the final state of the
previous day. From 00hOO — O6h00, the building temperature decreases, due to the air-to-air
heat pump being switched on, as seen from Fig. 3.15. It may be observed that the air-to-air
heat pump is switched on from 00hOO until 06h00, in order to reach the minimum

temperature limit of 22 °C.
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3.4.1.4 b) First standard pricing period 06h00 - 07h00 (yellow)

From 06h00 — 06h30, the residential building temperature continues to decrease, as the
air-to-air heat pump is switched on during this period, as seen from Figs. 3.15. and 3.16. The
air-to-air heat pump is switched on during this period, until the minimum temperature limit
of 22 °C is achieved. From 06h30 — 07h00, the residential building temperature increases,

due to the air-to-air heat pump being switched off, as seen in Fig. 3.15.
3.4.1.4 ¢) First peak pricing period 07h00 - 10h00 (red)

From 07h00 — 10h00, the residential building temperature continues to increase, as seen
in Fig. 3.16. This is due to the maximum temperature limit of 24 °C not being achieved

during this period.
3.4.1.4. d) Second standard pricing period 10h00 - 18h00 (yellow)

From 10h00 — 13h30, the residential building temperature continues to increase, as seen
in Fig. 3.16, due to the air-to-air heat pump being switched off. From 13h30 — 16h30, the
residential building temperature begins to decrease, as seen from Fig. 3.15, which is due to
the air-to-air heat pump being switched on, by means of the timer, in order to achieve the
desired temperature. From 16h30 — 18h00, the residential building begins to increase, due to

the air-to-air being switched off, as seen in Fig. 3.15.
3.4.1.4 e) Second peak pricing period 18h00 - 20h00 (red)

From 18h00 — 18h30, the residential building temperature begins to decrease, due to the
air-to-air heat pump being switched on again, by means of the timer, to achieve the desired
temperature set-point during the peak pricing region of the TOU tariff structure, as

illustrated in Fig. 3.16. From 18h30 — 19h00, the residential building temperature begins to
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increase, due to the air-to-air heat pump, that is switched off by means of the thermostat

controller, as the minimum temperature of 22 °C, is achieved.
3.4.1.4 f) Third standard pricing period 20h00 - 22h00 (yellow)

From 20h00 — 22h00, the residential building temperature continues to increase, due to
the air-to-air heat pump is switched off by means of the thermostat controller, as the

maximum temperature limit of 24 °C is not obtained, seen in Fig. 3.16.
3.4.1.4 g) Second off-peak pricing period 22h00 - 24h00 (green)

From 22h00 — 24h00, the residential building temperature continues to increase, as seen
in Fig. 3.16. The residential building temperature increases, due to the air-to-air heat pump
switched off during this period, as seen in Fig. 3.15. The air-to-air heat pump is not required

to be switched on, due to the maximum temperature limit still not being reached at 24h00.

Switching function

1
10 15 20
Time (h)

Fig. 3.15: Summer baseline 2 — Switching function of the air-to-air heat pump
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Fig. 3.16: Summer baseline 2 — Residential building temperature

3.4.2 Optimal control case

In this Section, the optimal switching control of the air-to-air heat pump is simulated,
using the SCIP solver in the optimization toolbox of MATLAB. The main objective, was to
minimize the space heating and space cooling level of discomfort for the occupants and
whilst minimizing the running energy cost of the air-to-air heat pump, under time-based
pricing. Two weighting factors are adopted to differentiate whether the operating energy
cost of the heat pump has priority over the level of discomfort to the consumer, or vice
versa. The first weighting factor, IV, is used for the operating energy cost of the heat pump
and the second weighting factor, W, is used for the level of discomfort.

The optimal switching control of the air-to-air heat pump is simulated based on the
parameters in Table 3.1, the lighting load in Fig. 3.2, the occupancy load in Fig. 3.3, heat
pump parameters in Table. 3.2, ambient air temperature profiles in Figs. 3.4 and 3.5 and
simulation parameters in Table. 3.3. The following sub-sections present the results from the

optimal switching control simulation (Figs. 3.17 - 3.18.).
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3.4.2.1 a) First off-peak pricing period 00h00 - 06h00 (green)

3.4.2.1 Winter case

From Fig. 3.2, the lighting load may be observed, which occurs solely from 04h00 and
from Fig. 3.3 it may be observed that there is an occupancy load during the entire first off-
peak pricing period, where both of these loads are contributing towards heating the space of
the residential building. From Fig. 3.4, the ambient temperature initially starts at 10 °C and
decreases until 06h00, which is when the ambient temperature is at 4 °C.

In Fig. 3.18, the temperature inside the residential building, heated by the air-to-air heat
pump, is presented. Initially, the temperature inside the residential building starts at 18.2 °C,
which is the final state of the previous day. From 00h0OO — 03h00, the building temperature
increases to reach 22 °C, which is the morning desired temperature set-point. From 03h00 —
03h30, the building temperature decreases, which may be observed in Fig. 3.18, due to the
air-to-air heat pump being switched off. From 03h30 — 04h00, the building temperature
begins to increase again, as seen in Fig. 3.18, until the desired temperature of 22 °C, is
obtained. From 04h00 — 04h30, the building temperature begins to decrease, which is due to
air-to-air heat pump being switched off, as seen from Fig. 3.17. From 04h30 — 06h00, the
building temperature increases, which is due to air-to-air heat pump being switched on,

which is when the desired temperature set-point is achieved.

3.4.2.1 b) First peak pricing period 06h00 - 09h00 (red)

From 06h00 — 09h00, the residential building temperature decreases, as seen in Fig. 3.18.
This is due to the air-to-air heat pump being switched off, as seen from the switching
function of the air-to-air heat pump, illustrated in Fig. 3.17. The main reasons for the air-to-
air heat pump being switched off, is due to the peak pricing period, as well as the residential
building which is not required to be heated, as most of the occupants are not present during

this period.
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3.4.2.1 ¢) First standard pricing period 09h00 - 17h00 (yellow)

From 09h00 — 13h00, the residential building temperature continues to decrease, as seen
in Fig. 3.18. From 13h00 — 13h30, the residential building temperature begins to increase,
due to the air-to-air heat pump being switched on, as seen in Fig. 3.18, ensuring the least
amount of energy is consumed. From 13h30 — 15h00, the residential building temperature
begins to decrease, due to the air-to-air heat pump being switched off, as seen in Fig. 3.17.
From 15h00 — 17h00, the air-to-air heat pump is switched on, as seen in Fig. 3.17, as the

desired temperature is achieved.
3.4.2.1 d) Second peak pricing period 17h00 - 19h00 (red)

From 17h00 — 19h00, the residential building temperature decreases from 22 °C to 21.6
°C, as seen in Fig. 3.18. The residential building temperature decreases, due to the air-to-air

heat pump switching off during the peak pricing period, as seen in Fig. 3.17.
3.4.2.1 e) Second standard pricing period 19h00 - 22h00 (yellow)

From 19h00 — 22h00, the residential building temperature decreases from 21.6 °C to 21.2
°C, as seen in Fig. 3.18. The residential building temperature decreases, due to the air-to-air
heat pump switched off during the standard pricing period, as seen in Fig. 3.17. The air-to-
air heat pump is not required to be switched on, due to the evening desired temperature set-

point having passed.
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3.4.2.1 f) Second off-peak pricing period 22h00 - 24h00 (green)

From 22h00 — 24h00, the residential building temperature decreases from 21.2 °C to 20.8
°C, as seen in Fig. 3.18. The residential building temperature decreases, due to the air-to-air
heat pump switching off during this period, as seen in Fig. 3.17. The air-to-air heat pump is
not required to be switched on, due to no evening desired temperature set-point that is

required for the remainder of the evening,.

Switching function
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Fig. 3.17: Optimal switching function of the air-to-air heat pump during winter
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Fig. 3.18: Residential building temperature during winter

3.4.2.2 Summer case

3.4.2.2 a) First off-peak pricing period 00h00 - 06h00 (green)

From Fig. 3.2, the lighting load may be observed which occurs solely from 04h00 and
from Fig. 3.3, it may be observed that there is an occupancy load during the entire first off-
peak pricing period, where both of these loads are contributing towards heating the space of
the residential building. From Fig. 3.5, the ambient temperature initially starts at 22.5 °C and
decreases until 06h00, which is when the ambient temperature is at 16 °C.

In Figs. 3.19 and 3.20, the switching function of the air-to-air heat pump, as well as the
temperature inside the residential building, are presented, respectively. Initially, the
temperature inside the residential building starts at 25.5 °C, which is the final state of the
previous day. From 00hOO — 06h00, the building temperature decreases, due to the air-to-air
heat pump being switched on, as seen from Fig. 3.19. It may be observed that the air-to-air
heat pump is switched on from 00hOO until 06h00, in order to reach the minimum

temperature set-point of 22 °C.
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3.4.2.2 b) First standard pricing period 06h00 - 07h00 (yellow)

From 06h00 — 06h30, the residential building temperature continues to decrease, as the
air-to-air heat pump is switched on during this period, as seen in Figs. 3.19. and 3.20. The
air-to-air heat pump is switched on during this period until to the desired temperature set-
point of 22 °C is achieved. From 06h30 — 07h00, the residential building temperature

increases, due to the air-to-air heat pump being switched off, as seen from Fig. 3.19.
3.4.2.2 ¢) First peak pricing period 07h00 - 10h00 (red)

From 07h00 — 10h00, the residential building temperature increases as seen in Fig. 3.20.
This is due to the air-to-air heat pump being switched off, as seen from the switching
function of the air-to-air heat pump, illustrated in Fig. 3.19. Furthermore, the residential
building temperature continues to increase during the peak pricing region of the TOU tariff

structure.
3.4.2.2 d) Second standard pricing period 10h00 - 18h00 (yellow)

From 10h00 — 12h00, the residential building temperature increases, as seen in Fig. 3.20,
due to the air-to-air heat pump is still switched off, illustrated in Fig. 3.19. From 12h00 —
12h30, the residential building temperature begins to decrease, as seen in Fig. 3.20, which is
due to the air-to-air heat pump being switched on. From 12h30 — 13h00, the residential
building temperature increases, due to the air-to-air heat pump being switched off, as seen
from Fig. 3.19. From 13h00 — 13h30, the temperature inside the residential building
decreases, as the air-to-air heat pump is switched on, as seen from Fig. 3.19, ensuring the
least amount of energy is consumed. From 13h30 — 16h00, the temperature inside the
residential building begins to increase, as seen from Fig. 3.20. From 16h00 — 18h00, the air-
to-air heat pump is switched on again, in order to achieve the desired temperature set-point,

as seen in Fig. 3.19.
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3.4.2.2 e) Second peak pricing period 18h00 - 20h00 (red)

From 18h00 — 20h00, the residential building temperature begins to increase, due to the
air-to-air heat pump being switched off, as illustrated in Fig. 3.19. The air-to-air heat pump is

switched off, as this is the second peak pricing region of the TOU tariff structure.
3.4.2.2 f) Third standard pricing period 20h00 - 22h00 (yellow)

From 20h00 — 22h00, the residential building temperature increases from 22.5 °C to 22.9
°C, as seen in Fig. 3.20. The residential building temperature increases, due to the air-to-air
heat pump switched off during the standard pricing period, as seen in Fig. 3.19. The air-to-
air heat pump is not required to be switched on, due to the evening desired temperature set-

point having passed.
3.4.2.2 ¢) Second off-peak pricing period 22h00 - 24h00 (green)

From 22h00 — 24h00, the residential building temperature increases from 22.9 °C to 23.3
°C, as seen in Fig. 3.20. The residential building temperature increases, due to the air-to-air
heat pump switching off during this period, as seen in Fig. 3.19. The air-to-air heat pump is
not required to be switched on, due to no evening desired temperature set-point being

required for the remainder of the evening,.
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Fig. 3.19: Optimal switching function of the air-to-air heat pump during summer
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Fig. 3.20: Residential building temperature during summer

112

© Central University of Technology, Free State



O

Central University of
Technology, Free State

3.4.3 Daily economic analysis

The optimal switching control model should be evaluated from an economic feasibility
standpoint, against the two baselines, to evaluate the effectiveness, thereof. The economic
feasibility study comprised of a daily economic analysis, which is due to the major cost
contributing equipment that is required by the first baseline, second baseline and the optimal
control model, are precisely the same. Therefore, in this case, a comprehensive economic
analysis may not be required.

The daily operating energy cost of each space heating system is calculated, by making use
of the following Eq. (3.23), as illustrated in sub-section 3.2.4.

The daily operating energy cost is calculated, based on the simulation results of each
control method. Table 3.4 illustrates the daily operating energy cost of the first baseline,
second baseline and the optimal control model. Furthermore, the daily operating energy cost
savings of the optimal control model is evaluated against the first baseline, as well as the

second baseline.
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Table 3.4 Daily operating energy cost savings of the optimal control model against baseline

1 and baseline 2

Strategy Energy cost Saving
(USD/day) (%)

Baseline

Winter - Thermostat-based control (Baseline 1) 440.04 /
Winter - Timer with thermostat-based control (Baseline 2) 373.46 /
Summer - Thermostat-based control (Baseline 1) 263.22 /
Summer - Timer with thermostat-based control (Baseline 2)  249.36 /
Optimal control

Optimal control - Winter 318.45

Winter - Optimal control against Baseline 1 / 27.63
Winter - Optimal control against Baseline 2 / 14.73
Optimal control - Summer 218.7

Summer - Optimal control against Baseline 1 / 16.91
Summer - Optimal control against Baseline 2 / 12.30

The results in Table 3.4 presented the daily operating energy cost of the thermostat-based
control strategy, timer with thermostat-based control strategy and the optimal control
strategy during the winter, as well as summer. Furthermore, the optimal control strategy was
evaluated against the first baseline and the second baseline. The simulation results, in
conjunction with the daily economic analysis, of the proposed space heating model, yielded a
daily operating energy cost saving of 27.63 % and 14.73 %, as compared to the thermostat-
based control strategy and the timer with thermostat-based control strategy, during the
selected winter day, respectively. The simulation results of the proposed space cooling model

yielded a daily operating energy cost saving of 16.91 % and 12.30 %, compared to the
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thermostat-based control strategy and the timer, with thermostat-based control strategy,

during the selected summer day, respectively.
3.5 CONCLUSIONS AND RECOMMENDATIONS

In this chapter, the optimal switching control strategy was evaluated, based on relevant
literature. The optimal switching control of the space heating and space cooling system has
been mathematically modelled, after which the multi-objective function and the various
constraints have been outlined in detail. Actual and accurate data, presented in Section 3.3,
has been adopted to conduct effective and accurate simulations, which were outlined in
Section 3.4.

The optimal switching control strategy was evaluated, by comparing it against the
thermostat-based control strategy (Baseline 1), as well as against the timer with thermostat-
based control strategy (Baseline 2) through simulations, for a typical winter and summer day.

The simulation results, in conjunction with the daily economic analysis, of the proposed
space heating model yielded a daily operating energy cost saving of 27.63 % and 14.73 %,
compared to the thermostat-based control strategy and the timer with thermostat-based
control strategy, during the selected winter day, respectively. The simulation results of the
proposed space cooling model yielded a daily operating energy cost saving of 16.91 % and
12.30 %, compared to the thermostat-based control strategy and the timer with thermostat-
based control strategy, during the selected summer day, respectively.

The simulation results also revealed that for both the space heating and space cooling
system, has successfully heated and cooled the residential building within acceptable limits of
the desired temperature, solely when the occupants were present, respectively. Thus, the
optimal control model ensured the air-to-air heat pump is switched off when space heating
and space cooling is not required, respectively.

The other fragment of the multi-objective function was to minimize the operating energy
cost of the space heating and space cooling system, where it successfully operated, taking the

TOU tarift structure into account. Furthermore, the optimal switching control model has
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adapted to the various exogenous disturbances, such as the building transmission losses, the
number of occupants present at each moment in time and the number of lights switched on,

at each moment in time.
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CHAPTER IV: OPTIMAL HEAT RECOVERY
DURING POLYMER ELECTROLYTE
MEMBRANE ELECTROLYSIS

Various improvements in the operational performance of a PEMWE and further recently
applied energy management strategies are reviewed, followed by identifying the requirement
of the study. Therefore, this chapter further presents the proposed hydrogen PEMWE water
heating system. A mathematical model is developed for the proposed optimal switching
control of a hydrogen PEMWE water heating system, with the main aim of maximizing the
heat transfer from the PEMWE to the HWST, whilst ensuring a stable hydrogen production
rate.

Section 4.1 introduces the chapter, with various relevant literature on optimization
techniques applied to a PEMWE, to improve the operational performance, thereof. Section
4.2, presents the PEMWE water heating model; Section 4.3 presents the case study
description. The simulation results and discussion are presented in Section 4.4. Lastly, in

Section 4.5, the Conclusion is presented.
4.1 INTRODUCTION

The severe reduction in the global fossil fuels supply, caused by the increase in the global
energy demand, highlights the need to make more use of renewable energy resources (RER),
such as solar PV modules, wind turbines, hydro-turbines, etc [102]. The energy produced by
these RER, is not harmful to the environment and is regarded as a promising,
environmentally sustainable alternative to fossil fuel resources. Hydrogen may be seen as a
possible alternative fuel, which may be produced from renewable energy, as mentioned and a
promising contender, in the energy storage domain. Furthermore, hydrogen is regarded as a
clean fuel, as the product of the chemical reaction is water (H20) and heat, as the by-product

[103]. An electrolyser harnesses the energy produced by the RER, to produce hydrogen,
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which could be stored in its current form, to be used at a later stage, to generate electrical
energy, by means of a fuel cell [104]. The generated heat influences the performance of the
hydrogen electrolyser, meaning that its performance could be enhanced, by increasing the
operating temperature, to certain extent [105]. However, this enhanced performance comes
at a price, which cannot be ignored, causing a reduction in the lifespan of the membrane
itself [100].

Various authors have attempted to improve the performance of an electrolyser, by
effectively controlling the operating temperature, thereof. However, few authors have
considered developing an optimal control model, with the main objective of maximizing the
heat transfer from the Proton exchange membrane (PEM) H: electrolyser to the HWST and
a secondary objective, to ensure a stable Hz production.

The authors in Reference [64], proposed a hybrid Photovoltaic/Proton Exchange
Membrane FElectrolyser. The water temperature of the electrolyser was controlled using
tuzzy logic control, improving its efficiency. The efficiency of the hybrid system was verified
by maximising the Proton Exchange Membrane Electrolyser hydrogen flow and the PV
captured energy.

The authors in Reference [41], have developed a mathematical model to analyse the
performance of a PEMWE and the effect of operating temperature, cathode pressure,
membrane thickness, width and height of channel and current density. The developed model
was validated, with experimental data, where the results indicated that, when increasing the
current density, the voltage of the electrolyser increased, the energy and exergy efficiencies
decrease. When the operating temperature of the electrolyser was increased from 313 °K to
353 °K and the decrease of cathode pressure from 40 bar to 1 bar, the energy and exergy
efficiencies increased between 2 % and 6 % of the operating range of the electrolyser.

In Reference [107], the authors developed a mathematical model of a PEMWE powered
by solar PV cells to analyse how temperature influences the various parameters, thereof.
Simulations wete conducted using the MATLAB/Simulink software, to evaluate whether

this type of system would be feasible in desert areas, such as Adrar. The simulation results
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illustrated that the PEMWE powered by solar PV cells, would benefit from desert areas,
such as Adrar, due to its high average solar irradiance and high average air temperature.

In Reference [108], the authors developed an optimization control model of a hybrid
Electrolyser-Fuel cell system, of which the main purpose was to produce hydrogen and fresh
water from seawater. The optimal control model calculates the optimal operation of the
hybrid system, by making use of GAMS/BARON, based on the operating temperature,
current density of the Electrolyser, the thickness of the electrodes and the humidity factor. A
techno-economic feasibility study was conducted, which yielded a 41.2 % for the power
conversion efficiency and 48.2 % freshwater recovery rate.

The authors in Reference [109], have developed a mathematical model of an advanced
alkaline Electrolyser, to investigate how temperature influences the performance of the
Electrolyser in terms of the current-voltage curve, over-voltage, hydrogen flow rate and
energy efficiency. Simulations were conducted, using MATLAB/Simulink, at vatious
temperatures between 20 °C and 100 °C, which illustrated that the operating temperature
does not influence the hydrogen flow rate. However, the simulation results have further
presented that the operating temperature, significantly influences the current and voltage,
over-voltage and the energy efficiency.

In Reference [110], the authors have conducted a numerical analysis on a PEMWE, to
examine as to how the operating temperature affects the performance, thereof. In this study,
it was expected that the higher operating temperature should reduce the activation over-
voltages. However, this study further predicted that, if the operating temperature surpasses
the saturation temperature, it should reduce the water content available for the reaction and
in effect, increase the over-voltages. This problem was overcome, by increasing the
operating pressure from 0.13 to 0.22 MPa, which, thereafter, enables the operating
temperature to be increased from 100 °C to 120 °C. Therefore, the cell overvoltage was
effectively reduced, from 1.57 to 1.51 V.

The authors in Reference [105], have developed a mathematical model of the PEMWE
system, to optimize its performance, by finding the optimal electric current density.

Furthermore, various parameters, such as the inlet water flow rate, membrane thickness,
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operating temperature and efficiency of heat exchangers, were analysed, to evaluate the
performance of the system. The simulation results validated that the redunNt heat, which is
generated during Electrolysis, was successfully absorbed and fed back to the PEMWE, for
the improved overall performance, thereof.

In Reference [111], the authors presented a PEMWE integrated with a low temperature
waste gas, from a small coal fired power plant driven advanced absorption power-cycle,
producing hydrogen and oxygen. The results of the proposed integrated system, illustrated a
daily hydrogen production of 1.15 kg and 4.59 kg of oxygen. Furthermore, the results
showed to be promising, compared to conventional electrolysers, in terms of hydrogen
production cost.

The authors in Reference [112], have presented a mathematical model of an alkaline
electrolyser, to illustrate the hydrogen production, changes in operating temperature and
state transitions. Furthermore, the optimal dispatch of the electrolyser model was evaluated,
based on a practical of a hybrid wind/electrolyser system. The simulation results revealed
that the alkaline electrolyser model may successfully capture the link between the thermal
and electrical dynamics, as well as switching the electrolyser on and off. Furthermore, the
flexible strategy of operation, adopted by this model, yielded a substantial increase in daily
revenues, in terms of electricity.

The authors in Reference [106], developed a model of a PEMWE, to evaluate the
influence of temperature and current density on the degradation of the membrane.
Furthermore, the developed model was used to study the time it takes for the membrane
thickness to degrade to 50 %, at certain membrane temperatures, from which the membrane
degradation occurs non-linearly. The results indicated the membrane thickness for a time
period of 4.39 years, to degrade to 50 %, operating at 60 °C, whereas a time period of 1 year
to degrade to 50 % at 80 °C. Therefore, operating the PEMWE at a higher temperature,
drastically reduces the membrane thickness, which leads to membrane failure.

From the literature review conducted, it may be observed that various authors have
developed optimal control models, to improve the performance of a PEMWE, by increasing

the operating temperature through various means. These authors mainly focused on
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recovering heat from various thermal processes, to increase the operating temperature of the
PEMWE. However, in this study, the generated heat during the Electrolysis process, was
recovered from the PEMWE and transferred this generated heat to an integrated water
heating system.

After evaluating the reviewed literature and the research gap, the main objective and
contribution of this study, is to propose a comprehensive optimal switching control model
of a PEMWE, which could maximize the heat recovery from the PEMWE by the HWST,
whilst ensuring that sufficient hydrogen is produced. The recovered heat could be utilized, to
form part of an integrated water heating system effectively, to minimize the operational
energy cost of the main water heating source, such as an air-to-water heat pump.

The second additional contribution, could be the optimal control model, which may
turther yield a prolonged membrane lifespan of the PEMWE, by controlling its operating

temperature, which is one of the highest cost items in this type of system [100].

4.2 METHODOLOGY

4.2.1 Dynamic model of hydrogen PEMWE water heating system

Fig. 4.1 illustrates the schematic of the proposed supplementary water heating system, for
a university residential building, in which 270 occupants reside. The PEMWE is used to
convert solar energy into hydrogen gas, which may be stored for later use, such as converting
hydrogen gas back into usable electrical energy. During the electrolysis process, heat is
turther generated, which is transferred to the HWST. Thus, the PEMWE serves as the input
to the HWST, which can provide water heating to the residential building. This model
ensures that majority of heat being generated during the Electrolysis process, is transferred

to the HWST, whilst ensuring stable hydrogen production.
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4.2.2 Proposed hydrogen PEMWE water heating system

In this Section, a mathematical model of this system is developed for simulation
purposes, which negates the necessity of conducting physical experiments. The control

variable and state variable, forming part of the proposed model, are as follows:

e U.: Discrete switching function of the PEMWE;
e Ts: HWST temperature;

Photovoltaic (PV) modules PL:M Membrane

Hydrogen Pressure Vessel
Catalyst

Fot Water Storage Tank

O
TF.,() Mg

My,

Hot Water Supply

Ug
T

PLM Lilectrolyser Ry Fd Mg
O

Control valve My,

. Cold Water Lnlet
Bipolar plate

Fig. 4.1: Schematic of the PEM electrolyser model

The first law of thermodynamics, is applied to the circulation fluid storage tank, to obtain
the energy balance in the tank. The following equation describes the change in the internal
energy (energy within HWST), which relates to the difference in heat entering and leaving
the HWST. Eq. (4.1) describes the energy balance equation derived from change in internal
energy within the HWST. Qv is the useful heat gained by the thermodynamic system, Oro.4p

is the heat removed from the tank to the load, Qcw is the heat removed from the tank

through the addition of cold water at a flow rate of M and Qross is the heat lost in the tank,
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due to its thermal properties. The heat losses, due to the connecting pipes, are neglegted

[60]:

dT
M Cd—ts = QIN _QLOAD + QCW _QLOSS (41)

The useful heat gain, is described in Eq. (4.2), which is the heat transfer from the

clectrolyser to the HWST. Mg is the mass flow rate of the circulation fluid at the
electrolyser, C'is the specific heat capacity of the circulation fluid, Tr0 and T are the outlet

and inlet temperatures of the electrolyser, respectively.
Qn = ME'C'(I-E,O —Te,) (4.2)

The heat transfer from the HWST to the load, is defined in Eq. (4.3). Mg is the mass
flow rate of the circulation fluid at the load (consumer); Tpois the demand outlet water

temperature at the consumer’s side. The heat removed from the tank through the addition of

cold water at a flow rate of M, is described in Eq. (4.4), where Tp;is the demand inlet water

temperature at the supply side.

QLOAD =M B'C'TD,O (4-3)
Qew =Mz CTy, (4.4)

The heat losses in the tank, due to its thermal properties, are stated in Eq. (4.5). T is the
temperature within the HWST, T, is ambient air temperature, As is surface area of the
HWST, Adx is the thickness of selected insulation layer, K is the thermal conductivity
coefficient of the selected material and 4 is the heat transfer coefficient of the surface of the

tank.
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T,-T,).A
Qloss = (Ax—)l (4.5)
- + -
K h
oA
Where: = A 1 (4.0)
7_'_7
K h
By substituting Eqs. (4.2), (4.3), (4.4), (4.5) and (4.6) into Eq. (4.1) yields equation (4.7):
dT, . .
M.C. el McC.(Teo—Te) )-MyCT, 0+ My CTy, — (T, -T,) (4.7)

The heat gain of an electrolyser, during the electrolysis process, is described in Eq. (4.8).
Ir: is the electrical current consumed by the electrolyser. 17 is the activation over-potential,
which is the energy required to activate the chemical reactions at the electrodes. 17, is the
ohmic over-potential, which is the resistance of the membrane and the charge transfer
resistance, when electrons pass from/to the electrodes surface to/from the membrane. [,
is the concentration over-potential, which is the mass transfer limitation of the cell causing

bubbles, which form on the surface of the electrodes [105, 111].

QIN = IE'(Vact +Vohm +Vcon) (48)

The activation over-potential, which is the energy required to activate the chemical
reactions at the anode and cathode, is stated in Eq. (4.9). a, and a, is the anode charge
transfer coefficient and the cathode charge transfer coefficient, R is the universal gas
constant, Tk is the operating temperature of the electrolyser, F'is the Faraday’s constant, [ is

the current density and Jo is the exchange current density.
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a,a, ) 2.F Jo

The ohmic over-potential, stated in Eq. (4.10), is the resistance caused by the electrons

transferring through the membrane, electrodes, and plates. % is the membrane thickness

and gy 1s the conductivity of the membrane.

— J mem

(4.10)

The concentration over-potential, described in Eq. (4.11), is the mass transfer limitation
of the cell, which causes bubbles to form on the surface of the electrodes. This type of over-

potential losses becomes more significant during high limiting current conditions, denoted as

Ji.

RT 1+Jl
V., =—"E Jn| — @.11)
2F 1
JL
By substituting Eqs. (4.9), (4.10) and (4.11) into Eq. (4.8) yields Eq. (4.12):
RT, (3 t. RT 1+Jl
Q=g || Zat% | Dle yn| | g tmem y Boe jpf <0 4.12)
a,a, ) 2.F Jo Cpem 2F |- 1
JL

Multiplying the current consumed by the electrolyser (Ir), with each of the previously

mentioned over-potentials, is described in Eq. (4.13):
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1+ —
Q= %t | RTe ol 9 1y g toen  RTe I (4.13)
2F " 3, 1

mem

Combining Eq. (4.2) and Eq. (4.14) yields:

MeC.(Teo Ty )= |E(%] F;TFE .|n[Ji)+ 1.3, tnen y F;TFE In JlL (4.14)
a*™c ' 0 mem ' 1-—
JL

Where: Te = Teo— TE

aa'ac Gmem
. 1+Jl (4.15)
+(TE’O —TEy,). 2'FE | 1_1L
‘]L

Moving the like-terms, which contain the temperature difference of the electrolyser to the

left-hand side of the equation, is illustrated in Eq. (4.16).

R.I J R.I 1+Jl
: o, +a, . .
ME.C.(TEVO—TEYI)—(TEYO—TE’,).( — ].2;.In£i]—(TE’O—TE,,).ZFE.In , | 410
a. C . . ——
‘]L

Factoring out the temperature difference of the Electrolyser and, thereafter, rearranging

the equation, yields Eq. (4.17):
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I..Jt
Gmem
TEO = +TEI
R.I J) RI Ly
M. .C—| %at% | Nle gl 2 |_Nle gy
apa, ) 2F 3, ) 2F 1
JL
I.Jt
Gmem
TE,O _TE,I
R.I J) RI by
M:C- Pt % | Rle gl L |- e ) L
a,a, ) 2F \Jo) 2F | 1
L
By substituting (4.18) into (4.7), yields:
It
mc I _n_c. mem
dt
R.I J R.1 1+ J
M..C- PTG | N | 2 En L
aa, J2F \J,) 2F |1
L

~Mb.CTs+MbCTd,i—BTs+ ATa

Factoring out more like-terms yields Eq. (4.20):
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I..Jt
mc IS c.  mem :
dt 11 (4.20)
M, C—| %t | Rl [ ) Rle b J,
a,a | 2.F Jo ) 2F 1_i
‘]L

T, (Mg C+B)+Ty, (Mg C)+T,(B)

Dividing both sides of the expression, with the product of M.(; is illustrated in Eq. (4.21):

dTs

M..C.

dt

M.C

(4.21)

The general state space representation, illustrated in Eq. (3.12), Section 3.2.2, is applied to

the proposed model. X(t), the state variable, is the temperature of the HWST, A is known

as the state matrix, B is the input matrix and « is the disturbances to the system.

Then, applying (3.12) to (4.21), yields:
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5|
1+ (4.22)
M_C [t | Rle (3 Rl 703,
a,.o 2.F

+Ts(t).(—MEI‘\fgﬂ]+TD’, '\IiI/IBjJrTa[Mﬂ.Cj

The state matrix, A, is stated in Eq. (4.23), B, the input matrix, is illustrated in Eq. (4.24)

and a, the disturbances to the system, is stated in Eq. (4.25).

:_[M] (4.23)
M.C
1.t
B= Onen (4.24)
R.I 1) R, | YT,
WAL VN TP
apo, ) 2F \3,) 2F |4
L
M B
=T, | e T, [ 2 4.25
a D,I[ M J a(Mle ( )

So that, the final state space equation, may be written as in Eq. (4.26).
T(t)=A(t)Ts(t)+B(t)U (t)+c(t) (4.26)
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4.2.3 Discretized hot water storage tank temperature

The general discretized temperature equation known as Eq. (3.22), derived in Chapter 111,

sub-section 3.2.3, is applied to the proposed PEMWE water heating model, as follows:

Kk k

Ty = ﬁ(1+tA) ZBJ..UJ.H(1+tS.A)+ts.Zk:ajf[(1+tSA) 4.27)

j=0 j=0 i=j+1
4.2.4 Objective function
4.2.4.1 Electolyser hydrogen production
The theoretical open-circuit voltage of an electrolyser cell, is calculated by making use of
Eq. (4.28) [110]. 1.2583 V is the standard voltage of a cell at equilibrium, P20 is the partial

pressure of water, P2 is the partial pressure of hydrogen and Po; is the partial pressure of

oxygen.

P
Eoe = {1.2583+ F;TFE In[ 5 “F;O = H (4.28)
. P,

The voltage of the electrolyser is calculated using Eq. (4.29) [105]. Vs, Vi and 1o,

have been discussed and explained previously.

Vel = EOC +Vact +Vohm +Vcon (4'29)

By substituting (4.9), (4.10), (4.11) and (4.28), into (4.29), yields:
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1+ —
P
V, =| 12583+ Nlep| o | [ Get | RTe \(F ) g Ten ( RTe ) J 1y 5,
2F (R, P° J Cren 2.F 1

mem 1-—

‘]L

Factoring out the temperature of the electrolyser, Tk, is conducted with all of the terms

that contains it, is illustrated in Eq. (4.31).

V, =1.2583+ J.tmi+

Gmem
1+ (4.31)
R PHZO o, +a, R J R ‘]L
Te In o |t —In| —|+—1n 1
2F (PP, a,a, )2F \J,) 2F -1
L

Where: Tr = TEo0 - Tr0. The electrical power of the electrolyser may be calculated using

the following equation:

RlE H,0 o, +a, RlE J
o |t : In
2.F P, .F a0 ) 2.F o
P, =1.2583.I, +'E"]ﬂ+TE 1+ (4.32)
Omem R.I. J.
1
2.F 1_i
L JL _
By substituting (4.17) into (4.32), yields:
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IE"]'tmem
P, =1.2583.1, + &Y toen e
o 1
mem 1+ —
M| %t | Rle jf 33 Rl jp J
. aua, ) 2F 3, ) 2F |1
- L —J
R.I R R.I J) RI 1+Jl
“En| —22 +(aa+a°j. E .In(—}r “E In L
2F | R, .R° aua, ) 2F \J,) 2F |1
‘]L

Therefore, the first objective function for the hydrogen production is as follows:

1.2583.1 , +-£-men
O-mem
1..Jt
N o
maxJ, = | + mem
k=1 1_|_7
v [ta | Rle (3 Rl T,
apa, J2F \3,) 2F |1
— L -
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Where: Mk is the control variable, which is the mass flow rate of water to the electrolyser.
4.2.4.2 Thermal discomfort level

A load profile is obtained, known as the function F(#. This is a function of time and
defined as the desired output temperature of the consumer. The thermal comfort level of the
consumer is addressed, where the difference between the output temperature T(#) of the hot
water storage tank and the desired temperature F(?), should not be excessive. That is, the
value of (T(#)-F(#))? should be minimized. The function I.(?) in Eq. (4.35), denotes the thermal

discomfort level, which is the second objective function to be minimized [92].
N 2

L(t) =W, > (T (k)-F (k)) £, (4.35)
k=1

The output temperature T(7), is known as the discrete differential temperature equation

and is shown in the following equation:

k

Tea = [(1+t.A))+ ZB UJH (1+t,.A) +§k:a11‘[ 1+t.A) (4.36)

j=0 =1 =0 i=j+

The final objective function, containing both objective functions, is expressed as follows:
J=J,+ul (4.37)
Where : u is the weighting factor for the final objective function.

Therefore, substituting Eq. (4.35) and Eq. (4.36), into Eq. (4.37), yields the final objective

function:
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N (4.38)

Where:

Wi is the weighting factor, to set priority to maximize the hydrogen production of the
Electrolyser

W2 is the weighting factor to set priority, to maximize the storage tank temperature

4.2.5 Constraints

The discrete switching function, U, which is used to switch the PEMWE system, may

either be 1 or 0. This is illustrated below:

U, {01} (4.39)
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The control variable may either be 1 or 0, which is the upper bound and lower bound of

the switch. This is shown in the following equation:
Ib<x<ub (4.40)

The lower boundary and upper boundary are expressed as follows:

Ib = zeros(LN), (4.41)
ub=ones(1,N). (4.42)

4.2.6 Proposed optimization solver

The objective function, as shown in Eq. (4.38), is a non-linear function, with an integer
binary control variable, that should be solved, to obtain the optimal switching status of the
PEMWE system. This problem is a mixed integer nonlinear optimization problem (MINLP)
and may be solved using the SCIP solver, in the optimization toolbox of MATLAB, as
illustrated in Eq. (4.43). The main reasons for using SCIP as the solver, is due to its fast-
solving capabilities, as well as that it is capable of solving non-linear optimization problems,
by controlling a binary integer decision variable, which is required to switch PEMWE

system.

min, f (x)
subjectto :Ax<b
A,X<b, (4.43)
Ib<x<ub
X; € {0,1}
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Where: f{x) is the objective function, which is a scalar function, A.x =< b is the linear
inequality constraint, /b < x < ub is the lower boundary and upper boundary of the decision

variable, x;is a decision variable that solely takes binary values.
4.3 CASE STUDY DESCRIPTION

In this Section, the optimal switching control of the PEMWE water heating system is
simulated using the SCIP solver, in the optimization toolbox of MATLAB. The main
objective is to maximize the heat transfer to the HWST, during the hydrogen production
process.

A case study is conducted using meteorological data, obtained at the University of Free
State, Bloemfontein, South Africa, on an air-to-air heat pump [94]. The heat transferred to
the HWST may be used, to assist the main water heating source for a university residential
building, in which 270 occupants are residing. The sampling time, 4 = 30 minutes, is

implemented, to simplify the simulations.
4.3.1 Data representation

Table 4.1 shows the parameters of the HWST for a University residential building, in
which 270 occupants reside [113-115]. Ais the surface area of the tank, M is the volume of
the tank, C is the specific heat capacity of water, / is the surface, £ is the thermal

conductivity and dx is the insulation thickness.
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Table 4.1: HWST parameters

Parameters Symbol  Value Unit
Tank surface area A 32 m?
Tank volume M 10 000 L
Specific heat capacity C 4186 J/kgK
Surface heat transfer coefficient b 11.3 W/m2K
Thermal conductivity k 50 W/mK
Thickness of insulation dx 0.07 m

Table 4.2 shows the parameters of the PEMWE used for the hydrogen production [105,
110, 116, 117]. The exchange current densities at the anode and cathode are identical, due to
the anode exchange being the most dominant of the two current densities [118]. A solar PV
module, rated at 435 W of power, making up a total array power of 287.1 kW, is used in this
study, to supply the electrical energy required by the PEM electrolyser [119]. a, and a, is the
anode and cathode charge transfer coefficients, respectively. R is the universal gas constant,
F is the Faraday constant, | is the current density, Jo is the exchange current density, Zu is
the membrane thickness, gu» is the membrane conductivity and Ji. is the limiting current
density. przois the partial pressure of water. grr and go is the partial pressure of hydrogen and

oxygen, respectively.
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Table 4.2: PEM Electrolyser parameters

Parameters Symbol  Value Unit
Anode transfer coefficient a, 0.5 -
Cathode transfer coefficient a 0.5 -
Universal gas constant R 8.314 J/mol.K
Faraday constant F 96 485 C/mol
Current density ] 1 A/cm?
Exchange current density Jo 0.00000173  A/cm?
Membrane thickness Lvnem 0.0178 cm
Membrane conductivity Omens 0.0001 S/cm
Limiting current density JL 2 A/cm?
Partial pressure of water OH20 101 325 Pa
Partial pressure of hydrogen OH 101 325 Pa
Partial pressure of oxygen 00 101 325 Pa

Fig. 4.2 presents the ambient temperature in degrees Celsius, during a typical winter day
in Bloemfontein, Free State, South Africa. The ambient air temperatures have been retrieved
from the radiometric station, situated at the University of Free State, forming part of the
South African Universities Radiometric Network (SAURAN) [94].

The inlet water and ambient temperature profile during summer, is further illustrated in

Fig, 4.3.
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Fig. 4.3: Ambient and inlet water temperature during summer

Fig. 4.4 presents the electrical energy produced by the PV array in kW during winter,
which is used to supply the PEMWE with energy, which is responsible of hydrogen gas

production.
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Fig. 4.4: Solar PV power production during winter

Fig. 4.5 presents the electrical energy produced by the PV array in kW during summer,
which is used to supply the PEMWE with energy, which is responsible of hydrogen gas

production.
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Fig. 4.5: Solar PV power production during summer
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Table 4.3 depicts the input parameters, which were used perform the simulation of the

developed model linked to the selected case study.

Table 4.3: Simulation parameters

Parameters  description Value
% Sampling time 30 min
Hours Optimization interval 24 h

4.4 SIMULATION RESULTS AND DISCUSSION

The proposed optimal control model is evaluated against a standard PEMWE system,
which generates heat as a by-product, during the electrolysis process. The generated heat is
not recovered and, is therefore, absorbed by the electro-chemical process. The optimal
switching control of a PEMWE water heating system, is discussed in Section 4.2.1. This
model optimally controls the switching of the PEMWE, where it attempts to maximize the
hydrogen production rate, whilst absorbing the maximum amount of undesired heat from
the PEMWE. The undesired heat negatively influences the lifespan of the PEMWE, as
mentioned in Section 4.1. However, the main objective is to recover the most amount of
heat from the PEMWE as possible. The optimal switching control of the PEMWE, is

evaluated against a standard PEMWE system (baseline), during winter and summer periods.

4.4.1 Baseline

4.4.1.1 Winter case standard PEMWE system

From Fig. 4.6, the power produced by the PEMWE is observed. From 00h00 to 07h30,
the power is zero, as no electrical energy is produced via the solar PV modules, as seen from
Fig. 4.4. The power production begins to gradually increase to a maximum of 126.3 kW, at

13h00, after which it corresponds to the electrical energy production of the solar PV
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modules. From 13h00, the power produced by the PEMWE, begins to decrease, until it is
unable to consume any electrical energy at 18h00, which is when the electrical energy
produced via the solar PV modules is not available for the remainder of the day, due to the

absence of solar irradiance.
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Fig. 4.6: PEM Electrolyser power production during winter

The hydrogen storage level, produced by the PEMWE, is illustrated in Fig. 4.7. From
00h00 to 07h30, the hydrogen storage level remains at 0 kg, due to the PEMWE not being in
operation. From 07h30 to 19h30, the hydrogen storage level begins to gradually increase,
until the hydrogen storage level reaches 13.98 kg. From 18h00 to 24h00, the hydrogen
storage level remains unchanged, due to any further hydrogen being produced, as a result of

the absence of solar irradiance.
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Fig. 4.7: Hydrogen storage level during winter

From Fig. 4.8, the water storage tank (WST) temperature is initially 60 °C at 00hOO, after
which it begins to decrease. The WST temperature decreases significantly until 10h00, due to
the decrease in the ambient air temperature, as seen from Fig. 4.2. From 10h00 to 17h00, the
WST temperature decreases further at a less steep rate, which is due to a gradual increase in
the ambient air temperature. From 17h00 to 24h00, the temperature begins to significantly
decrease, until it reaches a minimum temperature of 47.78 °C, which is due to the significant

reduction in the ambient air temperature observed during this time period.
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Fig. 4.8: Water storage tank temperature during winter

The cumulative energy production of the PEMWE during winter, is illustrated in Fig. 4.9.
From 00hOO to 07h30, the energy consumption is at zero, due to the absence of solar
radiation. From 07h30, the PEMWE begins to produce energy, which is when solar radiation
becomes available. It may be observed that the rate of energy production gradually increases,
until 13h00, which is when the solar radiation peaks, after which the rate begins to gradually
decrease, until 18h00, which is when solar radiation is no longer available for the remainder
of the day. The total energy produced by the PEMWE during winter, reached a total of
801.24 kWh.
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Fig. 4.9: Electrolyser cumulative energy production during winter

4.4.1.2 Summer case standard PEMWE system

From Fig. 4.10, the power produced by the PEMWE is observed. From 00h00 to 06h00,
the power is at zero, as no electrical energy is produced via the solar PV modules, as seen
from Fig. 4.5. The power production begins to gradually increase to a maximum of 258.55
kW, at 13h00, after which it corresponds to the electrical energy production of the solar PV
modules. From 13h30, the power produced by the PEMWE, begins to decrease, until it is
unable to consume any electrical energy at 19h30, which is when the electrical energy
produced via the solar PV modules, is not available for the remainder of the day, due to the

absence of solar irradiance.
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Fig. 4.10: PEM Electrolyser power production during summer

The hydrogen storage level, produced by the PEMWE, is illustrated in Fig. 4.11. From
00h00 to 06h00, the hydrogen storage level remains at 0 kg, due to the PEMWE not being in
operation. From 06h00 to 19h30, the hydrogen storage level begins to gradually increase,
until it reaches 34.31 kg. From 19h30 to 24h00, the hydrogen storage level remains
unchanged, due to any further hydrogen being produced, a result of the absence of solar

irradiance.
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Fig. 4.11: Hydrogen storage level during summer

From Fig. 4.12, the WST temperature is initially 60 °C, at 00h00, after which it begins to
decrease. The WST temperature decreases significantly, until 07h00, due to the decrease in
the ambient air temperature, as seen from Fig. 4.3. From 07h00 to 14h30, the WST
temperature decreases further at a less steep rate, due to a gradual increase in the ambient air
temperature. From 14h30 to 18h30, the WST temperature remains rather stable, at
approximately 56.35 °C. From 18h30 to 24h00, the temperature begins to significantly
decrease, until it reaches a minimum temperature of 54.71 °C, due to a significant reduction

in the ambient air temperature, during this time period.
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Fig. 4.12: Water storage tank temperature during summer

The cumulative energy production of the PEMWE, is illustrated in Fig. 4.13. From 00h00
to 06h00, the energy consumption is at zero, due to the absence of solar radiation. From
06h00, the PEMWE begins to produce hydrogen energy, which is when solar radiation
becomes available. It may be observed that, the rate of energy production gradually increases
until 13h00, which is when the solar radiation peaks, after which, the rate begins to gradually
decrease until 19h30, which is when solar radiation is no longer available, for the remainder

of the day. The total energy produced by the PEMWE, reached a total of 1 965.74 kWh.
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Fig. 4.13: Electrolyser cumulative energy production during summer

4.4.2 Optimal control case

4.4.2.1 Winter

From Fig. 4.14, the hydrogen power production of the PEMWE and the switching
function, thereof, may be observed. From 00h00 to 07h30, the PEMWE is switched off, due
to the absence of electrical energy supplied, via the solar PV modules, as seen from Fig. 4.4.
The hydrogen power production begins to increase to a maximum of 129.32 kW, at 13h00,
due to the solar PV modules producing at maximum power during these weather conditions,
as seen from Fig. 4.4. From 13h00, the power production of the PEMWE begins to
decrease, until it cannot consume electrical energy at 18h00, which is when the electrical

energy produced via the solar PV modules is not available, for the remainder of the day.
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Fig. 4.14: PEM Electrolyser power production and switching function during winter

The hydrogen storage level and the HWST temperature, are illustrated in Fig. 4.15. From
00h00 to 07h30, the hydrogen storage level remains 0 kg, which is due to the PEMWE not
operating. From 07h30, the hydrogen storage begins to increase until 13h00, which
corresponds to the results observed from Fig. 4.14. From 13h00 to 18h00, the slope of the
increase in the hydrogen storage level, begins to steadily decrease, as observed by the power
production of the PEMWE, until the hydrogen storage level reaches a maximum of 13.72
kg.

From Fig. 4.15, the HWST temperature is initially 60 °C at 00h00, after which it begins to
decrease. The HWST temperature decreases to 53.77 °C, until 10h00, due to the significant
decrease in the ambient air temperature, as seen from Fig. 4.2. From 10h00, the HWST

temperature begins to increase, due to the heat produced by the PEMWE, during hydrogen
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production. The HWST temperature increases until it reaches 54.58 °C at 15h00, after which
it begins to decrease. This is due to the significant reduction in the ambient air temperature,
outweighs the much lower heat, produced by the PEMWE during this time period, causing

the HWST temperature to reach a minimum of 50.55 °C.
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Fig. 4.15: Hydrogen storage level and HWST temperature during winter

In Fig. 4.16, the cumulative thermal energy recovered by the HWST, is illustrated.
Initially, the cumulative heat gain is at zero and decreases until 10h00 to -234 723 k], as the
thermal energy is lost to the ambient air. After 10:00, the thermal energy gained inside the
HWST, begins to increase, as the PEMWE is in production of hydrogen, resulting in heat
generation. The thermal energy gain increases to -204 017 kJ at 15h00. Thereafter, the
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thermal energy recovery decreases until 24h00, reaching an overall heat loss of -345 379 k] to

the environment, equivalent to 95.94 kWh.
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Fig. 4.16: Thermal energy recovery during winter

The cumulative energy production of the PEMWE is illustrated in Fig. 4.17. From 00h00
to 07h30, the energy production is at zero, due to the absence of solar radiation. From
07h30, the PEMWE begins to produce energy, which is when solar radiation becomes
available during the winter period. It may be observed that the rate of energy production
gradually increases until 13h00, which is when the solar radiation peaks, after which the rate
begins to gradually decrease until 18h00, when solar radiation is no longer available for the
remainder of the day. The total energy produced by the PEMWE, reached a total of 778.19
kWh.
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Fig. 4.17: Electrolyser cumulative energy production during winter

4.4.2.2 Summer

From Fig. 4.18, the hydrogen power production of the PEMWE and the switching
function, thereof, may be observed. From 00h00 to 06h00, the PEMWE is switched off, due
to the absence of electrical energy supplied via the solar PV modules, as seen from Fig. 4.5.
The hydrogen power production begins to increase, progressively, to 265.48 kW at 13h00,
after which is corresponds to the electrical energy production of the solar PV modules, due
to the PEMWE being switched on. From 13h00, the hydrogen power production of the
PEMWE begins to decrease, until it is unable to consume electrical energy at 19h30, when
the electrical energy produced via the solar PV modules is not available for the remainder of
the day. Therefore, meaning that the PEMWE remains switched off during this time period,

as seen from Fig. 4.18.
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Fig. 4.18: PEM Electrolyser power production and switching function during summer

The hydrogen storage level and the HWST temperature, are illustrated in Fig. 4.19. From
00h00 to 06h00, the hydrogen storage level remains 0 kg, due to the PEMWE not being in
operation. From 06h00, the hydrogen storage begins to increase, progressively, until 13h00,
which corresponds to the results observed from Fig. 4.18. From 13h00 to 19h30, the
increase in the hydrogen storage level, begins to steadily decrease, as observed by the power
production of the PEMWE, until the hydrogen storage level reaches 33.54 kg.

From Fig. 4.19, the HWST temperature is initially 60 °C at 00h00, after which it begins to
decrease. The HWST temperature decreases until 05h30, due to the significant decrease in
the ambient air temperature, as seen from Fig. 2. From 08h00, the HWST temperature
begins to increase, which is due to the heat produced by the PEMWE, during hydrogen

production. The HWST temperature increases until it reaches a maximum 69.12 °C, at
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17h30, after which it begins to decrease. This is due to the significant reduction in the
ambient air temperature, which outweighs the much lower heat produced by the PEMWE,

during this time period.
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Fig. 4.19: Hydrogen storage level and HWST temperature during summer

In Fig. 4.20, the cumulative thermal energy, recovered by the HWST, is illustrated.
Initially, the cumulative heat gain is at zero and decreases until 08h00 to -92 319 kJ, as the
thermal energy is lost to the ambient air. After 08:00, the thermal energy gained inside the
HWST begins to increase, as the PEMWE is in production of hydrogen, resulting in heat
generation. The thermal energy gain increased to a maximum of 347 323 kJ at 17h00.

Afterwards, the thermal energy recovery decreased until 24h00, reaching an overall heat gain

of 242 354 kJ, which is equivalent to 67.32 kWh.
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Fig. 4.20: Thermal energy recovery during summer

The cumulative energy production of the PEMWE, is illustrated in Fig. 4.21. From 00h00
to 06h00, the energy consumption is at zero, due to the absence of solar radiation. From
06h00, the PEMWE begins to produce energy, when solar radiation becomes available. It
may be observed that the rate of energy production gradually increased until 13h00, which is
when the solar radiation peaks, after which the rate begins to gradually decrease, until 19h30,
when solar radiation is no longer available for the remainder of the day. The total energy

produced by the PEMWE, reached a total of 1 902.36 kWh.
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Fig. 4.21: Electrolyser cumulative energy production during summer

4.5 CONCLUSIONS AND RECOMMENDATIONS

In this chapter, relevant and recent literature was used, to evaluate the optimal switching
control technique. The optimal switching control of the PEMWE water heating system, was
firstly mathematically modelled, and the multi-objective function with the associated
constraints of the system, was thereafter outlined in Section 4.2. The simulations, which
were conducted in this study, used accurate and actual data, purely for the effectiveness and
accuracy, thereof.

The optimal switching control of the PEMWE was compared against a standard
PEMWE system, to evaluate the proposed model. The simulation results of the proposed
optimal switching control model, yielded the PEMWE produced 778.19 kWh of energy
during winter, which corresponds to 13.72 kg of hydrogen production. However, during
summer, the PEMWE produced 1 902.36 kWh which corresponds to 33.54 kg of hydrogen.
Most importantly, a daily maximum of 67.32 kWh of thermal energy was recovered during
summer, by absorbing the maximum amount of thermal energy, generated during the

electrolysis process and transferring it to the HWST.
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The standard PEMWE system (baseline) without any cooling, produced 801.24 kWh of
energy during winter, which corresponds to 13.98 kg of hydrogen. However, the standard
PEMWE system produced 1 965.74 kWh during summer, which corresponds to 34.31 kg of
hydrogen.

The simulation results revealed that, by removing the generated heat from the PEMWE,
which were generated during the electrolysis process, could slightly decrease the energy
production of the PEMWE, resulting in slightly less hydrogen being produced. In contrary,
when the PEMWE retained the generated heat, slightly higher energy could be produced,
which could result in a slightly higher hydrogen production, compared to the optimal control
model. However, the main objective of this proposed model, was to recover the maximum
amount of available thermal energy, compromising a slight reduction in the amount of
hydrogen production.

Furthermore, by recovering the generated heat from the PEMWE, the time period for
the membrane to degrade to a thickness of 50 %, could be prolonged by 1.02 years, by
means of the interpolation of the simulation results, obtained from Reference [100].
Therefore, when the membrane goes beyond 50 %, the membrane degradation occurs non-
linearly.

The main aim of this study, was to develop an optimal switching control technique of a
PEMWE system, to recover the maximum amount of thermal energy from the process,
where further research may be conducted on obtaining an optimal mass flow rate at each
sampling interval, may be used instead of the current proposed optimal switching control
technique.

Further research may further be conducted on more advanced control techniques, such

as MPC, which has the ability to adapt to any changes to its external environment.
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CHAPTER V: OPTIMAL ELECTRICAL AND
THERMAL ENERGY MANAGEMENT OF A
RESIDENTIAL ENERGY HUB INTEGRATING
RENEWABLE ENERGY, DEMAND RESPONSE
AND ENERGY STORAGE SYSTEM

5.1 INTRODUCTION

In residential buildings space heating (SH), space cooling (SC) and water heating, account
for approximately 61.2 % [2] of the total energy consumption, which highlights the
requirement to investigate methods of improving the efficiency, thereof. Therefore, in this
chapter, a mathematical model for an optimal heat recovery and power dispatch of hybrid
renewable energy system, connected to space heating and water heating systems in large
residential buildings, is presented.

Hydrogen may be seen as a possible alternative fuel, which may be produced from
renewable energy, as mentioned and a promising contender in the energy storage domain.
Furthermore, hydrogen is regarded as a clean fuel, as the product of the chemical reaction is
water (H20) and heat as the by-product [103]. An electrolyser harnesses the energy produced
by the RER, in this specific case, the solar PV modules, to produce hydrogen, which may be
stored in its current form, to be used by a fuel cell to generate electrical energy. The electrical
energy generated by the fuel cell, may be supplied primarily to the space heating, space
cooling and water heating equipment [104], to reduce the energy consumption from the
clectrical grid and the energy cost during the peak pricing regions of the TOU tariff
structure. Furthermore, the heat generated from the solar PV modules, PEMWE and
PEMFC, may be recovered, by transferring the generated heat to a HWST, which could

reduce the burden on the air-to-water heat pump, to maintain the hot water demand.
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The main objective of the proposed system, is to propose a comprehensive optimal
control strategy of a residential energy hub, forming part of a hybrid renewable energy
micro-grid system connected to the utility grid, which may maximize the heat recovery from
the PEMWE and PEMFC by the HWST, whilst maximizing the electrical energy supplied
from the solar PV modules to the electrical load. Thirdly, the operating energy cost of the
utility grid, may further be minimized, from a power dispatch perspective. The final
additional contribution, may be the optimal control model, which may further yield a
prolonged membrane lifespan of the PEMWE and PEMFC, by controlling its operating
temperature, which are two of the highest cost items in this type of system [1006].

The development of the mathematical model is outlined in Section 5.2, whilst the case
study is discussed in Section 5.3. The simulation results are presented in Section 5.4. In
Section 5.5, the economic analysis is discussed and, lastly, in Section 5.6, the chapter is

concluded.
5.2 METHODOLOGY

5.2.1 Dynamic model of residential energy hub integrating renewable energy,

demand response and energy storage system

The proposed residential energy hub, integrated with renewable energy and the utility

grid, is illustrated in Fig. 5.1.
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Fig. 5.1: Schematic of the proposed residential energy hub integrated with renewable energy

The PEMWE utilizes solar PV energy and the utility grid, to generate hydrogen, which is
stored in a hydrogen storage tank. The hydrogen storage tank supplies hydrogen to the
PEMFC. The PEMFC, solar PV modules and the utility grid, are supplied the load. The air-
to-air heat pump and the air-to-water heat pump are supplied by both the utility grid and the
integrated renewable energy system. When H is generated, it is stored in the hydrogen
storage tank and is ideally utilized by the PEMFC, during the high-cost regions of the TOU
tariff structure, under which the utility grid is confined to. The electrical power flows and

thermal energy flows, presented in Fig. 2, are defined as follows:

e Py Electrical power supplied to the load from the utility grid;
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e Pu: Electrical power supplied from the PEMFC to the load;

e Ps: Hydrogen power supplied to PEMFC from hydrogen storage tank;
e P4 Hydrogen power supplied to hydrogen storage tank from PEMWE;
e Ps: Electrical power supplied to the PEMWE from PV modules;

e Pg: Electrical power supplied to the load from PV modules;

e Pz Electrical power supplied to the PEMWE from the utility grid;

e Q: Thermal energy supplied to the HWST from the air-to-water heat pump;
e (2 Thermal energy supplied to the HWST from the solar PV modules;
e Qs: Thermal energy supplied to the HWST from the PEMWE;

e Qg Thermal energy supplied to the HWST from the PEMFC;

e Qui: Hot water supplied to the load;

e Q.2 Heated air supplied to the load;

e Qu3: Cooled air supplied to the load.

5.2.2 Sub-models
5.2.2.1 Hot water storage tank temperature

The first law of thermodynamics is applied to the circulation fluid storage tank, to obtain
the energy balance in the tank. The following equation describes the change in the internal
energy (energy within HWST), which relates to the difference in heat entering and leaving
the HWST. Eq. (5.1) describes the energy balance equation derived from change in internal
energy within the HWST. (s is the input heat from the air-to-water heat pump to the
HWST, Q> is the heat recovered from the solar PV modules, 05 is the heat recovered from
the PEMWE, as discussed in Chapter 4 and Qs is the heat recovered from the PEMFC,

similar to Qs Q11 is the heat removed from the tank to the load, Qcw is the heat removed

from the tank through the addition of cold water at a flow rate of M and Qross is the heat
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lost in the tank, due to its thermal properties. The heat losses, due to the connecting pipes,

are neglegted [60]:

M.C.ddltS=Ql+Q2 +Q; +Q, —Qu + Qe —Qross (-1

The useful heat gain inside the HWST is described in Eq. (5.2). " is the volumetric flow
rate of the circulation fluid, which is water in this case. gw is the density of water, Tw,0 and

T, are the outlet and inlet temperatures of the air-to-water heat pump.

Q :Vw-pw-c-(Tw,o _TW,I) 5.2)

The heat recovered from the solar PV modules is described in Eq. (5.3), which is the heat

transfer from the solar PV modules to the HWST. MW is the mass flow rate of the
circulation fluid, C is the specific heat capacity of the circulation fluid, Tpo and Tps are the

outlet and inlet temperatures of the solar PV modules, respectively.

Q,= Mw-C-(TP,o _TP,I) (5.3)

The heat recovered from the PEMWE is described in Eq. (5.4), which is the heat transfer
from the PEMFC to the HWST. MW is the mass flow rate of the circulation fluid, Tk and

TFr 1 are the outlet and inlet temperatures of the PEMWE, respectively.

Qs = Mw-C-(TE,o _TE,I) (5'4)

The heat recovered from the PEMFC is described in Eq. (5.5), which is the heat transfer
from the PEMFC to the HWST. MW is the mass flow rate of the circulation fluid, TF0 and

TFr are the outlet and inlet temperatures of the PEMFC, respectively.
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Q4 = IV.Iw-c-(TF,o _TF,I) (5-5)

The heat transfer from the HWST to the load, is defined in Eq. (5.6). Mg is the mass
flow rate of the circulation fluid at the load (consumer) and Tpois the demand outlet water
temperature at the consumer’s side. The heat removed from the tank through the addition of
cold water at a flow rate of M, is described in Eq. (5.7), where Tpyis the demand inlet water

temperature, at the supply side.

Qu=M,CT,, (5.6)

ch = MB'C'TD,I (5'7)

The heat losses in the tank, due to its thermal properties are stated in Eq. (5.8). T’ is the
temperature within the HWST, T, is ambient air temperature, As is the surface area of the
HWST, Ax is the thickness of the selected insulation layer, K is the thermal conductivity

coefficient of the selected material and 4 is the heat transfer coefficient of the surface of the

tank.
Ts _Ta A§
QLoss :% (5.8)
7_’_7
K h
Cao A
Where: ﬂ_AX+1 (5.9)
K h

By substituting Eqs. (5.2), (5.3), (5.4), (5.5), (5.6), (5.7), (5.8) and (5.9), into Eq. (5.1),
yields Eq (5.10):
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dT, . .
" =V -8y C.(Tw o =T 1 )+ My C.(To o =Tp )+ M E'C'(TE,O —Te, )

MC.—
d

(5.10)
+MW-C-(T|:,o _TF,I)_ MB'C'TD,O + MB'C'TD,I _ﬁ'(Ts _Ta)

The COP, of an air-to-water heat pump, is calculated, by making use of Eq. (5.11) [90].

Py is the rated power of the air-to-water heat pump.

COP = Qn (5.11)
I:)W
Combining Eq. (5.11) and Eq. (5.2), yield:
P, COP =V,,.8, C.(Ty o ~Tw 1) (5.12)
Eq. (5.12), may be re-written as follows:
(Two=Two) =\ZV.';NOE (5.13)

Eq. (5.14), obtained from Siecker et al [61], is used to illustrate the heat generated from
the solar PV modules to the HWST. A, is the area of the collector, Fris the collector heat

removal factor, 7 and ap are the transmittance and absorbance factors, G is the global

irradiance and U, is the collector overall heat loss coefficient.

F..r.0,G
(Too —Too) = s K2 (5.14)
M, C+A..F.U,

Eq. (5.15), obtained from Siecker et al [120], as well as Section 4.2.2, describes the
generated heat from the PEMWE to the HWST.
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IE"]'tmem
O,
TEYO —TEYI — mem 1 (515)
1+ —
Moo |@ta Rl (3] Rl J,
v aua, ) 2F 3, ) 2F 1
‘JL

Eq. (5.16), obtained from Siecker et al [120], as well as Section 4.2.2, describes the
generated heat from the PEMFC to the HWST.

R E.
(o
TF’O —TF’I — mem 1 (5.16)
1+ —
Moc[@ata | Rl (3] Rl 1700,
v aua, ) 2F 3, ) 2F 1
‘JL

By substituting Eqs. (5.13), (5.14), (5.15) and (5.16), into Eq. (5.10), yields Eq (5.17):
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M .C. dthS =V, .y .c.(—PW CoP J+ MW.C.( AP 7.0, G J+

V.0, C M, .C+A..F.U,
I..Jt
M, .C.| M..C I mem
R.I 3) R T,
MWC—(%HZC].'E.I []— En|
a,a, J2F \J,) 2F 7|1
‘]L
IF"]'tmem
M, .C.| M,, C. mem

Jo 1

~MgCTyo + M CT,, - B.(T,-T,)

1
: R.I J) RI 1+T
M, C— T | Ble gl 2| e =
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It could be assumed that temperature of the water to the load, is equal to the temperature

inside the storage tank, that is Tp,o = T.. Furthermore, some like-terms are cancelled out.
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Factoring out more like-terms, yield Eq. (5.19).
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3 (5.19)

L

T, (Mg C+B)+Tp, (Mg.C)+T,(B)

Dividing both sides of the expression, with the product of M.C, with the result, is
illustrated in Eq. (5.20).
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_T{MB.CJrﬂJ”DI(MB.j”{ B j
M.C Y M.C

The general state space representation, illustrated in Eq. (3.12), Section 3.2.2, is applied to

the proposed model. X(t), the state variable, is the temperature of the HWST, A is known

as the state matrix, B is the input matrix and « is the disturbances to the system.

Then, applying Eq. (3.12), in Section 3.2.2, to Eq. (5.20), yields:
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‘]L

The state matrix, A, is stated in Eq. (5.22), B, the input matrix, is illustrated in Eq. (5.23)

and a, the disturbances to the system, is stated in Eq. (5.24).

_ _LMJ (5.22)
M.C
B= (Mj (5.23)
M.C
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So that the final state space equation may be written as in Eq. (5.25).
T(t)=A(t)Ts(t)+B(t)U (t)+c(t) (5.25)

5.2.2.2 Residential building temperature

Please refer to what was developed in Chapter 111, sub-section 3.2.2.

5.2.2.3 Hydrogen storage

The hydrogen storage dynamics, Epp, is illustrated in Eq. (5.26), which is essentially the
difference between the hydrogen power supplied to the hydrogen storage tank, from the

PEM electrolyser, P+ and the hydrogen power supplied from the hydrogen storage tank to
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the PEM fuel cell, Ps. The PEM electrolyser receives electrical energy directly from the solar
PV modules. 7eL is the efficiency of the PEM electrolyser and 7rc is the efficiency of the
PEM fuel cell.

1
Ev, =1L P ——— PR, (5.20)

FC

The mass of the hydrogen stored at any given moment, is expressed in Eq. (5.27).

HHT1V g, is the higher heating value of hydrogen [73].

EH
' HHV,
5.2.2.4 Utility grid power

The utility grid power, P; may supply the load, whenever the PEM fuel cell power, P>
used in the renewable energy micro-grid and the solar PV power, Ps, are incapable of
performing the task. During this study, the model is subjected to the TOU tariff structure,
from the main electrical power supplier, Eskom. The pricing of the TOU tariff structure is

denoted as p(#), which may be sub-categorized as off-peak p(op), standard g(5) and peak g(p).

5.2.2.5 Power balance

The power balance at the load (Pua), is expressed in Eq. (5.28), which includes the power
trom the utility grid, PEMFC and solar PV modules.

P

load

=P +P,+P, (5.28)
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5.2.3 Discrete sub-models formulation
5.2.3.1 Discrete residential building temperature

Refer to Eq. (3.22), developed in Chapter 111, sub-section 3.2.3.
5.2.3.2 Discrete hot water storage tank temperature

Furthermore, refer to Eq. (3.22) developed in Chapter III, sub-section 3.2.3, used and

applied to the proposed water heating sub-model.
5.2.3.3 Discrete hydrogen storage level

The discretized expression of Eq. (5.20), in terms of the £” hydrogen storage level, is

illustrated in Eq. (5.29). 7 is known as the sampling time.

My, (K1) =M, (K)+ 76 LRy (K) =Py (K) (5.29)

FC

The state variable, known as M2 (A+7), should be expressed in terms of its initial value,

MH2(0), is derived as follows:

M H, (1) = IVle (O)+77EL-ts-P4 (O)_t_S-Pg (0);

UES

My, (2) =My, (1)+ 77608, P, (1) =Py (1);
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The general discretized hydrogen storage level is illustrated as follows:

L SR K) 5.30)

FC k=1

N
My (k+1)=M,, (0)+770 1.3 P, (K)-
k=1

5.2.4 Objective function

The first objective, f1, of the proposed optimal control model, is to minimize the daily
operational energy cost of the utility grid, resulting from the various power flows, by taking
the TOU tariff structure into account, illustrated in Eq. (5.31). g, is the electricity pricing
tariff, P; is the electrical power supplied to the load by the utility grid, P7 is the electrical

power supplied to the PEMWE by the utility grid and # is the sampling time.

N

f, = > [P (R(K)+ P ()]t (5.31)

k=1

The second objective is to maximize the electrical energy supplied from the solar PV

modules to the electrical load, which is depicted in Eq. (5.32):

f, = 2[R, (5.32)

1

The thermal comfort level of the consumer is addressed, where the difference between
the output temperature T (&) of the HWST temperature and the desired temperature Fip (&),
should not be excessive. That is, the value of (Tw(k)-Fw(k))?, should be minimized. The
function f;, in Eq. (5.33), denotes the thermal discomfort level, which is the third objective

function to be minimized [105]:

fy = D[ (T (K) + Ry (K)° 1, (5.33)
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The same principle is applied for the space heating and space cooling of the residential
building. Therefore, the thermal comfort level of the consumer is addressed, where the
difference between the output temperature Tp(£), of the HWST temperature and the desired
temperature Fp(), should not be excessive. That is, the value of (Tp(k)-I's(k))? should be
minimized. The function f; in Eq. (5.34), denotes the thermal discomfort level, which is the

fourth and last objective function to be minimized [105]:
N

f,= D [T )+ Fe (k) 1, (-39
k=1

The final multi-objective function, is shown in Eq. (5.35), which contains the
minimization of the operating energy cost from the utility grid, the maximization of the
electrical power produced by the PEM fuel cell and the minimization of the level of

discomfort of the HWST temperature.
f =min (Wl. f,—W,.f, +W,.f, +W,.f )4 (5.35)

Where: W7 is the weighting factor for the first objective, > is the weighting factor for
the second objective, W3 is the weighting factor for the third objective and W4 is the

weighting factor for the fourth objective.
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5.2.5 Variable constraints
5.2.5.1 Equality constraints
5.2.5.1 a) Load power balance
The variables, which are involved in supplying power to the load, are depicted in the load
power balance expression, as illustrated in Eq. (5.36). The power from the utility grid to the

load, is P1, P2, as defined previously, is the power from the PEMFC to the load and, Py, is the

power from the solar PV modules to the load.
P (k) + P, (k) + Py (K) = Pogg (K) (5.36)
5.2.5.1 b) Electrolyser power balance
The variables which are involved in supplying power to the PEMWE, are depicted in the
electrolyser power balance expression, as illustrated in Eq. (5.37). The power from the utility
grid to the PEMWE, is P7, Ps, the power from the solar PV modules to the PEMWE, Py,

which is the hydrogen power from the PEMWE to the hydrogen storage tank and, Prr”#, is
the maximum acceptable power supplied to the PEMWE.

Ry(K) + P (k) =Py (k) = P, ™ (k) (5.37)
5.2.5.2 Inequality constraints

5.2.5.2 a) Hydrogen storage

The hydrogen storage dynamics, are depicted in Eq. (5.38), with the minimum and

maximum boundary constraints. Mp2 (0) is the initial mass within the hydrogen storage tank.
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Mz ™in is the minimum allowable limit of the hydrogen storage level and, Mp, ™, is the
maximum allowable limit of the hydrogen storage level. 7i1 and 7rc is the efficiency of the
PEMWE and the PEMFC, respectively. HHI i is the higher heating value of hydrogen,
which is 39.7 kWh/kg [73].

Pkt <Rk e
HHV,, EKZ;HHV M. (k) -39

M, ™ (k) <M, (0)+7, tsz
5.2.5.2 b) Utility grid
The sum of the power from the utility grid, Ps to the load and the power from the utility

grid to the PEMWE, P, should be less than or equal to the maximum power supplied from
the utility grid, as illustrated in Eq. (5.39):

R (k) +P, (k) = R;™ (k) (5.39)
5.2.5.2 ¢) Solar PV power
The sum of the power from the solar PV modules to the load, Ps and the power to the

PEMWE, Ps, should be less than or equal to the maximum power supplied from the solar
PV modules, as illustrated in Eq. (5.40):

Ry (K) + Ry (K) < By, ™ (k) (5.40)
5.2.5.3 Control variable limits

The limits of each control variable are implemented, as a safety precautionary measure to

protect each of the equipment from unwanted damage. These limits consist of a minimum
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lower boundary limit and a maximum upper boundary limit. The first control variable limit,

is Py, which is the safe limit set for the utility grid, as illustrated in Eq. (5.41):
O<R<R™ (5.41)

The second control variable limit is P> which is the safe limits set for the PEM fuel cell,

as illustrated in Eq. (5.42):
0<P,< szax (5.42)
5.2.5.4 Solar PV electrical power production

The production of electrical energy from solar PV modules, is calculated in Eq. (5.43).
Pprs1c rated power of a solar PV module, under standard test conditions, Nppp is the
number of solar PV modules connected in parallel, Npy is the number of solar PV modules
connected in series, G is the global solar irradiance, p is known as the power temperature

coefficient and Ty is known as the temperature of the solar PV module [3].
G(k)
P, =P 1-a(T.(k)-25 5.43
v = Pov.s1cNey, Ney, 7o [1-a(T; ()~ 25)| (5.43)

The temperature of the solar PV modules, is described, using Eq. (5.44). Tnoc is known

as the nominal operating cell temperature of a solar PV module [121].

voc —20) (5.44)
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Hydrogen power supplied from the PEMWE to the hydrogen storage tank and the

5.2.5.5 Exclusive power flows

hydrogen power supplied from the hydrogen storage tank to the PEMFC, are unable to
occur simultaneously, as the flow of hydrogen power is solely limited to one direction,
illustrated in Eq. (5.45). Furthermore, the same principle should be applied to the PEMWE
to ensure that power flows solely in one direction. Therefore, the product of the hydrogen
power from the PEMWE, and the sum of the input power to the PEMWE, which is Ps and
P, should be zero, as depicted in Eq. (5.40).

P (k)xP,(k)=0 (5.45)
(R(K)+P,(K))xP,(k) =0 (5.46)
5.2.5.6 Fixed-final state condition

The final state of the hydrogen storage tank, should be the same as the initial state, to
ensure that the proposed optimal control model may be computed over several control
horizons. In this case, the proposed optimal control model, should ensure that the following

day begins at the same initial state at which the initial state of the current day, expressed in

Eq. (5.47) [93]:

> (R0 -PK)= (5.47)

k=1
5.2.5.7 Proposed optimization solver

The objective function, as shown in Eq. (5.35), is a mixed integer nonlinear optimization
problem (MINLP) and may be solved using the SCIP solver, in the optimization toolbox of
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MATLAB, as illustrated in Eq. (5.48). The main reason for using SCIP as the solver is, due
to its fast solving capabilities and that it may solve non-linear optimization problems, by

controlling integer decision variables, as well as binary integer decision variables [122].

min, f (x)
subjectto :Ax<b
A, X<b, (5.48)
Ib<x<ub
X; € {0,1}

5.3 CASE STUDY DESCRIPTION

In this section, the proposed optimal control strategy of residential energy hub integrating
renewable energy, demand response and the energy storage system, is using the SCIP solver,
in the optimization toolbox of MATLAB. The objectives, are to minimize the operating
energy costs of the utility grid to the load and to the PEMWE, as well as maximize the
supply of the electrical power generated by the solar PV modules to the load. Further
objectives, are to minimize the level of discomfort for the hot water requirements, as well as
the space heating and space cooling requirements.

A case study is conducted, using meteorological data obtained at the University of Free
State, Bloemfontein, South Africa, on the residential energy hub integrating renewable
energy, demand response and energy storage system [94]. The main purpose of the
residential energy hub is to provide space heating, space cooling and water heating for 270
occupants. This is achieved, by supplying power from the residential energy hub, to mainly
the air-to-air heat pump and air-to-water heat pump. The sampling time, # = 30 minutes,

may be implemented, to simplify the simulations.
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In this study, optimal system sizing is not conducted, as this does not form part of the

5.3.1 Data representation

main focus of the study. However, sizing of the air-to-air and air-to-water heat pump,
required for space heating, space cooling and water heating, are conducted, to a certain level.

The air-to-air heat pump selected for this study, is precisely the same air-to-air heat pump
that was previously sized in Chapter III, in Section 3.3.1. Therefore, in this Section, the
sizing of the air-to-water heat pump, responsible for the water heating requirements, is
conducted for the worst-case scenario, which is during the winter. The first step in the sizing
of the air-to-water heat pump, is to determine the hot water load demand, for the residential
building. In this case, it is assumed that the peak hot water demand on average, per
occupant, is 45 1/h [123], which calculates to a maximum of 12 150 1/h, for the entire
residential building. It is further assumed that a maximum of 60 % of the occupants would
consume hot water simultaneously, which is calculated to a peak demand consumption of
7290 1/h. The thermal power required to heat the water, is calculated, by making use of Eq.
(3.2), in Section 3.2.1, based on the calculated peak hot water demand and is calculated to be
1.22 x 107 J, which relates to 339.07 kW of thermal power. Therefore, the required calculated
power, as well as the calculated hot water peak demand flow, are used to determine the
required air-to-water heat pump system used in this study, which is depicted in Table 5.1
[124].

In this Section, the sizing of the HWST is further conducted, based on the required
storage capacity, determined through the simulations. Furthermore, Table 5.1 further shows
the parameters of the HWST, for a University residential building, in which 270 occupants
reside [113-115]. A;is the surface area of the tank, M is the volume of the tank, C is the
specific heat capacity of water, / is the surface, £ is the thermal conductivity and dx is the

insulation thickness.
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Table 5.1: Hot water storage tank (HWST) and air-to-water heat pump parameters

Parameters Symbol  Value Unit
Tank surface area A 32 m?
Tank volume M 10 000 L
Specific heat capacity C 4186 J/kgK
Surface heat transfer coefficient b 11.3 W/m2K
Thermal conductivity k 50 W/mK
Thickness of insulation dx 0.07 m
Electrical Power Py 94.15 kW
Thermal Power Pow 367.2 kW
copP COPw 3.9 -

In this section, the sizing of the required PEMFC was conducted, which is primarily
based on the largest energy consuming equipment, which is the air-to-air heat pump and the
air-to-water heat pump. The electrical power required for the air-to-air heat pump, during
space heating and the electrical power required for the air-to-water heat pump, are mainly
considered. The main reason that the space heating electrical power is solely considered, is
due to it consuming considerably more electrical power, compared to the space heating
electrical power. The electrical power required from the PEMFC, is a combination of the
electrical power required for space heating, as shown in Table 3.2 and the electrical power
required for water heating, which equates to 233.16 kW. Therefore, the selected PEMFC,
based on the electrical power required from the major energy consuming equipment, is rated
at 250 kW [125].

Table 5.2 shows the parameters of the PEMFC used for producing electrical energy [105,
110, 116, 117]. The exchange current densities at the anode and cathode are identical, due to
the anode exchange being the dominant of the two current densities [118]. a, and a. is the
anode and cathode charge transfer coefficients, respectively. R is the universal gas constant,
F is the Faraday constant, | is the current density, Jo is the exchange current density, Zu is

the membrane thickness, gu» is the membrane conductivity and i is the limiting current
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density. grizois the partial pressure of water. grr and go is the partial pressure of hydrogen and

oxygen, respectively.

Table 5.2: PEMFC parameters

Parameters Symbol  Value Unit
Anode transfer coefficient Aa 0.5 -
Cathode transfer coefficient a 0.5 -
Universal gas constant R 8.314 J/mol.K
Faraday constant F 96 485 C/mol
Current density ] 1 A/cm?
Exchange cutrent density Jo 0.00000173  A/cm?
Membrane thickness Lnem 0.0178 cm
Membrane conductivity Omen 0.0001 S/cm
Limiting current density JL 2 A/cm?
Partial pressure of water OH20 101 325 Pa
Partial pressure of hydrogen oH 101 325 Pa
Partial pressure of oxygen 00 101 325 Pa

Figs. 5.2 and 5.3, illustrate the load demand of the typical University residential building,
purely for the air-to-air heat pump and air-to-water heat pump during winter and summer,
respectively. The regions of the TOU tariff structure are further indicated. The off-peak
regions are illustrated by the green areas, the standard regions are illustrated by the yellow

areas and the red regions are illustrated by the red areas.
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Fig. 5.2: Electrical load profile of the residential building during winter
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Fig. 5.3: Electrical load profile of the residential building during summer

Referring to Chapter IV, sub-section 4.3.1, the ambient air and inlet water temperature
profiles during a selected winter day, as well as a summer day, used in this section, have been
illustrated in Figs. 4.2 and 4.3. Furthermore, referring to Chapter IV, sub-section 4.3.1, the
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electrical energy produced by the solar PV array in kW, during a selected winter day and
summer day, are, illustrated and described in Figs. 4.4 and 4.5.

Furthermore, the hot water demand profile, is illustrated in Fig. 5.4.
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Fig. 5.4: Hot water demand profile

Table 5.3 depicts the input parameters, which are used perform the simulation of the

developed model linked to the selected case study.

Table 5.3: Simulation parameters

Parameters  description Value
% Sampling time 30 min
Hours Optimization interval 24 h

5.4 SIMULATION RESULTS AND DISCUSSION

The proposed optimal control model is evaluated against two baselines, of which

conventional control philosophies are used to control the air-to-air heat pump, as well as the
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air-to-water heat pump. The first control technique (Baseline 1) utilizes a thermostat-based
controller, to control the air-to-air heat pump and, a further thermostat-based controller, to
control the air-to-water heat pump. The second control technique (Baseline 2) utilizes a
timer with a thermostat-based controller, to control the air-to-air heat pump and, a further
timer with a thermostat-based controller, to control the air-to-water heat pump.

The optimal control of a residential energy hub integrating renewable energy, demand
response and energy storage system, is discussed in Section 5.4.2. This model optimally
controlled the switching of the air-to-air heat pump and the air-to-water heat pump, based
on the optimal power flow of the integrated renewable energy system. The optimal power
flow of the residential energy hub, integrating renewable energy, demand response and
energy storage, is further presented in Section 5.4.2. This optimal control model attempts to
tirstly minimize the grid electrical energy cost, supplied to the residential energy hub and the
PEMWE and, secondly, to maximize the electrical energy supplied from the solar PV
modules to the electrical load and, thereafter, to the PEMWE. The level of discomfort is
turther minimized between the residential building temperature and the desired building
temperature, of which is the responsibility of the air-to-air heat pump. Furthermore, the level
of discomfort is minimized between the HWST temperature and the desired building
temperature, which is the responsibility of the air-to-water heat pump. The burden on the
air-to-water heat pump is further reduced, as the thermal energy is recovered from the solar
PV modules, PEMWE and the PEMFC. This is mainly due to heat being generated during
the nature of their operation, as mentioned before.

The proposed optimal control model is evaluated against these two previously mentioned

baselines, during the selected winter and summer days.
5.4.1 Baseline

There are various common techniques available to control an air-to-air heat pump. These
techniques are particularly inefficient, due to their simplicity in which they control the air-to-

air heat pump and the air-to-water heat pump. In this Section, two different baselines are
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adopted, which are used to control the air-to-air heat pump, for the selected winter and
summer cases, as well as the air-to-water heat pump, for the selected winter and summer
cases.

The first baseline is the thermostat-based control technique, discussed in Sections 5.4.1.1
and 5.4.1.5. By making use of this technique, the air-to-air heat pump and the air-to-water
heat pump are switched on once the minimum temperature set-point is reached and
switched off, once the maximum temperature set-point is reached. Thus, the heat pumps are
controlled such that the temperature is maintained within these boundary limits.

The second baseline is the timer with a thermostat-based control technique, discussed in
Sections 5.4.1.3 and 5.4.1.7. With this technique, the air-to-air heat pump and air-to-water
heat pump are further switched, such that the residential building temperature is retained
within a maximum and minimum set-points, as well as the use of a timer, ensuring the
desired temperatures set by the end-user, is achieved.

The optimal control of a residential energy hub integrating renewable energy, demand
response and energy storage system, discussed in Section 5.4.2, are thoroughly evaluated

against the two baselines, to evaluate the effectiveness, thereof.
5.4.1.1 Winter case thermostat-based control (winter Baseline 1)

In this Section, thermostat-based switching control of the air-to-air heat pump and air-to-
water heat pump, are adopted as the first baseline, in order to evaluate the economic
teasibility of the optimal switching control model. The thermostat switching control is based
on the switching of the air-to-air heat pump and the air-to-water heat pump, ensuring the
temperature of the residential building, as well as the HWST are retained within their
temperature limits, set by the end-user.

Referring to Chapter III, sub-section 3.3.1, the thermostat switching control of the air-to-
air heat pump, was simulated, based on the parameters in Table 3.1, lighting load in Fig. 3.2,
occupancy load in Fig. 3.3, heat pump parameters in Table. 3.2, ambient air temperature in

Fig. 3.4 and simulation parameters in Table. 3.3. The following sub-sections, present the
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results from the thermostat-based switching control simulation for the air-to-air heat pump
(Figs. 5.5 - 5.0).

The thermostat switching control of the air-to-water heat pump is simulated, based on
the parameters in Table 5.1, hot water demand profile in Fig. 5.4, heat pump parameters in
Table. 5.1, ambient air temperature in Fig. 3.4 and simulation parameters in Table. 5.3. The
following sub-sections present the results from the thermostat-based switching control

simulation, for the air-to-water heat pump (Figs. 5.7 - 5.8).

Switching function
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Fig. 5.5: Winter Baseline 1 — Switching function of the air-to-air heat pump
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Fig. 5.6: Winter Baseline 1 — Residential building temperature
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Fig. 5.7: Winter Baseline 1 — Switching function of the air-to-water heat pump
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Fig. 5.8: Winter Baseline 1 — HWST temperature

5.4.1.2 Winter case thermostat-based control (winter Baseline 1) discussion

5.4.1.2 a) First off-peak pricing period 00h00 - 06h00 (green)

In Figs. 5.5 and 5.6, the switching function of the air-to-air heat pump, as well as the
temperature inside the residential building, were presented, respectively. Initially, the
temperature inside the residential building starts at 18.2 °C, which was the final state from
the previous day. From 00hOO — 05h00, the building temperature increases, due to the air-to-
air heat pump being switched on, as seen from Fig. 5.5. It may be observed that the air-to-air
heat pump was switched on from 00hOO until 05h00, in order to reach the maximum
temperature limit of 22 °C, due to the ambient temperature being initially low and decreased
turther, during this time-period. From 05h00 — 06h00, the building temperature decreased,
due to the air-to-air heat pump being switched off, by means of the thermostat controller, as
seen in Fig. 5.5.

In Figs. 5.7 and 5.8, the switching function of the air-to-water heat pump, as well as the

HWST temperature, were presented, respectively. Initially, the temperature of the HWST,
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begins at 50 °C, which was the final state of the previous day. From 00hOO — 00h30, the
temperature of the HWST increases, until it reaches 60 °C, as seen from Fig. 5.8. The ait-to-
water heat pump was switched off, due to the temperature limit of the thermostat controller
of 60 °C, is achieved, as seen from Fig. 5.7. From 00h30 — 05h30, the temperature of the
HWST decreased gradually, due to standby losses experienced by the HWST. From, 05h30 —
06h00, the temperature started to decrease significantly, due to the hot water demand during

this period, as seen from Fig. 5.4.
5.4.1.2 b) First peak pricing period 06h00 - 09h00 (red)

From 06h00 — 09h00, the residential building temperature decreased, as seen in Fig. 5.0.
This is due to the air-to-air heat pump being switched off, as seen from the switching
function of the air-to-air heat pump, illustrated in Fig. 5.5. Furthermore, the residential
building temperature continued to decrease, as the minimum temperature limit of 20 °C was
not obtained, at this instance in time.

From 06h00 — 06h30, the temperature inside the HWST continued to decrease
significantly, as seen from Fig. 5.4, until it reached the minimum temperature limit of 45 °C,
which may be observed from Fig. 5.8. From 06h30 — 08h00, the temperature started to
increase, as the air-to-water heat pump was switched, as seen in Fig. 5.7. From 08h00 —
09h00, the temperature of the HWST started to decrease as the maximum temperature limit

of 60 °C was achieved, as seen from Fig. 5.8.
5.4.1.2. ¢) First standard pricing period 09h00 - 17h00 (yellow)

From 09h00 — 16h00, the residential building temperature decreased, as seen in Fig. 5.0.
The air-to-air heat pump is switched off, due to the minimum temperature limit of 20 °C is
obtained, at this instance in time, as seen from the switching function of the air-to-air heat

pump, illustrated in Fig. 5.5. From 16h00 — 17h00, the residential building temperature
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started to increase, as seen from Fig. 5.6, due to the air-to-air heat pump being switched on,
by means of the thermostat controller.

From 09h00 — 17h00, the residential building temperature continued to gradually
decrease, as seen in Fig. 5.8. The air-to-water heat pump remained switched off, due to the

minimum temperature limit of 45 °C not yet achieved, illustrated in Fig. 5.7.
5.4.1.2 d) Second peak pricing period 17h00 - 19h00 (red)

From 17h00 — 19h00, the residential building temperature increased, until it reached the
maximum temperature limit of 22 °C, which was during the peak pricing period, as
illustrated in Fig. 5.6.

From 17h00 — 18h00, the temperature of the HWST continued to gradually decrease, due
to the standby losses experienced by the HWST, as seen from Fig. 5.8. From 18h00 — 19h00,
the temperature of the HWST started to decrease significantly, due to the hot water being
demanded during this period, as seen from Fig. 5.4, until it reached the minimum

temperature limit of 45 °C, during the peak pricing period, as illustrated in Fig. 5.8.
5.4.1.2 e) Second standard pricing period 19h00-22h00 (yellow)

From 19h00 — 22h00, the residential building temperature continued to decrease, due to
the air-to-air heat pump being switched off, by means of the thermostat controller, as the
minimum temperature limit of 20 °C was not obtained, which may be observed in Fig. 5.6.

From 19h00 — 21h00, the temperature of the HWST started to increase, due to the air-to-
water heat pump being switched on, as seen from Fig. 5.8. This was due to the minimum
temperature limit of 45 °C being reached. From 21h00 — 22h00, the temperature of the
HWST started to decrease, as seen from Fig. 5.8. This was due to the air-to-water heat pump
was switched off, by means of the thermostat controller, as the maximum temperature limit

of 60 °C was achieved, which may be observed in Fig. 5.7.
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5.4.1.2 ) Second off-peak pricing period 22h00 - 24h00 (green)

From 22h00 — 24h00, the residential building temperature continued to decrease, as seen
in Fig. 5.6. The residential building temperature decreased, due to the air-to-air heat pump
being switched off during this period, as seen in Fig. 5.5. The air-to-air heat pump was not
required to be switched on, due to the minimum temperature limit not yet reached at 24h00.

From 22h00 — 24h00, the temperature of the HWST continued to decrease, as seen in
Fig. 5.8. The temperature continued to decrease, due to the air-to-water heat pump being
switched off during this period, as seen in Fig. 5.7. This was due to the fact that the
minimum temperature limit was not yet reached and there was no demand during this

period, as seen from Fig. 5.4.
5.4.1.3 Winter case timer with thermostat-based control (winter Baseline 2)

In this Section, the timer with thermostat-based switching control of the air-to-air heat
pump and air-to-water heat pump, is adopted as the second baseline, in order to evaluate the
economic feasibility of the optimal switching control model. The timer, with thermostat
switching control, is based on the switching of the air-to-air heat pump and the air-to-water
heat pump, ensuring the temperature of the residential building, as well as the temperature of
the HWST are retained within their temperature limits, as well as the use of a timer, which
ensures that the desired temperatures set by the end-user, is achieved.

The timer with thermostat switching control of the air-to-air heat pump is simulated,
based on the parameters in Table 3.1, lighting load in Fig. 3.2, occupancy load in Fig. 3.3,
heat pump parameters in Table. 3.2, ambient air temperature in Fig. 3.4 and simulation
parameters in Table. 3.3. The following sub-sections present the results from the timer, with
thermostat-based switching control simulation (Figs. 5.9 — 5.10).

The timer with thermostat switching control of the air-to-water heat pump, is simulated,
based on the parameters in Table 5.1, hot water demand profile in Fig. 5.4, heat pump

parameters in Table. 5.1, ambient air temperature in Fig. 3.4 and simulation parameters in
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Table. 5.3. The following sub-sections present the results from the thermostat-based

switching control simulation, for the air-to-air heat pump (Figs. 5.11 - 5.12).
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Fig. 5.9: Winter Baseline 2 — Switching function of the air-to-
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Fig. 5.10: Winter Baseline 2 — Residential building temperature
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Fig. 5.11: Winter Baseline 2 — Switching function of the air-to-water heat pump
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Fig. 5.12: Winter Baseline 2 — HWST temperature
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5.4.1.4 Winter case timer with thermostat-based control (winter Baseline 2) discussion
5.4.1.4 a) First off-peak pricing period 00h00 - 06h00 (green)

In Fig. 5.10, the temperature inside the residential building, heated by the air-to-air heat
pump, was presented. Initially, the temperature inside the residential building, started at 18.2
°C, which was the final state of the previous day. From 00hOO — 05h00, the building
temperature increased, due to the air-to-air heat pump being switched on. It may be
observed that the air-to-air heat pump was switched on from 00h00 until 05h00, in order to
reach the maximum temperature limit of 22 °C, due to the ambient temperature being
initially low and decreasing further, during this time-period. From 05h00 — 06h00, the
building temperature decreased, as the air-to-air heat pump was switched off, by means of
the thermostat controller, as seen from Fig. 5.9.

In Figs. 5.11 and 5.12, the switching function of the air-to-water heat pump, as well as the
HWST temperature, were presented, respectively. Initially, the temperature of the HWST
begins at 50 °C, which was the final state of the previous day. From 00h00 — 00h30, the
temperature of the HWST increased, until it reached 60 °C, as seen from Fig. 5.12. The air-
to-water heat pump was switched off, due to the temperature limit of the thermostat
controller of 60 °C, being achieved, as seen from Fig. 5.11. From 00h30 — 05h30, the
temperature of the HWST decreased gradually, due to standby losses, experienced by the
HWST. From 05h30 — 06h00, the temperature started to decrease significantly, due to the

hot water demand during this period, as seen from Fig. 5.4.
5.4.1.4 b) First peak pricing period 06h00 - 09h00 (red)

From 06h00 — 06h30, the residential building temperature decreased, as seen in Fig. 5.10.
This was due to the air-to-air heat pump being switched off, as seen from the switching
function of the air-to-air heat pump, illustrated in Fig. 5.9. From 06h30 — 07h00, the

residential building temperature increased, as the air-to-air heat pump was switched on by
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means of the timer, as seen from Fig. 5.9. From 07h00 — 09h00, the residential building
temperature decreased, as the air-to-air heat pump was switched off, by means of the
thermostat controller, as seen from Fig. 5.9. Furthermore, the residential building
temperature continued to decrease, as the minimum temperature limit of 20 °C was not
obtained at this time.

From 06h00 — 06h30, the temperature inside the HWST continued to decrease
significantly, as seen from Fig. 5.12. From 06h30 — 07h30, the temperature of the HWST
started to increase, as the air was switched on by means of the timer, to meet the hot water
demand during this period, as seen from Figs. 5.11 and 5.12. From 07h30 — 10h00, the
temperature of the HWST started to decrease, due to the maximum temperature limit of 60

°C being achieved, as seen from Fig. 5.12.
5.4.1.4 ¢) First standard pricing period 09h00 - 17h00 (yellow)

From 10h00 — 15h00, the residential building temperature decreased, as seen in Fig. 5.10,
due to the air-to-air heat pump being switched off. From 15h00 — 17h00, the residential
building temperature started to increase, as seen from Fig. 5.10, which was due to the air-to-
air heat pump being switched on, by means of the timer, in order to achieve the desired
temperature.

From 09h00 — 17h00, the residential building temperature continued to gradually
decrease, as seen in Fig. 5.12. The air-to-water heat pump remained switched off, due to the

minimum temperature limit of 45 °C, not yet achieved, illustrated in Fig. 5.11.
5.4.1.4 d) Second peak pricing period 17h00 - 19h00 (red)

From 17h00 — 18h30, the residential building temperature continued to decrease, due to
the air-to-air heat pump being switched off, as illustrated in Fig. 5.9. From 18h30 — 19h00,

the residential building temperature started to increase, due to the air-to-air heat pump being
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switched on, by means of the timer, in order to achieve the desired temperature, as seen
trom Fig. 5.10.

From 17h00 — 17h30, the temperature of the HWST continued to gradually decrease, due
to the standby losses experienced by the HWST, as seen from Fig. 5.12. From 17h30 —
18h00, the temperature of the HWST started to increase, as the air-to-water heat pump was
switched on by means of the timer, to achieve the desired temperature during this period.
From 18h00 — 19h00, the temperature of the HWST started to decrease significantly, due to
the demand for hot water during this period, as seen from Fig. 5.4, until it reached the
minimum temperature limit of 45 °C, which was during the peak pricing period, as illustrated

in Fig. 5.12.
5.4.1.4 e) Second standard pricing period 19h00 - 22h00 (yellow)

From 19h00 — 22h00, the residential building temperature continued to decrease, due to
the air-to-air heat pump being switched off by means of the thermostat controller, as the
minimum temperature limit of 20 °C was not obtained, which may be observed in Fig. 5.10.

From 19h00 — 21h00, the temperature of the HWST started to increase, due to the air-to-
water heat pump being switched on by means of the thermostat controller, as the minimum
temperature limit of 45 °C was obtained, which may be observed in Fig. 5.12. From 21h00 —
22h00, the temperature started to gradually decrease, as the maximum temperature limit of

60 °C was obtained, as seen from Fig. 5.12.
5.4.1.4 f) Second off-peak pricing period 22h00 - 24h00 (green)

From 22h00 — 24h00, the residential building temperature continued to decrease, as seen
in Fig. 5.10. The residential building temperature decreased, due to the air-to-air heat pump
switched off during this period, as seen in Fig. 5.9. The air-to-air heat pump was not required

to be switched on, due to the minimum temperature limit not yet reached at 24h00.
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From 22h00 — 24h00, the temperature of the HWST continued to decrease, as seen in
Fig. 5.12. The temperature decreased, due to the air-to-water heat pump switched off during
this period, as seen in Fig. 5.11. The air-to-water heat pump was not required to be switched

on, due to the minimum temperature limit still not being reached at 24h00.
5.4.1.5 Summer thermostat-based control (summer Baseline 1)

In this Section, thermostat-based switching control of the air-to-air heat pump and air-to-
water heat pump are adopted as the first baseline, in order to evaluate the economic
teasibility of the optimal switching control model. The thermostat switching control is based
on the switching of the air-to-air heat pump, as well as the air-to-water heat pump, ensuring
the temperatures of the residential building and HWST, are retained within the temperature
limits, set by the end-user.

The thermostat switching control of the air-to-air heat pump is simulated, based on the
parameters in Table 3.1, lighting load in Fig. 3.2, occupancy load in Fig. 3.3, heat pump
parameters in Table. 3.2, ambient air temperature in Fig. 3.5 and simulation parameters in
Table. 3.3, obtained in Chapter III. The following sub-sections present the results from the
thermostat-based switching control simulation, for the air-to-air heat pump (Figs. 5.13 -
5.14).

The thermostat switching control of the air-to-water heat pump, is simulated, based on
the parameters in Table 5.1, hot water demand profile in Fig. 5.4, heat pump parameters in
Table. 5.1, ambient air temperature in Fig. 3.5 and simulation parameters in Table. 5.3. The
following sub-sections present the results from the thermostat-based switching control

simulation for the air-to-air heat pump (Figs. 5.15 - 5.16).
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Fig. 5.13: Summer Baseline 1 — Switching function of the air-to-air heat pump
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Fig. 5.14: Summer Baseline 1 — Residential building temperature
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Fig. 5.15: Summer Baseline 1 — Switching function of the air-to-water heat pump
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Fig. 5.16: Summer Baseline 1 — HWST temperature
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5.4.1.6 Summer thermostat-based control (summer Baseline 1) discussion
5.4.1.6 a) First off-peak pricing period 00h00 - 06h00 (green)

In Figs. 5.13 and 5.14, the switching function of the air-to-air heat pump, as well as the
temperature inside the residential building, were presented, respectively. Initially, the
temperature inside the residential building started at 25.5 °C, which was the final state of the
previous day. From 00hOO — 06h00, the building temperature decreases, due to the air-to-air
heat pump being switched on, as seen from Fig. 5.13. It may be observed that the air-to-air
heat pump was switched on from 00hOO until 06h00, in order to reach the minimum
temperature limit of 22 °C.

In Figs. 5.15 and 5.16, the switching function of the air-to-water heat pump, as well as the
HWST temperature, were presented, respectively. Initially, the temperature of the HWST
begins at 50 °C, which was the final state of the previous day. From 00h0O — 00h30, the
temperature of the HWST increased until it reached 60 °C, as seen from Fig. 5.16. The air-
to-water heat pump was switched off, due to the temperature limit of the thermostat
controller of 60 °C was achieved, as seen from Fig. 5.15. From 00h30 — 05h30, the
temperature of the HWST decreased gradually, due to standby losses experienced by the
HWST. From 05h30 — 06h00, the temperature started to decrease significantly, which was

due to hot water demanded during this period, as seen from Fig. 5.4.
5.4.1.6 b) First standard pricing period 06h00 - 07h00 (yellow)

From 06h00 — 06h30, the residential building temperature continued to decrease, as the
air-to-air heat pump was switched on during this period, as seen from Figs. 5.13 and 5.14.
The air-to-air heat pump was switched on during this period, until to the minimum
temperature limit of 22 °C, was achieved. From 06h30 — 07h00, the residential building
temperature increased, due to the air-to-air heat pump being switched off, as seen from Fig.

5.13.
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From 06h00 — 07h00, the temperature inside the HWST continued to decrease
significantly, as seen from Fig. 5.4, until it reached the minimum temperature limit of 45 °C,
which may be observed from Fig. 5.16. The air-to-water heat pump remained switched off
during this period, due to the minimum temperature limit reached solely at the end of this

period.
5.4.1.6 ¢) First peak pricing period 07h00 - 10h00 (red)

From 07h00 — 10h00, the residential building temperature continued to increase, as seen
in Fig. 5.14. This was due to the air-to-air heat pump being switched off until the maximum
temperature limit of 24 °C, was achieved.

From 07h00 — 08h30, the temperature of the HWST increased, until it reached the
maximum temperature limit of 60 °C, after which the air-to-water heat pump was switched
off by the thermostat controller, as seen from Figs. 5.15 and 5.16. From 08h30 — 10h00, the
temperature of the HWST decreased gradually, as seen from Fig. 5.16. This was due to the

air-to-water heat pump being switched off during this period.
5.4.1.6 d) Second standard pricing period 10h00 - 18h00 (yellow)

From 10h00 — 16h00, the residential building temperature continued to increase, as seen
in Fig. 5.14. The air-to-air heat pump was switched off, due to the maximum temperature
limit of 24 °C being achieved, as seen from the switching function of the air-to-air heat
pump, illustrated in Fig. 5.13. From 16h00 — 18h00, the residential building temperature
started to decrease, as seen from Fig. 5.13, due to the air-to-air heat pump being switched on
by means of the thermostat controller.

From 10h00 — 18h00, the residential building temperature continued to gradually
decrease, as seen in Fig. 5.16. The air-to-water heat pump remained switched off, due to the

minimum temperature limit of 45 °C was still not achieved, illustrated in Fig. 5.15.
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5.4.1.6 €) Second peak pricing period 18h00 - 20h00 (red)

From 18h00 — 20h00, the residential building temperature continued to decrease, until it
reached the minimum temperature limit of 22 °C, which was during the peak pricing period,
as illustrated in Fig. 5.14.

From 18h00 — 19h30, the temperature of the HWST decreased significantly, due to the
hot water being demanded during this period, as seen from Fig. 5.4, until it reached the
minimum temperature limit of 45 °C, which was during the peak pricing period, as illustrated
in Fig. 5.16. From 19h30 — 20h00, the temperature started to increase, as a result of the air-
to-water heat pump switched on by means of the thermostat controller, as seen from Figs.

5.15 and 5.16.
5.4.1.6 f) Third standard pricing period 20h00 - 22h00 (yellow)

From 20h00 — 22h00, the residential building temperature continued to increase, due to
the air-to-air heat pump being switched off by means of the thermostat controller, as the
maximum temperature limit of 24 °C was not obtained, which may be observed in Fig. 5.14.

From 20h00 — 21h30, the temperature of the HWST continued to increase, due to the
air-to-water heat pump being switched on, as seen from Fig. 5.16. From 21h30 — 22h00, the
temperature of the HWST started to decrease, as seen from Fig. 5.16. This was due to the
air-to-water heat pump was switched off by means of the thermostat controller, as the

maximum temperature limit of 60 °C was achieved, observed in Fig. 5.15.
5.4.1.6 g) Second off-peak pricing period 22h00 - 24h00 (green)

From 22h00 — 24h00, the residential building temperature continued to increase, as seen
in Fig. 5.14. The residential building temperature increased, due to the air-to-air heat pump

switched off during this period, as seen in Fig. 5.13. The air-to-air heat pump was not
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required to be switched on, due to the maximum temperature limit not yet being reached at
24h00.

From 22h00 — 24h00, the temperature of the HWST continued to decrease, as seen in
Fig. 5.16. The temperature continued to decrease, due to the air-to-water heat pump
switched off during this period, as seen in Fig. 5.15. This was due to the minimum
temperature limit was not yet reached and no further hot water was demanded during this

period, as seen from Fig. 5.4.
5.4.1.7 Summer case timer with thermostat-based control (summer Baseline 2)

In this Section, the timer with thermostat-based switching control of the air-to-air heat
pump is adopted as the second baseline, in order to evaluate the economic feasibility of the
optimal switching control model. The thermostat switching control, is based on the
switching of the air-to-air heat pump, as well as the air-to-water heat pump, ensuring the
temperatures of the residential building and HWST, are retained within the temperature
limits, set by the end-user.

The timer with thermostat switching control of the air-to-air heat pump, is simulated,
based on the parameters in Table 3.1, lighting load in Fig. 3.2, occupancy load in Fig. 3.3,
heat pump parameters in Table. 3.2, ambient air temperature in Fig. 3.5 and simulation
parameters in Table. 3.3, Chapter III. The following sub-sections present the results from
the thermostat-based switching control simulation for the air-to-air heat pump (Figs. 5.17 -
5.18).

The timer with thermostat switching control of the air-to-water heat pump is simulated,
based on the parameters in Table 5.1, hot water demand profile in Fig. 5.4, heat pump
parameters in Table. 5.1, ambient air temperature in Fig. 3.5 and simulation parameters in
Table. 5.3. The following sub-sections present the results from the thermostat-based

switching control simulation for the air-to-air heat pump (Figs. 5.19 - 5.20).
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Fig. 5.17: Summer Baseline 2 — Switching function of the air-to-air heat pump
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Fig. 5.18: Summer Baseline 2 — Residential building temperature
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Fig. 5.19: Summer Baseline 2 — Switching function of the air-to-water heat pump

Output temperature(degrees celcius)

2 4 6 8 10 12 14 16 18 20 22 24
Time (h)

Fig. 5.20: Summer Baseline 2 — HWST temperature
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5.4.1.8 Summer case timer with thermostat-based control (summer Baseline 2) discussion
5.4.1.8 a) First off-peak pricing period 00h00 - 06h00 (green)

In Figs. 5.17 and 5.18, the switching function of the air-to-air heat pump, as well as the
temperature inside the residential building, were presented, respectively. Initially, the
temperature inside the residential building started at 25.5 °C, which was the final state of the
previous day. From 00hOO — 06h00, the building temperature decreased, due to the air-to-air
heat pump being switched on, as seen from Fig. 5.17. It may be observed that the air-to-air
heat pump was switched on from 00hOO until 06h00, in order to reach the minimum
temperature limit of 22 °C.

In Figs. 5.19 and 5.20, the switching function of the air-to-water heat pump, as well as the
HWST temperature, were presented, respectively. Initially, the temperature of the HWST
begins at 50 °C, which was the final state of the previous day. From 00h00O — 00h30, the
temperature of the HWST increased, until it reached 60 °C, as seen from Fig. 5.20. The air-
to-water heat pump was switched off, due to the temperature limit of the thermostat
controller of 60 °C being achieved, as seen from Fig. 5.19. From 00h30 — 05h30, the
temperature of the HWST decreased gradually, due to standby losses experienced by the
HWST. From, 05h30 — 06h00, the temperature begins to decrease significantly, due to the

demand of hot water during this period, as seen from Fig. 5.4.
5.4.1.8 b) First standard pricing period 06h00 - 07h00 (yellow)

From 06h00 — 06h30, the residential building temperature continued to decrease, as the
air-to-air heat pump was switched on during this period, seen from Figs. 5.17 and 5.18. The
air-to-air heat pump was switched on during this period, until to the minimum temperature
limit of 22 °C, was achieved. From 06h30 — 07h00, the residential building temperature

increased, due to the air-to-air heat pump being switched off, as seen from Fig. 5.17.
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From 06h00 — 07h00, the temperature inside the HWST, continued to decrease
significantly, as seen from Fig. 5.4, until it reached the minimum temperature limit of 45 °C,
which may be observed from Fig. 5.20. The air-to-water heat pump remained switched off
during this period, due to the minimum temperature limit being reached solely at the end of

this period.
5.4.1.8 ¢) First peak pricing period 07h00 - 10h00 (red)

From 07h00 — 10h00, the residential building temperature continued to increase, as seen
in Fig. 5.18. This is due to the maximum temperature limit of 24 °C not being achieved
during this period.

From 07h00 — 07h30, the temperature of the HWST decreased, as seen from Fig. 5.20,
due to the air-to-water heat pump was switched off, as seen from Fig. 5.19. From 07h30 —
08h30, the temperature of the HWST started to increase, as seen from Fig. 5.20. This was
due to the air-to-water heat pump being switched on, by means of the timer, to achieve the
desired temperature. From 08h30 — 10h00, the temperature of the HWST started to
decrease, due to the maximum temperature limit of 60 °C being reached, as seen from Fig.
5.20. Therefore, the air-to-water heat pump was switched off, which caused the temperature

to decrease, as seen from Fig. 5.19.
5.4.1.8 d) Second standard pricing period 10h00 - 18h00 (yellow)

From 10h00 — 13h30, the residential building temperature continued to increase, as seen
in Fig. 5.18, due to the air-to-air heat pump being switched off. From 13h30 — 16h30, the
residential building temperature started to decrease, as seen from Fig. 5.17, which was due to
the air-to-air heat pump being switched on by means of the timer, in order to achieve the
desired temperature. From 16h30 — 18h00, the residential building started to increase, due to

the air-to-air being switched off, as seen from Fig. 5.17.
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From 10h00 — 18h00, the residential building temperature continued to gradually
decrease, as seen in Fig. 5.20. The air-to-water heat pump remained switched off, due to the

minimum temperature limit of 45 °C not yet achieved, illustrated in Fig. 5.19.
5.4.1.8 e) Second peak pricing period 18h00 - 20h00 (red)

From 18h00 — 18h30, the residential building temperature started to decrease, due to the
air-to-air heat pump being switched on again, by means of the timer, to achieve the desired
temperature set-point during the peak pricing region of the TOU tariff structure, as
illustrated in Fig. 5.18. From 18h30 — 19h00, the residential building temperature started to
increase, due to the air-to-air heat pump that was switched off, by means of the thermostat
controller, as the minimum temperature of 22 °C was achieved.

From 18h00 — 18h30, the temperature of the HWST started to increase, until it reached
the maximum temperature limit of 60 °C, which was during the peak pricing period, as
illustrated in Fig. 5.20. From 18h30 — 19h30, the temperature started to decrease, because of
the air-to-water heat pump switched off by means of the thermostat controller, as seen from
Figs. 5.19 and 5.20. From 19h30 — 20h00, the temperature of the HWST started to increase,

due to the minimum temperature limit of 45 °C being achieved, as seen from Fig. 5.20.
5.4.1.8 f) Third standard pricing period 20h00 - 22h00 (yellow)

From 20h00 — 22h00, the residential building temperature continued to increase, due to
the air-to-air heat pump being switched off, by means of the thermostat controller, as the
maximum temperature limit of 24 °C was not obtained, which may be observed in Fig. 5.18.

From 20h00 — 21h00, the temperature of the HWST continued to increase, due to the
air-to-water heat pump being switched on, as seen from Fig. 5.20. From 21h00 — 22h00, the
temperature of the HWST started to decrease, as seen from Fig. 5.20. This was due to the
air-to-water heat pump being switched off by means of the thermostat controller, as the

maximum temperature limit of 60 °C was achieved, observed in Fig. 5.19.
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5.4.1.8 g) Second off-peak pricing period 22h00 - 24h00 (green)

From 22h00 — 24h00, the residential building temperature continued to increase, as seen
in Fig. 5.18. The residential building temperature increased, due to the air-to-air heat pump
being switched off during this period, as seen in Fig. 5.17. The air-to-air heat pump was not
required to be switched on, due to the maximum temperature limit not yet being reached at
24h00.

From 22h00 — 24h00, the temperature of the HWST continued to decrease, as seen in
Fig. 520. The temperature continued to decrease, due to the air-to-water heat pump
switched off during this period, as seen in Fig. 5.19. This was due to the minimum
temperature limit not yet being reached and there was no further demand for hot water

during this period, as seen from Fig. 5.4.
5.4.2 Optimal control case

The optimal control of a residential energy hub integrating renewable energy, demand
response and energy storage system, is discussed in Section 5.2.1. This model optimally
controls the switching of the air-to-air heat pump and the air-to-water heat pump, based on
the optimal power flow of the integrated renewable energy system. The optimal power flow
of the residential energy hub, integrating renewable energy, demand response and energy
storage, is further presented in Section 5.4.2. Furthermore, this optimal control model
attempts to minimize the grid electrical energy cost supplied to the residential energy hub
and the PEMWE, as well as maximize the electrical energy supplied from the solar PV
modules to the electrical load and thereafter to the PEMWE. The level of discomfort is
minimized, further between the residential building temperature and the desired building
temperature, which is the responsibility of the air-to-air heat pump. Furthermore, the level of
discomfort is minimized between the HWST temperature and the desired building
temperature, which is the responsibility of the air-to-water heat pump. The burden on the

air-to-water heat pump is further reduced, as the thermal energy is recovered from the solar
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PV modules, PEMWE and the PEMFC. This is mainly due to heat being generated during
the nature of their operation, as mentioned before.

In this Section, the optimal control of a residential energy hub integrating renewable
energy, demand response and energy storage system is simulated, using the SCIP solver, in
the optimization toolbox of MATLAB. This model optimally controls the switching of the
air-to-air heat pump and the air-to-water heat pump, based on the optimal power flow of the
integrated renewable energy system. The optimal power flow of the residential energy hub,
integrating renewable energy, demand response and energy storage, is further presented in
Section 5.4.2. Furthermore, this optimal control model attempts to minimize the grid
electrical energy cost, supplied to the residential energy hub and the PEMWE and, to
maximize the electrical energy supplied from the solar PV modules to the electrical load as
well as, thereafter, to the PEMWE. The level of discomfort is minimized further between
the residential building temperature and the desired building temperature, which is the
responsibility of the air-to-air heat pump. Furthermore, the level of discomfort is minimized
between the HWST and desired building temperatures, which is the responsibility of the air-
to-water heat pump. The burden on the air-to-water heat pump is further reduced, as the
thermal energy is recovered from the solar PV modules, PEMWE and the PEMFC. This is
mainly due to heat being generated during the nature of their operation, as mentioned
before.

The optimal control of a residential energy hub integrating renewable energy, demand
response and energy storage system, is simulated, based on three categorized parameters.

The first category is, the parameters used for space heating and space cooling, which was
adopted from Chapter III. In Table 3.1, the residential building parameters are presented and
the lighting load is illustrated in Fig. 3.2, the occupancy load is illustrated in Fig. 3.3, the heat
pump parameters are presented in Table. 3.2, the ambient air temperature is illustrated in
Fig. 3.4 and simulation parameters are illustrated in Table. 3.3.

The second category is the parameters used for water heating. In Table 5.1 the
parameters of the HWST and the air-to-water heat pump, the PEMFC parameters is

presented in Table. 5.2, the hot water demand profile is illustrated in Fig. 5.4, heat pump
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parameters in Table. 5.1, the ambient air temperature during winter and summer, are
illustrated in Figs. 3.4 and 3.5, depicted in Chapter II, respectively, as well as simulation
parameters in Table. 5.3.

The third category is the parameters used for the integrated renewable energy, demand
response and energy storage system portion of the residential energy hub. In Fig. 5.2, the
electrical load during winter was illustrated, the electrical load during a selected summer day
was illustrated and the simulation parameters are presented in Table. 5.3.

In this Section, the simulation results of the optimal control case during a selected
summer day, was illustrated. In Figs. 5.21 and 5.22, the optimal switching function of the air-
to-air heat pump and the residential building temperature are illustrated, respectively.

The optimal switching function of the air-to-water heat pump and the HWST
temperature, depicted in Figs. 5.23 and 5.24, are illustrated.

The thermal energy recoveries, with respect to the solar PV module, PEMWE and
PEMFC, are illustrated in Figs. 5.25 — 5.27, respectively.

In Fig. 5.28, the electrical power flows to the electrical load, was illustrated to satisfy the
electrical load demand, as illustrated in Fig. 5.2. Fig. 5.29, depicts the electrical power flows

to the PEMWE, to supply the hydrogen storage tank with hydrogen, as seen from Fig. 5.30.
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5.4.2.1 Winter case
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Fig. 5.21: Optimal switching function of the air-to-air heat pump during winter
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Fig. 5.22: Residential building temperature during winter
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Fig. 5.23: Optimal switching function of the air-to-water heat pump during winter
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Fig. 5.24: HWST temperature during winter
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Fig. 5.25: PV thermal energy recovery during winter
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Fig. 5.26: PEMWE thermal energy recovery during winter
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Fig. 5.27: PEMFC thermal energy recovery during winter
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Fig. 5.28: Electrical power flows to load during winter
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Fig. 5.29: Electrical power flows to PEMWE during winter
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Fig. 5.30: Hydrogen storage tank dynamics during winter
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5.4.2.2 a) First off-peak pricing period 00h00 - 06h00 (green)

5.4.2.2 Winter case discussion

From Fig. 3.2, the lighting load may be observed, which occurs solely from 04h00 and,
from Fig. 3.3, it may be observed that there was an occupancy load during the entire first
off-peak pricing period, where both of these loads were contributing towards heating the
space of the residential building. From Fig. 3.4, the ambient temperature initially started at
10 °C and decreases until 06h00, which was when the ambient temperature is at 4 °C.

In Fig. 5.22, the temperature inside the residential building, heated by the air-to-air heat
pump, was presented. Initially, the temperature inside the residential building started at 18.2
°C, which was the final state of the previous day. From 00hOO — 03h00, the building
temperature increased, in order to reach 22 °C, which was the morning desired temperature
set-point. From 03h00 — 03h30, the building temperature decreased, which may be observed
trom Fig. 5.22, due to the air-to-air heat pump being switched off. From 03h30 — 04h00, the
building temperature started to increase again, as seen from Fig. 5.22, until the desired
temperature of 22 °C was obtained. From 04h00 — 04h30, the building temperature started
to decrease, due to air-to-air heat pump being switched off, as seen from Fig. 5.21. From
04h30 — 006h00, the building temperature increased, due to air-to-air heat pump being
switched on, which was when the desired temperature set-point was achieved.

From 00hOO - 00h30, the temperature of the HWST increased to 60.53 °C, due to the air-
to-water heat pump being switched on, to achieve the desired temperature during the
morning, as seen from Figs. 5.23 and 5.24. From 00h30 — 05h30, the air-to-water heat pump
was switched off, as seen from Fig. 5.23. However, the residential building temperature
continued to increase, due to the HWST recovering thermal energy from the PEMWE and
PEMFC, as seen from Fig. 5.26 and 5.27, respectively. From 05h30 — 06h00, the HWST
temperature has decreased, as seen from Fig. 5.24, which was due to the presence of the hot

water demand, as seen from Fig. 5.4.
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From 00hOO — 06h00, electrical power was flowing from the utility grid, P;, and the
PEMFEC, P, to the load, purely supplying the air-to-air heat pump and air-to-water heat
pump, as seen from Fig. 5.28.

From 00hOO — 06h00, the utility grid, P7, was purely supplying power to the PEMWE
during this period for hydrogen production, as seen from Fig. 5.29.

From 00h0O — 03h00, the hydrogen storage tank level remained stable at 46.58 kg, as seen
from Fig.5.30. During this period, the PEMFC utilized the hydrogen, whilst the PEMWE
was supplying the hydrogen storage tank with hydrogen, as seen from Figs. 5.28 — 5.30.
From 03h00 — 03h30, the hydrogen storage level decreased slightly, due to the PEMFC
requiring hydrogen, to supply the electrical load with electrical energy, which was higher than
the amount of hydrogen power supplied to the hydrogen storage tank, as seen from Figs.
5.28 — 5.30. From 03h30 — 04h00, the hydrogen storage level increased to 47.75 kg, due to
the PEMWE supplying the hydrogen storage tank and, the PEMFC was not in operation
during this period, as seen from Figs. 528 — 5.30. From 04h00 — 06h00, the hydrogen
storage tank level decreased, due to the PEMFC required to supply electrical energy to the
electrical load which was higher than what the PEMWE was supplying hydrogen to the
hydrogen storage tank, as seen from Figs. 5.28 — 5.30.

5.4.2.2 b) First peak pricing petiod 06h00 - 09h00 (red)

From 06h00 — 09h00, the residential building temperature decreased, as seen in Fig. 5.22.
This was due to the air-to-air heat pump being switched off, as seen from the switching
function of the air-to-air heat pump, illustrated in Fig. 5.21. The main reasons for the air-to-
air heat pump being switched off, was due to the peak pricing period, as well as the
residential building, which was not required to be heated, as few occupants were present in
this period.

From 06h00 — 06h30, the temperature of the HWST continued to decrease, due to the
air-to-water heat pump switched off, as seen from Figs. 5.23 and 5.24. However, the main

reason the temperature decreased, was due to the hot water demand being present during
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this time, as seen from Fig. 5.4. From 06h30 — 07h30, the temperature of the HWST started
to increase, due to the air-to-water heat pump being switched on during this period, as seen
from Figs. 5.23 and 5.24. From 07h30 — 09h00, the temperature of the HWST, started to
decrease slightly.

From 06h00 — 06h30, none of the electrical energy sources supplied electrical energy to
the electrical load, as seen from Fig. 5.28. From 06h30 — 07h30, the PEMFC supplied
electrical energy to the electrical load, as seen from Fig. 5.28, as the utility grid and the solar
PV modules were incapable of supplying electrical energy demanded from the electrical load,
due to this time being the peak pricing period of the TOU tariff structure. From 07h30 —
09h00, none of the electrical energy sources were required to supply electrical energy to the
electrical load, as seen from Fig. 5.28

From 06h00 — 07h30, neither the utility grid nor the solar PV modules, supplied electrical
energy to the PEMWE, as seen from Fig. 5.29. However, from 07h30 — 09h00, the solar PV
modules started to supply electrical energy to the PEMWE, as seen from Fig. 5.29.

From 06h00 — 07h00, the hydrogen storage tank decreased significantly to 45.5 kg, due to
the PEMFC supplied electrical energy to the electrical load, as seen from Figs. 5.28 and 5.30.
The reason for the PEMFC being in operation, was due to the utility grid failing to supply
supplying the electrical load during the peak pricing region of the TOU tariff structure. From
07h00 — 09h00, the hydrogen storage level started to gradually increase, due to the PEMWE
supplying the hydrogen storage tank, by means of the solar PV modules, as seen from Figs
5.29 — 5.30. Furthermore, the electrical load did not demand electrical power, as seen from

Fig. 5.2.
5.4.2.2 c) First standard pricing period 09h00 - 17h00 (yellow)

From 09h00 — 13h00, the residential building temperature continued to decrease, as seen
trom Fig. 5.22. From 13h00 — 13h30, the residential building temperature started to increase,
due to the air-to-air heat pump being switched on, as seen from Fig. 5.22, ensuring that the

least amount of energy was consumed. From 13h30 — 15h00, the residential building
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temperature started to decrease, due to the air-to-air heat pump being switched off, as seen
trom Fig. 5.21. From 15h00 — 17h00, the air-to-air heat pump was switched on, as seen in
Fig. 5.21, as the desired temperature was achieved.

From 09h00 — 15h30, the temperature of the HWST continued to decrease slightly, due
to the air-to-water heat pump being switched off during this period, as seen from Figs. 5.23
and 5.24. From 15h30 - 17h00, the temperature of the HWST stabilized, as a result of the
thermal energy recovered, mainly from the solar PV modules and the PEMFC, as seen from
Figs. 5.25 and 5.27.

From 09h00 — 13h00, the electrical load did not demand electrical power, as seen from
Figs. 5.2 and 5.28. From 13h00 — 13h30, the solar PV modules, Ps, were supplied electrical
energy to the electrical load, as seen from Fig. 5.28. From 13h30 - 15h00, the electrical load
did not require electrical power, as seen from Figs. 5.2 and 5.28. From 15h00 — 17h00, the
solar PV modules, Ps and the PEMFC, P>, supplied electrical power to the electrical load, as
seen from Fig. 5.28.

From 09h00 — 15h00, the solar PV modules, Ps, supplied electrical energy to the
PEMWE, as seen from Fig. 5.29. From 15h00 — 17h00, the PEMWE was not supplied with
electrical power during this period, as seen from Fig. 5.29.

From 09h00 — 15h30, the hydrogen storage tank increased from 46.33 kg to 49.09 kg, as
seen from Fig. 5.30. This was due to the solar PV modules that supplied electrical energy to
the PEMWE for hydrogen production, as seen from Fig. 5.29. From 15h30 — 17h00, the
hydrogen storage level decreased significantly from 49.09 kg to 45.7 kg, as seen from Fig.
5.30, due to the PEMFC supplying electrical energy to the electrical load, as seen from Fig.
5.28.

5.4.2.2 d) Second peak pricing period 17h00 - 19h00 (red)

From 17h00 — 19h00, the residential building temperature decreased from 22 °C to 21.6
°C, as seen in Fig. 3.18. The residential building temperature decreased, due to the air-to-air

heat pump being switched off during the peak pricing period, as seen in Fig. 3.17.
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From 17h00 — 18h00, the temperature of the HWST was, even now, stabilized, due to the
heat recovered from the solar PV modules and the PEMFC, as seen from Fig. 5.24. From
18h00 — 19h00, the temperature of the HWST decreased significantly to 47.77 °C, due to the
hot water demand, as seen from Fig. 5.4.

From 17h00 — 19h00, none of the electrical energy sources supplied electrical energy to
the electrical load, as seen from Fig. 5.28.

From 17h00 — 17h30, the solar PV modules, supplied electrical energy to the PEMWE, as
seen from Fig. 5.29. From 17h30 — 19h00, none of the electrical energy sources supplied
electrical energy to the PEMWE, as seen from Fig. 5.29.

From 17h00 — 17h30, the hydrogen storage level increased slightly to 45.84 kg, as seen
from Fig. 5.30. From 17h30 — 19h00, the hydrogen storage level remained constant, as seen
trom Fig. 5.30, as the PEMWE did not supply hydrogen to the hydrogen storage tank and
the PEMFC did not withdraw hydrogen power from the hydrogen storage, as seen from Fig.
5.28.

3.4.2.2 e) Second standard pricing period 19h00 - 22h00 (yellow)

From 19h00 — 22h00, the residential building temperature decreased from 21.6 °C to 21.2
°C, as seen in Fig. 5.22. The residential building temperature decreased, due to the air-to-air
heat pump being switched off, during the standard pricing period, as seen in Fig. 5.21. The
air-to-air heat pump was not required to be switched on, as the evening desired temperature
set-point had passed.

From 19h00 — 22h00, the temperature of the HWST decreased slightly, due to the
standby losses experienced by the HWST, as seen from 5.24. The air-to-water heat pump
was not required to be switched on, as the evening desired temperature set-point had passed.

From 19h00 — 22h00, no further electrical energy was supplied to the electrical load from
the PEMFC and the PEMWE did not supply hydrogen power to the hydrogen storage tank,
as seen from Figs. 5.28 — 5.30.
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5.4.2.2 f) Second off-peak pricing period 22h00 - 24h00 (green)

From 22h00 — 24h00, the residential building temperature decreased from 21.2 °C to 20.8
°C, as seen in Fig. 5.22. The residential building temperature decreased, due to the air-to-air
heat pump being switched off during this period, as seen in Fig. 5.21. The air-to-air heat
pump was not required to be switched on, due to the evening desired temperature set-point
not being required, for the remainder of the evening.

From 22h00 — 24h00, the temperature of the HWST continued to decrease, as seen in
Fig. 5.24. The temperature of the HWST decreased, due to the air-to-air heat pump being
switched off during this period, as seen in Fig. 5.23. The air-to-air heat pump was not
required to be switched on, as the evening desired temperature set-point was not required
for the remainder of the evening.

From 22h00 — 24h00, no further electrical energy was supplied to the electrical load from
the PEMFC, and the PEMWE did not supply hydrogen power to the hydrogen storage tank,
as seen from Figs. 5.28 — 5.30.

5.4.2.3 Summer case

In this section, the simulation results of the optimal control case, during a selected
summer day, is illustrated. In Figs. 5.31 and 5.32, the optimal switching function of the air-
to-air heat pump and the residential building temperature, are illustrated, respectively.

The optimal switching function of the air-to-water heat pump and the HWST
temperature, depicted in Figs. 5.33 and 5.34, are illustrated.

The thermal energy recoveries, with respect to the solar PV module, PEMWE and
PEMFC, are illustrated in Figs. 5.35 — 5.37, respectively.

In Fig. 5.38, the electrical power flowing to the electrical load, is illustrated, to satisfy the
electrical load demand, as illustrated in Fig. 5.3. Fig. 5.39 depicted the electrical power flows

to the PEMWE, to supply the hydrogen storage tank with hydrogen, as seen from Fig. 5.40.
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Fig. 5.31: Optimal switching function of the air-to-air heat pump during summer
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Fig. 5.32: Residential building temperature during summer
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Fig. 5.33: Optimal switching function of the air-to-water heat pump during summer
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Fig. 5.34: HWST temperature during summer
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Fig. 5.35: PV thermal energy recovery during summer
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Fig. 5.36: PEMWE thermal energy recovery during summer
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Fig. 5.38: Electrical power flows to load during summer
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Fig. 5.39: Electrical power flows to PEMWE during summer
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Fig. 5.40: Hydrogen storage tank dynamics during summer
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5.4.2.4 a) First off-peak pricing period 00h00 - 06h00 (green)

5.4.2.4 Summer case discussion

In Figs. 5.31 and 5.32, the switching function of the air-to-air heat pump, as well as the
temperature inside the residential building, were presented, respectively. Initially, the
temperature inside the residential building started at 25.5 °C, which was the final state of the
previous day. From 00hOO — 06h00, the building temperature decreased, due to the air-to-air
heat pump being switched on, as seen from Fig. 5.31. It may be observed that the air-to-air
heat pump was switched on from 00hOO until 06h00, in order to reach the minimum
temperature set-point of 22 °C.

From 00hOO - 00h30, the temperature of the HWST increased to 60.95 °C, due to the air-
to-water heat pump being switched on, to achieve the desired temperature during the
morning, as seen from Figs. 5.33 and 5.34. From 00h30 — 05h00, the air-to-water heat pump
was switched off, as seen from Fig. 5.33. However, the residential building temperature
continued to increase, which is due to the HWST recovering thermal energy from the
PEMWE and PEMFC, as seen from Fig. 5.38 and 5.39, respectively. From 05h00 — 06h00,
the HWST temperature has decreased, as seen from Fig. 5.34, which was due to the presence
of the hot water demand, as seen from Fig. 5.3.

From 00h0O — 06h00, electrical power flowed from the utility grid, P1 and the PEMFC,
P2, to the load, purely supplying the air-to-air heat pump and air-to-water heat pump, as
seen from Fig. 5.38.

From 00hOO — 06h00, the utility grid, P7, was purely supplying power to the PEMWE
during this period, for hydrogen production, as seen from Fig. 5.39.

From 00hOO — 02h00, the hydrogen storage tank level has decreased, due to the PEMFC,
Py, required hydrogen from the hydrogen storage tank, as seen from Figs. 5.40 and 5.38.
During this time, the hydrogen drawn from the storage tank was higher than what the
PEMWE was supplying, as seen from Fig. 5.39. From 02h00 — 03h00, the hydrogen storage

tank level has increased, due to utility grid increasing the power supplied to the load, instead
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of the PEMFC. From 03h00 — 06h00, the hydrogen storage level decreased, due to PEMFC,

once again, taking over from the utility grid, as seen from Figs. 5.40 and 5.38, respectively.
5.4.2.4 b) First standard pricing period 06h00 - 07h00 (yellow)

From 06h00 — 06h30, the residential building temperature continued to decrease, as the
air-to-air heat pump was switched on during this period, as seen from Figs. 5.31 and 5.32.
The air-to-air heat pump was switched on during this period until the desired temperature
set-point of 22 °C, was achieved. From 06h30 — 07h00, the residential building temperature
increases, due to the air-to-air heat pump being switched off, as seen from Fig. 5.35.

From 06h00 — 07h00, the temperature of the HWST continued to decrease, as the air-to-
water heat pump was switched off, as seen from Figs. 5.33 and 5.34. However, the main
reason the temperature was decreasing, was due to the hot water demand being present
during this time, as seen from Fig. 5.4.

From 06h00 — 07h00, electrical power was supplied to the load from the PEMFC and a
small part of the PV electrical power, was further supplied to the load, as seen from Fig.
5.38.

The hydrogen storage level decreased as a result of the PEMFC, as seen from Fig. 5.40.
However, the PEMWE supplied hydrogen to the hydrogen storage tank, however, at a lower

rate than the amount that the PEMFC was demanding, as seen from Figs. 5.38 — 5.40.
5.4.2.4 c) First peak pricing period 07h00 - 10h00 (red)

From 07h00 — 10h00, the residential building temperature increased, as seen in Fig. 5.32.
This was due to the air-to-air heat pump being switched off, as seen from the switching
function of the air-to-air heat pump, illustrated in Fig. 5.31. Furthermore, the residential
building temperature continued to increase, as this was during the peak pricing region of the

TOU tarift structure.
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From 07h00 — 10h00, the temperature of the HWST in Fig. 5.34 decreased slightly, as no
hot water was required, as seen from Fig. 5.4 and the air-to-water heat pump was switched
off, as seen from Fig. 5.33. Furthermore, barely only thermal energy was being recovered
through the PEMWE, as seen from Fig. 5.39, which was the reason for the slight
temperature decrease, during this period.

During this period, no electrical energy was supplied to the load, as seen from Fig. 5.38.
This was due to electrical energy not being required, as seen from the electrical load demand,
in Fig. 5.3. However, during this period, hydrogen was produced by the PEMWE, through
the solar PV modules, Ps, which may be observed from the increase in the hydrogen storage

level in Fig. 5.40 and the power delivered to the PEMWE, in Fig. 5.39.
5.4.2.4 d) Second standard pricing period 10h00 - 18h00 (yellow)

From 10h00 — 12h00, the residential building temperature increased, as seen in Fig. 5.32,
as the air-to-air heat pump continued to be switched off, illustrated in Fig. 5.31. From 12h00
— 12h30, the residential building temperature started to decrease, as seen from Fig. 5.32,
which was due to the air-to-air heat pump being switched on. From 12h30 — 13h00, the
residential building temperature increased, as the air-to-air heat pump was switched off, as
seen from Fig. 5.31. From 13h00 — 13h30, the temperature inside the residential building
decreased, as the air-to-air heat pump was switched on, as seen from Fig. 5.31, ensuring that
the least amount of energy was consumed. From 13h30 — 16h00, the temperature inside the
residential building started to increase, as seen from Fig. 5.32. From 16h00 — 18h00, the air-
to-air heat pump was switched on again, in order to achieve the desired temperature set-
point, as seen from Fig. 5.31.

From 10h00 — 12h00, the temperature of the HWST continued to decrease slightly, as the
air-to-water heat pump was switched off during this period, as seen from Figs. 5.33 and 5.34.
From 12h00 - 13h30, the temperature of the HWST increased, as the air-to-water heat pump
was switched on intermittently during this period, as seen from Fig. 5.33 and 5.34. From

13h30 — 16h00, the temperature of the HWST decreased slightly, as the air-to-water heat
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pump was switched off during this period. The reason for the slight decrease in HWST
temperature, was due to a low amount of thermal energy supplied from the PEMWE, as
seen from Fig. 5.36. From 16h00 — 18h00, the temperature of the HWST increased slightly,
as a result of the thermal energy recovered from the PV modules, PEMWE and PEMFC, as
seen from Figs. 5.35 — 5.37.

From 10h00 — 12h00, the electrical load was not supplied with electricity, from any of the
electrical energy supply sources, as seen from Fig. 5.38, as no electrical energy was demanded
from the load, as seen from Fig. 5.3. From 12h00 — 13h30, the load was supplied with
clectrical energy from the solar PV modules, Ps, as seen from Fig. 5.38. From 13h30 —
16h00, none of the electrical energy supply sources supplied power to the electrical load, as
seen from Fig. 5.38, as the load did not demand electrical energy during this period, as seen
trom Fig. 5.3. From 16h00 — 18h00, the solar PV modules and the PEMFC supplied power
to the electrical load, as seen from Figs. 5.38 and 5.3.

From 10h00 — 17h00, the hydrogen storage level increased, until it reached 48.76 kg, as
seen from Fig. 5.40. This was due to the PEMWE supplying hydrogen to the hydrogen
storage tank, as seen from Fig. 5.39. From 17h00 — 18h00, the level of the hydrogen stored
decreases, as seen from Fig. 5.40, as the PEMFC demanded hydrogen from the hydrogen

storage tank, as seen from Fig. 5.38.
5.4.2.4 €) Second peak pricing period 18h00 - 20h00 (red)

From 18h00 — 20h00, the residential building temperature started to increase, as the air-
to-air heat pump was switched off, as illustrated in Figs. 5.31 and 5.32.

From 18h00 — 20h00, the temperature of the HWST decreased significantly, due to the
hot water demand during this period, as seen from Figs. 5.34 and 5.4. Furthermore, the air-
to-water heat pump was further switched off during this period, as seen from Fig. 5.33.

It may be observed from Fig. 5.38, none of the power sources supplied electrical power
to the load from 18h00 — 20h00, as there was no demand for electrical energy from the load,

as seen from Fig. 5.3.
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From 18h00 — 20h00, the solar PV modules supplied electrical energy to the PEMWE, to
generate hydrogen, as seen from Fig. 5.39. Therefore, during this period, the hydrogen

further correspondingly increased, as seen from Fig. 5.40.
5.4.2.4 ) Third standard pricing period 20h00 - 22h00 (yellow)

From 20h00 — 22h00, the residential building temperature increased from 22.5 °C to 22.9
°C, as seen in Fig. 5.32. The residential building temperature increased, as the air-to-air heat
pump was switched off during this period, as seen in Fig. 5.31. The air-to-air heat pump was
not required to be switched on, due to the evening desired temperature set-point having
passed.

From 20h00 — 22h00, overall, the temperature of the HWST decreased overall slightly, as
the air-to-water heat pump was switched off during this period, as seen from Figs. 5.33 and
5.34.

From 20h00 — 22h00, no power was supplied to the load and the PEMWE, during this
period, as seen from Figs. 5.38 and 5.39, respectively. Therefore, the hydrogen storage level

remained stable, as seen from Fig. 5.40.
5.4.2.4 ¢) Second off-peak pricing period 22h00 - 24h00 (green)

From 22h00 — 24h00, the residential building temperature increased from 22.9 °C to 23.3
°C, as seen in Fig. 5.32. The residential building temperature increased, as the air-to-air heat
pump switched off during this period, as seen in Fig. 5.31. The air-to-air heat pump was not
required to be switched on, as no evening desired temperature set-point was required, for the
remainder of the evening,.

From 22h00 — 24h00, the temperature of the HWST continued to decrease slightly, as
seen from Fig. 5.34, as the air-to-water heat pump remained switched off during this period,

as seen from Fig. 5.33.
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From 22h00 — 24h00, no power was supplied to the load and the PEMWE, during this
period, as seen from Figs. 5.38 and 5.39, respectively. Therefore, the hydrogen storage level

remained stable, as seen from Fig. 5.40.
5.5 ECONOMIC ANALYSIS
5.5.1 Introduction

The feasibility of any project, should be economically validated, prior to the
commencement thereof. In this case, the proposed optimal control of the residential energy
hub integrating renewable energy, demand response and energy storage system, is
economically evaluated, by comparing it against two baselines. These two baselines are
described in sub-section 5.4.1. Well-known economic performance indicators exist, which
may be utilized to evaluate the economic feasibility of the proposed optimal control system.
These economic performance indicators include: simple payback period (SPP), benefits-to-
cost ration (BCR), life cycle cost (LCC) and internal rate of return, amongst others [120].
Regarding the SPP, it is one of the simplest methods of determining the feasibility of a
project. However, this technique has several flaws, with the main flaw being that it does not
account for depreciation as a result of inflation, amongst other factors. Additionally,
investors should be aware of the lifespan of the project in which they invest into. Therefore,

the LCC analysis is used to evaluate the economic feasibility of the proposed system.
5.5.2 Annual energy cost-savings analysis

In this sub-section, the daily utility grid electrical energy cost of the first baseline, second
baseline and the proposed optimal control model, is presented for the selected winter and
summer days, where the TOU tariff structure is considered.

The calculated daily utility grid electrical energy costs, of the first baseline, the

thermostat-based control of the air-to-air heat pump and the air-to-water heat pump, is
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based on the simulation results obtained from sub-section 5.4.1, for the selected winter and
summer days. The total daily energy consumption of the first baseline is 4 449.28 kWh and 4
715.6 kWh, during the selected winter and summer days, respectively. The calculated daily
utility grid electrical energy consumption, is further used to calculate the daily utility grid
electrical energy costs, depicted in Table 5.4.

The calculated daily utility grid electrical energy costs of the second baseline, which is the
timer with thermostat-based control of the air-to-air heat pump and the air-to-water heat
pump, are based on the simulation results obtained from sub-section 5.4.1, for the selected
winter and summer days. The total daily energy of the second baseline, is 4 449.28 kWh and
4 715.6 kWh, during the selected winter and summer days, respectively. The calculated daily
utility grid electrical energy consumption, is further used to calculate the daily utility grid
electrical energy costs, depicted in Table 5.4.

The same process followed, to calculate the daily and annual utility grid electrical energy
costs, applied to the proposed optimal control case, to determine the utility grid electrical
energy cost-savings, compared to the first baseline, as well as the second baseline. The total

daily utility grid energy consumption, for the selected winter and summer days, are calculated

as 829.43 kWh and 1 004.8 kWh, respectively.
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Table 5.4: Annual energy cost savings

Strategy Energy cost Energy cost Saving
(USD/day) (USD/annum)

Thermostat-based control

(Baseline 1)
Baseline 1 - winter 517.73 USD 517.73 x 92 days /
=47 631.16 USD
Baseline 1 - summer 308.78 USD 308.78 x 273 days
= 84 296.94 USD
Baseline 1 - total net cost / 131 928.1 USD
Timer with thermostat-based
control (Baseline 2)
Baseline 2 - winter 470.94 kWh 47094 x 92 days
=43 326.48 USD
Baseline 2 - summer 291.27 kWh 291.27 x 273 days
=79 516.71 USD
Baseline 2 - total net cost / 122 843.19 USD
Optimal control
Optimal control-winter 72.98 kWh 72.98 x 92 days =
6 714.16 USD
Optimal control-summer 54.73 kWh 5473 x 273 days
=14 941.29 USD
Optimal control-total net costvs  / 21 655.45 USD % 83.59
Baseline 1
Optimal control-total net costvs  / 21 655.45 USD % 82.37
Baseline 2

From Table 5.4, the total annual operational grid energy cost, amounted to 131 928.1

USD, for the first baseline and 122 843.19 USD, for the second baseline. The total annual
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operational grid energy cost of the proposed optimal control model, amounted to 21 655.45
USD. The proposed optimal control model, achieved an annual operational grid energy cost-

savings of 83.59 % and 82.37 %, compared to the first and second baseline, respectively.
5.5.3 Initial capital investment

In this sub-section, the initial capital investment for the two baselines, as well as for the
proposed optimal control of a residential energy hub integrating renewable energy, demand
response and energy storage system, are presented. The cost breakdown of each system is
illustrated, based on the current South African trading rate, which is R 18.09 to the United
States Dollar. The timer controller, as well as the thermostat controller, is excluded from the
initial capital cost breakdown, as the cost of these two controllers are miniscule, compared to
the other equipment. Therefore, the cost of these two controllers is negligible, for the sake
of the study.

In Table 5.5, the initial capital cost breakdown of the first baseline, the air-to-air heat
pump and the air-to-water heat pump, is controlled each by a thermostat-based controller
[127, 128].

In Table 5.6, the initial capital cost breakdown of the second baseline, the air-to-air heat
pump and the air-to-water heat pump, is controlled each by a timer with a thermostat-based
controller [127, 128].

In Table 5.7, the initial capital cost breakdown of the proposed optimal control of a
residential energy hub integrating renewable energy, demand response and energy storage
system’s purpose, purpose, is mainly to supply electrical energy to the air-to-air heat pump

and the air-to-water heat pump, as well as thermal energy to the air-to-water heat pump

[127-129].
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Table 5.5: Initial capital cost breakdown of the first baseline

Component description  Quantity  Net price (R) Net price (USD)
AWA PROZONE HDT 1 8 140 500 450 000

C-H 2435 Z air-to-air heat

pump

Midea 369 kW air-to-water 1 5861 160 324 000

heat pump

Labour - 150 000 8 291.87

Total initial investment - 14 151 660 782 291.87

cost

Table 5.6: Initial capital cost breakdown of the second baseline

Component description  Quantity  Net price (R) Net price (USD)
AWA PROZONE HDT 1 8 140 500 450 000
C-H 2435 Z air-to-air heat
pump
Midea 369 kW air-to-water 1 5861 160 324 000
heat pump
Labour - 150 000 8 291.87
Total initial investment - 14 151 660 782 291.87
cost
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Table 5.7: Initial capital cost breakdown of the proposed optimal control model

Component description  Quantity  Net price (R) Net price (USD)

AWA PROZONE HDT 1 8 140 500 450 000
C-H 2435 7 air-to-air heat

pump

Midea 369 kW air-to-water 1 5861 160 324 000
heat pump

Solar PV modules 468 1450 332 80 173.13
PEM electrolyser 1 3618 000 200 000
Hydrogen storage tank 2 1 809 000 100 000
PEM fuel cell 1 3618 000 200 000
Goodwe 250 kW Inverter 1 224 039 12 384.69
Labour - 1236 051.53 68 327.89

25957 082.53 1434 885.71

Total initial investment

I

cost

5.5.4 Life cycle cost analysis

Prior the commencement of any project, an economic feasibility study is required, which,
in this case, a LCC analysis is used, as for the reasons stipulated in Section 5.5.1.

The costs involved in implementing the control techniques of the two baselines, as well
as the optimal control model, are neglected, for the purpose of this study, due to the costs

being insignificant, in comparison to the main equipment forming part of this study.
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The project lifetime is chosen as a 20 year period for the first baseline, second baseline, as
well as the proposed optimal control model, whilst a year-on-year electricity increase of 10 %
is assumed, an average annualised inflation rate of 5 % and maintenance cost of 1 % are
considered for the purpose of this study [93]. The annual operating energy cost of the first
baseline, second baseline and the proposed optimal control model, are illustrated in Table.
5.4. The initial capital investment of the two baselines and the proposed optimal control
model, are presented in Tables 5.5 — 5.7.

In Fig. 5.41, the life cycle cost of the first baseline, compared to the proposed optimal
control model, is presented. This figure illustrates the total life cycle costs in USD, on the y-
axis and the period in years, on the x-axis. The starting point of the first baseline and the
proposed optimal control model, indicate the initial investment amount for each system,
which illustrated that the proposed optimal control model, started at a significantly higher
initial capital expenditure, compared to the first baseline. The point at which these two
systems intersect, is known as the break-even point, which indicates as to when these two
compared systems break-even. From Fig. 5.41, the break-even point of the first baseline and
the proposed optimal control model, has appeared to be 5 years, at a total life cycle cost of
1646 380 USD. Furthermore, the proposed optimal control case, over the projected
lifetime, may potentially achieve a cost-saving of 5 640 043.28 USD, compared to the first

baseline.
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Fig. 5.41: Life cycle cost analysis of the first baseline compared to the proposed optimal

control case

In Fig. 5.42, the life cycle cost of the first baseline, compared to the proposed optimal
control model, are presented. From Fig. 5.42, the break-even point of the first baseline and
the proposed optimal control model, has appeared to be 5.74 years, at a total life cycle cost
of 1672 975.64 USD. Furthermore, the proposed optimal control case, over the projected
lifetime, may potentially achieve a cost-saving of 5 102 634.70 USD, compared to the first

baseline.
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5.6 CONCLUSION

In this chapter, relevant and recent literature was used to evaluate the proposed optimal
control case. The optimal control of the residential energy hub integrating renewable energy,
demand response and energy storage system was, firstly, mathematically modelled and the
multi-objective function, with the associated constraints of the system, was, thereafter,
outlined in section 5.2.

The two baselines selected for this study, were well defined as well as simulated, to
evaluate the optimal control approach.

The proposed optimal control of the residential energy hub integrating renewable energy,
demand response and energy storage system was well outlined and simulated using actual
and accurate data, purely for the effectiveness and accuracy, thereof.

The simulation results revealed the proposed optimal control approach, successfully
minimized the operational energy costs, compared to the two baselines used in this study. A
LCC analysis was conducted, to evaluate the feasibility of the proposed optimal control case

against the first baseline, to establish a break-even point, as well as a potential cost saving
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expanding over the lifetime of the project. The LCC analysis revealed a break-even point of
5 years, for the proposed optimal control case, compared to the first baseline, was illustrated,
whilst a potential cost-saving of 5 640 043.28 USD, over a lifetime of 20 years for this
project, was observed. Another LCC analysis was conducted, to evaluate the feasibility of the
proposed optimal control case against the second baseline, to establish a break-even point, as
well as a potential cost saving expanding over the lifetime of the project. The LCC analysis
reveals a break-even point of 5.74 years for the proposed optimal control case, compared to
the second baseline, was illustrated, whilst a potential cost-saving of 5 102 634.70 USD, over
a lifetime of 20 years, for this project, was observed.

The proposed optimal control case was further evaluated, by comparing its annual
operational grid energy consumption to the first and second baseline. Furthermore, the
proposed optimal control model, achieved an annual operational grid energy cost-savings of

83.59 % and 82.37 %, compared to the first and second baseline, respectively.
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CHAPTER VI: GENERAL CONCLUSION

6.1 CONCLUSION

In this chapter, all the research carried out throughout this study, building up to the
proposed residential energy hub integrating renewable energy, demand response and energy
storage system, was summarized.

The main concern of this study, was the contribution that the space heating, space
cooling and water heating equipment have, towards the total energy consumption in large
residential buildings. Therefore, a comprehensive review of hybrid renewable energy
systems, connected to space heating, space cooling and water heating systems, was
conducted, by applying the POET framework. This included a thorough literature survey,
focusing on the operation and control philosophy of renewable energy arrangements with
energy storage, space heating, space cooling and water heating equipment.

In Chapter 111, the proposed optimal switching control model of an air-to-air heat pump,
providing space heating and space cooling to a residential building, was presented. The
proposed system was mathematically modelled, after which, the various constraints and the
multi-objective function were developed and defined. Furthermore, a daily economic
analysis was conducted, to evaluate the feasibility thereof, by comparing it with two
baselines. The proposed space heating model, yielded a daily operating energy cost saving of
27.63 % and 14.73 %, compared to the thermostat-based control strategy and the timer with
thermostat-based control strategy, during the selected winter day, respectively. The proposed
space cooling model, yielded a daily operating energy cost saving of 16.91 % and 12.30 %,
compared to the thermostat-based control strategy and the timer with thermostat-based
control strategy, during the selected summer days, respectively.

In Chapter IV, an optimal switching control model of a solid polymer electrolyte
membrane water electrolyser (PEMWE), to obtain optimal heat recovery to a HWST, was

presented. A similar process to the previous Chapter was followed, which involved
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mathematical model development. The various constraints and multi-objective function,
were cautiously defined and developed. The simulations were conducted, to evaluate the
feasibility of the proposed optimal switching control model, by comparing it to a
conventional PEMWE system. The simulation results of the proposed optimal switching
control model, revealed that the PEMWE produced 778.19 kWh of hydrogen energy during
winter, which corresponds to 13.72 kg of hydrogen production, whereas, the PEMWE
produced 1 902.36 kWh during summer, which corresponds to 33.54 kg of hydrogen. Most
importantly, a daily maximum of 67.32 kWh of thermal energy was recovered during
summer, by absorbing the maximum amount of thermal energy generated during the
electrolysis process and transferring it to the HWST. The standard PEMWE system
(baseline), without any cooling, produced 801.24 kWh of hydrogen energy during winter,
which corresponds to 13.98 kg of hydrogen. However, the standard PEMWE system
produced 1 965.74 kWh during summer, which corresponds to 34.31 kg of hydrogen.
Furthermore, by recovering the generated heat from the PEMWE, the time period for the
membrane to degrade to a thickness of 50 %, could be prolonged by 1.02 years.

In Chapter V, optimal control model for a residential energy hub integrating renewable
energy, demand response and energy storage system, was presented. A comprehensive
mathematical model was developed, as well as the multiple constraints to which the
integrated system and the various sub-systems, are exposed to. Furthermore, the multi-
objective function, was further developed and clearly described in Chapter V. The simulation
results revealed the total daily energy consumption of the first baseline, is 4 449.28 kWh and
4 715.6 kWh, during the selected winter and summer days, respectively. The total daily
energy of the second baseline was 4 449.28 kWh and 4 715.6 kWh, during the selected
winter and summer days, respectively. The total daily utility grid energy consumption, of the
proposed optimal control case, was 829.43 kWh and 1 004.8 kWh, during the selected winter
and summer days, respectively. A thorough economic analysis was conducted, to evaluate
the feasibility of the proposed optimal control model, by making use of the LCC analysis.
The results of the proposed optimal control case, compared to the first baseline, revealed a

break-even point of 5, years may be achieved, whilst a potential cost-saving of 5 640 043.28
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USD, over a lifetime of 20 years for this project, was observed. The results of the proposed
optimal control, case compared to the first baseline, reveal a break-even point of 5.74 years,
may be achieved, whilst a potential cost-saving of 5 102 634.70 USD, over a lifetime of 20
years for this project, was observed. Furthermore, the proposed optimal control model
achieved an annual operational grid energy cost-savings of 83.59 % and 82.37 %, compared
to the first and second baseline, respectively.

The findings presented in this study of the proposed optimal control of a residential
energy hub integrating renewable energy, demand response and energy storage system,
presented significant potential energy improvements/reductions, as well as the associated
operational energy cost improvements/reductions at a large residential building scale. These
operational energy costs and energy efficiency improvements of the proposed model, may
contribute significantly towards relieving the burden posed upon the national energy grid, as

well as reducing the greenhouse gas emissions, thereof.
6.2 FURTHER RECOMMENDATIONS

Further research may include optimal temperature control of the residential energy hub
integrating renewable energy, demand response and energy storage system, through applying
a MPC technique. Therefore, the operating temperatures of the sub-systems, which are the
solar PV modules, PEMWE and the PEMFC, should be predicted and then controlled co-
dependently, to achieve a higher holistic operational efficiency. Furthermore, in the research
conducted, open-loop optimal control, was considered, to evaluate the performance and
economic feasibility of the residential energy hub integrating renewable energy, demand
response and energy storage system. Closed-loop optimal control techniques, may be applied
to the proposed system, which include fuzzy logic control, model predictive control and

artificial neural networks.
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