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Abstract

This research explores the extent to which the addition of a thermal storage tank can reduce
the electrical cooking energy in solar Photo-Voltaic (PV) supplied cooking systems. The aim is
to consider a smaller battery size to store the decreased electrical cooking energy and the rest
of the solar energy is stored in a low-cost thermal storage tank. This is done to reduce the cost
of the storage unit to address the challenges of clean-cooking access in rural African households
without grid electricity. The energy performance of the system is evaluated considering a
small-scale solar system that powers a storage water heater as the thermal storage tank and
a slow cooker as the cooking appliance. A thermal-electrical analogy and experimental tests
are employed to model and validate the effectiveness of the system under different cooking
conditions. Rice is chosen as the cooking medium because it is the fastest growing staple in
Africa, and its cooking process benefits from starting it with pre-heated water. It is shown
that starting with pre-heated water accelerates the readiness of rice, and reduces the additional
electrical energy to complete the cooking process which translates to a similar battery size
reduction. The results from three cooking scenarios indicate that a hybrid cooking system
incorporating a battery and thermal storage tank can reduce the battery capacity requirements
by up to 24.3% for one meal, 14.7% for two meals, and 10.6% for three meals in comparison to

a pure electrical cooking system with a battery only.
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Chapter 1

Introduction

This research focuses on exploring the performance of renewable-based cooking systems with
hybrid storage to address the challenges of clean-cooking access in rural Africa. The explored
cooking system topology involves supplementing a battery with a thermal storage system to
influence the cooking process. This integration aims to reduce the required energy stored in the
batteries, consequently reducing the overall system cost, as thermal storage systems typically

use cost-effective materials than electrochemical battery storage systems.

This chapter introduces the research by providing the key reasoning and motivation behind
it in Section 1.1. The main research question is then presented in Section 1.2, followed by
the detailed research objectives in Section 1.3. The research scope and high-level assumptions
made are given in Section 1.4. The guide of the dissertation using its chapters and appendices

is outlined in Section 1.5.

1.1 Research Introduction

Access to energy in households is a multi-faceted challenge typically comprising of three key
components: lighting, cooking, and heating, all of which are necessary for overall progress and
to enhance the quality of life. In some households, multiple energy sources are used to achieve

all three components. While there has been a significant progress in lighting, access to cooking
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and heating with clean energy has not been able to keep pace with the population growth [1].
It is estimated that by 2030, 2.3 billion people globally will still lack access to clean-cooking

solutions [1-3].

According to the International Energy Agency (IEA), approximately 64% of the population in
Africa relies on solid biomass sources such as wood, charcoal, agricultural and animal wastes
for cooking [4]. The lack of access to electricity and socio-economic factors such as poverty and
preference contribute to the continued use of these sources [4, 5]. However, these sources have
serious negative impacts on human health and the environment [1, 3-7]. Therefore, there is a

need for innovative alternatives to address the clean-cooking challenges.

Cooking using renewable energy sources (such a solar and wind) with an electrical cooking
appliance provides potential solutions for clean and sustainable alternatives [3, 8]. Two dis-
tributed renewable energy schemes are represented in Figure 1.1 each employing distinct energy
storage systems. A singular energy storage system, as shown in Figure 1.1(a), typically uses
either a battery or thermal storage system, depending on the intended application. Batteries
are commonly used in singular energy storage systems to directly power electrical loads. At
small-scale, these systems can meet the requirements of low power and energy applications,
such as lighting, charging of small appliances, and television. However, cooking demands high
power and energy necessitating high-cost batteries to cook during periods of low renewable
energy generation [9, 10]. This poses a challenge for these alternatives in rural areas of Africa
because of limited finances. To address these barriers, low-cost methods to store and use the

harnessed renewable energy are necessary.

A hybrid energy storage system, as shown in Figure 1.1(b), incorporates a secondary stor-
age system that can be charged when the primary storage system reaches maximum capacity.
Thermal storage systems are typically cheaper than battery storage systems and are well-suited
for thermal loads such as cooking, space heating or cooling [11]. This approach could also be
implemented to store more energy from renewable energy sources during days of higher energy
generation [12, 13]. Therefore, the selection of an appropriate low-cost thermal storage system

is important to achieve the effective use of renewable energy in the context of cooking.
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Renewable

Energy » Energy Storage »  Cooking Load
Generation

(a) Singular energy storage.
Primary Energy
Storage

Renewable

Energy »  Cooking Load
Generation

_ | Secondary Energy

Storage

(b) Hybrid energy storage.

Figure 1.1: Representation of energy storage system configurations. (a) Singular energy storage.
(b) Hybrid energy storage.

This dissertation explores the performance of a cooking system that stores solar Photo-Voltaic
(PV) energy in the form of hot water, which is used in the cooking process. A storage water
heater tank, as a supplement to a battery acts as a low-cost thermal storage tank. Cooking
initially with hot water is expected to shorten the cooking duration and reduce the additional
electrical energy required for cooking staple foods. This cooking system topology could allow

for the use of reduced battery capacities in PV cooking systems.

1.2 Research Question

The question to be addressed by the dissertation is as follows: “To what extent can a thermal
storage tank, as a supplement to a battery storage system, reduce the electrical component of

cooking energy in PV systems?”

The motive of this research is to explore how typical storage water heater tanks can assist
in storing PV energy for thermal energy applications. This could provide options to consider
smaller batteries for renewable-based cooking systems, which partly contributes to addressing

the challenges of clean-cooking access.
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1.3 Research Objectives

The following objectives have been identified to address the research question:

(i) To identify a commonly consumed staple food item that can benefit from a cooking process
using pre-heated water from the thermal storage tank, with an objective measurement

method for evaluating the state of the food.

(ii) To develop and validate mathematical models of a storage water heater and a cooking

appliance taking into account the thermal losses involved.

(iii) To examine the impact of reducing the additional electrical energy required for cooking

with this topology using the developed models through case study scenarios.

1.4 Research Scope and Assumptions

The key assumptions made for the research are as follows:

(i) The PV system is designed to meet the power and energy requirements of cooking in

individual households and does not include the energy demands of other household tasks.

(ii) The cooking system is not studied in a specific geographic location. The performance of

system is explored under different solar irradiation and temperature levels.

(iii) The performance comparison focuses on the battery sizing between the electrical and
hybrid systems. This is because the battery is the major cost of a PV system and will

provide insight into the potential cost savings of the entire system.

1.5 Dissertation Guide

The research question, objectives, scope and assumptions have been outlined, the rest of the

dissertation is structured as follows:

e Chapter 2 provides the necessary background information by reviewing the challenges on

existing PV systems for rural electrification. It examines the current thermal storage used
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in renewable-based systems and discusses the modelling techniques adopted for thermal
systems. Moreover, it gives a survey of existing techniques used for analysing the readiness

of a staple food item.

e Chapter 3 outlines the research approach, providing a detailed description of the overall
decisions and methods chosen in this research. The problems and opportunities of PV
systems are explained and the hybrid cooking system topology is defined. The chapter
also provides an overview of the experimental set-up for the cooking system, and an ex-
planation of the texture measurement method for determining the state of the selected
cooking medium. The modelling technique chosen to represent thermal systems is ex-
plained, and the selected experiments used for studying the influence of cooking with
pre-heated water are discussed. Additionally, the cooking scenarios identified to explore

the overall performance of the hybrid cooking system are defined.

e Chapter 4 focuses on the model development for thermal systems, including the thermal
storage tank and cooking appliance selected for the hybrid cooking system. The chapter
uses a parameter identification method to determine the parameters of the developed

models, and these models are validated using experimental results.

e Chapter 5 presents the results of the pre-heated water influence on cooking. It dis-
cusses the amount of additional electrical energy required to cook rice to the desired state
by starting with pre-heated water at different temperatures. The chapter also presents a
derived relationship between the initial water temperature and the expected reduction in

the additional electrical energy.

e Chapter 6 evaluates the hybrid cooking system performance under three cooking
scenarios that resembles household cooking patterns. The simulations use the models
of the thermal systems developed in Chapter 4 and apply the energy reduction relation
derived in Chapter 5. The chapter examines the extent of battery reduction achieved by

the hybrid cooking system compared to a pure electrical system in each scenario.

e Chapter 7 gives a discussion of the research by summarising the key findings resulting

from experiments and simulations. Additionally, a discussion on potential areas for further
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research is given.

e Chapter 8 gives the conclusion of the research work by linking the key results to the

research objectives and question.

e The appendices at the end of the document provide additional information to support
the work presented in the main chapters. Appendiz A contains additional background
information, Appendiz B includes the experimental work, Appendiz C provides the model
diagrams, pseudo-codes, and simulations used, and Appendiz D provides additional results

of the hybrid system performance.



Chapter 2

Background

According to the IEA [4], approximately 43% of the population in Africa, most in rural areas,
lack access to electricity, and over 69% lack access to clean-cooking solutions. Solar energy
stands out as the most abundant renewable energy source in Africa [14]. The continuous
improvements in solar PV cell efficiencies and the rapid decrease in solar PV prices, due to
the reduction in manufacturing costs, have contributed to their increase in popularity [15-17].
These points provide a good argument for considering off-grid clean-cooking solutions that are

based on solar energy.

This chapter explains the limitations and challenges of small-scale PV systems that are used
for rural electrification in Section 2.1, and discusses the topology of supplementing thermal
storage in order to enhance their effectiveness for cooking purposes in Section 2.2. Previous
clean-cooking systems related to the research are discussed in Section 2.3. Modelling techniques
of thermal systems, specifically for storage water heater tanks and cooking appliances, which
are an integral part of the research, are discussed in Section 2.4. Common staple foods in Africa
and the measurement methods to objectively analyse the cooked state of a food item in the

research are discussed in Section 2.5. The chapter is concluded in Section 2.6.
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2.1 Rural Electrification with Solar PV Systems

In African rural areas, first-time access to electrification is typically done at the point of con-
sumption to avoid the need for high-cost and extensive electrical distribution infrastructure.
This has been made possible with isolated systems such as small-scale off-grid PV systems [4].
Because of the intermittent nature of renewable energy sources, energy storage are integrated
into the systems to ensure reliable and consistent power supply. Batteries are typically used as
energy storage because electrical energy can be stored and retrieved with less losses to power

electrical loads during periods of scarce PV generation.

The small-scale PV systems with batteries are commonly used for low-demand applications
such as lighting, charging, and television. In some cases, they are also used for intermittent
refrigeration. However, these solutions do not meet the higher power and energy demands
of cooking. Additionally, the capital cost of solar PVs with batteries sized to meet cooking
requirements is not financial feasible for rural areas in Africa. As a result, traditional cooking
methods using biomass sources remain prevalent in almost two-thirds of African households [4],

and the adoption of solar PV systems for cooking is limited.

2.2 Supplementing Thermal Storage in Solar PV Systems

Thermal energy storage systems provide a promising and cost-effective alternative to battery
storage systems, particularly for thermal energy applications [15, 18]. Instead of relying solely
on batteries, integrating a thermal storage system can allow for energy to be stored as heat,
which can be used directly for cooking. While this topology may not be applicable for most
household energy tasks due to the absence of energy-efficient methods to convert heat back to
electrical energy. It is considerable because cooking, including the processes of combining and

mixing food, requires a significant fraction of household energy in the form of heat to execute.

The two common categories of thermal energy storage systems use sensible heat or latent
heat storage materials. Sensible heat storage involve storing thermal energy by raising the

temperature of a material without changing its phase. Solids such sand and concrete, or liquids
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Table 2.1: Thermo-physical properties of common sensible heat storage materials [19, 20].

State Material Specific heat Density Volumetric
capacity heat capacity
[J/kg-°C] [kg/m?] [kJ/m?°C]
Water 4182 998 4174
Liquid Molten salts 1570 1950 3062
Transformer oil 2090 842 1760
Sand 1465 1587 2325
Solid (non-metal) Rocks 850 2600 2210
Concrete 920 2300 2116
Iron 465 7850 3650
Solid (metal) Copper 419 8300 3478
Aluminium 945 2700 2552

such as water and molten salt can be used as low-cost sensible heat storage materials [19,
20]. In contrast, latent heat storage (also known as Phase Change Material (PCM) storage)
involve storing thermal energy through the phase change transition of a material at constant
temperature. Storage materials for this category can be organic, such as paraffin and erythritol
or inorganic, such as a sodium acetate trihydrate and potassium nitrate [19, 20]. However,
according to [21, 22|, access to latent heat storage materials is limited, and their cost per

energy stored is typically greater compared to sensible heat storage materials.

The total energy stored using sensible heat storage materials is directly proportional to their
specific heat capacity, density, and operating temperature. The thermo-physical properties of
common and accessible sensible storage materials are given in Table 2.1. Notably, water has
the highest volumetric heat capacity which benefits from its high specific heat capacity and
relatively high density. This means water has the ability to store more energy and requires less
volume in comparison to the listed materials. The usage of hot water at boiling point to cook
staple foods is also considerable, which makes storage water heaters good candidates for thermal
energy storage systems. These appliances are capable of heating and storing thermal energy

for long periods of time if equipped with good thermal resistance, as demonstrated in [23-27].

The overview of how a thermal storage tank can be incorporated into a PV system with batteries
for cooking is represented in Figure 2.1. This approach requires minimal modifications, as the

PV system can sequentially charge the storage units using an automatic change-over switch and
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Figure 2.1: Representation of a PV cooking system with battery and thermal storage.

power the cooking appliance. The addition of a thermal storage tank, such as a storage water
heater, allows for water to be heated and stored so that it is used directly during the cooking
process. While pre-heated water alone may not complete the cooking process, the remaining
steps can be accomplished using additional electrical energy. This topology could offer cooking
options that are low-cost compared to standalone battery systems because thermal storage

systems typically use cheap storage materials compared to electrochemical battery storage.

2.3 Existing Cooking Systems with Solar PV Energy

Converting renewable energy into heat and storing it in a thermal storage system for thermal
applications can influence the overall electrical energy consumption of appliances in both off-grid
and grid-connected households. Numerous research has been conducted to assess this impact
[15, 28-31]. The literature reviewed in this section focuses on the use of renewable-based systems

in the context of cooking.

Non-metal solids such as sand, rocks, and concrete are some of the most affordable and acces-
sible storage materials. Authors in [28] have conducted experimental studies on using sand as
a storage material, while the work done in [29] has developed a large-scale sand-based storage
system to supply a community with thermal energy. In this system, resistive elements powered
by solar panels heat up air which is then circulated in heat-transfer pipes to raise the temper-

ature of the sand to 600 °C. Then heat-exchange pipes are used to provide the heat and hot
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water to households, with some of the heat converted to electricity. These systems have the
potential to be used as thermal storage for cooking, but due to their charging and discharging
complexity, the large volume requirements, and high inefficiencies of converting heat back to
electrical energy, they may not be practical and cost-effective for small-scale systems especially

compared to storage water heater tanks.

In [30] the authors developed a cooking system that stores solar energy in a PCM (erythritol)
during the day to cook using high temperature after sunset. The developed system covers a
cooking vessel with 2.5 kg of erythritol that is heated by a resistive element using a solar panel.
When heated to 180 °C, the system can boil 1 £ of water in 5 minutes and 20 seconds. While the
system is effective for storing thermal energy and cooking different foods, the key drawbacks are
that erythritol thermally degrades after several months when cycled at high temperatures and
that low temperatures are not effective to boil or cook food. Additionally, the thermal losses
increase at high temperatures, which encourages immediate cooking after sunset. To complete
the cooking process when temperatures are low, the authors powered the cooker using an AC
to DC adaptor connected to the grid. This hybrid compensation is an essential aspect of this
research where battery energy can be used to complete the cooking process after energy from

the thermal storage tank has been applied.

The research conducted in [31] examines the use of PV systems to supply common household
thermal appliances such as freezers, water heaters, and space heaters to reduce the grid electric-
ity cost. Since cooking primarily depends on heat, it is more appropriate to consider heating
storage devices for cooking purposes, while cooling storage devices are mostly relevant for food
storage. The findings reveal that storage water heaters for bathing are the main power con-
sumers and have the potential to significantly reduce grid energy cost when powered by PV
during the day. This research focuses on using small-sized storage water heaters commonly
found in the market to store part of the PV energy and reduce the battery size requirements

for cooking using an electrical appliance.

In [15], a DC solar cooking system that automatically switches to grid power for backup was
proposed. The system includes a storage water heater that uses solar power and has a 500 W

limit for any cooking appliance used. To evaluate the system performance, rice was mixed with
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water heated to 95 °C by a solar panel and then cooked with electrical power from the grid.
Compared to starting to cook rice with cold water, the results showed an 18% reduction in
grid electrical energy consumption for a conventional pressure cooker and 30% reduction for an
electrical pressure cooker. However, it is not always guaranteed to heat up water and maintain it
at high temperature in off-grid PV systems, and the state of the cooked rice was not objectively
evaluated in the study. This research evaluates the total amount of additional electrical energy
required to cook a staple food item after adding pre-heated water from a storage tank supplied
only by a PV system, considering different levels of solar irradiation. A measurement method
for the texture of the staple food item, which is discussed in Section 2.5, is used to validate its

readiness.

2.4 Systems Modelling Techniques

System models are required to simulate and analyse the extent to which the integration of
a storage water heater reduces the required battery capacity under various cooking scenarios
and different weather conditions. Thermal systems can be modelled using various approaches
to characterize their behaviour. An effective model can accurately estimate the energy con-
sumption of these systems and can provide insight into their internal dynamics under different

operating conditions.

Authors in [32] proposed a grey-box thermal modelling technique based on a thermal-electrical
analogy. It uses circuit analysis techniques to solve for thermal parameters. The technique
considers several factors such as temperature change within the system, energy storage in the
system, and the loss of energy to both the system components and the surrounding environment.
The accuracy of models can be enhanced by increasing the number of temperature zones used,

but this comes at the expense of increasing model complexity.

Different models have been developed for water heaters with varying levels of complexity [33—
38]. References [34-36, 38] proposed water heater models using the thermal-electrical analogy,
incorporating an on-off thermostat, and accounting for the effects of water draw and standing

losses. The models simulate both power consumption and internal temperature, providing a
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valuable tool for investigating the performance of water heaters.

Simple models often rely on linear equations to calibrate the model parameters, while complex
models require the use of parameter identification methods to optimize these parameters. Once
the parameters have been determined, the simulated results of the model can be compared with

experimental results to validate its accuracy.

2.5 Food State Analysis

In order to analyse the benefits of cooking with additional thermal energy in the form of hot
water, an objective method of measuring the state of cooked food is required. The state of the
food must be continuously monitored throughout the cooking process to accurately quantify

when it becomes fully cooked.

According to [39], the common staple foods in Sub-Saharan Africa (SSA) include maize, mil-
let, sorghum, wheat, and rice. Globally, rice serves as a staple for almost two-thirds of the
population [40]. In SSA, rice consumption is increasing at a rate of 6% annually, faster than
any other staple foods [41-44]. It has become the second most important staple food in several
SSA countries, following maize, and has replaced other traditional staples [39]. Due to these

points and the ease of cooking, rice is a suitable candidate as a cooking medium in this study.

Several studies have focused on the analysis of rice texture [40, 45], highlighting Moisture Con-
tent (MC) and hardness as the two main factors for determining the texture of rice. Hardness
is defined as the maximum force of a single grain under compression, while MC refers to the
amount of water absorbed by the rice. As rice softens and absorbs more water whilst cooking,
these factors provide a quantifiable means of assessing its texture. To ensure accuracy, multiple

measurements are taken using several grains.

References [15, 46, 47| perform the texture measurement of rice using a texture analyser on
a single grain. The grain is compressed to a range of 75% and 85% deformation while the
deformation force data is collected. The maximum value of the resulting force is taken as
the hardness of the grain. In [3] the MC is determined by comparing the absorbed water to

the initial dry grains, whereas [40] performs it by compressing out the absorbed water and
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comparing it to the drained grains. A wide range of MC of rice which gives a desirable state

for consumption is determined.

2.6 Conclusion

Various methods have been proposed in previous studies to store thermal energy for cooking
purposes, such as using small-grain storage materials and phase-change materials. However,
these methods have limitations in small-scale off-grid cooking systems due to their high volume
requirements, high energy losses and complex implementation. Based on the literature review, a
storage water heater with thermal insulation is identified as good candidate for storing thermal
energy in an off-grid cooking system, as it can heat and store hot water for an extended
period. This research will explore the performance of the hybrid system topology using thermal

modelling techniques and food state measurement methods from the literature.
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Research Approach

This chapter outlines the approach taken to address the research objectives. The approach
includes the design choices, model decisions, experimental methods, and the cooking scenar-
ios selected for validation. It begins with the problem statement covering the cooking system
topology in Section 8.1. The experiment setup and procedures are discussed in Section 3.2. A
discussion of the model strategies chosen for the subsystems is given in Section 3.3, which is fol-
lowed by an explanation of the case study scenarios in Section 3.4 to showcase the performance

of the cooking topology. The chapter concludes in Section 3.5.

3.1 Problem Statement

This section discusses the reasons why a hybrid storage system supplied with PV could improve
the lack of access to clean-cooking solutions in rural Africa. It begins with the problems and
opportunities with storing PV energy in Section 3.1.1. This is followed by an explanation of the
chosen hybrid cooking system in Section 3.1.2 and a detailed discussion of the energy transfer

mechanism of its subsystems in Section 3.1.3.

3.1.1 Energy Storage in PV Systems

The electrical energy harnessed from the sun by solar PVs can be used for a wide range of

applications. As mentioned in Chapter 2, there has been some level of adoption of PV systems

15
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Figure 3.1: An illustration of a PV cooking system energy performance. (a) Electrical cooking
system. (b) Hybrid cooking system.

with batteries for low-energy tasks such as lighting and charging applications in rural Africa.
However, the core limitation of scaling these systems for high-energy tasks such as cooking is
the requirements of large and costly batteries. An illustration of the energy performance of
a PV cooking system with a battery (electrical cooking system), and the potential low-cost
alternative with a battery and thermal storage system (hybrid cooking system) is presented in
Figure 8.1. The results are based on a comprehensive sizing and performance analysis detailed
in Appendiz A, which focus on a PV system designed to cook two meals in the morning and

afternoon.

In the electrical system, as the sun rises, the PV power exceeds the load and charges the
battery which reaches full capacity before sunset. The cooking energy is then supplied from
the electrical energy stored in the battery (E(cooking) = E(battery)). Battery storage systems

provide long-term energy storage with minimal standby losses but come at an expensive cost.
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Figure 3.2: Topology of a PV cooking system with battery and thermal storage.

Y

In the hybrid system, once the battery (that is sized smaller compared to the electrical sys-
tem) reaches full capacity, the PV energy is diverted to the thermal storage system. The
cooking energy is then supplied from a combination of electrical and thermal energy stored
(E(cooking) = E(battery) + E(thermal)). This means the electrical component of cooking en-
ergy could be reduced by adding thermal energy. Thermal storage systems are typically cheaper
storage systems that are well suitable for thermal loads such as cooking. However, they are

likely to have high losses depending on their thermal insulation.

The hybrid system topology, as explained aims to reduce the requirements of large and expensive
batteries. Therefore, this research explores the extent to which a thermal storage system, as a
storage water heater, can reduce the electrical component of cooking energy stored in batteries.

The following subsection discusses the hybrid storage cooking system in detail.

3.1.2 Hybrid Electrical-Thermal Cooking System

The hybrid energy storage cooking system that is proposed, is an off-grid PV solution with a
battery and thermal storage tank aimed for individual households in rural areas of Africa and
other high solar irradiation regions. The key functionality of the system is the thermal storage
tank that heats up water using PV energy and stores it for the cooking process. The schematic
topology of the off-grid cooking system is shown in Figure 3.2. It comprises of subsystems:

solar PV, battery storage, thermal storage, controller, and a cooking appliance.
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This research focuses solely on evaluating the energy performance of the hybrid system against
the electrical system. The energy-based analysis considers both thermal and electrical energy
losses involved to accurately assess the system performance. The following subsections provide

a detailed discussion of each subsystem and how it is considered.

3.1.3 Subsystems of the Cooking System

The cooking appliance converts electrical energy to heat, which is used to prepare food in a
vessel. The appliance has to operate at low power and effectively transfer the generated heat to
cook with minimal heat losses to the environment. These are important factors considering the
limited power and energy availability of typical small-scale PV systems. The cooking appliance

is a load powered by the PV and battery through a DC to AC inverter.

The thermal storage tank heats up water and stores it to be used directly in the cooking process.
The focus is on exploring a storage tank that is food-safe, not piped and does not require
pressurization. A food-safe tank is important to store water that is suitable for preparing food
without health risks. A tank that is not piped or pressured is ideal for areas that lack tap water
in their households, because the stored hot water can be used without an immediate need to be
refilled. The choice of the thermal storage tank and cooking appliance and their experimental

setup are explained in Section 3.2.1.

The electrical energy generation is done using a solar PV only, and the energy is stored firstly
in the battery. After the battery is charged, the controller redirects the power to the thermal
storage tank before sunset. The solar PV energy output during the day is emulated and
considered as a power source with a battery back-up to ensure that the cooking appliance

operates at the rated constant power.

The hybrid system topology has been explained. The following sections describe the meth-
ods chosen to achieve the research objectives about the cooking topology as formulated in

Section 1.5.
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3.2 Experiment: Setup and Procedure

This section outlines the choice of experimental methods used in the research. The cooking
setup of the selected thermal storage tank and cooking appliance are presented in Section 3.2.1.
The choice of an objective method for measuring the state of a staple food is presented in
Section 3.2.2, and the experimental method chosen to investigate the implication of starting to
cook with pre-heated water is provided in Section 3.2.3. The diagrams and a detailed discussion

of the components and methods used for the experimental work is presented in Appendiz B.

3.2.1 Cooking Setup

In order to explore the performance of the hybrid cooking system, the thermal storage tank and
cooking appliance have to be selected and sized for the cooking system. Storage water heater
tanks are prevalent household appliances used to heat, store, and supply hot water for various
tasks, including cooking. A commercial water urn has the ability to offer these functionalities.
A 15/4, 1.5 kW, stainless-steel urn in vertical orientation, as described in Appendiz B.4, is
modified to consume energy at 250 W of power using a variac and to store 5¢ of water. The
maximum water temperature in the urn is selected to be approximately 90 °C to prevent it
from boiling and turning into steam, which could cause gradual reduction in water volume and

safety hazards.

A thermal blanket is wrapped around the tank to improve its thermal resistance by a factor
of 4.55 (from 0.497 to 2.26 °C/W). This is a common and cost-effective method to reduce
standing losses of storage water heater tanks such as geysers [23-27]. It is used in this study
to ensure that the urn retains hot water for use the following day without reheating (refer to
Appendiz B.4 for a further discussion on the applied thermal blanket). The power consumption
of the urn is determined using RMS voltage and current measured. Three Resistance Temper-
ature Detectors (RTDs), each with an accuracy of 0.5 °C, are used to measure the temperature
profiles. Two of these RTDs are placed around the centre of the tank to measure the water
temperature. It is assumed that the water in the urn, given its small varying volume, is uni-

formly heated. The third RTD measures the ambient temperature positioned at least 30 ¢cm
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away from urn.

A variety of electrical appliances can be chosen for cooking using a PV system, including slow
cookers, pressure cookers, and induction cookers. The focus is on slow cookers due to their low-
power capabilities, automatic cooking process, and good thermal resistance. The considered
slow cooker, as detained in Appendiz B.2, has a cooking vessel capacity of 4¢ and a power
rating of 200 W. The power consumption of the cooker is measured, including the temperature
profiles using RTDs. One RTD measures the temperature of the food mixture, positioned
approximately 5 mm above the bottom of the cooking vessel, while another RTD measures the
ambient temperature positioned at least 30 cm away from the cooker. The measurements are

logged every second.

The two subsystems are selected and modified considering a small-scale PV system with an
AC continuous output power limit of 500 W and a system DC voltage of 12 V. While the two
subsystems are unlikely to be used simultaneously, their combined power consumption is within
the 500 W limit. The 200 W slow cooker is expected to require more time for cooking compared
to high-powered cookers, but the additional heated water from the storage water heater tank
before cooking is anticipated to shorten the duration. Moreover, the 5 ¢ water volume is chosen
to meet the cooking requirements of a family of three to four members, as suggested in [15],

guaranteeing that there is enough hot water for cooking.

3.2.2 Food State Measurement

The reasoning presented in Section 2.5 is used to justify the selection of rice as a suitable
cooking medium for this study. A single gene of rice is selected based on local availability
to ensure consistency in the experiments. An objective measurement method is important to
quantify the state of rice in each cooking experiment. This will provide insight into how the
state of rice changes to reach a desirable state for consumption when the cooking process is
started with water of different temperatures. Then the electrical energy component the cooker
consumed to achieve this state in each case can be determined and compared. As discussed
in Section 2.5, MC and hardness are the two main factors in determining the state of rice.

While hardness can be determined using a texture analyser equipment, it is not available for



Chapter 3 — Research Approach 21

this study, and therefore, MC is used as the main factor for measuring the readiness of rice. An
additional assessment of the state of rice is done using a subjective taste method to support
the results determined using the MC method. The procedure for selecting the state of rice on

taste is summarised in Table 3.1.

To determine the MC of the rice on a wet basis (w.b) while cooking, the change in additional
water content of the rice, over time, is measured. The computation of MC on a w.b is done

through the following steps:
1. A sample of N dry and uncooked rice grains is taken, and its mass is measured.
2. The rice and water are added in the cooker, and the cooking process is started.

3. Every K minutes, a sample of N unburnt and unbroken rice grains is removed and its

mass is measured.
4. The MC at each measurement point is calculated using Equation (3.1).

Mo ="M 100% (3.1)

Moy

Where:
e my is the mass of dry rice grains [g]
e m,, is the mass of wet rice grains [g]

The rice grains are placed on a dry cloth to drain any excess water prior to measurements,
and their mass is measured using a scale with a 1 mg resolution. In order to ensure accurate
measurements, 50 grains and a time period of 30 minutes are selected as the values for N and
K, respectively. With an average mass of 30 mg for a single grain, the selection of the N
value results in a low-resolution error of less than 0.07%. Additionally, the measurements are
repeated three times to increase accuracy (refer to Appendiz B.3.1 for detailed measurement
steps, scale calibration, and a visual comparison of rice grains while cooking). The value of K
is selected to ensure that there is minimal heat loss from opening the cooker lid multiple times

during cooking, but enough time to collect few samples to observe the change in MC.

The state of rice is determined using two benchmark points of MC measurements, M Ch,;p
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Figure 3.3: Moisture content method used to determine the state of rice during a cooking
process.

Table 3.1: State evaluation of rice using a subjective taste test.

Taste classification Under-cooked Well-cooked Over-cooked
Extremely hard v

Hard v

Medium hard v

Soft v

Extremely soft v

and MC,q.. The values are selected as 58.5% and 60.5% using the procedure detailed in
Section 3.2.3 which factors in the results from the subjective tests. The method to determine the
state of rice is presented in Figure 3.3. The rice is considered under-cooked if, M C' < M Cyin,
which means the grains have not cooked long enough resulting in dry or hard rice. It is well-
cooked if, M Cpin < MC < MChpyaz, which means the grains have cooked to the desired state
for consumption. It is over-cooked if, MC > M Cipq,, which means the grains have cooked for

too long, often with an initial high water to rice ratio, resulting in an extremely soft state.

3.2.3 Pre-Heated Water Implication

The method chosen to investigate the impact of starting to cook rice with pre-heated water on
the additional electrical energy consumption of the cooker is discussed. A range of experiments
that show how the state of rice evolves throughout the cooking process are conducted. The
experiments are performed in the same season under similar ambient temperature conditions

to ensure consistency and comparability of the results.
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Long grain parboiled rice, stored at room temperature, with the manufacture’s recommended
rice to water ratio of 1:2, is used as the subject of the experiments. Dry rice of 300 g (1% cups)
that results in three to four servings and 600 m¢ of water is considered in each experiment. Four
experiments involving water temperatures starting at 25.0, 50.0, 75.0 and 97.6 °C respectively
are conducted. The range of water temperatures are selected to cover possible temperature

levels in a storage water heater tank ranging from room to boiling point temperatures.

Previous studies on cooking rice suggest that a well-cooked state can be achieved with less
than 500 Wh of energy when the temperature of the rice-water mixture is above 65 °C [15,
48, 49]. In this study, after the addition of rice-water mixture, the slow cooker is adjusted to
consume approximately this amount of electrical energy to ensure that the state of rice reaches
or surpasses the well-cooked state. This is done by adjusting the cooking period to be three
hours. The state of the rice is monitored every 30 minutes using the measurement methods

defined in Section 3.2.2.

While ideally the cooking should stop when the well-cooked state is achieved, the experiments
are cooked for same period to provide comparison points of how the rice state evolves. The ben-
efit of initially using pre-heated water will be determined by comparing the additional electrical
energy consumed by the cooker in every experiment to reach the well-cooked state. A successful
analysis will involve deriving a mathematical relationship between the pre-heated water tem-
perature (input) and the expected reduction in additional electrical energy consumption of the
cooker (output). This will provide the basis understanding of the required battery capacity to
complete the cooking process when the water temperature in the storage water heater tank is

known. The experimental results and analysis are detailed in Chapter 5.

3.3 Modelling and Validation

This section describes the chosen modelling technique used for thermal systems in Section 3.3.1
and the method for identifying parameters of complex models in Section 3.3.2. The models will
be validated and used to examine the performance of the hybrid system topology under case

studies to be specified in Section 3.4.
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Figure 3.5: Analogous circuit of one-dimensional heat conduction in an object. (a) Thermal
system. (b) Analogous thermal circuit.

3.3.1 Model Development

In literature, numerous techniques on modelling thermal systems using the thermal-electrical
analogy are used [32, 34-36]. The objective is to establish an analogy between thermal systems
that are driven by the flow of heat and electric circuits that are driven by the flow of current.
This enables the creation of models for thermal systems using electric circuits to analyse using
circuit principles. The models can describe the temperature evolution in the systems, amount

of thermal energy storage, and the flow of heat.

Thermal systems have the ability to store and release heat by utilising the thermal mass of
a material, as demonstrated in Figure 3.4(a). When heat is applied to the material from a
heat source, its temperature increases. Conversely, as heat flows out, the temperature of the
material decreases [50, 51]. This phenomenon is necessary for understanding the amount of

energy stored in a homogeneous material. Similar to the electrostatic equation of a capacitor
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when current is applied, demonstrated in Figure 3.4(b), the heat flow into a material can be

determined using Equation (3.2).

P(t) = G5 (Ti(0) ~ To(0) (32)

Where:
e P(t) is the heat flow into the material [W]
e () is the thermal capacity of the material [J/°C]
o Ti(t), Ta(t) is the real-time temperature of the material and the surroundings [°C]

The thermal capacity is determined as the product of the mass of the material and its specific
heat capacity. Therefore, increasing either the mass or specific heat will result in a higher
thermal capacity and consequently, the ability to store more heat. As discussed in Section 2.2,
water is identified as a suitable thermal storage material for the cooking system due to its high

specific heat capacity, relatively high density, wide availability, and its common use in cooking.

A temperature difference across a medium promotes the flow of heat. This is illustrated in
Figure 3.5(a), where the medium is positioned between two heat sources and 77(t) > Ta(t).
This principle is described by the one-dimensional Fourier’s law of heat conduction, which shares
a similar mathematical form to Ohm’s law in electric circuits [50, 51]. Therefore, an analogous
thermal circuit model can be derived as shown in Figure 3.5(b). The equation describing the

flow of heat is shown in Equation (3.3).

(3.3)
Where:

e ¢(t) is the rate of heat transfer [W]

e R, is the thermal resistance of the medium [°C/W]|

o Ti(t), Ta(t) is the real-time temperature of the heat sources [°C]
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The thermal resistance R, describes the difficulty for heat to flow through a medium. It is
influenced by the dimensions of the medium and its thermal conductivity. A medium with
higher thermal resistance will impede the flow of heat for the same temperature difference
compared to one with lower thermal resistance. The chosen urn, as described in Section 3.2.1,
is equipped with an improved thermal resistance of 4.55 times by wrapping a thermal blanket

around it.

3.3.2 Model Parameter Identification

The parameters that describe the behaviour of the internal temperature variations of a thermal
system must be determined to complete the models. Non-linear methods are primarily used
to determine optimal solutions of the parameters due to the intrinsic nature of the system
processes [52]. The Genetic Algorithm (GA) method detailed fully in [53-56] is adopted for
parameter identification of models with a set of first-order differential equations. This algo-
rithm is chosen because it can quickly search for parameters near optimal values with minimal
error between the model and measured results [53]. To validate the models, it is necessary
to show a close agreement between the temperature response of the simulated model and the

measured system.

3.4 Case Study using Cooking Scenarios

The utilisation of PV energy for cooking is mainly limited by the mismatch of peak sun hours
and cooking schedules. To determine the effectiveness of supplementing a thermal storage in
PV-supplied systems, it is necessary to test the hybrid system under typical food consumption
schedules and different cooking conditions. This includes preparing multiple meals in a day and
starting most processes at off-peak sun hours. Additionally, the impact of weather conditions
which alters the amount of solar energy generated to heat-up water is considered. By evaluating
the use of the thermal storage tank under such scenarios, an understanding of how it impacts
the electrical energy component of cooking energy can be made, and its potential to reduce the

reliance on larger batteries.

This section describes the selected cooking scenarios in Section 3.4.1, and implication on battery
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Figure 3.6: Cooking times of meals for three cooking scenarios.
sizing in Section 3.4.2.

3.4.1 Cooking Scenarios

Three different scenarios have been selected, each involving the cooking of one to three meals at
different times of the day. The starting times for slow cooking have been chosen to reflect typical
meal consumption times. It is assumed that the same rice meal, for three to four servings, is
prepared three times per day. While this may not reflect usual household practice, it gives an
idea of how the storage can participate in reducing the additional electrical energy for multiple
meals cooked in a day. The cooking times for each meal are given in Figure 3.6, and the three

selected scenarios are:
e Scenario S1: one meal a day (supper)
e Scenario S2: two meals a day (supper and breakfast)
e Scenario S3: three meals a day (supper, breakfast, and lunch)

In scenario S1, one meal is cooked in the afternoon as supper, starting at 04:00 pm for con-
sumption at 07:00 pm. The heated water will be used to reduce the additional electrical energy
required to complete the cooking process. The cooking system in this scenario will require the

smallest battery capacity to complete the cooking of one meal.

In scenario S2, two meals are cooked, with the first meal as supper from S1. The second meal
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is cooked in the morning as breakfast starting at 04:00 am for consumption at 07:00 am. The
system is expected to contain double the battery capacity compared to S1 because two meals

are cooked during off-peak sun hours.

In scenario §3, three meals are cooked. The first two meals follow the same pattern as 52, and
a third meal is cooked as lunch starting at 10:00 am for consumption at 01:00 pm. The scenario
considers two options for battery sizing. In option 1, the battery is sized to accommodate all
three meals. In option 2, the battery assists in cooking the first two meals during off-peak sun

hours, while the third meal uses PV power since it is being cooked on-peak sun hours.

The scenarios have been chosen to cover a wide range of system sizes and to evaluate the
performance of the hybrid topology under different conditions. The validated models developed
in Chapter 4 in conjunction with the equation of the water temperature to the additional
electrical energy reduction determined in Chapter 5 are applied to simulate the behavior of
the hybrid system in Chapter 6. The results of a pure electrical system will be simulated and

compared to the results of the hybrid system.

The three scenarios require different solar PV sizes because of the difference in the energy
requirement in each scenario. The simulations consider the availability of solar energy required
to heat-up water during high, medium, and low solar irradiation days (Hpigh, Hmedium and
Hioy). In this context, a high solar irradiation day, Hpign, is defined as a day that produces
enough energy to heat the water to the temperature set-point of the storage water heater. On
the other hand, Hj,, is considered as 50% of the energy in Hp;gn, and Hyedium is 75% of the
energy produced on a Hp,g, day. A constant ambient temperature of 22.5 °C is applied in the
simulations to produce average results, and a sensitivity study is done to assess how a change

in temperature affects the obtained results.

3.4.2 Battery Sizing

The important aspect of the research is to evaluate the impact of adding a thermal storage
tank to the sizing of the battery storage system. By reducing the electrical energy component
of the cooking process, it means less battery storage is necessary. The implication on battery

capacity is determined using Equation (3.4) [57].
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Eg

Cp =
b Npcjac X B X Ve x DOD

Where:

e Cp is the required battery capacity [Ah]

Eg is the total electrical cooking energy in each scenario [Wh]

Vg is the battery voltage [V] (12.8 V)

np is the battery efficiency (95%)
® 7pc/ac is the charge controller and inverter efficiency (90%)
e DOD is the depth of discharge (80%)

In order to compare the battery capacity values, the selection of a battery technology is neces-
sary. Lithium-ion and lead-acid batteries are commonly used in PV systems. The lithium-ion
battery is preferred due to its superior performance characteristics, including higher efficiency, a
greater number of cycles, and higher energy density compared to the lead-acid battery [58, 59].
The drawback is the initial high cost of lithium-ion battery, but it has been revealed that the
initial and replacement costs for the lead-acid battery over the lifespan of the off-grid systems
is sometimes higher than that of the lithium-ion battery. The selected values of np and DOD

in Fquation (3.4) are the typical values for the lithium-ion battery technology.

3.5 Conclusion

This chapter highlighted the approach taken to conduct the study for a PV-supplied hybrid
storage system that incorporates both battery and thermal storage for a cooking application.
The design choices of the hybrid storage topology are then explained with its subsystems.
The chapter followed by explaining the reasoning for selecting the experimental methods, the
modelling technique, and the cooking scenarios to evaluate the system performance. The deci-
sions are made based on the three research objectives identified in the research introduction to

effectively answer the research question.



Chapter 4

Model Development

This chapter covers the modelling and validation of the thermal storage tank and the cooking
appliance subsystems of the hybrid cooking system. The method used to develop the models is
described in Section 4.1. The model and validation of the thermal storage tank is presented in
Section 4.2, followed by that of the cooking appliance in Section 4.3. The chapter is concluded

in Section 4.4.

4.1 Model Development Method

The thermal-electrical analogy, as discussed in Section 3.3, is used to model the thermal systems.

The modelling method involves the following steps:

1. In the system, the temperatures of the mediums to be modelled are selected, and a thermal

capacitor is added for each medium at that temperature.

2. The thermal capacitors are connected to the selected temperatures and the other terminals
are grounded. A thermal resistor is added between thermally connected capacitors to
model the temperature drop between two mediums. When mediums have good thermal
conduction, such as those connected through thermal paste, the thermal resistance is

negligible.
3. The inputs to the system, such as heat sources and temperature disturbances, are modeled

30
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using power sources.

4. The components are connected through their respective resistors to complete the model,

and circuit principles are employed to derive the mathematical equations of the models.

The equation that describes the thermodynamics of the systems are characterised using the

general first-order state Equation (4.1) and the output Equation (4.2).

i(t) = Ax(t) + Bu(t) (4.1)

y(t) = Cu(t) (4.2)
Where:
e x(t) are the state variables
e y(t) are the output variables
e u(t) are the input variables

e A B ,C is the system, control, and output matrix

4.2 Thermal Energy Storage Tank

An urn is used as the storage water heater tank to heat, store and supply hot water for the
cooking process. In this section, the energy flow mechanism, model and validated results of the

urn are discussed.

4.2.1 Energy Flow of Storage Water Heater

The heat and water flow of the urn is illustrated in Figure 4.1. Small urns comprise a resistive
heating element, a top lid for cold water insertion and a tap for hot water draw. The water
inside the varying volume tank is assumed to be homogeneous and its temperature is regulated
thermostatically on a set-point by turning on and off the element. Electrical energy is consumed
by the element to raise and maintain the water temperature to the desired set point. This

inherently compensates for thermal losses through the tank’s wall.
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Figure 4.1: Heat and water flow diagram of a storage water heater.

4.2.2 Modelling of Storage Water Heater

The model of the urn is developed using the steps described in Section 4.1. The key temperature
considered is the internal water temperature. The power produced by the heating element
acts as an input to the system, while losses occur due to ambient temperature and system
components. The water volume varies, decreases during water withdrawal, and increases during
insertion. The analogous thermal circuit diagram that contains all components is illustrated in

Figure 4.2.

The power of the heating element is represented by a heat source P, with a heat loss factor
to the system components 7. This is the main source that increases the temperature of water
by storing heat energy in the thermal capacity, represented by Cy. The water temperature
is regulated by a thermostatic switch around a hysteresis set-point T, to prevent over- or
under-heating. The total thermal capacity of water changes due to a draw or insertion event,
modelled using a capacitor Cj, and it is dependent on the internal temperature Tj,. The
thermal resistance R, models the heat losses to ambient temperature T,,,,, which affects the
ability to keep water hot in the absence of a heat source. The first-order differential and output

equation of the circuit is shown in Equation (4.3) and Equation (4.4) respectively.



Chapter 4 — Model Development 33

t=0

T(t
o/ O ®
Thermostatic Switch

g
P(1) T® ]

ot

Tamb (t)

Figure 4.2: Analogous thermal circuit of a storage water heater.

The ambient temperature and input water temperature are time-dependent variables that vary

based on weather conditions. In addition, the amount of water drawn or inserted is also

time-dependent and varies during the day. The values for the components are defined using

Equation (4.5), Equation (4.6), and Equation (4.7).

Cun(t) = peV' (1) (4.5)
Cin(t) = pe / Q(t)dt (4.6)
Ra(t) = Uj(t) (47)

Where:
e p is the water density [kg/m?]
e c is the water specific heat [J/kg-°C]

e V(t) is the initial volume of water in the vessel [m?]
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e Q(t) is the real-time water insertion or draw rate [m?/s]
e A(t) is the water contact surface area [m?]
e U is the heat transfer coefficient [W/m?-°C]

When there is no water withdrawal or insertion (Q(t) = 0) the value of Cj,(t) = 0, indicating
no thermal capacity change. The thermal resistance R, fluctuates in response to changes in
the contact surface area, which occur due to variations in water volume. The cooling trend of
the internal water temperature, when there is no input power and water draw on the tank, is

described by Equation (4.8).

t—tg

T(t) = Tump(t) + (T(to) — Tump(t))e FaCun (4.8)

The product of the thermal capacity of water and the thermal resistance of the tank R,C, is
the time constant of the system, which defines the rate of temperature change. A large thermal
resistance or thermal capacity leads to a larger time constant, which results in slower cooling

trends.

4.2.3 Results and Model Validation

The models are validated using experiments of a 250 W, 5 ¢ water urn for two scenarios: without
a water draw and with a water draw, on the setup explained in Section 3.2. The state-space
Equation (4.3) and output Equation (4.4) has been developed in MATLAB Simulink to simulate
the system performance and the diagram is provided in Appendix C.2.1. The thermal resistance
R, is calibrated using the cooling curves of the urn. The value of 7, is tuned as 73.56% by
comparing the energy required to raise the temperature of water to the set-point with the
measured energy consumed by the urn. The detailed derived equations of R, and 7 used
are presented in Appendiz C.3.53. The temperature set-point Ty, was adjusted to a value below
90 °C using the tank’s selector, resulting in a measured average value of 86.34 °C and an average

hysteresis of 2.201 °C during a steady-state test.

In both experiments, the heating power was supplied for the first three hours to emulate the
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Figure 4.3: Measured and simulated results of a storage water heater without a water draw.

duration of available PV power, after which the tank was allowed to cool down over the course
of a full day. In the experiment with a water draw, 600 m¢ of water (which is the volume
selected to cook a rice meal) was drawn after four hours, which was simulated with a flow rate
of 36 ¢/hr. The flow rate was estimated from measuring the time it takes to draw a litre of

water from the tank’s tap.

The thermal resistance is tuned to be 2.259 °C/W from a cooling curve with 5 ¢ of water,
and 2.355 °C/W with 4.4 ¢. This is because reducing the water volume results in an increase
in thermal resistance due to the reduction in water contact surface area. For the storage
tank used, a 12% decrease in water volume or thermal capacity led to a 4.26% increase in
thermal resistance. The change in thermal capacity and thermal resistance is included in the
simulation with a water draw. The simulation parameters are summarised in Table 4.1. A

visual comparison of the results without a water draw is presented in Figure 4.3, and with a
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Figure 4.4: Measured and simulated results of a storage water heater with a water draw.

Table 4.1: Parameters of a storage water heater model.

Parameter c p V(t) Q(t) R, P 7 Tsp
Experiment (no draw) 4181 998 5 0 2.259 246.3 73.56 86.34
Experiment (with a draw) 4181 998 5 36 2.355 246.3 73.56 86.34
Unit J/kg°C kg/m®* ¢ {/hr °C/W W % °C

Table 4.2: Storage water heater comparison: experiment vs simulation results from Figure 4.3
and Figure 4.4.

Parameter Experiment Simulation Difference
Heating energy [Wh] 562.64 571.01 1.49%
Steady-state energy [Wh)] 20.80 20.51 1.39%
Temp. drop no draw (3 to 23 hours) [°C] 48.15 50.43 4.74%
Temp. drop with a draw (3 to 23 hours) [°C]  49.30 52.64 5.63%

water draw is presented in Figure 4.4.

The urn operation is classified into three stages: heating, steady-state, and cooling for com-

parison. By visual inspection, the simulated temperature profiles match the measured profiles
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Figure 4.5: Heat flow diagram of a slow cooker.

on all stages. However, a slight discrepancy in the steady-state switching times exists due to
the measured results not switching between the same temperature points as assumed in the
simulation. This could also be due to the difference in temperature sensor placement, with the
RTDs in the experiment setup directly measuring the water, whereas on the urn the sensor
is placed beneath the bottom of the tank. The measurement tolerance of the RTDs, which is
0.5 °C, may also contribute to the observed difference. The energy consumed on each stage and

the cooling temperatures are summarised in Table 4.2.

In Table 4.2, the initial heating energy of the simulation is overestimated by 1.49% compared to
the experiment. However, the steady-state replacement energy is underestimated by only 1.39%.
The cooling temperature drop from 3 to 23 hours is overestimated by 4.74% in the simulation
without a water draw, and by 5.63% in the simulation with a water draw. A decrease in cooling
temperature due to a decrease in water volume is matched closely by the simulation, with a
difference of only 1.99%. These findings indicate that the simulation results match the measured
results, demonstrating that the model can effectively simulate the energy and temperatures of

the storage water heater.

4.3 Cooking Appliance

A slow cooker is used as the cooking appliance to heat food in its vessel. In this section, the

energy flow, model and validated results of a slow cooker are discussed.
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Figure 4.6: Analogous thermal circuit of a slow cooker.

4.3.1 Energy Flow of Cooking Appliance

The heat flow mechanism of a slow cooker is presented in Figure 4.5. Slow cookers consist of a
cooking vessel which is heated by a resistive element, and a processor to regulate the average
power drawn based on the chosen heat setting option. The slow cooker in this study offers
three heat settings: low, high, and warm. Heat losses to the environment are experienced by
the body of the cooker. This study focuses on cooking with constant power which is achieved
by selecting the high heat setting option. Therefore, the modelling section considers only this

process.

4.3.2 Modelling of Cooking Appliance

The temperature of the cooking vessel and food mixture are considered for modelling the slow
cooker. The power drawn by the heating element is an input to the system and the energy
losses occur due to the environment. The analogous thermal circuit diagram that contains all

components is illustrated in Figure 4.6.

On the circuit diagram, the power input to the system P represents the heat source produced by
the heating element. This power directly causes an increase in the temperature of the cooking
vessel C., which then heats up the food mixture C,, through the contact thermal resistor Re..
The switch represents a relay which is energised by the processor to regulate the average power

input. The entire system loses thermal energy to the ambient temperature through the resistor
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R,. By analysing the circuit, the state and output equations for the system are derived in

Equation (4.9) and Equation (4.10) respectively.

dTe(t 1 1 1
dt( ) — B (Recc€ + R(lCC) RecCe Tc(t) + 0 ﬁ P(t) (4 9)
dT. (¢ .
dt( : Re};ce - R;CE Te(t) c% 0 Tamb(t)
y(t) = Te(t) (4.10)
Where:

e P(t) is the element power [W]
e (., C. represent the thermal capacity of the cooking vessel and food mixture [J/°C]

o Te(t), Te(t), Tyump(t) is the real-time cooker element temperature, food mixture temper-

ature, and ambient temperature [°C]

o R.., R, represent the thermal resistance between the cooking vessel and food mixture,

and the thermal resistance between the cooker and surroundings [W/°C]

4.3.3 Parameter Identification

The slow cooker model consists of two first-order differential equations. The thermal capacitors
(Ce and C,) can be estimated using the specific heat capacity and mass of the cooking vessel
and the food mixture. However, the thermal resistors (R, and R,) are unknown and cannot
be easily tuned from measured data. The GA introduced in Section 3.3.2 is used to estimate
the parameter values of complex models. The algorithm initially considers the estimated values
of the parameters and their allowable range. It then uses the measured input power, internal
and ambient temperatures to estimate the parameters. The GA implementation is depicted by
the flowchart in Figure 4.7, and a detailed explanation of the implemented code is provided in

Appendiz C.3.2
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Figure 4.7: Flow chart of the GA estimator for parameter identification of a model.

Table 4.3: Parameters of a slow cooker model estimated using the GA.

Parameter R.. C, R, C.
Generated value 0.589 2881.7 0.420 3292.3
Unit °C/W J/°C °C/W J/°C

4.3.4 Model Validation

The slow cooker with specification of 200 W, 4 ¢ as discussed in Section 3.2 is used for validation.
The experiment used for validation is of cooking rice for 2.5 hours with water initially at
ambient temperature. The model using the state and output description in Fquation (4.9) and
Equation (4.10) has been developed in MATLAB Simulink and the diagram is presented in
Appendiz C.3.1. The steps taken to determine the model parameters using the GA is given in
Appendiz C.3.8 and the resulting values are summarised in Table 4.3. To test the validity of the
model, the same power and ambient temperature profile recorded from the cooker’s experiment
were applied in the simulation. The energy and temperature profiles of the measured and the

simulated results are presented in Figure 4.8.
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Figure 4.8: Experimental and simulated results of a slow cooker.

Table 4.4: Slow cooker comparison results: experiment vs simulation from Figure 4.8.

Cooking energy Experiment Simulation Difference
Heating stage (22.7 - 50 °C) [Wh] 101.01 102.58 1.55%
Heating stage (22.7 - 75 °C) [Wh)] 211.87 214.40 1.19 %
Heating stage (22.7 - 92.5 °C) [Wh] 409.90 385.09 6.05%

The temperatures observed in the experiment and simulation results exhibit a level of similarity
with a mean absolute error of 0.72 °C. The energy consumed to reach the three temperature
levels is presented in Table 4.4. The simulated energy at the end of the cooking period is
underestimated by only 6%. This level of agreement provides evidence for the effectiveness of
both the developed model and the parameter identification method, which suggests that they

can be applied to simulate the performance of the slow cooker.



Chapter 4 — Model Development 42

4.4 Conclusion

The models presented for the thermal storage tank and cooking appliance using the thermal-
electrical analogy, provide a valuable tool for simulating their performance. These models have
been calibrated and validated using experimental results and have been shown to accurately
capture the energy flow and internal temperature behaviour of the subsystems. The ability to
simulate the behaviour of these systems means the energy requirements of the hybrid cooking

system can be explored under various cooking scenarios.



Chapter 5

Pre-Heated Water Influence

This chapter evaluates the impact of using pre-heated water at the start of the cooking process.
The evaluation is explored using experiments of cooking rice starting at different temperature
levels, where the cooking energy results of water temperatures above ambient are compared.
The chapter is organised into three sections: the impact of cooking rice using pre-heated water
is discussed in Section 5.1, the resulting reduction in additional electrical energy is detailed in

Section 5.2, and the conclusion is provided in Section 5.5.

5.1 Effects of Cooking using Pre-Heated Water

The experimental setup and the parameters for exploring the influence of cooking with pre-
heated water are discussed in Section 3.2.3. Rice was cooked for three hours (approximately 500
Wh of additional electrical energy) with water starting at 25.0 °C “the experiment baseline”,
and for the same period with pre-heated water at 50.0, 75.0 and 97.6 °C. The results from
the experiments are demonstrated in Figure 5.1. The profiles show the absorbed MC of the
rice, inside temperature dynamics, and the initial thermal energy added with the cumulative

electrical energy consumption of the cooking process.

The profiles in Figure 5.1 show that the rate of moisture absorption is quicker initially with

pre-heated water, and that the rice-water mixture reaches steady-state temperatures quicker.
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Figure 5.1: Resulting profiles of rice MC, rice-water temperature, and the added electrical

energy combined with the initial thermal energy of water.

Between 1.0 and 2.0 hours, the moisture absorption rate slows down rapidly for the cooking

processes that started with pre-heated water. From 2.0 to 2.5 hours, the MC increased by less

than 2% indicating that the rice has absorbed almost all the available water in the cooking

vessel. The scatter plots of the measured MC exhibit a strong exponential growth which are

improved by fitting exponential trend lines as shown in Figure 5.1.

Table 5.1 shows the evaluated state of rice results from the subjective taste method starting

after the first hour. The rice cooked the fastest with water initially at 97.6 °C in 2.0 hours,
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Table 5.1: Evaluation of the state of rice using a subjective taste test.

Parameter 25 °C 50 °C 75 °C 100 °C

1.0 hours Under-cooked  Under-cooked  Under-cooked  Under-cooked
1.5 hours Under-cooked  Under-cooked  Under-cooked  Under-cooked
2.0 hours Under-cooked  Under-cooked  Under-cooked  Well-cooked
2.5 hours Under-cooked  Well-cooked Well-cooked Well-cooked
3.0 hours Well-cooked Well-cooked Well-cooked Well-cooked

Table 5.2: Results of cooking rice in a slow cooker with pre-heated water of different tempera-
tures.

Parameter 25°C 50°C 75°C 100 °C
Initial water temperature [°C] 26.00  52.00 77.00  97.60
Ambient temperature [°C] 22.86 22.14 22.56 22.07
Thermal energy of water added [Wh] 2.20 20.81 3794  52.64
Electrical cooking energy [Wh] 453.36  417.86  376.37  304.03
Additional electrical energy reduction 0% 7.83%  16.98% 32.94%

followed by 75.0 °C and 50.0 °C, both in 2.5 hours. The experiment baseline, starting with
water at 25 °C finished last in 3.0 hours. For the MC results, well-cooked rice is benchmarked
between 58.5% and 60.5% MC. The minimum MC is determined from the taste tests and the
maximum MC is the rice that has absorbed all water. The minimum MC line is drawn on the

MC profiles to indicate the time and energy required for the rice to reach the well-cooked state.

5.2 Electrical Cooking Energy Reduction

From Figure 5.1, where the respective curves intersect the minimum MC line, the corresponding
electrical cooking energy added after using water at 25.0, 50.0, 75.0 and 97.6 °C is 453 Wh
(2.75 hours), 418 Wh (2.49 hours), 376 Wh (2.24 hours), and 304 Wh (1.77 hours), respectively.
This means pre-heated water temperatures can potentially reduce the electrical component of

cooking energy by a range of 7.83 to 32.9%, as presented in Table 5.2.

The experimental results have demonstrated the effectiveness of using pre-heated water initially
to cook rice. In order to establish a mathematical relationship between the initial water tem-
perature and the reduction in additional electrical energy, the results are plotted in Figure 5.2.
Three different trend lines: linear, quadratic and exponential are fitted on the data points using

Equation (5.1), Equation (5.2), and Equation (5.3), respectively. The values of the coefficients
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Figure 5.2: Fitted linear, quadratic and exponential trend lines for the additional electrical

cooking energy reduction using pre-heated water.

of the three trend lines are summarised in Table 5.3.

Rp(AT) = aAT +b (5.1)
Rp(AT) = aAT? + bDAT + ¢ (5.2)
Rp(AT) = aev +c (5.3)

Where:
e Rp is the additional electrical energy reduction of the cooker [%)]
e AT is the temperature difference of pre-heated water and ambient [°C]

® a,b,cis the coefficient of the trend lines

By visual inspection, both the quadratic and exponential lines closely follow the trend of the

data points. The coefficient of determination (R? where R? € [0 1]) defined using Equation (5.4),
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Table 5.3: Coeflicient of a linear, quadratic, exponential trend lines from Figure 5.2.

Parameter Linear Quadratic Exponential
a 0.441 0.00450 7.632

b -3.546 0.0896 45.214

¢ 0.0147 -7.807

R? 0.950 0.995 0.998

is used to select the better fit line. The trend line with the highest value of R? means it is

better at predicting the data points.

> (Rp; — Ri)?

RZ=1- L
> ico(REi — Rp)?

e Where R? is the coefficient of determination

e Rp; is the energy reduction data points [%)]

e Rp is the mean value of the energy reduction data points [%)
o Rp; is the energy reduction points from the trend line [%)]

The R? values for each trend line are: 0.950 for linear, 0.995 for quadratic, and 0.998 for
exponential, as presented in Table 5.3. The exponential trend line provides the better fit with
the highest R? value that is closer to 1. Therefore, Equation (5.3) is selected to estimate the
additional electrical energy that can be reduced when the temperature of the water and ambient
are known. This means the required capacity of the battery that supplies the stored electrical
energy can be reduced by the same factor based on Equation (3.4). Considering that it is an
exponential growth, the electrical energy reduction from pre-heated water nearing boiling point

will be significantly greater compared to water at temperatures closer to ambient.

5.3 Conclusion

A cooking experimental setup was used to study the impact of cooking rice with pre-heated
water. It was showed from the experiments that rice absorbs water quicker, and the time to
reach the desired state decreases drastically when hot water temperatures are initially used.

This idea significantly decreases the additional electrical energy required to cook and the time
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to cook with a low-powered cooking appliance.

The experiments showed that pre-heated water at any temperature above ambient can reduce
the electrical component of cooking energy by up to 33%, in the case of boiling water. This
implied that the battery size required can be reduced by a similar range, which will carry

through to a reduction in the financial cost of the storage unit in PV systems.

An exponential equation is derived from the trend of the initial water and ambient temperature
difference against the additional electrical energy reduction of cooking rice. The following
chapter implements the idea in PV systems by using simulations of a storage water heater and

the slow cooker to determine its impact in everyday usage.



Chapter 6

Hybrid Cooking System Performance

This chapter covers the overall impact of supplementing a battery with a thermal storage tank
by considering typical cooking scenarios. The scenarios selected enable analysis of the systems
designed for cooking one to three meals throughout the day. This was done to evaluate the
extent that the thermal storage tank could reduce the battery capacity requirements of PV-
supplied cooking systems. The developed models of the subsystems in Chapter 4, and the
derived equation of the reduction in electrical component of cooking energy using the difference
between the water and ambient temperatures in Chapter 5 are utilised. The energy performance
of the electrical cooking systems is presented in Section 6.1, followed by a comparison with the
hybrid cooking systems in Section 6.2. A detailed discussion on how the hybrid storage topology
reduces the battery requirements is presented in Section 6.3, and the chapter is concluded in

Section 6.4.

6.1 Electrical Cooking System

This section presents an analysis of the performance of the electrical cooking system, exploring

the energy and battery capacity requirements for three cooking scenarios.

The three scenarios for cooking rice, as previously detailed in Section 3.4.1, are defined based on

the number of meals being cooked. Scenario S1 involves cooking one meal, scenario S2 involves

49
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Table 6.1: Electrical cooking energy and battery requirements in an electrical cooking system
for preparing one to three meals.

Parameter S1 S2 S3
Electrical cooking energy [Wh] 454.15 908.31 1 362.46
Battery capacity [Ah] 51.87 103.74 155.62

cooking two meals, and scenario S3 involves cooking three meals. Since it is a pure electrical
system with battery only, the cooking is started with water initially at ambient temperature
of 22.5 °C for all meals. The rice is prepared in high heating mode and the cooker consumes

454.15 Wh of additional electrical energy in 2.75 hours based on Equation (5.3).

The total additional electrical energy steps up by 454.15 Wh for each meal. In S1, the cooker
consumes 454.15 Wh from 04:00 pm to 06:45 pm. In 52, the cooker operates for a second session
from 04:00 am to 06:45 am and uses a total of 908.31 Wh. Finally in 53, the cooker operates
for a third session from 10:00 am to 12:45 pm and uses a total electrical energy of 1 362.46 Wh.
The battery capacity required to fulfil each cooking scenario is determined using Equation (5.4)
and the results are summarised in Table 6.1. The battery capacity required is 51.87 Ah for
one meal, 103.74 Ah for two meals, and 155.62 Ah for three meals. These results represent the
foundation for exploring the energy and battery requirements in the hybrid cooking system,

serving as a baseline for comparison in the following section.

6.2 Electrical-Thermal Cooking System

This section presents the results of the hybrid storage cooking system with battery and thermal
storage for three cooking scenarios. A comparison at three different daily solar irradiation
levels (Hpigh, Hmedium, and Hjo,) is made with the results obtained from the electrical cooking
system. The amount of PV energy used for water heating, the capability of the storage tank
to store hot water, and its effect on the electrical cooking energy and the battery capacity

requirements are discussed in the following subsections.
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6.2.1 Scenario S1: One Meal a Day

The results in Figure 6.1 show the profiles of the PV energy at different solar irradiation levels
used by the storage water heater, the corresponding water temperature, the water volume in
the tank, and the cumulative electrical energy of the cooker for preparing one meal in 24 hours.

The results of both the hybrid and electrical cooking systems are shown.

In the case of a hybrid cooking system, the PV power is diverted to heat water once the battery
is charged. As explained in Section 3.4.1, Hp;gp is simulated as a condition that produces
enough PV energy to heat-up water to the temperature set-point (similar to a fully charged
storage system). Hpedium is considered as 75% of the energy used in Hp;gp, and Hjo,, is 50% of
the energy used in Hp;gp. The results in Figure 6.1 show that the diversion process is started
from 01:44 pm for Hp;gp, 02:18 pm for H,,edium, and 02:52 pm for Hj,,, until 04:00 pm. This
results into PV energy consumption of 557.00 Wh, 417.80 Wh, and 278.54 Wh respectively by
the thermal storage tank. At 04:00 pm, the water temperature is 87.43 °C (Hpign), 72.23 °C
(Hmedium), and 56.37 °C (Hjyy), after which it begins to cool down. Due to the thermal

resistance of the tank, the water does not cool down fast.

To cook the one meal in scenario S1, 600 m¢ of water is drawn at 04:00 pm, which drops
the water volume from 5 to 4.4 ¢ in the tank. The implication of this volume change is dis-
cussed in detail with respect to scenarios where multiple meals are cooked in Section 6.2.2 and

Section 6.2.3.

The comparative results of the electrical and hybrid cooking systems for scenario S1 are pre-
sented in Table 6.2. The impact of using pre-heated water from the storage water heater is
evident from the cumulative electrical energy profiles of the cooker in Figure 6.1, which show
shorter cooking duration and lower electrical energy usage. In the electrical cooking system,
where water starting from ambient temperature is used at 04:00 pm, 454.15 Wh of electrical
energy is consumed to cook. However, in the hybrid cooking system, the difference between the
water and ambient temperature before cooking the first meal ranges from 33.87 to 64.93 °C, de-
pending on the level of solar irradiation. This results in an estimated 8.334 to 24.28% reduction

in the additional electrical cooking energy, meaning 415.58 to 343.30 Wh is used.
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Figure 6.1: Results of cooking one meal with an electrical and hybrid system.

The implications on the battery capacity is determined using Equation (3.4). From the pure
electrical cooking system results, the system requires an estimated battery capacity of 51.87 Ah.
However, with the addition of a storage water heater, approximately 4.40 to 12.66 Ah of battery
capacity could be reduced (or utilised for other household tasks). The required battery capacity

is estimated to be in the range of 39.21 to 47.47 Ah.
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Table 6.2: Performance of cooking one meal using electrical and hybrid system.

Parameter Electrical| Hybrid

Daily PV energy level - High Medium Low
Water and ambient temp diff. (1st meal) [°C] 0 64.93 49.74 33.87
Electrical energy reduction [%)] 0.0% 24.28%  15.12%  8.334%
Additional electrical cooking energy [Wh)] 454.15 343.30 384.81 415.58
Battery capacity [Ah] 51.87 39.21 43.95 47.47

6.2.2 Scenario S2: Two Meals a Day

The profiles in Figure 6.2 show the results of the hybrid and electrical cooking system when
two meals are prepared. The water draw to cook the first meal at 04:00 pm decreased the water
volume to 4.4 £. As mentioned in Section 4.2.83, this decreases the water thermal capacity of
water by 12.0% and increases the tank’s thermal resistance by 4.26%. Consequently, the time
constant, representing the product of thermal capacity and thermal resistance, decreases by

only 8.25%. This means the cooling trend speeds up by 8.25% after the water draw.

The second meal is prepared at 04:00 am, precisely 12 hours after the first meal. During this
period, the water temperature decreased to 34.94 °C for Hj,, , 40.77 °C for H,ediuwm, and
46.35 °C for Hp;gp,. This indicates some level of heat retention by the tank even after a reduced
water volume because the water remains hot enough to impact the cooking process of the second
meal. The second water draw of 600 m¢ causes another volume drop from 4.4 to 3.8 £. This
volume drop affects the potential to reduce the additional electrical energy of cooking the third

meal, as discussed in Section 6.2.3.

The comparative results of the hybrid and electrical cooking systems for scenario S2 are pre-
sented in Table 6.3. The electrical cooking system requires an additional 454.15 Wh of elec-
trical energy (totalling to 908.31 Wh) to cook the second meal from at 04:00 am compared
to scenario S1. In the hybrid cooking system, the difference between water and ambient tem-
peratures ranges from 12.44 to 23.85 °C which results in 2.24 to 5.13% reduction in additional
electrical energy. This is a lower range compared to the first meal prepared due to the first
water draw and cooling that occurred. Overall, the combined electrical energy reduction for
cooking two meals ranges from 5.29 to 14.70% which translates to a consumption of 773.42 to

858.77 Wh.
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Figure 6.2: Results of cooking two meals with an electrical and hybrid system.

To cater for cooking two meals after sun-hours, the electrical cooking system has twice the bat-

tery capacity amounting to 103.74 Ah. However, when a storage water heater is supplemented,

a capacity of 5.65 to 15.40 Ah can be reduced. This means a smaller battery size of 98.09 to

88.34 Ah can be used for completing two cooking processes.
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Table 6.3: Performance of cooking two meals using electrical and hybrid system.

Parameter Electrical Hybrid

Daily PV energy level - High Medium Low
Water and ambient temp diff. (1st meal) [°C] 0 64.93 49.74 33.87
Water and ambient temp diff. (2nd meal) [°C] 0 23.85 18.27 12.44
Additional electrical cooking energy [Wh)] 908.31 773.42 821.72 856.77
Total electrical energy reduction [%] 0.0% 14.70%  9.3713%  5.289%
Battery capacity [Ah] 103.74 88.34 93.86 98.09

6.2.3 Scenario S3: Three Meals a Day

The profiles in Figure 6.3 show the results of the hybrid and electrical cooking system when
three meals are prepared. The preparation of the third meal starts at 10:00 am. Between
sunrise and the start of preparing the third meal, the PV energy is directed towards recharging

the battery used for cooking the previous two meals and not for water heating.

The second water draw of 600 m/¢ reduced the time constant by another 8.25%, leading to
slightly faster cooling trends and relatively lower water temperatures of 29.63 °C for Hjgy,
32.97 °C for Hpedium, and 36.17 °C for Hp;gp at 10:00 am. The water temperatures are above
ambient can still influence the cooking process to reduce the additional electrical energy to
achieve a well-cooked rice. The third water draw of 600 m¢ causes the tank water volume to

decrease to 3.2 ¢ and can be refilled afterward.

The comparative results of the electrical and hybrid cooking systems for scenario S3 are pre-
sented in Table 6.4. The electrical cooking system consumes an additional 454.15 Wh of elec-
trical energy (totalling to 1 362.46 Wh) to cook the third meal compared to scenario S2. On
the other hand, in the hybrid cooking system, the difference between water and ambient tem-
peratures before cooking the third meal is in the range of 7.129 to 13.67 °C resulting in a 1.13
to 2.52% reduction in electrical energy usage. The combined electrical energy reduction range
for all three meals becomes 3.90 to 10.6%, which means an energy consumption of 1 307.01 to

1 215.36 Wh.

The electrical system requires a battery capacity of 155.62 Ah to cook all three meals. However,
by incorporating a storage water heater, it would be possible to reduce the required capacity by

6.34 to 16.81 Ah. This would allow for a 149.28 to 138.81 Ah battery to be used for completing
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Figure 6.3: Results of cooking three meals with an electrical and hybrid system.

all three cooking processes.

In scenario 53, a second option is to size the battery for the first two meals that are prepared
during off-peak sun hours. The third meal can be cooked mainly using PV power since it is
prepared starting from 10:00 am during on-peak sun hours. However, cooking using PV power

will increase the period required to fully charge the batteries. Nevertheless, the pre-heated
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Table 6.4: Performance of cooking three meals using electrical and hybrid system.

Parameter Electrical Hybrid

Daily PV energy level - High Medium Low
Water and ambient temp diff. (1st meal) [°C] 0 64.93 49.74 33.87
Water and ambient temp diff. (2nd meal) [°C] 0 23.85 18.27 12.44
Water and ambient temp diff. (3rd meal) [°C] 0 13.67 10.47 7.129
Additional electrical cooking energy [Wh] 1 362.46 1215.36 1266.87 1 307.01
Total electrical energy reduction [%] 0.0% 10.64%  6.853%  3.902%
Battery capacity [Ah] (option 1) 155.62 138.81 14470  149.28
Battery capacity [Ah] (option 2) 103.74 88.34 93.86 98.09

water still reduces the cooking period, which allows for a much earlier diversion to heat water
again. As a result, a reduced battery size similar to scenario S2 with a capacity of 98.09 to

88.34 Ah can be used for the hybrid system.

6.3 Discussion

The simulation performance of a hybrid, electrical-thermal energy storage cooking system in
comparison to the electrical cooking system both supplied by solar PV has been analysed in
Section 6.2. Three cooking scenarios representing the number of rice meals cooked at different
times of the day within a 24-hour period were used. The first meal was prepared in the
afternoon, the second in the morning, and the third in the evening. Each meal was designed
to serve three to four individuals. The analysis focused on the ability of the hybrid system to
use PV energy for water heating after charging the battery, the effectiveness of the thermal
resistance of the tank, and a comparison of the electrical cooking energy and the battery
capacity requirements in the hybrid and electrical systems. The reduction of the electrical
cooking energy and the battery capacity requirements are summarised in Table 6.1, Table 6.2,

Table 6.3 and Table 6.4.

The battery size reduction plotted against the meal number cooked, and the battery require-

ments as a function of the total number of meals cooked are presented in Figure 6.4.

The electrical cooking system uses all energy stored in the battery to cook each meal with water
starting from ambient temperature, and the results serve as a baseline for comparison. On the

other hand, adding a storage water heater in the system reduces the battery size significantly,
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Figure 6.4: Battery requirements in an electrical and hybrid cooking system.

especially during high solar irradiation levels. However, the battery reduction values decrease for
meals cooked after the first one, primarily due to heat losses. Since the systems are PV-supplied,
the water is not re-heated due to the lack of PV energy after sunset until post midday the
following day when the batteries have charged. The battery reduction follows the exponential
decay trend of water cooling, as fitted on the scatter plots in Figure 6.4, with meals cooked after
a long cooling period having the lowest battery reduction. This emphasizes the importance of

good thermal resistance, as it can potentially maintain higher battery reduction for each meal

cooked.

The relationship between the number of meals cooked and the required battery capacity ex-
hibits a strong linear trend. The hybrid system has lower offsets than the electrical system,
which indicates the reduced capacity requirements. The linear trend is represented using Fqua-

tion (6.1), enabling estimation of the battery capacity needed based on the number of meals
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Table 6.5: Parameters of the battery capacity requirement to number of meals Fquation (6.1).

Parameter Electrical Hybrid

Daily PV energy level - High Medium Low
a [Ah/meals] 51.88 49.80 50.37 50.91
b [Ah] -0.01 -10.81 -6.58 -3.53

Table 6.6: Battery reduction in a hybrid cooking system compared to an electrical system.

Scenario Reduction

Scenario S1 8.33 to 24.3%
Scenario S2 5.29 to 14.7%
Scenario S3 3.90 to 10.6%

cooked. The parameters of the equation for each case are presented in Table 6.5.

CB(NM):CLNM-i-b (6.1)

Where:
e Cp is the battery capacity required for the selected number of meals [Ah]
e N, is the number of meals
e a is the linear best fit gradient [Ah/meals]
e b is the linear best fit offset [Ah]

The percentage reduction of the additional electrical cooking energy and the battery require-
ments are the same, as summarised in Table 6.6. The hybrid storage system can reduce the
battery requirements for cooking by a range of 8.33 to 24.3% for one meal, 5.29 to 14.7% for

two meals, and 3.90 to 10.6% for three meals.

6.4 Conclusion

This chapter has explored the performance of a PV-supplied cooking system with hybrid,
electrical-thermal storage and compared it to the performance of an electrical cooking sys-
tem. Three cooking scenarios representing meals cooked at different times of the day were used

as case study. The use of PV energy by a storage water heater after charging the battery has
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led to significant reductions in the electrical component of cooking energy even at low solar
irradiation levels. However, it was observed that water draws after sunset reduce the potential
for higher electrical energy reduction for meals cooked later. The thermal resistance of the
storage tank played a significant role in maintaining the water at a useful temperature, which

influenced each of the three meals cooked before reheating again with PV energy.

In the three cooking scenarios considered, the storage water heater of the hybrid cooking system
reduced the additional electrical energy to cook rice by up to 24.3% for one meal, 14.7% for
two meals, and 10.6% for three meals in comparison to the electrical cooking system. These
results translate to a similar battery capacity reduction, which demonstrate the potential for
significant cost savings or the ability to allocate the saved battery capacity for other household

tasks.

These results are subject to variation based on different cooking scenario designs, ambient
temperatures, and thermal resistance of the thermal storage tank, as these factors significantly
impact the performance of the system. The following chapter discusses the extent to which

these variables and others could affect the key results and also discusses further research work.



Chapter 7

Discussion of the Research

This chapter presents the discussion of the key research results in terms of validity and reliability
in Section 7.1. Limitations on areas of the research and potential directions for further research

work are explored in Section 7.2. The conclusion is presented in Section 7.3.

7.1 Discussion of Results

The study has demonstrated, through experiments and simulations, the extent that a thermal
storage tank can reduce the battery size requirements in PV cooking systems. This was the
aim of the study, however, there are assumed variables that could impact the obtained results.

The variables and their potential influence are discussed in the following subsections.

7.1.1 Varying and Fixed Volume Storage Tanks

The choice of a varying or fixed water volume storage water heater can affect the water cooling
trends and, therefore, the amount of electrical energy required for cooking. In the study, an urn
which is not piped and has a varying water volume was selected in order to analyse a system
that is not limited to households with piped water. However, some rural areas have access to
piped water, which makes a piped tank with fixed water volume (such as a small geyser or a
wall mounted instant water boiler) more beneficial. The results of the three cooking scenarios

for a fixed volume tank are presented in Appendiz D, and the key findings in comparison to the

61
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Table 7.1: Comparison of battery size reduction between a varying and fixed volume storage
water heater.

Scenario Varying Volume Fixed Volume
Scenario S1 8.33 to 24.3% 8.33 to 24.3%
Scenario S2 5.29 to 14.7% 5.24 to 14.6%
Scenario S3 3.90 to 10.6% 3.84 to 10.5%

varying water volume tank are summarised in Table 7.1.

The fixed volume tank exhibits a lower battery reduction on scenarios S2 and S3 by approxi-
mately 0.1% because its cooling trend is slightly faster compared to the varying volume tank
after draw events. This is because the replacement of water after a draw event mixes with colder
water at ambient, which decreases the water temperature compared to reducing the volume of
water (which also increases the thermal resistance by reducing the contact surface area). The
difference in battery reductions is minimal, however, using a fixed volume tank eliminates the

need to manually refill water after usage.

7.1.2 Environmental Conditions

Environmental conditions are one of the factors that affect the energy performance of PV
systems. The simulations considered different solar irradiation levels, which produced variations
in water temperatures of the storage water heater. The ambient temperature of 22.5 °C was
chosen as the average room temperature across all seasons, which produced average results. The
battery reduction results of low- and high-level ambient temperatures (a deviation of +20% from

the average temperature T,) under the same cooking scenarios are presented in Table 7.2.

In instances of high ambient temperatures, heat losses to the surroundings are minimised due
to a low difference between the internal water and ambient temperatures. Consequently, the
battery reduction becomes exponentially low compared to cases with low ambient temperatures.
As presented in Table 7.2, using +20% ambient temperature results in a decrease of up to 3.2%,
while a -20% deviation increases the reduction by up to 2.4%. Therefore, if the PV system can
be able to heat-up water across all seasons, high battery reductions are expected during winter
seasons (where the average ambient temperatures is low), and low battery reductions during

summer months (where the average ambient temperatures is high). However, it is worth noting
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Table 7.2: Comparison of battery size reduction with different ambient temperature values.

Scenario T, 0.8T7, 1.2T,

Scenario S1 8.33t0 24.3%  9.56 to0 26.7%  7.19 to 21.1%
Scenario S2 529 to 14.7%  6.04 to 16.1%  4.58 to 12.9%
Scenario S3 3.90 to 10.6%  4.45 to 11.6%  3.39 to 9.35%

that cooking meals in lower ambient temperatures required more energy compared to higher

ambient temperatures.

7.1.3 Cooking Times

The cooking scenarios of the study are based on the number of meals and the start time for
cooking them. A change of when the meal is started could impact the results. It has been shown
that meals cooked in the evening result in higher battery size reductions than meals cooked
after an extended period of no PV energy. Table 7.4 shows how the battery size reduction is

affected when the cooking time is shifted by 41 hour.

If the starting time is shifted by an hour earlier, the reduction decreases for scenario S1 by up
to 14% because the storage water heater is still heating up and the initial water temperatures
used are low. In the case of starting an hour later, the reduction only decreases by 3.1%. It is
then recommended to schedule cooking meals during periods of high water temperature, such
as in the afternoon and evening, in order to require less additional electrical energy and achieve

higher battery reductions.

7.1.4 Thermal Resistance

The research has demonstrated that the cooling operation of the investigated thermal storage
tank can retain 5¢ of water above 40 °C for 18 hours without re-heating. However, the low
temperature level yields lower battery reduction based on the equation of the electrical energy
reduction. To ensure that the water temperature inside the tank stays hot after 24 hours even
in colder weather temperatures, the tank’s thermal resistance R, can be improved. Table 7.4
shows how the battery size reduction is affected when using thermal resistance of 1.1R,, 10R,

and 100R,,.
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Table 7.3: Comparison of battery size reduction by shifting the cooking start times.

Scenario 0 hour -1.0 hours +1.0 hours

Scenario S1 8.33 t0 24.3%  0.544 to 9.74% 7.51 to 21.2%
Scenario S2 5.29 to 14.7%  0.836 to 7.70% 4.78 to 12.9%
Scenario S3 3.90 to 10.6% 1.03 to 6.04%  3.53 to 9.39%

Table 7.4: Comparison of battery size reduction with different thermal resistance values.

Scenario R, 1.1R, 10R, 100R,

Scenario S1 8.33 to 24.3%  8.38 t0 24.3%  8.82 to 24.3%  8.87 to 24.3%
Scenario S2 5.29 to 14.7%  5.45 to 15.01% 8.22 to 22.2%  8.80 to 24.1%
Scenario S3 3.90 to 10.6%  4.08 to 11.01% 7.83 to 20.9%  8.76 to 23.9%

Improving the thermal resistance by a factor of 1.1 has a small change on the battery reduction,
with the highest increase being 0.41%. However, improving the thermal resistance by a factor
of 10 maintains the highest battery reduction at 20.9% or above, while a factor of 100 ensures
that the highest reduction is 23.9% or more in all scenarios. A large thermal resistance could
be achieved by using a similar small-sized storage tank such as a thermos that has vacuum

between its double walls to prevent heat from transferring by convection.

7.1.5 Meal Size

The size of the rice meal considered is for three to four servings, and changing the meal size may
not result in a proportional increase or decrease in electrical cooking energy. This is because
the main factor influencing rice cooking is the internal temperature rather than the amount of
heat supplied to the cooker. For example, cooking for two or six people may require roughly
the same amount of electrical energy as cooking for four people. However, the water volume
required from the storage water heater will vary based on the desired amount of rice using the
same rice to water ratio of 1:2. Table 7.5 shows how the battery reduction is affected when

cooking rice for three and six servings.

Doubling the meal size does not affect the battery reduction in scenario S1 since the pre-heated
water remains consistent in both cases. However, there is a slight decrease of up to 0.4% in
battery reduction for scenarios S2 and S3. This is because drawing double the amount of water
to cook rice for six servings compared to three servings cools down the water temperatures

faster. Consequently, this reduces the potential for higher battery reduction.
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Table 7.5: Comparison of battery size reduction with different meal sizes.

Scenario 3 servings 6 servings

Scenario S1 8.33 to 24.3% 8.33 to 24.3%
Scenario S2 5.29 to 14.7% 5.14 to 14.3%
Scenario S3 3.90 to 10.6% 3.68 to 10.1%

In applications of larger cooking systems that serve more than six people and require larger-sized
PV and battery storage, the amount of electrical energy required for cooking would increase.

However, when using the same rice to water ratio, the same battery reduction is expected.

7.2 Further Research Work

Having explored the extent to which adding a thermal storage tank to PV-supplied cooking
systems reduces the battery size requirements, it is important to note the limitations of this
research and potential directions for future work. The following subsections will outline these

areas for further exploration.

7.2.1 Food and State Measurement

The state of rice is determined using an objective method for moisture content and a subjective
taste method. It is suggested that integrating with an objective method for hardness could
improve the accuracy of the food state results. A method to compress the rice grains and
measure the force deformation data can be used. Additionally, the work could expand to
include other staple foods commonly consumed in Africa, such as maize, millet, and wheat,
to gain more comprehensive understanding of how the thermal storage tank can reduce the

battery size requirements.

7.2.2 Cooking Appliance Technology

To adapt the cooking system topology, it would be beneficial to consider an easier cooking
process. The selected slow cooker does not have the ability to determine when to stop cooking
based on the readiness of the internal food mixture. Therefore, it is recommended to consider
automated cookers with similar specifications that can detect when the food is well-cooked and

turn off automatically. For instance, some basic rice cookers monitor the temperature of the
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food mixture and automatically switch off the heat once it surpasses the boiling point of water,

indicating that the rice has fully absorbed the available water.

7.2.3 Large Scale Application

Scaling the idea for micro-grid PV systems could offer significant benefits to rural communities
powered by PV systems. One of the challenges faced by micro-grids is also the inability to
store and make use of PV energy at low-cost. Larger water volumes have the advantage of a
slower cooling curve because of larger thermal capacity. With this advantage, hot water can be
supplied to individual households using insulated tubes. Similar concepts have been proven to
work with other thermal storage technologies to provide hot water and heating for households,

as discussed in Section 2.2.

7.3 Conclusion

The variables that could impact the key results obtained throughout the study have been
identified and discussed. In addition, the factors that could potentially limit the adoption of
the hybrid cooking system topology have been identified, and further research was provided to

address these limitations and optimise the design and performance of the system.



Chapter 8

Conclusion Remarks

The high energy requirements of cooking and the intermittent nature of renewables present
a significant challenge in providing clean, cheap and sustainable cooking alternatives. This
dissertation has addressed this challenge by exploring the performance of a hybrid energy storage
system with a battery and a thermal storage tank for PV-supplied cooking systems. The
thermal storage tank acts as a secondary storage system that heats up after the battery reached
maximum capacity. In this way, the PV energy is stored in a combined cost-effective storage
unit because thermal storage systems usually use cheaper storage materials than electrochemical
batteries. This study aimed to explore the performance of the hybrid storage topology, and
to achieve this goal, a research question and three research objectives were formulated. The
following sections outline the outcomes of the research work presented in the preceding chapters

and the conclusions made to answer the research question.

8.1 Summary of Research Work

In Chapter 2, a food-safe storage water heater with good thermal insulation is identified as a
promising candidate for storing thermal energy in PV cooking systems. This type of storage
system is commonly found in households and can directly influence the cooking process. Al-
though the literature investigates various thermal storage methods in renewable-based systems,

the methods were found to be inadequate and too complex for small-scale cooking applications.
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Thermal modelling techniques that translate thermal systems to electrical elements were identi-
fied as suitable methods to simulate the performance of the hybrid system under various cooking
scenarios. Moisture content and hardness measurement methods are necessary to objectively

determine the readiness of staple foods such as rice.

The research approach in Chapter 38 demonstrated the idea that PV energy for cooking could
be stored in two separate storage units instead of a single high-cost battery. The hybrid storage
cooking system, which supplements a thermal storage tank with a battery was explained with
its subsystems. The thermal storage tank was chosen as a storage water heater designed to
heat up water when the batteries have charged, and a slow cooker was chosen as the cooking
appliance. The thermal-electrical analogy was chosen to model the storage water heater and
the slow cooker. Rice was chosen as the cooking medium because it is the widely consumed
staple food and the fastest growing in Africa that also benefits from initially cooking it with pre-
heated water. The chosen measurement method of the readiness of rice uses moisture content
and a subjective taste evaluation technique. The experiments and cooking scenarios selected

to explore the performance of the hybrid system topology were also discussed in detail.

The models of the storage water heater and the cooking appliance were presented in Chapter 4.
The models were built using the thermal-electrical analogy, which allowed simulations that
captures the power and temperature performance. The storage water heater model was designed
to have a varying thermal capacitor as water, which resulted in a single first-order differential
equation that was simple to calibrate its parameters using measured results. The cooking
appliance model was designed to have two thermal capacitors as the cooking vessel and food
mixture, which resulted into two first-order differential equations. The model required an
identification model to calibrate some of its parameters using measured results. Both models
were validated against physical tests, where their internal temperature and energy consumption

performance demonstrated a close similarity.

The results of the cooking experiments, which studied the effect of cooking rice for three to four
servings with pre-heated water were presented in Chapter 5. The findings showed that when the
temperature of the initial water used for cooking is increased, rice absorbs water more quickly,

softens faster and reaches a well-cooked state sooner. In addition, as the rice continues to cook,
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the moisture absorption rate decreases drastically and reaches steady-state indicating that it
has absorbed all the water. The results demonstrated that using pre-heated water between 50
to 97.6 °C can reduce the additional electrical energy to cook rice by a range of 7.8 to 32.9%.
Interestingly, the points of the temperature difference between the initial water and ambient
plotted against the electrical energy reduction revealed a strong exponential relationship. An
equation was derived from the two variables to estimate the expected electrical energy reduction

based on the initial water and ambient temperature difference.

The overall benefits of the hybrid storage system topology in PV-supplied cooking systems is
investigated in Chapter 6 using the models from Chapter 4, and the electrical energy reduction
equation from Chapter 5. Three cooking scenarios were considered within a 24-hour period
where each meal is designed for three to four servings, and the energy performance of hybrid
cooking systems were compared against pure electrical systems. In the hybrid system, PV
energy was used to heat the water from midday to afternoon, which cools after sunset. The
thermal resistance of the storage tank played a crucial role in keeping the water hot enough
to influence each meal before the water reheats again the following day. In scenarios where
more than one meal was cooked, the hot water draws resulted in a faster water cooling trend.
This reduction decreased the potential for having a higher electrical energy reduction for meals
cooked afterward. The values of the reduced electrical energy were then translated into reduced
battery capacities, which provides an option for a lower battery cost system or a saved-up
battery capacity for other household tasks. The findings from the cooking scenarios are that
the thermal storage tank reduces the electrical component of cooking energy by up to 24.3%
for one meal (51.87 to 39.21 Ah battery reduction), 14.7% for two meals (103.74 to 88.34 Ah

battery reduction), and 10.6% for three meals (155.62 to 138.81 Ah battery reduction).

The assumed factors that could impact the obtained results are discussed in Chapter 7, along
with recommendations for further research. The key factors identified are the time to start to
cook meals and the thermal resistance of the storage tank. The discussion suggested that the
afternoon and evening periods be used for cooking in order to achieve higher battery reductions
due to hotter water temperatures from the tank. In addition, if the thermal resistance of the

selected storage tank is improved by at least ten times the tank keeps the water hot enough to
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reduce the battery size requirements in all cooking scenarios by more than 20.8%. The future
research is proposed to focus on considering other staple foods commonly consumed in Africa,

the use of automated cookers, and consideration of large scale applications.

8.2 Conclusion

In conclusion, the research objectives and how they were achieved are discussed, and the findings

are linked to the research question.

The first objective was to identify a commonly consumed staple food item that can benefit
from a cooking process using pre-heated water from the thermal storage tank, with an objec-
tive measurement method for evaluating the state of the food. Rice was used as the cooking
food medium throughout the research and it was evaluated that starting to cook it with pre-
heated water had a positive impact on its readiness. A moisture content measurement method
was developed to measure the state of the rice at regular intervals during the cooking pro-
cess, which successfully provided observable results on how the state of the rice changes when
different water temperatures are initially used. Additionally, a subjective taste method was
used to determine the state of rice and assisted in selecting the benchmark points for well-
cooked state in the moisture content method. These methods were effective in determining
when the rice becomes well-cooked and allowed for a reliable evaluation of the effects of hot
water addition on the cooking of rice. The future work can enhance the measurements by
incorporating an objective method to measure the hardness of rice to better analyse its state

closer to the benchmark points.

The second objective was to develop and validate mathematical models of a storage water
heater and a cooking appliance taking into account the thermal losses involved. The models
of the subsystems were based on the thermal-electrical analogy and validated against mea-
sured results. The storage water heater model captured the heating, steady-state, and cooling
stage operations, along with changes in water volume and thermal resistance when hot water
is drawn. Simulation results of a tank with and without a water draw showed good agreement

to the measured water temperature, element switching times, and energy consumption results.
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The cooking appliance model captured the heating stage operation and produced an internal
temperature response of rice that closely matched the measured results. The successful develop-
ment of the validated models allowed for exploration of the performance of the hybrid cooking

system topology under varying cooking conditions.

The third objective was to examine the impact of reducing the additional electrical energy
required for cooking with this topology using the developed models through case study scenarios.
This was achieved by conducting experiments and simulations on the hybrid cooking system.
The experiments with four different water temperatures ranging from 25.0 to 97.6 °C achieved
a reduction in electrical energy required to cook rice to a range of 7.8 to 32.9%. An exponential
equation was derived from the results to estimate the electrical cooking energy reduction based
on the pre-heated water and ambient temperature difference. The simulation results of three
realistic cooking scenarios showed a significant electrical cooking energy reduction in the hybrid
system when compared to a pure electrical system. The thermal storage tank reduced the
electrical cooking energy by a range of 8.33 to 24.3% for one meal, 5.29 to 14.7% for two meals,
and 3.90 to 10.6% for three meals prepared in a day under different solar irradiation conditions.
The obtained results are subject to potential improvements if a storage tank with a thermal

resistance of at least ten times is used.

The research objectives were derived from the main research question: “To what extent can
a thermal storage tank, as a supplement to a battery storage system, reduce the electrical
component of cooking energy in PV systems?” The findings indicated that the use of a storage
water heater as a thermal storage tank, with an initial water volume of 5 £ and thermal resistance
of 2.26 °C/W, reduces the electrical cooking energy by up to 24.3% for one meal, 14.7% for
two meals, and 10.6% for three meals. This reduction led to a corresponding reduction in the

required battery capacity for the PV systems.

Therefore, the findings from this study offer a significant contribution to enhancing access to
clean-cooking solutions in rural Africa. By including a thermal storage system using small com-
mercial storage water heaters with good thermal resistance in PV cooking systems, the size of a
high cost battery required initially could be reduced. This hybrid topology increases the finan-

cial affordability of off-grid cooking systems which improves access to clean-cooking solutions.
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Appendix A

Additional Background Information

A.1 Introduction

This appendix provides information on the sizing of a PV based electrical cooking system and
explores the potential opportunity to reduce the battery requirements through the addition of
a thermal storage system. It includes the modelling of the cooking load profile, the sizing of the
PV panel, and the analysis of both the electrical (with battery only) and hybrid (with battery

and thermal storage) cooking systems.

A.2 Cooking Load Profile and Battery Storage System

A load profile for cooking in a rural household is simulated to analyse the power and energy
behaviour of the PV systems throughout the day. The load focuses on the cooking of two rice
meals for breakfast and supper. As discussed in Section 3.2.3, previous studies on cooking rice
suggest that it can be cooked with electrical energy of less than 500 Wh. For the initial analysis,
this energy is allocated for each meal and assumed that it will fully prepare the rice. The
actual energy required to prepare well-cooked rice will be determined using the experimental
work given in Appendiz B. An electrical cooking appliance (with an average power of 166.67

W at high-heat level setting) is used to prepare the meal. Based on the power specifications,

7
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a meal takes three hours to be prepared. For breakfast, the cooking duration is selected to
start from 04:00 to 07:00 am, while for supper it starts 04:00 pm to 07:00 pm. These times are
chosen so that the meals are ready by the typical eating times of breakfast (before 08:00 am)
and supper (before 08:00 pm). The resulting load profile of cooking these meals is presented in
Figure A.2(a).

The simulated energy of the cooker occurs in the morning and afternoon and has no consumption
during the day. This motivates the necessity of a battery system in an electrical system to
capture and use the energy of the sun during off-peak sun hours. The cooking energy in a day
for the two meals amounts to 1.0 kWh. The battery in the electrical cooking system is sized to
match this daily energy demand and serves to charge with the difference between the PV and

load power.

A.3 Solar PV System

The solar PV system is sized and simulated to assess the power generation from the PV panel
throughout the day. The irradiance and the temperature data measured every minute for five
years (2018 to 2022) in Pretoria, South Africa were obtained from the Southern African Univer-
sities Radiometric Network (SAURAN) website to size and model the daily power variability of
the panel [1]. The average daily solar irradiance, and three approximation methods: peak-sun
hours, triangular, and sinusoidal are shown in Figure A.1. The solar irradiation values of the

approximation method are summarised in Table A.1.

The sinusoidal approximation, which assumes a solar day of 11 hours, has a close similarly to
the measured average irradiance and has a lowest error for the daily solar irradiation. The
sinusoidal approximation using Fquation (A.1), is then chosen to determine the size of the PV
panel. The equation considers energy losses of subsystems using Equation (A.2). Based on the
daily energy consumption of cooking, as computed in Section A.2, the panel size was calculated

to be 245.02 W and a 250 W panel is chosen as the next available single panel size.

£y
Py = Gp [to (t-12)\ o
Nsgh _/;1 cos ( “x7 t
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Figure A.1: Daily averaged irradiance with different approximation methods.

Table A.1: Daily solar irradiation of the average irradiance and the approximation methods.

Parameter Solar day Irradiation Difference
Average irradiance 05:14 am to 06:56 pm 5 435.65 -
Peak-sun hours approximation 09:00 am to 03:00 pm 4 651.38 14.43
Triangular approximation 05:00 am to 07:00 pm 5 411.58 0.4428
Sinusoidal approximation 06:30 am to 05:30 pm 5 413.74 0.4031
Unit Wh/m? %

Ns = Ndc/ac X Nde/de X Nwire X b (A2)

Where:

e P, is the rated power of the PV array [W]

e Ey is the daily load energy consumption [Wh] (1.0 kWh)

e 7)5 is the system total efficiency (75%)

® Tdc/acs Nde/des Twire, and 1y is the inverter subsystem efficiency (90%), the charge controller

efficiency (90%), is the wire efficiency (97%), and the battery efficiency (95%), respectively.

e G,, Gy is the average daily peak solar irradiance (773.08 W/m?), and the irradiance under
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testing condition (1000 W/m?) [W/m?]
e t1,ty is the sunrise (6.5 hours) and sunset times (17.5 hours) [hours]
e AT is the solar day period [hours| (11 hours)

The power produced from a PV is simulated using a single-diode and series-resistor model
presented in [2, 3] shown using the voltage and current as in Equation (A.3). The substitution
Equation (A.}), Equation (A.5), Equation (A.6), Equation (A.7), and Equation (A.8) are also
defined. This model is chosen because it considers constant parameters obtained from the panel
datasheet of the manufacturer, as well as varying weather parameters such as solar irradiance

and cell temperature.

I
= VoG, T T 1—— ) — R,I A.
V = VoG, T) + Vir( )ln( ISC(G’T)> R (A.3)
G
Vool G, T) = Vo (1 + B(T = Tb)) + Vol <G> (A.4)
0
G
I,.(G,T) = se0 (1+a(T - 1Tp)) (A.5)
0
Rs _ ‘I/mpO _ 2vapO - ‘/ocO - (AG)
mp0 Imp(] + (IscO - ImpO)ln (1 - %ﬁ?)
T
Vr(T) = Vroo (A7)
0

(2Vmp0 - ‘/000)(]300 - ImpO)
Imp(] + (ISCO - ImpO)ln (1 - Imp0>

IscO

Vg =

Where:
e V, I is the panel voltage and current [V], [A]

e G, T is the irradiance and temperature values [W/m?], [*C]
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Table A.2: Parameter values of a solar PV from the datasheet of the manufacture under stan-
dard test conditions [4].

Parameter Voco Isco Vinpo  Impo Go To I3 «
Value 37.8 8.7 31.5 7.94 1000 25 -0.34 0.06
Unit \% A \% A W/m? °C %/°C  %/)°C

Algorithm 1 Solar PV power output using maximum power point (MPPT) tracking method

1: Initialize values of Vioco, Isco, Vimpo Impo, Go, To, B and « from the PV datasheet
Compute the initial values of Rs and Vg using Equation (A.6) and Equation (A.8)
Initialize the solar irradiace and temperature data values: G and T with size N
Compute the values of Voo(G,T), I,(G,T), and Vr(T) using Equation (A.4), Equation (A.5) and Equa-
tion (A.7) respectively
Initialize the MPPT container, Ppy (M PPT) with size N
for j in range 1:N do

Define new I values [0:0.001:1s.(j)]

Compute the corresponding V' values using Fquation (A.3)

Search for the maximum product value V' x I and insert value in Ppy (M PPT)
: end for

—_

Go, Tp is the irradiance and temperature for standard testing conditions (STC) [W/m?], [°C]

Voe(G, T), Is.(G, T) is the open circuit voltage and short circuit current at G and T [V], [A]

e Vp(T) is the thermal voltage at T value [V]

R, is the constant series resistance [(]

B, « is temperature coefficient of V,. and I,. [%/°C ]

Voco, Isco is the open circuit voltage and short circuit current under STC [V], [A]
® Voo, Impo is the voltage and current at maximum power under STC [V], [A]

The parameters of the chosen panel are presented in Table A.2. The PV is operated at its
maximum power by using the implemented Algorithm 1, which searches for the combination
of voltage and current from the VI results using Fquation (A.3) to obtain maximum power in
every irrandiance and temperature point. The expected PV power output using the irradiance

and temperature data is shown in Figure A.2(a).
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Algorithm 2 Energy performance of an electrical cooking system

1: Initialize the energy of the PV, load and battery containers: Epy, Er, Ep with size N

2: Find the time interval At of the data points

3: for j in range 1:N do

4: Compute the energy of the load: Er(j)+ = Pr(j) x At

5 Compute the energy supplied by the PV: Epv (j)+ = Ppv(MPPT)(j) x At

6 Compute the energy behaviour of the battery: Eg(j)+ = Epv(J) X Nac/de X Nwire X Mo — EL(J) + Nac/ac
7: end for

A.4 Electrical Cooking System

The cumulative energy of the PV system, the energy consumed by the load, and the usable
energy behaviour of the battery system are determined using Algorithm 2 and the results are
illustrated in Figure A.2(b). The simulation is started from 12:00 am for a full day, and the
battery begins at half of its usable energy (charged from the previous day) to supply the cooker

for the breakfast.

In the case of an electrical system, the battery discharges at 04:00 am to supply the cooker
for the first meal and around 06:15 am to 07:00 am some level of PV energy is supplemented.
The battery starts recharging after the cooking ends at 07:00 am achieving full capacity before
04:00 pm. After this, the cooking of the second meal begins and the V power output is below
the load, which means the battery discharges to supplement the PV. This process continues

daily depending on the panel generation and load behaviour.

A PV cooking system designed in this manner would require a battery size of around 1.45 kWh
(1.17 kWh of usable energy), which is unlikely to be affordable in rural Africa. This is primarily
because the average cost of lithium-ion batteries cost is approximately 139 USD/kWh, while
about 85% of Africans live under 5.50 USD/day [5, 6]. This means the cost of the battery is
more than what most Africans use in a month. Therefore, there is a need for a storage unit

that is cost-effective.

A.5 Hybrid Cooking System

It is hypothesised that using a hybrid cooking system, which combines a battery with a thermal

storage system could offer a reduced cost price. This stems from the assumption that thermal
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Figure A.2: Simulation results of a PV cooking system. (a) PV and electrical cooker profiles.
(b) Electrical cooking system. (c¢) Hybrid cooking system.

storage systems typically use low-cost storage materials compared to electrochemical batteries.

In this study, a storage water heater is considered, where heat is stored in the form of hot water,

which is advantageous because people usually live where there is access to water.

From an energy perspective, cooking energy is now split into two components: electrical and
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thermal (E(cooking) = E(battery)+ E(thermal)). To illustrate this concept, the total cooking
energy obtained in Section A.2 is divided as 75% electrical and 25% thermal energy, and the
energy results of the hybrid system are illustrated in Figure A.2(c). The terminology is that
thermal energy (hot water) is used initially, followed by electrical energy to complete the process.
This means the reduced battery would reach full capacity by 01:33 pm, with the remaining PV

energy (approximately 253 Wh, as shown by the black plot) is directed towards water heating.

While the hybrid cooking system topology, as explained, appears promising, the important

factors to consider in the system are:

e A cooking process relies on the temperature of the food mixture rather than the amount
of energy supplied to the food. The readiness of the food has to be monitored after the
addition of thermal energy to determine the actual amount of electrical energy required

to complete the cooking process.

e A thermal storage system is likely to experience high energy losses compared to the battery
on stand-by, which requires good resistance to store heat for long periods. A lossy storage
system would require a slightly larger panel size to compensate for the energy losses,

which is still likely to be cheaper than considering a larger battery.

A.6 Conclusion

This appendix focused on the sizing of a PV system with a battery for a simulated cooking
load, and highlighted the potential to store part of the PV energy generated into a thermal

storage system in order to have a reduced battery size.
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Appendix B

Cooking System Experimentation

B.1 Introduction

This appendix serves as a detailed lab report outlining the materials and experimental methods
used during the research in the Goldfields Laboratory at the University of the Witwatersrand
(Wits), Johannesburg. It covers the cooking experimental setup, thermal storage tank setup

and the moisture content measurement equipment used.

B.2 Cooking Experiment Setup

The cooking experimental setup with a slow cooker is shown in Figure B.1. The slow cooker
model is a SC-6004S and it has a measured peak power of 200 W and its cooking vessel has
a volume of 4¢. The power flow to the slow cooker is measured using a measurement box
which stepped-down voltages and currents and a data logger recorded the data every second.
The temperature profiles were measured using two RTDs (PT100s); one sensor was placed
approximately 5 mm above the bottom of the cooking vessel to measure the temperature of the
food mixture (and not of the vessel which is at higher temperature), while the other measured

the ambient temperature and was positioned at least 30 cm away from the cooker.

86
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Measurement

Data logger RTDs Slow cooker
box

Figure B.1: Experiment setup of cooking with a slow cooker.

B.3 Measurement of Moisture Content

The high resolution scale allows for mass measurement of rice grains in order to determine the
moisture content of rice. The scale has a resolution of 1 mg, which when compared to average
mass of single grain (30 mg), the scale gives accurate measurements. Moreover, 50 grains were
sampled each time, reducing the maximum error to less than 0.07%. To ensure comparable
measurements, the scale is initially calibrated using a calibration weight of 20 g. The scale used

in the experiments is shown in Figure B.2.

The initial investigation of how the moisture content of rice changes without heating it is done
using the cooking set-up described in Section B.2. The rice was submerged in water (at a ratio
of 1:2) for eight hours at ambient temperature of 25 °C without adding heat from the cooker.
Figure B.3 shows the rice-water temperature and the moisture content measurements taken
every 30 minutes. During the first hour, the moisture content steadily increased and reached
steady state after 1.5 hours. At the end of the 8-hour period, a significant amount of water
remained in the cooker, and upon taste evaluation, the rice was still hard for consumption (but

softer than the initial dry rice). The moisture content changed from 0 to 40.5% which falls
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Figure B.2: Measurement of rice weight using a weight scale
well below the lowest threshold value for well-cooked rice. This highlights that rice cannot be
well-cooked without the addition of heat to raise its temperature.

The moisture content trend exhibits an exponential growth which is represented by fitting an

exponential trend line given by FEquation (B.1).

MC = —ae™ " 4 ¢ (B.1)

Where:
e MC is the moisture content [%)]
e ¢ is the soaking period [s]

e a,b and c are the coefficients of the equation (a = 39.59%, b = 1.618 s~! and ¢ = 39.51%)

B.3.1 Rice Cooking Samples

The images in Figure B.4 show rice samples that were cooked using two different methods:
starting with water at room temperature (25 °C) and starting with pre-heated water (97.6 °C),

with samples taken every 30 minutes over a 3-hour cooking period. The images demonstrate
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Figure B.3: Resulting rice moisture content, rice-water and ambient temperatures of soaking
rice.

that the rice grains cooked with pre-heated water became less brown faster than those cooked
with water at room temperature (sample 1 and 2). This indicates that the grains started to

cook faster with pre-heated water.

Furthermore, the images show that by the end of the 3-hour cooking period, the whiteness
of rice grains in sample 7 with water starting at room temperature was similar to sample 5 of
water starting at boiling point. This suggests that using pre-heated water can result in a similar
degree of cooking within a shorter duration, as the rice grains cooked with pre-heated water
had already achieved a comparable state of cooking after two hours. These samples provide
similar evidence as the moisture content that using pre-heated water results in faster cooking

times for rice grains.
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Figure B.4: Rice samples of two cooking processes. (a) Initial water temperature of 25 °C. (b)
Initial water temperature of 97.6 °C.
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B.4 Thermal Energy Storage System Setup

The thermal storage is done with a storage water heater. The storage water heater under test
is a portable stainless-steel water urn with a maximum water volume of 15 ¢ and power rating
of 1.5 kW designed to operate in a vertical orientation. The use of gravity for water pressure to
exit and the top lid for water insertion are the primary design considerations. Unlike domestic
water heaters, the urn does not need to be pressurized and or have a fixed water volume. The

obtained water urn is shown in Figure B.5 (a).

B.4.1 Thermal Blanket

To increase the heat retention of the urn, a thermal blanket was wrapped around the tank, as
shown in Figure B.5 (b). The thermal blanket increased the thermal resistance of the tank by
4.55 times (from 0.497 to 2.26 °C/W), resulting in longer cooling times. From experimental
test, the water in the urn after applying a thermal blanket cools down from 87.6 to 40 °C over a
period of 17.9 hours (additional of 13 hours without it) with the ambient temperature remaining
approximately stable at 22.3 °C. Considering the availability of PV energy to maintain the water
in the urn at 87.5 °C until 04:00 pm, the urn will cool down to 40 °C at 09:56 am the following
day allowing for cooking in the morning. In general, the thermal blanket gives the urn good

heat retention capabilities, allowing it to store hot water for longer periods.

B.4.2 Power Consumption

The cooking system was sized for a small-scale PV system below 500 W of AC output including
the cooking appliance. To reduce power consumption of the urn from 1.5 kW to 250 W,
modifications were made to the urn. The method for reducing power consumption at 230 V
was accomplished using a variac to lower the voltage to the urn, as shown in Figure B.6. The

secondary voltage of the variac, Vs, is selected using Fquation (B.2).

V2
Ve =[P, Laed =94V (B.2)
Prated

Where:
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(a) Without a thermal blanket. (b) With a thermal blanket.

Figure B.5: Water urn under test. (a) Without a thermal blanket. (b) With a thermal blanket.

Figure B.6: Variac with current sensors on input and output.

o V.ateq is the rated operation voltage [V] (230 V)
o Prteq is the rated power [W] (1.5 kW)

e P; is the selected secondary power flow [W] (250 W)
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Figure B.7: Experiment setup of a thermal storage tank using a water urn.

B.4.3 Measurement Equipment

The volume of water in the urn is limited to 5 ¢, which is enough to cook three meals and to be
used for other cooking-related tasks within 24-hour period before refiling. The volume of water
inserted and drawn was measured using a scale with a resolution of 1 ml. Two RTDs were used
for water temperature measurement around the centre of the tank. The RTDs are connected to
a Data Acquisition System (model: DAQ970A) and logged every second. Two split-core current
transformers were used to measure the current drawn by the heating element of the urn on the
input and output of the variac. The voltage measurements were taken directly at the secondary
terminal of the variac. A secondary voltage and current measurement system was installed to
ensure the accuracy of the measured values by the DAQ. The period selected for water heating
(three hours) is controlled using a PLC system. The thermal storage experimental setup is

shown in Figure B.7.

B.4.4 Water Safety

Since the stored water is used for cooking, it is important to consider the safety of water. The
Legionella bacteria thrives in stationary water between temperatures of 20 to 45 °C, with the
optimal temperature being 32 to 37 °C [1]. Therefore, the low temperature set-point on the
thermostat cannot be below 40 °C. The water temperature should be maintained above 40 °C.

Since the appliance is portable, the 5¢ water can be replaced after it has been stored below
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40 °C for days.

B.5 Conclusion

The experimental work on both the cooking and thermal storage tank setups was presented.
The cooking setup involved the use of a slow cooker and measured the power consumption,
internal temperature, and moisture content of rice throughout the cooking process. On the
other hand, the thermal storage tank setup used a water urn with improved heat retention and

measured the internal water temperature, power consumption, water insertion, and draw.
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Model Simulation Code

C.1 Introduction

This appendix provides additional model designs for the storage water heater and the cooking
appliance. The methods used to calibrate the parameters for each model and the simulation

diagrams developed on MATLAB Simulink are provided.

C.2 Storage Water Heater

In this section, the simulation diagrams of the storage water heater, along with the equations
used for parameter tuning are given. The schematics and equations are based on the state and

output equations of the model discussed in the main document.

C.2.1 Simulation Model

The storage water heater models developed on MATLAB Simulink are illustrated in Figure C.1,
including the varying volume tank in Figure C.1 (a) and the fixed volume tank in Figure C.1 (b).
The varying volume tank is the one preferred in the main body, while the fixed volume tank
is used for performance comparison. The key difference between the two diagrams is that

the varying volume tank reduces the thermal capacitance of water during a draw event, while

95
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the fixed volume tank maintains a constant thermal capacitance by immediately replacing the

drawn hot water with colder water.

C.2.2 Parameter Estimation Equations

The equations for estimating the unknown parameters, R, and 7, are derived. The first-order

differential equation describing the circuit model is given by Equation (C.1).

IP(1) = Cunlt) 35 (T(0) + Cin(0) 55 (T0) = Tin0) + 7 (T(0) ~ Tams(®))  (C:1)

The parameters are found using a no water draw or insertion experiment, Cj,(t) = 0, mean-
ing constant total water capacity, Ciyn(t) = Cypp. The general solution of the internal water

temperature using Laplace Transforms is presented in Equation (C.2).

t—tg

T(t) = nP(t)Ra + Toump(t) + (T(to) — (NP (t)Ra + Toump(t)))e Cwnfa (C.2)

The value of the thermal resistance, R, is tuned using the cooling curve from the highest to the
lowest temperature when, P(t) = 0, which is given in Equation (C.3). R, values are computed

at each measurement point, and the average value is taken.

Ra = - L= lo (CB)

T()—Tomp (t
Cunln <T(E‘/0))*Tanfb((t)))

The value of the efficiency, 7, is tuned using the heating curve from the lowest to the highest wa-

ter temperature. The resulting equation, including the heat loss is presented in Equation (C.4).

t—tg

T(t) - Tamb(t) - (T(to) - Tamb(t)) e Cuwnfla
P(t)R, <1 - {%)

n= (C4)
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C.3 Cooking Appliance

In this section the MATLAB Simulink schematic is provided, illustrating the implementation
of the slow cooker model for simulation. The GA used for estimating the unknown parameters
is described in detail. The steps involved in using the GA along with the obtained estimated

parameters are also given.

C.3.1 Simulation Model

The MATLAB Simulink model of the cooking appliance is presented in Figure C.2. The model is
constructed using matrix terms obtained from the state-space Equation (C.5), which is derived
in the main document. The GA developed to estimate the parameters of the matrix entries is

explained in the following section.

dT.(¢) 1 1 1 1
@ || (Rec()e + RaCC) RecCe Te() 0 me P(t)

ar.t) | Ty (C5)
dt e ~mec: | | T o 0 Tam(t)
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C.3.2 Genetic Algorithm

The pseudo-code in Algorithm 3 (implemented on MATLAB) summarizes the developed GA
for the cooker. The algorithm determines the thermal resistor and capacitor parameters of the

cooking appliance, and the thermal resistor of the thermal energy storage system.

1. Initialization: Firstly, a population that contains a set of individuals is created. Each
individual contains genes with possible parameter values. The parameters are generated
using normal random distribution, with an estimated mean and standard deviation values.

The steps taken to estimate the mean values is explained in Section C.3.3.

2. Ewvaluation: A fitness function is used to evaluate the best generated individual (i.e. the

one with the highest fitness value). This function is defined using Equation (C.6).

1 K

3 where RM S = E Z(Tc(model)[i] - Tc(experiment) [Z])Q (06)
i=1

in) = ———
The root mean square (RMS) is obtained using the modelled internal temperature and
the experiment temperature with the experiment sample size, K. The next points, 3-5,
define the genetic operations applied to the initial population to produce a population of

new individuals.

3. Selection: The aim of this operation is to select the best individuals such that a new
population can be created. The method considers a small tournament of randomly selected
individuals from the population. New fitness values are calculated, and the best is inserted
in a selection container. The size of the selection container is the same as the initial

population. This operation is shown in Algorithm 4.

4. Crossover: The selection container is split into half to create two containers. The indi-
viduals in each container are used to generate two new individuals using the arithmetic

crossover method, with a randomly selected crossover value. This is shown in Algorithm 5.

5. Mutation: This operation is applied to mutate 20% of the randomly selected crossover

population. It adds a mutation factor (between 0 and 0.01) to each selected individual.
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Algorithm 3 Genetic Algorithm to obtain the parameters of a cooking appliance

19:

: Define N, G, 7, €

Obtain measured data: internal temperature, input power and ambient temperature

Initialize GA population, Py[Ce, Rec, Ce, Ra], use randomly selected within mean and standard deviation
range

Initialize g = 0, the iteration of the GA

while g < G do

for each individual i,, € Py do
Create the state-space parameters: A, B, C' and D; and input u
Simulate the cooking material temperature: T,(t)
Calculate the fitness value using the measured food mixture temperature
end for
Record the best individual: maximum fitness value
procedure GENERATIC OPERATIONS(Px)
Selection: Obtain new container, Ve,
Crossover: Create new population from the selected container, Py (neuw)
Mutation: Mutate a randomly selected percentage of, Py (new)
end procedure
Insert the recorded best individual in Py (new)
Replace content of Py by Py (new)
g++

20: end while
21: Output the best individual

Algorithm 4 Selection

1: Initialize the selection container, Vie;[Ce, Rec, Ce, Ra], of size N
2: for each entry in Vi.; do

3:
4
5
6:
7
8
9
0:

1

Define new tournament, I'-, by randomly selecting 7 individuals in Py
for each individual i,, € I'; do
Create the state-space parameters: A, B,C and D; and input u
Simulate the cooking material temperature: T.(t)
Calculate the fitness value using the measured food mixture temperature
end for
Insert the best individual in Vi

end for

The algorithm is shown in Algorithm 6.

Termination: The initial population is replaced with the new population generated
through the genetic operations and the algorithm repeats again. The process stops when
the absolute difference between the previous maximum fitness value and the new max-
imum fitness value is less than 0.0001, or when the maximum number of alterations is

reached.

C.3.3 Parameter Estimation

An experiment of a slow cooker with 300 mg of rice and 600 m/ of water (initial value 25 °C) was

conducted to obtain the parameters equivalent circuit model and to validate it. The internal
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Algorithm 5 Crossover

1: Equally split Ve into Vien and Viero
2: for each ise;1 and iseio: Where isei1 € Viern and iseiz € Vserz do
3: Generate a random number 8 € R [0, 1]

4 Create first child crossover: icrossi = isei1 - 8 + iser2 - (1 — 3)

5 Create second child crossover: icross2 = isei2 - 8 + tset1 - (1 — 8)
6: Insert ieross1 and feross2 into Phew

7: end for

Algorithm 6 Mutation

1: Define mutation pool, Vyyu:, by randomly selecting € individuals in Py (new)
2: for every entry i, € Vs do

3 Randomly select number of mutations: nmut € Z [1, npar]
4 for i in range 1Nyt do

5 Select a parameter index randomly i, € Z [0, npar-1]
6: Generate a random noise value n € R [0, 0.1]

7 Mutate the selected parameter: iy[ip] - = (1 4+ 7)

8 end for

9 Update the mutated individual i, in Vit

10: end for

11: Replace the mutated pool Vinut back to Py (new)

temperature, the input power consumption, and the ambient temperature were measured during

a 2.5-hour cooking period.

The slow cooker model incorporates two thermal capacitors, namely C, and C., which are
essential parameters for running the GA. C, represents the thermal mass of the heating element
and it is estimated by considering the mass of a ceramic material and its specific heat. On the
other hand, C,, represents the thermal mass of the food mixture, which is estimated by summing
up the product of the mass of water and its specific heat with the mass of rice and its specific

heat. The estimated values are summarised in Table C.1.

Given the limited information available to estimate the initial values of the thermal resistors,
R.. and R,, the GA was employed to derive these parameters with a large sample range. The
initial value of R.. has been set to 2.000, while the value of R, has been set to 0.250. To
account for potential variability in these estimates, a large standard deviation of 25% has been
applied for R, and 45% for R,. The values of the constants for the GA are N = 1000, K =
3010, G = 100, and 7 = 5. The resulting values obtained after running the GA are presented
in Table C.2.
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Table C.1: Initial value estimation of thermal capacitors of a slow cooker model.

Parameter m c Value
Ce 3.484 850 2961.4
C. 2.0 4182 8364
Unit kg J/kg-°C J/°C

Table C.2: Parameter values of a slow cooker model using the GA.

Parameter Rec:p(0)  Ce:plo)  Ra:plo)  Ce:p(o)
Initial value 2.00(25%)  2961.4(10%) 0.25(45%) 8364 (15%)
Generated value 0.589 2881.7 0.420 3292.3
Unit °C/W J/°C °C/W J/°C

C.4 Conclusion

The MATLAB Simulink model of the storage water heater, as well as the corresponding equa-
tions for calibrating the unknown parameters using experimental data, have been presented in
this appendix. Additionally, the Simulink model for the slow cooker, along with the Genetic
Algorithm (GA) employed for tuning the values of the unknown parameters using experimental

results are also demonstrated.



Appendix D

Hybrid Cooking System Performance:

Fixed Volume Tank Analysis

D.1 Introduction

This appendix delves into the performance evaluation of the hybrid storage cooking system
using a fixed volume storage water heater (piped tank). It examines three different cooking
scenarios and compares the energy performance against the baseline electrical cooking system.
The key findings are then compared to those obtained from a storage water heater with varying

volume (non-piped tank) presented in the main body of the document.

D.2 Scenario S1: One Meal a Day

The performance of an electrical and a hybrid cooking system with a piped storage water heater
is shown for the preparation of one meal in Figure D.1. A summary of the energy and battery
sizing results for both systems is presented in Table D.1. For scenario S1, where one meal is
cooked, 600 m/ of hot water is drawn at a constant flow rate of 36 £/hr at 04:00 pm. Due to the
piped tank, the water is replaced immediately with water at ambient temperature, causing the

water temperature to drop. The pre-heated water and ambient temperature difference before
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Figure D.1: Results of cooking one meal using an electrical and hybrid system with a piped
storage water heater.

cooking is 64.93 °C for Hp;gn, 49.74 °C for Hypedium, and 33.87 °C for Hj,,, which translated

to an energy reduction of 24.3%, 15.1% and 8.33% respectively. By using the hybrid system,

the battery capacity size of the electrical system can be reduced from 51.87 Ah to a capacity

of 47.47 to 39.21 Ah. It is noted that scenario S1 produced the same results for the piped and

non-piped storage water heater (results discussed in Section 6.2.1) since both cases the systems
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Table D.1: Performance of cooking one meal using electrical and hybrid system with a fixed
volume storage water heater.

Parameter Electrical| Hybrid

Daily PV energy level - High Medium Low
Water and ambient temp diff. (1st meal) [°C] 0 64.93 49.74 33.87
Electrical energy reduction [%] 0.0% 24.28%  15.12%  8.334%
Additional electrical cooking energy [Wh] 454.15 343.30 384.81 415.58
Battery capacity [Ah] 51.87 39.21 43.95 47.47

had not experienced any other water draw and cooling after heating from the PV energy.

D.3 Scenario S2: Two Meals a Day

The performance of an electrical cooking system and a hybrid cooking system with a piped
storage water heater is shown for the preparation of two meals in Figure D.2. A summary of
the energy and battery sizing results for both systems is presented in Table D.2. In scenario S2,
the first water draw and replacement at 04:00 pm resulted in a temperature decrease that
accelerated the cooling trend. The second meal was cooked 12 hours after the first meal at
04:00 am. During the 12-hour period, the water and ambient temperature difference dropped
to 22.98 °C for Hyign, 17.60 °C for Hppedium, and 11.99 °C for Hj,,, which translated to an energy
reduction of 4.88%, 3.47%, 2.14% respectively. Overall, the energy reduction for cooking two
meals amounts to a range of 5.24 to 14.6%. Therefore, the battery capacity of 103.74 Ah can
be replaced with a smaller battery of 98.14 to 88.47 Ah for completing two cooking processes in
the hybrid system. In scenario S2, the piped tank produced a slightly lower reduction by 0.12%
than the non-piped tank (results discussed in Section 6.2.2). This is because the replacement of
water after a draw event mixes with colder water at ambient which cools down faster compared
to reducing the volume of water (which also increases the thermal resistance by reducing the

contact surface area).

D.4 Scenario S3: Three Meals a Day

The performance of an electrical cooking system and a hybrid cooking system with a piped

storage water heater is shown for the preparation of three meals in Figure D.3. A summary of
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Figure D.2: Results of cooking two meals using an electrical and hybrid system with a piped
storage water heater.

the energy and battery sizing results for both systems is presented in Table D.3. The preparation
of the third meal starts at 10:00 am, after two previous meals were cooked earlier. In scenario S3,
the water continues to cool after the first two water draws, resulting in lower water to ambient
temperature differences of 12.86 °C for Hpign, 9.853 °C for Hpedium, and 6.709 °C for Hje,

before cooking the third meal. These temperatures result in electrical energy reductions of
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Table D.2: Performance of cooking two meals using electrical and hybrid system with a fixed
volume storage water heater.

Parameter Electrical Hybrid

Daily PV energy level - High Medium Low
Water and ambient temp diff. (1st meal) [°C] 0 64.93 49.74 33.87
Water and ambient temp diff. (2nd meal) [°C] 0 22.98 17.60 11.99
Additional electrical cooking energy [Wh] 908.31 774.53 822.49 856.22
Total electrical energy reduction [%] 0.0% 14.58%  9.290%  5.239%
Battery capacity [Ah] 103.74 88.47 93.94 98.14

Table D.3: Performance of cooking three meals using electrical and hybrid system with a fixed
volume storage water heater.

Parameter Electrical Hybrid

Daily PV energy level - High Medium Low
Water and ambient temp diff. (1st meal) [°C] 0 64.93 49.74 33.87
Water and ambient temp diff. (2nd meal) [°C] 0 22.98 17.60 11.99
Water and ambient temp diff. (3rd meal) [°C] 0 12.86 9.853 6.709
Additional electrical cooking energy [Wh)] 1 362.46 1217.30 126821 1 307.84
Total electrical energy reduction [%] 0.0% 10.50%  6.754%  3.841%
Battery capacity [Ah] (option 1) 155.62 139.04 144.85 149.38
Battery capacity [Ah] (option 2) 103.74 88.47 93.94 98.14

4.88%, 3.46% and 2.14% for cooking. Overall, the combined electrical energy reduction for
all three meals ranges from 3.84 to 10.5% compared to the electrical system, which allows for
smaller battery capacity of 149.38 to 139.04 Ah to be used, instead of the original 155.62 Ah.
Similar to scenario 52, the hybrid system with a piped tank produced a slightly lower reduction
by 0.1% compared to a non-piped tank (results discussed in Section 6.2.3) due to faster cooling
trends. However, due to the long 15-hour cooling periods, the temperatures in both tanks end
up stabilising close to ambient hence the difference is low. An alternative option for this system
is to size the battery for the first two meals that are prepared during off-peak sun hours using

the sizing results of scenario 52.

D.5 Conclusion

The performance of the hybrid storage cooking system with a fixed volume storage water
heater has been explored. The key results reveal significant reductions in electrical energy

consumption: up to 24.3% for one meal, up to 14.6% for two meals, and up to 10.5% for three
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Figure D.3: Results of cooking three meals using an electrical and hybrid system with a piped

storage water heater.

meals. Comparing the fixed volume tank with the varying volume tank, it has been observed

that the two and three meal preparations exhibit a slightly lower reduction by around 0.1%.

This can be attributed to the faster cooling times after the water withdrawal and replacement

with water at colder temperatures.

advantage of not having to manually replace water is the key benefit.

Since the difference is minimal between the tanks, the
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