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Solar water heating systems (SWHS) have fast become a suitable alternative to conventional

water heating systems due to growing energy demands. A SWHS generally consists of a solar

collector (which is used to convert solar radiation to heat), a water storage tank, and a flow

control device such as a pump in the case of forced circulation SWHS. Extensive research

and analysis on the operation and performance of these systems has been conducted, and

results show that optimal flow control is an important factor that can be used to improve the

performance and efficiency of SWHS.

This study focuses on pump flow rate optimization for forced circulation SWHS with pipes.

The system analyzed consists of an array of flat plate solar collectors, two storage tanks (one

for the circulation fluid and one for the water), a heat exchanger, two pumps, and connecting

pipes which are considered as one of the components of the SWHS so as to account for their

thermal effects. The proposed model is developed using mainly the first and second laws of

thermodynamics. The model is used to maximize the difference between the energy extracted

from the solar collector and the combined sum of the energy extracted by the heat exchanger

and corresponding energies used by the pumps in the primary and secondary loops. The

objective function maximizes the overall system energy gain whilst minimizing the sum of



the energy extracted by the heat exchanger and energy used by the corresponding pumps

in the secondary loop to conserve the stored energy and meet the user requirement of water

tank temperatures.

The model is solved using the fmincon solver in MATLAB’s optimization toolbox. When

compared to other flow control techniques, in particular the most suitable energy efficient

control strategy, the results of this study show a significant increase in the system’s overall

energy gain. The results also illustrate the effects of system pipe thermal losses for the

different control strategies, hence highlighting the importance of developing a model that

takes such losses into account so as to improve the overall accuracy of the model.
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ergie onttrekking, stelsel warmteverlies, termiese gemak.

Sonenergie-waterverwarmingstelsels (SWV) het vinnig ’n geskikte alternatief vir konven-

sionele waterverwarmingstelsels geword, weens die groeiende vraag na energie. ‘n SWV

bestaan gewoonlik uit ’n sonkollektor wat gebruik word om sonstraling om te skakel na hitte,

’n opgaartenk vir water, en ’n vloeibeheertoestel soos ’n pomp, in die geval van geforseerde

sirkulasie SWV. Uitgebreide navorsing en ontleding op die werking en prestasie van hierdie

stelsels is uitgevoer en die resultate toon dat die optimale vloeibeheer ’n belangrike faktor is

wat gebruik kan word om die prestasie en doeltreffendheid van SWV verbeter.

Hierdie studie fokus op die optimering van die vloeitempo van ’n pomp vir geforseerde sirku-

lasie sonenergie-waterverwarmingstelsels met pype. Die stelsel bestaan uit ’n verskeidenheid

van plat plaat sonkollektors, twee opgaartenks vir die sirkulasievloeistof en water, ’n hit-

teruiler, twee pompe, en verbindingspype. Die pype word beskou as geskeide komponente

in die stelsel sodat hul termiese effekte in ag geneem kan word. Die voorgestelde model is

ontwikkel met behulp van hoofsaaklik die eerste en tweede wette van termodinamika. Die

model word gebruik om die verskil te vind tussen die energie uit die sonkollektor en die

gekombineerde som van die energie wat deur die hitteruiler onttrek word, en die ooreen-

stemmende energie wat gebruik word deur die pompe in die primêre en sekondêre lusse te



maksimeer. Die doelfunksie maksimeer die algehele stelsel-energiewins en minimeer die som

van die bedrag wat deur die hitteruiler onttrek word en die ooreenstemmende energie van

die pomp in die sekondêre lus. Sodoende word daar aan die gebruiker se vereistes vir die

watertenktemperature voldoen.

Die model is opgelos deur gebruik van die fmincon oplosser in MATLAB. Wanneer dit verge-

lyk word met ander vloeibeheer tegnieke, veral die mees geskikte energie-doeltreffende be-

heerstrategie, toon die resultate van hierdie studie ’n beduidende toename in die algehele

energiewins.
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CHAPTER 1

INTRODUCTION

1.1 PROBLEM STATEMENT

Recently, intensive efforts have been made in attempt to either integrate or replace conven-

tional energy sources with renewable energy sources (RES) in order meet power demands

[1]. This is due to the fact that RES are non-polluting and non-depletable whilst having low

operation and maintenance costs, thus making them potential sources of alternative energy

[1, 2, 3]. Currently, there are more than 30 million square meters of solar collectors installed

around the world, making solar energy a popular and widely utilized form of renewable energy.

Solar water heating systems (SWHS) are among the most common and favorable renewable

energy systems as the use of these systems can result in significant energy savings. However,

there are limiting factors to be considered when utilizing SWHS. These include:

a) Unpredictable behavior (energy produced from RES may not always meet the demand)

b) Economic viability

c) Thermal performance

It is therefore essential to investigate methods to overcome these limitations so as to increase

the viability of SWHS. A common solution to the limitation mentioned in a) and b) is the use

of an effective thermal energy storage system (one that is able to store thermal energy at the

highest possible temperature whilst exhibiting minimal thermal losses). The main thermal
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energy storage techniques include: thermally stratified storage1 and reverable chemical heat

storage2. A second alternative that will impact a), b), and c) involves integrating SWHS

with a flow control device (pump) in order to increase the rate of energy transfer thereby

maximizing energy transfer from the solar collector to the energy storage units (tanks) [4,

6]. Optimal flow control is therefore an important factor that can be used to increase the

performance of SWHS.

The work presented in this dissertation focusses on maximizing the overall gain for a forced

circulation SWHS so as to improve its performance. This is achieved by finding the optimal

values for the circulation fluid and water mass flow rates.

1.2 RESEARCH OBJECTIVE AND QUESTIONS

The objective of this research is to investigate the possibility of finding optimal flow rates that

can increase the overall gain of a SWHS. The effects of flow rate control on the system thermal

losses will also be investigated. A mathematical model of the SWHS will be developed. The

model will accurately represent a SWHS and take into account connecting pipe losses. The

model will be used to maximize the overall energy gain of the a SWHS through maximizing

energy transfer to the energy storage tank of the SWHS. This is achieved by optimizing the

SWHS’s circulation fluid and water flow rates. The goals of this research are to obtain the

mentioned flow rates that will optimize the system so as to determine what effects these flow

rates will have on the system’s performance.

This study aims to address the following research questions:

• What are the optimum mass flow rates required to maximize energy transfer to the

load of an active solar water heating system?

• Can the thermal performance and operating efficiency of a forced circulation solar water
1Thermal stratified storage is a technique that is widely used in energy conservation and load management

applications. Stratification describes the temperature difference that can exist between different levels inside

a tank. A multinode approach (the tank is typically divided into N nodes) is used to characterize the energy

in the tank [4, 5].
2Reversible chemical heat storage is a technique that is based on the conversion of solar radiation into

high-temperature heat. This technique utilizes a system of reactants that either transfer energy to the storage

tank or extract energy from the tank. The system is connected in an open loop or closed-loop configuration[4].

Department of Electrical, Electronic and Computer Engineering
University of Pretoria
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heating system be improved through optimization of its circulation fluid and water flow

rates?

• What impact do the pump mass flow rates have on the tank and connecting pipe thermal

losses?

1.3 HYPOTHESIS AND APPROACH

It is hypothesized that the thermal performance and operating efficiency of a forced circulation

SWHS can be improved through optimization of its fluid and water mass flow rates. This

will impact the system’s thermal losses and payback period.

The approach to be followed in order to achieve the required outcome for the proposed

research is listed below:

1. Literature study - A literature study on the theory of Solar Water Heating systems

(SWHS) will be conducted, where all relevant literature relating to the different con-

figurations and models of active (SWHS) will be reviewed.

2. Development of a mathematical model - A mathematical model that can be used to

characterize forced circulation SWHS and optimize its flow rates to maximize energy

transfer to the load will be developed.

3. Simulation and results - A Matlab based algorithm will be selected and used used to

solve the optimization problem.

4. Case study and analysis - A case study will be presented and solved in order to illustrate

the application of the developed model and to analyze the results in order to answer

the proposed research questions.

1.4 RESEARCH CONTRIBUTION

In the current literature, certain models that have been developed to optimize energy trans-

fer for a SWHS were identified. These models consist of pumps that are connected in the

fluid and water circulation loops and are controlled by either bang bang control (the pumps

Department of Electrical, Electronic and Computer Engineering
University of Pretoria
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are switched on at a constant flow rate during times where energy can be transferred from

the collector of SWHS to its load, and off when this is not possible), through the use of a

proportional controller (the flow rate resulting from the pump speed is proportional to the

temperature difference between the collector and tank of the SWHS), or a proportional inte-

gral derivative (PID) controller. Some models propose a constant optimal flow rate through

out the optimization interval whilst others propose an alternate switching strategy such that

the flow rate switches continuously between its minimum and maximum values during periods

where solar radiation is available.

The proposed research will attempt to firstly improve the accuracy of current models through

considering pipe thermal losses which are neglected previous models. In the proposed model,

the losses are characterised as a function of the heat loss coefficients of the pipes (which

are calculated for every sample instant as oppose to keeping them constant), as well as

dimensions of the connecting pipe (inner diameter, length, and surface area). Secondly, while

most existing models have optimized flow rates for the daytime period where there is an

opportunity to extract energy, the proposed study will consider a SWHS with two storage

tanks (a circulation fluid tank and a water tank). The presence of these two energy storage

tanks will make it possible to optimize the flow rates of the two pumps over a 24 hour period

as opposed to only during the period when energy available from the Sun. Finally, unlike

other models that either aim to maximize the energy extracted from the solar collector or to

maximize the difference between the energy collected and the energy used by the pumps, the

proposed model is developed with two unique objectives; in the primary loop of the SWHS,

the flow rates are optimized for maximum energy transfer to the energy storage tank, whilst

in the secondary loop, the flow rates are optimized for minimum energy extraction from the

first energy storage tank in order to conserve energy. Along with this, the SWHS must meet

the user requirement of water tank temperatures at different hours of the day so as to increase

thermal comfort. Our objective is therefore to maximize the overall energy gain of the SWHS

in order to have a positive impact on the system’s thermal performance.

Department of Electrical, Electronic and Computer Engineering
University of Pretoria
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CHAPTER 2

LITERATURE STUDY

With an ever growing energy demand, SWHS have fast become a popular and suitable al-

ternative for water heating. This has led to an extensive amount of research that has been

conducted, with the aim of improving the overall performance of SWHS. In this chapter,

a summary of existing research that is focused on modelling and optimization of SWHS is

presented. In doing so, the research gap and area of focus regarding the proposed research is

highlighted.

2.1 SWHS CONNECTIONS AND CONFIGURATIONS

When modelling a SWHS, it is important to establish the type of connection that exists

between each of the units of the system. Units of a SWHS can be connected in either an

open loop or closed-loop configuration. This is shown in fig.2.1 and fig.2.2, where T1 is the

water storage tank and Tcw is the temperature of fresh incoming water to the storage tank.



Chapter 2 Literature Study

Figure 2.1: SWHS connected in an open loop configuration.

Figure 2.2: SWHS connected in a closed-loop configuration.

There are generally two methods of transferring heat from a solar collector to the storage tank.

The first method uses a passive SWHS (also known as a natural circulation or thermosyphon).

This system consists of a solar collector and a storage tank that is located above the solar

collector in order to allow water to flow through natural convection whenever a difference

in density is established in the storage tank due to an addition of energy from the solar

collector. Fig.2.1 and fig.2.2 illustrate a passive SWHS as there is no pump connected to

system to control the fluid flow rate [5]. The second method uses a forced circulation SWHS

(also known as an active SWHS). This system requires the use of a pump that is turned on

during the day for fluid circulation and off during the night to prevent reverse circulation. The

Department of Electrical, Electronic and Computer Engineering
University of Pretoria
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fluid in the tank may either be water or an antifreeze mixture (for climates where freezing

temperatures occur). An active SWHS may be connected in an open loop or closed-loop

configuration. Fig. 3.10 shows an active SWHS connected in an open loop configuration

where P1 represents the fluid circulation pump [5].

Figure 2.3: Active SWHS connected in a closed-loop configuration with a pump.

Optimization of SWHS connected in either an open loop or closed-loop configuration are

reported in [4, 7, 8, 9, 10, 11, 12, 13], with results suggesting that SWHS connected in an

open loop configuration result in a higher rate of energy transfer from the input loop to the

load when compared to SWHS connected in a closed loop configuration.

2.2 SOLAR COLLECTOR AND TANK STORAGE PARAMETERS

When modelling a SWHS, it is important to characterise its different units as a function

of the flat plate solar collector (FPSC) design parameters, storage tank design parameters

(STDP) as well as other external parameters such as the global irradiation. While certain

parameters such as global irradiation can not be modified as they are not in our control, there

are are other parameter such as FPSC and STDP that can be modified in order to enhance

the performance of a SWHS.

Department of Electrical, Electronic and Computer Engineering
University of Pretoria
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2.2.1 Solar collector parameters

When considering the solar collector, a first common design parameter involves selecting the

appropriate material for the absorber plate and cover for the collector. The two general

options are plastic and glass, with each option having its advantages and disadvantages.

Studies conducted in [14, 15, 16] show that a glass cover has the ability to absorb a large

amount of radiation when compared to that of plastic. However, glass covers are fragile and

have a high installation costs. Plastic covers are both low in weight and cheaper, however,

this material experiences significant thermal losses as well as long term degradation due to

exposure to the environment.

A second common set of design parameters is the collector heat loss coefficient and the heat

removal factor. These parameters are affected by a number of factors such as the selected

number of transparent collector covers, the bond conductance and the dimensions of the

collector (width, length of pipes, inner and outer diameter of pipes).

A study conducted in [17] investigates the effects that varying the number of transparent

collector covers would have on the collector heat loss coefficient and the overall performance

of the solar collector (SC). The results showed that increasing the number of covers reduces

the overall heat loss coefficient, and in doing so, increases the performance of the FPSC.

In [18], a new experimental method for the measurement of the bond conductance between

the absorber plate and the tube of a solar collector was developed. The bond conductance is

estimated based on the comparison between the energy generated and the energy absorbed.

The results of this study show that an increase in the bond conductance increased the collector

heat removal factor and performance of the solar collector.

A third common set of design parameters is the collector tilt angle and orientation. These pa-

rameters change the radiation that reaches the surface of the collector, and in doing so highly

influence the performance of the collector. Most studies regarding these design parameters

are focused on finding the optimal orientation and tilt angle for a fixed collector. In studies

conducted in [19, 20, 21], the optimal tilt angles and orientation of FPSC used for different

heating applications are investigated. The results of [19] suggest that the optimum tilt angle

is dependent on the operation strategy as well as the season, while in [20], it is suggested

Department of Electrical, Electronic and Computer Engineering
University of Pretoria
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that for certain countries it will be beneficial to mount the collector at a monthly average

tilt angle and adjust the slope accordingly every month. In [21], a performance analyisis of

the collector is conducted when the collector tilt angle is corrected annually, seasonally and

monthly. The results show that an increase in the the collector tilt angle correction frequency

leads to a 5.98%, 13.55% and 15.42% improvement in the energy collected.

2.2.2 Storage tank parameters

Aside from the SC, one may also improve the performance of a SWHS by selecting appropri-

ate design parameters for the storage tank. These parameters include the dimensions (which

would determine the volume) as well as the thermal properties of the tank. In [22], a method-

ology is presented for determining the optimal sizing of the main components (solar collector

and storage tank) of a SWHS in order to minimize energy consumption and cost, whilst

maximizing the solar fraction. The results of this study show that there is an optimal value

for the tank dimensions, though this value may be dependent on the SWHS and the water

heating requirement, if given. The impact of the storage tank dimensions on the performance

of a SWHS is briefly analysed in [7] where the height of the tank is treated as a control

variable. It was found that an increase in the tank height increases the volume of the tank

and in doing so, the thermal energy lost through the walls of the tank is increased. It was

also found that in the case of a constant mass flow rate, there exists an optimal tank volume

to tank height ratio that will optimize that the overall performance of the SWHS.

When working with storage tanks, it is important to establish whether or not the tank

operates with significant degrees of thermal stratification. Thermal stratification occurs when

a tank is at different temperature levels along the height of the tank as shown in fig. 2.4.

This can become extremely dangerous, especially in tanks that do not operate under the fully

mixed regime (passive SWHS) and have a common water inlet and outlet. When a storage

tank operates under the fully mixed regime, there is a constant circulation of water in the tank

which ensures that: the water temperature is at the same level, and most importantly that

there is a mixing of fresh water with the water already in the tank. When considering a tank

that operates under large degrees of thermal stratification, water in the tank is circulated

through natural convection resulting in thermal stratification. Due to this lack of water

Department of Electrical, Electronic and Computer Engineering
University of Pretoria
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circulation, when fresh water enters the tank, a thermocline1 is created which can persist for

many days trapping old water at the top of the tank and over time the old water may lose its

residual disinfectants making the water prone to growing disinfectant products such as bad

odours and bacteria [5, 24]. This would generally occur in large water tanks where the water

in the tank is much larger than the daily water usage.

Figure 2.4: Storage tank with thermal stratification.

Many stratified tank models have been developed in order to accurately model the variation

of temperature along the height of the tank. These models generally fall into two categories.

One involves a multinode approach, where a tank is modelled such that it is sectioned into

N nodes with energy balances written for each section of the tank. The result of this would

be N differential equations that can be solved to find the temperatures of each of the nodes

as a function of time. The other involves a plug flow approach, where segments of liquids at

different temperatures are assumed to move through the tank, and the models keep track of

the size, temperature and position of the segments [5].
1A thermocline refers to a sharp thermal boundary that will prevent the tank water from mixing [23].

Department of Electrical, Electronic and Computer Engineering
University of Pretoria
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2.3 FLOW RATE OPTIMIZATION

Optimal flow control is an important factor that can be used to increase the performance

of a SWHS. This strategy involves integrating a SWHS with a flow control device such as a

pump in order to increase the rate of energy transfer from the SC, thereby maximizing energy

transfer to the storage tank. [4, 6]. This can be achieved through the application of optimal

flow rate strategies.

Optimization will however result in different optimal strategies based on the objectives and

constraints of the defined problem. For instance, different optimal flow control strategies

may be obtained when considering cost minimization as oppose to energy maximization.

Existing approaches to energy maximization through mass flow rate control are reported in

[4, 7, 9, 8, 10, 11, 12, 13, 25]. In particular, [7] investigates optimal flow control of a closed-loop

SWHS with one and two serpentines used for heat exchange in the storage tank.

In this study, the tank is assumed to operate in the fully mixed regime in order to avoid

thermal stratification. The objective of this study is to determine the optimal flow rates

in the primary loops of the SWHS. The results show that optimal switching between the

minimum and maximum flow rate (mainly known as bang-bang control) yield a greater energy

gain, system efficiency and reduced system thermal losses when compared to traditional flow

strategies such as constant flow rate, proportional and proportional integral derivative (PID)

control. In the analysis of these results, it was shown that though the strategy proposed

reduces the rate energy transfer to the tank during the off period of the pump, there is a

reduction in the collector thermal losses during these intervals such that the overall gain

exceeds that of a system which would have had the pump on continuously during the day. It

was also noted that a SWHS model without a serpentine in the storage tank of the system

produces a greater energy gain when compared to a system with a serpentine, as its presence

reduces the rate of energy transfer from the primary loop to the tank and from the tank to

the secondary loop, at a rate that is proportional to the efficiency of the serpentine. Finally,

it was noted that the optimal control strategy differs seasonally, as the pump is kept on for

a greater period during the day for overcast days when compared to partially cloudy or clear

sky days.

In [9], optimal operation strategies for SWHS connected in an open loop configuration are

Department of Electrical, Electronic and Computer Engineering
University of Pretoria
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considered. Some authors state that in many instances, energy based measurements of the

performance of SWHS may be misleading, and that an exergy based analysis may be a more

realistic evaluation of the thermal performance of the system. This is because an exergy based

analysis can lead to the identification of inefficient parts of the SWHS as well as optimum

operating conditions [9]. The objective of this study was to determine optimal operation

strategies in order to maximize exergy gain with the water mass flow rate as the control

parameter. The results of this study suggest that a constant optimal mass flow rate (which

can be obtained using the overall average of the optimal mass flow rates that are determined

for each sample instance of the optimization interval) may be a good strategy during warmer

seasons of the year as this can yield results that are very close to the optimum results. It was

also found that there exists a correlation between the mass flow rate, fluid inlet temperature

and solar irradiation. A significant increase in the mass flow rate occurs with either an

increase in the fluid inlet temperature or with an increase in solar irradiation.

In [10], a low temperature solar water collector connected to a thermally stratified tank is

considered, with the objective of obtaining optimal mass flow rates required to maximize

the net gained energy. The resulting mass flow rate values are close to the minimum and

maximum limits which support the strategy of optimal switching between the minimum

and maximum available flow rate. It is therefore concluded that for passive SWHS with a

stratified storage tank, maximum flow rate is to be applied whenever there is a positive gain

from the collector and the thermal capacitance of the system is smaller than a given value.

In the event that the objective is to improve the criteria of performance of the system, it is

suggested the energy balance equation applied in the tank be expressed through the use of

ordinary differential equations so as to improve the overall accuracy of the system.

In [8], a co-generation system is devised for producing heating as well as cooling. The system

consists of of a solar collector, gas burner, thermal reservoir, hot water heat exchanger and

absorbtion refrigerator connected in a two loop configuration with two pumps. The objective

of this study is to maximize the system’s performance (reduce exergy destruction) whilst

also minimizing the system pull up and pull down times (time taken to reach a set point

temperature). A transient solar system mathematical model is developed in order to obtain

the system response as well as to calculate the efficiency of the entire system. The results show

that there exists a fundamental optimal set of three heat capacity rates that when optimized,

characterise the system such that maximum exergy is obtained. Two optimal constant pump
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flow rates values are obtained for the two pumps whilst meeting the secondary objective of

minimizing the system’s response time (pull up and pull down times).

In [11] an optimal control method for a solar collector loop in a closed-loop configuration is

studied. The system is described by a bilinear lumped parameter model for the collector fluid

temperature and a bilinear lumped parameter model for the storage fluid temperature. The

objective is to obtain optimum values for the collector fluid velocity, in order to maximize

the net energy that is collected over a fixed time period. The results agree with [9] and

[10] in that optimal switching will occur between the minimum and maximum flow limits.

The results also show that in instances where only two switches occur during the period of

operation, the optimal control is highly dependent on the temperature difference across the

collector.

In [12, 13] the application of block orientated type mathematical modeling is applied to the

SWHS with pumps. In this paper two different types of bang bang control are used. In

the first type (referred to as ordinary control), the on-off status of the pump is temperature

dependent, whilst in the second type (referred to as energy based control) the control action

is dependent on the comparison between the availability of extractable energy and the pump

power used to extract this energy. The results show that the energy based control method

results in greater energy gain and a higher water tank temperature.

Finally, a study highlighting the exergy dependence on the aperture area is conducted in [25].

An energetic optimization of flat plate solar collectors is developed in order to determine the

optimal performance and design parameters of the system. The objective is to determine the

optimum flow rate and collector aperture area combination that will result in a maximized

exergy efficiency. The results illustrate the dependence of exergy on the aperture area and

flow rate with maximized exergy outputs correlating to maximum flow rate and aperture area

values.

2.4 CONNECTING PIPE PARAMETERS

Connecting pipes form an integral part of the SWHS as they connect the solar collector to

energy storage tank, and in doing so make it possible for energy transfer to occur between

the solar collector and the storage tank. Any connecting pipe with a surface that is hotter
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than the surrounding will experience heat losses as well as energy losses [5]. Suitable pipe

thermal insulation is a general solution that is used to reduce these losses in order to improve

the overall thermal performance of SWHS with connecting pipes [5, 26]. In most SWHS

models that exist, pipe thermal losses are neglected as they are assumed to be insignificant.

This is generally a reasonable assumption to make in the case of SWHS with short well

insulated pipes. However, this assumption becomes invalid for cases where the solar collector

and storage tanks are not located in the same area as shown in fig. 2.5, thereby requiring

longer connecting pipes which will experience significant thermal losses. There are existing

Figure 2.5: Active SWHS with long connecting pipes.

studies that have shown that characterising system losses as a part of the SWHS model can
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provide a more realistic and accurate representation of the performance of a SWHS. In [27]

for instance, extended differential equations are used to model a SWHS consisting of a solar

collector, heat exchanger, energy storage tank and connecting pipes. The developed model

considers pipe thermal losses and simply illustrates the temperature distribution over the

components of the SWHS. When compared to measured results from a physical system, the

results of this model show lower absolute error values than those of the other models that do

not take system thermal losses into account. The results of [27] highlight the importance of

considering system thermal losses in order to increase the accuracy of any model. In attempt

to further the work that has been developed by the previous authors, this study focusses

on the design and optimization of a model that will characterise a SWHS consisting of an

array of solar collectors, two energy storage tanks and connecting pipes. The connecting pipe

thermal losses will therefore be characterised as a part of the SWHS model.

2.5 RESEARCH GAP

It has been shown that there is a large amount of existing studies focused on accurately mod-

eling SWHS with different objectives. Most studies on SWHS with primary and secondary

loops focus on finding optimal flow rates to maximize the primary loop gain whilst either

minimize the time to reach a set temperature, cost or payback period of the overall system.

Studies that aim to simultaneously maximize energy gain in the primary loop and minimize

energy loss to the secondary loop to conserve energy have not been identified. In the case of

active SWHS, no models have been identified with a combination of two energy storage tanks

and a specific output temperature load profile to allow for a 24 hour optimization of the mass

flow rates. Finally, when considering existing research where the mass flow rates were opti-

mized, current models are not designed to take the thermal losses of the connecting pipes into

account. In light of this, the proposed research is focused on pump flow rate optimization for

an active SWHS with two storage tanks and connecting pipes. The objective is to maximize

the overall energy gain of the SWHS, whilst taking into account the energy extracted from

the solar collector, the energy used by the pumps, as well as the energy transfer that occurs

between the two tanks. The presence of two storage tanks allows for optimization in tanks 1

and 2 during the day and in tank 2 during the night. Finally the model developed includes

connecting pipe thermal losses so as to obtain a more realistic model that can resemble that

of a physical SWHS to a greater degree of accuracy than current existing models.
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CHAPTER 3

THEORETICAL MODELLING

3.1 PROBLEM FORMULATION

The system considered in this paper is shown in fig.3.1. It consists of a flat plate solar collector

with surface area Acoll, a storage tank (T1) used to store circulation fluid with massMcf , and

specific heat capacity Ccf , a storage tank (T2) with water tank used to store water with mass

Mw, and specific heat capacity Cw, connecting pipes cpi of lengths Lcpi and inner diameter

dcpi for i = 1, ..., 6, as well as two pumps used in the primary and secondary loops of the

system. In the primary loop, the circulation fluid flowing at a mass flow rate of ṁcf leaves

tank T1 at a temperature of Ts1, enters the solar collector at temperature Tcf,in and leaves at

temperature Tcf,out. The secondary loop is used to extract energy from tank T1 through the

use of a serpentine (S) with a heat transfer surface area, transfer coefficient and efficiency of

As, Hs and ηs. In the secondary loop, water flowing at a mass flow rate of ṁw leaves tank T2

at temperature Ts2, enters the serpentine S at temperature Tw,in and leaves the serpentine at

a temperature of Tw,out. In order to ensure that water in tank T2 is maintained at a certain

level, cold water at a temperature of Tc enters tank T2 at the same mass flow rate ṁout that

water is extracted from T2 for hot water usage. Therefore the secondary part of the system

is connected in an open loop configuration.
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Figure 3.1: Forced circulation SWHS to be optimized.

In tank T1, a circulation fluid with low specific heat capacity and low freezing point (when

compared to water) is selected to ensure that the liquid does not freeze in areas with cold cli-

mates. Another benefit of this liquid is that it has a greater capacity to heat up with a smaller

change in energy when compared to specific heating capacity of water, thereby increasing the

SWHS’s capacity to store energy [28]. It should be noted that SWHS configurations similar

to that shown in fig.3.1 have been considered in other studies. More notably, similar systems

where considered in [8, 12, 13, 27]. What physically differentiates our system from the studies

noted above is the circulation fluid and the type of exchanger used the systems primary loop.

When considering the mathematical modelling and optimization of this system, none of the

studies indicated above model the connecting pipe thermal losses. Finally, the objectives

formulated for the system’s primary and secondary loop result in a unique problem.

3.2 SWHS MATHEMATICAL MODEL

3.2.1 Connecting pipe loss factors

Any pipe with a surface that is hotter than the surroundings will experience heat as well as

energy losses. These losses are affected by a number of factors, with the dominant ones being:

the type of material that the pipe is made of as well as the size and surface temperature of

the pipe. Pipe insulation is a popular method used to improve the thermal performance of a

pipe. It is therefore necessary to model insulation on a pipe in order evaluate a pipes thermal

performance [26]. The pipe thermal loss and decrease in temperature are characterised using

equations from [5, 26, 29, 30]. Fig.3.2 shows the cross section and length of an insulated pipe.
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Figure 3.2: Connecting pipes of SWHS. (a) Cross section and (b) Length of the insulated

pipe.

The thermal loss of the pipe may be obtained using the following relation:

Qpipe = L · π ·D3 · Up · (Tin − Ta), (3.1)

where: L is the length of the pipe, D3 the outer diameter, Up is the pipes overall heat loss

coefficient, Tin is the pipes inner temperature and Ta is the ambient temperature [26, 30].

The decrease in temperature due to the heat losses is approximated by

∆Tin = Up · L · π ·D3 · (Tin − Ta)
ṁp · Cp

, (3.2)

where ṁp and Cp are the mass flow rate and the specific heat capacity of the fluid flowing

in the pipe [5]. The pipes overall heat loss coefficient is determined using the following

relation:

Up = ( 1
D3

D1·hin
+

D3·ln( D2
D1

)
2·kpipe

+
D3·ln( D3

D2
)

2·kinsulation
+ 1

hout

), (3.3)

whereD1, D2 andD3 are the pipe insulation diameters as shown in fig.3.2, kpipe and kinsulation
are the thermal conductivity of the pipe and insulation material, hin, and hout are the heat

transfer coefficients of the inner and outer surface of the pipe [26].
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3.2.2 Solar collector

3.2.2.1 Practical solar collector model

It is often beneficial to also consider the modeling of a practical solar collector. In practice,

the efficiency of a solar collector is defined by the following relation:

η = η0 − a1 · Tm − Ta
G

− a2 · (Tm − Ta)2

G
, (3.4)

where: η0 is the zero loss efficiency, a1 and a2 are the first and second order loss coefficients,

Tm is the collector mean temperature, and Ta is the collector ambient temperature. The rate

of energy transfer from the collector is determined using:

P = A · (η0 ·G− a1 · (Tm − Ta) − a2 · (Tm − Ta)2), (3.5)

where A represents the aperture are of the solar collector and G represents the solar irra-

diation. In the case of a practical SC model, The fluid mass flow rate and collector mean

temperature are assumed to be constant. Depending on the type of practical solar collector,

one is able to obtain the required values for η0, a1 and a2 in order to determine its efficiency

and performance. In this study, theoretical SC model is selected over the practical SC model

as the control variables expressed in the theoretical model are treated as constants in the

practical model. The practical model is therefore used to validate the output of the theoret-

ical model. In order to achieve this, the parameters (mass flow rate, first and second heat

loss coefficients) of the theoretical model are selected such that the operating conditions of

both the theoretical and practical models are matched.

3.2.2.2 Theoretical solar collector model

The basic method of measuring the performance of a solar collector is through exposing it

to solar radiation and measuring the inlet and outlet temperatures as well as the flow rate of

the fluid [5]. The useful heat gain obtained by the circulation fluid is then:

Qin = ṁcf · Ccf (Tcf,out − Tcf,in). (3.6)

In order to determine the useful gain of the flat plate collector, it needs to be characterised

such that there is an indication of how it absorbs energy, as well as how it losses energy
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to the surroundings. The thermal performance of a collector under steady state operating

conditions (also known as the useful gain) is given by:

Qin = Acoll · Fr((tα)G− UL(Tcf,out − Tcf,in)). (3.7)

This equation is known as the Bliss-Hottel-Whillier relationship where: Fr is the collector

heat removal factor, t and α are the transmittance and absorbance factors, G is the global

irradiance incident on the aperture plane of the solar collector and UL is the collector overall

heat loss coefficient. The relation used to characterise the collector heat removal factor

is:

Fr = ṁcf · ccf
Acoll · UL

[1 − exp(Acoll · UL · Fprime
mcf · ccf

)], (3.8)

where Fprime is denoted as the collector efficiency. All other parameters in eq.(3.8) are de-

scribed in section 3.1. The overall thermal loss coefficient over the collector is given by:

UL = Ut + Ub + Ue, (3.9)

where: Ut is the collector top thermal loss coefficient, Ub is the collector bottom thermal loss

coefficient, and Ue is the collector edge thermal loss coefficients. Physically, these parameters

account for the thermal losses experienced in the top, bottom and edges of the solar collector.

The overall transmittance and absorbance factors of the solar collector are given by:

τ = τa · τrn, (3.10)

α = 1 − τa, (3.11)

where τa and τrn denote the the collector transmittances due to absorbtion and reflectance.

Equations obtained from [5, 18, 31, 32, 33, 34] are used to develop a model that characterizes

Fprime, Ut,Ub, Ue, τa and τrn as functions of the solar collector design parameters in order to

determine Fr, t, α, and UL. This is shown in Appendix A. The flow process to obtain the

useful gain of the solar collector is shown in fig.3.3.
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Figure 3.3: Flow process to obtain the useful gain of the solar collector.

Further, it is assumed that the useful gain at the collector is the same as the gain available

to the circulation fluid.

3.2.3 Circulation fluid storage tank

In order to characterise the thermal performance of the circulation fluid storage tank, the

first law of thermodynamics is applied to it. The energy balance in the tank is then given by

the following relation:

Mcf · Ccf · dTs1
dt

= Qin −Qout_1 −Qloss −Qpipe_1 −Qpipe_2, (3.12)

where: Mcf is the total mass of the circulation fluid, Qout_1 is the heat extracted from tank

T1 in order to heat up water in tank T2, Qloss is the heat lost in tank T1 due to the tank

thermal properties and Qpipe_1, Qpipe_2 are the heat losses due to the connecting pipes in

the primary loop [5, 7]. This is shown in the fig.3.4.
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Figure 3.4: Rate of energy extraction in the primary loop.

Qloss is given by the following relation:

Qloss = UT1 ·AT1(Ts − Tint), (3.13)

where: UT1 is the heat transfer coefficient between the circulation fluid stored in tank T1 and

the area that tank 1 is located, AT1 is the surface area tank T1, and Tint is the temperature

of the area where the storage tank is located [5, 7]. Eq. (3.12) must be integrated over

time to determine the long term thermal performance of the storage tank. There are many

possible numerical integration methods that can be used to achieve this. In this paper we have

used the Runge-Kutta fourth order numerical approximation method (RK4). This method is

selected due to the small truncation error per step size associated with it when compared to

other methods [35, 36]. The following relation is obtained through discretizing (3.12):

Tn+1 = Tn + tn+1 − tn
McfCcf

(Qinn −Qoutn −Qlossn −Qp1n −Qp2n) (3.14)

The Runge-Kutta method is then applied where (3.12) is approximated by the following

relation:

Tn+1 = Tn + h

6 (k1 + 2k2 + 2k3 + k4) (3.15)

where

k1 = Tn + tn+1 − tn
McfCcf

(Qinn −Qoutn −Qlossn −Qp1n −Qp2n) (3.16)

k2 = Tn+
t(n+ 1 + h

2 ) − t(n+ h
2 )

McfCcf
(Qin

n+ h
2

−Qout
n+ h

2
−Qloss

n+ h
2

−Qp1
n+ h

2
−Qp2

n+ h
2

) (3.17)

k3 = Tn+
t(n+ 1 + h

2 ) − t(n+ h
2 )

McfCcf
(Qin

n+ h
2

−Qout
n+ h

2
−Qloss

n+ h
2

−Qp1
n+ h

2
−Qp2

n+ h
2

) (3.18)
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k4 = Tn +
t(n+ 1 + h) − t(n+ h)

McfCcf
(Qinn+h

−Qoutn+h
−Qlossn+h

−Qp1n+h
−Qp2n+h

) (3.19)

In these relations, k1, k4 are increments on the slope based on the beginning and end interval

and k2, k3 are increments based on the slope at the midpoints (using Euler’s method) [35, 36].

The step size of each interval is denoted as h and Tn+1 represents the approximation of the

next state of Tn.

3.2.4 Water storage tank

The first law of thermodynamics is applied to water tank (T2) to form the following relation

for the energy balance in the tank:

(Mw · Cw) · dTs2
dt

= Qin_2 −Qload −Qloss_T2 −Qcw −Qpipe_3 −Qpipe_4, (3.20)

where

Qcw = ṁout · Cw(Ts2 − Tcw), (3.21)

Qload = ṁout · Cw(Ts2 − Tout), (3.22)

Qloss_T2 = UTs2 ·AT2(Ts2 − Tint). (3.23)

In (3.21), (3.22) and (3.23), Mw and Cw represent the mass and specific heat capacity of

water, Qin_2 is the heat added to tank T2 by the heat exchanger in tank T1, Qload is the

heat removed from the tank to the load, Qloss_T2 is the thermal losses of the water storage

tank, UTs2 is the heat transfer coefficient between the water stored in tank T2 and the area

that tank 2 is located, AT2 is the surface area tank T2, Qcw is the heat removed from the

tank through the addition of cold water at a flow rate of ṁout, Tout is user required value of

the temperature at the output of the SWHS and Qpipe_3, Qpipe_4 are the heat losses due to

connecting pipes cpi for i = 3, ..., 6. This is shown in fig.3.5.
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Figure 3.5: Rate of energy extraction the secondary loop.

3.2.5 Heat exchanger

The heat or rate of energy transfer to the secondary circuit (denoted as Qout_1) is obtained

through using a simple model that characterises the the thermal properties of a serpentine

which acts as the heat exchanger. In order to further simplify this model, it is assumed

that for a short time interval, the temperature (Ts2) in the water storage tank (T2) remains

constant. When dealing with a large mass of water (Mw), this assumption is seen to be

reasonable as the large mass would result in a small change in (Ts2) over a small period of

time. under the above mentioned assumption, the following relations are used to determine

the thermal performance of the serpentine:

Tw,out = Ts1 + (Tw,in − Ts1) exp(−h · S
η · ṁw

· Cw)), (3.24)

Qout_serp = ṁw · Cw(1 − exp(−h · S
η · ṁw

· Cw)) · (Ts1 − (Tw,in)), (3.25)

where

Tw,in = Ts2 − ∆Tin_pipe_4. (3.26)

In (3.24) and (3.25), h, η and S denote the heat transfer coefficient, the heat transfer sur-

face area, and the heat transfer efficiency of the serpentine. The heat transfer coefficient is

determined using the following relation [7]:

h = hlin
π ·Dserp

, (3.27)
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where hlin and Dserp are denoted as the average linear heat transfer coefficient and the

diameter of the serpentine. The heat transfer surface area is given by:

S = π ·Dserp · Lserp, (3.28)

where Dserp and Lserp are the inner diameter and length of the serpentine. Parameters η is

dependent on the type of serpentine selected. Equations obtained from [7, 37, 38] are used to

develop a model that characterizes h and S as functions of the serpentine design parameters.

This is shown in Appendix B. The flow process to obtain the rate of energy extraction for

the serpentine is shown in fig.3.6.

Figure 3.6: Flow process to obtain the rate of energy extraction for the serpentine.

3.2.6 Flow control

The thermal performance of a solar collector depends on a number of parameters as illustrated

in section 3.2.2.2. The main parameters of interest are the mass flow rates (ṁcf and ṁw)

which are controlled through the use of a water pump for each of the two fluid circulation

loops. The computation of the pump mechanical power required to circulate the fluid in the

primary and secondary loops of the system is determined using equations from [7, 39]. The

pump mechanical power is given by the following relation:

Ppump = Ppump,A + Ppump,duct, (3.29)
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where: Ppump,A represents the power required to cover the pressure losses in the solar col-

lector, and Ppump,duct represents the power required to cover the pressure losses in the pipes

connecting the solar collector to tank 1 in the primary loop, and connecting tank 1 to tank

2 in the secondary loop. Ppump,A is determined using the following equation:

Ppump,A = A

Acoll
Ppump,coll, (3.30)

where: A represents the surface area of of the tubes in the solar collector and Ppump,coll

represents the energy required to overcome the pressure losses ∆Pcoll in a single collector.

the equations for these parameters are shown below:

Ppump,coll = ṁcoll

ρcf
∆Pcoll, (3.31)

∆Pcoll = ζcoll
ρcf · w2

coll

2 , (3.32)

where

wcoll = ṁcoll

ρcf · acoll
. (3.33)

Parameters wcoll, ρcf , ζcoll and acoll represent the fluid speed at the inlet of the collector, the

working fluid mass density, the pressure loss coefficient and the cross sectional surface area

at the collector’s inlet. The mass flow rate at the input of the collector is given by:

ṁcoll = Acoll
A

ṁcf . (3.34)

Combining (3.30)-(3.34) results in the following relation:

Ppump,A = Kpump,A · ṁ3
cf , (3.35)

where the coefficient Kpump,A is determined using:

Kpump,A = ζcoll
2ρ2

cf

[ Acoll
acoll ·A

]2. (3.36)

The pump power necessary to cover the pressure losses over the collector ducts in the (SWHS)

is given by:

Ppump,duct = ṁcf

ρcf
∆Pduct, (3.37)
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where ṁcf and ρcf represent the fluid speed in the ducts and the working fluid mass density.

∆Pduct represents the pressure losses over the ducts and is given by:

∆Pduct = λduct
lduct
dduct

· ρcf · w2
duct

2 , (3.38)

where λduct, lduct and dduct are the friction factor of the duct, the length of the duct and the

inner diameter of the duct. The fluid speed in the duct (wduct) is given by:

wduct = 4
π

ṁcf

ρcf · d2
duct

. (3.39)

Combining (3.37)-(3.39) yields:

Ppump,duct = Kpump,duct · ṁ3
cf , (3.40)

where the coefficient Kpump,duct is given by:

Kpump,duct = 8
π2
λduct · lduct
ρ2
cf · d5

duct

, (3.41)

Finally, combining (3.35),(3.36),(3.40) and (3.41) yields:

Ppump = Kpump · ṁcf
3 (3.42)

where

Kpump = Kpump,A +Kpump,duct. (3.43)

The rate of energy usage of pumps P1 and P2 can therefore be individually denoted as

follows:

Ppump1 = Kpump1 · (ṁcf )3, (3.44)

Ppump2 = Kpump2 · (ṁw)3. (3.45)

It should be noted that for P2, Kpump,A = 0 as there is no solar collector connected in the

secondary loop. Using equations obtained from [7, 40, 39], ζcoll and λduct are characterised

as functions of the pump design parameters. This is shown in Appendix C. The flow process

to obtain the rate of energy usage of the pumps is shown in fig.3.7
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Figure 3.7: Flow process to obtain the rate of energy usage of the pumps.

3.3 MODEL OPTIMIZATION

In order to develop a model that will maximize the energy gain in the primary loop whilst

minimizing energy usage by the pumps as well as the rate of energy extraction from tank 1

to meet the energy requirements of tank 2 in the secondary loop, the following continuous

time objective function is formulated:

J(ṁcf , ṁw) =
∫ T

t=0
[Qin(ṁcf ) − (Ppump1(ṁcf ) + Ppump2(ṁw))]dt. (3.46)

where T denotes the terminal time or optimization interval which is selected as 24 hours.

The objective function is then expressed in the discrete time domain. This is given by:

J(ṁcf (i), ṁw(i)) =
N∑
i=1

[(Qin(ṁcf (i)) − (Ppump1(ṁcf (i)) + Ppump2(ṁw(i)))) · ∆i], (3.47)

where:

N = T

h
. (3.48)

The sample interval which is denoted as h is chosen as 10 minutes. Our objective is to

maximize this discrete energy function which consists of the rate of energy transfer over the

collector (Qin) and the power of the pumps in the primary and secondary loops (Ppump1
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and Ppump2). We therefore aim to maximize the difference between the gain over the SC

and the energy used by the pumps and in doing so, to maximize the overall gain of the

SWHS. This is achieved through negating and minimizing (3.47) as this is equivalent to

maximizing the original function. This is done in order to meet the structural requirements

of the Matlab toolbox used to solve the model. The optimization process is then summarised

as follows:

min[−J(ṁcf (i), ṁw(i))], (3.49)

subject to the following linear inequality constraints:

ṁmin
cf ≤ ṁcf (i) ≤ ṁmax

cf , (3.50)

ṁmin
w ≤ ṁw(i) ≤ ṁmax

w , (3.51)

Tmins1 ≤ Ts1(i) ≤ Tmaxs1 , (3.52)

Tmins2 ≤ Ts2(i) ≤ Tmaxs2 , (3.53)

for i = 1, ..., N , the following linear equality constraints:

Tcf,in(i) = Ts1(i) − ∆Tin,pipe_2(i), (3.54)

Ts1(i) = Tcf,out(i) − ∆Tin,pipe_1(i), (3.55)

Ts2(i) = Tw,out(i) − ∆Tin,pipe_3(i), (3.56)

Tw,in(i) = Ts2(i) − ∆Tin,pipe_4(i), (3.57)

Tout(i) = Ts2(i) − ∆Tin,pipe_5(i), (3.58)

Ts2_in(i) = Tcw(i) − ∆Tin,pipe_6(i), (3.59)

for i = 1, ..., N , and the following non linear inequality constraint:

Qout_serp(i) ≥ Qin_2(i), (3.60)

for i = 1, ..., N , where: ṁmin
cf , ṁmax

cf , ṁmin
w and ṁmax

w are the minimum and maximum

allowable fluid flow rates for pumps P1 and P2, while Tmins1 , Tmaxs1 , Tmins2 and Tmaxs2 are

the minimum and maximum allowable fluid tank temperatures based on the tank design

parameters. Equations (3.54)-(3.59) regulate the temperature distribution in the SWHS

taking into account the temperature losses in the connecting pipes (∆Tin,pipe_j where j =

1, ...., 6 according to fig.3.1) for each sample instant over the optimization interval, while (3.60)
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ensures that the rate of energy extraction by the serpentine meets the minimum requirement

from tank 2 in order to heat water up to the desired user temperature. It should be noted

that (3.54)-(3.59) represents system equations that satisfy the system model derived in section

3.2.

3.4 MODEL COMPUTATIONAL PROCEDURE

This section highlights the computational steps of the model. The aim is to obtain optimal

flow rates that will maximize the rate of energy extraction from the solar collector in the

systems primary loop, whilst minimizing the rate of energy usage of the pumps and the

serpentine in the system’s secondary loop. With the initial conditions, upper and lower

bounds of the control variables (ṁcf and ṁw) set, the optimization command is executed.

The command points to an energy function whose input variables are the control variables

(ṁcf and ṁw) ranging from 0.00001 to 0.1 kg/s in order to find the optimal solution that will

minimize (3.49) over the 24 hour optimization interval. In this function, the secondary loop is

analysed first in order to determine the rate of energy required from T1 to obtain the required

values of Tout. In addition to the parameters shown in tables 4.2–4.4, the developed model

uses initial values for Ts1i , Tcwi , Tpmi and Tfmi
as entry points. With the user requirement of

temperature values at the output of the SWHS (Tout) known over the 24 hour optimization

interval, Ts2i is determined using (3.58). The rate of energy transfer to the load (Qloadi
),

the rate of energy loss due to the thermal properties of tank 2 (Qloss_T2i
) and the rate

of energy loss (Qcwi) due to cold water entering tank 2 at temperature Ts2i are calculated

using (3.21), (3.22) and (3.23). With Ts2(i+1) known, the required rate of energy from the

circulation fluid water tank (Qin_2i) is then calculated using (3.20). In the system’s primary

loop, (3.9)–(3.11) are used to determine UL and the transmittance absorbance product (tα)

for the first sample instance. Fri , Qini , Qlossi
, Qout_serpi, Ppump1i , Ppump2i and Tcf,outi are

then calculated. Using these values, the value of Ts(i+1) is calculated using (3.12). The value

of Ts(i+1) is then used to calculate Tpm(i+1) and Tfm(i+1) using (A.14) and (A.25) which can

be found in Appendix A. The model therefore simulates this process with flow rates ṁcf and

ṁw ranging from 0.00001 to 0.1 kg/s to find the optimal solution that will minimize (3.49)

over the 24 hour optimization interval.

A flow chart illustrating the overview of the model computational procedure is shown in fig.
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3.8. A second flow chart illustrating the steps followed in the optimization process is shown

in fig.3.9.

Figure 3.8: Flowchart illustrating an overview of the optimization process.
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Figure 3.9: Flowchart illustrating the model optimization process.

3.5 VALIDATION OF MODEL

In order to validate the output of the proposed model, it was compared to the output of a

practical SWHS operating at a constant flow rate and with constant losses. In order to avoid

complexity, only the primary loop of the system is considered in the validation process. The

secondary loop consists of connecting pipes, a pump and two tanks that are used to store

energy. This loop is not evaluated as it is an extension of the primary loop. The system to

be considered is shown below:
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Figure 3.10: SWHS considered in the model validation.

This system represents the primary loop of the SWHS shown in fig.3.1. The efficiency and

power of the practical solar collector model are given by (3.4) and (3.5). The collector is

connected to a storage tank, whose rate of change of temperature is determined using (3.12).

In order to compare the output of the practical solar collector and the theoretical model

that we have derived, the input variables and losses must be the same. The parameters of

the practical solar collector are shown in table 3.1. The input solar radiation, and ambient

temperature used for the two models are shown in fig.4.1 and fig.4.2. Fig. 3.11 shows the

gain over the SC for the practical model and the theoretical model. From this figure it can

be seen that the model results are quite similar with minor differences occurring during the

morning after the pump has switched on and in the afternoon before the pump is switched

off.

The mathematical model developed is classified as a non-linear constrained model. In order

to solve this model, the fmincon function in MATLAB was used. The interior point, trust-

region-reflective, active-set and sequential-quadratic-programming (SQP) algorithms were all

tested. It was fount that the interior point algorithm produced the best results.

In order to further validate the results of the mathematical model, a second function was

formulated. This function is designed to determine the overall system gain as a function of

the mass flow rates. The resulting flow rates produced by the fmincon function were inserted

as inputs to the second function in order to evaluate what the resulting gain of the system

would be. It was found that the second function produces the same gain as that of the
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fmincon function.
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Figure 3.11: SWHS considered in the model validation.
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Table 3.1: Summary of results

Solar collector parameters Value Unit

Collector aperture area 12.54 m2

Zero loss efficiency 0.839 -

First order thermal loss coefficient 3.2 W
m2K

Second order thermal loss coefficient 0.0137 W
m2K

Flow rate (when solar radiation is available) 0.35 kg
s

Flow rate (no solar radiation available) 0.00001 kg
s

Mean plate temperature 50 ◦C
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CHAPTER 4

CASE STUDY

The objective of this case study is to illustrate the effects of mass flow rate optimization

on the total energy gain, pipe thermal losses and overall system efficiency of a SWHS. The

system to be optimized is a residential forced circulation SWHS that consists of an array of

six flat plate solar collectors connected to a circulation fluid storage tank, which in turn is

connected to a water tank as shown in figure 3.1.

4.1 DATA PRESENTATION

Table 4.1 (values adapted from [5, 7, 41]) shows the parameters of tank 1 and tank 2 as well

as the parameters of the fluids in the tanks.

The system’s solar collector parameters are shown in table 4.2 (values adapted from [5, 7, 27]).

The heat exchanger, connecting pipe and primary and secondary loop pump parameters are

shown in table 4.3 (values adapted from [5, 7, 26]).

Meteorological obtained from [12] was used in this study. The measured radiation and am-

bient temperature (at a constant wind velocity of 3.4m/s) for 10 minute intervals over a 24

hour optimization interval are shown in fig. 4.1 and fig.4.2.
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Figure 4.1: Solar radiation over the 24 hour optimization interval.
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Figure 4.2: Ambient temperature.
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Table 4.1: Fluid and tank parameters

Parameter Symbol Value Unit

Tank 1 (circulation fluid (Duratherm 600))

Tank diameter Dtank1 0.69 m

Tank height Htank1 1.6 m

Tank Volume Vtank1 598 l

Fluid specific heat capacity Ccf 1967 J(kg.K)−1

Fluid mass density ρcf 844.17 kg.m−3

Tank 2 (water)

Tank diameter Dtank2 0.69 m

Tank height Htank1 0.535 m

Tank volume Vtank1 200 l

Tank specific heat capacity Cw 4185 J(kg.K)−1

Tank mass density ρw 1000 kg.m−3
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Table 4.2: Flat plate solar collector parameters

Parameter Symbol Value Unit

Medium 1 (Air)

Relative reflective index n1 1 -

Medium 2 (Transparent layer)

Number of Transparent layers (cover) N 1 -

Thickness of each layer lt 0.004 m

Relative reflective index n2 1.526 -

Emittance εg 0.88 -

Absorbtion factor/coificient kabs 4 m−1

Absorber plate (Aluminium)

Emittance εp 0.1 -

Absorbance α 0.9 -

Thickness δp 0.0015 m

Thermal conductivity kp 211 W (m.K)−1

Mass density ρm 2700 kg.m−3

Specific heat capacity cm 896 J(kg.K)−1

Tube external diameter Dout 0.013 m

Tube internal diameter Di 0.01 m

Tube length lpipe 1.5 m

Drum Diameter dcoll 0.035 m

Bond conductance Cb 15 mK.W−1

Bottom thermal insulation (Polyurethane)

Thickness of the bottom thermal insulation Lb 0.05 m

Thermal conductivity kb 0.034 Wm−2K−1
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Table 4.3: Heat exchanger, connecting pipe and pump parameters

Parameter Symbol Value Unit

Heat exchanger (serpentine):

Length Lserp 10 m

Inner diameter Dserp 0.025 m

pipe wall thickness wserp 0.002 m

Heat transfer efficiency η0 0.1 -

Surface area S0 1.57 m2

Connecting pipes:

Pipe inner diameter D1 0.0825 m

Pipe inner diameter D2 0.0825 m

Pipe outer diameter D3 0.189 m

Length of each of the pipes Lcp 5 m

Thermal conductivity of pipe Kpipe 67 W.(m.K)−1

Thermal conductivity of insulating material Kins 0.07 W.(m.K)−1

Pump 1 and pump 2:

Rated power ppump_r 53 W

Maximum pump angular velocity wa 2430 rpm

Maximum pump linear velocity wl 1.2732 m/s
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The initial temperature of fluid in storage tank 1 is set at 75◦C to ensure that there is

sufficient energy to meet the water heating requirement of tank 2 during during the initial

optimization period without solar radiation. The required water mass flow rates and water

temperature at the output of the SWHS over the 24 hour optimization interval is shown in

table 4.4.

From table 4.4, it can be seen that the hot water demand occurs at different periods over

the 24 hour optimization interval, which presents the opportunity to optimize the mass flow

rates in both the primary and the secondary loops of the SWHS during periods where solar

radiation is available (daytime), and in the systems secondary loop during periods where

there is no available solar radiation (nighttime).
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Table 4.4: Required output water mass flow rate and output temperature

Time (30 min) Mout(kg.s−1) Required Ts2(◦c)

00:00 - 03:00 0.00001 41

03:00 - 03:10 0.1 50

03:10 - 03:20 0.1 60

03:20- 13:00 0.00001 41

13:00 - 13:10 0.1 50

13:10 - 20:00 0.00001 41

20:00 - 20:10 0.1 50

20:10 - 22:00 0.00001 41

22:00 - 22:10 0.1 50

22:10 - 22:20 0.01 45

22:20 - 24:00 0.00001 41
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CHAPTER 5

RESULTS AND ANALYSIS

5.1 CHAPTER OVERVIEW

This section presents the results of the case study that was presented in the previous sec-

tion.

5.1.1 Primary and secondary loop mass flow rates

Operating the pump at one single speed is a common practice that is applied to such systems,

however the system does not operate at its optimal state. In order to illustrate the difference in

system performance based on different control strategies, the results of two different strategies

are compared to the results obtained using the developed model and the fmincon solver in the

MATLAB optimization toolbox [42]. The first control strategy is bang-bang control. This

strategy is commonly used in practice with mass flow rate values switching from 0.00001kg/s

(during periods without solar radiation) to 0.1kg/s (during periods with solar radiation)

[7, 43]. The second control strategy is adapted from [7]. This strategy is referred to as

optimal switching and requires the flow rate to be kept at a minimum during periods where

there is little to no available solar radiation. The flow rate then alternates between its

minimum and maximum limits during periods where the energy to be collected exceeds the

energy used by the pump. This is done to reduce the system’s overall pump power utilized

as well as the system thermal losses [7]. This strategy is only applied to the primary loop of

the system as the secondary loop is not exposed to solar radiation. Fig.5.1 and fig.5.2 show

the different mass flow rates corresponding to the control strategies discussed above for the

primary and secondary loops of the SWHS.
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Figure 5.1: Primary loop Mass flow rates.
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Figure 5.2: Secondary loop Mass flow rates.

When analysing fig.5.1, it can be seen that the primary loop average mass flow rates of the
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optimal solution is less than that of any of the other control strategies. It is expected that

the resulting solar collector rate of energy extraction will be less than that of the other two

strategies. The pump power used in the primary loop is also expected to be less than that of

the other two strategies due to the lower mass flow rates of the optimal solution. In fig.5.2,

it can be seen that the secondary loop mass flow rates of the proposed solution are less than

those of any of the two strategies. It should be noted that in fig.5.2, the mass flow rates for

strategy 1 and 2 are the same. The rate of energy extraction of the heat exchanger for the

optimal solution and secondary loop pump power is expected to be less than that of the other

two strategies due to the lower mass flow rates of the optimal solution.

5.1.2 Primary and secondary loop pump power

The power utilized by the pumps in the systems primary and secondary loop is shown in

fig.5.3 and fig.5.4.
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Figure 5.3: Primary loop pump power.
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Figure 5.4: Secondary loop pump power.

5.1.3 Rate of energy extraction, gain and thermal losses

The gain of the solar collector is shown in fig.5.5.
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Figure 5.5: Solar collector gain.

When analysing fig.5.5, it can be seen that for the proposed solution, the gain over the solar

collector is less than that of the two other strategies as was expected due to the lower mass

flow rates of the optimal solution.

The overall gain of the system is shown in fig.5.6.
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Figure 5.6: Overall system gain.

The overall gain of the system is characterised as the difference between the gain of the

solar collector and power used by the pumps in the primary and secondary loops. From this

figure, it can be seen that the different control strategies result in both positive as well as

negative power gains over the 24 hour interval. The negative gains are attributed to the

heating requirement of tank tank 2 in order to reach the required output temperature Tout.

Negative gains are obtained when the heating requirement occurs during periods where there

is no available solar radiation. From fig.5.6, it can be seen that the mass flow rates of the

proposed solution result in the largest gain over the 24 hour interval and this is attributed

to the following reasons:

a) The pump flow rates are kept to a minimum during periods without solar radiation and

with no water heating requirement tank 2.

b) During periods where there is a heating requirement for tank 2 but with no available solar

radiation, the secondary loop flow rates are the minimum flow rates required to ensure

that the required water heating is achieved.

c) The average pump power of the proposed solution is smaller than any of the other strate-
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gies, resulting in smaller pump power usage values and a smaller heat exchanger energy

extraction rate when compared to the other strategies.

With smaller pump power usage and heat exchanger energy extraction rate values, the pro-

posed solution results in an overall system gain that is maximized beyond that of the other

two control strategies.

When analysing the rate of energy gain of the heat exchanger, it was found that the optimal

solution results in the least amount of energy extracted by the heat exchanger in tank 1 to

meet the temperature requirements of tank 2. This is shown in table 5.1. The combination of

minimum values for heat exchanger energy extraction rate and secondary loop pump usage

power ensure that energy in the secondary loop is minimized.

Fig.5.7 shows the systems overall accumulative gain.
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Figure 5.7: Accumilative energy gain.

Since the maximum gain is obtained using the optimal flow rates (Fig.5.6), it follows that these

flow rates will also produce the highest accumulative energy as can be seen in fig.5.7.

The temperature profiles for tank 1 and tank 2 are shown in fig.5.8 and fig.5.9.

Department of Electrical, Electronic and Computer Engineering
University of Pretoria

49



Chapter 5 Results and Analysis

0 5 10 15 20 25
40

45

50

55

60

65

70

75

Time (hours)

T
an

k 
1 

T
em

pe
ra

tu
re

 (° C
)

 

 
Bang Bang Opt−Switching Proposed solution

Figure 5.8: Tank 1 Temperature.
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Figure 5.9: Tank 2 Temperature.

From fig.5.8, it can be seen that the initial temperature of tank 1 is 75◦C. This temperature

starts to gradually decrease in order to maintain the temperature required in tank 2. The

gradual decrease in temperature is initially small as the required output flow rate (Mout) is
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minimum, thereby reducing the rate at which cold water enters tank 2. This reduces the

amount of heat transfer required from tank 1 to tank 2 during these periods. There are five

periods where there is high increase in the temperature requirement of tank 2 at a significantly

high flow rate. The first period occurs between 03 : 00 and 03 : 10. At 03 : 00, the required

tank temperature is 50◦ and at 03 : 10 the required temperature is 60◦. The output mass

flow rate is 0.1kg/s for both periods. The output mass flow rate indicates that 60 liters of

cold water enters the inlet of tank 2 whilst 60 liters of water exits the outlet of tank 2. This

results in a high transfer of energy from tank 1 to tank 2 during this period as can be seen in

fig.5.8. When the temperature of tank 2 reduces when compared to its previous value, energy

is transferred back to tank 1 (reverse circulation) in order to ensure that the temperature of

tank 2 is always reached. The reverse circulation results in an increase in the temperature of

tank 1. Once solar radiation is available, the primary loop pump switches on and energy is

transferred from the SC to tank 1. The temperature of tank 1 gradually starts to increase.

The drops in the temperature of tank 1 during this period are attributed to the hot water

demand at 13 : 00 and at 16 : 00. Once there is no solar radiation available for collection,

pump 1 switches off and the temperature in tank 1 starts to gradually decrease in order to

meet the temperature requirements of tank 2 It is evident in fig.5.8 that the proposed solution

minimizes the rate of energy extraction of the serpentine and the rate of energy usage of the

pump. This conserves energy stored in the tank.

In fig.5.9, it can be seen that for the proposed solution, the required tank temperatures are

obtained, where as the bang-bang control strategy and optimal switching control strategy

result in a temperature that is slightly higher than the required temperature. This is due to

the high mass flow rates of the pump in the secondary loop during the periods when there is

a heating requirement for tank 2.

The thermal losses for the two storage tanks is shown in fig.5.10.
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Figure 5.10: Thermal losses for tank 1 and tank 2.

From table 5.1, it can be seen that the optimal switching control strategy results in the

lowest tank thermal losses whilst the bang-bang control strategy results in the highest losses.

This is expected as a higher mass flow rates would result in larger tank thermal losses. The

alternating action of the optimal switching control strategy results in a reduction in the tank

thermal losses during instances when the pump is off, thereby reducing the overall thermal

losses of the tank. The connecting pipe thermal losses are shown in fig.5.11.
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Figure 5.11: Connecting pipe thermal losses.

The results of this study are summarised in table 5.1. In this table, it can be seen that the

proposed solution results in the lowest average pump power in the primary and secondary

loops of the SWHS. This leads to an accumulative energy gain of 15.56MJ which is a 7.82%

increase in energy gain when compared to the second highest accumulative energy gain ob-

tained using the bang-bang control strategy. The results in this table also show that with

the flow rates of the proposed solution, the gain of the heat exchanger over the optimization

interval is 51.64KW which is less than those obtained with the other two strategies. Finally,

it is noted that the optimal switching strategy produces the least tank and connecting pipe

thermal losses.

Table 5.2 shows the overall impact of the pipe thermal losses on the energy collected. From

this table it can be seen that pipe thermal losses range from 5.54% to 7.34% of the total energy

from the collector system for each control strategy. It is important to note that insulation

also plays an important role in the overall thermal losses of any system.
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Table 5.1: Summary of results

Control strategy Bang-bang Opt-switching Proposed solution

Primary loop pump average power (W) 15.37 8.34 2.95

Secondary loop pump average power (W) 1.62 1.62 0.18

Heat exchanger gain (KW) 88.13 88.13 51.64

Accumulative energy gain (MJ) 14.43 11.31 15.56

Tank thermal losses (KW) 6.89 6.75 6.86

Pipe thermal losses (KW) 1.45 1.38 1.43

Table 5.2: Pipe thermal loss impact

Control strategy Bang-bang Opt-switching Proposed solution

Thermal loss impact (%) 6.03 7.34 5.54
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5.1.4 Solar collector and system efficiency

The equation used to determine the efficiency of the array of solar collectors are shown below:

[5]:

ηsc = Qin
N ·Acoll ·G

, (5.1)

where Qin represents the gain of the solar collector, N represents the number of solar

collectors,Acoll represents the aperture area of each solar collector and G represents the solar

irradiation. The equation used to determine the efficiency of a the whole system is shown

below: [5]:

ηs = Gs
N ·Acoll ·G

, (5.2)

where Gs represents the gain of the system. In this equation, ηs is determined taking into

account the rate of energy extraction of the solar collector, the power utilized by each of the

pumps as well as the tank and connecting pipe thermal losses. The solar collector efficiency

and system efficiency (during the periods with available solar radiation) is shown in fig.5.12

and fig.5.13.
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Figure 5.12: Solar collector efficiency.
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Figure 5.13: System efficiency.
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CHAPTER 6

DISCUSSION

6.1 CHAPTER OVERVIEW

In this section, a conclusive analysis of the results presented in the previous section is discussed

in order to address the research questions presented in section 1.

6.2 OPTIMAL MASS FLOW RATES

One of the research questions to be addressed in this study is whether or not it it is possible

to obtain mass flow rates that will increase the overall gain of the SWHS shown in fig 3.1.

It was hypothesized that there should exist optimal flow rates ranging between the pumps

min and max flow rates that would result in an increase in the system gain when compared

to other considered control strategies. A common control strategy that was not included in

the results analysis involves keeping the pump on at a constant flow rate. With this strategy,

no flow control device such a variable speed drive (VSD) would be needed to control the

speed of the pump, and by extension the mass flow rates of the different loops in the system.

The cost of a variable speed flow control device is therefore avoided. When analysing the

performance of keeping the pump on constantly, it becomes evident that a large portion of

the energy gathered from the solar collector during the period in which solar radiation is

available (daytime) is lost to the surrounding during the period where no solar radiation is

available (night-time) due to reverse circulation. This makes the option of keeping a pump

on consistently over a 24 hour period undesirable.

The next control strategy involves maximizing the mass flow rates of the system at times
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where there is an opportunity to gain energy (bang-bang control). More specifically, the

pumps are not just switched on during periods where solar radiation is available. The pump

in the primary loop of the system is switched on when the output from the solar collector at

the maximum mass flow rates is greater than the power utilized by the pump to reach the

maximum flow rates, whilst in the secondary loop the pump flow rates are maximized during

during periods when water heating is required at the output. The benefit of this strategy

when compared to previous strategy is that reverse circulation is avoided, thereby increasing

the overall SC gain, whilst reducing system energy leakage to a minimum during periods with

no solar radiation. This strategy produces a significantly high overall system gain as shown

in fig. 5.6. Maximizing the primary loop mass flow rates during periods with available solar

radiation results in the highest SC energy extraction rate as shown in fig.5.5. However, there

is a cubic relation that exists between the mass flow rate of a pump and the resulting pump

power usage as shown in (3.50) and (3.52). Therefore, the high mass flow rates result in high

pump power values while the pump is on. Though maximizing the primary loop mass flow

rates has a positive impact on the SC rate of energy extraction, the high pump power values

result in a decrease in the overall system gain. Another disadvantage to maximizing the flow

rates is that this increases the difference in temperature between the fluid in the tank and

primary loop of the system, which results in an increase in the storage tank and connecting

pipe thermal losses. This also reduces the overall system gain.

The next control strategy discussed in the results analysis section is referred to as the optimal

switching control strategy. What differentiates this strategy form the bang-bang control

strategy is the alternate switching from minimum to maximum flow rate during the period

where solar radiation is available. The benefit to this control strategy is that the tank and

connecting pipe thermal losses are reduced when the pump flow rates are minimized. This

control strategy results in the least overall system thermal losses when compared to all other

strategies discussed in this study. However, the SC rate of energy collection is reduced to its

minimum when the mass flow rates are minimized. Therefore the system is not able to collect

as much energy as it would have if the flow rate was maximized during the period where solar

radiation is available. This reduces the overall system gain as shown in fig.5.6.

The proposed flow rates obtained from the fmincon solver of the MATLAB optimization

toolbox are shown in fig.5.1 and fig.5.2.
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At first glance, one can see that these flow rates vary with time and are substantially lower

than those of the other control strategies. Lower mass flow rates result in a lower SC rate of

energy extraction, as shown in fig.5.5. What makes this method ideal is that by adjusting the

control variables (the primary and secondary loop mass flow rates), the various parameters

that contribute to the overall system gain are calculated for each sample period and an optimal

value is found for the primary and secondary loop mass flow rates for each sample interval.

Therefore, every sample interval has a corresponding set of optimal mass flow rates that will

result a maximization of the overall system gain. Lower mass flow rates also result in lower

pump power usage values when compared to the bang-bang and optimal switching control

strategy. The tank and connecting pipe thermal losses are smaller than those resulting from

the bang-bang control strategy, but larger than those resulting from the optimal switching

control strategy. The combination of reduced pump flow rates and reduced system thermal

losses result in a lower difference between the rate of energy gain and rate of energy usage

for the system. Hence the overall gain of the system is increased. It should also be noted

that in the secondary loop of the system, the mass flow rates are optimized to minimize the

rate of energy extraction from the primary loops. These optimized mass flow rates result in

the extraction of the exact amount of energy required to overcome the thermal losses of tank

2 and the connecting pipes, as well as to heat water in tank 2 to the desired temperature

level. When comparing this flow rate to the maximum flow rate used in the other two control

strategies during periods with a water heating requirement, it can be seen that by reducing

the mass flow rates to the optimal values (the exact minimum values that is required to raise

the water temperature to the desired value), the system energy loss in the secondary loop is

minimized, thereby maximizing the overall system gain.

In light of the first research question, the formulated objective function was solved and optimal

flow rates values were obtained for the primary and secondary loops of the SWHS. It was found

that the resulting average mass flow rate of the proposed solution for the systems primary

loop is 0.057 kg/s during the period where solar radiation is available. This is lower than

that of the bang bang control strategy (0.069 kg/s) and that of the optimal switching control

strategy (0.1 kg/s). For the proposed solution, the average mass flow rate for the secondary

loop (during periods where water heating is required) is 0.02 kg/s which is significantly lower

than that of the other two control strategies (0.1 kg/s for both control strategies). These

results illustrate that for the considered system, there exists optimal mass flow rate values
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that are different from the maximum and minimum mass flow rate limits such that the overall

system gain can be maximized. It should be noted that the mass flow rates of any SWHS

are dependent on the SWHS configuration as well as a number of chosen system parameters

defining the system. These parameters will have an influence on the system optimization.

For instance, if the diameter of the connecting pipes connected to the pump is increased, the

overall pressure drop over these pipes decreases, therefore, the power required to overcome

these pressure drops will also decrease, and this will result in optimal pump mass flow rate

values that will be closer to the maximum mass flow rates.

6.3 BENEFITS AND DRAWBACKS OF THE DIFFERENT CONTROL

STRATEGIES

Each control strategy presented in this section has its benefits as well as drawbacks. In

the case of bang-bang control, the control action is generally two switches during a 24 hour

period. The benefit to this is that no other control device is required to control the on and off

switching. The drawback to using this strategy is that during its on cycle, fluid is pumped at

the maximum possible flow rate, and though this increases the collector gain, it also increases

the SC, tank, and connecting pipe thermal losses, thereby reducing the overall gain of the

system. The optimal switching strategy on the other hand results in a reduction of SC, tank,

and connecting pipe thermal losses due to the continuous on and off switching of the pump

during when solar radiation is available. However, this switching also reduces the collector

gain during this period. Another drawback to this control strategy is that the continuous

on and off switching has a damaging effect on pump in the long term. When considering

the proposed mass flow rates, though the overall system gain is increased, it should be noted

that in order to obtain the varying mass flow rates, a variable flow control device such as

a variable speed drive (VSD) would be required in order to control the speed of the pump.

This would increase overall system cost.

6.4 SYSTEM GAIN AND PUMP OPERATING EFFICIENCY

From fig.5.3 and fig.5.4, it is seen for the proposed solution, the corresponding pump power

utilized over the optimization interval is less than that of the other two strategies as was

expected. Upon closer inspection of these two figures, it is evident that in the primary loop,
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the maximum power of the pump is 17.73W which is 33% of the pump’s rated power, whilst

in the secondary loop, the maximum power of the pump is 15W which is 28.3% of the pump’s

rated power. Though the optimal mass flow rates result in lower pump power values and an

increased system gain, it should be noted that the pumps operate at a reduced operational

efficiency due to the lower pump power values resulting from the low mass flow rates of the

proposed solution. In order to increase the operational efficiency of a pump, it must be

operated as close as possible to it’s rated power. Therefore, a solution for this would be to

reduce the size of the selected pump.

6.5 TANK THERMAL LOSSES

In section 5.1.3, it was established that the bang-bang control strategy results in the highest

thermal losses whilst the optimal switching control strategy results in the lowest thermal

losses. When analysing (3.13) and (3.23), which characterise the thermal loss experienced

by tank 1 and tank 2 respectively, one can see that the thermal loss experienced by each

tank is directly proportional to the difference between the tank temperature and the ambient

indoor temperature. An increase in the tank temperature would therefore increase the tank

thermal losses of the system. In fig.5.10, it is evident that though the losses of the different

control strategies are very similar during the early hours of the day, the loss profiles start to

deviate from each other from the times where solar radiation is available. It is also noted

that the all the profiles have four areas where there is a step decrease in the thermal losses.

This occurs during the periods where water heating for tank 2 is required. As energy is

transferred from tank 1 to tank 2, there is a steep drop in the temperature of tank 1 in

order to meet the heating requirements of tank 2. This reduces the difference between the

tank temperature and the indoor ambient temperature, resulting in a decrease in the system

thermal losses.

When considering the thermal loss profile of the bang-bang control strategy, it can be seen

from fig.5.10 that the thermal losses corresponding to this control strategy increase beyond

those of the other two. This occurs notably during the period where solar radiation is

available as this period coincides with the period that the pump is switched on, allowing the

circulation fluid in tank 2 to flow at a maximum flow rate of 0.1kg/s. This gradually increases

the temperature of tank 1 and in doing so increases the difference between the temperature
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of tank 1 and the indoor ambient temperature, resulting in an increase in the thermal losses

of tank 1. When analysing the thermal loss profile of tank 2, it can be seen that during the

periods where there is no water heating required for tank 2, the thermal losses are constant.

The profile has four notable spikes that correspond to the periods where energy is being

transferred to tank 2 in order to meet its heating requirements. During these periods, the

temperature of tank 2 increases, resulting in an increase in thermal losses.

When considering the optimal switching control strategy, it can be seen that the on and

off switching of the pump results in a decrease in the thermal losses of tank 1 during the

periods where solar radiation is available. This occurs because during the periods where the

pump is off during the day, the amount of gain from the SC is minimized, thereby reducing

the temperature of tank 1 and its corresponding thermal losses during these periods. The

thermal losses of tank 2 for the optimal switching control strategy are identical to those of

tank 2 for the bang-bang control strategy.

When considering the proposed solution, it can be seen that the thermal losses of tank 1

gradually increase during the period where solar radiation is available, just as was with the

other two control strategies. The thermal losses of the proposed control strategy remain lower

that those of the bang-bang control strategy due to the difference in the primary loop mass

flow rates during these periods. The mass flow rates of the proposed solution are less than

those of the bang-bang control strategy, resulting in a lower rate of temperature increase

in tank 1, thereby reducing the difference between the tank 1 temperature and the indoor

ambient temperature and the corresponding thermal losses to be less than those resulting from

the bang-bang control strategy. When considering tank 2, the thermal losses resulting from

the proposed solution are less than those of the other two control strategies. This is due to the

mass flow rates in the secondary loop that are minimized to conserve energy in the primary

tank. The proposed mass flow rates are less than those of the other two control strategies, but

still large enough to ensure that the temperature requirement of tank 2 is achieved. These

mass flow rates result in a decrease in the difference between the temperature of tank 2 and

the indoor ambient temperature, thereby reducing the thermal losses of tank 2.
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6.6 SOLAR COLLECTOR AND SYSTEM EFFICIENCY

The solar collector efficiency and system efficiency (during the periods with available solar

radiation) are shown in fig.5.12 and fig.5.13. When analysing fig.5.12, it can be seen the the

bang-bang control strategy results in the highest overall solar collector efficiency. This occurs

as a result of the gain of the collector which is larger than that of any of the other two control

strategies. When considering the optimal switching control strategy, the efficiency of the SC

reaches higher peaks than those of the other two control strategies. The reason behind this

is that the gain of the SC is proportional to the temperature difference between the inlet

and outlet of the SC as shown in (3.7). Therefore, the on and off switching of the pump

results in a greater temperature gradient between the inlet and outlet of the SC and hence a

greater gain when the pump is on, resulting in a higher efficiency during those periods. When

considering the proposed solution, it can be seen that the efficiency of the SC is less than

that of the bang-bang control strategy. This is attributed to the lower SC gain corresponding

to the lower mass flow rates of the proposed solution.

When analysing the system efficiencies (fig.5.13) resulting from the different control strategies,

it can be seen that the system efficiency of the proposed solution is larger than those of the

other control strategies. This occurs as a result of the system gain of the proposed solution

being larger than any of the other two control strategies. These results highlight the fact

that it is possible to increase the efficiency of the overall system by increasing the gain of the

system, even though it is not possible to increase the SC efficiency through using mass flow

rates that are less than the maximum possible flow rates.

6.7 CONNECTING PIPE THERMAL LOSSES

There are a number of factors that contribute to connecting pipe losses. The results of fig.5.10

illustrated the influence that mass flow rates have on thermal losses. It is therefore known that

higher losses will be experienced with higher mass flow rates and lower losses with low mass

flow rates. In fig.5.11, it can be seen that the connecting pipe thermal losses of the different

control strategies are very close, though they do slightly differ as shown in table 5.1. The

profile has four steep declines that correspond to the periods where energy is being transferred

from the primary loop to the secondary loop to meet the water heating requirements. There
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is a decrease in thermal losses during the early hours of the day. This occurs because the

temperature of the primary tank decreases as energy is being transferred from it, resulting in

a small difference between the fluid temperature in the connecting pipes from the tank and

the ambient temperature, and hence a reduction in the overall tank thermal losses according

to (3.1). It can also be seen that the connecting pipe thermal losses gradually increase during

periods where solar radiation is available as during these periods the primary loop mass flow

rates are significantly high, thereby increasing the thermal losses of connecting pipes.

The results shown in fig.5.11 and table 5.2 highlight the fact that system thermal losses

can be significant based on a number of factors such as the length and diameter of the

connecting pipes, the type of insulation, as well as the difference in temperature between the

fluid travelling inside and outside of the pipe. It is therefore important to include all system

thermal losses (which include: SC thermal losses (UL), Tank thermal losses and connecting

pipe thermal losses) in the modelling of SWHS in order to obtain a model whose results will

be an accurate representation of the system modelled.
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CONCLUSION

The growing popularity of SWHS as an alternative to geysers connected to the grid has led

to a search for methods to improve the performance of SWHS whilst meeting user power

demands. Pump flow rate optimization is one such method. This study presented a non-

linear constrained optimization model for a forced circulation SWHS with connecting pipes.

The objective was to obtain optimal mass flow rates that can result in an increase in the

overall gain of the system. The system considered consists of an array of six solar collectors,

two storage tanks and connecting pipes. An optimization model was developed in order to

determine the optimal flow rates that will maximize energy gain in the primary loop whilst

meeting user defined tank temperatures with minimum energy usage in the secondary loop of

the system. This made it possible to investigate the impact that mass flow rate optimization

has on the system gain, pump operating efficiency, system efficiency, tank thermal losses

and pipe thermal losses. The model was solved using the fmincon solver in the MATLAB

optimization toolbox, and the results were compared to other control strategies that are

commonly used in practice. The results show a 7.82% increase in the amount of energy

extracted for the proposed solution, when compared to the most suitable energy efficient

control strategy. The results also show system thermal losses that range between 5.54%

and 7.34% for the different control strategies due to pipe losses. These results illustrate the

significance and impact of mass flow rates on the system performance, overall energy gain

and usage as well as on the system thermal losses. The following conclusions are made from

the results of this study:

• It is possible to obtain optimal mass flow rates that differ from the maximum or min-

imum mass flow rate limits of the pump. Though these flow rates result in a lower
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solar collector gain, the power utilized by the pumps and thermal losses are reduced,

resulting in an increase in the system’s overall gain. One drawback to operating the

pumps at the optimal mass flow rates of the proposed solution is that the pumps oper-

ational efficiency is reduced. This occurs as a result of not operating the pump at flow

rates that are not close to the flow rates corresponding to the maximum rated angular

velocity of the pump. A possible solution to this would be to select a pump with a

reduced rated power power and angular velocity. In this way, the flow rates of the

optimal solution would be closer to the maximum mass flow rate of the pump, thereby

increasing the operational efficiency of the pump.

• Optimal mass flow rates can result in a reduction in the SC efficiency if the gain of the

solar collector decreases. If the overall gain of the system is increased, then the system

efficiency will increase as well.

• An increase in the storage tank temperature results in an increase in the tank thermal

losses. The tank storage temperature is increased through heat exchange from the solar

collector, using the circulation fluid and the heat transfer medium in the primary loop.

It can be concluded that increasing the mass flow rates of the system will result in

an increase in the system’s tank thermal losses. A similar conclusion is drawn when

considering the connecting pipe thermal losses.

7.1 FUTURE RECOMENDATIONS

The results of this study serve a foundation for future research that could include: feasi-

bility studies on the cost viability of the proposed system (with the pump costs and VSD

costs included) when compared to systems with a constant mass flow rate or thermosyphon

systems, with emphasis on the payback period in order to determine the most cost effective

system.

An investigation on the application of a modified version of the proposed model for industrial

pre-heating or heating could also be conducted, with emphasis on finding a minimal cost

solution that will meet the desired industrial pre-heating or heating demands.
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APPENDIX A

SOLAR COLLECTOR PARAMETERS

This section presents the equations used to determine the solar collector parameters used in

the developed model.

TRANSMITTANCE ABSORBANCE FACTOR

In order to determine the transmittance absorbance factor (τα), snell’s law is first used to

determine the reflected angle (θ2) with the incidence angle (θ1), and the indices of reflection

n1 and n2 known. Snell’s equation is shown below:

sin(θ2)
sin(θ1) = n1

n2
, (A.1)

where the perpendicular and parallel components of the reflectance are then determined using

the following equations:

r(⊥) = sin2, (θ2 − θ1)
sin2(θ2 + θ1) , (A.2)

r(‖) = tan2(θ2 − θ1)
tan2(θ2 + θ1) . (A.3)

The overall reflectance for a non zero incidence angle and a zero incidence angle are given

by:

r =
r(‖) + r(⊥)

2 0 < θ1 ≤ 90, (A.4)

r = (n− 1
n+ 1)2 θ1 = 0. (A.5)



Appendix A Solar Collector Parameters

The perpendicular component of the transmittance is given by:

τ(⊥) =
1 − r(⊥)
1 + r(⊥))

. (A.6)

The transmittances due to reflectance and absorbtion are determined using the following

equations:

τrn(θ) = 0.5(
1 − r(‖)

1 + (2n− 1) · r(⊥)
+

1 − r(⊥)
1 + (2n− 1) · r(⊥)

), (A.7)

τa = exp(−K · L
cos(θ2) ). (A.8)

The overall transmittance and absorbance factors are then given by:

τ = ta · trn, (A.9)

α = 1 − τa. (A.10)

OVERALL THERMAL LOSS COEFFICIENT

The overall Thermal loss coefficient over the collector is given by (3.9), where Ut, Ub and Ue
are top, bottom and edge loss coefficients. The bottom loss coefficient is given by:

Ub = kb

lb
, (A.11)

where kb and lb are the collector bottom thermal insulation thickness and thermal conduc-

tivity shown in table 4.2. The edge loss coefficient is given by:

Ue = UAedge
Ac

, (A.12)

where UAedge and Ac are the edge loss coefficient area product and the area of the collector.

The top loss coefficient is determined using the following equation:

Ut = ( N
C
Tpm

· [Tpm−Ta

N+f ]e
+ 1
hw

)−1 +
σ(Tpm + Ta)(T 2

pm + T 2
a )

1
εp+0.0059Nhw

+ 2N+f−1+0.133εp

εg
−N

, (A.13)

where N is the number of glass covers of the collector, εp and εg are the glass and plate emmi-

tance, Tpm and Ta are the mean plate and ambient temperatures, and hw represents the wind

heat transfer coefficient. Tpm, f, e and C are determined using the following equations:
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Tpm = TFi + Qin/Acoll
FrUL

(1 − Fr), (A.14)

f = (1 − 0.09hw − 0.1166hwεp)(1 + 0.07866N), (A.15)

e = 0.430 · (1 − 100
Tpm

), (A.16)

C = 520(1 − 0.00005 · β2), (A.17)

where Tfi is the initial fluid temperature, β represents the collector tilt in degrees. For

equation 3.49, 0◦ ≤ β ≤ 70◦ otherwise β = 90◦ should be used.

COLLECTOR HEAT REMOVAL FACTOR

When considering a standard solar collector, the fin efficiency is determined using the follow-

ing equations:

F = m(W −D)
2

−1
· tan[m(W −D)

2 ], (A.18)

where

m =
√

UL
kpδp

. (A.19)

In the above equations, D and W represent the collector tube external diameter and the

distance between two neighbouring tubes, while kp andδp represent the collector plate thick-

ness and thermal conductivity. The collector efficiency is determined using the following

equations:

Fprime = 1/UL
w[ 1

UL[D+(W−D)F ] + 1
Cb

+ 1
πDihfi

]
, (A.20)

Di = D − 2δp, (A.21)

hf = (1430 + 23.3t− 0.048t2)w0.8
waterD

−0.2
i , (A.22)

where Cb and Di are the bond conductance and collector tube inner diameter, and hf is the

heat transfer coefficient between the circulation fluid and the tube walls. With ρ1 representing

the fluid mass density, the fluid speed is given by:

wwater = ṁ1
AW

[ 4
ρ1πD2

i

], (A.23)

while the average working fluid temperature t inside the tube is given by:

t = Tfm − 273.15, (A.24)
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with

Tfm = Tf,in + TF,out
2 . (A.25)

Finally, the collector heat removal factor can then be evaluated using (3.8).
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APPENDIX B

HEAT EXCHANGER PARAMETERS

This section presents the equations used to determine the heat exchanger parameters used

in the developed model. The heat transfer coefficients h0 and h1 are used to determined the

rate of energy from the heat exchanger. These parameters are determined using the following

equations:

Nu = 0.021Re0.8 · P 0.45
rf , (B.1)

Nu = hfp ·Dserp

λ
, (B.2)

Re = w ·Dserp

v
, (B.3)

Pr = cp · ρν
λ

. (B.4)

In these equations, Nu, Re and Pr are the Nusselt, Reynolds and Prandtl numbers. λ, ν, cp,

and ρ represent the fluids thermal conductivity, kinematic viscosity, specific heat and mass

density. These parameters above are to determine the forced convection heat loss coefficient

hfp. The following equations are then used to determine the natural convection heat transfer

coefficient hpw between the wall pipe and the circulation fluid or water that is in the storage

tank:

Nu = hpw(Dserp + 2wserp)
λ

, (B.5)

Nu = 0.5(Grf · Prf )0.25(Prf
Prp

)(0.25) 103≤(Grf ·Prf )≤108
, (B.6)
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Gr = g
hpw(Dserp + wserp)3β(T − Ts)

v2 , (B.7)

where g, β represent the gravitational acceleration and the thermal expansion coefficient. T

and Ts represent the average and tank temperature for the circulation fluid and water. Dserp

and wserp represent the serpentine diameter and circulation fluid/water speed through the

serpentine. The average linear heat transfer coefficient is then determined using the following

relation:

1
hlin

= 1
πDserp · hfp

+ 1
2π · λserp

× ln Dserp + 2wserp
2π ·Dserp

+ ln Dserp + 2wserp
π · hpw(Dserp + 2wserp)

, (B.8)

where λserp is the thermal conductivity of the serpentine’s material. The heat transfer coef-

ficients h0 and h1 are determined using (3.27).
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APPENDIX C

PUMP PARAMETERS

This section presents the equations used to determine the parameters of the pumps used in

the developed model.

Computation of pump power

The computation of the pump mechanical power required to circulate the fluid in the primary

and secondary loops of the system is obtained using (3.29)-(3.45).

Computation of the pressure loss coefficients

The pressure loss coefficient δcoll is calculated using:

δcoll = 1
0.788B3 + 0.029K + 0.115acoll

ȧcoll
− 0.115acoll

ȧcoll
− 0.090

, (C.1)

where acoll and ȧcoll are the inlet and outlet cross sectional areas of the drums at the in-

let and outlet of the solar collector. Factors K and B are determined using the following

equations:

K = 1 − af
acoll

, (C.2)

B3 = a√
0.6 + (ap

a∗
p
)2 + δdev + δp

, (C.3)

where ap and ȧp are the inlet and outlet cross sectional areas of the pipes at the inlet and

outlet of the solar collector. These parameters are taken to be identical for solar collector

used. The parameter δdev refers to the pressure losses in devices placed along the length of
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the pipe. Parameter a is obtained using:

a ≡ nap
acoll

, (C.4)

where n is the number of pipes in the solar collector. The linear pressure loss coefficient is

given by:

δp ≡ λp
lpipe
dpipe

, (C.5)

where λp is the friction factor of the pipe. The friction factor is calculated using the following

equation:

λ =


0.3164Re−0.25 if 33 ≤ Re ≤ 105,

0.0054 + 0.3964Re−0.3 if 105 ≤ Re ≤ 2 × 106,

0.0032 + 0.221Re−0.3 if Re ≥ 2 × 106.

(C.6)

Reynolds number Re is determined using:

Re = wd

v
, (C.7)

where w is the fluid speed at the duct, d is the diameter of the duct and v is the kinematic

viscosity of the fluid.
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