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The simulation of a commercial-scale, hybrid solar and heat pump water heating system
by Jean-Pierre de Villiers

Due to the rotation of the earth and climatic conditions, the available solar radiation varies, not
only in the 24-hour period but also daily. The latter poses a significant challenge to the designer
of solar water heating systems. In order to ensure the constant availability of sufficiently hot
water, large commercial scale or industrial installations use heat pumps. The combination of
solar and heat pump technology has been introduced in various configurations to the commer-
cial market to curb electricity usage. Several factors influence the performance of such systems:
The size and performance of the solar collectors, the capacity of the storage vessels, the hot wa-
ter demand profile, the size and performance of the heat pump, control systems and climatic
conditions. The design and optimisation of such systems are, therefore, not straightforward.

Simulation programs are often used for the design and optimisation of such systems. Re-
searchers and designers use simulations to design the system for maximum efficiency, user
comfort or even a combination thereof. The problem, however, with most component-based
simulations is that they often require specialist knowledge not only for the use and input re-
quirements but also for the realistic calibration of the program. There exists a need to imple-
ment a simulation that uses readily available manufacturer performance curves and matrices
of the various sub-components that make up the system.

Parametric studies and optimisation methods can often take long periods of time on simulation
packages. Optimisation in a limited number of independent parameters becomes near impos-
sible when a single simulation can take days to complete. This problem becomes even more
evident when extended periods are simulated. For optimisation of such systems, a quick and
accurate solver is required that can manage continually evolving boundary conditions. The
conducting of parametric studies design simulations and stochastic optimisation studies on
SWH/ASHP (Solar Water Heater and Air Source Heat Pump) systems, therefore, mandates the
use of simulations programs with swift simulation times.

To this end, the study developed two simulations in EES®. Firstly, a reduced simulation model
for the integrated, long-term, transient thermal simulation of a hybrid SWH/ASHP system.
Secondly, a detailed model was developed to serve as a comparison to the reduced simula-
tion. The simulations were verified using mathematical principles and a simulation built-in
MATLAB® Simulink®. Consequently, three case studies were set up in MATLAB Simulink.
The reduced simulation produced steady-state errors between 2.13 and -4.13 [%] (= 0.49[°C]
to —1.53[°C]) and a maximum error of -30.24 [%] (= —3.88[°C]) in the most transient region
after system start-up. The use of the reduced simulation was thus limited to non-startup condi-
tions. The reduced simulation was able to simulate the most detailed case study nearly 31 times
quicker than the Simulink equivalent. The simulation was validated against a real-world ap-
plication of a commercial SWH/ASHP installed on a hospital in Potchefstroom, South-Africa.
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For the reduced and detailed simulations, the average rate of energy error between the various
energy fluxes was 2.54 [%] and 2.22 [%], respectively.

Subsequently, the simulation was used to run parametric studies on the components of the
SWH/ASHP system. The reduced simulation was able to simulate six design-year simulations
with a 60 [s] time-step simultaneously on a standard notebook and took roughly 13 hours to
complete. The influence of different climatic regions in Southern-Africa, the aspect ratio and
capacity of the storage vessels, ASHP capacity, SWH controller and the number of SWH man-
ifolds on system performance was investigated. A notable finding was that additional SWH
banks decrease ASHP electrical consumption at a lesser rate than the rate at which thermal en-
ergy addition increases from the SWH banks. The finding can be explained since the ASHP is
forced to add the remainder of the required thermal energy under less favourable COP condi-
tions. The reduced simulation can form the foundation for further studies by taking note of the
computational expense and simulation accuracy. Future work can include the multi-objective
optimisation of SWH/HP hybrid systems and their controllers.

Keywords: Reduced-order models, Long-term simulation, Solar heat pump systems, Paramet-
ric study, Fast simulation, Simulation development
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Chapter 1

Introduction

1.1 Background

1.1.1 Humanity, our environment, and the world economy

The industrialised world consumes vast amounts of energy. Studies have shown that the planet
takes a year and six months to restore our yearly consumption of some natural resources (So-
larin and Bello, 2018). Expectations are that our electricity needs alone will amount to 26 trillion
[kWh] in 2020 (Pravalie, Patriche, and Bandoc, 2019). This enormous consumption of energy
has an inevitable outcome: climate change due to the continued use of fossil fuels (Rahman and
Miah, 2017; Martins, Felgueiras, and Smitkova, 2018; Wang and Dong, 2019). There is a direct
relationship between greenhouse gas emissions (GHG) and the gross domestic product (GDP)
of a country. With the growth of the worlds” economies, more emissions are generated, acceler-
ating the deterioration of the ecosystem. The utilisation of alternative sources and advances in
renewable technologies are crucial to minimising GHG emissions and its environmental foot-
print (Arent, Wise, and Gelman, 2011; Uddin et al., 2017).

Recent studies of 151 countries have shown that there might exist an inverted U-shaped rela-
tionship (energy mix 'Kuznets Curve’) between real income and fossil fuel share of the energy
mix (Kibria, Akhundjanov, and Oladi, 2019; Charfeddine and Mrabet, 2017; Bello, Solarin, and
Yen, 2018). It has been found that as an economy matures, people increasingly value their en-
vironmental impact and thus are willing to pay more for a cleaner environment and energy
supply. Renewable energy stands out as a promising replacement for fossil fuels. However,
transitioning to renewable energy has the potential to restrict economic growth in the long term
due to the higher initial capital investment (Barreto, 2018). Nevertheless, with no transition, a
total collapse of the global economy will occur by exhausting the planets” fossil fuel reserves
(Afonso, Marques, and Fuinhas, 2017). Reducing the productivity deficit between fossil fuels
and renewable energy is vital in transitioning to a sustainable future (Barreto, 2018; Gielen et
al.,, 2019). To accelerate the transition, it is the responsibility of researchers and engineers to
increase the potency of renewable energy for the sake of the planet and humanity.

1.1.2 Solar and heat pump technologies

It has recently been suggested that a 100 [%] renewable energy system could be achievable in
some European countries by 2050 (Zappa et al., 2019; Hansen, Mathiesen, and Skov, 2019). The
transition would only be possible with considerable investment in storage technologies and a
diversified renewable energy mix. A recent study showed that heating amounts to 47 [%] of the
world’s final energy utilisation and that there is a call to improve the sector’s efficiency (Abas
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et al., 2017). Thus, research and development in the heating sector can lead to meaningful
reductions in the world’s energy needs.

Of all the renewable energy sources, solar stands out as the largest for its global availability.
The solar energy potential in some regions of the world is more than the current total energy
demand in those regions (Timilsina, Kurdgelashvili, and Narbel, 2012). Nearly 40 [%] of the
earth’s landmass has excellent to superb (>1800 [W/m?]) GHI (Gross Horizontal Irradiance)
solar energy potential (Pravalie, Patriche, and Bandoc, 2019) as supported by Figure 1.1. The
supply of solar thermal energy is dependent on a range of environmental and demand-side
factors. The intermittent nature of solar energy requires auxiliary systems to be integrated
with storage systems in household and industrial applications (Leckner and Zmeureanu, 2011;
Farjana et al., 2018; Ge et al., 2018; Wu et al., 2018).

The provision of hot potable water is one of the basic requirements of modern society. The
SWH (solar water heater) is the most significant contributor in the thermal applications sector
and the most typical application of solar energy utilisation (Gautam et al., 2017). For a sustain-
able future, research in renewable energy modelling places both solar energy and heat pump
technology as vital contributors (Pursiheimo, Holttinen, and Koljonen, 2019; Gielen et al., 2019;
Hansen, Mathiesen, and Skov, 2019; Zappa et al., 2019). These studies suggest the primary use
of heat pump technology combined with the smart charging of storage tanks to reduce peak
loads. With the increased electrification of the heating sector, the higher electricity demand can
be reduced by the use of heat pump technology (Ravestein et al., 2018; Chua, Chou, and Yang,
2010; Kaberger, 2018).

A water heating solution extensively researched in recent times is the combination of heat
pump (HP) technology with solar water heating (SWH) (Lerch, Heinz, and Heimrath, 2015;
Kong et al., 2018; Vega and Cuevas, 2018). This combination, along with sensible heat stor-
age and auxiliary heating, is becoming increasingly popular in the hot water industry. The
challenge remains to size the main components of such a system for maximum cost efficiency,
taking into account aspects such as hot water usage variation and the climate.

1.1.3 Combined HP and SWH system design

To size and evaluate the performance of these combined systems, also referred to as hybrid sys-
tems, the use of numerical simulations is often employed (Allouhi et al., 2017; Wu et al., 2018;
Rey and Zmeureanu, 2016; Li and Kao, 2018; Carbonell et al., 2014). The performance of such
systems is dependent on a range of factors, including the choice of sub-components, user pro-
file, irradiance, dry-bulb (DB) temperatures, and wet-bulb (WB) temperatures. These detailed
simulations can give an accurate representation of the systems and have aided researchers and
designers by increasing the efficiency of these hybrid systems.

There are, however, challenges to develop such a comprehensive simulation model that pro-
duces accurate and realistic results promptly. On a sub-component level, the manufacturer
information is not always readily obtainable, and a highly detailed system model is computa-
tionally expensive. With the lack of manufacturer data, the calibration of these simulations can
become a challenge.

In terms of modelling a system over an extended period, the constant changes in input variables
such as the hot water demand need to be taken into account. Varying the input parameters
leads to numerically changing boundary conditions for a simulation at each time-step. This
requires numerical solvers and system formulations with a high order of convergence. The
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FIGURE 1.1: Global direct normal irradiance (Solargis World Bank Group
ESMAP, 2019).

mass, -momentum, and energy equations (MME), as well as the equations of state that need to
be solved, leads to high computational cost (Guelpa and Verda, 2019; De Lucia et al., 2017).

Optimisation and parametric studies on solar thermal systems have been successfully under-
taken by using stochastic/evolutionary methods (Starke, Cardemil, and Colle, 2018; Aratjo
and Pereira, 2017; Rey and Zmeureanu, 2018). Recently researchers have started using surro-
gate models to simplify numerical simulations (Beykal et al., 2018; De Lucia et al., 2017; Tran
and Georgakis, 2018; Bhosekar and lerapetritou, 2018; Guelpa and Verda, 2019). These sur-
rogate models are statistical or black-box methods that reduce the various partial differential
equations (PDE) and differential equations (DE) into an elegant pure mathematical representa-
tion.

To make the hybrid HP/SWH technology and system integration economically viable, it is of
utmost importance to the designer to ensure that an attractive return on investment can be
attained.

1.2 Problem Statement

To better understand the synthesis of the various system components of a hybrid HP/SWH
installation. There exists a need for a simulation model that uses readily available manufac-
turer data of solar, heat pump, and storage vessel sub-components for integrated, long-term,
transient thermal system simulation. Furthermore, such a validated simulation model needs
to be computationally inexpensive. Nevertheless, also simple to calibrate to enable extensive
parametric and optimisation studies to be conducted.
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1.3 Research Goals

The purpose of this study is to develop a simulation model for larger commercial-scale hybrid
hot water systems making use of solar water heaters and heat pumps. The developed simu-
lation model would enable one to run various parametric studies on the system using design
year and user profile data in different climatic conditions. Furthermore, the developed simula-
tion would be tested using a case study on a hospital system for the proof of methodology and
validation of the developed simulation model.

1.4 Scope of the study

To achieve the research goals set out above, the methodology outlined in the sections below
was followed:

1.4.1 Literature review

A comprehensive literature study was undertaken in the heat pump and solar water heater
application fields. The literature study was divided into six sections. Each section focused on
a distinct aspect of the problem statement. These sections included: heat pump-, solar water
heaters-, water storage vessel-, combined SWH-HP simulation models. Finally, methods to
reduce the computational effort of these simulations models and the application in optimisa-
tion and parametric studies were conducted. A list of concluding remarks on each section was
given. Highlighting the essential findings and some deficiencies from literature.

1.4.2 Experimental setup and validation

The hybrid solar-heat pump heated water system of a hospital in Potchefstroom, South-Africa,
was analysed. The system is of a parallel configuration with a ring-main feed and bulk water
storage vessels. The system was monitored for two months using the systems” SCADA (Super-
visory Control and Data Acquisition system) and some additional sensors. The captured data
was used to draw up conclusions on the systems’ dynamics and design qualities. Consequently,
an energy balance was calculated on the various energy fluxes of the system. Validation of the
developed simulation model could take place using the energy flux data gathered from this
system and served as a case study. The system layout, with the specifications on the main
components, was used as input for the developed simulation model.

1.4.3 Numerical modelling and verification

The governing equations for fluid flow were derived based on the finite difference method.
Various simplifying assumptions and governing equations were used to establish the funda-
mentals for the simulation model. The assumptions that were made include the use of only
the mass and energy conservation equations. The mathematical approach of the Method of
Lines (MOL) was used to simplify the partial differential equations into differential equations.
Using Runge-Kutta, the integration of these systems of differential equations could take place.
The simulation model was developed in the EES® (Engineering-Equation-Solver) computer
package. EES® allows for the quick scripting of mathematical statements and automatically
orders the equations to obtain the correct order of calculation. As verification for the devel-
oped method, the mathematical concepts of stability, consistency, and convergence was used.
Additionally, a model was developed in Matlab® Simulink® to serve as a verification of the

4
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developed simulation model. Simple cases were tested in Simulink® as the benchmark for the
RK-MOL (Runge-Kutta Method of Lines) method.

1.4.4 Parametric study and concluding remarks

A parametric study was undertaken on the main components of the case study. This included
the capacity of the storage tanks, the rating of the heat pump and finally, the number of solar
banks in parallel on the system. From this, a general discussion on the influence of various
components on the system performance could be conducted. The case study system was fur-
ther analysed in various South-African cities. Remarks on the influence of weather conditions
were also made on the system performance. The time that it took to run these parametric stud-
ies were also noted to determine the effectiveness of the reducing measures on the simulation
model.

1.5 Outline of the study

An extensive literature survey is discussed in Chapter 2. Chapter 3 outlines the experimental
case study used to validate the simulation model. The available sensors and hospital network
configuration are discussed. Chapter 3.4 outlines the methodology for the calculation of the
various energy fluxes on the experimental setup. The results that were obtained are outlined
near the end of this chapter. Chapter 4 discusses the computer code and simulation structure.
Verification of the mathematical model from theory and a commercial code is also presented in
this chapter. Chapter 4.4 serves to compare the accuracy of the simulation predictions to that
of the experimental results. Chapter 5 utilises the validated simulation model to run various
parametric studies for analyses. Chapter 6 concludes with the most relevant findings of the
study and the recommendation for further study. Figure 1.2 illustrates the outline of the study
graphically.

1.6 Features of this study

To the best of the authors” knowledge from the literature survey, the study contributed in the
following ways:

¢ The use of heat pumps regression models in a validated dynamic SWH/HP simulation.

* A dynamic energy simulation that can be used for optimisation is scarce in the commer-
cial scale hybrid SWH/HP field.

¢ A parametric study was presented varying the storage vessel capacity, the number of
solar banks and heat pump size on an SWH/HP system.

¢ The influence of weather conditions in various Southern-African cities on SWH/HP sys-
tem performance is studied.

e Aspects of the study were presented at the 6 SA-UNESCO Engineering, Science and
Technology Conference held at Mahikeng on the 25" of September 2019.
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Literature Survey

2.1 Introduction

In the previous section, the need to create a simplified but accurate modelling application for
use in commercial water heater installations was addressed. To fully appreciate the scope of
the problem and to build a workable solution, an extensive literature study was undertaken.

The literature study has the following sections:
* Combined solar water heater and heat pump applications and the modelling thereof
¢ Water storage vessel modelling
¢ Heat pump modelling

¢ Solar water heater modelling

Reduced-order models of thermal systems
* Numerical methods of thermal-fluid problems
¢ Parametric studies of thermal systems

A list of concluding remarks and a summary will be given at the end of each of these sections.
At the end of this chapter, a table will follow that summarises key concepts from literature and
those used in this study Table 2.2.

2.2 Combined solar water heater and heat pump applications and the
modelling thereof

The following section serves as an introduction to some recent research on combined solar
water heater and heat pump applications.

Lerch et al. (Lerch, Heinz, and Heimrath, 2015) investigated two different configurations of
combining solar and heat pump systems. The first system, the air source heat pump, is used as
a benchmark and is shown in Figure 2.1 below. In Figure 2.2, solar energy is used in parallel,
and in Figure 2.3, solar energy is used directly in the evaporator. Figure 2.4 illustrates a system
where the HP can source energy from both ambient conditions or solar energy. This system
can also operate the solar energy source in parallel to the ASHP. The latter system would be
more appropriate where low ambient conditions adversely affect the coefficient of performance
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(COP) of the heat pump. The boundary conditions were the same for the various configura-
tions under consideration. It was found that parallel air source heat pump (HP) and solar
energy systems can improve the performance and heating capacity compared to conventional
air-source HP systems by 43 [%]. The use of solar energy directly on the evaporator of the HP
had a marginal increase in system performance. Even with the added costs, conventional solar
energy and heat pump technology is sufficient for the supply of adequate heating. The use of a
combination of lumped and distributed models to simulate the various components is a useful
alternative to solve heat-pump systems effectively and was employed in this study.

AN AN NN NN NN R NN NNEAE S AN EEEEEESESAEEEEEEEEEEEEEEEEE -

FIGURE 2.2: Solar-assisted air source heat pump configuration (SA-ASHP).

Recently a trend has emerged to investigate the use of various low-temperature heat sources for
heat pump technology. The study of Deng and Yu (Deng and Yu, 2016) simulated the concept
of utilising a dual-source air and solar heat pump against a conventional solar direct expansion
heat pump. A controller with electric valves distributes the refrigerant flow between the solar
and air sources depending on environmental factors. As a simulation-based study, the code
was written in Fortran, and a time step of 150 seconds was used. The solar component made
use of the Hottel and Whiller equation (Duffie and Beckman, 2013). The effectiveness-NTU
method, along with a two-phase heat transfer coefficient, was used for the finned-tube evap-
orator. For the compressor, a semi-empirical method based on manufacturer data was used.
The condenser and water tank were modelled by an energy method. Thermal capacitance was
neglected for all components except the unstratified water tank. The COP of the hybrid system

8
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FIGURE 2.3: Solar-assisted parallel water source heat pump configuration (SAP-

WSHP).
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FIGURE 2.4: Solar-assisted dual-source air-water heat pump configuration (SA-
DSHP).

increases by 19.8[%] on average to that of the solar sourced system. Based on the theoretical
results, the hybrid sourced system has superior performance at low solar radiation to that of
conventional sources.

Vega and Cuevas (Vega and Cuevas, 2018) conducted a simulation study on the direct heated
water (DHW) and heating needs of a residential building in Concepcién, Chile. TRNSYS
17 was utilised to study the application of parallel solar (SWH) and heat pump technology
(ASHP) on a residential building. The thermal inertia of the walls and the various apartments
were taken into account. The ASHP-SWH sub-simulation used a quadratic efficiency curve
for the SWH and performance catalogue table for the ASHP component, respectively. How-
ever, due to numerical convergence problems, the whole building simulation was split into
sub-simulations. Three simplified and one detailed simulation were coupled with the ASHP-
SWH sub-simulation. One hour time-steps was used to study the entire building. Hereafter, a
detailed simulation study was conducted for each floor. A final simulation using a five-minute
time-step was used for the simulation of components with quick response to the system like the
SWH. The SWH used variable speed drives (VSD) to supply the correct mass flow for optimal
efficiency. These simulations where run for the winter and summer period, and the systems
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energy usage was analysed. It was shown that the solar-assisted systems had a seasonal per-
formance factor of 4.61 (SPFsysten = 4.61) for flat plate collectors and a SPFsystem of 4.86 with
excavated tube collectors. It was found that the performance was mainly dependent on the
demand profile of the individual apartments.

Bastos et al. (Bastos, Torres, and Castilla Alvarez, 2018) developed a simulation for the mod-
elling of heat pumps with solar assistance and validated its results against experimental data.
The study used lumped semi-empirical (mass and energy equations with manufacturer data)
models for the expansion valve and compressor. The evaporator and condenser were mod-
elled using mass, momentum and energy equations. The solution procedure started by choos-
ing a random discharge pressure on the compressor. Hereafter, the mass flow was calculated
throughout the system. If the mass flow does not converge, then an alternative pressure is
specified using the Newton-Raphson method aided by the secant method. The Runge-Kutta
method was used to solve the enthalpy, pressure and mass flow rate throughout the system.
If the energy balance condition was met, then the simulation terminated. Matlab was used for
the solving of the equations. The study further observed an oscillatory use of power by the
compressor as the environmental conditions changed ever so slightly.

Kim et al. aimed to investigate the concept of a hybrid solar collector which can supply energy
either to a water-to-water heat pump or directly to the storage tanks (Kim et al., 2018). A sim-
ple thermodynamic model was showcased and experimentally validated with the prototype. A
maximum error of 8.8 [%] was attained between the predicted model results and experimental
data. The concept was compared to conventional serial and parallel type solar assisted heat
pump technologies. For the SWH component, the log-mean-temperature-difference (LMTD)
method and Hottel and Whiller equations were used. For the ASHP, a bi-quadratic regression
model was employed. The energy components of the various pumps and components were
taken into account. The parallel configuration offered the best seasonal performance with com-
pressor heating capacity (Q,) at 9.91 [kW] and seasonal COP at 4.56. The serial and proposed
hybrid system offered a (Q.) of 2.7 [kW] and 7.82 [kW], respectively. The former and latter’s
annual COP values amounted to 2.5 and 3.67, respectively.

The study of Rekstad et al. conducted experimental energy analyses on two detached passive
houses in Norway (Rekstad et al., 2015). The houses were equally sized, of the same design and
at the same location. One house uses solar thermal heating and the other air-source heat pump
technology for space and hot water heating. The houses were extensively monitored with
high-resolution interval measurement and various sensors. The raw data were used, along
with assumptions and calculations, to determine the various energy source fluxes and loads.
The results indicated that the house that is supplied by the solar thermal technology uses 15-20
[%] less electricity than the house supplied by heat pump technology. These results indicated
that solar thermal heating could be competitive in the harsh Nordic climate, even at those high
latitudes.

2.21 Concluding remarks - Solar and ASHP combinations

Recent literature has numerous simulation studies focusing on the combination of solar and
heat pump technology. It was evident from the literature that a comparison between experi-
mental results and simulation programs are of standard practice. The comparison with large
non-residential applications is, however, scarce. The following aspects from the literature that
will be incorporated in the development of the solution are highlighted below.

10
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Similar to the studies of Bastos, Terres and Castilla Alvarez, this study will aim to implement
a lumped and distributed component approach on the reduced simulation program (Bastos,
Torres, and Castilla Alvarez, 2018). This study will attempt to neglect (in the reduced computer
program) the thermal capacitance of most of the components except the water storage vessel
and SWH as with Deng and Yu (Deng and Yu, 2016).

The energy analyses to be conducted on the case study shares aspects in approach to the study
of Rekstad et al. (Rekstad et al., 2015). The reduced simulation program that will be developed
conducts an annual energy analysis with a similar time-step to the study of Guo and Goumba
(Guo and Goumba, 2018). The study will aim to use regression to model the heat pump as with
the study of Kim et al. (Kim et al., 2018).

From this section, the following conclusions can be made from the literature:

* In most of the studies, the ASHP was modelled by a regression model based on manufac-
turer catalogue data.

* Most of the studies used manufacturer solar efficiency curves to model the SWH compo-
nent.

* The integration of solar energy with heat pump technology leads to higher seasonal sys-
tem efficiency.

* Experimentally validated apartment-scale combined SWH-ASHP models seems to be
scarce.

* Asnovel configurations are proposed with the integration of solar and heat pump tech-
nology; new simulation methods and control methods are required as these systems are
becoming increasingly complicated.

¢ Smart control of these systems will lead to higher performance but will require validated
simulations to test these control schemes.

2.3 Component modelling

With the combined simulations discussed, the following section will investigate studies that
focus on component-based modelling of sensible water storage vessels, air-source heat pumps
(ASHP) and solar water heaters (SWH). Useful features and ideas were listed from literature in
the concluding remarks of each section.

2.3.1 Water storage vessel modelling

Inaccurate stratified tank models can be degrading towards energy predictions.

2.3.1.1 1D and 2D modelling approaches

Although an earlier study, the work by Kleinbach showcased a detailed approach to the various
simulation techniques for stratification in solar water heating systems (Kleinbach, 1990). The
study found that temperature stratification in domestic solar water heaters storage tanks have
a direct impact on the performance of the system. The plugged flow and multi-node 1D tank
models that existed in TRNSYS was compared and analysed. The field of applicability of these
methods was determined. The use of a uniform tank temperature leads to an under prediction
of useful energy and deliverable energy for all experimental measurements. Furthermore, it
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was not recommended to use plume entrainment with multi-node models. The reasons being
that the model predictions are not improved and were computationally expensive.

Kamal et al. did a comparative study where they compared experimental results to a 2D pure
conduction model and a fully coupled 2D mass-momentum and energy system of equations
(Ismail, Leal, and Zanardi, 1997). The pure conductive model neglected natural convection
but only took into account the forced axial convection (Re = 350). The pure conductive model
exclusively showed good agreement with the experimental data during the first few instances
of charging/discharging. As soon as convection currents originate (20 min), the predictions
between the coupled and uncoupled models diverge as time advances. The coupled moment
and energy equation model is adequate to describe the thermocline in the tank model. It is of
note that the uncoupled conduction model had a run-time of 5 minutes with the fully coupled
model at 200 minutes, respectively.

Han et al. did a review on various mathematical models for thermal tank stratification (Han,
Wang, and Dai, 2009). Researchers have often implemented 1D models, and the addition of
empirical-based mixing parameters have enhanced their usability and accuracy. These meth-
ods are, however, not that accurate amidst problem that include: intricate tank geometries,
backflow due to mixing and problems where the flow rate is too high. Numerous 2D model
has been developed using the Navier-Stokes equations with the Boussinesq approximation to
describe the mixing due to buoyancy and convective mixing. These methods tend to describe
the mixing between layers more accurately. Various studies on 2D Navier-Stokes based solvers
found that it is safe to model these water systems as incompressible as the viscous dissipation
is negligible. The latest 3D CFD simulations have the highest accuracy and allow one to model
complex fluid problems. These methods tend to focus on the optimisation of the tank geome-
try and the study of fluid properties. These methods, however, have longer simulation times
in comparison to 1D and 2D simulation models. Depending on the application at hand, these
solvers have their respective strength and weaknesses.

2.3.1.2 Computational fluid dynamic correlations

Fan et al. studied the influence of natural convection on thermal stratification and heat loss (Fan
and Furbo, 2012). The intention was to establish a simple equation that correlates the heat loss
between the various layers of the storage tank. A simple regression equation from CFD results
was obtained that takes into account: the influence of tank volume, height to diameter ratio,
tank insulation and the initial conditions of the tank. A few noteworthy findings where made:
Heat loss to the sides of the tank helps build op thermal stratification in the tank. Temperature
gradients oppose buoyancy-driven flow. A reduction in heat loss of 20-55 [%] was observed if
the temperature gradient was between 0.2 - 1.5 [WK™1].

Beaten et al. identified a need for an accurate low order 1D storage tank model that takes
mixing and buoyancy effects into account (Baeten et al., 2016). One dimensional storage tank
models are utilised regularly in the building industry. The problem with these models is that
water mixing and buoyancy effects are three-dimensional. The study conducted various CFD
simulations on storage tanks and captured stratification correlation parameters. Consequently,
the 1D model made use of these correlation parameters. Thus, the accuracy of CFD buoyancy
modelling was obtained at a drastically reduced computational effort.
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2.3.1.3 Computational fluid dynamic modelling

Levers and Lin ran multiple CFD simulations to investigate the influences of operating condi-
tions, inlet geometry and aspect ratio on the thermal stratification of storage tanks (Ievers and
Lin, 2009). Adiabatic tank insulation was assumed. The simulations revealed that an aspect ra-
tio increase from 2.5 to 5 could lead to a 30.69 [%] improvement in thermal stratification. When
the mass flow was increased from 0.05 to 0.15 [kgs™!], the stratification contracted by 77 [%].
Improper placement of the inlet and outlet relative to the tank’s top and bottom can decrease
stratification by 72 [%]. These results indicate that to lessen mixing, the hot water inlet should
always be at the top.

A CFD study was conducted by Kursun and Okten to analyses the effect of aspect ratio and
tank position on thermal stratification in a rectangular tank (Kursun and Okten, 2018). The
storage tank inclination was varied from 0 to 60 [°], and aspect ratios from 0.5 to 1. The resulting
stratification and second law efficiency were determined. For a vertically positioned tank, by
reducing the aspect ratio from 1 to 0.5, the stratification was improved by 14 [%]. The thermal
stratification increased with time for all aspect ratios and angles. For vertical tanks, the aspect
ratio has a noticeable effect on thermal stratification.

2.3.14 Concluding remarks - Water storage vessel modelling

For the water tank components, various techniques were investigated. Ranging from the use
and development of empirical (CFD) values in 1D models (Fan and Furbo, 2012; Baeten et al.,
2016), to various 1D and 2D models (Kleinbach, 1990; Ismail, Leal, and Zanardi, 1997; Han,
Wang, and Dai, 2009). The use of CFD in the analyses of storage tanks in the solar application
field was also investigated (Ievers and Lin, 2009; Fan and Furbo, 2012; Kursun and Okten, 201 8)
The goal is to aid in the design of solar heat pump hybrid systems, not components. CFD and
2D models offer the most comprehensive results but are mostly used to design and study effects
on component level. Especially on storage vessels and their respective inlet manifolds. In the
case study, the impinging jet at the inlet of the tanks is of a low enough velocity to not disturb
the stratification significantly. Stratification is enhanced with the pipe connections between the
five discrete storage vessels. The above reduces the need for a 2D or CFD model. To model,
the various layers of the tanks will take up too many computational resources. Therefore,
from the rationale above a 1D heat balance model seems like the most likely candidate for
implementation.

From this section, the following conclusions can be made from the literature:

¢ The inclusion of buoyancy and stratification in simulations are essential for the accurate
performance modelling of solar water heating systems.

e The use of 1D multi-node models (heat balance models) is more suitable for scenarios
where there is more than one inlet.

¢ 1D multi-node models showcase a reduction in efficiency if the plume of the incoming
fluid is modelled explicitly.

¢ 1D models that only take conduction and axial convection into account are not as accurate
when the buoyancy-driven flow is dominant in the simulation of storage tank stratifica-
tion.

* Viscous dissipation is negligible in the modelling of hot water storage tanks during the
use of 2D-models.
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¢ Empirical based correlations can improve 1D and 2D simulations in the prediction of flow
in complex tank geometries and high mass flow scenarios.

¢ CFD can model complex 3D transient flow tanks the best but do not lend themselves for
long-term energy simulations due to their high computational cost.

* CFD simulations tend to be used often for the design and optimisation of storage tanks
and not holistic system simulation.

2.3.2 Heat pump modelling

Guo and Goumba investigated the effect of individual (single apartment) and bulk storage
strategies (apartment block) on the energy efficiency of DHW supply (Guo and Goumba, 2018).
From TRNSYS simulations, it was determined that individual storage units have a combined
higher efficiency than the collective bulk storage mediums. The ASHP was modelled from
catalogue data and not a full physics model. For the circulating losses, the ‘"dead-end’ legs
of the centralised system were also taken into account. Stratified simulations modelled the
storage vessels. The time step was taken as ten minutes, and a whole year was simulated.
Although ASHP is more efficient with bulk storage, the pumping and heat loss associated with
bulk storage make this configuration less efficient than individual storage units.

Manufacturers of ground-source heat pumps (GSHP) usually express the power consumed to
operating conditions for some discrete values. Dynamic simulations often require values other
than those that are listed. The study of Reddy et al. intended to use a simplified methodology
where multiple regression models are employed to predict the performance of GSHP under a
broad range of operating conditions (Simon et al., 2016). The study was able to use second-
order multiple regression (MR) models with eight variables to predict the performance of the
ground source heat pump. The model correlated COP source-, load flow rate, and the inlet
temperatures of the condenser and evaporator. For the different heat pump models, COP cor-
relation errors were 2.62 [%], 4.91 [%] and 3.21 [%], respectively. It was noted that proprietary
regression models might have generated the manufacturer data of the studied GSHP. The study
suggested that as the quality of these models cannot be verified, one should use these models
cautiously.

Underwood, Royapoor and Sturm proposed a heat pump model which could be parametrised
from either experimental-, manufacturer- or field data (Underwood, Royapoor, and Sturm,
2017). The model utilises a refrigerant-based regression model rather than the more common
system side approach. In the past, studies have often used deterministic methods to model heat
pump behaviour (Van Eldik, 1998; Kinab et al., 2010). These models required comprehensive
knowledge and detailed information to deem them useful. The study aimed to develop a model
of intermediate complexity that can be fitted reliably from limited field data. A non-linear
regression model with ten input variables was used. A multi-objective optimisation routine
in MATLAB was used to adjust the coefficients so that the root-mean-squared (RMS) error
between the measured and predicted values where minimised. It was observed, as with the
study by Reddy et al. that manufacturers usually over-predict the performance of their heat
pumps (Simon et al., 2016). Predicted power consumption and heat output delivered an RMS
error below 10 [%] for the mean test data values. This study differs from the former in that a
grey box model was proposed rather than a purely statistical model.

Tabatabaei, Treur and Waumans; compared computational models using climate conditions as
input to predict ASHP performance (Tabatabaei, Treur, and Waumans, 2016). Linear, quadratic,
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exponential and higher-order models were tested and tuned to match the experimental data.
The fourth-degree polynomial was the most accurate, followed by the cubic model in the pre-
diction of the heat pump performance. The regression models were tested for the climatic
conditions of eight different cities. It was shown that a model could approximate seasonal heat
pump performance reasonably by only using dry bulb temperatures. Higher-order models
worked for specific circumstances but did not in all of the cases. The latter suggests regres-
sional over-fitting. The study highlighted the point that the use of simple equations could be
used to define annual heat pump performance.

2.3.2.1 Concluding remarks - HP modelling

For the ASHP component, a statistical regression strategy as used by the studies of (Simon
et al., 2016; Underwood, Royapoor, and Sturm, 2017; Shafieian, Khiadani, and Nosrati, 2019;
Guo and Goumba, 2018) appears to offer a good compromise between accuracy and compu-
tational resources. As noted from Chapter 1, the aim is not to design the ASHP and therefore,
component-based techniques will not be used. Although the studies of (Simon et al., 2016; Un-
derwood, Royapoor, and Sturm, 2017) opted for component-based inputs; this study will opt
for system side regression. This information would be more accessible during the experimental
setup and from the manufacturer catalogue data.

From this section, the following conclusions can be made from the literature:

¢ In recent times, there has been an initiative from academia to investigate the use of re-
gression methods to characterise the performance of heat pumps.

* Manufacturers tend to over-predict the performance of their heat pumps.

* From the literature, the use of these regression models in a validated dynamic energy
simulation is rare.

* Simple regression models can accurately predict heat pump performance.

¢ The use of higher-order models tends to over-fit the regression data.

2.3.3 Solar water heater modelling

Alloubhi et al. conducted a simulation and optimisation study in TRANSOL on the supply of
hot water to four different industrial processes (Allouhi et al., 2017). The financial feasibility of
solar energy supplying a portion of heating was investigated by means of energy analysis. The
case study was implemented on a milk processing company situated in Morocco. The three
main parameters that were altered was the volume of the storage tanks, the aperture area and
the tilt angle of the solar system. For the storage tank, a stratified model was used. For the
SWH, a modified polynomial efficiency curve sensitive to tilt angle was used. The proposed
system had a solar fraction of 41 [%] with an annual reduction of 77 tons in CO, emissions. The
latter also had a life cycle savings of 179 [kUSD] over a period of 20 years. The study showcases
the fact that solar energy can lead to substantial savings in countries with an abundance of solar
energy and the need for heat in industrial processes. The study was also unique as it optimises
a design that supplies four different setpoint temperatures.

The study of Shafieian, Khiadani and Nosrati, evaluated the performance of an evacuated solar
tube system experimentally and utilising simulations (Shafieian, Khiadani, and Nosrati, 2019).
The solar system was tested to meet the hot water consumption pattern of a real-world resi-
dence under non-ideal climatic conditions in Pert, Australia. The study presented a validated
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mathematical model with a maximum absolute error of 5.6 [%] to that of the experimental
data. The simulation was based on a complete heat pipe thermal resistance circuit based on
the condenser and evaporator of the evacuated solar tube. The second part was based on the
effectiveness-NTU method to determine the thermal properties at the outlet of each evacuated
tube. Combined with the validated method, a parametric study on the number of tubes and
collector mass flow rate was conducted. A regression equation and efficiency graph for the col-
lector was derived from experimental data. The study concluded that mass flow had a direct
impact on supply temperature and collector efficiency.

Martinez-Rodriguez, Fuentes-silva and Pic; developed a design approach for solar thermal
energy to low energy-intensive applications (Martinez-Rodriguez, Fuentes-Silva, and Picon-
Nfez, 2018). The developed thermal model was compared to experimental results. A maxi-
mum deviation of 8 [%] was reported between the model and experiments. Furthermore, the
mathematical coupling between thermal and hydraulic equations was used. The solar ther-
mal equation resembles that of Hottel and Whiller (Duffie and Beckman, 2013). The complete
thermal circuit, as with the previous study, was replaced with a single resistance variable. The
former allowed the authors to run a parametric study and to change the number of collectors
in series and parallel and other environmental conditions. Environmental conditions heavily
influence the number of solar collectors required to supply the targeted thermal behaviour. The
study also developed graphical parametric plots to compare the main design parameters.

The study of Daghigh and Shafieian experimentally and theoretically determined the perfor-
mance of an SWH system using evacuated solar tubes (Daghigh and Shafieian, 2016). An SWH
was designed and constructed. The system was tested under the conditions of Sanandaj city
where the hot water consumption pattern of a dormitory hall was simulated. The study at-
tempted to ascertain the effects of various parameters, such as the number of heat pipes and
mass flow, on the efficiency of the SWH. The developed model had a maximum error of 8.4 [%]
to that of the experimental results. A thermal circuit similar to the study of Shafieian, Khiadani
and Nosrati were employed (Shafieian, Khiadani, and Nosrati, 2019). The effectiveness-NTU
method was used, and it was found that the impact of collector mass flow rate was low during
the beginning and end of each day. The user profile had a significant effect on the thermal
efficiency of the solar water heating system.

The design of solar banks for thermal processes require that hydraulic and thermal require-
ments have to be met. The reasons being that for non-residential applications, the working
fluid thought the collectors have to be forced using pumps. The latter is due to the significant
pressure drop through these solar collectors. The study of Picon-Nufiez, Martinez-Rodriguez
and Fuentes-silva; developed a simulation with industrial applications in mind (Picén-Ntfiez,
Martinez-Rodriguez, and Fuentes-Silva, 2014). The simulation had a maximum error of 1.35
[%]. Thermal and hydraulic coupling was used. The resistance circuit, however, focused on the
header of the SWH circuit and not the entire collector tube. It was observed that the number of
collectors in series determines the maximum temperature. In contrast, the number in parallel
determines the mass flow and the heat load that can be supplied.

2.3.3.1 Concluding remarks - SWH models

For the SWH component, the study will aim to take the thermal capacitance of the SWH into
account due to variable flow. A steady-state thermal circuit and effectiveness-NTU method
have been widely implemented in domestic SWH systems (Shafieian, Khiadani, and Nosrati,
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2019; Daghigh and Shafieian, 2016). Additionally, these studies used a steady-state continu-
ous mass flow through the SWH manifold. Finally, the studies neglected the heat losses and
thermal capacitance of the manifold. The reduced and detailed modelling programs that will
be developed for this study will make use of an experimental /manufacturer graph. Addition-
ally, the thermal mass of the SWH and heat loss of the manifold will be taken into account.
The rationale is followed as the mass flows varies according to a controller (on-off control),
and the flow through the SWH is on occasion zero. Furthermore, the SWH manufacturer
graph will be used as boundary input to the manifold control volume as the effectiveness-
NTU method from literature requires extensive calibration and details on the heat pipes. The
detailed model will additionally strive to take the hydraulic losses into account, similar to
the studies of Martinez-Rodriguez and Picon-Nufiez (Martinez-Rodriguez, Fuentes-Silva, and
Picon-Nuifez, 2018; Picon-Nufiez, Martinez-Rodriguez, and Fuentes-Silva, 2014).

From this section, the following conclusions can be made from the literature:

¢ User consumption and weather patterns should be taken into account when hot potable
water systems are designed.

¢ The mass flow rate heavily influences solar water heater performance.

* For the effective use of solar energy, the network configuration should be taken into ac-
count to meet the hydraulic and thermal requirements.

* Researchers often use regression from experimental results to derive an equation for SWH
efficiency.

e Most studies did not take thermal mass and heat loss of the manifold into account.

* Some studies make use of a steady-state thermal model and the effectiveness-NTU method
to conduct parametric studies.

* The Hottel-Whiller equation is common in the application of header focused simulations.

2.4 Simulation structure

The following section focuses on the techniques for the simulation of thermo-fluid problems
from the literature. Reducing simulation complexity is showcased as well as the numerical
methods employed in these problems. The section concludes with the use of these developed
computer programs in parametric studies and the usefulness thereof.

2.4.1 Reduced-order thermal-fluid models

Recently researchers have started applying surrogate models to imitate the dynamics of ad-
vanced simulations and experiments (Bhosekar and lerapetritou, 2018; San and Maulik, 2018;
Chang and Dinh, 2019; Rahman and Smith, 2018; Tran and Georgakis, 2018). A surrogate model
in the thermo-modelling domain uses simplifying methods to mimic the complex characteris-
tics of comprehensive physics-driven simulations. Table 2.1 contains a simple example of the
methodology in constructing a surrogate model.

Bornatico et al. presented a study on various grid structures for surrogate models in the build-
ing field (Bornatico et al., 2013). The focus was on the effective distribution of nodes and the
use of interpolation methods to build the surrogate models. The nodes represent the simula-
tion output, and the grid is the domain under which the parameters are varied. Polysun as
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simulation program was used to determine the outputs on the grid. The problem was to create
a high dimensional grid to capture the system dynamics but not statistically over-fit the model.
For the 12-D case, a model with a relative error of less than 5 [%] was presented. The Poisson
disk offers the smallest interpolation error for alow number of nodes compared to the cartesian
and hexagonal (uniform) distributions. The developed surrogate and grid converge 150 times
faster to optimum solutions than conventional techniques.

Guelpa and Verda developed a reduced-order physical model for the quick simulation of large
thermal networks (Guelpa and Verda, 2019). The case study was the Turin network in Italy (56
million [m3]). The number of iterative calculations was reduced by simplifying the mathemati-
cal coupling of the momentum equation with that of the energy and mass equations. The study
used a combination of black-box regression methods and physical equations to model the sys-
tem. An equivalent tree network was constructed, eliminating the various looped networks.
Linear regression captures the mass flow dynamics of the loops of the original network. These
regression coefficients can be obtained from measurement or full physical simulation. These
regression models impose boundary conditions on the tree-network. The continuity of mass
is then solved over the entire network, followed by the continuity of energy equations. The
methods outlined in the study reduced the computational cost of simulating this network by
two orders of magnitude. The error between the reduced-order and full physical simulation
was under 5 [%] for all scenarios.

The study of Edwards et al. studied the use of surrogate models in generating comparable
outcomes to that of the US department of energy’s building simulation program, EnergyPlus
(Edwards et al., 2017). The program is used for the refit of existing buildings, design of new
energy-efficient buildings, development of building codes as well as energy efficiency strate-
gies. The study used Lasso regression and feed-forward neural networks (FFNN) as surrogate
models to improve the simulation time. The study used 5 million simulations for the input pa-
rameter space of the surrogate models. The most important inputs for the building simulation
amounted to 156 input variables and 90 output variables obtained from the 8 million simula-
tions—the former amounts to 5 x 10°? simulations on the defined distribution grid. The latter
highlights the computational infeasibility and the need for lightweight simulations. The devel-
oped surrogate models were able to calculate most of the essential outputs defined by domain
experts within a 5 [%] accuracy. The surrogate models were achieving this level of accuracy
within 3 seconds where the equivalent EnergyPlus simulation amounted to 5 [min] of com-
putational run time. Whole building energy consumption could be predicted within 0.07 [%]
accuracy. The techniques and methods showcased in this study illustrate the trade-off between
simulation time and accuracy.

2.4.1.1 Concluding remarks - Reduced thermal-fluid modelling

Guelpa and Verda were able to simplify the mathematical coupling between the momentum
equations and that of the energy and mass equations on a sizeable thermal network (Guelpa
and Verda, 2019). This study will apply a comparative approach by attempting to enforce
known mass flows in individual branches depending on the boundary conditions. The conti-
nuity of energy and mass equations will be calculated accordingly; on the rest of the system.
The studies of Bonatico et al. and Bhosekar and Ierapetritou demonstrated the use of various
regressional methods to characterise a system (Bhosekar and Ierapetritou, 2018; Bornatico et al.,
2013). This study will attempt to use manufacturer data for subcomponents. The former entails
the use of multivariate linear regression and polynomial regression to capture the ASHP and
SWH performance, respectively. The study of Edwards et al. serves as an illustration in the
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use of regressional methods derived from detailed simulations and the computational benefit
thereof.

From this section, the following conclusions can be made from the literature:

¢ In specific thermal networks, the momentum equation can be simplified to decrease the
computational cost without sacrificing accuracy.

* Local regression is beneficial if a high dimensional grid is to be fitted.

* Regression and other surrogate modelling techniques offer the designers of complex sys-
tems to run conventional computationally expensive simulations in drastically lessened
time-frames.

¢ Black and grey box methods on the interfacing between components can lead to a de-
crease in computational cost.
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TABLE 2.1: Basic methodology in constructing reduced models (surrogates) of
complex systems

Power consumption VS equipment specs

¢ Determine independent system variables.

* Determine the practical domain of the variables.

® Determine a parametric grid/mesh that encom-
passes the domain of all of the independent
variables of the system.

Number of SWH in parallel

¢ The example to the right shows a cartesian grid
with two independent variables that are varied. T8 9 08 B ¢

Number of HP in paralle|

¢ List the dependant variables in the form of key
performance indicators (KPI's) or system out-
puts.

Parametric Grid

@

~

¢ Calculate these outputs at the grid /mesh points
determined in the first step using experiments
or physics-driven simulations.

Kwh Consumption System
@

EYS

@

¢ Conduct a preliminary model analysis between
dependant and independent variables.

Number of HP in parallel

® The example to the right illustrates electricity bt S e
consumption to two independent variables.

¢ Choose a suitable regression model or surrogate
to fit through the system outputs.

Power consumption VS equipment specs

®

e Verify the accuracy of the surrogate by compar-
ing its output to the source (simulation or ex-
periment) at a point other than the grid/mesh

-

Kwh Consumption System
@

nodes. s
* The example to the right is a response surface ‘ ; :
(RS) fitted through the independent variables. 2 A
® This concludes the methodology to construct a N S el

surrogate model.

Pareto Frontier

® The surrogate derived in the previous step can
now be used to imitate the physics-driven sim-
ulation at a reduced computational cost.

¢ The surrogate/regression model can be used for
multi-objective optimisation problems.

Il Installation Cost [ZAR]

¢ The example to the right shows a typical Pareto
frontier of a three-dimensional cost function. = =
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FIGURE 2.5: The mathematical approach to producing a numerical time march-
ing algorithm.

2.4.2 Numerical methods of thermal-fluid problems

Figure 2.5 illustrates the mathematical approach required to develop a time marching simula-
tion. The following section briefly discusses each of these aspects.

Kriel developed a 1D unified total pressure formulation for pipe networks that could be used
for both compressible and incompressible flow regimes (Kriel, 2012). This unified pressure
formulation allows computer codes to use one set of equations for all flow problems. The
numerical method used is of the IMplicit-EXplicit (IMEX) type numerical solver (Chattot and
Hafez, 2015). The study uses a weight factor (x-method) to allow the developed code to shift
between fully explicit (x = 0) and fully implicit (¢ = 1) numerical solutions. An adaptive
method was developed that analyses the flow and chooses the corresponding weight factor to
suit the prevailing flow conditions. Finally, the study used adaptive time-stepping to improve
computational efficiency.

Botha implemented an explicit method for the simulation of transient flow in compressible
pipe networks (Botha, 2003). The code was used as verification for the then recently developed
Flownet used by the PBMR company (Pebble Bed Modular Reactor). The conservation equa-
tions were solved by the two-step Lax-Wendroff method (Tu, Yeoh, and Liu, 2008; Leveque,
1999). Total and static pressure formulations were used to create an elementary pipe network
solver in C++. Specific components such as that of the turbines and orifices were modelled
as non-inertial components. The numerical solution was compared to Flownet and RELAP5.
Various slow and fast transients scenarios were used as case studies. In all of the studies,
Lax-Wendroff method compared well with that of Flownet. Anomalies were detected with the
isothermal flow at high Mach numbers. Notable differences were also detected at boundary
conditions with fast pressure transients and no-flow conditions. With the end application in
mind, the simulation compared adequately.

De Villiers derived a 1D network code for the simulation of the main arteries of the cardiovascu-
lar system (De Villiers, 2012). The derived simulation discretisation is of finite volume method
on a staggered grid. The conservation equations were derived from the Reynolds Transport
theorem. The momentum equation is rewritten in the total pressure formulation similar as
also used in the studies of (Fick, 2014; Botha, 2003; Kriel, 2012). Although the blood can be
assumed to be incompressible, the change in arterial wall geometry leads to a somewhat com-
pressible phenomenon. The former is added as an external pressure term (empirical based),
and this consequently leads to conservation in mass, momentum and arterial wall dynamics.
Energy conservation was neglected. The SIMPLE numerical technique was used to solve the
conservation equations. Similar results to that of CFD was obtained.
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Izzom demonstrated an implicit-explicit (IMEX) Runge-Kutta (RK) method for the solution of
stiff and non-stiff differential systems (Izzo and Jackiewicz, 2017). The IMEX-RK was derived
by three different methods and was derived for the fourth to second-order. The conservation
form of the 1D MME equations of the previous studies has two processes evolving on two
different time scales. In the advection-diffusion PDE equations, there are elements of stiff cou-
pling. In order to circumvent this, the study uses an implicit solution of the stiff part (diffusion)
and an explicit solution for the non-stiff part (advection). The area of stability was maximised,
and the coefficients of the explicit RK methods were optimised. This poses the possibility of
creating stable methods that can handle stiff PDE problems.

PDE equations represent most thermo-fluid diffusion-advection problems. These PDE usu-
ally is solved numerically to solve numerous engineering problems. The Method of Lines is a
technique where PDE equations are converted into ODE equations by using spatial approxi-
mations. These methods have been proven capable of handling stiff differential equations with
modification, and in specific problems, no modification (Jackson, 1996; Shaw et al., 2017; Vande
Wouwer et al., 2005; Ahmad and Berzins, 2001; Sarker and Chakravarty, 2020). Although a field
of active development, the method proves useful as it allows PDE problems to be solved with
the numerous ODE solvers that are available.

The Runge-Kutta method is one of the most well-known numerical methods for solving ODE
problems, and its application and modifications are still an active field of study to this day
(Bernardini and Pirozzoli, 2009; Vermeire, 2019; Caplan and Carretero-Gonzalez, 2013; Eremin,
2019). In the past, this method was famous with Navier-Stokes flow codes used in the Euro-
pean aircraft design industry. The same codes using structured grids almost unanimously used
explicit RK methods as their steady-state solver (Vos et al., 2002). Recent use of this method
in IMEX methods enhances the usability of the method for diffusion and advection related
problems (Izzo and Jackiewicz, 2017).

2.4.2.1 Concluding remarks - Numerical methods

First off, the well-known MOL strategy will be applied to reduce the conservation PDE equa-
tions into DE form. The MOL strategy is chosen from literature because of its ease of implemen-
tation. Finite differencing will be used due to its simplicity and the structured grid that will be
applied. The former will further be adopted due to the study of a rigid pipe network, unlike
the study of De Villiers (De Villiers, 2012). The studies of 1zzoa and Kriel made use of IMEX
type solvers to hold the inherent benefit of a single flexible diffusion and advection solver (Izzo
and Jackiewicz, 2017; Kriel, 2012). The domain, as used in this study, is advection dominated.
Because of the former and the decoupling of the momentum equation, the study will use a
fully explicit method. The relevance of the Runge-Kutta method has been demonstrated, as
seen by several studies (Bernardini and Pirozzoli, 2009; Vermeire, 2019; Caplan and Carretero-
Gonzélez, 2013; Eremin, 2019). For this reason, the classical fourth-order Runge-Kutta method
will be used to solve the MOL discretised problem.

From this section, the following conclusions can be made from the literature:

¢ IMEX numerical codes are becoming increasingly popular to handle both advection (non-
stiff) and diffusion (stiff) related problems with one unified solver

* The RK method is to this day a relevant and adapting numerical method for modern
applied sciences

¢ The MOL numerical approach is popular for structured grids
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* The total pressure formulation is famous in 1D CFD codes and in-network simulations

2.4.3 Parametric studies and optimisation

Jonas, Frey and Theis by using TRNSYS simulations, studied the performance of parallel HP
and ST (solar technology) systems and compared these to where no ST collectors are present
(Jonas, Frey, and Theis, 2017). This simulation studied was conducted on four different con-
figurations and two climatic regions. It was found that adding solar energy to HP systems
can significantly improve system performance. For each of these configurations, a parametric
study was conducted where storage tank size was varied from 500 - 2000 [L] and the solar col-
lector areas from 5 - 20 [m?]. The study found that air source HP in combination with solar
energy has the potential to achieve the same or even higher levels of seasonal performance
than ground source HP systems for moderate climates. This becomes even more evident for
buildings with low heating demand. Ground source HP systems in combination with solar
energy have higher seasonal performance than air sourced HP systems. The difference in per-
formance between these systems increases as the ambient temperatures decrease and the heat
load demand increases.

Frangopoulos wrote a manuscript recently on the synthesises, design and optimisation (SDO)
of energy systems. Optimisation, as end-use, commands the development of computer models
(Frangopoulos, 2018). The different methods in parametric design, namely: search, calculus
and stochastic methods where showcased. It was stated that if steady-state assumptions can-
not be made on energy systems, then dynamic optimisation and simulation is often required.
From this review; publications exerting this strategy for complex systems are rare in the litera-
ture. There is a renewed push to develop efficient but accurate methods for the optimisation of
energy systems.

The study of Starke, Cardemil, and Colle; demonstrates an innovative approach for the multi-
objective optimisation of solar assisted heat pumps systems (Starke, Cardemil, and Colle, 2018).
Two design variables were changed, namely the heat pump scale factor as well as a solar field
area parameter. The combined goal function was to minimise cost and user discomfort. A rect-
angular domain was constructed by varying the design parameters and calculating the sequen-
tial goal function value using TRNSYS. A response surface surrogate model was constructed in
MATLAB. The genetic algorithm (GA) algorithms of MATLAB was used to construct the Pareto
frontiers. All of the solar-assisted configurations showed annual life cycle savings (ALCS). The
solar-assisted, water sourced heat pump had an ALCS between 395 and 887 [US$].

The study of Beykal et al. evaluates a data-driven approach to surrogate model identification
for optimum system design (Beykal et al., 2018). Beykal et al. developed the p-ARGONAUT
system or parallel AlgoRithms for Global Optimisation of coNstrAined gre-box compUTational
systems (Boukouvala and Floudas, 2017). The software uses the input-output of a system and
the constraints for optimisation. Surrogate models are automatically identified. An optimisa-
tion was conducted on the derived surrogate models. Finally, the system was tested on multi-
objective optimisation problems and was compared to that in the literature. The study was able
to consistently and efficiently identify the Pareto frontier, using the 7-constraint method along
with p-ARGONAUT. The novel method out-performed all other derivative-free methods.

It is common among studies to make use of single-objective optimisation algorithms to design
complex solar thermal systems. Rey and Zmeureanu presented the design of a combi-system
against two conflicting objective functions (Rey and Zmeureanu, 2016). Eight design variables
were varied, including the storage tank size and collector slope. MATLAB as an optimiser
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was used in tandem with the system simulation package, TRNSYS. Three methodologies were
used to design the system. The weighted sum method (WSM) using a hybrid particle swarm
optimisation/Hooke-Jeeves algorithm, a multi-objective particle swarm algorithm and a hy-
brid multi-objective particle swarm optimisation/Hooke Jeeves (MOPSO/H]J). The execution
time and the final design proposed by the different methods where evaluated. Using the MOP-
SO/H]J method, the life cycle cost and life cycle energy could be reduced by up to 88.6 [%] and
63.9 [%], respectively. The new MOPSO/H] method also reduced the computing time to that
of the WSM method by six times. Computing time for one optimisation run was around 86 [h].
Thus, to create the Pareto frontier, 39 days where required.

2.4.3.1 Concluding remarks - Parametric studies and optimisation

Frangopoulos noticed that the use of computer programs in optimisation or parametric studies
defines the formers” development. It was furthermore noted that the design of energy systems
requires computationally inexpensive computer programs (Frangopoulos, 2018). Recent liter-
ature also made use of model-reducing measures to create programs that can assist with the
optimisation of heat pump solar hybrids (Starke, Cardemil, and Colle, 2018; Poppi et al., 2016;
Rey and Zmeureanu, 2016; Calise et al., 2016; Jonas, Frey, and Theis, 2017). Contemporary re-
search trends also indicate the escalating use of surrogate models in simulation studies to aid in
the parametric design of thermal systems (Chang and Dinh, 2019; Beykal et al., 2018; Rey and
Zmeureanu, 2016; Blackman et al., 2019; San and Maulik, 2018; Tran and Georgakis, 2018). The
latest trends focus on reducing methods and the newest machine learning techniques. These
findings illustrate the relevance of developing reduced computer methods for the parametric
design of thermal systems. To this end, the study will aim to develop a validated model for
solar heat pump systems for non-residential purposes.

From this section, the following conclusions can be made from the literature:

* The use of machine learning methods, along with surrogate models, are becoming in-
creasingly useful design tools for energy and solar systems.

e It was noted that the development of a computer model is mostly dependant on whether
it will be used for optimisation.

* Dynamic energy simulation (in the field of the study) with the goal of optimisation is
scarce in the open literature.

* Arecent trend has emerged where accurate but efficient models are required for the opti-
misation of energy systems.

* The use of multi-objective optimisation for the evaluation of energy systems are becoming
increasingly important.

2.5 Concluding remarks

This chapter illustrated the critical concepts used from literature to develop a reduced com-
puter model for the simulation of hybrid solar and heat pump systems. Table 2.2 illustrates the
key concepts and those that were used. The central theme is the use of reducing measures to
enable one to run various design simulations in quickened time frames. Central to this idea is
the use of ‘surrogate’ models that imitate more complex modelling techniques. Table 2.1 illus-
trates the basic methodology that leads to the derivation of a response surface. The last step in
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the table illustrates the implementation of these methods in a parametric study. The following
chapter will deal with the experimental setup used as a case study and the calculation of the
energy fluxes from the experimental data.

TABLE 2.2: Key concepts from literature and those used in the study.

Literature Study
Water tank storage

Plug flow 1D Heat Balance

(Kleinbach, 1990; Alizadeh, 1999; Yoo and Pak, 1996) (Detailed and reduced simulation)

1D Heat balance Mass-Energy (Reduced simulation)

(Yoo and Pak, 1996; Han, Wang, and Dai, 2009; Kleinbach, 1990; Alizadeh, 1999) Mass-Momentum-Energy

1D Model with CFD correlations (Detailed simulation)

(Fan and Furbo, 2012; Baeten et al., 2016)

2D Heat balance

(Ismail, Leal, and Zanardi, 1997; Han, Wang, and Dai, 2009)

CFD analyses

(Tevers and Lin, 2009; Fan and Furbo, 2012; Kursun and Okten, 2018)
Mass-Momentum-Energy

(Han, Wang, and Dai, 2009; Ievers and Lin, 2009; Fan and Furbo, 2012; Kursun
and Okten, 2018)

Mass-Energy

(Ismail, Leal, and Zanardi, 1997; Guelpa and Verda, 2019)

Heat pump simulations
System-side regression System-side regression
(Shafieian, Khiadani, and Nosrati, 2019) (Detailed and reduced simulation)
Component-side regression

(Ruschenburg2014; Simon et al., 2016; Underwood, Royapoor, and Sturm, 2017)
Component models

(Chen and Yu, 2017; Bastos, Torres, and Castilla Alvarez, 2018; Cakir and Co-
makli, 2016; Van Eldik, 1998)

Solar water heater component

Hottel and Whillier Regression Graphs
(Shrivastava2017; Rey and Zmeureanu, 2016) (Detailed and reduced simulation)
(Duffie and Beckman, 2013; Calise, Libertini, and Vicidomini, 2018) Hydraulic effects (Detailed simulation)
Regression Graphs

(Moss et al., 2018; Shafieian, Khiadani, and Nosrati, 2019; Daghigh and Shafieian,
2016)

Effectiveness-NTU
(Shafieian, Khiadani, and Nosrati, 2019; Daghigh and Shafieian, 2016)
Hydraulic effects

(Martinez-Rodriguez, Fuentes-Silva, and Picén-Nufez, 2018; Picén-Nez,
Martinez-Rodriguez, and Fuentes-Silva, 2014)
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Literature Study
Reduced-order models

Mass-Energy equations Mass-Energy equations

(Guelpa and Verda, 2019) (Reduced simulation)

Regressional polynomials Regressional polynomials

(Ruschenburg2014; Mudunuru et al., 2017) (Reduced and detailed simulation)

(Guelpa and Verda, 2019) Simpler models (Reduced simulation)

Response-surface

(Tran and Georgakis, 2018; Starke, Cardemil, and Colle, 2018; Bornatico et al.,
2013)

Neural Networks
(Vézquez-Canteli et al., 2019; Elsheikh et al., 2019; San and Maulik, 2018)
Simpler models

(Sharma2019 ; Bornatico et al., 2013)

Grey-box models
(Sharma et al., 2019; Beykal et al., 2018; Boukouvala and Floudas, 2017)

Numerical Methods
Explicit-Implicit (IMEX) Mass-Energy (Reduced model)
(Izzo and Jackiewicz, 2017; Chattot and Hafez, 2015; Kriel, 2012) Runge-Kutta (Reduced model)
Total pressure formulation Finite difference (Reduced simulation)
(Kriel, 2012; Fick, 2014; Botha, 2003; De Villiers, 2012) Finite difference (Detailed simulation)
Runge-Kutta
(Bernardini and Pirozzoli, 2009; Vermeire, 2019; Caplan and Carretero-Gonzélez, Method-of-Lines
2013; Eremin, 2019)
Method-of-Lines (Reduced simulation)

(Jackson, 1996; Shaw et al., 2017; Vande Wouwer et al., 2005; Ahmad and Berzins,
2001; Sarker and Chakravarty, 2020)

Finite Difference

(Chattot and Hafez, 2015; Vande Wouwer et al., 2005; Sarker and Chakravarty,
2020)

Finite Volume

(Shaw et al., 2017; De Villiers, 2012; Tu, Yeoh, and Liu, 2008; Vos et al., 2002;
Baeten et al., 2016)
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Experimental

The hot water supply installation of a hospital was monitored to serve as the experimental
setup to the study. The objective of the experimental measurements was to calculate the various
energy fluxes from the experimental data and compare these to the results of the simulation
program. It will become further evident from the chapter that the data was also used to derive
a regression equation for the heat pump. Some of the experimental data would also serve as
input to the computer model for the parametric studies conducted in the following chapters.

3.1 Experimental background and methodology

The measurements were conducted over a two month period that included some of the coldest
months of the South-African winter (June - July). This period was chosen as it is the most
challenging time of the year for hot water supply and would possibly strain the system within
its design limits. Additionally, the extended test period allowed room for the calibration of the
sub-component models used in the software and the validation thereof.

Monitoring a dynamic system with no control over its operation posed some challenges and
opportunities to the study. The operational characteristics, such as user demand and weather
patterns, changed daily. Furthermore, the performance of the ASHP and SWH bank was pro-
foundly dependant on the ever-changing environmental conditions. As it was not a controlled
environment, it did present the study with an opportunity to analyse a real-world system.
Challenges included the deployment of the limited amount of sensors available to the study.
These would have to be placed optimally to accommodate the transient boundary conditions
of the system. Furthermore, due to the uncontrolled conditions imposed on the system; the
calibration of consequent simulations was complicated. This chapter was divided into the fol-
lowing sections:

* Setup (3.2) - Prelude to the experimental layout of the case study and the main system
components.

¢ Instrumentation (3.3) - Discussion on the several sensors available to the study:.

* Energy balance (3.4) - The methodology for calculating the energy fluxes using the avail-
able instrumentation is presented.

* Regression-based fluxes (3.5) - The methodology used for the energy fluxes that requires
a regression-based calculation is showcased.

¢ Experimental results (3.6) - The comprehensive discussion on results obtained from the
case study and the analysis thereof.
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FIGURE 3.1: The system.

3.2 Setup

The hot potable water supply system of a hospital in Potchefstroom, South Africa, was studied
(Figure 3.2 and Figure 3.1). From here on, the experimental setup of the hospital will generally
be referred to as 'the system’. The system employs a hybrid energy supply scheme with inputs
from air source heat pumps and extra energy supplied by an evacuated solar tube bank. Fur-
thermore, the ASHPs can supply maximum heat input of 90 [kW] at 60 [°C] each, depending
on ambient conditions. The solar bank consists of 96 evacuated tubes with an on-off control
philosophy for the circulating pump. The designers implemented a ring main supply config-
uration with daily water circulation of up to 30 [kL] ! and a target supply temperature range
of 55 - 60 [°C]. The former is common in large commercial systems and commonly referred to
as 'hot water on tap’. The ring-main circulates approximately the equivalent of two times the
total storage capacity of the system ? Five insulated storage tanks with a combined capacity
of 15 [kL] were installed. The hospital technical team uses a Supervisory Control and Data
Acquisition (SCADA) system to monitor the system’s daily performance. The system-level
sub-components will be discussed in the following sections.

1 As obtained from measurement during the experimental test period.
2The total volume, in this case, refers to only the total capacity of the storage vessels.
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3.2.1 Air-source heat pump

The ASHP is the primary energy source of the hot potable water system (Figure 3.3). The
hospital has two ASHP units configured in parallel. Only one of the units are used at any given
time to preserve the other machine for maintenance purposes. In winter, ambient temperatures
in South-African do not plummet as low compared to other regions, such as Europe. The
warmer climate is thus one of the reasons why ASHP technology is still a viable option with
favourable performance characteristics in South-Africa.

Refer to Figure 3.2 for the system level diagram on the interfacing of the sub-components.
The ASHP has been connected so that the inlet of the machine is the closest to the coldest
storage vessel (diagram position H14, Figure 3.2). However, depending on user demand, the
ASHP can use either source water entirely from the municipal supply, the storage tanks or
a combination thereof. This is of noticeable significance as it determines how the system is
analysed. Consequently, the outlet of the machine is directly connected to the hot water feed
of the building and the top storage tank (B11, Figure 3.2). This dual ability permits the heat
pumps to either charge the storage vessels or supply warm water directly to the building.

In this study a ‘discharge’ cycle will refer to a state where the user demand is greater than the
heat pump supply mass flow (fityser > Tilgsip |= Titganks > 0 [kgs™1]). Consequently, a ‘charge’
cycle will refer to the system state where the user demand is less than the mass flow supplied
by the heat pump (1ityser < titgshp = Hittanks < 0 [kg s71]). The study will follow the convention
where a positive vessel mass flow (115,45 > 0) follows the direction of flow from the coldest
tank (T, F6, Figure 3.2) to the warmest tank (15, C7, Figure 3.2) and vice versa for negative mass
flow (mtanks < 0)

The ASHP employs a variable flow control philosophy with on-off control to maintain a fixed
outlet temperature. Apart from the variable flow control, the machine uses a sensor in the
second coldest storage vessel (1, Figure 3.2) to determine if the machine needs to be activated
or not. The user specifies a setpoint temperature (50 [°C]) pertaining to the mentioned sensor.
Once the temperature falls below the setpoint; the machine waits for 15 minutes and then
activates. The machine will deactivate once the setpoint temperature has been achieved. Once
T, in Figure 3.2 falls below the setpoint, the machine will reactivate. Additional controls such
as electrical overloading protection and frost prevention were also implemented by the original
equipment manufacturers (OEM). The ASHP specifications can be found in Table 3.1.

TABLE 3.1: System-level ASHP specifications.

Specification Value
Rated outlet temperature [°C] 55
Maximum outlet temperature [°C] 60
Maximum COP [°C] 4.6
Maximum rated heated water output [Lh™!] 1882
Maximum heating capacity kW] 874
Maximum heat energy [kW] 90
Ambient operating range [°C] -7 to 43
Maximum power input [kW] 28.2
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FIGURE 3.3: One of the 90 [kW| ASHP units of the system.

3.2.2 Solar water heater bank

The SWH bank serves as a supplemental energy source to that of the ASHP (Figure 3.4). The
SWH bank consists of four banks of evacuated solar water heaters connected in series. Each
bank consists of 24 evacuated tubes, with a combined area of 7.6 [m?]. Furthermore, the circu-
lation pump circulates at a flow rate of 32 [L/h]. Further information on the SWH bank can be
sourced from Table 3.2.

The SWH works with an on-off control philosophy. The circulating pump and control system
has been configured for a high-temperature differential before the pump is activated. The con-
trol strategy causes the SWH to charge and discharge periodically. The temperature control
activates the SWH pump once the outlet temperature of the SWH is 12 [° C] warmer than the
middle tank temperature (13, E8, Figure 3.2) of the stratified tanks. Finally, the circulating
pump deactivates when the temperature of the outlet of the solar is 4 [° C] warmer than the
middle storage tank temperature (T3, ES, Figure 3.2). This ensures that the SWH control system
operates with a control band to ensure smooth operation. Finally, the SWH has a temperature
probe that ensures that the SWH will not activate once a user-specified maximum temperature
in the storage vessels is exceeded.
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TABLE 3.2: Evacuated solar bank specifications

Specification Value
Total number of evacuated tubes [dim] 96
Number of evacuated tubes for a single bank [dim]| 24
Glass thickness [mm] 22-23
Single bank aperture area [m?] 1.9
Manifold tube diameter [mm] 48
Inner evacuated tube diameter [mm] 47
Outer evacuated tube diameter [mm] 58
Outer evacuated tube glass material [dim] High Borosilicate glass
Metal tube heat pipe material [dim)] Red copper
Manifold maximum pressure [kPa] 8
Manifold insulation material [dim] Rock Wool

FIGURE 3.4: The evacuated solar tube bank of the system.

3.2.3 Storage vessels

The system consists of five storage vessels (Figure 3.5), each with a capacity of 3 [kL]. The
storage vessels were configured in a cascading stratified temperature arrangement, as seen in
Figure 3.2. The average temperature difference between the five storage vessels is roughly two
degrees Celcius during the “charge” cycles of the system. The warmest storage vessel’s outlet is
directly coupled to the building hot water supply and outlet of the ASHP (B11, Figure 3.2). The
coldest storage vessel is connected to the cold municipal inlet feed, SWH inlet and building
hot water return (H14, Figure 3.2). This allows the SWH and ASHP to work with the coldest
possible water allowing the former and latter to work with maximum efficiency. The SWH
outlet is connected to the 3™ storage vessels (D8, Figure 3.2) in the stratified storage vessel
arrangement. The SWH has been configured in this manner as the temperature output of the
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SWH is variable and may have a decremental effect on the hot water supply of the building if
connected directly to the ring-main system. The storage vessels and all connected piping have
been insulated with thin aluminium sheeting and insulation foam. The main characteristics of
the storage vessels are listed in Table 3.3.

TABLE 3.3: Storage vessel specifications

Specification Value
Single tank volume [L] 3000
Height [m] 2.72
Diameter [m] 1.22
Total number of tanks [dim] 5
Insulation material [dim] Glasswool with resin
Thermal conductivity of insulating material [W/ (K x m?)] 0.036

FIGURE 3.5: The sensible heat storage vessels of the system.

3.24 Ring-main

The ring-main system circulates water from 0.72 to 1.25 [kL/h] depending on the user load °.
The average temperature drop between the supply and return of the ring-main is roughly 6.6
[°C] * In Figure 3.2, the ring-main system is simplified to only a single draw-off point. The true
ring-main consists of the main artery with numerous draw off points along the length of the
main supply pipe. The draw-off pipes will be referred to in this study as ‘dead-end” branches.
Figure 3.6 depicts a simplified view indicating the configuration. A single draw-off point was

3The resistance curve of the ring-main changes according to the number of taps that are open. Furthermore,
once the pumps of the ASHP activates; the flow through the ring-main changes.

4This temperature difference represents the temperature drop measured on the ring-main during the experi-
mental period. Furthermore, the temperature drops that were measured varied between 4 - 9 [°C].

33



Chapter 3. Experimental

assumed to simplify the calculations on energy balance and simulation. The main characteris-
tics of the building hot water supply are showcased in Table 3.4. The instrumentation installed
at the installation and the additional sensors will now be discussed.

TABLE 3.4: Ring-main system-level characteristics

Description Symbol  Value
Main supply line length [m] Lying 163
Coefficient of pipe heat loss [W/m x K] Ky 0.33
Average length of dead-end pipes [m] Laead—pipes 8.5
Outer diameter of main supply pipes [m] do 0.05
Inner diameter of dead-end pipes [m] d; 0.02
Number of dead end pipes [dim] Niead—pipes 10
Time constant [m)] Ot 900
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FIGURE 3.6: Simplified diagram on the ring-main system.

3.3 Instrumentation

The SCADA system used by the hospital has instrumentation that measures the most critical
key performance indicators (KPI’s). Of utmost importance is to ensure that the patients receive
the targeted warm water, especially during periods of high user demand. The former entails
continuous flow- and temperature measurement. The SCADA system, however, does not have
sufficient sensors to measure all of the relevant terms pertaining to the energy fluxes for a 1
st law energy balance. Thus additional sensors and HOBO loggers were installed to measure
the applicable terms for the calculation of these energy fluxes. The sensors employed by the
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SCADA system and the additional sensors are discussed in the sections to follow. Table 3.5 list
all of the instrumentation used on the system and their positions in Figure 3.2.

The ring-main distributes the warm water of the system to the hospital and is well instru-
mented. The ring-main return flow rate (#te14rn, H5, Figure 3.2), return (Tretyrn, H4, Figure
3.2) and supply (Tsyuppiy, B4, Figure 3.2) temperatures were measured. By measuring the tem-
perature difference; insight could be gained into the heat losses of the ring-main. The inlet
municipal flow-rate (ri1;,, H17, Figure 3.2) and temperature (Tyunicipal,in, H16, Figure 3.2) was
measured to determine the user load. With these measurements, the ring-main characteristics,
user consumption and supply temperatures could be monitored -Figure 3.6 aids in illustrating
the ring-main in isolation from the main system.

To determine the performance and energy flux of the ASHP, SWH and heat loss characteristics
in some of the pipes; the inlet conditions had to be known. The most economical placement
for an additional sensor had to be determined to gain the inlet temperature for multiple com-
ponents. A particular T-section were the municipal water supply, heat pump inlet, and coldest
storage vessel connections meet (T}, H14, Figure 3.2) was chosen and termed ‘mixing” point
during the course of the study. This intersection can contain purely cold municipal water if the
demand is high (ri1,se, > (mashp + 1itgyy)). Alternatively, it can be a mixture of cold and warmer
water obtained from the storage vessels (ityser < (7iashp + 1isen ). Finally, it can be solely water
obtained from the storage vessels (ri1,sr = 0). The mixing point temperature will later aid in
determining if the system is in a ‘charge’ or 'discharge’ energy state’.

Apart from the outlet temperature of the SWH bank (Tsy g —outet, D11, Figure 3.2), the SCADA
does not monitor other variables on the solar water heater bank. This includes solar irradiance.
Although not necessary from an operational standpoint, the data is necessary as input for the
simulation study. Consequently, a HOBO logger with a pyranometer (Figure 3.7) was installed
in the inclined plane of the solar tube bank to allow for the calculation of the SWH efficiency.
The solar pyranometer (C12, Figure 3.2) under question was the SP-215 pyranometer with a
UX-120-006M HOBO logger. The inlet to the SWH is measured with the ‘mixing’ temperature
probe discussed in the previous paragraph. For the mass flow through the SWH, an additional
sensor was required.

SWith ‘charge’ and ‘discharge’ pertaining to the definition as presented in paragraph 3.2.1.
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FIGURE 3.7: The pyranometer installed on the SWH bank.

No modifications were allowed on the hospital system. Thus no additional flow sensors could
be installed. With this limitation, an alternative was devised to obtain the flow rate through the
SWH bank. An Onset® CTV-B 20A CT-ammeter (current transformer) was used to measure
the current of the single-phase circulation pump (C11, Figure 3.2). A UX120-006M Hobo logger
was used for data capture. It will later be shown that this ammeter was only used to indicate if
the pump was active or not. The SCADA actively measures the reactive and active current and
voltage per phase on the ASHPs. The auxiliary electricity devices utilise the second phase of
the ASHP supply for electrical requirements. Using the voltage value measured by the SCADA
system and the current measurement of a CT along with an assumed power factor, one can
determine the theoretical flow rate from the pump curve.

The environmental wet bulb and dry bulb temperatures (T;;,T;,, C14, Figure 3.2) were mea-
sured to predict the heat pump performance and calculate the estimated heat losses of the
various system components. The ASHP regression model used the ambient conditions and the
electrical power consumption measured by the SCADA to establish the heat energy added to
the system.
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TABLE 3.5: Sensors and their designations. Refer to Figure 3.2 for sensor loca-

tions.

Description Sensor type Source Drawing

location
Ringmain supply temperature (Ts; ;1) [°C] Thermocouple SCADA B4
Ringmain return temperature (Tyeryrn) [°C] Thermocouple SCADA H4
Ringmain return flow (1setyrn) [Ls™!] Flow meter SCADA H5
Cold municipal consumption (7iz;,,) [Ls™!] Flow meter SCADA H1e6
Outlet temperature SWH (Tswy —outer) [°C] Thermocouple SCADA C11
Solar irradiance (Gjy agiance) [W/m?] Pyranometer Supplemental C12
Dry and wet bulb temperatures (T, Typ) [°C] Thermocouple Supplemental C14
Coldwater inlet temperature (Tunicipatin) [°C] Thermocouple Supplemental H16
Mixing temperature node (Ty,;y) [°C] Thermocouple Supplemental H14
Ammeter of the SWH pump (Iswp) [mA] Current transformer Supplemental G13

3.3.1 Supplemental HOBO loggers and logging intervals

Additional HOBO loggers were installed to log the data supplied by the various additional sen-
sors. A total of four additional loggers were used and, their main measurement sensors, along
with characteristics, can be obtained from Tables 3.6 and 3.7. These loggers were additionally
set up with different logging intervals to match the behaviour of the measured parameter. For
solar irradiance, the measurement interval was set to five minutes as a one-minute interval
would not have been necessary. For the electrical current measurement on the SWH circulat-
ing pump, a measurement interval of one minute was used to be able to capture the irregular
pumping patterns. For the SCADA system of the hospital, all sensor information was extracted

in 15 minute averaged intervals.

TABLE 3.6: Supplemental sensors and HOBO loggers. Refer to Figure 3.2 for
sensor locations.

Measurement Hobo Logger Supplemental Drawing

Model Sensor location
Solar irradiance [W /m? U12-008 SP-215 Pyranometer C12
Dry and wet bulb temperatures [°C] U14-001 Internal DB/WB C14
Coldwater inlet temperature [°C] U12-006 Supplemental H16
Ammeter of the SWH pump [mA] UX120-006M Supplemental G13
Mixing point temperature [°C] UX120-006M Supplemental H14

TABLE 3.7: HOBO loggers time logging intervals.

HOBO Model Number of inputs ~ Measurement interval

Model Sensor
U12-008 Outdoor/Industrial 4 channels 5 min
U14-001 No external channels 5 min
U12-006 4 channels 1 min
UX120-006M 4 channels 1 min
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For the 1% law energy balance, the instantaneous energy flux for all of the parameters was cal-
culated with data from the smallest possible time-step. This was done due to the fast transients
of the SWH and the ASHP. Especially the SWH, as the SWH will activate and deactivate nu-
merous times during some of the averaged 15-minute time-steps. Mass flow measurements
would have been missed by taking a courser time grid. The process is shown graphically in
Figure 3.8.

. . Standardise data to 1 [min] Calculate the rate of energy
Obtain data from various =

loggers (1, 5 and 15 [min] time |——>
frames respectively).

intervals h_v assuming 5 and 15 transfer [W’T] and total energy
[min] values remain constant [J]from 1 [min] processed data
during respective intervals. for each energy flux.

Sum all of the 1 [min] energy Calculate the average rate of

[J] values and calculate the energy tral.]Sfer [“] for .eac%l
Jiff ¢ rate of flux by taking the arthritmic
ifferent rate of energy — '

- mean of the rate of energyv
transfers [W] for each energy - 27
o transfers [W] calculated for

flux for each hour.

each hour in the previous step.

FIGURE 3.8: The methodology that was followed to process the experimental
data on the most transient energy fluxes and the calculation of the hourly aver-
aged values.

An example will present the process of calculating the energy fluxes. Assume the data to have
been processed between all sensors to the smallest 1 [min] time step. Furthermore, assume the
measured conditions to be constant within this minute. Figure 3.9 represents the instantaneous
energy flux contributed by the SWH in a 15 [min] period. From Figure 3.9, it can be noted that
the SWH pump activates in the second, fifth, night, and fourteenth minute. The average rate
of energy transfer for the SWH in the 15 [min] period can be calculated by summing all of the
energy transferred and dividing the sum by the elapsed time.

(3[kW] x 60[s]) + (4[kW] x 60[s]) + (5[kW] x 60[s]) + (4[kW] x 60[s]) = 960]]]
960[J]/ (15 x 60]s]) = 1.066[kW]

The same result can be obtained by taking the sum of the rate of energy transferred over the
smallest time-steps (where the rate of energy transfer is assumed constant); and dividing the
sum between the number of time-steps with constant conditions:

3[kW] + 4[kW] + 5[kW] + 4[kW] = 16[kW]
16[kW]/15 = 1.066[kW]
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4
Q [kw] 3
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FIGURE 3.9: Energy calculation example.

In short, the raw data is standardised in 1 [min] time-steps. The energy transferred is calculated
for each energy flux at each of the 1 [min] time-steps. The total energy is summed over the 24
[h] period. Hereafter the total energy is averaged over the 24 [h] period to obtain the averaged
rate of energy exchange [W] for each energy flux (as tabulated at the end of the chapter). Ad-
ditionally, the instantaneous rate of energy exchange [W] for each 1 [min] time-step was also
calculated. This allowed the plotting of high-resolution graphs on the rate of energy transfer
for each energy flux on the system. These graphs will be presented near the end of the chapter.

3.3.2 Sensor validation

The sensor validation on the additional sensors was undertaken before experimental measure-
ments commenced. The sensor validation is discussed in Appendix A. Additional information
on the sensors is also listed in the same appendix. The main system components, along with the
various sensors and limitations, were discussed in the previous paragraphs. With this holistic
view, the energy fluxes and the calculation thereof can be better understood.

3.4 1% Law Energy Balance
This section will focus on the calculation of the various energy fluxes from experimental data

for the 1% law energy balance. For the study, a system boundary encompassing the whole sys-
tem was chosen. The energy fluxes were:
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Energy flux out:
* User energy load (3.4.1.1)
* Storage vessel heat losses (3.4.1.2)
* Ring-main energy losses (3.4.1.3.1)
¢ System pipe heat losses (3.4.1.3.2)
SWH heat losses (3.4.1.3.3)

Energy flux in:
* Heat Pump (3.4.2.1)
* Solar Water Heater (3.4.2.2)

This subsection is divided into four sections—the first deals with the calculation method of the
various energy fluxes mentioned above. Secondly, a preliminary energy balance is conducted.
After the analyses on the results, the fluxes that required a regression component will be show-
cased. Finally, the final results obtained during the test period after alterations to the regression
equation is showcased at the end of this section. Table 3.8 compiles the main equations of en-
ergy fluxes and measurable terms. Appendix C showcases an example of the calculation of the
daily energy fluxes.

3.4.1 Energy Out

As with any thermodynamic system, there are inevitable heat losses. With the chosen delivery
temperature, storage and circulations characteristics of the system, most of the energy was
dissipated by heat losses. The remaining energy that leaves the system is that of the useful user
energy flux.

3.4.1.1 User energy load

The user energy load compromises the energy necessary to heat the water consumed by the
hospital. As the SCADA measures the total supplemental cold water supplied by the munici-
pality (11;,, B4 Figure 3.2), a mass balance could be calculated encompassing the whole system,
including the ring-main.

The specific heat (at constant pressure) for water throughout the system is assumed constant
6. Furthermore, the change in the density of water is neglected, and the system is pressurised,
with the total system mass remaining constant. Thus from Reynolds transport theorem, the
total mass that leaves the system (r1,s,) must be supplemented by the total mass that enters
the system (ri1;,). As such, the flow meter, in essence, was measuring the water consumption of
the system. Working with the previously mentioned assumption of a single draw-off point on
the ring-main, the temperature of the extracted water could be approximated.

A temperature on the inlet (T,unicipat,in, H16, Figure 3.2) of the system was measured. The draw-
off temperature on the ring-main was taken as the average of the return (Ty,trn, H4, Figure 3.2)
and supply temperatures (T pp1y, B4, Figure 3.2) on the warm water building supply:

® Appendix A.5 discusses the variation of the parameter with temperature.
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TABLE 3.8: Equations for the various energy fluxes.

Terms Equations
User energy load

Measured: Tiraw—off = w

Tsupply/ Treturnr Tmunicipal,in/ Mout, min Quser,out - moutcpwateerrawoff

Assumed.: Tty = Moyt

prater Qmunic{pal,in = mincpwuterrmunicipul,in

Quser = Quser,out - Qmunicipul,in

Storage vessel heat losses

Measured: Qtank—losses = UAsystem(Ttank — Tambient)

Tambient
Calculated.:

U Asystem (Appendix B.1)
Assumed and measured:
Tiank depending on system state (Chapter

3.4.1.2)
Ring-main energy losses
Measured: Qr.ingmain,supply = msupplycpwaterTsupply
Myeturn, Mout, Tsupplyr Treturn ) Qringma.in,return = Myeturn praterTreturn
Assumed: Qringmain,losses = Qringmain,supply - Qringmain,retum
prater . msupply = mreturn + mout
Quser,ringmain = musercpwater(Tsupply - Tdmw—off)
. Qringmuin,sgeadyfstate =
Qringmain,losses - Quser,ringmain
System pipe heat losses
Measured: Qpipeflosses = UApipeflosses(Tpipesftank - Tambient)
Tambients Tmixs Tsupply Tpipesftank = M
Calculated:
UApipeflosses (Appendix B.Z)
SWH heat losses
Measured: QSWH—pipes = uASWH—pz‘pes<TSWH - Tambient)
Tambients TswH —pipes
Calculated:
UAswH- pipes (Appendix B.2)
Heat pump
Measured: . COPASHP = f(Td?,, RH, T1,— asup)
Tap, RH, Tin—asup, Petectrical QasHp = Pelectrical COPasHPp

Assumed:
COPpsyp = f() (Chapter 3.5.1)

Solar water heater

Measured: Qswi—1 = MtsonCPuwater(Tswr—outiet — Tintet)

TSWHfoutlet/ Tinlet
Assumed and measured:

titg(Chapter 3.4.2.2)
Assumed.:

prater
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T, + T,
Tdmw—off _ supply . return (31)

By combining the measurements and the temperature approximation; the user load flux could
be calculated from:

Qmunicipal,z’n = min X prater X Tmunicz‘pal,in = mmunicipal,in X hmunicipal,in (3-2)
Quser,out = Mout X CPuater X Tdmw—off = Mlout X hsupply,user (3.3)
Quser - Quser,out - Qmunicipal,in (34)

The terms of the above equations, along with the sensors and their respective error bands, are
tabulated in Table 3.9. Although sensor quality is measured with more parameters than the
measurement accuracy; for simplicity, the latter is shown in the table below. Additional sensor
information can be referenced in Appendix A. The propagation of uncertainty is discussed in
Appendix A.5 and the error will be reported in the tables below throughout the chapter.

TABLE 3.9: User load energy flux term, source and general sensor accuracy. For
detailed sensor information, refer to Appendix A. Refer to Figure 3.2 for drawing

locations.

Term Symbol Source Source Accuracy  Drawing location
System mass flow in [kg/s] Tty MeiStream 50 1.8 [%] H17
System mass flow out [kg/s] Tilout Calculated 1.8 [%] E2
Ring-main supply temperature [°C] Tsupply RS PT100 +(0.3[°C] + 0.5[%]) B4
Ring-main return temperature [°C] Treturn RS PT100 +(0.3[°C] + 0.5[%]) H4
System inlet temperature [°C] Tunicipalin  Hobo TMP probe +0.15[°C] H15
Specific heat at constant pressure [J/°C)]  Cpuwater Assumed n/a n/a
Propagation of measurement error [dim] e, Calculated 3.04 [%] n/a

3.4.1.2 Heat loss storage vessels

Apart from the ring-main network, the heat losses of the storage vessels contributed to a sig-
nificant energy expense on the system. One can, however, note the efforts from Table 3.3 and
Figure 3.5 to combat these losses with significant insulation. The convective losses due to forced
and natural convection is calculated in Appendix B. It could be seen that the natural convec-
tion heat losses dominate heat transfer. The reason for this being that the maximum flow of 1.2
[kgs~!] is circulated over a cross-sectional diameter of 0.75 [m]. This leads to a slow average
(forced) velocity. The heat loss of the storage vessels can be calculated as:

Qtankflosses = UAsystem X AT = UAsystem X (Ttunk - Tambient) (3-5)

The derivation of the U Agystern term and convective flow analyses is discussed in Appendix B.
Tiank is assumed as the average fluid temperature of all of the vessels. The sensors that were
used to represent this term was the supply temperature (Tsyp1,, B4, Figure 3.2) of the ring-main
and the mix temperature probe (T,,ix, H14, Figure 3.2)7 at the coldest part of the storage vessels.

"With T,,;, pertaining to the definition as introduced in paragraph 3.3.
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The rest of the vessels temperatures were calculated based on a linear temperature profile. The
assumptions on the various tank temperatures were as follows for the charge cycle:

Tonax = T5 = Tsupply
T, = (Tma:(g min ¢ Tl) + Tonin
n € {2,3,4}
Y n # min, max
Tinin = T1 = Thnix

Where n defines the index of the storage tank vessels. The temperatures on each tank node
could not be measured. The former was mainly due to sensors shortages and the restriction
to change the hospital system. Thus, an alternative was devised for the discharge cycle. In the
discharge configuration, the minimum temperature probe does not measure the coldest tank
temperatures but mainly the cold water supplied by the municipal inlet. It was noted during
the experiment from the analogue temperature probes that a two-degree temperature strati-
fication per vessel was maintained (Figure 3.10). Therefore, for the discharge case, the outlet
temperature of the warmest tank is used for the top node/tank, and a linear two-degree tem-
perature stratification was assumed for the rest of the tank temperatures. Thus in equation
format:

Tmux:TS
Ty = Tyax — ((5—1n) x 2)
Vn#b5

The terms in the equations above, along with the sensors and their respective error bands are
tabulated in Table 3.10.

TABLE 3.10: Storage vessel heat loss flux term, source and general sensor accu-
racy. For detailed sensor information, refer to Appendix A. Refer to Figure 3.2 for
drawing locations.

Term Symbol Source Source Accuracy  Drawing location
Ambient dry bulb temperature [°C] Tombient Hobo U14-001 +0.21[°C] C13
Average tank temperature [°C] Trank Calculated n/a n/a
Ring main supply temperature [°C] Tsupply RS PT100 +(0.3[°C] + 0.5[%])

Mixing temperature [°C] Tonix Hobo TMP Probe +0.15[°C] H14
Heat loss storage vessel [W/°C] U Agystem Appendix B n/a n/a
Propagation of measurement error [dim] €, Calculated 2.45[%] n/a

3.4.1.3 Piping losses

The user energy and storage vessel energy fluxes were discussed in the previous sections. The
remaining energy expenses on the system is based on losses in the pipe network. The system’s
piping was divided into three main components for the definition of ‘piping losses’:

¢ Ring-main (3.4.1.3.1)
¢ System pipes (3.4.1.3.2)
e SWH pipes (3.4.2.2)

The ring-main losses entail the energy expended (by heat losses) by pumping the water through
the supply network of the hospital. These losses do not include the user consumption that is
extracted from said network. The system pipes refer to all additional piping apart from the
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FIGURE 3.10: Temperature stratification between warmest and coldest tank dur-
ing a ‘charge’ cycle.

ring-main supply network and the SWH pipes. The SWH pipes are the pipes leading towards
and from the solar bank. The following sections will discuss the calculation of the energy fluxes,
as mentioned above.

3.4.1.3.1 Ring-main heat losses Warm water is circulated throughout the ring-main net-
work in a perpetual fashion. Continuous flow inevitably leads to a significant heat loss with
the associated energy cost. One can delimit the average energy loss in the ring-main system as:

’

Qringmain,supply = msupply X CPpuwater X Tsupply = msupply X hsupply (3.6)
Qringmain,return = mreturn X prater X Treturn = mreturn X hretum (3-7)
Qringmain,losses = Qringmain,supply - Qringmain,return (3.8)

All of the above variables on the right-hand side were measured directly except for the supply
mass flow (7it,pp1,) and the specific heat at constant pressure (Cpuuter). Positions (Tsupp1y, B4) ,
(Treturn, H4) and (tityeryrn, H5) is the terms of the above equation and their respective measure-
ment locations in Figure 3.2 .

The cold municipal flow is measured (ri1;,, H16 Figure 3.2) along with the return mass flow
("itreturn, H5 Figure 3.2) on the ring-main system. Therefore, the supply mass flow to the user
can be calculated from:

msupply = Myeturn + Miy (3.9)

The ring-main losses expressed in the above equation encompasses the user load that circulates
through the ring-main and the heat losses in the ring-main:

Qringmain,steady—state = Qringmuin,losses - Quser,ringmain (3-10)
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|: Qringmain,steadyfstute = Miyeturn prater(Tsupply - Treturn) - musercpwater(Tsupply - Tdmwfoff)
(3.11)

Although the above was sufficient for the 1st law energy balance, the simulation requires addi-
tional characteristics to simulate the ring-main. These characteristics can be written in compact
equation format as follows:

Qringmain,steadyfstate = f(UAring—main/ Tringmuin,avemge/ Tindoors) (3-12)

Accordingly, a special case on the ring-main was investigated and is showcased in Appendix
B.3. The derived characteristics is tabulated in Table 3.4. The terms of the above equations, the
sensors and their respective error bands are tabulated in Table 3.11 below.

TABLE 3.11: Ring-main flux term, source and general sensor accuracy. For de-
tailed sensor information, refer to Appendix A. Refer to Figure 3.2 for drawing

locations.

Term Symbol Source Source Accuracy  Drawing location
Ring main supply mass flow [kg/s] Titsupply Calculated 2.54 [%] B4
Ring main return mass flow [kg/s] Tilyeturn ~ MeiStream® 50 1.8 [%] H4
Ring main supply temperature [°C] Tsupply RS PT100 +(0.3[°C] 4 0.5[%]) B4
Ring main return temperature [°C] Treturn RS PT100 +(0.3[°C] 4 0.5[%]) H4
Propagation of measurement error [dim] e, Calculated 3.19 [%] n/a

3.4.1.3.2 Heat loss system pipes The system apart from the ring-main loop consists of vari-
ous pipes connecting the storage tanks and heat sources, respectively. The length of these pipes
was measured. With the measured lengths, the exposed area could be calculated. The inter-

nal temperature was assumed as the average between the mixing and maximum tank node

Tix +T. . . .
measurements (Tp;pes—tank = w). The calculation of the heat loss coefficient (U A p;pes) is

discussed in Appendix B. The system pipe heat losses can be calculated using:

Qpipeflosses = UApipes X AT = UApipeflosses X (Tpipesftunk - Tambient) (313)

The terms of the above equations, the sensors and their respective error bands are tabulated in
Table 3.12 below.

TABLE 3.12: System pipes heat loss flux term, source and general sensor accu-
racy. For detailed sensor information, refer to Appendix A. Refer to Figure 3.2 for
drawing locations.

Term Symbol Source Source Accuracy  Drawing location
Ambient dry bulb temperature [°C] Tombient Hobo U14-001 +0.21[°C] C13
Mixing temperature probe [°C] Tonix Hobo TMP Probe +0.15[°C] D11
Ring main supply temperature [°C] Tsupply RS PT100 +(0.3[°C] + 0.5[%]) B4
Heat loss system pipes [W/°C] UApipes Appendix B n/a n/a
Propagation of measurement error [dim] €, Calculated 2.45 [%] n/a

3.4.1.3.3 Heatloss SWH pipes Leading from the on-off control philosophy of the SWH sys-
tem; warm water accumulated frequently in the pipe network of the SWH. The pipes have
a much higher exposed surface to volume ratio to that of the storage vessels. This ratio,
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along with the comparatively higher temperatures, consequently leads to high heat losses. The
SCADA system measures the output temperature of the SWH. The average temperature in the
solar pipes is taken as the outlet temperature measured by the SCADA system. It should be
noted that this energy loss does only take into account the supply pipes leading from the dis-
charge of the SWH to the storage vessels. The heat losses through the pipes were calculated
from:

QSWpripes = UASWpripes X AT = UASWpripes X (TSWpripes - ambient) (3-14)

TABLE 3.13: SWH heat loss flux term, source and general sensor accuracy. For
detailed sensor information, refer to Appendix A. Refer to Figure 3.2 for drawing

locations.

Term Symbol Source Source Accuracy  Drawing location
Ambient dry bulb temperature [°C] Tombient Hobo U14-001 +0.21[%] C13
SWH output temperature [°C] TSWH— pipes RS PT100 +(0.3[°C] 4 0.5[%]) D11
SWH heat loss [W/°C] UAswH-pipes ~ Appendix B n/a n/a
Propagation of measurement error [dim] €, Calculated 2.39 [%] n/a

The derivation of the heat loss coefficient of the pipes UAswH pipes is discussed in Appendix
B. Table 3.14 lists the system-level specification for the SWH pipes. The terms of the above
equation, the sensors and their respective error bands are tabulated in Table 3.13. Therefore,
this concludes the section on energy fluxes out of the system.

TABLE 3.14: SWH and system pipes specifications

Description Symbol Value
Pipe length SWH [m] Lswy 34.7
Pipe length tanks [m] Lswr 30
Inside diameter pipes [m] d; 0.03
Outside diameter pipes [m] d, 0.055
Area of pipes [m?] ASWHpipes 5.92

Volume of pipes [m?] VswH—pipes ~ 10.02
Overall heat loss coefficient of SWH pipes [W K~1] UAswH-pipes 2112
Overall heat loss coefficient of tank pipes [W K] UATank—pipes  18.26

3.4.2 EnergyIn

The energy sources adding towards the net energy balance of the system consists mainly of the
ASHP and the SWH to a lesser extent.

3.4.2.1 Heat pump

Due to the restriction on modifications to the system, the mass flow supplied by the heat pump
could not be measured. Therefore, to determine the useful heat supplied by the HP, the manu-
facturers’ performance matrix was utilised. A regression equation based on the manufacturer
data is derived in Appendix H and will be discussed in the following sections. As mentioned in
Chapter 3.3, the SCADA actively monitors the electrical supply and consumption on the ASHP.
The dry-bulb temperature (T,;,) and relative humidity (¢) were measured at the corresponding
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time step to calculate the theoretical COP (p) from the derived regression equation. Using the
electrical data measured by the SCADA and multiplying the former and latter, the theoretical
heat input (Q 4syp) could be calculated.

Petectrical = Pphaser + Ponases + Pohases (3.15)

Ppase; = (IscADA—i—Phase X VSCADA—i— Phase—Neutral) (3.16)
B = f(Tav, Tintet, ) (3.17)

Quastp = Petectrical X P (3.18)

3.4.2.2 Solar water heater (SWH)

For this energy flux, two calculation approaches were used. In one method, the direct change
in the energy of the water was determined. The other method entailed using a performance
curve and was necessary for the simulation program. The direct energy added to the water
was calculated using the following;:

sth = mswh X prater X (TSWH—outlet - Tinlet) (3-19)

The system boundary was assumed to start and stop at the SWH manifold inlet and outlet.
The flux thus represents the useful energy after the SWH has dissipated heat-energy through
the manifold. However, certain assumptions had to be made to ensure that the method could
be used. As discussed in Chapter 3.3, the current measurement was used to determine the
flow rate through the SWH flow pump. The problem, however, is that the ammeter used on
the single-phase pump could not effectively measure [mA| values. It could, however, detect
when the pump was active or not. Therefore a hand-held, high-resolution ammeter was used
to do a spot check on the circulating pump. The steady-state measurement was then used as
the steady-state electrical current measurement. Therefore the HOBO logger was used only to
indicate when the circulating pump was active or not.

With the steady-state circulating electrical current known, the power consumed by the pump
could be calculated. The auxiliary pumps use the second phase of the three-phase ASHP elec-
trical supply. As the latter is actively monitored by the SCADA system, the voltage supplied to
the circulating pump is known. The flow rate was calculated by assuming a power factor for
the water pump:

Ppum’g - Vrms X Irms X COS(G) (3.20)
Qflow = f(ppump) (3.21)
with
%o _
5 =0 (3.22)
mflow = Qflow X p (3.23)

The theoretical solar energy contribution could be calculated by using solar measurement and
the performance curve of the SWH (Figure 3.13). Using the steady-state mass flow and inlet
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conditions, one could calculate the energy flux and outlet temperature of the SWH by neglect-
ing thermal capacitance. The second method entails:

Nsolar = f(Girradiances Tintet) (3.24)

Qswh—in = Nsolar X Girradiance (3.25)

Qswh—out = (1= Hsotar) X Girradiance (3.26)

Tswi—outiet = (Qswh—in — Qswh—out)/ (Mswh X CPuater) + Tinet (3.27)

3.5 Regression-based energy fluxes

The equations that were used to calculate the energy fluxes of the ASHP and SWH was show-
cased in Sections 3.4.2.1 and 3.4.2.2. The regression equations simplified the calculation of the
energy balance and its use in the consequent simulation. Making use of regression methods
had the added benefit that the use of complex physics simulation for the sub-components was
circumvented. These models were derived from manufacturer data. The following section
focuses on the derivation of these regression-based approximations.

3.5.1 HP regression model

The statistical method that was used to establish the regression for the ASHP will be showcased
in the following sections. Regression requires the following steps to develop an equation:

Identify independent variables.

Establish a relationship between independent variables.

Make use of statistical methods to establish the feasibility of the proposed relation using
data.

If unfeasible, adjust the relationship, add additional variables or obtain a more suitable
dataset.

The above will be explained below. For a detailed discussion on the regression of the ASHP
performance, refer to Appendix H. The ASHP used in this study was designed to deliver a
fixed outlet temperature. By utilising a system-level approach, it can be noted that the heat
pump performance will be highly determinate on the heat source and sink conditions (Carnot
efficiency). This will depend on the mass flow and thermal properties of the refrigerant and
ambient air.

Psychrometry helps to illustrate the impact of relative humidity on heat pump performance
and its essential incorporation into the regression model. One can conclude that for a specific
heat pump, the following factors will impact the performance of the machine:

¢ Psychrometrics at HP evaporator (T, RH)

¢ Inlet water temp at HP condenser (Tj,.t) 8

8The outlet condenser temperature on the refrigerant side determines the condensing pressure. However, the
outlet temperature is relatively constant and therefore, the inlet on the waterside is used as an independent param-
eter.
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The dry bulb, wet bulb and total pressure conditions determine the available enthalpy at the
source (evaporator). Furthermore, the inlet water conditions determine the system conditions
at the sink (condenser). The following section will aid in explaining the impact of relative
humidity on the available energy to an ASHP cycle. From psychrometry and Dalton’s law, the
following equations can be used:

P, = Pg(%)‘? (3.28)

Py = Popm — Py (329)
. Mwwater X Pv

© = B (3.30)
w X hy)+h

Bonix = ( w _T_)l ‘ (3.31)

From the above analyses, it can quickly be recognised that the enthalpy of the gas-vapour
mixture increases as the dry bulb temperature (T;;) and consequently enthalpy of the dry air
increases (h,). With the increase in relative humidity (¢)'°, the enthalpy of the gas-vapour
mixture at the evaporator of the heat pump increases. Nevertheless, higher enthalpy at the
evaporator does not guarantee increased performance as the energy has to be transferred to
the evaporator by heat transfer. Three types of heat transfer conditions can manifest at the
evaporator of an ASHP unit based on the ambient dry bulb temperature, relative humidity,
atmospheric pressure and evaporator temperature:

¢ Frosting
¢ Condensation
* Dry air heat transfer

From literature, the following relations between the variables listed above and ASHP perfor-
mance have been made:

* For frosting conditions, an increase in relative humidity leads to a reduction in the COP
of an ASHP (Wu et al., 2020; Li et al., 2017; Wang et al., 2018; Zhang, Hihara, and Saikawa,
2012; Underwood, Royapoor, and Sturm, 2017).

* It has been shown that for non-frosting conditions, an increase in relative humidity in-
creases the rate of dropwise condensation. Dropwise condensation, in turn, increases
heat transfer under conditions outlined from literature (Danilo, Dominique, and Frédéric,
2016). It can thus be argued that higher relative humidity will increase ASHP perfor-
mance under these conditions as relatively higher energy heat (opposed to dry-air) is
available at lower thermal resistance (Eimann et al., 2020). However, condensation build-
up can degrade heat transfer, and consequently, performance (Chung, Kadala, and Tay-
lor, 2020). Thus, from heat transfer literature, and thermodynamics, one can argue that
increased relative humidity will generally increase ASHP COP for ambient conditions
where condensation occurs.

9Pg refers to the saturation pressure of the vapor in the mixture at the same temperature of the mixture (in
accorandce with Dalton’s law).
10 At constant dry bulb temperature.

49



Chapter 3. Experimental

* Higher water inlet temperatures degrade COP performance (Guo and Goumba, 2018;
Vega and Cuevas, 2018).

e Higher dry bulb temperatures, based on ASHP and heat transfer literature, increase
COP performance for frosting, condensing and non-condensing regions of heat transfer
(Tabatabaei, Treur, and Waumans, 2016; Underwood, Royapoor, and Sturm, 2017; Guo
and Goumba, 2018; Kinab et al., 2010).

By taking the above into account, the study resumed by deriving a performance map based
solely on OEM and experimental data. Deriving an expression that will accurately describe
ASHP performance in all of the heat transfer conditions outlined above falls out of the scope of
the study with the data and experimental setup that was available. The following section will
describe the statistical analyses on the proposed regression formula for COP.

Scatterplot matrix on main variables of ASHP
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FIGURE 3.11: Scatter-plot matrix on ASHP variables from MATLAB.

With the independent variables identified above, the relationships between variables from
manufacturer data will be discussed. The manufacturer tabulated the COP values of the HP
at various wet (WB) and dry bulb (DB) temperatures and the corresponding water inlet tem-
peratures (Appendix D). Under the same conditions, the electrical power consumption and the
heat energy generated was listed. A scatter-plot on the relation between the different variables
on said data is showcased in Figure 3.11. It can be seen that the dry bulb temperature has a
somewhat positive linear relation to COP. The inlet water temperature has a negative linear
correlation with COP. The relative humidity, however, was not varied enough by the manu-
facturer to assume its effects on the COP. However, it seems to have a 2" order effects on the
COP. To make an accurate fit, the RH has to be varied over the full extent of the performance
space (0 — 100[%]) to avoid extrapolation. Therefore statistically, one cannot with confidence
determine a correlation between RH and COP based on the OEM data.
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From the analyses above it was assumed that the COP could be expressed as a linear multi-
variate equation in the form of:

B~ ao+ (w1 X Tgp) + (22 X Tinger) + (23 X ¢) (3.32)

Two regression equations were derived for ASHP performance. These equations predict the
COP and electrical energy required by the ASHP, respectively. The statistical analyses on these
equations are presented in Appendix H. Dry and inlet temperatures parameters («1, x2) were
fitted with OEM data (Appendix D). The relative humidity parameter («3) were fitted using
infield data as the experimental results have a more substantial variance in RH. From this, a
regression equation was derived with an accurate representation of COP over the whole per-
formance space (Figure 3.12) based on the data of the experimental period.

ASHP Performance Map
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FIGURE 3.12: Regression performance map of ASHP as used in the study. Rela-
tive humidity surfaces were plotted for 20, 40, 60, 80 and 100 % respectively with
the lowest Relative humidity represented by the uppermost surface.

3.5.2 Solar water heater regression

For the solar water heater, two types of regressions models were employed. The one is for the
efficiency of the solar water heater and the other to determine the SWH pump’s mass flow.
3.5.2.1 Efficiency curve

From standard solar engineering practice, the efficiency of an SWH is customarily expressed
as:
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(Tinlet - Tamb)
G

(Tinlet - Tamb)

)? + c

Hsolar = “0( ) + an (333)

For this study, the curves that were used is graphically represented in Figures 3.13 and 3.14.
These curves demonstrate the efficiency of a single SWH bank used in the system simulation.
These graphs cannot be used when more of these banks are added in series as the graph will
look fundamentally different. Figure 3.13 illustrates that the SWH at high irradiance is less
sensitive to temperature variations between the inlet and ambient conditions. The optical effi-
ciency (Tinet — Tampient = 0) can be noted in the centre of Figure 3.13, with all of the irradiance
plots intersecting this line. In Figure 3.14, the optical efficiency can be noted on the left-most
part of the efficiency graph. From Figure 3.14, a significant drop in SWH efficiency can be noted
at low solar irradiance and inlet temperatures that are 20 [°C] higher than ambient tempera-
tures.

SWH Efficiency Curves

1 80
100 170
BO - 1 60
60 | 50
I
40
__% 40
20
30
0
20
=20 J
30 N 10
20 30
20 o
10 10
0
inlet[ CJ o .
ambienl[ CJ

FIGURE 3.13: Regression performance map of SWH as used in the study. Irra-
diance surfaces were plotted for 250, 350, 500, 750 and 1000 W /m? respectively
with the highest irradiance represented by the uppermost surface.
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Standard SWH Efficiency Curve
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FIGURE 3.14: Regression performance map of SWH as used in the study. The
curve illustrates the sensitivity of the SWH efficiency to temperature differentials
and irradiance. The optical efficiency can be noted to the left.

3.5.2.2 Pump curve

Due to the limitation that no adjustments were allowed on the system, no flow sensors could
be installed on the SWH loop. With this limitation, the pump curves were utilized. A CCG
05-25C pump with a maximum head of 8 [m] and a flow rate of 3.9 [m®/h] is used to circulate
water through the SWH loop. Appendix ] contains the graphs and information on the pump.
The pump has three-speed settings. The OEM, however, only supplies the power curve for
the high-speed setting. The hospital technical team had set the pump to a low-speed setting.
To obtain the equivalent power curve for the lower speed setting, dimensional analyses was
employed. The geometric properties of the pump, along with the fluid properties, remain the
same. Incompressible effects are assumed along with the same surface roughness. By using
the special case, the following equations can be used to scale between the speed setting on the

pump:

Ql(?w _ wl('yw « DDl?w )2 (3‘34)
thgh Whigh high
H D

low _ wl(,)w 2 % low )2 (335)
thgh Whigh Dhlgh

high _ Whigh \ 3 % high )5 (3.36)
Plow Wiow Dlow

Using the above, along with the Euler pump equation and the definition of efficiency, the lower
energy curve could be obtained:
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Ppyier = p x g X Qx H (3.37)

P
n= 5 Euler (338)
solar,pump

With the low-speed power and efficiency curve known, the theoretical flow rate could be cal-
culated. The second phase voltage of the HP was actively monitored along with a Hobo logger
that measures the current on the circulating pump. Finally, a power factor was assumed for
the pump. By using the above rationale, the theoretical flow rate could be calculated using the
following equations:

Psolur,pump = Isolar,pump X Van,phase X COS(Q) (339)
Psolar,pump - f(Qsolar) (3.40)
Msolar = Qsolar X p (3.41)

3.6 Experimental Results and Analyses

This section will focus on the experimental results that were obtained and commentaries on the
energy flux distribution of the system. Detailed analyses of the system operation during the
test period will be presented near the end of the chapter.

3.6.1 Preliminary energy balance

The formulas to calculate the various energy fluxes was illustrated. This section will showcase
the 15 law energy balance with the relative humidity coefficient (a3) of the ASHP solely based
on manufacturer data, as reported in Appendix D and H and discussed in Section 3.5.1.

Experiments were conducted from May to July 2019. A four-day dataset from the 4th - 7th of
June was used for analyses and the comparison to the developed simulation as discussed in the
following chapter. Following the methodology, as outlined in Section 3.4, the comparative cal-
culations could be conducted. Two methods were used to quantify the 1% law energy balance
that was obtained. The net energy rate and the energy flux ratio quantified as follows:

Qnett = Qin - Qout (3.42)
: Qin

ratio — = 3.43

Q t Qout ( )

Furthermore, the input and output fluxes as defined in Section 3.4 were expressed as:

Qin = QASHP + QSalar (3-44)
Qout = QRingmainfsteudyfstate + Qllser + QStorugeftunkflosses + QSystemfpipeflosses + QSWHflosses
(3.45)

Preliminary results from Table 3.15 clearly shows that the nett energy flux (Qnett) is not equal to
zero. By the energy flux ratio, one can conclude that the energy that enters the system appears
to be more than the total energy expenditure. Referring to Table 3.8, the various measured,
calculated and assumed variables of the energy fluxes can be noted. The relative errors of the
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sensors are presented in various tables throughout this chapter and Appendix A. The former
and latter were taken into account to determine which energy flux was most probably respon-
sible for the violation of the energy balance.

TABLE 3.15: Hourly energy flux values for the test period, prior to developing
the coefficient from experimental data.

03/06/2019 04/06/2019 05/06/2019 06/06/2019

Qastp[W] 249785 220635 224962 245469
Qsotar[W] 808.8 715.2 689.3 526.4
Qpipes—Tank[W] 784.8 746.8 572.0 822.1
Qpipes—solar[W] 906.2 697.0 750.7 668.7
QLosses_Tank[W] ~ 3487.7 3318.8 3336.4 3653.6
Quiser—Load [W] 6157.9 7 560.9 6915.1 5340.7
QRingmain[W] 7 414.6 7167.2 7 229.4 7 699.6
Qnett[W] 7 036.1 3287.9 4381.9 6 888.6
i [dim] 1.38 1.17 1.23 1.39

It was concluded that the energy fluxes based on regression equations would be the most prob-
able candidates. The ASHP is the single largest energy contributor. Therefore this specific
regression was revisited. The ASHP regression was compared to various input conditions to
try and determine the large unaccounted energy surplus. Considering the above-mentioned,
along with the results reported in Figure 3.15, one can assume that their might exist a corre-
lation between the relative humidity and the energy flux ratio of the system. Indicating the
relative humidity (a3) derived from the manufacturer data might be to blame. Therefore the
regression was altered to be based on the combination of OEM and in-field data. Figure 3.16
illustrates the energy balance when the relative humidity is based on in-field data. The fol-
lowing section will discuss the energy balance results obtained based on the hybrid regression
equation '!.

11Hybrid in this context, describing the equation using data obtained from the OEM and in-field data to obtain
the regression coefficients.
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3.6.2 Holistic system discussion
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FIGURE 3.17: Skankey diagram illustrating energy flux distribution.

From Figure 3.17, the Sankey-diagram for the system is illustrated. Focusing on system energy
input, the ASHP contributes significant amounts of energy (97 [%]) to the system compared
to that of the SWH (3 [%]). The energy distribution can be ascribed to the control systems
employed by the heat pump and the solar water heater system, and the number of SWH banks.
Apart from the control system, a simple comparison validates the analyses. The heat pump is
rated at 87.4 [kW] 2, with the solar banks peak energy delivery at 5 [kW]. Thus it can quickly
be concluded that apart from the useable daylight hours, the SWH contribution would be small
in comparison to that of the ASHP. With the ring-main extracting energy mainly in the form
of heat losses perpetually, the ASHP will have to supply the system with energy during night-
time operation.

By focusing on energy expenditure, the most striking figure is that heat losses account for
nearly two-thirds of all energy input. One has to perceive the distribution of these losses to
conclude if the system has been over-designed to the user requirements or not. It can be seen
that the ring-main contributes to a significant energy expense at nearly 40 [%], followed by
the user load at 34 [%]. One can presume that the ring-main is an inevitable heat loss due to
the high temperature and relatively high mass flow supplied to the pipe network within the
hospital building. There are numerous stagnant bodies of water in the pipe connections leading
to the draw-off points throughout the hospital. Of particular note is that the end-user uses only
a third of total energy expenditure.

The losses in the storage vessels can be attributed to the relatively high temperatures of the
thermal mass that are maintained in these vessels. The vessels serve as a buffer when the

120ne can note that by even using an average COP of three and taking note of the solar energy contributed
during the usable daylight hours, that the SWH contribution is small in comparison to that of the ASHP.
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TABLE 3.16: Hourly energy flux values for the test period.

03/06/2019 04/06/2019 05/06/2019 06/06/2019

Qasup[W] 195953 179349 177418 19 246.2
Qsotar[W] 808.8 715.2 689.3 526.43
Qpipes—Tank[W] 784.8 746.8 572.0 822.1
Qpipes—Solar[W] 906.2 697.0 750.7 668.7
Qlosses_Tank|[W] 34877 33188 3336.4 3653.6
Quiser—1Load[W] 6157.9 7 560.9 6 915.1 534.7
QRingmain[W] 7 414.6 7167.2 7 229.4 7 699.6
Onett[W] 1765.4 51.0 152.6 1685.2
i [dim] 1.09 1.00 0.99 1.09

heat pumps are not able to meet user demand during periods of peak demand. The ring-main
distributes roughly two times the total storage vessel volume per day (30 [KL]). Daily user con-
sumption is, on average, 3 [KL]. Taking the former and latter into account can conclude that
the system has too many storage vessels for the current user load (total capacity of 15 [kL]). To
support this comment, one can consider a situation where total daily energy consumption is
extracted in a single hour (0.83[Ls™!]). Even with the ASHP working at a fraction of its max-
imum flow rate (0.55[L.s~!]), the total volume of the second coldest storage vessel will not be
displaced to that of the warmest vessel. System pipe losses between the ASHP, storage vessels
and ring-main are comparatively small. The length of the pipes in the hospital is noticeably
longer than those between the main components, explaining the smaller heat loss.

Furthermore, considering the mass in the pipes relative to that of the storage vessels, the heat
loss in the pipes appear to be large. This is the case due to the fact that the surface area to
volume ratio of the storage vessels is lower than that of the pipes. Naturally, the heat transfer
coefficient and flow regime in the pipes also plays a role in the comparatively higher heat losses.

The SWH is of particular concern as the losses in the pipe network roughly equates to the
energy addition of the SWH. The high heat losses can be explained due to the high-temperature
build up in the solar pipes as well as the active hours of energy addition. Furthermore, the SWH
pipes contribute to heat loss when the daylight hours have passed. It can be reasoned that the
component currently serves a load-shift purpose as when viewed in isolation, the former has
roughly a net-zero energy benefaction to the system.

In Table 3.16, the daily averaged energy flux values are tabulated. Noticeable is that the av-
erage useful energy flux of the ASHP (Qsnp) is roughly 19 [kW]. Referring to Table 3.4, the
maximum power input and heat energy are reported as 28.2 [kW] and 87.4 [kW], respectively
(corresponding to a COP of roughly 3). Thus it can be concluded that even under low COP
conditions, the HP system is underutilised in this application. One must also remember that
these tests were conducted during the winter period where an ASHP have to work relatively
hard in comparison to summer conditions due to lower dry bulb temperatures.

The energy flux ratio is small enough to assume that energy conservation is maintained. The
average net energy transfer that is unaccounted for varies from roughly 51 [W] to 1765 [W]. By
taking the methodology and errors of the various sensors into account (Appendix 3.5.2.2), this
deficit can be assumed to be relatively small to that of the maximum energy flux. An example
of the calculation regarding the energy fluxes with daily averaged inputs is demonstrated in
Appendix C. The example uses the daily averages for all of the inputs. For the simulations and
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Daily average energy fluxes
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FIGURE 3.18: 1st Law Energy balance on system.

comparison with the experimental results, 15 [min] and 1 [min] dataset time intervals are used
as per the methodology explained in the previous sections.

The data of Table 3.16 is graphically represented in Figure 3.18. The waterfall graph distin-
guishes the highest energy contributions and losses in the system for each of the four days
studied. The energy flux ratio was also overlayed to illustrate the energy balance error. It
should be noted that this energy balance was calculated with the finer non-averaged datasets
obtained directly from the SCADA and HOBO sensors. In contrast, the example in Appendix
C uses daily averages with simplifying assumptions.

3.6.3 Detailed discussion

The previous sections made commentaries and discussed the sizes of the various energy fluxes.
The following section will aim to analyse the distribution of these energy fluxes in depth to
draw correlations.

Figure 3.19 compiles and summarises the experimental data that was obtained. Most of the
commentaries in the following paragraphs centre around the previous mentioned Figure 3.19.
It can be seen that the supply temperature was sustained at approximately 60 [°C] during the
test period. The measured temperature helped to illustrate that the design temperature of the
system can be maintained even in the cold winter periods. Furthermore, the net energy flux
indicates the constant ‘charge” and ‘discharge’ of the system storage vessels.

Of particular note is that the ASHP was operational throughout most of the early mornings past
midnight. Taking note of the net energy flux of the system, the ASHP seems to charge the cycle
throughout the first half of the morning cycle. The remaining energy is extracted throughout
the morning, and the ASHP runs relatively laborious to maintain these temperatures before
about 9:00 [AM]. This statement is made since although the ASHP was active, the net energy
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FIGURE 3.19: Experimental test period analysis graphs.
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FIGURE 3.20: ASHP performance prediction with measured environmental con-
ditions.

flux was negative near the end of the operational periods. Moreover, the heat pump seems to
be active for lengthier periods as opposed to the rest of the day.

From Figure 3.20, the predicted COP was calculated from the environmental conditions. Dur-
ing early morning periods, the RH is at a peak, and the DB temperatures are at a minimum. It
should be noted that for a dry bulb temperature of 5 [°C| and relative humidity of 80 [%], the
dew point temperature is roughly 1.8 [°C]. The surface temperature of the evaporator is usually
5-10 [°C] below dry bulb temperatures. Thus, frost formation is possible in these early morn-
ing periods. These environmental conditions limit the amount of energy the ASHP can extract,
and therefore, low COP values were consequently achieved. Additionally, from Figure 3.19, it
can be noted that the ASHP was mostly active during these unfavourable conditions. Promot-
ing the basis of the previous chapter that relative humidity can impact ASHP performance, as
observed from the experimental results on the system.

It can moreover be seen that the ASHP is switched on about two times during the daytime
hours. In the early mornings and at an evening round. During all of these daytime running
periods, the ASHP was able to convert the net energy flux to a charge cycle initially. The time
that the ASHP was operational during these daytime hours was reputably shorter than in the
morning period.

User demand seems to follow no apparent profile during the period in which the system was
monitored. Notable peaks in user demand seemed to be occurring in the 6:00 - 9:00 [AM]
morning periods. Particularly during the period in which the ASHP is active, but the net energy
flux indicates a “discharge’ state predominantly.
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FIGURE 3.21: SWH energy flux and temperature data.

Figure 3.21 illustrates the middle- (T3), top storage vessel (T5) and SWH outlet temperatures.
Additionally, the instantaneous usable and total absorbed solar irradiance was overlayed to
understand the underperformance of the SWH better. Although absorbed instantaneous solar
flux can peak at nearly 5 [kW], the usable energy was much lower.

The control philosophy exercised by the SWH and the flow rate through the SWH system was
mostly responsible. The required temperature differential by the control system is 12 [°C]
higher than the middle storage vessel temperature (T3). Figure 3.21 illustrates data obtained
from the SCADA system. It can be seen that the solar temperatures in the manifold during
daylight hours, is on average, close to 80 [°C]. Furthermore, temperatures were measured as
high as 120 [°C|. These figures lead to three possibilities explaining the underutilisation: The
first is that the SWH pump is not removing the energy build-up at a high enough rate. The
second is that the differential temperature was even higher than 12 [°C]. Finally, the maximum
temperature probe was set too low. The SWH control deactivates if the warmest tank temper-
ature is at the maximum setpoint. The ASHP maintains the temperature of the warmest tank
relatively well at this temperature (as it is the same as the maximum rating of the ASHP).

Consequently, even though the 12 [°C] set point is attained, with the warmest vessel average
temperature at 61.5 [°C|, the SWH will not activate. Thus a combination of the flow rate and
maximum temperature set point leads to the irregular addition of solar energy. Apart from
this, one can note that the energy is accumulated during the day declines steadily throughout
the night leading to high heat losses. This can be noted as the available energy in the SWH
manifold is not extracted before daylight hours pass.

One must, however, take into account the active hours of the SWH as its’ contribution is av-
eraged over the 24 [h] period. During observation of the system, it was noted that the SWH
pumps did not switch on for periods longer than 60 [s]. The former can be motivated due to
the control system, mass flow through the SWH, the 4.8 [kW]'® peak energy and the size of the
buffer vessels (15[kL]). Furthermore, there can be seen that cloud cover limited the amount of
useful solar energy on the last day of the experimental period.

13 As a simple calculation verification: assume 6 hours of sunlight. Assume during these hours; the SWH works
continuously at 2.8 [kW]. Daily energy contribution is thus 2.4[kW] x 6[h] = 14.4[kWh)]. By averaging the contri-
bution over the 24 hour period a 600 [W] equivalent energy contribution is obtained.

62



Chapter 3. Experimental

One can comment that the system energy utilisation can be increased by lowering the maxi-
mum and differential temperatures on the SWH. The flow rate through the SWH can be in-
creased to aid the removal of energy in the SWH. A third possibility is to lower the differential
temperatures and lower the flow rate so that the SWH works continuously without erratic
temperature build-up and discharge. Additionally, more SWH banks can be added in parallel
to increase SWH contribution. Furthermore, if the system was redesigned from scratch, the
number of storage vessels could be lowered to three. This would enable the system to hold
sufficient thermal capacitance buffer as well as lower the heat losses and the load on the ASHP
to maintain the storage vessels at the setpoint temperature.

The next chapter will deal with the development of the detailed and reduced computer model
as well as the verification of the developed simulation model.
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Chapter 4

Simulation development

This chapter intends to showcase the fundamental functioning of the developed simulations
and the comparison to the experimental data of the previous Chapter 3. This study produced
three simulation models. One of which attempts to use reducing measures to streamline com-
putational effort without compromising accuracy. The remaining simulations use compara-
tively few additional constraints that lead to significantly longer simulation times. The simu-
lations are as follows:

e Runge-Kutta method of lines solver (referred to in this study as the "reduced model’ or
'RK-MOL’)

e Euler model (referred to as 'detailed model” or 'Euler model”)
e MATLAB® Simulink® model

Both the detailed and reduced models were programmed in EES®. Using the parametric ta-
ble feature of EES®, dynamic simulations can be developed. The chapter is divided into the
following sections that intend to portray the development of the simulation:

* Fundamentals (4.1) - The fundamental equations that govern the simulation programs
are presented along with the calculation of the simulation originated energy fluxes.

¢ Algorithm (4.2) - The approach that was used to deploy the fundamental equations intro-
duced in Section 4.1 is addressed.

e Verification (4.3) - The numerical tests for convergence, stability and consistency is show-
cased, and a comparison to a MATLAB® Simulink® model is presented.

e Validation (4.4) - Comparison of the simulation’s 1% law energy results to that of the
experimental data.

¢ Conclusions (4.5) - Concluding remarks is given on the simulations accuracies, solver
times, restrictions and possible applications.

4.1 Fundamental conservation equations

The objective of the simulations is to predict the evolving internal energy of the system (as pre-
sented in Chapter 3.2) and its” components under varying boundary conditions. The simula-
tions, therefore, are dynamic as the boundary conditions are dynamic. From these predictions,
a 15! law energy balance can be conducted for the system corresponding to the fluxes as pre-
sented in Chapter 3. The rate of energy exchange can be calculated for each time-step, and the
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average of these fluxes would represent the values that can be compared to the experimental
data. Throughout this chapter, unless otherwise stated, the system will involve the fixed control
volume as presented in Figure 4.1. The control volume was chosen as such to exclude the SWH
and ASHP; as these components’ internal conditions are represented by regression equations.

The section was divided into the following subsections:

* 1% Jaw energy balance (4.1.1) - A system-level' discussion on the methodology used by
the simulations to calculate the internal energy evolution on the system.

* Sub-components (4.1.2) - On a more comprehensive level, the sub-component models
that the simulation comprises of are discussed that are required for the 1% law energy

balance.
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FIGURE 4.1: Total system control volume.

4.1.1 1% law energy balance

Consider a stationary, fixed, non deforming control volume (dV) that encompasses the fluid of
the system throughout the various pipes and components (Figure 4.1). An incompressible fluid
is observed, and the system is pressurised; thus the fluid mass in the control volume remains
constant. Furthermore, assume this control volume to not include the ASHP and SWH but
to only begin and end at the outlet and inlet of these respective components. The change in
system energy from an initial (Ujyisia), to a final energy state (Uyi,,) after a fixed lapse of time
(M), can be expressed as:

1System-level in this context entails the fixed control volume that has been chosen for the 15t law energy balance
as presented in Figure 4.1.
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Uinitiat + Qin + Win = Qout + Wout + Ufina (4.1)

Equation 4.1 only asserts that energy is added (Q;, + Wi,) or lost (Qout + Wout) to reach the final
energy state. Mechanical work (W) is path dependant, and heat energy (Q) is therefore, also
path dependant 2. The path dependence of these terms is important to quantify the transition
from the initial energy state (Ujyia), to the final energy state (Uin,) as defined in Equation 4.1.
Therefore, the rate of energy addition or expenditure has to be evaluated at multiple time-steps
if the process is to be predicted accurately.

u'.r',‘;m[ e o - -

Qnm 2
u:' ntinl peememia.

ot

FIGURE 4.2: System energy state evolution example.

As an example, observe Figure 4.2. The graph illustrates internal energy to simulation time for
a simple example of the system. Assume that due to the storage vessel temperatures being too
low, the ASHP activates in the first time-step. Furthermore, the ASHP is able to convert the net
system energy flux to a positive value (Qpet—1 > 0). Furthermore, assume that in the following
time-step, the hospital consumes a vast amount of hot water, where the ASHP struggles to
maintain the net energy flux as positive, leading to a negative net energy flux (Qnet,z < 0).
However, as the user drains hot water from the storage vessels, the ASHP have favourable COP
conditions due to the lower inlet temperatures to the ASHP. In the last time step, the user load
is zero, and the ASHP can change the net energy flux positive with a higher gradient (Qet—3 >
Quet—1 > 0). The higher gradient is due to colder inlet water and the energy expenditure of the
system that has been reduced.

2 According to the principle of the ‘mechanical equivalent of heat’ (g = AU + w).
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In the scenario explained above, the gradient of the ASHP energy flux was a function of the
controller, ambient conditions, and internal energy state. With the output of the controller de-
termined by the internal energy state at the beginning of the time-step. Therefore, to simulate
the system and its” control systems effectively, a suitable time-step has to be used. The con-
troller will have a direct effect on the path taken by the heat energy added and removed from
the system control volume.

It can be noted that the average energy gradient of the three time-steps (Qnef,l, Qnet—z, Qngt_3)
: u ina _uini ia e ey

are the same as that of the averaged energy gradient ( %) between the initial (U;y;tia1)

and final (Uy;,q;) energy conditions. There are infinite scenarios to transition from the initial to

the final energy state. However, the boundary conditions, fixed input parameters of the various

components and the characteristics of the controllers, ensure that only a subset of these infinite

amounts of solutions is plausible.
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Chapter 4. Simulation development

From the rationale above, an equation is required that links the energy accumulation in the con-
trol volume, energy entering the control volume and change in the energy state of coincident
control volumes. Consequently, Reynolds theorem is used and can be written as:

D d
Dr /epde =5 /epde + /epV-ndAcs 4.2)

From the first law of Thermodynamics, energy can only change form and have to be conserved.
Equation 4.2 states that the rate of energy exchange to and from the coincident control volumes
(&; [ epdVe)?, must be equal to the time rate of change of the stored content of the control
volume (% | epd¥.,), and the net rate at which energy leaves and enters the control volume by
mass fluxes through its” surfaces ( f epV -ndAc). The final term in Equation 4.2, refers to the
energy fluxes crossing the control volume boundaries. The net energy flux can be expressed as
the energy * times the average mass flow crossing the control volume surfaces:

/eV . ndAcs - Zmouteout - Zminein (43)

The advection flow ( f eV -ndA), into and out of the system can be divided into the following
three fluxes:

e ASHP flux: QASHP = MASHP CP (TASHP—o — TASHP—i) >0 (diagram pOSitiOI’IS: B16 and
F16, Figure 4.1 and Figure 4.3)

e SWH flux: Qswy = fitswy Cp (Tswr—o — Tswh—i) > 0 (C10 and F11, Figure 4.1 and
Figure 4.3)

o User flux: Quser = Tityser Cp (Tonunicipat,in — Taraw—off) < 0 (E1 and H16, Figure 4.1 and
Figure 4.3)

The SWH and ASHP are leading to an increase in the net system energy rate and the user load
leading to a decrease in the net system energy rate. The % [ epdV ., term of Equation 4.2 refers
to energy additions taking place by method of heat transfer or work done by the system or on
the system. The term can be expressed as:

% /ede = (Z Qin — Z Qaut)cv + (Z Win - ZWout)cv (44)

However, the pump work done on the system is assumed negligible (¥ Wi, — ¥ Wout)co ~ 0).
Energy is therefore mainly transferred through heat losses to the environment:

(Z Qin - Z Qout)cv = Z Qconvective (4.5)

The system control volume demarked in Figure 4.1 is subdivided into smaller control volumes
(marked out in Figure 4.3) for the remaining fluxes due to the variation of internal temperatures

3The rate at which energy leaves or enters the coincident control volumes must be the same as the en-
ergy leaving or entering the studied control volume through its control surfaces (th,m + Wm,/,'n) v = (th,m +
Wnet,in)coinsident,cv = % f ePchv~

*Elevation energy is ignored in the reduced and detailed simulations and it was consequently assumed that the
energy (e = u + Pv + V?/2 + gz) can be approximated by the total enthalpy (¢ ~ h + V2 /2 = hy).
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throughout the system. The diffusion (D% f edV ), out of the control volumes can be divided
into the following four fluxes:

¢ Ring-main flux: Qring_main = UAving—main (Tdmw—off — Ty) < 0 (E2, Figure 4.3)
* Storage vessel flux: Quuk—i = UAsnks (Thank — Tap) < 0 (E6, Figure 4.3)
* SWH pipe losses: QSWpripes = UASWpripes (TSWpripes — Tap) < 0 (E11, Figure 4.3)

e Storage vessel pipe losses: Qpipe,losses = UApipe—tosses (Tpipes—tank — Tap) < 0 (E6 and B16,
Figure 4.3)

With a finite, fixed time-step k, then the total energy transferred to the system control volume
in the j-th time step is given by:

Qin—j = (Qasup + Qswr); X k = Qin_j x k (4.6)

The total energy leaving the system control volume in the j-th time step is defined as:

Qoutfj = (Qringmuin + Qtank + QSWpripes + Qpipe—losses + Quser)j X k= Qoutfj X k (4'7)

The change in the system energy state in the j-th time-step can be calculated by summing all of
the energy transferred to and from the system control volume in the j-th time-step:

Ufinat = Qout—j — Qin—j + Uintial (4.8)

Equations 4.6, 4.7 and 4.8 is repeated for each interval until all of the time-steps have been
calculated sequentially. Thus the process is repeated until the termination time, M:

U1 = Qout—j — Qin—j +U; ¥V j € {0.M} (4.9)

The process can be summarised in the following steps:

¢ Determine from boundary conditions and the control system of the various components
the rate of energy leaving and entering each system component in a given time-step.

¢ Integrate the energy fluxes over the time-step to obtain the following energy state of the
system and components.

* Repeat the process until the termination time-step has been reached.

¢ For analyses, the average of the rate energy fluxes can be used to obtain a "steady-state’
(1% law energy balance) equivalent of the system for the period that was simulated.

With the calculation of the change in energy-state demonstrated in the previous paragraphs,
the calculation of the energy fluxes will be showcased in the following Section 4.1.2.

4.1.2 Simulation components

Figure 4.3 illustrates the system with energy boundaries drawn around the various compo-
nents corresponding to the energy fluxes presented in the previous paragraph. The section
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will showcase the equations used to simulate the energy fluxes and the difference between the
reduced and detailed simulation methodology.

4.1.2.1 Air source heat pump flux

Before the energy calculation of the ASHP could be conducted, the control system has to deter-
mine if the ASHP has to be switched on or not. It is determined if the internal temperature of
the second coldest storage vessel (T4, F5 Figure 4.3) is colder than the activation temperature
(Tactivate). After the relation have been established, the system/program waits for 15-minutes
(simulation time) before activating the ASHP. However, the simulation would have to deter-
mine the amount of energy to transfer to the fluid due to the variable control philosophy used
by the real-world system. Thus part-time ASHP operation is taken into account in this study:.

For the ASHP, the maximum available energy that can be extracted from the environment has
to be calculated. The COP regression equation (Equation 3.32) presented in Section 3.5.1 is used
in the calculation along with the ASHP electrical consumption approximated by Equation H.8
(presented in Appendix H.8). The maximum useful thermal energy of the compressor can be
calculated by:

Q'ASpravailble = B X Pelectrical (4-10)

Where the regression equations for the COP (B) and electrical consumption (P,j.ctricq1) are given
by:

B =ao+ (a1 X Tap) + (a2 X Tinger) + (a3 X ¢p) (4.11)

Pelectrical = bl + (bZ X Tiznlet) + COS(b3 + Tdb) + COS(b4 + wa) (4-12)

The environmental conditions influencing the performance of the ASHP is the relative humid-
ity (¢), dry - (Tz), wet bulb (T,;,) and ASHP inlet temperatures (Tj,;) as outlined in Section
3.5. For the ASHP control volume, the heat losses to the environment are neglected. Due to
the relatively small control volume of the ASHP; it is assumed that the thermal capacitance can
also be neglected (% [ epd¥., =~ 0). Due to the high rate of energy transfer to the ASHP con-
trol volume; the temperature difference is assumed to be nearly instant. From the maximum
available energy (QAsyp_aoaitvle), the mass flow is calculated that would deliver the specified
set-point temperature (Tasgp—setpiont) 5,

Q.ASHPfuvm'lble (4.13)

M ASHP—predict =
: Cp x (Tasup—setpoint — Tintet)

MASHP = M ASHP—predict

Therefore, from Equations 4.10 and 4.13, the required ASHP flux (Q 4syp) is given by:

Quastp = titastp Cp (Tasap—setpoint — Tinlet) (4.14)

SWith the set-point temperature at 60 [°C] as introduced in Section 3.2.
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However, if the predicted ASHP mass flow (11455p— predict) from Equation 4.13 is greater than
the maximum delivery mass flow specified by the OEM (1i14s1p—max)®; then only the maxi-
mum delivery mass flow is enforced. It is thus assumed that if the maximum available energy
(QASHP—availble) 1S larger than the required energy (to heat the water to the set-point temperature
(TAsHP—setpiont); then only part of the maximum available energy is transferred to the water.

M ASHP—max = M ASHP
Qasup = titasap Cp (Tasup—setpiont — Tintet) (4.15)
v mASHprredict > 1M ASHP—max

The methodology above corresponds to that which was used in the reduced simulation, with
aspects shared by the detailed simulation. For the detailed simulation, thermal capacitance
is taken into account (% [ epdv., # 0), along with the heat loss of the ASHP. Consequently,
the detailed simulation, the change of internal energy of the ASHP have to be calculated for
each time-step. Apart from the thermal capacitance, the detailed simulation uses a pump and
resistive curve to enforce the mass flow through the component. The conservation of energy
for the ASHP control volume can be expressed as:

mashp—volumecp(Tashp—new - Tashp) : : : ;
St = Qadvection - Qheut—losses + eriction + Wpump + QASHP—avuilble

(4.16)

The work-energy added by the pump to the ASHP control volume is given by:

Wipump = (i1 aspp g(al(%%omz + az(%%oo) +a3)) (4.17)

The mass flow in the detailed simulation is also calculated according to the control procedure
outlined by Equations 4.13, 4.14 and 4.15. With the mass flow, a function of these equations, the
friction factor (f) is consequently varied to obtain the required mass flow. The friction energy
of the ASHP is given by:

1 pV?titasup

eriction = fD B 0 (4.18)
With the heat losses of the ASHP given by:
Qheut—losses = UAASHP(Tashp - Tdb) (4.19)

For the detailed simulation, the energy flux addition to the system (Q 4sgp) in the j-th time-step
from Equation 4.16, corresponds to the advection energy of the control volume and is given by:

Qadvection = 7’i/lash;acp(Tinlet‘ - Tashp) = _QASHP (4-20)

®With the maximum mass flow presented in Table 3.1.
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Table 4.1 lists all of the parameters used in Equations 4.10 to 4.20 with the base unit and source
of the applicable parameter.

TABLE 4.1: ASHP pipe heat loss parameters and units. In order of appearance.

Term Symbol Unit Source
Maximum useful ASHP flux Q(ASHP—availible) [W]  Simulation regression output
COP regression approximation B [dim] Simulation regression output
ASHP electrical consumption regression P< electrical) [W]  Simulation regression output
COP constant regression coefficient g [dim] Regression Appendix H.3
COP dry bulb regression coefficient o [1/°C] Regression Appendix H.3
Ambient dry bulb temperature Ty [°C] Boundary condition input
COP inlet regression coefficient xp [1/°C?] Regression Appendix H.3
ASHP inlet temperature Tinlet [°C] Boundary condition input
COP relative humidity regression coefficient a3 [dim] Regression Appendix H.3
Relative humidity ¢ [dim] Boundary condition input
ASHP constant electrical regression coefficient by [W] Regression Appendix H.4
ASHP inlet electrical regression coefficient by [W/°C?] Regression Appendix H.4
ASHP dry bulb electrical regression coefficient by [W/°C] Regression Appendix H.4
ASHP wet bulb electrical regression coefficient b3 [W/°C] Regression Appendix H.4
Set point temperature mass flow M ASHP— predict kg sfl] Equation 4.13
Specific heat at constant pressure (water) Cp [J/kg°C] Thermodynamic tables
ASHP set-point temperature TASHP—setpoint [°C] Fixed simulation input
Required ASHP flux QAsHP [W] Equations 4.14 and 4.15
Maximum delivery mass flow M ASHP—max kg s Fixed simulation input
ASHP control volume mass Mashp—volume [kg] Fixed simulation input
Internal temperature of ASHP T(ashp) [°C] Simulation output
Internal temperature for next time step T(ashp—new) [°C] Simulation output
Time step ot [s] Fixed simulation input
Advection ASHP flux Qudvection [W] Simulation output
ASHP heat loss flux Qheat—Ilosses [W] Simulation output
ASHP friction flux Qfriction (W] Simulation output
ASHP pump flux Woump [W] Simulation output
Pump regression coefficient one ap [sm~5/2] Appendix |
Pump regression coefficient two ap [s/m?] Appendix |
Pump regression coefficient three as [m] Appendix |
Fluid density 0 [kg/m3] Thermodynamic tables
Gravitation acceleration g [m/s?] Physical constant
Friction coefficient f [dim)] Simulation output
ASHP inside pipe diameter D [m] Fixed simulation input
ASHP characteristic pipe length 1 [m] Fixed simulation input
ASHP axial flow velocity v [ms™1] Simulation output
ASHP heat loss coefficient UA4syp [W/°C] Fixed simulation input

4.1.2.2 Solar water heater (SWH) flux

For the SWH component, both the detailed and reduced simulation includes thermal capaci-
tance. Thermal capacitance was included due to the transient behaviour of the SWH. The SWH
pump is activated once the internal SWH temperature (Tswr—outier) is 12 [° C] warmer than the
third tank temperature (15, C7 Figure 4.3) of the stratified storage vessel arrangement. Finally,
the circulating water pump deactivates when the temperature of the outlet on the SWH is 4
[° C] warmer than the middle storage tank temperature (73,E8, Figure 4.3)7. The efficiency of

7Corresponding to the control procedure outlined in Section 3.2.2
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the SWH is calculated according to the regression equation presented in Section 3.5.2, and the
useful solar energy can be calculated from:

A= (Tintet — Tap) (4.21)
Iy
Nsolar = alA2 +a2A + a3 (4.22)
Qusefullfsolar = Usolur(lrrAc) v Iy >= SO[W] (423)
With the heat loss for the SWH manifold defined by:
Qheatloss—solar = (1 - Usolar)(lrrAc) v Irr > 80[W] (4.24)

However, Equation 4.21 will become undefined once the solar irradiance (I;,) falls below zero.
Consequently, the useful solar energy during these time-steps (Quse Full—solar) 18 €xpressed as:

Q-usefullfsolar =0V I, < SO[W] (425)

With a steady-state U Asyn—manifora heat loss coefficient used to calculate the SWH heat loss for
these corresponding conditions:

Qheatlossfsolar = uAswhfmanz’fold(TSWH - Tdb) V Iy < SO[W] (4.26)

The advection energy for the SWH, and consequently, SWH flux (Qswn) added to the system
can be calculated from:

Qadvection = Mgy Cp(Tz'nlet - TSWH) = _QSWH (427)

The reduced model explicitly defines the mass flow through the component; according to the
outcome determined by the control system. Thus the internal energy evolution of the SWH for
the reduced model is expressed as:

mswh—volumecp(TSWanew - TSWH) - - .
5t = Qudvection — Qheatloss—solar + Qusefull—solar (4.28)

Contrastingly, for the detailed simulations, the SWH components use the same energy equa-
tions as presented for the ASHP pump (Wpump, Equation 4.17) and the friction energy (Q fFrictions
Equation 4.18) to calculate the mass flow. For conditions where the SWH has to be switched
off, the friction coefficient (f) is to be chosen as high as possible to ensure the mass flow is as
low as possible (riiswy < 0.0001). The change in internal energy of the SWH can be calculated
by:
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mswh—volumecp(TSWH—new - TSWH)
ot

= Qadvection - Qheatlossfsolar + eriction + Wpump + Qusefullfsolar

(4.29)

Table 4.2 lists all of the parameters used in Equations 4.21 to 4.29 with the base unit and source

of the applicable parameter.

TABLE 4.2: SWH flux parameters and units. In order of appearance.

Term Symbol Unit Source
SWH performance parameter A [°C m?/W] Simulation output
Ambient dry bulb temperature Tap [°C] Boundary condition input
Inlet temperature Tinlet [°C] Internal simulation output
Solar irradiance Ly [W/m?] Boundary condition input
Regression coefficient one ag [W2/m* °C?] Fixed simulation input
Regression coefficient two a [W/m? °C] Fixed simulation input
Regression coefficient three ap [dim] Fixed simulation input
SWH collector efficiency HSWH [dim] Simulation regression calculation
Useful absorbed solar energy Quse full (W] Simulation output
SWH manifold heat loss Qheatloss—solar [W] Simulation output
SWH steady-state heat loss coefficient U Aswh—manifold [W/°C] Fixed simulation input
SWH manifold temperature Tswy [°C] Internal simulation output
Manifold temperature for next time step  Tswy—new [°C] Internal simulation output
SWH steady state mass flow Tilgyn [kgs™1] Internal simulation output
Advection SWH flux Qudvection [W] Simulation output
SWH system flux Qswh [W] Simulation output
SWH friction flux Q friction [W] Simulation output
SWH pump flux Woump (W] Simulation output
SWH control volume mass Moh—volume [kg] Fixed simulation input
Time step ot [s] Fixed simulation input
Specific heat at constant pressure Cp [J/kg°C] Thermodynamic tables

4.1.2.3 Heat loss storage vessels

The storage vessels have the largest thermal mass relative to all of the components in the sys-
tem. Accordingly, in both simulations, the thermal capacitance is taken into account. The total
heat loss of the five storage vessels is expressed by:

Qtank—losses = ZQtank—i Vi € {1/ 2,3, 4/5} (4.30)

Each tank has a distinct heat loss coefficient for the top, bottom and sides of the storage vessel:

Qtunk—i = (UAsides—i + UApottom—i + UAtopfi) X (Ttanki - Tdb) (4-31)

The heat loss coefficients were estimated according to the analyses presented in Appendix B.1.
The advection flow out and into the storage vessel components are represented by:

n m
Qadvection = Zmin—jCPTin—j - Zmout—icthankfi (4-32)
1 1
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Vn=3m=2

With T;, ;, designating the internal temperature of the adjacent components supplying mass
(11— j) to the i-th storage vessel component (Ty;x—;). For the reduced simulation, a PDE was
derived for the change in internal energy of the storage vessels. The derivation of the RK-MOL
PDE for a storage vessel is demonstrated in detail in Appendix F; with the following PDE that
was obtained:

oT _ kpuia 92T 1itnetCPf1uia 9T

ol — oL __ gL 2hside'walls al
ot Pr1uidCP fruia %% AwPf1uidCP fiuia 0%

0 fiuidCP fuia OF

(4.33)

The conservation of energy for the storage vessels is expressed in the detailed simulation by:

mtank—volume—icp(Ttank—new—i - Ttunk—i) A -
St - Qadvection - Qtank—i

(4.34)

Table 4.3 lists all of the parameters used in Equations 4.30 to 4.34 with the base unit and source
of the applicable parameter.

TABLE 4.3: Storage vessel flux parameters and units. In order of appearance.

Term Symbol Unit Source
Total storage vessel losses Qtank—losses (W] Simulation output
i-th storage vessel losses Qtank—i [W] Simulation output
Side tank heat loss coefficient UAgides—i [W/°C] Fixed simulation input
Bottom tank heat loss coefficient UApottom—i [W/°C] Fixed simulation input
Top tank heat loss coefficient UAop—i [W/°C] Fixed simulation input
Internal i-th tank temperature T tank,) [°C] Simulation output
Ambient dry bulb temperature Ty [°’C] Boundary condition input
Advection flux Qudoection (W] Simulation output
Supply mass flow inward at j-th port it j [kgs~!]  Internal simulation input
Supply mass flow out k-th port Mout—k [kgs~!]  Internal simulation input
Specific heat at constant pressure Cp [J/kg°C] Thermodynamic tables
Fluid density 0 [kg/m?] Thermodynamic tables
Thermal conductivity K fluia [W/m°C] Thermodynamic tables
Wetted flow area Aw [m?] Fixed simulation input
Side heat loss coefficient Rsidewalls [W/m?°C] Fixed simulation input
Pipe control volume mass Mgk —volume—i [kg] Fixed simulation input
Internal i-th tank temperature for next time step  T{ gk pew—i) [°C] Simulation output
Time step St [s] Fixed simulation input
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4.1.2.4 Ring-main heat losses
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FIGURE 4.4: Ring-main diagram illustrating the control volumes of the dead-end
and main ring-main losses.

The steady-state heat loss for the ring-main can be approximated by two components (Guo
and Goumba, 2018). The first entails the circulation heat losses incurred by piping the water
through the main artery of the ring-main system (Qringmain,cimlation). The second entails the
heat losses incurred in the pipes of the various draw-off branches to the many wards of the
hospital (Qringmain,dead—end)- Figure 4.4 serves to illustrate the former two control volumes of
the energy fluxes graphically. For ease of analyses, a single draw-off with a linear decrease in
temperature between the supply (T, pp1y) and return temperatures (Tyeturn) was assumed. The
circulation losses can be calculated from:

Qringmain,circulation = UAringmain,circulatian X (Tringmain,avemge - Tindoors) (4-35)

Qringmain,circulation = Ky x Lring X (Tringmain,avemge - Tindoors) (4-36)

Where L;i,g, is the total length of the ring-main in [m]; K; is the coefficient of pipe heat loss
[W/m°C]J; Tyingmain,average cOMpromises the average temperature in the ring-main and Ti;400rs
designates the temperature of the indoor hospital air. The Kj; is calculated according to the
pipe diameter (d,) as in EU standard 12828:2012+A1 (EU Standard, 2014):

K;=2.6xd,+02 (4.37)
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The losses incurred in the dead-end legs of the ring-main are given by:

Qringmain,deadfend = UAringmuin,deadfend X (Tringmain,avemge - Tindoors) (4-38)
The above can be rewritten as:
7T X Cp X Lijeqq X d?

Qringmain,deadfend = ( 4 ) X p X Ndeadfpipes X (Tringmain,average - indoors)/éT
(4.39)

With L, the average length of the dead-end pipes [m]; d; the inside diameter of the dead-end
pipes [m]; and Nyeqq— pipes designating the number of dead-end pipe sections. Therefore for the
reduced simulation, the ring-main losses could be calculated from:

Qring—main = Qringmain,deadfend + Qringmain,circulation (4-40)

The ring-main average temperature (T;ingmain,average) Of the previous time step is used for the
heat loss calculation in Equations 4.36 and 4.39. For the reduced simulation, the following
assumptions are made:

¢ The internal temperature (T}, 00r5) in all of the hospital wards and main building are main-
tained at the same temperature.

* The heat loss characteristics of the piping remain uniform throughout the network of the
hospital building.

¢ Since warm water might not always be drawn off from the same ‘dead-end’ leg; it is as-
sumed that the total user load is drawn roughly at the middle of the ring-main circuit at
all times.

The draw-off temperature for the following time step is thus approximated by the following
relation:

0.5 x er’ng—main
mringfmaincp

Tdruwfoff = Tsupply - (4.41)

Contrastingly, for the detailed simulation, the heat losses are based on the internal component
temperatures that the ring-main comprises of:

Qvringmain,steady = UA10 X (Tio — Tgp) + UA11 X (T — Tap) + UAp x (Tp — Tip) (4.42)

With Ty, T11 and T§, corresponding to the internal temperatures of the ring-main system pipes
and the T-piece component (B4, E2 and H4 in Figure 4.3). The change in pipe component
internal temperatures is similar to that of the storage vessel component (Equation 4.34). The
main difference is that the pipe component supports a sub-pump component; leading to the
additional requirement for pump and friction energy (Equations 4.17 and 4.18).

mpipefvolumecp ( Tpipe—new - Tpipe)
ot

= Qadvection - Qheat—losses + eriction + Wpump (4~43)
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The T-piece component in the detailed simulation follows the same principle as that of the
storage vessel components. The component supports three mass flux ports that can connect
to other components. From the incompressible fluid, the summation of the mass fluxes can be
expressed by:

n m
Zmin—i = Zmout—j (4.44)
1 1

n+m<3Vn#3 m#3

ije {1,2}

The advection of the T-piece component is given by:
A n m
Qudvection = ZminfiCpTin,' - ZmoutijpTconnection (4.45)
1 1

With Tj,, corresponding to the internal temperatures and mass fluxes of adjacent components
(1114 —j) that flow into the control volume. Teoppection cOTresponds to the internal temperature of
the T-piece component. The conservation of energy for the T-piece component is given by:

M connection —valumecp ( Tconnectionfnew - Tconnecion )

5t = Qadvection - Qheatflosses (4-46)

Table 4.4 lists all of the parameters used in Equations 4.35 to 4.46 with the base unit and source
of the applicable parameter.
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TABLE 4.4: Ring-main parameters and units. In order of appearance.

Term Symbol Unit Source
Ring-main circulation losses Qringmain,circulation 4 Simulation output
Ring-main main heat loss coefficient UAyingmain circulation [W/°C] Fixed simulation input
Average ring-main temperature Tring—main,average [°C] Internal simulation output
Ambient indoor temperature Tindoors [°C] Boundary condition input
Coefficient of pipe heat loss Ky [W/m°C] Fixed simulation input
Ring-main pipe length Lying [m] Fixed simulation input
Ring-main pipe diameter do [m] Fixed simulation input
Dead-end rate of energy losses Qringmuin,deadfend [W] Simulation output
Coefficient of pipe heat loss dead-end legs U Ay gmain,dead—end [W/m°C] Fixed simulation input
Specific heat at constant pressure Cp [J/kg°C] Thermodynamic tables
Ring-main dead-end pipe length Lieaq [m] Fixed simulation input
Ring-main pipe inside diameter d; [m] Fixed simulation input
Fluid density 0 [kg/m?3] Thermodynamic tables
Number of dead-end pipes Niead— pipes [dim)] Fixed simulation input
Time constant oT [s] Fixed simulation input
Ring-main flux Qrin g—main [W] Internal simulation output
Ring-main user supply temperature Taraw—of f [°C] Simulation output
Ring-main supply temperature Tsupply [°C] Simulation output
Pipe heat loss coefficient UAqg [W/°C] Fixed simulation input
Pipe heat loss coefficient UA1 [W/°C] Fixed simulation input
T-piece heat loss coefficient UAF [W/°C] Fixed simulation input
Internal pipe component temperature Tho [°’C] Simulation output / Initial conditions
Internal pipe component temperature T [°C] Simulation output / Initial conditions
Internal T-piece component temperature Tr [°C] Simulation output / Initial conditions
Pipe control volume mass M yipe—volume [kg] Fixed simulation input
Time step ot [s] Fixed simulation input
Internal pipe temperature Tpipe [°C] Simulation output / Initial conditions
Internal pipe temperature next time step Tyipe—new [°C] Simulation output
Advection flux Qudvection [W] Simulation output
Heat loss flux Qheat—losses [W] Simulation output
Friction flux Q friction [W] Simulation output
Pump flux Wpump [W] Simulation output
Supply mass flow inward at i-th port i [kgs™1] Internal simulation input
Supply mass flow out j-th port Moyt —kj [kgs™1] Internal simulation input
T-piece control volume mass Meonnection—volume [kg] Fixed simulation input
Internal T-piece connection temperature Teonnection [°’C] Simulation output / Initial conditions
Next time step internal temperature Teonnection—mnew [°C] Simulation output

4.1.2.5 User energy load

For the reduced simulation, the user energy load is calculated from the draw-off tempera-
ture (Tya0—ofr) approximated by Equation 4.41 (from the ring-main energy flux); the user load
(tityser) and the municipality water temperature (Tyunicipar,in)- With tityser and Tyunicipal,in @s in-
put boundary conditions. The user load flux can be calculated from:

Quser = Tyser CP (Tmunicipal,in - Tdraw—off)

(4.47)

For the detailed simulation, the internal temperature (E2, Figure 4.3) of the T-piece compo-
nent is used in contrast to the approximation offered for the ring-main supply temperatures
Tiraw—off by Equation 4.41. The T-piece component uses the same equations as presented in the
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previous section (Equations 4.44, 4.45 and 4.46). Consequently, the conservation of energy for
the T-piece component is given by:

Quser = Myser CP (Tmunicipal,in - TF) (4~48)

Table 4.5 lists all of the parameters used in Equations 4.47 and 4.48 with the base unit and
source of the applicable parameter.

TABLE 4.5: User load parameters and units. In order of appearance.

Term Symbol Unit Source
User load flux Quser (W] Simulation output
User mass flow Tyser [kgs™1] Boundary condition input
Specific heat at constant pressure  Cp [J/kg°C] Thermodynamic tables
Municipal input temperature Tunicipal,in [°C] Boundary condition input
Ring-main draw of temperature  Tijy0—o ¢ [°C] Simulation component output - Equation 4.41
Internal T-piece temperature Tr [°C] Initial condition / simulation output

4.1.2.6 Storage vessel pipe losses

Thermal capacitance for the storage vessel pipes is neglected for the reduced simulation. To
approximate the losses in the pipes between the storage vessels, the average temperature of
the storage vessels are used:

Q.pipeflosses = UApipeflosses X (T(pipesftunk) - Tdb) (4.49)

However, the term will not actively alter the systems internal energy if the heat loss is not
added as a boundary condition to components with thermal capacitance (such as the ring-
main system). Consequently, the additional heat loss (Equation 4.49) was subtracted from the
storage vessel PDE (Equation 4.33) for the reduced simulation.

For the detailed simulation, the storage vessel pipe losses were taken as the heat loss fluxes of
the pipe and T-piece components designated at H9, H11, H14, G16, F16 and B12 in Figure 4.3.
With the advection, friction and pump energy fluxes taking the same form as illustrated in the
previous sections (4.1.2.1 and 4.1.2.2) for the detailed simulation (Equations 4.18, 4.17 and 4.45).

mpipefvolumecp(T(pipesftankfnew) - T(pipesftunk))
ot

= Qaduection - Qheat—losses + eriction + Wpump
(4.50)

Table 4.6 lists all of the parameters used in Equations 4.49 to 4.50 with the base unit and source
of the applicable parameter.
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TABLE 4.6: Storage vessel pipe heat loss parameters and units. In order of ap-

pearance.

Term Symbol Unit Source
Pipe heat loss coefficient UA (pipe—iosses) [W/°C] Fixed simulation input
Internal temperature Tyipes—tank [°C] Initial condition / simulation output
Ambient dry bulb temperature Tap [°C] Boundary condition input
Water mass of pipes M (pipes—volume) kg] Fixed simulation input
Specific heat at constant pressure Cp [J/kg°C] Thermodynamic tables
Internal temperature for next time step T, ipes— tanks—new) [°C] Simulation output
Time step ot [s] Fixed simulation input
Control volume advection flux Qudvection [W] Simulation output
Control volume heat loss Q< heat—losses) [W] Simulation output
Friction flux Q friction (W] Simulation output
Pump flux Woump (W] Simulation output

4.1.2.7 Heatloss SWH pipes

The SWH pipes leading from the SWH manifold to the storage vessel acts as an extended
thermal battery to the SWH. Due to the high build-up of thermal energy, and the discontinuous
flow through these pipes, the thermal capacitance had to be taken into account. Thus, for the
reduced and detailed simulation, the conservation of energy for these pipes was taken as:

1M (swH —pipes) CP(T(swH  pipes - — T(swH—pipes)) :
( pipes) ( 5ptzpes new) ( Bipes) = Qudvection — Q(heat—losses) (4'51)

With the advection component of the SWH pipes given by:

Qadvection = tsyp CP(Tswh - T(SWH—pipes)) (4-52)

With Tswy corresponding to the outlet temperature of the SWH in the previous time-step
(Equation 4.27). Thus, from the conservation of energy Equations 4.28 and 4.29, presented
in Section 4.1.2.2, and Equation 4.51, the heat loss can be calculated from:

Q(SWpripes) = uA(SWpripes) X (T(SWpripes) - Tdb) = Q(heutflosses) (4.53)

Table 4.7 lists all of the parameters used in Equations 4.49 to 4.53 with the base unit and source
of the applicable parameter.
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TABLE 4.7: SWH pipe heat loss parameters and units. In order of appearance.

Term Symbol Unit Source
Water mass of SWH pipes M (SWH—pipes) kg] Fixed simulation input
Specific heat at constant pressure Cp [J/kg°C] Thermodynamic tables
SWH pipe heat loss coefficient UA(SwH-—pipes) [W/°C] Fixed simulation input
Internal temperature TswH—pipes [°C] Initial condition / simulation output
Internal temperature for next time step  T(swH— pipes—new) [°C] Simulation output
Time step ot [s] Fixed simulation input
Control volume advection flux Qudvection [W] Simulation output
Control volume heat loss Q( heat—losses) [W] Simulation output
SWH mass flow Mgy [kgs™1] Fixed simulation input
SWH outlet temperature Town [°C] Simulation output
SWH heat loss flux Q(sWH-pipes) [W] Simulation output
Ambient dry bulb temperature Tap [°C] Boundary condition input

The differences in equations, assumptions and boundary conditions between the reduced and
detailed system components are summarised in Appendix E:

* T-piece component (Table E.1)

¢ Storage vessel component (Table E.2)
* Pipe component (Table E.3)

¢ SWH component (Table E.4)

¢ ASHP component (Table E.5)

The fundamental derivation on the finite difference method that was used in the simulations is
presented in Appendix G.

4.2 Simulation architecture

With the main conservation continuity equations derived, the algorithm will be presented that
was used to deploy the derived component equations. This section presents the simulations
that were developed and the differences between them. The section was consequently divided
into the following subsections:

* Discretization (4.2.1) - The establishment of a spatial and temporal grid to implement in
the simulation programs.

¢ Component boundary conditions (4.2.2) - The decomposition of the energy equation into
characteristic fields for each component is presented.

e Simulations (4.2.3) - A discussion on the most notable difference between the RK-MOL
and Euler simulation and the numerical method used by each method, respectively.

¢ Network Theory (4.2.3) - Discussion on the use of Kirchoff’s circuit laws to obtain addi-
tional equations to solve the system.
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4.2.1 Discretization

e ®

O
C
O

FIGURE 4.5: Numerical stencil employed.

To approximate the solution to the PDEs and DEs, a spatial and temporal numerical grid is
established. This study uses a 1D finite difference method. The discretized system for the
detailed simulation is shown in Figure 4.3. The components with thermal capacitance are in-
dicated as boxes in Figure 4.3. The length of the tank/pipe system is divided into m discrete
layers to the direction of flow with /1 defining the spatial distance between the centre of the
cells/components:

x;=ih with 1€0,1,2,3.m
The cell interfaces to neighbouring cells is defined as:

= (i+05)h with i€0,1,2,3.m
= (i—05)h with i€0,1,23.m

Xiy
X.

1—

NI= Nl

The width of the cells is defined as & and can be expressed as:
h=Ax; = Xip1 %1 with 1€0,1,2,3.m

The detailed and reduced simulations employ fixed time-steps and define this finite time-step
by k. Furthermore, the termination of the integration is defined as the finite lapsed time M,
where M is a multiple of the time-step k and 7 is the number of time steps.

k= At]' = t]' — t]',1 with ] €1,2,3.M
To=ty=0

The finite difference method is employed to make approximations E' € R™ of the energy
solution e(x;, t;) at discrete points. The true values at the mesh grids are given by:

ej' = e(xj, t) (4.54)

E} is stated as an approximation to the cell average of the true values e(x,t,), and is written as:
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1 (%l
e = / "D o(x, by)dx (4.55)
h X, 1

(’*j)
Initial data for the numerical method is specified by using pointwise values, EY = ¢?, at the
boundary conditions and cell averaged values, E? = é?, at all of the other system components.

To obtain the properties in these cell averages a piecewise constant function Ey(x,t) Vx,t € Eg
is defined. The function value is assigned the approximation E! in the (i, ) grid cell.

Ek(x/ t) = E? V(X, t) € [xif%lxijL%)x[t]'/ tj+1) (456)

Figure 4.5 illustrates the numerical stencil that was used in both the RK-MOL and detailed sim-
ulations. With the system discretization defined, the boundary conditions have to be enforced
on the system in each time step. The boundary conditions can be the ambient conditions, user
load, and the energy conditions at the end domain of the spatial discretization. If one defines
the finite spatial approximations as 2 < x < b, then the boundary conditions can be specified at
a or b. The boundary conditions are specified in EES by using the parametric table. Initial con-
ditions are specified in the computer code itself. With the numerical method, the temporal and
spatial grid established, the energy coupling between the components have to be established.

4.2.2 Component boundary conditions

Due to the assumption of a linear system of equations and the finite difference method; great
care has to be exercised with the boundary conditions of each cell. Based on the discretiza-
tion of the previous paragraph, the unwinding scheme was implemented and will be pre-
sented. From the previous sections, the thermal energy capacitance was not assumed negligible
(2 [ epdV, # 0) for some components. Thus the advection terms in the thermal energy equa-
tion must be aligned with the direction of flow. In mathematical terms, one has to, decouple the
linear system of equations so that the solution is composed into characteristic fields. Thus for
each cell, there will be two types of energy equations to be employed by the upwind method
depending on the flow direction:

EF = B KA (B By~ AT (E ) @57)
From linear algebra, the system can be decomposed as A" + A~ = A. Thus depending on the
sign of the eigenvector, either the A™ or A~ term will be zero in the previous equation. Figure
4.6 illustrates Equation 4.57 graphically. If the flow is to the right, then the energy terms on the
source terms for the cell boundaries are to the left of the cell centres. When the flow is to the left,
then energy sources are to the right of the cell centres. Although the fundamental mass, linear
momentum and energy equations were established for the components, additional restrictions
are required for a system of components to be solved.
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FIGURE 4.6: Numerical unwinding scheme, illustrating the direction of flow and
energy.

4.2.3 Solution methodology

The discretisation, component equations and energy coupling were discussed in the previous
sections. To solve the change in energy state between components in the network; the mass dis-
tribution throughout the network has to be calculated. The detailed and reduced simulations
use different strategies to solve the mass distributions based on the assumptions that were
made. The detailed simulation is based on an explicit, 1D finite-difference, Euler solver with
Mass-Momentum and Energy conservation. The reduced simulation is based on an explicit, 1D
finite-difference, Runge-Kutta method of lines solver with only mass and energy conservation.
The detailed simulation consequently had 1114 equations in contrast with the 189 equations
of the reduced simulation. The solution methodologies and calculation of mass fluxes will be
showcased in the following sections.

4.2.3.1 Runge-Kutta method of lines solver

The most notable difference between the RK-MOL solver and the Euler model is the use of
the linear momentum equation. The cross-coupling between the mass-momentum and energy
equations lead to the necessity of iterative calculations. In large thermo-hydraulic networks,
these calculations can be computationally expensive. Furthermore, this coupling due to the
inherent characteristics of the PDE problem leads to stiffness and consequently requires a fine
spatial mesh. The stiffness also necessitates small time steps due to the explicit numerical
method that is applied. Furthermore, the nature of the PDE changes as the control system
changes continuously. By eliminating one of the fundamental equations, the solver speed can
be drastically enhanced.
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However, the linear momentum equation is critical to determine the flow distribution in a 1D
flow network. Fortunately, in the case study, the steady-state mass flow for various branches
are known beforehand. The mass flows are mainly known since most of the loops in the net-
work have at least one water pump; leading to a known steady-state mass flow. Thus, the linear
momentum equation can be neglected with a compromise on accuracy but gain in computa-
tional effort. By explicitly defining the flow distribution, the focus can fall on the solving of the
energy equation. The methodology followed by the simulation is showcased in the flowchart
in Figure 4.7. To summarise, the methodology of the simulation can be divided into:

1.

Inlet conditions to the ASHP and SWH are guessed according to the boundary conditions
of the current time step and the user load of the previous time-step.

. The control logic of the ASHP and SWH determines if these components need to be

switched on or not and defines the required mass flow through these components.

The mass flow through the network is calculated algebraically, according to the previous
two steps.

The energy equation is solved at the inlet of the ASHP and SWH according to the mass
flows calculated in the previous steps.

If the guessed inlet conditions of the ASHP and SWH differ from those calculated in the
previous step; then steps two to five is repeated until convergence is obtained.

Boundary conditions for the next time step are loaded and repeated until all the time-
steps have been solved.
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FIGURE 4.7: Flow chart of RK-MOL computer model.
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The source code of this model is showcased in Appendix L.

4.2.3.2 Euler solver

The detailed simulation model utilises the explicit Euler numerical method to predict the in-
ternal temperature of different components. The principal difference between this model and
the RK-MOL simulation is that the linear momentum equation is taken into account (Equation
4.63 and Equation 4.62) and is implemented in the form of the Darcy-Weisbach equation, as
discussed in Section G.0.3. Pump curves were used so that the network behaves realistically in
terms of mass flow distribution. Consequently, iterative calculations are required to solve the
mass flows. The Euler model serves as a reference simulation to compare the RK-MOL model
in terms of simulation time and accuracy. The source code for this simulation is showcased in
Appendix K.

The Euler simulation requires additional network equations to link the linear momentum equa-
tions of the individual components to that of the network. Using an analogical model in the
form of Kirchoft’s circuit laws, the additional equations can be obtained. Figure 4.8 depicts a
simple loop circuit with two pressure boundaries. The pump component (5) forces a counter-
clockwise circulating flow through pipe components 4,3, and 2. A relatively small through flow
is established through pipe components 1 and 6 and the rest of the network. The pipe compo-
nents can be defined as resistances and the pump as a voltage/pressure source. The nodes are
defined as the points between components, and in this example, they are A, B, C and D. The
sum of the pressure drops and rises around the loop from Kirchoft’s voltage law should be
Zero:

0= APsp+APpc+ APcp+ APg s (4.58)

FIGURE 4.8: Simple flow network.

From Kirchoff’s current laws, the continuity of mass must be enforced at junctions A and C
in Figure 4.8. With a junction defined as a node where more than two components or cells
meet. On the systems’ network (Figure 4.3) three pressure loops can be identified for the SWH-
, ASHP- and ring-main loop, respectively:

89



Chapter 4. Simulation development

0= AP, + APy + APsyy + APsyi— pump + AP13 + +APy + AP (4.59)

0= AP;s+ APy + AP5s 4+ APs 4+ AP; + APy + APssyp + APASHP—pump + APg + AP; + AP, (4.60)

0= AP;+ APy + AP5 + APs + AP; + APyg + APy + APring—main—pump (4.61)
With the pressure rise given by the pumps as %

APpump = pg(a1Q% + a2Q" + a3) (4.62)

The resistances in the various components are approximated by the Darcy-Weisbach equation
9.

__fLB Q
AP = D, 2((%)7r) (4.63)

The additional equations ensure that the system of equations can be solved.

The calculation methodology conducted in EES for the Euler simulations can be divided into
the following steps:

1. The heat losses are calculated for all components based on the internal energies calculated
in the previous time step or initial conditions. The mass flow that enters and leave the
system is enforced.

2. The ASHP and SWH controllers determine (based on the current boundary and system
conditions) the mass fluxes that needs to be enforced through these components and
guesses a friction coefficient (f) accordingly.

3. Based on Kirchoff’s circuit laws, the pump and resistive curves in the three loops (Equa-
tions 4.59,4.60 and 4.61) are solved along with the advection terms in all components. This

step generally requires iterative calculation, even if the ASHP and SWH are not active '°.

4. Consequently, based on the mass flow distribution calculated, the new temperatures for
all components can be determined.

5. The mass flow enforced through the ASHP is variable and dependant on inlet conditions
(Tg). Therefore iterative calculations are required to solve the network, and steps two to
four are repeated until convergence for the current time step is obtained.

8The pump curves in the detailed simulation are approximated by 2" order parabolas.
9The ASHP and SWH component varies the friction factor f to maintain fixed mass flow conditions as specified
by the controller routines of these components.
10T EES, the maximum number of iterations were set at 2500, with the relative residual limit set at < 1le — 9, and
finally, the change in variables limit was set at < 1e — 9.
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6. The 1° law energy flux calculations are conducted. Current temperatures are noted, and
the steps above are repeated for the next time-step. The process is repeated until all time
steps have been simulated.

The methodology, as described above, is illustrated in Figure 4.9. With the fundamentals equa-
tions established the process of verification will be discussed in the following section.
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YES

Initialise simulation

|

YES if (counter > 1) l
NO
NO l
l Append components
. internal energies from initial
Append 1t internal ures conditions.

from previous time-step values.

!

Calculate single unknown equations.
Calculate component heat losses from
previous calculated internal energies.
Determine available energy to ASHP from
ambient conditions.

Determine from the available ASHP energy
the mass flow required to deliver the set —
point temperature depending on inlet
conditions.

l

Guess friction coefficient / for ASHP.

Calculate the mass flow distribution leading
from Kirchhoff's laws.

if (residual < (1 x 1077))

YES

Calculate new internal energy for all
components based on the mass flow distribution
and numerical upwinding.

Calculate energy terms:

Z’Qenergy,terms

Initialise next step time values.

Counter = Counter + 1

|

Terminate simulation

FIGURE 4.9: Flow chart of detailed computer model.
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4.3 Verification

Verification is the process of performing several tests and checks before the software is tested
and validated in its real-world application. For this study, the verification of the simulation
programs involved the analyses of the mathematical topics of convergence, stability and con-
sistency. Hereafter, the developed simulations were compared against a MATLAB® Simulink
® model with a few case studies. The comparison to the experimental results will be discussed
at the end of this Chapter 4.12.

4.3.1 Convergence, stability and consistency

For any numerical problem, the question of stability, convergence and consistency arises. The
study will use thermodynamic and established fluid flow methods to address these problems
with the developed simulations. As a quick overview to the reader; the developed simulation
should satisfy the following conditions; furthermore let 7; be the local truncation error at time-
step i and M be the number of time-steps:

e Convergent if }lirr}) |x(t;) — x(t;)| = 0, hold as the approximation in the interval [1, M].
—

* The stability can loosely be defined as the ability of the numerical method to keep small
perturbations in the initial data (€) as subsequent small changes (f(€)) in the following
approximations as time progresses t — co.

¢ The method is consistent if the }lirr(l) max |T," = 0 holds for the differential equation with
_>
i e [1,M].

4.3.1.1 Convergence

From the first law of thermodynamics, energy has to be conserved. This study will use the
first law to test the convergence of the numerical methods implemented. From Figure 3.19
and Equation 4.2 it can be seen that the net energy flux for the system fluctuates during the
course of the day. Leading from the fact that due to advection ([ epV - ndA_,), external heat
addition or removal (&; [ epdV,,), energy is being extracted or added to the thermal capacitance
(% f epdV ) of the system control volume.

If one takes the average of the net energy flux added to and removed from the system (ZQ;,; =

% [epdv ., — [epV -ndA_), over an extended period (f — M), then % should come close to
the steady-state of the system. Thus as the time-step approaches a finite time M, in k time-steps
then the following should hold from thermodynamics:

J
- / epd¥_, =0 (4.64)

With the use of different quotients and the approximation of partial derivatives; errors are
inevitable, and Equation 4.64 can be rewritten as:

k .
%Z %pde ~0ie {12k (4.65)
1
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Consider a case where Equation 4.65 holds to be true. Furthermore, consider that for some
reason at a particular time-step, local convergence is violated. By the mathematical principle
of reductio ad absurdum, global convergence would consequently be impossible, and this would
violate Equation 4.65 and the first law of thermodynamics. Thus, if it can be shown that the
averaged net energy rate approach zero as time advances, then the numerical method and
problem should be convergent and local convergence is implied.

Figure 4.10 illustrates the averaged net energy flux evaluated over the experimental period.
For the RK-MOL simulation, the averaged energy flux was calculated with time-steps of 10,
30, 60 and 300 [s], respectively. The Euler simulation was evaluated with a time-step of 1 [s].
From Figure 4.10, it can be seen that for the RK-MOL simulation, the averaged flux parameter
converged close to —80[W] over the experimental period. The figure helped to indicate that for
this particular simulation, with the chosen initial conditions, time step and numerical method,
global convergence was obtained.

For the Euler method, only a single time step was evaluated (1 [s]). The average net energy con-
verged to under 200[W] at the end of the period with a steadily decline. The slow convergence
of the Euler method to that of the RK-MOL simulation is that it has 20 components where ther-
mal capacitance was taken into account compared to six components. Finally, the possibility
of introducing an error by choosing the incorrect initial temperature is exaggerated by more
thermal capacity components. From the analyses presented above, the simulations appear to
converge to the proper solution.

Convergence and consistency analyses for experimental period

Average system nett energy [kW]

Nett energy (10 [s]) —Nett energy (T =30 [s]) Nett energy (T =60 [s]) —Nett energy (300 [s]) —Nett energy Euler (1 [s])

FIGURE 4.10: Convergence and consistency analyses for RK-MOL model.

4.3.1.2 Stability

The advection terms in the energy equation should be bounded to ensure stability and conver-
gence. The famous CFL (Courant-Friedrichs—Lewy) condition is used to ensure that the advec-
tion terms ([ epV - nd A,) do not cause the higher-order Taylor terms of the thermal capacitance
to become unbounded. The simulations in this study use fixed time steps and control volumes
in both the Euler and RK-MOL simulations.

Consider a pipe component of volume V and density p with simulation time step Jt. Further-
more, consider a steady mass flow of 71 flowing through the pipe control volume. If the case
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is observed where external energy flux is negligible ( 5 [ epdV , ~ 0), then the ratio of the
energy equation for this control volume reduces to:

D [epdV,, = & [epdV,, + [epV-ndA
0= 35 [ epd¥e,+ [ epV-ndA
%f€pde - _fng-ndA
CP%PVW = _mCP(Tin - Tout)

(PVCU)CP(Ti+1 - Ti) = (—m&t)Cp(Tin - Tout) (466)
With the CFL condition given by:
|u|ot
FL=——X<1 .
C Sy = (4.67)

It can be shown that by combining Equations 4.66 and 4.67, the following can be obtained:

Cp|Tiq1 —Ti|  (modt)

= <<1 4.68
CP(Tout - Tz’n’ (Pch) ( )

The above states that the amount of mass that flows through a control volume in a given time
step should be less than the total mass of the element. Table 4.8 illustrates the CFL conditions
at the components with the smallest thermal capacitance and highest expected mass flows. In
the RK-MOL simulation, this is the storage vessel (1500 [kg]). In the detailed simulation, this is
the T-section components (5 [kg]). For the worst-case mass flow, the maximum delivery of the
ASHP is taken (0.522 [L.s~!]) to calculate the maximum CFL conditions.

Apart from the CFL condition, the time steps have to be chosen to ensure that the control system
can be simulated practically. Taking too large time steps will lead to the erratic operation that
can traverse to the unstable simulation of the system. Therefore, to satisfy both requirements
of CFL and control system simulation, for the RK-MOL simulation, a time step of 60 [s] was
chosen and for the Euler simulation a time step of 1 [s] was used.

TABLE 4.8: The maximum CFL conditions for the simulations evaluated with
various time-steps.

CFL
ot [s] ‘ RK - MOL simulation Detailed /Euler simulation
1 0.0003 0.1044
10 0.0035 1.044
30 0.0104 3.132
60 0.0209 6.264
120 0.0418 12.528

4.3.1.3 Consistent

Consistency for one-step methods implies that an error between the approximation of the nu-

merical method and the true differential equation will approach zero as the time-step is reduced

(}lzir% max |7;| = 0). As the exact solution to the true differential equation is difficult to obtain;
—
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an alternative had to be devised. For multistep methods such as the RK-MOL model, several
approximations are made at each time step. These numerous approximations exacerbate per-
turbation errors if mishandled. Therefore one would want the multistep error to reduce to zero
as the time-step is reduced (& — 0). Accordingly, the time step was varied along the figures
introduced in Table 4.8 for the reduced simulation ''. From here, the average of the system net
energy flux (% Z’f %pde) was calculated at each time step. If it could be shown that this term
approaches zero as the time step is reduced, then consistency could be proven.

From Figure 4.10, the results of the proposed analyses are showcased. It can be seen that for
the RK-MOL simulation, all of the time-steps led to a net average energy flux of < 80[W] over
the three days. Smaller time steps did not only lead to quicker convergence but also a net flux
value closer to zero for the RK-MOL simulation. With convergence, stability and consistency
proved for the simulations; the comparison to a commercial code could be conducted.

4.3.2 MATLAB verification

Test models were modelled in MATLAB® Simulink® to verify the mathematical approach fol-
lowed in the previous sections. These models are presented in Appendix I. Three test cases
were used for comparison with the RK-MOL simulation model and the Euler simulation model.
Steady-state boundary conditions were enforced onto these case studies. The three case studies
where as follows:

¢ Case 1 - Warm water is pumped through the system with the ASHP and SWH not active
and no heat loss on the system pipes.

¢ Case 2 - Warm water is pumped through the system with the ASHP and SWH not active
and heat loss on all system components.

* Case 3 - Water is extracted from the system with the ASHP and SWH operational as well
as heat loss on all system components.

The boundary conditions for the various cases are reported in Table 4.9.

TABLE 4.9: Test case conditions for the validation simulations

Casel Case2 Case3

Description Parameter Value Unit
System mass in Msystem;n 0.3 1 1 [kgs™!]
System temperature in Tsystemn 20 20 20 [°C]
Ambient dry bulb temperature Ty, 1191 1191 1191 [°C]
Ambient wet bulb temperature T, 0.33 0.33 0.33 [°C]
Relative humidity RH 4941 4941 4941 (%]
Initial system temperature T system 1191 1191 1191 [°C]
Initial tank temperatures T tankil..5 1191 1191 1191 [°C]
Irradiance G 0 0 850  [W/m?]
Heat loss active U Asystem 0 1 1 [dim]
ASHP active ASHP,ioe O 1 1 [dim]
SWH active SWH,tive 0 1 1 [dim]

For the detailed simulations as from Table 4.8 the CFL conditions are violated at most of the time steps, and 1
[s] was the uppermost time step used for the detailed simulation.
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From the results of the case studies (Figure 4.11, Table 4.13), one can note that the steady-state
temperatures seem to correspond between the Simulink, RK-MOL and the Detailed models.
Table 4.13 showcases a temperature comparison for the storage vessels between the different
models at 10 000 [s] intervals. For the sake of verification, it is assumed that the MATLAB
Simulink models resemble the true system solutions with the Detailed and RK-MOL simula-
tions compared consequently. Table 4.11 presents the errors of the RK-MOL and Euler simula-
tions to that of the MATLAB Model.
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From Figure 4.11, it can be noted that the models converge approximately to the same temper-
atures. The RK-MOL simulation showcased a steady-state error of between 2.13 and -4.13 [%]
(= 0.49[°C] to —1.53[°C]), whilst the detailed model had errors of between 1.99 and -1.02 [%]
(= 0.43]°C] to —0.22[°C]). However, it can be noted that the RK-MOL seems to reach steady-
state temperatures quicker than the detailed and Simulink models. The RK-MOL simulation
had a maximum temperature error of —30.24 [%] (== —3.88[°C]), and the Euler model had
a maximum of 9.27 [%] (= 1.39[°C]). These errors were present in the transient advection-
dominated regions of the case studies.

The RK-MOL’s quick convergence to steady-state conditions can be circumscribed to the fact
that thermal capacitance is neglected on most components (except that of the storage vessel
and the SWH). Contrastingly, the detailed and Simulink models have to heat the thermal mass
of the pipes along with that of the storage vessels. The additional components consequently
led to the delay in convergence. The case studies illustrate conditions where some system
temperatures (T5) is increased by a significant amount (AT ~ 8[°C]). Thus, the additional
heat-up of thermal capacitance is of significant energy expense. During the first half of the
simulations, the advection terms dominate the transfer of energy with heat transfer playing a
minor role. One can note that the detail simulation appears to follow the MATLAB simulation
consistently during the advection-dominated region.

Table 4.10 lists the simulation time and time step of the simulations on each case study ‘2. It can
be noted that the detailed simulation is by far the slowest of all the simulation in all scenarios.
Apart from taking the thermal capacitance of all the components into account, the simulation
used pump curves and the linear momentum equation to determine the flow throughout the
network. However, the above is not uncommon in commercial software packages. The MAT-
LAB Simulink model was able to simulate the system quicker than the detailed model in all
case studies taking the same detail into account. The difference lies in the numerical method
employed. A fixed time step and an explicit Euler method were used in this study for the
detailed simulation. Contrastingly, Matlab Simulink allows for dynamic time stepping and
employs numerical methods with high orders of convergence. The advanced numerical meth-
ods allow for the economic simulation of the system. However, on all simulations, the RK-MOL
simulates the quickest of the simulations. This aids in showing that even under the increased
complexity of the third case study; the RK-MOL simulation was able to simulate the quickest
of all the compared simulations.

TABLE 4.10: Simulation time and time step comparison for the case study data
set.

‘RK—MOL Detailed MATLAB model

Casestudy 1 Simulation time [s] 121 37 467 328.09
Time step size [s] 60 1 Dynamic
Case study 2 Simulation time [s] 128.5 38 387 352.72
Time step size [s] 60 1 Dynamic
Case study 3 Simulation time [s] 123.3 38 461 3775.32
Time step size [s] 60 1 Dynamic

12 A1l simulations in this chapter were conducted on a laptop with the following specifications: Intel Core i7-
3632QM @ 2.2 GHz CPU, 12 GB DDR 3 1600 [Hz] RAM, Windows 10 Pro 64-bit operating system, EES Professional
32 Bit and MATLAB 64 Bit.
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TABLE 4.11: Storage vessel temperature prediction errors relative to MATLAB.

1 [°C] T2 [°C] T3 [°C] T4 [°C] T5 [°C]
Timestep |s] Euler RK-MOL Euler RK-MOL Euler RK-MOL Euler RK-MOL Euler RK-MOL
Case 1 10000 1.76 -10.99 0.32 -19.07 -0.10 -15.79 -0.09 -7.34 -0.03 -2.94
20000 241 -4.91 0.80 -15.16 -0.39 -24.48 -0.72 -24.10 -0.51 -19.19
30000 2.84 -1.89 1.66 -7.91 0.17 -17.56 -0.93 -25.72 -1.26 -30.24
40000 291 -0.70 2.28 -3.66 1.06 -9.96 -0.35 -18.48 -1.39 -27.63
50000 2.69 -0.26 2.53 -1.61 1.77 -5.13 0.54 -11.25 -0.80 -19.74
60000 2.31 -0.10 245 -0.69 2.14 -2.52 1.30 -6.30 0.07 -12.47
70000 1.86 -0.04 2.16 -0.29 217 -1.19 1.75 -3.35 0.86 -7.34
80000 1.44 -0.01 1.79 -0.12 1.99 -0.55 1.89 -1.71 1.38 -4.13
90000 1.08 -0.01 1.41 -0.05 1.69 -0.25 1.80 -0.85 1.60 -2.24
100000 0.80 0.00 1.08 -0.02 1.37 -0.11 1.58 -0.41 1.60 -1.18
Case 2 10000 | 0.17 584 | 033 1248 | 031 1567 | 018 1208 | 0.08 7.80
20000 | 0.01 630 | 005 865 | 014 1325 | 019 1745 | 017 2031
30000 | -0.03 650 | -0.05 785 | -0.03 -10.12 0.01 1337 0.06 -17.89
40000 | -0.09 483 | -011 626 | -0.13 795 | -0.12 11006 | -0.09 1324
50000 | -0.16 298 | -0.19 420 | -021 565 | 022 730 | -021 953
60000 | -0.23 145 | -0.26 236 | -0.29 348 | -031 481 | -031 -6.48
70000 | -0.28 023 | -032 088 | -036 169 | -0.39 269 | -041 3.95
80000 | -0.33 075 | -038 029 | -0.42 029 | -046 101 | -049 194
90000 | -0.37 153 | -042 122 | -047 081 | -052 030 | -056 -0.36
100000 | -0.40 213 | -0.46 194 | -052 167 | -057 131 | -062 0.85
Case 3 10000 0.23 -6.37 0.05 -12.39 -0.06 -23.83 -0.19 -32.19 9.27 -24.20
20000 -0.23 -3.30 -0.15 -4.53 -0.13 -8.26 -0.27 -12.04 5.62 -10.83
30000 -0.64 -1.08 -0.57 -1.61 -0.45 -3.84 -0.42 -4.96 1.99 -4.14
40000 -0.83 -0.14 -0.80 -0.28 -0.70 -1.99 -0.66 -2.37 0.78 -1.51
50000 -0.93 0.22 -0.91 0.24 -0.82 -1.26 -0.81 -1.33 0.27 -0.42
60000 -0.97 0.36 -0.97 0.43 -0.89 -0.97 -0.88 -0.93 0.06 0.01
70000 -1.00 0.42 -1.00 0.51 -0.92 -0.86 -0.92 -0.77 -0.04 0.18
80000 -1.01 0.44 -1.01 0.54 -0.93 -0.82 -0.93 -0.71 -0.08 0.25
90000 -1.01 0.45 -1.01 0.56 -0.94 -0.80 -0.94 -0.69 -0.09 0.28
100000 -1.01 0.45 -1.02 0.56 -0.94 -0.80 -0.95 -0.68 -0.10 0.29

4.4 Validation

Validation was achieved by comparing energy fluxes as predicted by the simulations to that
obtained from the experimental period. The results and relative errors are presented in Table
4.12.

TABLE 4.12: Average energy comparison for test period between simulations and
experimental data

Experimental data ~ Reduced simulation Detailed simulation

Energy [W] Energy [W] Error [%] Energy [W] Error [%]
Tank losses 3436.25 3739.18 8.82 3415.52 0.60
Pipe losses 773.21 800.08 3.48 769.92 0.42
User load 6640.94 6626.45 0.22 6844.59 3.06
Ringmain load 7365.40 7481.74 1.58 7225.0 1.90
Solar flux 643.64 647.30 0.57 639.176 0.69
Solar pipe losses 645.91 662.37 2.55 613.66 4.99
HP flux 18710.60 18598.64 0.60 17991.29 3.84
Energy deficit 492.54 -63.89 N/A -238.22 N/A
Average error [%] 2.54 2.22

The RK-MOL model compares relatively well with a global averaged error of 2.54 [%)]. The
Euler model compared slightly better than the RK-MOL simulation, with a global averaged
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error of 2.22 [%]. The ASHP flux showcased an error of 0.6 [%] and 3.84 [%] for the RK-MOL
and detailed simulations, respectively. The same ASHP regression equation was used for both
the experimental analyses and the simulations. These commonalities help explain the relatively
small error.

The user energy consumption is a function of the mass flow extracted, the hot water supply
temperature and municipal inlet temperature. Two of these variables are fixed as simulation
inputs from the experimental data. The supply temperature is a function of the simulation
model dynamics. With limited simulation derived variables, a comparatively small error of
0.22 [%] and 3.06 [%)] for the RK-MOL and detailed simulations were obtained, respectively.

The solar flux was measured directly on the experiment with the simulation using a regression
graph. The error was indicating that the regression graph does predict proper SWH perfor-
mance. An averaged error of 0.57 [%] and 0.69 [%] was obtained for the RK-MOL and detailed
simulations, respectively.

The ring-main energy flux is a function of the mass flow, supply temperature and heat loss
characteristics. With the mass flow as input to the simulation, the heat loss coefficient and the
input temperature would determinate the ring main energy flux. As previously mentioned.
The supply temperature is predicted accurately as the user energy load is accurately predicted.
The ring-main average errors were 1.58 [%], and 1.9 [%] was obtained for the RK-MOL and
detailed simulations, respectively.

Storage vessel and system pipe losses worked on the same averaged temperature stratification
assumptions from the experimental data (Chapter 3.4.1.2). The heat loss coefficient is calculated
in Appendix B, and the dry bulb temperature is measured from ambient conditions. The aver-
aged errors were 8.85 [%] and 0.6 [%)] for the storage vessel losses on the RK-MOL and detailed
model, respectively. For the storage pipes, the averaged errors were 3.48 [%] and 0.42 [%], re-
spectively. One could note from these measurements that the detailed model was able to model
stratification more effectively than the RK-MOL simulation. The discrepancy in temperature
prediction can only be explained by the temperature evolution of the boundary conditions of
the coldest and warmest storage vessel. With linear momentum and thermal capacitance ne-
glected in the RK-MOL simulation; a difference would have been expected.

The variable that will lead to a difference in the solar energy losses will be the temperature
in the SWH manifold. Average errors of was 2.55 [%], and 4.99 [%] were obtained for the RK-
MOL and detailed simulations respectively. The temperature difference can be explained by the
method in which the SWH control system was switched on due to the difference in predicted
tank temperatures between the simulation programs.

4.5 Concluding remarks

It is evident from the results of this chapter that model reducing measures can lead to signif-
icant reductions in simulation times. The RK-MOL simulation was able to simulate the case
studies 2.71—, 2.74 and 30.61 times quicker than the MATLAB Simulink simulations, respec-
tively. It is, however, indisputable from the case studies that this reduction in simulation time
occurred with a handicap. Even though the simulations attain roughly the same steady-state
temperatures (suggesting steady-state convergence as discussed in Section 4.3.1.1), the tran-
sient start-up led to discrepancies in temperature prediction.
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The discrepancies can be explained by the assumptions made in the RK-MOL simulations. The
deviation is observable once components that are assumed quasi-steady have to undergo a
large temperature differential '°. The RK-MOL simulation will under-predict the effect of the
thermal inertia of quasi-steady components on the components with thermal capacitance(non-
‘quasi-steady’). Furthermore, this illustrates that for start-up conditions, the reduced model
will not be able to simulate the system effectively. It is clear, however, that the simulation can
simulate transient conditions once the system has reached its operational temperature band.
Supporting this claim is the validation results obtained from the experimental data and the net
energy flux that was attained. However, the significance in the choice of the initial conditions
is of paramount importance. Not only from a numerical standpoint; but also to simulate the
dynamics and control system effectively for short periods of simulation time.

The Euler simulation was able to follow the Simulink model during transient start-up and
steady-state conditions. However, the simulation was noticeably slower than MATLAB. This
fact can easily be explained by the numerical method used and the fixed time step that offers a
slower simulation time. What this comparison helps in illustrating is that even with advanced
numerical methods, detailed simulations have long simulation times. These simulations do,
however, offer detailed analyses during start-up conditions and conditions that will lead to
large temperature differentials in the components. Still, once these operational temperatures
have been reached; then an efficient simulation like the RK-MOL simulation can be utilised
to simulated the system. To conclude, the RK-MOL simulation allows designers to evaluate
control systems and component specifications quickly once the feasibility of start-up conditions
have been established by means of a detailed simulation.

This chapter illustrated the theory, constraints and assumptions under which the simulations
were developed. The verification of the various simulations was also illustrated with math-
ematical principles and compared with case studies to commercial code. Finally, the simula-
tions were validated against experimental data, and the discrepancies were discussed. With
the feasibility of the simulations and the limits of application established, the RK-MOL will be
implemented in parametric studies in the following Chapter 5.

131n other words, a condition where advection dominated flow would lead to high-temperature differentials in
components where thermal capacitance is neglected.
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TABLE 4.13: Case study storage vessel temperatures as presented in Figure 4.11. Temperatures values are presented in 10 000 [s]

intervals from 0 to 100 000 s]

T1 [°C] T2 [°C] T3 [°C] T4 [°C] T5 [°C]

Timestep [s] | MATLAB Euler RK-MOL | MATLAB FEuler RK-MOL | MATLAB Euler RK-MOL | MATLAB Euler RK-MOL | MATLAB Euler RK-MOL
Case 1 10000 17.02 1673 18.90 14.05 14.00 16.73 1256 12,57 14.54 1206 12.07 12.95 1194 11.94 12.29
20000 1891 1845 19.83 1672 1658 19.25 1453 1458 18.08 13.07 13.16 16.22 1234 1240 14.70
30000 19.60 19.04 19.97 1839 18.09 19.85 1658 16.55 19.49 1477 1491 18.57 1341 1358 17.46
40000 19.85 19.28 19.99 1926 18.82 19.97 18.08 17.89 19.88 1650 16.56 19.55 1492 1513 19.04
50000 19.95 19.41 20.00 19.68 19.18 19.99 19.00 18.66 19.97 1786 17.77 19.87 1644 1658 19.69
60000 19.98 19.52 20.00 19.86  19.37 20.00 1950 19.09 19.99 1878 1854 19.97 1770 17.69 19.91
70000 19.99 19.62 20.00 19.94 1951 20.00 1976 19.33 20.00 19.34  19.01 19.99 1861 1845 19.98
80000 2000 19.71 20.00 19.98 19.62 20.00 19.89 19.49 20.00 19.66 19.29 20.00 1920 1894 19.99
90000 20.00 19.78 20.00 19.99 19.71 20.00 19.95 19.61 20.00 19.83  19.47 20.00 1956 19.25 20.00
100000 20.00 19.84 20.00 20.00 19.78 20.00 19.98 19.71 20.00 19.92  19.60 20.00 1977 19.45 20.00
Case 2 10000 1581 15.79 16.74 1427 1422 16.05 13.01 1296 15.04 1232 1229 13.80 1204 1203 12.97
20000 1670 16.69 17.75 16.03  16.02 17.41 1502 15.00 17.01 13.95 13.92 16.38 13.06 13.04 15.71
30000 1726 17.26 18.38 1685 16.85 18.17 1628 16.28 17.92 1550 15.50 17.58 1461  14.60 17.22
40000 1784 17.85 18.70 1747 17.49 18.56 17.06 17.08 18.41 1654 16.56 18.20 1589 15.90 17.99
50000 1832 1835 18.87 1801 18.05 18.77 17.67 17.70 18.67 1727 17.31 18.53 1680 16.83 18.40
60000 1868 18.72 18.95 1844 1849 18.88 1817 1822 18.80 1785 17.90 18.70 1748 17.53 18.61
70000 1895 19.01 19.00 1877 18.83 18.93 1855 18.62 18.87 1830 1837 18.79 1801 18.08 18.72
80000 19.17 19.23 19.02 19.02  19.09 18.96 1885 1893 18.90 18.65 18.74 18.84 1842 1851 18.78
90000 19.33  19.40 19.04 1921 19.29 18.98 19.08 19.17 18.92 1892 19.02 18.87 1874 18.84 18.81
100000 19.46  19.53 19.04 19.36  19.45 18.99 1925 19.35 18.93 19.13  19.24 18.88 1899 19.10 18.82
Case 3 10000 19.75 19.70 21.01 1842 1841 20.70 1685 16.86 20.87 1501 15.04 19.84 1501 13.62 18.65
20000 2073 2078 21.42 2040 2043 21.32 2020 2022 21.86 1937 19.43 21.71 1942 1833 21.52
30000 2123 2137 21.46 21.05 21.17 21.39 2115 2125 21.97 20.85 20.94 21.89 2094 2052 21.80
40000 2144 21.62 21.47 21.34 2151 21.40 21.55 21.70 21.98 2140 2154 2191 2151 21.34 21.83
50000 2151 2171 21.47 2145 21.64 21.40 2171 21.89 21.98 2162 2179 21.91 21.75 21.69 21.84
60000 2154 2175 21.47 2149 2170 21.40 21.77 2196 21.98 2171 21.90 21.91 21.84 21.83 21.84
70000 2156 21.77 21.47 2151 21.72 21.40 2179 21.99 21.98 21.74 21.94 2191 21.88 21.88 21.84
80000 2156 2178 21.47 2152 2173 21.40 21.80 22.00 21.98 21.75 21.96 2191 21.89 2191 21.84
90000 2156 21.78 21.47 2152 2174 21.40 21.80 22.01 21.98 21.76 2196 21.91 21.90 21.92 21.84
100000 2156 21.78 21.47 2152 2174 21.40 21.81 2201 21.98 21.76 21.97 21.91 21.90 21.92 21.84
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Chapter 5

Simulation implementation

The goal of this chapter is to assess the influence of a few design variables on annual hybrid
SWH/ASHP system electricity consumption and ring-main supply temperatures. The sim-
ulations presented in Chapter 4 was verified and validated against a commercial code and
experimental data presented in Chapter 4.3.2 and 4.4, respectively. Consequently, the RK-MOL
simulation, due to its swift simulation times, will be applied to evaluate design scenarios with
various year-long simulations. The simulation times were noted to obtain insight into the
computational expense of conducting these parametric studies. The most prominent design
variables that will influence system performance was identified from the experimental results
presented in Chapter 3.6.3 and will be discussed in the following paragraphs.

Ringmain kosses (40%)  menlliie—

ASHE (@T%) Energy In * Hest losses (86%)

Pelrctricul

* Tank losses (18%) H *

SWWH pipes (3%)
4 SWH (3%)
Tank pipes (5%)

FIGURE 5.1: Sankey diagram illustrating energy flux distribution and possible
areas of improvement.

User load (34%) ‘ g

Referring to the Sankey diagram, Figure 5.1 (altered from Figure 3.17 of Chapter 3); one can
argue that for the same boundary conditions, advances in system performance can be attained
by the reduction of a few energy expenditures. For this study, an improvement in system
performance entails the supply of hot water in the target temperature band (55 - 60 [°C]) and
at lower electrical consumption.
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Chapter 5. Simulation implementation

Focusing on the energy expenditures of the Sankey diagram (Figure 5.1), the relatively constant
energy fluxes are indicated with the black arrows. The ring-main, user, and system pipe losses
cannot be improved significantly due to the design principle of "hot water on tap’. Furthermore,
the thermal insulation on these systems was of client specification and insulated to a reasonable
degree, reducing the possibility of further improvements. Finally, the energy expenditure on
user consumption is a function of the hospital hot water demand and cannot be altered.

In the Sankey-diagram (Figure 5.1), the most plausible areas of improvement are indicated by
the green arrows. The third-largest energy expenditure on the system is the storage vessel
losses. Altering the volume and aspect ratio of the storage vessels can lead to a reduction in
energy load on the system. Apart from the reduction in thermal capacitance, the heat losses of
the storage vessels can be reduced.

Additionally, a more efficient control strategy for the SWH could be implemented. Leading to
a reduction in SWH losses and an increase in solar thermal contribution. Finally, the size or
number of SWH’s can be increased to reduce the systems’ reliance on the ASHP, and possibly
in turn, a reduction in electrical consumption.

The electrical consumption of the ASHP is a fraction of the total ASHP energy addition and is
indicated by the bracket and red arrow in Figure 5.1. The electrical consumption is governed
by the COP of the ASHP, as discussed in the previous Chapters (3.5 and 4.1.2.1). A smaller
rated ASHP might have a lower initial capital cost and lead to a reduction in electrical con-
sumption. In the following Section 5.1, the suggested improvements will be investigated using
a few parametric studies.

5.1 Parametric study

Apart from the alteration of system components, the influence of weather conditions on the
base-line system was studied. The parameters that were altered to study the effect thereof
included:

* Ambient conditions (5.1.1) - Analyses on the influence of temperature, humidity, irradi-
ance and atmospheric pressure.

¢ Storage vessel (5.1.2) - Variation on the capacity of the storage vessels and their aspect
ratios.

¢ ASHP size (5.1.3) - Variation on the rating of the ASHP.

¢ Solar field size and control system (5.1.4) - Increase in the number of SWH banks con-
nected to the system and alter its control system and flow rate.

For all the parametric studies presented in this section, the following conditions are assumed
constant:

¢ User consumption - The average user consumption profile from the experimental period
is unchanged throughout the year.

* Indoor hospital temperature - Indoor temperatures are assumed constant throughout the
year, and seasonal variations are neglected.

e Component configuration - The components interconnection, as presented in Figure 3.2,
will remain the same.
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* Weather - Apart from the ambient condition parametric study (5.1.1) presented in the
following section, all weather conditions in this chapter is based on ambient conditions
in Pretoria, South-Africa.

5.1.1 Effect of different climate-zones

Design year data of six Southern-African cities was obtained from the Council of Science and
Industrial Research (CSIR) and used as simulation input. A fixed step size of 60 [s| was used
for the year simulations (leading to 525 600 time steps). A notebook was able to simulate,
simultaneously, the six cities’ in 14 hours !. All other system components were kept as per
the original system based in Potchefstroom. The cities that were used for the parametric study
includes:

e Pretoria (PTA)
Windhoek (WHK)
Cape Town (CPT)
Bloemfontein (BFN)
Durban (DBN)

Port Elizabeth (PE)

This list includes three cities near the coast (Cape Town, Durban and Port Elizabeth), and cities
with semi-arid (Windhoek and Bloemfontein) and subtropical climates (Pretoria). The aver-
aged ambient conditions for the six cities are tabulated in Table 5.1.

A study by Li et al. showcased that ASHP performance is dependant on the atmospheric pres-
sure and consequent altitude of the installation (Li et al., 2017). The study found that the high
altitudes and cold temperatures of Tibet led to a 9.5 - 12 [%] reduction in COP in comparison to
coastal regions (based on non-frosting conditions). The reduction in COP can be circumscribed
due to the lower density of the air at higher altitudes, reducing the heat transfer potential.
Consequently, to compensate for altitude variations, this study scaled the ASHP COP (Equa-
tion 3.32) depending on the atmospheric pressure. The atmospheric pressure for the cities that
were studied is listed in Table 5.1. The average annual energy fluxes for the simulations are
showcased in Table 5.2.

TABLE 5.1: Average design year data obtained from the CSIR on various
Southern-African cities.

Annual ambient conditions PTA WHK CPT BFN  DBN PE

Dry bulb temperature Ty, [°C] 1698 19.34 1593 15.22 20.2 17.05
Wet bulb temperature T, [°C] 11.84 9489 1315 9.896 1735 14.56
Relative humidity RH [%] 60.68  30.82 765 59.67 77.03 78.46
Solar irradiance G [W/mz] 430.72 490.15 409.28 457.12 355.2 37747
Lowest elevation z [m] 1339 1655 0 13% 0 0

Atmospheric pressure Py, [kPa] 87.33 83.06 10146 85.59 101.06 101.05

L All simulations in this chapter were executed on a notebook with the following specifications: AMD @ 2.2 GHz
CPU, 8 GB DDR 4 1600 [Hz] RAM, Windows 10 Pro 64-bit operating system, EES Professional 32 Bit
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TABLE 5.2: Energy flux and ASHP performance comparison on simulation re-
sults of various Southern-African cities.

System variable PTA WHK CPT BFN DBN PE
Energy fluxes [W]|
ASHP flux 1690544 165494 1702714 1698494 16593.17 16948.0
ASHP electrical 6809.78 58334 6281.04 7911.86 5279.0 5960.94
SWH flux 797.15 1062.55 765.58 859.47 580.31  661.26
Storage vessel losses  3129.63 292798 322020 3277.67 285492 3124.27
Storage pipe losses 669.64  626.54 688.99 701.80 610.91 668.49
SWH pipe losses 709.50  872.82 681.33 730.92 527.01  619.41
User load flux 61365 612892 613545 615312 6129.05 6133.71
Ring-main losses 728378 727072 728554 728710 7275.86 7285.30
ASHP performance
COPyspp [dim] 2.48 2.84 2.71 2.15 3.14 2.84

It can be seen from Tables (5.1 and 5.2) that the fluxes that showed the most extensive variation
between the different climates were the ASHP electrical consumption, SWH and storage vessel
energy fluxes. Cities with the highest dry bulb temperatures had the lowest heat losses in the
pipes and storage vessels. The reduction in heat losses can be explained by the smaller tem-
perature differential between the bulk fluid temperature throughout the system and ambient
conditions. Higher solar irradiance led to high solar flux values and, consequently, high SWH
losses. The ring-main losses remain relatively constant as the indoor building temperature was
assumed the same for the different scenarios. The user load flux remained relatively the same
since the user consumption was assumed constant between all the studied cities.

The ASHP flux remained relatively constant throughout the various cities, with notable excep-
tions for Windhoek and Durban. These cities had the lowest heat input requirement due to
lower heat losses. The electrical energy consumed by the ASHP gives insight into the COP
obtained for the different regions. The ASHP tended to consume less energy in regions with
higher dry bulb temperatures (Windhoek, Durban and Port-Elizabeth). A drastic reduction
in COP was observed for Bloemfontein. Bloemfontein has the lowest dry bulb temperatures,
along with the second-highest elevation of the inspected dataset. These conditions conse-
quently led to unfavourable operating conditions for the AHSP compared to the other cities
that were studied.

Pretoria and Port Elizabeth have roughly the same dry bulb temperatures (16.98 [°C] and
17.05 [°C] respectively), but the relative humidity differs by 17.78 [%] and the atmospheric
pressure by 13.72 [kPa]. Taking these differences into account, one notes that even though the
load between these cities are roughly the same, the ASHP consumed 848 [W] more electricity in
Pretoria than in Port Elizabeth. The increased air density of the coastal regions will inevitably
lead to improved ASHP performance. Durban had the highest annual dry bulb temperatures
of all cities studied, and with the increased air density, the lowest electricity consumption. The
higher relative humidity at the coastal regions did not amount to the same impact on COP as
the air density difference and dry bulb temperatures. For the dataset, Windhoek has the sec-
onds highest annual dry bulb temperatures (19.34[°C]), the lowest relative humidity (30.82 [%])
and the highest elevation (1 655 [m]) of all the studied cities. Windhoek, due to its desert cli-
mate, had high dry bulb temperatures and consequently favourable COP conditions even with
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the relatively high elevation of the city.

The results presented in the paragraphs above help to illustrate that climatic zones can have a
significant impact on ASHP-SWH hybrid systems. The largest deviation in electrical consump-
tion observed in the city dataset was nearly 3 [kW] between Durban and Bloemfontein. The
design of these systems is, therefore, directly dependant on the ambient conditions and will di-
rectly impact the choice of sub-components with the lowest energy consumption. The sections
to follow will focus on the variation of component specifications based on ambient conditions
for Pretoria, South-Africa.

5.1.2 Storage vessel capacity and aspect ratio

From Chapters 3.6.2 and 4.4, it was noted that the storage vessels was the second-largest system
heat loss and accounted for roughly 18 [%] of total energy expenditure. By decreasing the
storage vessel energy load (without compromising warm water supply during peak periods)
would lead to energy savings.

The storage vessel capacity was varied between 2 and 4 [kL] in increments of 500 [L] to test
the hypothesis. The stratified storage vessel arrangement was kept at five separate tanks with
only the tank capacities and aspect ratios varied. Stratification ensures that the heat loss is
minimised and the SWH and ASHP work with the appropriate inlet temperatures 2. Table 5.3
lists the different storage vessel capacities used as the primary input to this parametric study.
For the 2, 2.5, 3.5 and 4 [kL| storage vessels, the geometry was specified to minimize the area
to volume ratio for the specified volume °. However, the 3 [kL] storage vessel dimensions were
kept the same for this parametric study as obtained from the original system as presented in
Chapter 3.

TABLE 5.3: Storage vessel capacities and aspect ratios.

Tank parameters 2000 [L] 2500 [L] 3000[L] 3500[L] 4000 [L]
Radius [m] 0.683 0.736 0.61 0.823 0.860
Height [m)] 1.366 1.471 2.566 1.646 1.721
Area [m?] 8.757 10.197 12.174 12.761 13.949
Volume [m?] 2.00 2.50 3.00 3.50 4.00
Area to volume ratio [m~!] 4.39 4.07 4.06 3.647 3.49
Heat loss coefficient [W /K x m?] 1.39 1.393 1.394 1.398 1.399

From Table 5.4, the results of the parametric study are tabulated. A decrease in the storage
vessel volume led to a decrease in the load of the ASHP. The heat loss of the smaller storage
vessels was less than that of the larger storage vessels. The maximum and minimum delivery
temperatures remained relatively the same. These temperatures indicated that even during
peak user load, the system was able to supply warm water as per the performance of the orig-
inal system. By reducing the storage vessels to a capacity of 2 [KL] from 3 [kL], the electrical
consumption was reduced by 389 [W] (= 5.72[%]), the storage vessel losses and ASHP energy

2The SWH efficiency is increased by working with colder inlet temperatures and the COP of the ASHP is in-
creased by a reduction in the inlet temperatures.

3Define the area to volume ratio (AVR) as AVR = Agye, /¥ where V = hrtR? and Agre, = 271(R? + REt). The min-

imum AVR can be obtained from d‘%# ( 2an2 + %) = 0. With the minimum radius corresponding to the minimum
AVR givenby R = (05%)""°.
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fluxes were reduced by 873 [W] (= 27.92][%]) of storage vessel thermal energy. The COP of
the ASHP remains relatively the same. The constant COP indicated that colder inlet conditions
are not present and that the ASHP can charge all of the storage vessels to the original design
intent. The ASHP annual running hours decrease by 3 [%] if the storage vessel capacity is re-
duced from 2 [kL] to 3 [KL]. This helps to illustrate that the buffer capacity might have been
overspecified for the original system.

TABLE 5.4: Energy flux values, supply temperatures and ASHP performance ob-
tained from storage vessel parametric study.

System variable 2000 [L] 2500 [L] 3000 [L] 3500[L] 4000 [L]
Energy fluxes [W]
ASHP flux 16 025.94 16406.36 1690544 17106.34 17399.81
ASHP electrical consumption 6420.0 658459 6809.78 686943 6909.31
SWH flux 750.89 766.43 797.15 784.49 735.14
Storage vessel losses 2255.86 262151 3129.63 3293.45 3605.9
Storage pipe losses 668.68 668.67 669.64 669.76 670.57
SWH pipe losses 647.94 674.31 709.5 656.13 642.65
Ring-main losses 725888 725345 728378 7280.65 728843
Temperatures [°C|
Maximum supply 58.79 58.79 58.74 58.77 58.69
Minimum supply 50.28 50.28 50.97 50.7 51.52
Average supply 56.12 56.09 56.23 56.22 56.25
ASHP performance
Annual utilization [%] 50.36 51.13 53.31 53.87 54.63
COPygpp [dim] 2.5 2.5 2.48 2.49 2.518

5.1.3 ASHP capacity

The rating of the ASHP determines the maximum mass flow that can be supplied to the sys-
tem at any moment. However, the maximum delivery flow should not only be larger than the
worst-case scenario user mass flow. Due to the variability of ambient conditions, the ASHP
will not be able to supply its” maximum heat rating at all times. Therefore, the ASHP should
be able to meet user demand even under the worst environmental conditions and most de-
manding user consumption. If the ASHP cannot attain the requirement, then the buffer storage
should aid the ASHP in supplying water in the specified temperature range. In this parametric
study, the ASHP rating will be varied to study the effects of delivery temperatures and elec-
tricity consumption on the original system. The ASHP was scaled by adjusting the electrical
consumption regression equations derived for the 90 [kW] ASHP of the original case study. It
was assumed that the COP of the smaller machines was the same as the larger machines for the
same ambient conditions.
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TABLE 5.5: Energy flux, delivery temperatures and ASHP performance from the

ASHP parametric study.
System variable 35[kW] 45[kW] 55[kW] 70[kW] 90 [kW]
Energy fluxes [kW]
ASHP flux 15308.46 171124 17604.82 17186.48 16905.44
ASHP electrical consumption 573845 659752 697444 693828 6809.75
SWH flux 504.24 485.785 464.74 702.44 797.15
Storage vessel losses 207252 261206 313536 3138.38 3129.63
Storage pipe losses 440.82  560.51 671.44 671.77 669.64
SWH pipe losses 451.83  449.11 44447  640.197 709.5
User load flux 5856.33 6369.87  6335.62 62242 6136.5
Ring-main losses 71048 761819 753218 737584 7283.78
Temperatures [°C|
Minimum ring-main 41.8 53.02 50.37 50.59 50.97
Average ring-main 55.4 57.77 57.38 56.66 56.23
Maximum ring-main 57.82 58.47 58.79 58.78 58.74
Standard deviation ring-main 2298  0.2414 1.386 1.865 1.906
Average top tank (T5) 34.6 54.29 58.51 58.69 58.66
ASHP performance
Annual utilization [%] 99.99 99.99 89.59 68.02 53.31
COPyspp [dim] 2.67 2.59 2.52 2.48 2.48

Table 5.5 lists the results obtained for this study by varying the rating of the ASHP. The ring-
main minimum supply temperatures fall below 50 [°C] for ASHP ratings below 45 [kW]. Max-
imum temperatures remain relatively the same for all of the ASHP ratings except the 35 [kW]
unit. Notably, the standard deviation on the ring-main supply temperatures for an ASHP unit
under 45 [kW] is significant. These figures indicate that the buffer storage vessels are not able
to aid the smaller ASHP units in delivering the rated supply temperatures.

Furthermore, the average temperature of the warmest vessel indicates that smaller ASHP units
cannot adequately charge the 3 [kL] storage vessels. The storage vessel and system pipe losses
are lower due to the temperatures in the storage vessels being maintained at lower temper-
atures. Furthermore, the COP of the smallest unit is the largest as it draws water from the
bottom tank. The tank is maintained at lower temperatures and consequently improves the
COP of the ASHP. The annual ASHP utilisation indicates that the 35 and 45 [kW] units appear
to be operational for all hours of the year. From a maintenance standpoint, continuous opera-
tion will not be ideal. The 45 [kW] unit, whilst able to keep ring-main temperatures in the target
supply temperature band, cannot load the buffer tanks. This indicates that the unit is ideally
sized if the continuous operation would not have been a problem. The larger units have large
standard deviations since the control system switches these units of and on according to tank
temperatures. The largest ASHP unit has the lowest energy consumption for ASHP units that
can deliver target temperatures (55, 70 and 90 [kW]). As these units have roughly the same
COP; the maximum delivery heat determines which system will be the most economical for
part-load conditions. Thus, the 90 [kW] ASHP unit appears to be sized correctly for the user
profile and components selected for the hospital system.
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5.1.4 Solar field size and control system

By increasing the number of SWH banks in series, an increase in outlet temperature can be
obtained. By increasing the number of SWH banks in parallel, the flow-rate can be increased,
but higher pump losses are to be expected. From Chapter 3.6.3, it can be recalled that high
temperatures (up to 120 [°C]) were measured in the SWH manifold. It can be concluded that by
adding more SWH banks in series, the results would lead to a decrease in SWH performance,
including the following;:

e Higher heat losses
* Lower SWH efficiency due to higher internal temperatures
* Increase in exergy generated by the SWH

Therefore, the study will assess the impact of adding additional SWH banks in parallel. Lead-
ing to possible higher solar contributions. However, the results from Chapter 3.6.3 and 4.4
indicate that the SWH contribution and SWH pipe losses are relatively the same over the 24 [}]
period. Thus, additional banks in parallel will not increase system performance significantly,
and the same observation will be made. Therefore, the energy contribution of a single SWH
bank has to be improved.

Consequently, the SWH controller was adjusted. The maximum setpoint temperature was low-
ered along with the activation (8 [°C]) and deactivation temperature (2 [°C]) differentials *. By
adjusting these temperatures, the high temperature built up in the SWH can be decreased.
Lowering the heat losses of the SWH and increasing the number of times the SWH activates by
contributing useful energy to the storage vessels. The flow-rate was reduced to 0.05 [[Ls™!]],
to decrease the on-off control of the SWH and allow the SWH to operate continuously. Lower
temperatures and slower flow-rates should improve ASHP utilisation.

All parameters on the original system will be used as input apart from the lowering of the max-
imum SWH activation and deactivation temperatures and flow rate. Additionally, the number
of banks was increased from one to six to evaluate the scalability of additional banks. The
results of the parametric study are tabulated in Table 5.6.

4With the SWH control temperatures and differentials as presented in Section 3.2.2.
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TABLE 5.6: Energy flux values and ASHP performance obtained from SWH bank
parametric study.

No of SWH banks in parralel

System variable [W] 1 2 3 4 5 6

ASHP flux 167049 16569.2 16222.63 158105 15731.88 15913.84
ASHP electrical 675295 6676.23 6597.2 648313 6481.03 6536.62
Storage vessel losses 312244 310852 309486 30722 3068.07 3084.8
Storage pipe losses 668.13  665.09 662.09  657.16 656.22 659.85
User load flux 614384 613713 611525 605536 6047.13 6080.47
Ring-main losses 7263.67 721353 716625 709032 707138 7111.63
Solar energy 115838 224577 333525 444237 555533 6638.68
SWH manifold losses 3628 72424 1086.57 1384.09 185215 244519
SWH flux 796.3 1521.53 2248.68 305828 3706.18 41935
SWH pipe losses 4941 102282 1581.11 2131.50 273035 331558

ASHP performance
COPgpp [dim] 2.47 2.48 2.46 2.44 2.42 2.43

From this study, it can be noted that by increasing the number of SWH banks from one to
six, the ASHP flux is reduced by 791 [W] (= 4.73[%]). Furthermore, electrical consumption
was reduced by 216 [W] (= 3.2[%]). The reduction of the SWH control system set-point
temperatures led to gains in solar contribution with the solar pipe losses decreasing by 215 [W]
(= 30.35[%]) for a single solar bank.

5.2 Concluding remarks

This chapter explored the use of the RK-MOL simulation through various parametric studies.
A total of 22 year-long simulations were conducted with a 60 [s] fixed time step. All of the simu-
lations were conducted in a 38 [h] period. These figures help signify the quick design analyses
that can be conducted on major components of the system by using the reduced simulation.
From the conclusions of Chapter 3.6.3, a few prominent observations were made regarding the
design of the case study system. The following hypotheses were presented regarding possible
improvements on the system and will be repeated here for the reader’s convenience:

* The storage vessel volume is too large for the particular installation, and a smaller storage
buffer would have been sufficient.

¢ The ASHP have been oversized for the particular installation, and a smaller machine
would have been sufficient.

¢ The SWH system is underutilised due to extensive heat losses.

From the analyses in Section 5.1.2, it was noted that by decreasing the tank capacity from 3000
[L] to 2000 [L] the heat loss was reduced by nearly 27 [%] (873 [W]). The maximum and min-
imum supply temperatures remained relatively the same, indicating that a reduction in the
storage buffer volume will decrease electrical consumption and will not compromise the water
supply temperature. By decreasing the storage vessel volumes to 2 [kL], the ring-main would
circulate the total storage vessel volume three times per day. However, the ring-main will drain
stored thermal energy too quickly if the storage vessel capacity is reduced by a too large degree.
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Therefore, a compromise between worst-case scenario user load and storage losses should be
reached. To conclude, under the current user load, 90 [kW] ASHP unit and solar bank; smaller
storage vessels could lead to energy savings of up to 5.72 [%] (389.78 [W]) and a reduction in
running hours of 3 [%].

The ASHP appears to be sized correctly for the current application. The results of Section 5.1.3
illustrates that smaller heat pumps with a rating can meet the systems’ current average supply
temperature (~ 57[°C]). However, the 35 [kW| ASHP units showed a significant reduction in
minimum supply temperatures (41.8 [°C]). These temperatures correspond with unfavourable
COP conditions or high user demand. Smaller ASHP units would require inline electrical resis-
tive heaters to keep minimum supply temperatures above 50 [°C]. From the standard deviation
of the supply temperature and the heat losses on the storage vessels, it can be concluded that the
smaller ASHP unit struggles to keep the temperatures constant throughout the system. How-
ever, it could be argued that a larger ASHP would lead to lower electrical consumption and
consequent payback period than a smaller unit with electrical resistive heaters. Furthermore,
the smaller units have an annual utilisation of nearly 100 [%]—the high percentage signals
continuous operation. From a maintenance standpoint, this would not be ideal. The 90 [kW]
unit displays the best energy consumption of the largest units (55, 70 and 90 [kW]) due to its
part-time operation and larger compressor.

It has been suggested that the minimum activation temperature, deactivation and maximum
temperatures have to be decreased to reduce the SWH pipe losses and the losses on the SWH
header manifold. From Section 5.1.4, it could be seen that by implementing these strategies, a
reduction in SWH pipe losses of up to 215 [W] for a single SWH bank was attainable. Compared
to the original design year simulated for conditions in Pretoria (Section 5.1.1). Apart from the
reduction in SWH losses, useful SWH energy was increased by the same amount. However,
several SWH have to be added in parallel to offset the thermal energy addition of the ASHP
over the 24 [h] period. The ASHP energy addition on the system is roughly 16.9 [kW] compared
to 1.158 [kW] for a single solar bank. Even if the full thermal energy contribution of the ASHP is
to be offset by solar, due to the ring-main system and variable irradiance, the heat pump cannot
be entirely replaced. Apart from this, a notable finding is that even though ASHP thermal
energy was reduced by a maximum of 0.719 [kW] (by increasing the number of solar banks to
six), only a 0.216 [kW] reduction in electrical consumption was observed.
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FIGURE 5.2: Simulation data on a three day period corresponding to a reduction
in SWH control temperatures and one SWH bank.

Figure 5.2 illustrates data obtained from the simulation for a three day period. From Figure
5.2, the theoretical COP® that could be obtained was plotted against the instantaneous solar en-
ergy, -ASHP energy, and irradiance. From Figure 5.2, it can be noted that high solar irradiance
occurs at the same time that favourable COP conditions are predicted. Due to higher dry bulb
temperatures during daylight hours; the ASHP uses less electricity during these hours to add
thermal energy to the system. However, the SWH can only add useful energy during daylight
hours. The total thermal load remains constant, and thus, a reduction in ASHP derived ther-
mal energy have to be supplemented by solar derived thermal energy. As more SWH banks

5The serrations in predicted COP is due to the variation in inlet conditions of the ASHP. When the ASHP is
operational, warmer water is obtained from the storage vessels. Consequently, an instant reduction in COP is
observed.
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are added, the ratio of solar to heat pump derived thermal energy is consequently altered. The
ASHP is forced to add the remainder of the required thermal energy under unfavourable COP
conditions. However, it could be argued that the ASHP under these conditions is still more
efficient than the use of resistive heaters.

The addition of SWH technology poses a slight reduction in electrical consumption, the COP
of the ASHP, and thermal energy derived from the ASHP. Even though additional SWH banks
reduce electrical consumption, it does not reduce it as significantly in contrast to the thermal
energy the SWH banks contribute. The impact of SWH banks would have been more pro-
found on a system with pure resistive heaters. However, SWH systems contributions are more
variable then ASHP, and cannot replace resistive heaters alone.

To conclude, the following observations were made with reference to the simulation results:

e Ambient conditions can influence ASHP electrical consumption up to 3 [kW| between
different cities®.

e For relatively the same dry-bulb conditions, relative humidity and air pressure can influ-
ence ASHP electrical consumption by nearly 848 [W], on average, annually.

* A reduction in storage vessel volume can maintain set-point temperatures and decrease
electrical consumption by 389 [W] (= 5.72[%)]).

¢ A 45 [kW] ASHP unit can lead to 300 [W] decrease in electrical consumption, but a de-
crease in minimum temperatures are to be expected. The unit cannot charge the storage
vessels to set-point temperatures and will operate continuously.

e By decreasing set-point temperatures on the SWH controller, a 220 [W] (= 30.35[%])
reduction in thermal energy losses can be attained for a single SWH bank.

* By increasing the number of SWH banks to six, a 216 [W] (= 3.2[%]) electrical saving
was observed.

* An increase in the number of SWH banks in parallel increases solar energy contribution
and decreases thermal ASHP input. However, the ASHP is forced to add the rest of the
thermal demand under less favourable COP conditions.

The following chapter will discuss the main findings of the study and recommendation for
further study.

6Under the six cities that were studied in Section 5.1.1.
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Conclusion and Recommendations

This chapter will recollect the problem statement, goals and scope of the study. A discussion
will follow on the findings of the various chapters.

6.1 Overview

Due to the rotation of the earth and climatic conditions, the available solar radiation, dry-
and wet bulb temperatures along with humidity differs hourly. The latter poses a challenge
to the designer of combined heat pump and solar water heating systems. The difficulty can
be circumscribed to the fact that several factors influence the performance of such systems:
The size and performance of the solar collectors, the capacity of the storage vessels, the hot
water demand profile, the size and performance of the heat pump, ambient conditions and the
control systems. The design and evaluation of the syntheses between the sub-components of
such systems are therefore not straightforward.

Simulation programs are often used for the design and performance evaluation of hot water
systems. Researchers and designers often use these simulations to design systems for max-
imum efficiency, user comfort, or even a combination thereof. The problem, however, with
most of these component-based simulations is that they require specialist knowledge to cali-
brate realistically and are often computationally expensive. Furthermore, it can be challenging
to obtain internal component variables that are required for the successful calibration of the
simulation. A simulation that uses readily available manufacturer performance curves and
matrices of sub-components diminishes the need for complicated calibration and reduce com-
putational effort. These semi-empirical component models aid the designer to focus on the
layout and sizing of components and control systems of these components.

Naturally, researchers and designers would aim to conduct parametric studies to evaluate the
effect of design parameters on system performance. However, parametric studies in a lim-
ited number of independent parameters become near impossible when a single simulation can
take days to complete. This problem becomes even more apparent when extended periods are
simulated. The above consequently set the scene for the study.

From Chapter 1.2, the problem statement and need for the study were defined as:

"To better understand the synthesis of the various system components of a hybrid HP/SWH installation.
There exists a need for a simulation model that uses readily available manufacturer data of solar, heat
pump, and storage vessel sub-components for integrated, long-term, transient thermal system simula-
tion. Furthermore, such a validated simulation model needs to be computationally inexpensive. Never-
theless, also simple to calibrate to enable extensive parametric and optimisation studies to be conducted.”
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Consequently, a comprehensive literature study was undertaken to develop a simulation ad-
hering to the above requirements. The literature study was divided into six sections. Each of
these sections focused on an aspect of the problem statement. These sections included heat
pumps, solar water heaters, the combination of the former and latter, and water storage ves-
sel simulations. Finally, methods to reduce the computational effort and typical simulation
structures were also investigated.

Validated commercial-scale SWH/ASHP hot water models were scarce from literature. A no-
table finding was that discarding the linear momentum equations in specific thermal networks
can lead to a drastic reduction in computational effort. A list of concluding remarks on each
section was given. The lists assisted in highlighting the primary findings and some deficiencies
from literature.

To successfully validate the developed simulation, a real-world SWH/ASHP hybrid system
was analysed. The hybrid solar-heat pump heated water system of a hospital in Potchefstroom,
South-Africa, was consequently studied. The system was monitored during the cold winter
months of June-July (2019) using the systems” SCADA and some additional sensors. The period
was chosen to strain the system to its design limits. An energy balance based on the various
energy fluxes was presented and calculated accordingly.

Due to sensor shortages, a statistical model based on the manufacturer and experimental data
was used to model the ASHP performance. From the statistical analyses, it was determined that
relative humidity had an impact on the performance of the ASHP, and in turn, on the energy
balance. Consequently, experimental data was used to compensate for the deficiency of relative
humidity data proceeding from the OEM data. The statistical model that was used is a linear
multivariate model with a strong positive correlation between COP and dry bulb temperature,
a strong negative correlation for ASHP inlet temperature and a comparatively small negative
correlation for relative humidity.

With the experimental data captured, a few conclusions on the systems” dynamics and design
characteristics were made. ASHP energy flux contribution accounted for 97 [%] of energy en-
tering the system, with the remainder supplied by the SWH. Notably, SWH contributions and
losses were nearly the same in magnitude. This could be explained by the parameters of the
SWH controller that led to significant heat losses. Ring-main losses and the user load accounted
for 40 [%] and 34 [%] of energy expenditure, respectively. The remaining energy losses were
made up by the storage vessel (18 [%]) and pipe losses (8 [%]). The system provided the case
study and input for the developed simulations.

Two simulations models based on the hospital case study was developed in EES®. Further-
more, one simulation used reducing measures, whereas the other employed additional equa-
tions and was referred to as the detailed simulation. The assumptions, fundamental equations
and control logic for the sub-components was presented. For the reduced simulation, the most
notable assumption was the use of only the mass and energy conservation equations and the
use of thermal capacitance only on some components. Contrastingly, the detailed simulation
did take the linear momentum conservation into account along with thermal capacitance on all
of the components. Consequently, the reduced simulation had 189 equations compared to the
1114 equations of the detailed simulation. The difference in the number of equations led to a
significant difference in computational expense.

Both of the simulation models used a 1D finite difference method, with explicit numerical
methods and fixed time steps. The reduced simulation used the method of lines along with
a Runga-Kutte integration method. The detailed simulation used the explicit Euler method for
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integration. Most of the loops in the system have a water pump. Consequently, many of the
mass flows were known beforehand. The magnitude of these mass flows was based on the sys-
tem conditions at the evaluated time-step and controller output. Thus, the reduced simulation
was able to enforce mass flows explicitly. For the detailed simulation, additional equations had
to be obtained in the form of Kirchoff’s circuit laws, to solve the linear momentum equation
for the system. The linear momentum equation consequently led to iterative calculations. The
difference in the control logic and solving sequence between these simulations were illustrated.

The mathematical principles of convergence, stability and consistency were used to verify the
reduced and detailed simulations. Convergence was tested by evaluating the systems’” average
net energy flux over an extended period. Consistency was assessed by varying the time-step of
the simulations and evaluating the consequential impact on the net energy flux. Finally, for sta-
bility, the CFL condition was used to ensure that the advection flow in the various components
would be bounded. Apart from the CFL conditions, the time-step was chosen to ensure that
the control systems did not cause erratic behaviour. From the tested numerical methods, the
simulations average nett energy flux converged to under 80 [W] for the three-day experimental
period.

To further verify the simulations, a third simulation in Matlab® Simulink® was developed.
The developed simulation applied the same ASHP and SWH performance curves used in de-
tail and reduced simulations. Consequently, three case studies were set up in Matlab Simulink.
From these studies, the RK-MOL simulation produced steady-state errors between 2.13 and
-4.13 [%] (= 049]°C] to —1.53[°C]). The simulation reported a maximum error of -30.24
[%] (== —3.88[°C]) in the most transient region after system start-up. Contrastingly, the de-
tailed simulation produced steady-state errors of between 1.99 and -1.02 [%] (= 0.43[°C] to
—0.22[°C]). The detailed simulation reported a maximum error of 9.27 [%] (= 1.39[°C]) dur-
ing the transient regions. The RK-MOL simulation was, however, able to simulate the most
detailed case study nearly 31 times quicker than the Simulink equivalent.

However, from the results, it was concluded that the RK-MOL simulation would not be able to
simulate the systems during start-up conditions accurately. Due to the assumptions that were
used, the thermal inertia of components with no thermal capacitance will have no impact on
components where thermal capacitance are taken into account. Therefore, the use of the simula-
tion is limited to systems where the mass flow is non-zero, known beforehand in the branches,
and components do not undergo a large temperature differential (= A 8 [°C]). Therefore, it
was proposed to use the simulation to test system performance once operational temperatures
had been reached. Within these constraints, the RK-MOL simulation has the potential to con-
duct long term simulations at drastically quickened time-frames. The detailed simulation was
able to follow the Simulink model consistently. The detailed simulation did, however, have
significant longer simulation times compared to the Simulink model. The longer simulation
times could be circumscribed from the numerical method that was used.

With the simulations verified; the simulations were consequently validated against the exper-
imental data. The reduced and detailed simulations showcased an average energy flux error
of 2.54 [%] and 2.22 [%], respectively. With the reduced simulation validated, the simulation
was consequently used in parametric studies to investigate the design of the case study and
syntheses of SWH/ASHP hybrid systems.

The reduced simulation was able to simulate 22 design year scenarios, with a time-step of 60
[s]in a 38 [h] period on a standard notebook. For the parametric study, the variation in climatic

118



Chapter 6. Conclusion and Recommendations

conditions, storage vessel-, ASHP capacity and alterations on the SWH were investigated. Dur-
ing these studies, a few findings were made. SWH/ASHP systems at the coastal cities consume
a maximum of 3 [kW] less electricity then inland cities. The denser air and higher dry bulb tem-
peratures led to a maximum increase of 24 [%] in ASHP COP. Higher dry bulb temperatures
tended to raise COP conditions, and higher inlet temperatures decreased COP. Consistent with
the statistical model derived for the ASHP.

Reducing the storage vessel size from 3 [kL] to 2 [kL] led to a 389 [W] (= 5.72[%]) and 873
[W] (= 27.92][%]) reduction in electrical and thermal energy consumption, respectively. With
the reduction in storage vessel capacity, the delivery temperatures were not compromised. The
reduced storage vessel capacity reduced the thermal load on the ASHP. Consequently, lowering
electrical consumption. Lower rated ASHP units down to 45 [kW] can maintain ring-main
temperatures in the design parameters. However, the smaller ASHP units” annual utilisation
approached 100 [%]. These figures indicated that these machines work increasingly longer and
nearly continuously to maintain ring-main temperatures. From a maintenance standpoint, the
smaller ASHP units will require field services more often. Apart from maintenance, the smaller
units (35 and 45 [kW]) are not able to load the storage vessels to the set-point temperatures.

From the experimental results, SWH contribution and losses were nearly the same. The prob-
lem was investigated utilising a parametric study where the SWH controller and flow-rate
were altered. Consequently, a 220 [W] (= 30.35[%]) reduction in thermal losses on the SWH
pipes was observed. Following the improvement, the number of SWH banks in parallel was
increased from one to six. A 791 [W] (= 4.73[%]) reduction in thermal energy and a 216 [W]
(= 3.2[%)]) reduction in electrical energy for the ASHP was observed. Finally, it was remarked
from the predicted COP, that favourable COP conditions and peak solar irradiance overlapped.
Thus, additional SWH banks reduce the thermal contribution of the ASHP over the 24 [h] pe-
riod. The SWH bank will consequently charge the storage vessels during peak solar irradiance.
One can recall that the ASHP activation temperature probe is situated near the two coldest stor-
age vessels in the stratified tank arrangement. Thus, as the SWH charges the stratified storage
vessels, the ASHP temperature probe will not cause the ASHP to activate. Consequently, the
SWH pump and ASHP will not be active simultaneously. Ultimately, the ASHP is forced to
add the remaining thermal energy demand during less favourable COP conditions.

6.2 Conclusions

From the problem statement, a few requirements can be identified for the simulation program:
* Make use of manufacturer performance maps or curves for the main system components.
¢ Computationally inexpensive.

* Make use of the simulation for a preliminary analysis on the synthesis of the various
components the SWH/ASHP compromises of.

* Easy to calibrate and use for extensive parametric studies or optimisation studies.

The following paragraphs will aim to analyse in what manner the study was able to achieve
the objectives or not.

One of the initial aims of the study was to use readily available manufacturer data to simulate
components of the SWH/ASHP system. The SWH could be simulated using the SWH effi-
ciency curve. The use of the curves ensured one could circumvent the need to use evacuated
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heat pipe models that require extensive knowledge and data on the design of these compo-
nents. However, the SWH efficiency curve has a limited range of applicability. By altering the
number of tubes, the SWH efficiency curve is altered. Therefore, the use of these curves is re-
stricted to the configuration of SWH banks in parallel. A detailed simulation can be used to
calibrate the curves for steady-state conditions. The curve consequently is used in the reduced
simulations as introduced in this study.

For the ASHP, the manufacturer data could be implemented in the computer simulation be us-
ing regression equations. However, the implementation could not be implemented seamlessly
as the relative humidity was not varied over the full parameter space by the manufacturer. By
using the experimental data, the regression equation could be adjusted to take the variation of
relative humidity into account. Furthermore, using the regression equations, the modelling of
the ASHP components such as the compressor, evaporator, condenser and capillary tube was
circumvented. Most of the data on these components would be propitiatory and not easily
attainable for system designers. However, due to the limited amount of data most manufac-
turers publish on their ASHP, the implementation of regression equations is somewhat limited.
Finally, the quality of the data the suppliers publish will ultimately define the regression equa-
tions, and consequently, the quality of the output derived from the reduced simulation.

From the results of the study, it can be concluded that the use of these regression curves and
performance matrices reduces computational complexity. Furthermore, with the study neglect-
ing the momentum equation, a noticeable reduction in simulation times was obtained. With a
notebook capable of running six design year simulations simultaneously with a 60 [s] time-step.
With these figures in mind, the feasibility of running optimisation studies have consequently
been established. However, the decrease in simulation times came with a drawback. By ne-
glecting thermal capacitance in the ring-main network and other system pipes, the simulation
shows temperature discrepancies to the MATLAB simulation during start-up conditions. Con-
sequently, the reduced simulation will only be able to simulate conditions where operational
temperatures have been reached (and is reflected in the initial conditions). Finally, the accuracy
of the reduced simulation can be improved by taking the thermal capacitance of the ring-main
into account.

Information on the insulation properties of the storage vessels and system piping could easily
be obtained. From the calibration standpoint, the use of regression curves limits the need for
extensive calibration on sub-components. The simulation requires an ASHP performance map,
SWH efficiency curve, insulation properties of pipes storage vessels, control system set-points,
and finally, the design mass flows through the hydraulic loops.

The reduced simulation could quickly evaluate design syntheses between the components of
the SWH/ASHP system. The simulation offers a wealth of data such as the impact on the
change of parameters on the supply temperature, electricity usage, ASHP operational runtime,
heat-losses and performance of the ASHP and SWH. Furthermore, swift simulation enables
designers to evaluate control systems and their set-points with dynamic simulations. However,
the effective use of the simulation is dependant on the quality of OEM data on components and
the limit of its” use to non-start-up conditions.

6.3 Recommendation and future work

The reduced simulations within the limitations reported in the verifications section can signif-
icantly reduce computational effort on year-long simulations. The optimisation of the system
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was not in the scope of the study. However, the possibility of using the developed simulation
for this objective is noticeable. A simple example will be given in the case study to support this
statement:

During parametric studies and optimisation, an objective function is generally defined. This

can be to evaluate the systems annual electrical consumption (P,jecricqr), initial capital cost
(Einitiar) or user discomfort (Tyiscomfort).- Sometimes a multi-objective objective function (fopjective —system)
can be defined using a combination of these requirements such as:

fobjectivefsystem =N Petectrical + ')’ZEinitial + ')’STdiscomfort (6-1)

Where 1,72 and 73 are constants that assign weights to the various objectives. It can be said
that by minimising fopjective—system, an ‘optimum’ with regards to the objectives can be attained.
However, when optimising; the effect of varying a combination of independent variables on
the objective function has to be evaluated. For this study, it can be the effect of increasing the
number of ASHP in parallel, the capacity of the ASHP, and the number of SWH banks at the
same time to evaluate the effect on system performance. By varying the number of SWH and
ASHPs from one to five and the capacity of the ASHP in five ratings, a total of 125 simulations
will have to be evaluated if a rectangular grid is employed. Thus each additional independent
parameter significantly increases the number of simulations. Furthermore, increasing the num-
ber of independent variables may lead to the “curse of dimensionality’. Per illustration, Figure
6.1 showcases a typical Pareto frontier obtained from the simulation with numerous system
configurations that minimize Equation 6.1.
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FIGURE 6.1: Pareto frontier example for multi-objective optimisation.

Per the example above, it becomes clear that for optimisation, a quick but accurate solver is
required to evaluate a significant amount of simulations. Consequently, the simulation poses a
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foundation for future work in the field of ASHP/SWH systems that could include the follow-
ing:

The predictions made by this simulation relies to a large degree on the ASHP perfor-
mance map that was used as this study was limited by the data from the manufacturer to
fit a statistical model. An experimental setup can be used to evaluate the performance of
ASHP at various ambient conditions and relative humidities. The experiment will give
insight into the impact of relative humidity at high dry-bulb temperatures on ASHP per-
formance. From these conditions, a thorough statistical ASHP model can be derived that
works in frosting, condensing and dry-air conditions with OEM system specifications.
The electrical demand of the ASHP can be measured to assess the COP at these condi-
tions.

The reduced computer model can be used to test the viability of a smart ASHP controller.
The controller can anticipate peak user consumption and consequently charge the sys-
tem storage vessels accordingly. Possible electrical savings can be achieved if the system
is charged under more favourable COP and irradiance conditions. The impact of the
controller on warm water supply and electrical consumption can be scrutinised. Finally,
the set-point temperatures and parameters can be optimised based on the output of the
reduced simulation.

A techno-economic study can be conducted on the payback period of ASHP /SWH hybrid
systems by varying the ASHP, storage vessel, SWH bank capacities and controllers by
making use of the reduced simulation.

A full multi-objective, stochastic optimisation can be conducted in a limited amount of
variables by using the reduced model. The reduced simulation can be used to derive a
response surface that characterises the performance of the system. The regression equa-
tions can be used, in turn, in an optimisation routine. Consequently, a system design can
be obtained adhering to the proposed cost-functions set out during optimisation.

The storage vessels can be simulated by using CFD with various mass flows. The results
obtained from CFD can be used to derive a data-driven model (such as statistical models).
The derived regression equation can then be applied in the system simulation to offer
CFD level detail at a reduced computational effort. This can help to evaluate stratification
effects on heat losses and system performance with year-long simulations.

Aspects of the reduced simulation can be converted into the object-orientated format as
was practised in the development of the detail simulation.
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Appendix A

Instrumentation

As part of the agreement with the hospital group, the system may not have been altered in any
way. Therefore, the verification of the sensors on the SCADA network of the hospital could not
be conducted. This appendix will present the verification of the additional sensors used by the
study to capture the required data for simulation. Finally, at the end of the appendix, the study
will discuss the propagation of errors on the energy fluxes. The appendix is divided into the
following sections:

¢ Solar irradiance (A.1)

* Temperature measurement (A.2)

Electrical current measurement (A.3)

Water flow measurements (A.4)

* Propagation of errors in energy flux calculations (A.5)

A.1 Solar irradiance measurement

A CM11 pyranometer is used by the faculty solely for the purpose of calibration and verifica-
tion of experimental pyranometer. Data on the pyranometer can be obtained from Table A.1.
The study used an SP-215 pyranometer as simulation input for the experimental period. The
CM11 and SP-215 have calibration uncertainties of 3 [%] and 5 [%], respectively. To ensure that
the calibration constant used by the SP-215 is correct, it was compared to the CM11. For the
SP-215, the following conversion is used and was obtained from the calibration sheet of the
manufacturer to calculate irradiance:

mV \
Isp_215 = (V x 1000[——]) X 0.5]———~ Al
SP-215 ( [ Vi ]) [(mVXmZ)] ( )
For the CM11 (reference pyranometer ) the equation to obtain the irradiance is given by:
14
Iemin = (A.2)

4.97 x 10-6[ Vx|
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TABLE A.1: Technical data of single version CM11 with some indicators accord-
ing to ISO 9060 classification.

Performance indicator Value
Spectral range 310 to 2800nm (50[%| points)

340 to 2200nm (95[%] points)
Irradiance range 0 to 1400 [W/m?] (max. 4000 [W/m?])
Stability < 0.5[%] per year
Resolution < 1 [W/m?]
Non-linearity <0.5%
Spectral sensitivity < 2[%]
Tilt response < 0.2[%)]
Temperature response < 1[%] at (=10 [°C].. +40 [°C))
Response time (95% reponse) 12]s]

FIGURE A.1: Pyranometer verification against reference pyranometer.

As showecased in Figure A.1, the SP-215 was connected to the U12-008 Hobo® logger, which
in turn was connected to a notebook. The live data stream was written to a data file for com-
parison. The output of the CM11 was measured by means of a Fluke® 117 multimeter. The
output measured by the multimeter was logged manually along with the time in a spreadsheet
program. The measurements are noted in Table A.2 with the relative error of the SP-215 mea-
sured against the CM11. With the reported relative error below 4.5 [%] it was decided not to
alter the calibration constant issued by the manufacturer as this error is between the maximum
calibration uncertainties of both pyranometers.
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TABLE A.2: Verification of SP-215 pyranometer against CM11 pyranometer as
measured on the 07/05/2019.

Time Instrument Voltage [mV] Irradiance [W/m?] Relative error [%)]

10:44 SP-215 2200 550.0 2.38
CM11 2.8 563.38

10:50 SP-215 2241 560.25 0.56
CM11 2.8 563.38

10:51 SP-215 2263 565.75 3.04
CM11 29 583.5

10:51 SP-215 2314 578.5 4.16
CM11 3.0 603.621

A.2 Temperature measurement

The Hobo® loggers used TMC temperature probes manufactured by OnSet® to measure the
additionally required temperatures for the study. Table A.3 tabulates the technical data of the
TMP temperature probes. To verify the temperatures probes used during the study; three dif-
ferent tests were conducted. The tests where as follows:

¢ Steady-state air
¢ Jce water solution
e Warm water

The TMP probes were compared to that of the Fluke® 712 temperature calibrator (Table A.3).
The results of the three tests are summarized in Table A.5. The first test that was undertaken
was the steady-state air temperature test. The various probes were coiled together by a metal
wire. Hereafter, they were left to normalise to steady-state room temperatures. From Tables
A.3 and A.5 it can be noted that the temperature difference was 0.162 to 0.21 [°C] higher than
the maximum measurement uncertainty of the temperature probe.

The second test was conducted in an ice water solution (Figure A.2). Water was added be-
tween the ice cubes to create a solution that would encompass the whole sensor. Theoretically,
the temperature in this solution should be close to 0 [°C]. It can be seen that the TMP probes
have an 0.15 — 0.3 [°C] error. With the first temperature probe error falling within its’ measure-
ment error range. The second temperature probe error falls between 0.102 - 0.142 [°C] from the
maximum accuracy deviation for the TMP probe.

The last test was conducted in warm water to test the accuracy of the probes at high temper-
atures. It should be noted that these probes have a measurement range with a maximum of
50 [°C] in water. Consequently, the warm water test is at the upper limit of the temperature
probe range. The probes were installed between the metal pipes and the insulation of the cir-
culating pipes. Thus, the probes were never in direct contact with the fluid and rarely saw
temperatures as high as that was measured during the test. It can be recalled that the probes
could not be installed with direct contact to the water as no modifications where allowed on
the hospital system.

From the temperature measurements, the error to that of the reference measurement varied
between 0.854 — 1.027 [°C]. By taking the absolute error, it can be seen that the maximum rela-
tive error for Temp 1 was 1.5 [%], and Temp 2 was 1.39 [%]. To conclude for the TMP probes, a
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measurement error of 1.39 [%] would have to be used for the mixing point probe as the probe
is exposed to temperatures above 50 [°C], on occasion. For the municipal inlet, temperatures
never exceed 50 [°C], and thus the standard measurement uncertainty as reported by the man-
ufacturer can be used .

TABLE A.3: Fluke®712 temperature calibrator data.

Performance indicator Value
Range —200°C to 800°C
Resolution 0.1 [°C]
Accuracy 0.33 [°C]

TABLE A.4: OnSet® TMP temperature probe data.

Performance indicator Value
Measurement range in water —40 to 50[°C]
Measurement range in air —40to 100 [°C]
Drift < 0.1 [°C] per year
Resolution < 0.002 at 25 [°C]
Response time in air 2 min to 90 [%] in 1 [m/s] air
Response time in stirred water 30 [s] to 90 [%] < 0.002 [°C]
Accuracy +0.15 [°C] from 0 to 70 [°C]

FIGURE A.2: Thermocouple verification against reference temperature probes.

!With mixing point as defined in Chapter 3.3. Figure 3.2 illustrated the positions of the various sensors, with
the mixing point at diagram position H13 and the municipal inlet at diagram position H15.
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TABLE A.5: Temperature probe relative error analyses as measured on the

07/05/2019.

Time Test Instrument Temperature [°C| Temperature difference [°C]
08:40 Steady state Fluke 21.07

Temp 1 21.382 0.312

Temp 2 21.438 0.36
08:41 ICE-Bath Fluke -0.02

Temp 1 0.124 0.144

Temp 1 0.277 0.277
08:42 ICE-Bath Fluke -0.04

Temp 1 0.108 0.148

Temp 2 0.252 0.292
08:51 Warm water test Fluke 68.36

Temp 1 69.327 0.967

Temp 2 69.243 0.883
08:52 Warm water test Fluke 68.05

Temp 1 69.077 1.027

Temp 2 68.999 0.949
08:52 Warm water test Fluke 67.63

Temp 1 68.607 0.977

Temp 2 68.52 0.89
08:53 Warm water test Fluke 67.2

Temp 1 68.192 0.992

Temp 2 68.054 0.854
08:53 Warm water test Fluke 66.96

Temp 1 67.945 0.985

Temp 2 67.841 0.881

Apart from the measurements required on the water circuit; the ambient conditions also had
to be measured. The relative humidity and dry bulb temperatures were measured by using a
HOBO® U14-001 sensor. The main parameters of the dry bulb sensors are showcased in Table
A.6 and the humidity sensor is shown in A.7.

TABLE A.6: HOBO® U14-001 Dry bulb sensor characteristics

Performance indicator Value
Measurement range —20 to 50[°C]
Accuracy +0.21°C from 0 to 50[°C]
Resolution < 0.02°C at 25[°C]
Response time 15 minutes (to 90% in airflow of 1 [ms™1])
Drift Negligible
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TABLE A.7: HOBO® U14-001 Relative humidity sensor characteristics

Performance indicator Value
Measurement range 0 —100[%] RH, —20 to 50[°C]
Accuracy (10 - 90 [%] RH) +2.5[%)|
Maximum accuracy deviation (10 - 90 [%] RH) +3.5 [%] including hysteresis at 25 [°C]
Accuracy (below 10 and above 90 [%] RH) +5 [%] typical
Resolution 0.05 [%] RH
Response time 2 minutes (to 90 [%] in airflow of 1 [m/sec]
Drift <1 [%] per year

A.3 Electrical current measurement

A CT was used to measure the electrical current on the SWH circulating pumps. The measure-
ment was undertaken to determine the mass flow through the pump using the methodology
as presented in Chapter 3.5.2.2. The pump curve and additional data on the circulation pump
is presented in Appendix J. To test the validity of the CT; a resistance bank was used to test the
output signal of the CT and logger against a Fluke® 376 clamp-on multimeter (Figure A.3).
The resistance bank consists of six 750 [W] resistors (6.4 [()]). The measurement of the Fluke
376 was compared to the measurement that the Hobo® logger relayed to the notebook. For
the first measurement; only one resistor was connected to the circuit. For the second test, two
resistors were connected in parallel. The results of this comparison are presented in Table A.8.

FIGURE A.3: Electrical ammeter calibration against reference meters.

From Table A.8, it can be seen that the CT and the Fluke® compares within a 50 [mA]. The mar-
gin lies within the resolution and measurement accuracy of the multimeter and CT, as reported
in Table A.9 and A.10.
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TABLE A.8: Electrical current transformer verification.

Number of resistors Fluke [A] Hobo Measurement [A| Difference [A] Relative error [%)]

1 3.2 3.15 0.0499 1.56
2 6.6 6.61 -0.0166 -0.25

TABLE A.9: Fluke® 376 specifications

Performance indicator Value
Measurement range 0—999.9[A]
Accuracy 2[%| =+ 5 digits (10 - 100 [Hz])

2.5[%] =+ 5 digits (100 - 500 [Hz])
Resolution 0.1[A]

TABLE A.10: Onset CTV-B 20A Current transformer

Performance indicator Value
Measurement range 2 —20[A]
Accuracy with UX120-006M +2.1[%] of full scale, including logger accuracy
Response time 200 milliseconds (from 10% to 90% of amplitude)
Voltage rating 600 [VAC]
Output 0-2.5 [VDC]

However, it can be seen from Appendix | and Table ].1 that the electrical current that is con-
sumed by the circulating pump is lower than the accuracy as reported in Table A.10 and the
smallest current that the transformer can measure. Therefore, a steady-state measurement was
taken by the handheld ammeter to calculate the volumetric flow from the pump curves. The CT
was thus only used to indicate when the SWH pump was active or not. Figure A 4 illustrates
the typical output of the CT on the logger, with the blue line representing SWH operation.

07-05-2019_sensor_2 —

—Temp, °C (Temp 1)
—AC Curr, Amps (SW Pomp)
0.035 # Host Connected

© Stopped

% End Of File

T T T
D531 062 0804 DAIDG DAIDE
05/31/19 12:00:00 Al GWT+02:00 0B/8/18 12:00:00 Al GWT+02:00

FIGURE A.4: SWH pump activation graph.
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A.4 SCADA water flow meters

The flow meters that were installed by the hospital technical team is the SENSUS ® HRI-Mei
B4 DN:40-125 flow meter on both the municipal supply and the ring-main return (Diagram

positions, H15 and H4 in Figure 3.2). The data on these flow meters are presented in Table
All.

TABLE A.11: SENSUS HRI-Mei B4 DN:40-125 flow meter

Performance indicator Value
Maximum peak flow 60 [m3/h]
Continuous flow 40 [m3/h]
Minimum flow rate horizontal 0.2[m>/h]
Pulse value 0.01 [m3/h]
Maximum accuracy horizontal 1.8 [%]

A.5 Propagation of uncertainty - energy fluxes

During the course of the study, energy fluxes are calculated and compared between the ex-
perimental and simulations results. As these energy fluxes are based on the measurements of
various sensors; the errors have to be taken into account. Therefore, from the errors presented
on the various instrumentation information from the tables in Chapter 3 and the tables pre-
sented earlier in this appendix, the consequent compounded error could be calculated for the
outward energy fluxes.

For these calculations, the specific heat at constant pressure (Cp) for water was assumed con-
stant and independent to the other variables throughout the study. Figure A.5 illustrates the
variance of Cp ([kJ/kg x K]) as the temperatures ([°C]) was varied from 10 - 90 [°C] at 80 [kPa]:

4.205

42}

4.195|

Cp

4185

0 20 40 80 80 100
T1

FIGURE A.5: Specific heat at constant pressure variance example.

One can note that the variation is small and the relative error is roughly 0.5 [%] between the
smallest and largest value on the 10 - 90 [°C] at 80 [kPa] parameter space. The calculated heat
losses presented in Appendix B are assumed to be exact whilst calculating the propagation of
uncertainty with regards to sensor data. All of the energy fluxes are based on multiplication.
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Therefore, assume that there are N sensors that the energy flux calculation compromises of.
Furthermore, assume the relative error of the i-th sensor to be represented by ¢;. The propaga-
tion of errors (e.) for the energy fluxes as reported in Chapter 3.4, can accordingly be calculated
by:

€ = Z(ei)z (A3)
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Heat loss coefficient calculations

This appendix will discuss the approximation of the various heat loss coefficients used in the
simulation programs and experimental data. The appendix was divided as follows:

e Tank heat losses (B.1)
* Pipe heat losses (B.2)
¢ Ring-main losses (B.3)

The calculations of the heat losses were scripted in EES® and is presented in Appendix M.

B.1 Tank heat losses

The heat loss on the storage vessels is expressed as:

Qtank—losses = UAsystem X AT (B.1)
Qtunk—losses = UAsystem X (Ttunk - Tambient) (B-Z)

With the UAsyster of the system as the only non-direct measurable parameter, a calculation
was conducted to approximate the heat transfer coefficient. For enclosed pipes, there is pre-
dominantly two types of convective heat transfer: namely forced and natural/convective. In
certain circumstances, both of these regimes can prevail, and thus, both need to be taken into
consideration. However, apart from establishing the regime the thermal resistance circuit of
the storage vessel had to be determined so that the overall heat transfer coefficient (U Asysten)
could be calculated.

1
UAsystem = Ri (B?’)
system
where as
Rsystem = ZRcomponents (B'4)

132



Appendix B. Heat loss coefficient calculations
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FIGURE B.1: Storage vessel thermal circuit and calculated heat loss results.

During the calculation, the heat loss due to convection and conduction will be taken into ac-
count but not the heat loss due to radiation '. Each storage vessel is divided into three areas.
The heat loss through the sidewall of the tank and the heat loss on the top and bottom of the
tank. Figure B.1 illustrates the thermal circuit on the storage vessels and the temperature pro-
file that was calculated. Consequently, the thermal circuit consisted of the following thermal
resistances:

* Convective heat transfer on the inside of the storage vessel.

¢ Conductive heat transfer through the inner insulation.

¢ Conductive heat transfer through the aluminium sheeting around the storage vessel.
* Convective heat transfer on the outside of the storage vessel.

The convective heat loss for each storage tank on the system reduces to:

1
hinside X Ac linder
Y

Rconv,circumference,inside -

1Figure 3.5 illustrates the epoxy and aluminum sheet isolation utilised on the storage vessels. Furthermore, the
temperature difference between the ambient conditions and the sheet temperature is relatively low. Per illustration,
assume the outside sheet metal temperature to be 20 [°C]. Commercial aluminium sheets have a emissivity of
roughly 0.09. The heat transfer can be calculated from: g,,;” = ea(Tfmb). Consequently, the heat loss amounts to
roughly g,,4 = 0.0025 [Wm 2]
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1
Rconv,circumference,outside = houtside » Acylinder (B6)
For the top and bottom of the storage vessel, the resistances can be defined by:
R — ! (B.7)
conv,top,inside — hinside < Atop .
R = ! (B.8)
conv,top,outside — houtside < Atop .
R - ! (B.9)
conv,bot,inside — hinside < Abottom .
1
Rconv,bot,outside - (BlO)

houtside X Abottom

Furthermore, the storage vessels are assumed to be perfect cylinders with the heat losses of the
corners assumed negligible. It is also assumed that the top and bottom is flat with no curvature.
The top and bottom areas of the cylinders are represented by Ay, [m?] and Appsron [m?]. Fi-
nally the circumferential area is designated by A y1inder [m?]. The parameters k5. [W/K x m?]
and h,,15i4. 1S defined as the convective heat transfer coefficient for forced and natural convec-
tion inside and outside the tanks, respectively. With k4. assumed as 10 [W/K x m?]. These
coefficients are assumed the same for all the inner regions of the storage vessels. The stor-
age tanks are covered with an aluminium cladding apart from the foam-based insulation. The
conductive resistances on the top and bottom is therefore given by:

Linsolation
Rcond,top,insolution = Kinsol < A (B.11)
insolation top

Lmetul,sheet (B 12)

Rcond to ini =
Jtop,aluminium k A
aluminium X top

Linsolation
Rcond,bottom,insolution = k A (B13)
insolation X £1top

Linsolation
Rcond,battom,uluminium = k | < A (B.14)
aluminium top

Hereafter, the conductive losses on the cylindrical sides of the tank were calculated from:

In (Rinsolation,outside/Rinsolation,inside)
2 X7 x kinsolation X Htanks

(B.15)

Rcond,insolution =

In (Raluminium,outside/Raluminium,inside) (B 16)
2 X 7T % kuluminium X Htunks

Rcond,aluminium =

The thermal conductivity and thickness of the cladding and insulation foam was obtained from
the storage vessel manufacturers’ catalogues. With R minium outside @A Rinsolation inside designat-
ing the outer and inner most diameters of the storage vessel. With the components of the
thermal circuit defined, the calculation of the heat loss coefficient could be determined. The
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temperature inside the tanks, T;,s;4., was taken as the average of storage vessel temperatures
from the experimental period. The following flux equations were obtained, by dividing the
heat loss between the bottom, top and sides of the storage vessel:

Tinsz‘de - Toutside

Qheat,loss,sides =
Rcond,insolation + Rcond,aluminium + Rconv,circumference,inside + Rconv,circumference,outside

(B.17)
Tinside - Toutsid@

qheut,loss,top =
Rcond,top,insolation + Rcond,top,aluminium + Rcond,bottom,insolation + Rcond,bottom,aluminium

(B.18)
Tinside - Toutside

heat,loss,bottom =
Rcond,top,insolation + Rcond,top,aluminium + Rcond,bottom,insolution + Rcond,bottom,aluminium

(B.19)
With the total energy flux for all of the storage vessels given by:
QTOTAL = (Qheat,loss,sides + Qheat,loss,top + qheat,loss,bottom) x5 (B.ZO)

The overall heat transfer coefficient U[W /K] could now be calculated from the equivalent ther-
mal circuit:

Qtotal
U Asgystom = (B.21)
system Tinside - Toutside
Utanks = UAsyStem/Atotal,tunks (B~22)

To determine if the heat transfer regime inside the tank is within forced or natural convective
transfer regimes; the Grashoff and Reynolds number were calculated. The non-dimensional
Grashoff number is defined as the ratio between the buoyancy and viscous effects. Thus, serv-
ing as the indicator of buoyancy-driven flow. For the critical length, the height of the tank was
used (Hisuks). The rationale was that stratification and buoyancy-driven flow is in the vertical
direction of the tanks:

_ gxXBx (Tinside - TS,i) X (Hfunks))

Gr (‘u/p)z (B.23)
Re — pXV;Dt“”kS (B.24)

These preliminary calculations indicated that the forced convection was laminar. This can be
attributed to the low flow-rate through the relatively large diameter of the tanks. From the
previous, the Prandtl number could be calculated along with the Raleigh number.

Ra = Gr x Pr (B.25)
pr— CP kx K (B.26)

From here, the Nussult number could be calculated. The Nussult number was calculated using
the relation for flow over vertical plates (Bergmain et al., 2013):

0.25
Nuyue = <;1> X ((?) ) X g X Pr (B.27)
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2

387 x Ra x hl/®
Nitgyo = | 0.825 + 0-387 x Ra x (B.28)

8/27
(1 +(0.492/Pr)*’ 16)

The Reynolds number is smaller than 2100, and therefore the flow is laminar.

_ p XV X Diametergys
K

Re

< 2100 (B.29)

The Grashoff number is larger than the critical value for laminar flow and, therefore, turbulent
flow is observed for natural convection.
; 3
_8X B X (Tinside ¥ Z:S) x Diameter, . - 104 (B.30)
r}

Gr

The heat transfer coefficient inside the tanks could be calculated. The heat loss coefficient could
consequently be used to calculate the thermal resistances.

k
htank,inside = (H > X Nutunk (B31)
tanks
FlowRegqi = — B.32
owRegime Re? ( )

With the ratio as % >> 1 for this case; the flow regime inside the tank is dominated by

turbulent free convection flow.

B.2 Pipe heat losses

The pipe heat loss fluxes are calculated from:

Qpipe—losses—system = UApipes x AT (B.33)
Qpipeflossesfsystem = UApipes X (Ttunk - Tumbient) (834)

As the ambient temperatures are measured directly; an assumption has to be made for the
internal temperature of the various pipes. For the solar water heater pipes, the measured out-
let temperature of the SCADA system is used. For the various pipes between the tanks; the
local storage tank temperature is used as the internal temperature term of these connecting
pipes. The system heat transfer coefficient U Asysten, is calculated in the paragraphs below. The
Reynolds number was calculated, and from the flow conditions, it was determined that the
flow regime was turbulent:

Qflow,pipe = fl?lf;mam (B.35)
Vpipe = Qflow,pipe/Aflow,area (B.36)
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p X Vpipe X Dypipe,i
I
Reyipe > 2100

Re,ipe = (B.37)

Due to the turbulent flow through the system pipes, free convective flow can be neglected.
Furthermore, due to the relatively large length to diameter ratio, the flow was assumed to be
fully developed. Following the above line of thought, the Dieter-Boelter equation for cooling
was employed to calculate the convective heat transfer coefficient in the pipes (Bergmain et al.,
2013):

pr="CP ; K (B.38)

Nusselt iy, = 0.023 x Re;*,{pi x po3 (B.39)
k

Hpipei = W X Nusselt yipe (B.40)

As with the tank heat losses, the UA ;s of the system have to be determined. The pipe heat
losses were divided into the SWH pipe heat losses and the pipe losses between the storage
tanks. For the heat transfer within the pipes, three thermal resistances are at play. The con-
ductivity through the insulation. The convective heat transfer on the outside and inside of the
pipes, respectively. The aluminium metal coating due to its high thermal conductivity and
thickness was neglected:

1
Rconv,i = ﬁ (B41)
pipe,i{iarea,i
1
Rconv,o = ﬁ (B.42)
pipe,o{Larea,o
ln Igpipe/u
R cond,pipe,swh = rbel (B.43)
e 2 X 7 X kinsolation X sth,pipe
ln ipipe,o
pipe,i
Rcond,pipe,tank = (B.44)

2 X 7X kinsolation X Ltunk,pipe
From test data the theoretical heat loss could be calculated and is given by:

Tinside — Toutside (B 45)

Qheat loss,pipes tank =
oSS pIpeS Rconv,i + Rconv,o + Rcond,pipe,tank

Tinsidze — Toutside (B 46)

Qheat loss,pipes,swh —
i Rconv,i + Rconv,o + Rcond,pipe,swh

The heat loss coefficient of the system pipes could be calculated from:

Qheat,loss,pipes,tank (B 47)
(Tinside - outside)

uApz'pes,tank =
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FIGURE B.2: Simplified diagram on the ring-main system..
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B.3 Ringmain losses

A special case was required to determine the heat loss characteristics in the ring-main. The
latter refers to the condition, whereas no flow was extracted from the ring-main by the hospi-
tal. As soon as the heat loss characteristics were determined, the user load could be added to
determine the total energy loss in the ring-main. Thus, one can conclude that the heat loss in
the ring-main is the sum of the user load and the heat loss characteristics of the system:

Qringmain,losses = Qringmuin,steady—state + Quser (B'49)
Qringmain,steady—state = f(UAring—main/ Tringmuin,avemgez Tindoors) (B-SO)
Quser = f(muserr Tmunicipal,inr Tdmwfoff) (B.51)

Consequently, the experimental data were analysed for time-steps, where the following condi-
tions were upheld:

msupply = Mlyeturn (B.52)

n./luser - O[kg S_l] (B.53)
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At these time steps the boundary conditions where noted and the steady-state heat loss was
calculated using the following equation:

Qringmain,losses = msupply X pruter(Tsupply - Treturn) (B~54)

YV tityser = O[kgs ] (B.55)

The steady-state heat loss can theoretically be expressed as two components (Guo and Goumba,
2018). The first entails the circulation losses incurred by piping the water through the main ar-
teries of the ring-main system (Qringmm-n,circulation). The second compromise the losses incurred
in the pipes of the various draw-off locations to the main artery of the ring-main (Qringmamldmd_md).
Figure B.2 serves to illustrate the former two energy fluxes graphically. The assumption of a
single draw-off with linear decrease in temperature between the supply (T;pp1,) and return
temperatures (Tetrn) are illustrated. The former can be calculated by:

Qringmain,circulution = uAringrrzaz'n,cz'rculation X (Tringmain,avemge - Tindoors) (B-56)
Qringmain,circulation = Ky x Lring X (Tringmain,average - Tindoors) (B‘57)
V mus@r - O[kg Sil] (B-58)

Where L, is the total length of the ring-main in [m]; K is the coefficient of pipe heat loss
[W/m/K]; Tringmain,average cOmpromises the average temperature in the ring-main and Tjugo0rs
designates the temperature of the indoor air. The K is calculated according to the pipe diame-
ter as in EU standard 12828:2012+A1 (EU Standard, 2014):

Ky =26xd,+02 (B.59)

The losses incurred in the dead-end sections of the ring-main is given by:

Qringmain,deudfend = UAringmain,deadfend X (Tringmuin,avemge - indoors) (B6O)

- T X prater X Ldead X dz
Qringmain,deudfend = ( 4 l ) XpX Ndeadfpipes X (Tringmain,avemge - Tindoors)/5T
(B.61)

With L,y the average length of the dead-end pipes [m]; d; the inside diameter of the dead-end
pipes [m]; Nyead—pipes compromises the number of dead-end pipe sections. Using the time-steps
where no user load was extracted from the system, the above two terms where calculated and
compared to that of the measured ring-main losses. The ring-main characteristics were then
adjusted until the error between the calculated and measured ring-main losses were close to
Zero.

Guess K; and o7
|: (Qringmain,deadfend + Qringmuin,circulation) - Qringmain,losses — O[kW]
V tityser = O[kgs™!]

As stated above this step was necessary to characterise the ring-main system for analyses and
use in the simulation environment. The main characteristics are given in Table 3.4.
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Daily energy balance example

For the test period (06/06/2019 - 08/06/2019) a simplified calculation process will be show-
cased. This is based on the average energy flux values as reported in Tables C.1, C.2 and C.3.
As with any closed, non-deforming control volume, one has to list all energy fluxes protruding
the system boundary for a 1% law energy balance:

* Air Source Heat pump (In)

Solar Water Heater (In)

System pipe losses system (Out)

Solar pipe losses (Out)
* Storage vessel losses (Out)

User load (Out)

¢ Steady-state ring-main losses (Out)
From here, the inputs for each of these energy fluxes were identified as:
Heat pump (Qasyp)

¢ Heat pump inlet temperature (T7,,— asHp)

¢ Ambient dry bulb temperature (T;)

* Ambient relative humidity (RH)

* Three-phase power consumption (P,jectricar)
Solar (Qsorar)

* Solar supply temperature (Tsoiar—suppiy—n)

* Solar inlet temperature (Tix—n)

* Steady-state SWH mass flow (7itsteady —state)

¢ Number of running minutes of solar (6¢)
Pipe losses system (Qpipe—losses—system)

¢ Ambient dry bulb temperature (T;)

* Average pipe temperature (Tpipes—tank)
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Appendix C. Daily energy balance example

PiPe losses solar (QPipeflossesfsolar)

e Ambient dry bulb temperature (T;)

* Average solar outlet temperature (Tp;pes —solar)
Storage vessel losses (Qryx)

* Ambient dry bulb temperature (Ty;)

* Average storage vessel temperatures (Tiuk—average)
User load (Quser)

* Mass water consumed by users (#1,r)

¢ System inlet temperature (Tj;.t)

* System supply temperature (Tyraw—off)
Steady-state ring-main losses (QRingmain)

¢ Ring-main return mass flow (¥itsetyrn)

¢ Ring-main user mass flow (1)

* Ring-main supply temperature (Ts; 1)

¢ Ring-main return temperature (Treturn)

Using a combination of the SCADA and HOBO logger data average and summation of hourly
values could be determined for the inputs listed above. From the daily average and summation
values, the energy fluxes can be calculated:

Heat pump energy flux

By using the daily average ambient conditions along with the average electrical consumption,
an over-prediction on the contribution of the ASHP would be obtained. The reason being that
the COP is sensitive to environmental conditions and very hourly. The other being that the
machine was not continuously under operations and therefore, the average power consump-
tion would not be representative of the actual operation of the machine. As the COP and power
consumption are multiplied with each other, the hourly energy contribution had to be summed
to calculate the average values.

Let COPsyp—; and Pijectricar— i designate the i-th averaged hourly COP and electrical consump-
tion of the ASHP. Furthermore let Ty,_;, RH;, T1,— asup—; represent the ambient conditions of
the i — th hour. By using the regression equation derived in Appendix H one can calculate the
COP for the heat pump. As an example, the conditions as reported on 08:00 on the 06/06/2019
will be used per illustration:

COPasyp-1 = f(Tap—1, RH1, Tpn—asup-1)
COPgspp—1 = 3.45693852134674 + (0.075939057244308 x Tz,_1) — (0.0302670035556761 x
Tinasip_1) — (0.00967840826037918 x RH;)
COPysyp—1 = 1.68

The COP given by the manufacturer is based on the compressor. The SCADA system measures
the total power consumed by the system. Therefore, to obtain the actual heat addition, the
electrical consumption apart from the ASHP compressor had to be deducted. The auxiliary
components include the fans, pump and ring-main pumps. The power factor of these devices
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Appendix C. Daily energy balance example

was also taken into account. It was assumed that some of the components used a fixed amount
of electrical power. This was due to the shortage of instrumentation. The above is given in
equation format as follows:

Pelectrical—l = ((PS—phasel - (Pﬂms + Ppump) X PFfans)) X PFashp) - Puux
The heat addition could be calculated as:

QASHPfl = Pelectriculfl X COPaspp-1
Qashp_1 =21 611.31[W]

The former was repeated for all of the hours between 08:00 AM 06/06/2020 and 08:00 AM
08/06/2020. The average heat addition of the ASHP over the full period was calculated as:

Qasup = 18 799.23[W]

Solar energy flux

The ammeter connected to the solar pump due to its measurement hysteresis is only used for
indication purposes to showcase when the pump was active or not. However, steady-state
measurements were taken with an accurate clamp-on ammeter to determine the steady-state
flow rate (1steady —state) delivered by the pump !. Due to the bang-bang control philosophy, and
the transient SWH operation, the following calculation method was employed to calculate use-
ful solar energy contribution. The methodology showcased was done for each minute interval.
The instantaneous energy flux for the j — th minute can be calculated from:

QSolarfj = msteadyfstate X Cquter X (Tsolarfsupplyfj - Tmix—j)

Whereas the energy transferred for the j — th minute interval can be calculated from:

QSolarfj = msteadyfstute X CPWater X (Tsolarfsupplyfj - Tmix—j) X ot

With 7itgteady—stater Tsolar—suppty—n @nd Tyix—y, took as the average values of these respective vari-
ables over the j — th minute. The specific heat at constant pressure is assumed constant. By
summing all of the minute energy values in the time interval of between 08:00-09:00 [AM]
06/06/2020 the following total energy was obtained:

Qsotar—1 = 2 058 83847[]]

By averaging the value over said hour as if the SWH was in continuous operation; the following
was obtained:

QSolar—l = 5719[W]

The above mentioned, steps were repeated for every hour of the dataset (08:00 [AM] 06/06/2020
- 08:00 [AM] 08/06/2020). Hereafter the averaged rate of solar energy contribution was deter-
mined as:

QSolar = 6078[W]

Pipe losses system

The pipe losses through the system are divided into the solar pipe and system pipes. The
division was made as there is a significant difference in temperatures between that of the former
and letter. The method that was used to approximate the heat loss coefficient of these pipes is
illustrated in Appendix B.2. The heat loss coefficient of the pipes is given in Table 3.14. The

IWith the sensors employed as discussed in Chapter 3.4.2.2
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heat losses could be calculated by taking the average temperature measurements from 08:00
[AM] 06/06/2020 - 08:00 [AM] 08/06/2020. The heat loss in the system pipes is given by:

Qpipeflossesfsystem = UApipesftanks X AT
Qpipeflossesfsystem = UApipesftanks X (Tpipesftank - Tdb)

For the pipes connecting the various storage tanks, the internal temperature (Tp;pes—tank) Was
assumed as the average tank temperature (T},,x) as explained in Chapter 3.4.1.2.

Tpipes—tank = 54.26[°C]
The average ambient temperatures for the period is reported as:
Tap = 11.91[°C]

The overall heat loss coefficient was taken as 18.26 [W/K]. Where the average energy flux for
the system pipe losses is given by:

Qpipeflossesfsystem = 77331[W]

Solar pipe losses
The solar pipe heat losses follow the same methodology as that of the system pipe losses and
is given by:

Qpipeflossesfsolar = uApipesfsolar X AT
Qpipe—losses—solur = UApipes—solar X (Tpipes—solar - Tdb)

The overall heat loss coefficient was taken as 20 [W/K]. The solar pipes temperature was taken
as the outlet temperature measured by the SCADA system.

Tpipes—solar = Lsupply—solar
Tpipesfsolar =44.21 [OC]

Were the average energy flux for the solar pipe losses is given by:

Qpipe—losses—solar = 884-2[W]

Storage vessel losses system
The heat loss for the storage vessels can be expressed as:

. Qtank—losses = UAsystem X AT
Qtank—losses = UAsystem X (Ttank—average - Tdb)

The tank temperature was taken as the daily average tank temperature. This temperature is
calculated according to the methodology described in Chapter 3.4.1.2. The derivation of the
tank heat loss coefficients is demonstrated in Appendix B. With the tank characteristics given
in Table 3.3. The average tank and ambient temperatures for the period were:

Ttank—uveruge = 54-25[OC]
Ty = 11.74[°C]

The hourly average energy flux on the storage tank amounts to:
Qtunkflosses =3 436'70[W]
User load

The user load energy flux can be calculated from:
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Quser = tityser X CPuwater X (Tdmwfoff — Tintet)

The draw-off (Tiaw—off) is taken as the average of the ring-main supply and return temper-
atures >. The inlet temperature (Tj,,;) is measured by a HOBO logger that has been placed
near the system inlet. The user mass flow (71, ) is calculated by the inlet flow meters on the
ring-main system. . For the average daily example, the total consumed water is added, and the
average temperatures are used to calculate the total energy. This later is then equally divided
between all of the hours of the experimental period:

Mot = 9 667.32[L]
Tinter = 15'35[0(:]
Tiraw—off = 57.55[°C]
Quser =1 713 435 797[]]

_Quser - 360(()2 %203
Qusgr - 6610.48 [W]

Ring-main energy losses

The ring main energy losses can be calculated from:
Qringfmuin - msupply X prater X Tsupply - msupply X prater X Treturn

The ring-main compromises of both heat losses (Qringmain,steady—smte) and the energy flux that is
extracted by the user (Quser,yingmain):

Qringmain,steudyfstute = Qring—main - Quser,ringmain

|: Qringmain,steudy—state = mretumcpwuter(Tsupply - return) - musercpwater(Tsupply - Tdruw—off)

The ring-main supply temp (Tsupply) and return temperatures (Tyern) are measured by the
SCADA. The draw-off temperature (Tyyw—off) is assumed as the average of the supply and
ring-main return temperatures. Additionally, the return mass flow (#y,r,) and system inlet
mass flow (7i1,,¢) is measured by the SCADA system. The ring-main supply mass flow is deter-
mined by:

msupply = Myeturn + Mout

For the average daily example, the total circulated water is added, and the average tempera-
tures are used to calculate the total energy. This later is then equally divided between all of the
hours of the day. The total mass flow circulated on the return of the ring-main and the user
consumption sums up to:

Myeturn = 73 453.2[L]
Myser = 9 667.3[L]

The average temperature parameters on the ring-main during the period was:

Quser,ringmuin - 60-9[0C]
Treturn - 54.2[0(:]
Tdraw—off = 57'6[OC]

The total energy expenditure for the period on the ring-main was calculated as:

Quser,ringmain =134 395 0826[]]

2With the draw off temperature as defined in Chapter 3.4.1.1
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Qring—main = 2 042 292 773[]]
Qringmain,steady—stute =1 907 897 690[]]

Dividing the energy between all of the hours of the period the following was obtained for The
heat losses in the ring-main was calculated by dividing the energy between all of the hours of
the period:

Qringmain,steadyfstate =7 360.71 [W]

Net energy and energy ratio

The net energy contribution for the period into the system is calculated as:
Qin = Qasup + Qsolar
Qin = 19 407.03[W]
The total energy expenditure for the period was calculated as:

Qout = QRingmainfsteadyfsmte + Quser + QStorageftankflosses + QSystemfpipeflosses + QswH—losses
Qout = 19 064.951

The nett energy for the period can be calculated as:

Q_nett = Qin - Qout
Opett = 342.08[W]

The nett energy ratio can be calculated as:

Q’ . — Qi
nett—ratio —
out

Qnett—mtio =1.017
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TABLE C.1: Daily averages for input values.

Tdb[°C] RH[%] Twb[°C] P_average HP[W] COP heatpump Q_ bruikbaar_vergelyk[W] Q.solar[]]  Q.son[W] Average Tank Temperature [°C] T_solar [°C] User load reading[L] Inlet temp system [°C] T_draw_off [°C] Ringmain reading [L] Ringmain Supply temp [°C] Ringmain_return [°C]
Average Average Average  Average Average Average Sum Average  Average Average Sum Average Average Sum Average Average

03/03/2019 | 1124 4981 0.18 11969.07 212 19817.62  69876132.45 808.75 5421 5655 3014.02 1540 57.43 24584.40 60.74 5413

04/03/2019 13.35 48.84 1.72 9688.63 233 18140.72  61789739.61 715.16 54.24 48.20 3687.37 15.46 57.64 24063.60 60.95 54.32

05/03/2019 | 1285 4880 0.65 10490.85 224 1806029  59557525.12 68932 53.97 4145 3398.79 15.50 5735 24662.40 6059 54.11

06/03/2019 954 5059 138 1213127 1.98 19538.17  45483303.72 52643 5456 4297 2581.158516 15.09 57.65 24727.2 61.03 5427

1174 4951 0.20 11069.95 217 18889.2  236706700.90 684.92 5425 47.29 1268134 15.36 57.52 98037.60 60.83 5421
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TABLE C.2: 4" and 5" of July SCADA and HOBO logger data.

‘ Time Tdb[°C] RH[%] Twb|[°C] P_avgHP[W] COP Q_ASHP[W] Q_ solar[]] Q_son[W] AVG Tank Temp [°C] T_solar [°C] User load reading [L] Inlet temp system[°C] T_draw_off [°C] Ringmain reading[L] Ringmain Supply temp [°C] Ringmain_return [°C] ‘
8:00 543 64.74 -0.70 11414.72  1.66 18910.24  2599546.68 722.10 52.03 56.28 272.54 13.72 57.24 1020.00 60.20 54.29
9:00 9.31 53.46 0.33 0.00 2.39 0.00  8473793.86 2353.83 54.64 93.58 208.42 14.03 56.56 1015.20 59.64 53.48

10:00 13.01 43.80 0.96 0.00 273 0.00  5195301.17 1443.14 54.46 90.80 192.38 14.36 56.64 1004.40 59.46 53.82
11:00 16.84 31.00 -0.43 2016732 258 52111.04 11085427.30 3079.29 49.73 92.67 128.26 15.20 58.44 1035.60 61.96 54.92
12:00 18.84 26.10 -1.02 0.00 287 0.00 10647577.21 2957.66 56.30 90.83 160.32 15.30 58.46 1003.20 61.30 55.62
13:00 20.06 25.30 -0.39 0.00 3.19 0.00  6643850.93 1845.51 56.05 83.95 208.42 15.52 58.15 1005.60 61.05 55.26
14:00 20.73 2421 .44 0.00 3.26 0.00 12589042.10 3496.96 55.42 110.82 160.32 15.53 57.76 1069.20 60.42 55.10
15:00 20.87 23.56 -0.69 7768.37  3.28 2547215 7489525.96 2080.42 48.30 86.70 320.64 15.47 57.19 1006.80 60.10 54.28
16:00 20.79 23.69 -0.68 20986.75 2.62 55073.52  5152067.24 1431.13 55.29 87.51 144.29 15.51 59.09 1002.00 62.50 55.67
17:00 19.18 27.22 -0.15 326322 2.70 8824.85 0.00 0.00 56.86 82.14 48.10 15.68 59.10 1038.00 62.28 55.91
18:00 16.55 3423 0.71 0.00 2.89 0.00 0.00 0.00 56.86 54.96 128.26 15.49 58.55 1016.40 61.86 55.23
19:00 14.71 38.34 0.67 0.00 2.82 0.00 0.00 0.00 56.55 47.18 48.10 15.69 58.16 1008.00 61.55 54.77
20:00 12.54 43.94 0.60 3632.62 2.64 9597.11 0.00 0.00 51.98 45.35 48.10 15.60 57.04 1008.00 60.43 53.65
10.51 49.26 0.32 19496.82  1.98 38617.73 0.00 0.00 50.82 39.04 144.29 15.00 57.04 1012.80 60.39 53.68

9.15 54.25 0.39 2002723 173 34600.10 0.00 0.00 53.45 38.00 48.10 15.33 56.64 1041.60 59.98 53.30

7.41 60.53 0.27 2023713 156 31636.65 0.00 0.00 53.73 35.44 64.13 15.91 56.49 1033.20 59.97 53.01

6.20 64.80 0.07 19952.54 145 29004.05 0.00 0.00 53.87 33.93 80.16 15.38 56.49 1022.40 60.03 52.94

5.46 65.85 -0.41 20087.59  1.38 27758.52 0.00 0.00 54.44 32.80 16.03 16.42 56.74 1042.80 60.34 53.15

5.01 68.13 -0.38 20307.86 132 2675142 0.00 0.00 55.09 3091 0.00 17.75 57.00 1042.80 60.77 53.23

4.24 71.90 -0.38 20337.80 1.24 25136.95 0.00 0.00 55.33 30.17 0.00 18.47 57.14 1045.20 60.96 53.32

3.75 72.79 -0.68 20285.19 119 24195.15 0.00 0.00 55.48 29.91 16.03 16.19 57.17 1051.20 60.94 53.39

3.06 76.40 -0.69 2041432 1.12 22849.11 0.00 0.00 55.59 31.34 80.16 14.78 57.16 1036.80 60.96 53.37

2.85 76.47 -0.87 19412.74 1.15 22395.04 0.00 0.00 54.32 17.08 208.42 13.67 57.14 1008.00 60.41 53.86

3.19 75.38 -0.75 1946533  1.17 22689.31 0.00 0.00 54.56 15.71 288.58 13.67 57.00 1015.20 60.20 53.80

6.66 65.43 0.62 18051.79  1.48 26686.67  2711253.28 753.13 54.06 52.25 448.90 13.73 57.69 1004.40 60.51 54.87

11.05 52.01 1.55 0.00 254 0.00  6901564.37 1917.10 54.72 89.81 368.74 14.09 56.82 346.80 59.72 53.93

15.63 39.26 1.78 1175291  2.50 2933272 6343826.76 1762.17 49.83 79.87 256.51 14.45 57.59 1038.00 60.68 54.50

: 18.66 32.75 1.97 0.00 3.06 0.00  6638510.61 1844.03 54.88 79.73 176.35 14.99 57.04 1003.20 59.88 54.21

H 20.56 29.15 1.98 0.00 3.18 0.00  8984036.64 2495.57 54.82 79.34 208.42 15.21 56.85 1005.60 59.82 53.87
13:00 21.89 26.32 1.70 8439.00 3.28 27673.84  9765911.79 2712.75 49.46 83.51 288.58 15.62 57.36 1012.80 60.40 54.32
14:00 22.46 25.77 1.90 15658.71  2.76 4314242 11495808.78 3193.28 55.75 90.72 208.42 15.57 59.20 1052.40 62.34 56.06
15:00 22.77 24.67 1.55 0.00 3.28 0.00  5989561.33 1663.77 56.50 72.40 224.45 15.38 58.58 1002.00 61.50 55.66
16:00 2271 25.68 2.06 0.00 339 0.00 248339455 689.83 56.29 63.40 176.35 15.39 58.29 1000.80 61.29 55.29
17:00 20.84 28.75 2.02 0.00 3.23 0.00 475871.52 132.19 55.40 52.21 64.13 15.51 57.47 1005.60 60.40 54.54
18:00 18.47 32.95 1.88 543571  3.08 16719.24 0.00 0.00 51.28 44.62 176.35 15.30 56.60 1051.20 59.86 53.34
19:00 16.07 38.85 2.06 20634.02 233 48060.07 0.00 0.00 52.92 43.43 32.06 17.37 58.42 1087.20 62.01 54.84
20:00 1291 48.10 217 21306.99 1.96 41742.69 0.00 0.00 55.75 42.55 48.10 16.73 59.12 1098.00 62.93 55.31
21:00 11.06 53.64 2.02 16075.82  1.79 28814.66 0.00 0.00 56.84 38.54 96.19 15.97 59.41 1036.80 63.18 55.64
22:00 10.68 55.28 2.09 0.00 218 0.00 0.00 0.00 57.54 32.16 96.19 15.85 58.88 1011.60 62.54 55.23
23:00 9.51 59.64 2.05 0.00 223 0.00 0.00 0.00 57.31 28.03 48.10 15.52 58.54 1006.80 62.31 54.76
0:00 9.21 60.93 2.07 0.00 229 0.00 0.00 0.00 56.95 26.07 128.26 15.15 58.28 1014.00 61.95 54.62
1:00 8.79 61.88 1.89 0.00 220 0.00 0.00 0.00 55.85 24.25 16.03 15.21 57.35 1010.40 60.85 53.85

: 8.22 63.51 1.71 15688.99  1.95 30642.13 0.00 0.00 46.28 22.76 64.13 15.75 56.90 1033.20 60.46 53.34
7.51 65.76 1.52 20191.34 156 31596.82 0.00 0.00 52.93 2297 0.00 18.17 56.35 1039.20 59.86 52.85

: 7.21 67.02 1.50 20200.10 151 30415.72 0.00 0.00 53.71 2321 0.00 16.87 56.42 1048.80 60.09 52.76

- 6.69 68.44 1.30 19892.15 1.44 28590.97 0.00 0.00 54.29 25.82 96.19 14.92 56.55 1057.20 60.13 52.98
6:00 5.57 72.39 1.00 1959296  1.35 26433.05 0.00 0.00 54.13 2273 304.61 14.06 56.76 1030.80 60.14 53.38
7:00 522 74.00 0.97 19606.63  1.30 25526.17 0.00 0.00 54.41 16.39 160.32 14.12 56.81 1066.80 60.10 53.51
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TABLE C.3: 6/ and 7' of July SCADA and HOBO logger data. %
B,
Time Tdb[°C] RH[%] Twb[°C] P_avgHP[W] COP Q_ASHP[W] Q_solar[J]] Q_son[W] AVG Tank Temp [°C] T_solar [°C] User load reading [L] Inlet temp system [°C] T_draw_off [°C] Ringmain reading [L] Ringmain Supply temp [°C] Ringmain_return [°C] ‘ g
8.34 64.88 2.11 12887.30  1.68 21611.31 2058838.47 571.90 54.58 4494 208.42 14.05 57.04 1015.20 60.31 53.78 Q_‘
12.80 53.28 3.51 0.00 255 0.00 5751249.20 1597.57 54.67 78.33 192.38 14.37 56.56 1006.80 59.67 53.44 =.
18.46 34.55 244 0.00 3.08 0.00 8061438.16 2239.29 54.55 75.13 256.51 14.90 56.64 1004.40 59.55 53.73 =
21.53 26.32 138 1419592 3.03 42950.37 8334746.49 2315.21 50.61 80.69 176.35 15.27 57.54 1047.60 60.86 54.22 q
22.77 22.80 0.43 12812.78  2.86 36705.32 8714378.48 2420.66 52.85 81.52 192.38 15.63 59.57 1015.20 62.52 56.61 *
23.15 2091 -0.42 883.08 3.04 2685.88 9748853.98 2708.01 54.60 78.93 208.42 15.76 58.74 1000.80 61.66 55.83
23.56 20.76 -0.18 0.00 3.29 0.00 8386899.91 2329.69 56.39 75.58 192.38 15.79 58.36 1002.00 61.39 55.33 U
23.72 20.96 0.09 0.00 3.37 0.00 6033462.81 1675.96 56.12 7221 208.42 15.69 58.10 1057.20 61.12 55.08 E‘) .
23.33 21.72 0.25 0.00 343 0.00 2467657.63 685.46 54.41 64.92 144.29 15.88 56.83 1018.80 59.41 54.26 \;‘
20.89 27.74 1.52 0.00 326 0.00 0.00 0.00 53.70 50.63 48.10 15.95 55.87 1006.80 58.70 53.04
17.97 33.58 1.71 18079.79  2.65 47976.51 0.00 0.00 48.66 40.83 320.64 15.61 57.45 1005.60 60.74 54.17 [¢)
15.89 38.11 161 2101258 223 46822.55 0.00 0.00 55.11 38.32 112.22 15.42 58.88 1032.00 62.34 55.41 :
13.51 44.29 1.60 5193.72 216 11218.49 0.00 0.00 56.73 32.67 48.10 15.62 58.86 1087.20 62.28 55.44 Q
11.03 51.02 1.28 0.00 232 0.00 0.00 0.00 56.68 25.01 176.35 15.86 58.17 1051.20 61.68 54.66 Qq
9.21 55.78 0.84 0.00 232 0.00 0.00 0.00 56.40 20.49 64.13 15.45 57.86 1010.40 61.40 54.32 '\<
8.00 59.17 0.52 8414.19 215 18120.50 0.00 0.00 50.33 17.61 64.13 15.65 57.31 1014.00 60.80 53.83
6.78 62.64 0.16 19993.17 1.57 31356.38 0.00 0.00 52.36 1591 80.16 15.95 56.54 1009.20 59.69 53.39 g
591 65.83 0.01 19590.85  1.46 28541.02 0.00 0.00 53.13 16.24 48.10 15.70 56.40 1035.60 59.75 53.06 —
5.00 68.37 -0.33 19811.98 1.37 27071.05 0.00 0.00 53.52 16.35 16.03 16.19 56.37 1042.80 59.81 52.94 D
4.28 71.74 -0.36 19850.30  1.28 25431.35 0.00 0.00 53.99 15.36 16.03 17.68 56.47 1052.40 60.02 5291 :
3.70 74.04 -0.49 19951.27 1.21 24177.24 0.00 0.00 54.43 14.21 32.06 16.46 56.60 1062.00 60.17 53.02 8
3.05 76.38 -0.70 20186.89 1.14 22959.13 0.00 0.00 54.84 12.31 80.16 14.92 56.71 1054.80 60.24 53.18
2.66 78.48 -0.70 19760.04 1.11 21924.22 0.00 0.00 54.47 12.47 192.38 14.05 56.62 1006.80 59.97 53.26 Q@
291 77.76 -0.59 19156.43  1.25 23895.73 0.00 0.00 52.04 14.23 320.64 14.08 56.93 1023.60 60.07 53.80 é
5.32 71.04 0.50 19501.97 1.33 26034.84  946516.33 262.92 54.30 32.84 192.38 14.19 56.75 1048.80 60.07 53.42 E
8.50 60.98 1.39 12186.86 1.75 21341.81 7029334.56 1952.59 54.26 97.04 320.64 14.26 57.35 1005.60 60.51 54.19 b-s
11.80 49.72 1.61 0.00 251 0.00 6507644.16 1807.68 54.69 82.45 128.26 14.42 56.80 1006.80 59.69 53.90 —
14.77 39.88 1.24 0.00 276 0.00 7248785.11 2013.55 54.37 76.21 112.22 14.76 56.47 1052.40 59.37 53.56 (¢}
17.31 35.06 1.74 0.00 3.00 0.00 4092764.89 1136.88 53.87 78.61 22445 15.13 56.29 1006.80 58.87 53.71
18.34 31.21 0.99 18566.92  2.69 49950.02  5276244.06 1465.62 49.10 78.13 64.13 15.45 57.80 996.00 61.46 54.14
19.00 24.58 -1.72 16899.15  2.51 42338.15 9532386.06 2647.89 55.50 82.87 22445 15.40 59.54 994.80 62.70 56.39
19.17 22.57 -2.70 0.00 3.03 0.00 4184502.06 1162.36 56.95 75.94 144.29 15.27 58.83 1003.20 61.95 55.72
18.31 23.89 -2.67 0.00 3.10 0.00  665126.49 184.76 56.75 70.14 160.32 15.20 58.42 1034.40 61.75 55.08
16.46 26.63 -2.79 1429195 273 38948.82 0.00 0.00 50.99 46.62 144.29 15.33 58.25 1082.40 61.59 54.90
14.27 3221 -2.11 2104696 2.16 45462.23 0.00 0.00 55.48 39.88 208.42 1517 59.08 1048.80 62.38 55.78
12.32 36.62 -2.08 16901.51  1.98 33475.76 0.00 0.00 57.49 33.81 64.13 15.56 60.23 1008.00 63.91 56.55
10.89 40.39 -2.05 620.07  1.99 1231.82 0.00 0.00 57.92 27.47 32.06 15.80 59.21 1008.00 62.92 55.49
9.07 45.58 -2.08 0.00 223 0.00 0.00 0.00 57.62 22.56 32.06 15.15 58.69 1006.80 62.62 54.77
7.21 52.34 -1.90 0.00 226 0.00 0.00 0.00 57.37 19.61 192.38 14.96 58.67 1010.40 62.37 54.97
6.21 56.01 -1.91 12142.61 210 25517.87 0.00 0.00 46.84 17.52 80.16 14.67 58.43 1035.60 61.44 55.42
487 6143 -1.93 19646.55 1.46 28637.57 0.00 0.00 52.49 14.82 0.00 17.28 56.47 1026.00 59.71 53.22
4.23 66.26 -1.50 19671.72  1.33 26189.86 0.00 0.00 53.63 15.28 16.03 16.35 56.24 1045.20 59.79 52.70
3.54 68.33 -1.75 19875.18  1.25 24805.84 0.00 0.00 54.25 15.64 64.13 15.14 56.41 1051.20 59.92 52.89
2.65 70.59 -2.16 2008227 115 23070.12 0.00 0.00 55.18 19.56 0.00 15.61 56.92 1060.80 60.55 53.29
1.87 72.39 -2.57 20096.17  1.08 21656.49 0.00 0.00 55.50 21.61 16.03 16.16 56.99 1063.20 60.70 53.29
1.26 74.41 -2.79 2012256  1.03 20702.38 0.00 0.00 55.25 19.83 16.03 14.17 56.66 1053.60 60.34 52.99
0.72 75.57 -3.10 19748.56  1.00 19780.22 0.00 0.00 54.92 23.04 96.19 13.39 56.72 1040.40 60.25 53.18
0.86 76.55 -2.80 19749.49  1.00 19772.31 0.00 0.00 54.75 19.90 48.10 13.27 56.43 1038.00 59.86 53.00




Appendix D

HP Manufacturer test data

TABLE D.1: 90 kW] ASHP manufacturer test data

Inlet Temp DB WB Q-heat COP

15 5 -6 43.18 2.46
15 0 -1 50.56 5.78
15 5 4 58.12 3.25
15 10 9 66.42 3.67
15 15 13 74.73 4.22
15 20 15 83.03 4.64
25 5 -6 41.25 2.26
25 0 -1 48.62 2.56
25 5 4 55.8 2.99
25 10 9 64.43 3.37
25 15 13 74.49 3.88
25 20 15 80.54 4.27
35 5 -6 41.88 2.09
35 0 -1 49.13 2.37
35 5 4 56.38 2.76
35 10 9 65.1 3.12
35 15 13 70.24 3.17
35 20 15 78.05 3.48
45 5 -6 40.15 1.84
45 0 -1 47.1 2.09
45 5 4 54.05 2.44
45 10 9 62.44 2.75
45 15 13 70.24 3.17
45 20 15 78.05 3.48
50 5 -6 41.02 1.72
50 0 -1 48.12 1.95
50 5 4 55.21 2.27
50 10 9 65.1 2.57
50 15 13 73.23 2.96
50 20 15 81.37 3.25
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Appendix E

Component library - Simulations

This appendix contains comparison Tables between the Reduced and Detailed simulations as
introduced in Chapter 4.1.1. The general outline of these tables are as follows:

¢ Assumptions - The assumptions that were made are presented.

* Fundamental equations - The fundamental mass, energy and momentum equations are
presented for each component.

* Numerical upwinding - The boundary conditions for the components are specified ac-
cording to the mass flow enforced through the component.

The Appendix have comparison Tables for the following components:
¢ T-piece component (E.1)
¢ Storage vessel component (E.2)
¢ Pipe component (E.3)

SWH Component (E.4)

ASHP component (E.5)
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Appendix E. Component library - Simulations

TABLE E.1: Reduced and detailed 1D model fundamental equations for T-Piece
components.

Reduced 1D model Detailed 1D model

T-piece component

T3 tit3
| Tporf—S
T2 | Tl
- . Ti nternal | = .
— i iy
Tport—z Tport—l
Assumptions
Negligible thermal capacitance. Non-negligible thermal capacitance.
= m(”iz}f—”i) ~0 = m(”igi—”i) 75 0
Negligible density change. Negligible density change.
J d
=L~ =%~
Negligible friction. Negligible friction.
= eriction ~0 = eriction 7’é 0
Through mass flow explicitly defined. Mass flow is a function of pump and friction energy.
= 7i1 = f(Program) = m = f(Wpumpr eriction)

Fundamental Equations

Continuity of mass

Y =0 Xm =0
tity + ritg + itz = 0 ity + ritg + 113 = 0
Continuity of energy
Yrith = 0 w = Yrith — Qconvection
it hy + viphy + mizhy = Zrith tityhy + viphy + mishy = Zrith
Qconvection =0 Qconvection =UA X (Tinternul - Tamb)
Continuity of linear momentum
n/a n/a
Numerical Upwinding | Boundary Conditions
Tportfl =T V 111 >0 Tportfl =T V ;>0
Tporth =T v titp > 0 Tportfz =T v rip >0
Tport—3 =Tz V 1i13>0 Tport—3 =Tz V 1n3>0
Tport—l = Tinternat V1111 <0 Tport—l = Tinternat V1111 <0
Tport—Z = Tinternat V112 <0 Tport—Z = Tinternat V112 <0
Tportf?: = Tinternat V113 <0 Tport73 = Tinternat V113 <0
Inputs
UA m,UA,ay,az,a3, f,1,D
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Appendix E. Component library - Simulations

TABLE E.2: Reduced and detailed 1D model fundamental equations for storage
vessel components.

Reduced 1D model Detailed 1D model

Storage vessel components

Tamb

Moyt My
Tinternai
Assumptions
Non-Negligible thermal capacitance. Non-negligible thermal capacitance.
- m(”igi_”i) £0 - m(”igi—ui) £0
Negligible density change. Negligible density change.
% = %0
ot ot
Non-Negligible pipe friction. Non-negligible pipe friction.
= eriction 7é 0 = eriction 7é 0
Non-Negligible work input from pumps. Non-negligible pump work.
Through mass flow explicitly defined. Mass flow is a function of pump and friction energy.
= m = f(PVOgmm) = m= f(Wpumpr eriction)

Pump curve approximated by 2nd order parabola.
= Hpump = al(%3600)2 + az(%3600) +a3

Fundamental Equations

Continuity of mass

Xm =0 X =0
Miljy = Moyt iy = Moyt
Continuity of energy

(U1 —u; . : (U1 —u; . 2 2 A

% = Xrith — Qconvection ( IE 2 = Xrith — Qconvection — eriction + Wpump

Z}Tl’lh = minhin - mouthout ) Yrith = minhin - mouthout

Qconvection = UA X (Tinternal - Tamb) Qconvection = UA X (Tinternal - Tamb)
Continuity of linear momentum

Mip = mpump—steady—state‘s(a - 1) eriction - ﬁpT X %

Woump = mg(al(%%oo)2 - az(%3600) + a3)

Numerical Upwinding | Boundary Conditions

Tinternal =T V My >0 Tinternar = T2 v Mty >0

Tport =T V my >0 Tport =T V my, >0

Tinternal = T v My <0 Tinternat = T v 1ty < 0

Tport =T V my, <0 Tport =T V my, <0
Inputs

UAtlli’lkl Tamb, min,i/ m UAtank/ Tamb, Tinternal,i/ min,i/ ai,ap,as, f/ [,D,m
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Appendix E. Component library - Simulations

TABLE E.3: Reduced and detailed 1D model fundamental equations for pipe
components.

Reduced 1D model Detailed 1D model

Pipe component

Tamb
T, @[+ T
Moyt Min

Tinternai

Assumptions
Negligible thermal capacitance. Non-negligible thermal capacitance.
= m(”igi—”i) ~0 = m(”igi—”i) 7& 0
Negligible density change. Negligible density change.
= 3—p ~ = % ~0
Negligible pipe friction. Non-negligible pipe friction.
= eriction ~0 = eriction 7é 0
Negligible work input from pumps. Non-negligible pump work.
= Woump = 0 = Woump 70
Through mass flow explicitly defined. Mass flow is a function of pump and friction energy.
= 11 = f(Program) = 1= f(wpump/ eriction)
Advection flow restriction. Pump curve approximated by 2nd order parabola.
= M o = Hpump = a1(%3600)* + a>(%3600) + a3

Fundamental Equations

Continuity of mass

Xm =0 2m =0
My = Mlout My = Moyt
Continuity of energy

. . tit(yi—u; . . . .
Yrith = Qconvection W = Yrith — Qconvection - eriction + Wpump
th = 7’i/lin’/lin — Titouthout i Yrith = minhin — Titouthout
Qconvectian =UA X (Tport - Tumb) Qconvection = UA X (Tinternul - Tumb)

Continuity of linear momentum
Mip = mpump—steudy—stute(s(a - 1) eriction - ﬁpT X %

Wounp = 1i1g (a1 (%23600)? + a5(3600) + a3

Numerical Upwinding | Boundary Conditions

Tport =T V 11y >0 Tinternar = T2 Vo ity >0
Tport =T V 1y, <0 Tport =T V 1y >0
Tinternat = Tv V11, <0
Tport =T, V 1y, <0

Inputs
UApipesz Tambr min,i UApipesr Tambr Tinternal,i/ min,i/ ai,az,as, f/ l/ D/ m
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Appendix E. Component library - Simulations

TABLE E.4: Reduced and detailed 1D model fundamental equations for SWH
components.

Reduced 1D model Detailed 1D model

SWH component

Qsolar

Tsotar Tiiet
Mswly :
Qheat!oss
Assumptions
Non-negligible thermal capacitance. Non-negligible thermal capacitance
= u1+1 ) 750 = M1+1 u;) 750
Neghg1ble density change. Negligible dens1ty change.
= %f ~0 = % ~ 0
Non-negligible pipe friction. Non-negligible pipe friction.
= eriction 7’é 0 = eriction 7£ 0
Through mass flow explicitly defined. Non-negligible pump work.
= 11 = f(Program) = Wpump #0

:> 1 = f(WPMmpr erzctwn)
= Hpump = al( 3600) + llz(m3600) +as

Fundamental Equations

Continuity of mass

Xt =0 Y1 =0
Miljy = Moyt Mljy = Moyt
Continuity of energy

(i =) _ yoan O W i =) oy O O W

ot m Qconvection erzctlon + pump SF m Qconvection erzctzon + pump
th = minhin - 7".70ut‘]/lout‘ . Lith = minhin - mouthout
Qcom)ection = (1 - 77solar) X Irr X Ac Qconvection : (1 - 77solar> X Irr X Ac
Qsolur = Ysolar X Irr X Ac Qsolar = Nsolar X Irr X Ac
A= (Tinlet - Tdb)/Irr A= (Tinlet - Tdb)/Irr
Nsolar = a1A2 + aZA + as Nsolar = a]AZ + a2A + as
Y = msthP( solar — inlet) Yo = msthP( solar — inlet)

Continuity of linear momentum
. . : V2
Miy = mpumpfsteadyfstateé(a - 1) eriction = fllj ,02 X %
mpump—steady—state = f(P”Ogmm) Wpump mg(al(m3600) —+ 1512(7;3600) + 513)
Numerical Upwinding | Boundary Conditions
Tport—l =T V My > 0 Tport—l =Ty V i1, >0
Tport—Z = Tootar V11 >0 Tport—Z = Tsotar V11 >0
Inputs

M, Uinitials Ly, Ac/ Tdb/ Tinlet/ mpump—steady—state M, Uinitial, Ly, Ac; Tdb/ Tinlet/ ai,az,as, f/ Z/ D

154



Appendix E. Component library - Simulations

TABLE E.5: Reduced and detailed 1D model fundamental equations for ASHP

component.
Reduced 1D model Detailed 1D model
ASHP component
ASHP
o |
@ ¢
90 [kw]
Assumptions
Negligible thermal capacitance. Non-negligible thermal capacitance.
= m(“i;}*“i) ~0 = m(“iz}*”i) 7& 0
Negligible density change. Negligible density change.
=20 =% ~0
Negligible pipe friction. Non-negligible pipe friction.
= eriction ~0 = eriction 7& 0
Through mass flow explicitly defined. Mass flow is a function of pump and friction energy.
= 1it = f(Program) = 1 = f(wpump/ eriction)

Fundamental Equations

Continuity of mass

X =20 Y =0
Mliy = Moyt = mhp Miy = Moyt = mhp
Continuity of energy
Qashpfavuilible - f(Tdbr (Pr Tinlet) Qashpfavailible = f(Tdb/ (P/ Tinlet)

. - 1t —u: . . . .
Yaith = Qashpfavailible ( ZE 0 + Xrith = — Qonvection — eriction + Wpump
1t inger + mZhashp = Xrith — ity Rinter + mZhashp = Xrith
Qconvection = 0 Qconvection = UA X (Tintemal - Tamb)

Continuity of linear momentum
o : _ 1PV i

p— _ L. = f-5E «x X

Mip mpumpfsteadyfstateé(a 1) erzctzon D 2 0

Woump = mg(al(%3600)2 - az(%3600) + a3)

Numerical Upwinding | Boundary Conditions

Tportfl =T V 1y >0 Tportfl =T V 17y >0
Tporth =T, V 113>0 Tporth =T, V 11>0
Inputs
Tav, @, Tintets T fixed M, Tap, @, Tintet, UA, £, 1, D, Uinitiat, Trixed
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Appendix F

Runga-Kutte method of lines derivation

F1 Energy flux and PDE

The method discusses the numerical method that was used in the reduced model. Consider
a stationary, non-deforming control volume that encompasses an incompressible fluid. This
layer represents one of the layers in the storage tanks of the hot water system. Furthermore,
assume a coordinate system where the x-axis is in the length of the storage tank. It is assumed
that conduction can only take place by method between the layers of the fluid. The convective
heat transfer losses can only move radially outwards in the layer towards the sidewall of the
storage tank. The conduction between the layers by means of the sidewall is neglected. The
mass flux between these layers are the flow that circulates through the storage tanks system.
The energy terms is thus as follows:

* Conduction losses along the x-axis
¢ Convection losses in the radial direction
* Mass flux along the x-axis

By combining these. the following partial differential equation is obtained:

oT kfluid 0°T 7”.7neti!CPfluid oT hsidewallspperimeter
- —_ o 6T (F.1)
ot PruidCPsuia 0% AwPfidCPfuia 0X  AwPf1uidCP fiuid

aT _ kfluld azT _ mnettcpfluld aT 2h51dgu;glls aT (F 2)

Ot 0p1uidCPf1uid 0%2  AwPsiuidCPfuia 0X 0 f1uiaCPp fiuia O

Where A, = mR? and Pyerimeter = 27R. The above-mentioned PDE is a mixed problem as
the dependant variable T is partially dependant in both time and spatial parameters. Which
further complicates the matter is that the spatial dependence is both of first and second-degree
significance. The origin of this PDE will be illustrated by first observing the diffusion com-
ponent and then the advection component of the PDE. Furthermore, from heat transfer, if one
observes a control volume of dimensions dx, dy and dz respectively. With the differential areas
of this control volume to be of the same size. If we assume that heat transfer can only take place
via conduction to the control volume then from Reynolds Theorem, we can write the energy
equation for this control volume as:

aT . -
pCp—rdxdydz =) Qin — ) Qout (E3)
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Appendix F. Runga-Kutte method of lines derivation

Y Qin=gx+aqy+4: (F4)

By using the Taylor expansion for the velocity term, the following equation was obtained.

. i ? :
ZQout = ( aaixdx) (CIy qydy) (CIz %izdz)
pCp Ldxdydz = —a&dx — aqy dy — aqz dz

Then Fouriers laws state that the energy form of conduction heat rate for a isotropic material
can be expressed as:

oT

Jx = —kdydza— (F5)
oT
qy = —kdxdz@ (F.6)
g = —kdxdygT (E7)
The second order conductive terms is thus obtained:
or o 0T d oT d . 0T
PCrop = =3 (k50) = @( @) — (k=) (E8)

From the former it can clearly be seen that the rate of heat conduction through the medium is
second degree dependence on spatial parameters. This concludes the derivation of the diffu-
sion term of the PDE. For the mass flux the same rationale can be followed. If one assumes
that energy can only be transferred via mass flux in the x-direction then the following can be
obtained:

Win (0 f1uidCP fruia) (Tin ) AYdz — tiout (0 p1uiaCP fruia) (Tour) YAz = 0 14iaCP fruia eV
(t4in Tin — tout Tout) (0 p1uiaCP fruia)Aydz = (0 1uiaCp pruia) 3y dxdydz
(uxTx — txsox Terox) (0 f1uidCP fruia)4ydz = (0 f1uiaCP piuia) S dxdydz
(uxTx — (ux + 34dx) (T + $£d%)) (0 f10iaCP fruia) Az = (0 10iaCP fruia ) 3 dxdydz
% 0% 02 02 A
T dx ' x 7 9x 7 dx
(T — (T + 55dx))tux (0 f10iaCP fruia) dydz = (szdePﬂmd) Srdxdydz
(gxd )mnett(cpflmd) (Pfluwlcpfluzd) of dXdde

B mn@tt(cpfluid) al _al
Aaw (0 f1uiaCp fiuia) "0x " 0t

(F9)

It was assumed that the control volume was of small enough infinitesimal small size that the
change in speed and mass flow is of the first-order Taylor expression. Furthermore, the fluid
is assumed to be incompressible with the mass flux flowing is equal to the mass flux that is
flowing out. This concludes the derivation of the advection term of the PDE.

E2 Method of lines

The PDE describing the process has been formulated. The focus will now fall on how to solve
this equation. The method of lines methodology was employed to help solve these equations.
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Appendix F. Runga-Kutte method of lines derivation

The former technique entails using finite difference approximations for partial derivative terms
in all variables except one. The former is left continuous and a weak formulation of the orig-
inal problem is obtained in the form of an ODE. This can then be solved using the techniques
derived for the numerical solving of ODEs from literature.

It is assumed that the problem has continuous partial derivatives in the variable space to the
power of three. It is further assumed that the problem can be expressed by the famous Taylor
power series from Calculus. A grid has to be established for this method. In the direction of
flow, the system is subdivided into m discrete layers along the pipes and tanks. The step size is
further defined as i = I/m where I defines the length of the tank/pipe system. Furthermore,
a time step of k is selected. The grid for this system is thus defined as (x;,t;,7x), where the
variable x; is defined as x; = ih, further with i = 0,1, ..., m, and the time-step defined as ti = jk
with j = 0,1,2,.... The pipe is furthermore divided into various concentric cylinders. Thus a
number n > 0 exists whereas the radius of the h'" layer is defined as R. The h’ layer is also
divided into n concentric circles where the radius of these circles are defined as:r, = mk with
m = R/nand k = 0,1, ...n. . The Taylor series is used and is defined as:

fa = Y @ gy (E10)
n=0 n:
@ =@+ L e+ L0 map s L ap @y

A function T (x;, t;) is to be approximated that describes the change in temperature in the fluid
system due to fluid location (x;) and time (¢;). The difference method is used using the above
series in the variable t to obtain the following difference quotient:

al(x. t') o T(xi, t]' +k) — T(xi,t]') B kazT(xi,yj)
ot vy k 2 o2

(F.12)

Where as y; € (t,t;1) and thus the Taylor series in x is used to form the difference quotient in
the spatial parameters x; as:

aiT( ) = T(x;+h,t;) — 2T (x;, t;) + T(x; — I, t;) - h:w
ox2 ) 12 12 oxt

(F.13)

Whereas ¢; € (x;_1,xi+1). The same can be done for the first-order difference coefficient in the
spatial parameter r and x:

oT _ T(rk—l—m, t]') — T(T’k, t]) ma2T(17, t])
ar e ti) = m T2 o (F14)
oT - T(xi +h, t]) — T(xi, t]) haZT<g, t]>
3 () = 7 "2 e (F19)

The same is done for the time parameter and, thus, the following difference coefficient is ob-
tained:
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Appendix F. Runga-Kutte method of lines derivation

aT&t)_TQMﬁ%y—Hm@)_kyﬂgm
ot k 2 o2

(F.16)

Whereas #; € (r;,7i41) and {; € (x4, xi+1). Neglecting the higher-order Taylor terms an ap-
proximation to the partial derivatives can be obtained. Thus the original PDE describing the
temperature in the fluid element can be rewritten as:

T(xj, tj+k) = T(x; t}) B kf1uia T(x;+ht) —2T(x;,t;) + T(x; — h,t}) tinettCPpiia  T(xi +hty) — T(x;,t}) N gigewatts LUk T mt) = T(rg,t;)
k

B Pﬂuidcpﬂmd h? All/pfluidcpfluid h Pflmdcpflmd m )

(F17)

It is assumed that the ambient temperature can be expressed by the function T, that represents
the ambient temperature conditions at time-step j and is expressed as:

Tamp = Ta(tj)
Vi>=0

Moreover, the size of the grid will be chosen as such that the former difference quotient in
parameter r reduces to the difference between the bulk fluid temperature and the dry-bulb
ambient temperature around the pipe or tank system.

T(?’k +m, t]) — T(?’k, t]) N Ta(t]') — Tomp
m - R

(F.18)

Thus the difference quotient form of the original PDE for the temperature in a fluid layer can
be expressed as:

T(xititk) =T(xiti) _ Kpuia (T(xﬁ’hrtj)*ZT(x[/tj)+T(xi7h/tj)) et Cppiuia (T(xi+hrtj)*T(xirtj)) 4
k 0 f1uid TP fluid h? AwP fuid CP fluid h
hsidewallspperimeter i
Awpfluidcpfluid (Tu (t]) Tamb)
T(x;,tj+k)—T(x;,t)) T(xi4h,t;)—2T (%)) +T(x;i—h,t;) ,
Awh r1idCppruia—" = = Kfuia Aw—— : : — 110t CP pruia (T (x; +

h
h, tj) —T(x;,t )) + mzncpflmd( (xi —h, tj) — T(x;, t )) + hszdewullspperzmeter(T(xz/ ) — Ta(t ))

Because the control volumes are of the same size we can divide by the step-size h. The former
PDE has now been reduced into a ODE expression. This equation can also be expressed in the

enthalpy form where as h; ; = T(x;, t;):
h it k)—h it T(x; h,t' —2T i,t‘ T i—h,i" .
melementw = kfluidAw Lothty) (i JrTx ) _ mout( (xz +h, t; ) (xu )) +

ity (h(x; — h, tj) — h(x;,t )) + hszdewallspperzmeter(T(xz/ i) — ( )
h(x;ti+k)—h(x;t; 1+ht

melementw = kfluz‘dAwW + kf usz % Moy t(h(

h, tj) - h(xz/ )) + mm(h( ;—h, t') - h(xl/ )) + hszdewallspperzmeter( (XZ, ]) u(
t

ht; T(x;,
Mﬁ”*“:hWh?+mmJMmA‘gi%gLJ+Mmﬁ‘L4%4ﬁi
mout(h(xi + h/ t]) - h(xu )) =+ mm(h( h tj ) h(xl/ )) + h51dzwullspper1meter(T(xu t]) Ta(t]‘))]
3
ar ~ 0
ety Tl T(xohiy)-T
ithti)—T(xitj i—htj) = T(xit;

h(x;, ti+ k) = h(x;, t]-) + mdemm[ fluszwW + K fruiaAw W _

titout (M (x; + h, tj)) + 1ty (h(x; — B, t; )) + hsidewallspperimeter(T(xzr ) — Ta(t ))]

This equation can be integrated to obtain the temperature in the next time-step using general
numerical methods that have been developed for ODE methods.
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Appendix F. Runga-Kutte method of lines derivation

E3 Runga-Kutte

In the reduced model the fourth order Runga-Kutte method is employed. The ODE that was
derived in the former section is applicable to a single component. To solve the fluid proper-
ties throughout the whole system the Runga-Kutte method for systems have to be used. It is
noteworthy that the derived ODE of the former section is an autonomous ODE (' = y(t)). A
non-autonomous ODE is explicitly defined by a time parameter ¢ or is of the form iy’ = y(t) +¢.
The general expression for this method can be written as:

y(xo) = Yo
ky = hf (xn, Yn)
k2 = hf<xn + %h;yn + %kl)
k3 = hf(xn + %h,yn + %kZ)
k4 = hf(xn + h, Yn + k3)
Vn=0,1,2,..,n—1

The derived ODE can be rewritten in the RK format as follows:

ki = [k fruia Aw w + K fruia Aw T(xiih'tjliiT(x"'t") — titout(h(x; + b, t;)) +

mm (h( i — h t)) + hsidewallspperimeter(T(xzz ) Ta( ))]
( (xi+h/tj)+0'5k1i+h,j/temp) (T( )+0 5k11//temp)
h

melement

k2i’j Melement [kfluldA +

(T(Xi—h,tj)+0.5kll h]/tgmp) (T( )+0.5k1i,j/temp) o mout(h(xi + h/ t]) + 05k]1+h,]) + min (h(xi _

h
h, t]) +0.5kq; hj) + hsidewallspperimeter((T(xi/ t]) + O-Skli,j/temp) - Ta(tj))]
k3i,j T— [kfluldA ( (xi+hrtj)+O'5k1i+h,j/tpm]/;:)_(T(xi/t]')+0~5k2i,j/temp) +

(T (xi—Itj)+0.5k5ipjtemp) = (T (xitj)+0.5k1 i jremp) titout (h(x; + 1, t]-) + 0_5k2i+h].) + 1t (h (x; —

h
h, t]) + 0-5k2i h]) + hsidewallspperimeter((T(xi/ t]) =+ 0-5k2i,j/temp) - Ta(tj))]
(T(xi+ht)) +ksign j/iemp) = (T(xXit))tkai i temp) 4

h

kfluidAw

k f1uia Aw

k4i’j meleent [kfluZdAw
(T(xi*h,t]')Jrksifh//nm;;) (T(xitj) +ksij/temp) mout(h(xi 1h, t]) + k3i+h,j) + it (h(xl- —n, t]) +
k3ifh,j) + hsidewallspperimeter((T(xi/ t]) + k3i,j/temp) - Ta(t]))]
As the reduced model used in EES explicitly describes the time evolution of the enthalpy term;

a expression for the temperature terms had to be defined. This was also necessary as to be used
in the conductive and convective terms of the energy equation in the RK formulation.

kfluidAw

kl—tempemture = f(kl) (F19)
kli,j/temp = f(h(xn j— 1) + (0 5 x klz;)) (F.ZO)
ki j/temp = f(h(xi, ti1) + (0.5 X k; j)) (F21)
kaij/temp = f(h(xi tj-1) + kai j) (F.22)
The next time-step enthalpy can be calculated from:
1
kiijer = kaij + g (ki + 22+ 2ks + ka) (F.23)
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Appendix G

Fundamental equation derivation -
Simulations

The thermo-hydraulic simulation consists of various components, each having a set of equa-
tions that govern fluid flow. Some fundamentals equations are often shared between the vari-
ous components. Accordingly, a particular case was observed to derive these basic equations.
In this section, Newtons’ second law of motion (conservation of linear momentum), the first
law of thermodynamics (conservation of energy) along with the conservation of mass will be
used to derive the basic equations for the reduced and detailed simulations. Conservation of
species will be neglected for the purposes of this study.

Consider a stationary, non-deforming control volume that partially encompasses an incom-
pressible fluid at first (Figure G.1). Consider this same infinitesimally small control volume
to be filling up due to mass fluxes. Finally assume the dimensions of this control volume to
be dx, dy and dz respectively with the former dimensions all of the same magnitude. The ve-
locity components of mass flowing through this control volume is defined as u,v and w in the
x, y and z directions respectively. With the control volume defined; the conservation of mass,
energy and momentum will be discussed in the following sections.

G.0.1 Conservation of mass

The mass has to be conserved in the control volume. Thus, an expression is derived for the
mass accumulation in the control volume. The control volume (dV) is fixed, so the change in
density (p,) of the control volume should express the change in mass. An incompressible fluid
is observed; thus, the fluid properties such as the density of the fluid (o;,;;) remains constant:

0 fruid
or

0 (G.1)

However, as mass fluxes flow into the control volume (due to it only partially encompassing
the fluid), the density of the control volume (p.,) changes. Thus ag;’” is not necessarily equal

to zero. One can approximate the change in density of the control volume (% [, pdVey ) as
follows:

a a cv .
- /C ey = B x8y6z = Titn (G2)
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“l:: Fldxf2z) = U + o T

du dx

“l:.' (frf2y = U — 7 ......................................... —

X

dx

FIGURE G.1: An stationary, non-deforming control volume that encompasses
partially an incompressible fluid at first and is of infinitesimally small size.

The mass flux (Xri1,e) through the control volume can be obtained by assuming a constant
linear acceleration of the fluid through the control volume (Figure G.2). In other words the
Taylor expression of the velocity in the x direction is used and the higher order therms are
neglected to obtain the following:

au(Lx

u|x+((5x/2) =u-+ % 2 (G.3)
ou 6x
u|x—(5x/2) =u- FTY (G4)

By multiplying Equations G.3 and G.4 by the fluid density (0f1,i4) and differential area (normal
to which the fluid is flowing through), one obtains the following velocity equations:

ousd
il (sx2) (00902) = (u(pdydz)) + (5= 5 (p0yoz) (G5)

ousd
uly—(sey2) (00y92) = (u(pdydz)) — (5= - (poyoz)) (G6)

Subtracting Equations G.5 and G.6 above one can obtain a expression for the net mass flux in
the x direction:

Ju ox Ju
U]+ (6x/2) (POYO2) = tt]x—(52/2) (POY02) = (u(pdydz)) + (5 -7 (pdydz)) — (u(pdyéz)) — (5= (pdydz))

apfluidu . ou ox ou ox
oy 0x0yoz = (u(pdyéz)) + (5-— (pdyoz)) — (u(pdydz)) — (5 == (pdysz))  (G8)
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pu

FIGURE G.2: Graphical representation of Taylor expression for fluid flow velocity
through the control volume.

By applying the same methodology in the y and z directions, respectively, the following can be
obtained:

Jv o v o

d ui
Pl s 5y6z = (0(p6x62)) + (ayzy(péx&z)) — (v(p6x6z)) — (ayzy(péxéz)) (G9)

Iy

apfluidw B ow 6z ow 0z
5, 0x0ydz = (w(pdydx)) + (5= (pdydz)) — (w(pdydx)) — (5= (pdxdy))  (G.10)

As stated before the change in control volume density (p.,) can only be attributed to the mass
flux (Zrityert) moving through the partially filled control volume. The change in fluid density’
(Pfiuia) is zero. By adding the mass flux equations in all three directions (Equations G.8, G.9
and G.10) and the temporal change in mass term (Equation G.2); the following equation was
obtained:

dpco 90 fluiak 90 fluidV 90 fluidW
o oxoydz + o oxoydz + 3y oxdydz + 3z

oxoyéz =0 (G.11)

By assuming all surfaces of the control volume to have the same differential area (dA), then
one can rewrite Equation G.11 to:

90 flui 90 f1ui 90 f1ui
apcvvw+ Priuialt s 1a PﬂudU(SydAJr 0 fluidW

- o 5 S —ozdA =0 (G.12)

IThe system fluid density (o fiuig) includes the density of the fluid mass fluxes crossing the control volume
boundaries and the control volume content.
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Weoy (O sxan + Psyan + 2©

ot ox dy 5, 02d4) X pf1uia = 0 (G.13)

It can be recognised from Figure G.2 and Equation G.13, that the average linear acceleration (%)
times the axial distance in which the average velocity travels (6x) in the differential volume,
results into the average speed of that component through the control volume (usperage). In
symbolic terms:

ou
axéx = Unperage (G.14)
dv
ayé]/ = Uaverage (G.15)
ow
gé‘z = ’(/Uavgrage (G.16)

Thus the accumulation of mass (ag%vw) in the control volume is dependant on the average flow
rate of the various velocity components normal to the control surfaces of the control volume:

)
%V(ZU + (uaverage + Uayeyagg + wavemge) X pfluzddA = O (617)

Define the net average volumetric flow rate in the x, y and z directions normal to the respective
control surfaces as Qy, Qy and Q..

) . . .
%vcv + (Qx + Qy + Qz) X Pfluid = 0 (G.18)

. C s . 90 f1ui
It is assumed that the fluid is incompressible (% ~ 0), and all of the system components are

encompassing the fluid fully with no component partially filled (agf’ cw & 0). For this system

and simulation, it can be concluded that the system and control volume densities are the same
(Oco = Pf1uia)- Under these assumptions, Equation G.21 can be rewritten to give the mass fluxes
as:

Zmin - Zmout =0 (G-ZO)
As a final validation, by dividing Equation G.12 with the control volume (V.,) the differential

form of the continuity equation or the continuity of mass of the Navier-Stokes equations can be
obtained:

Pco |, O0fiuidh | OPfluidV | OPfluidW
ot " ox oy ez 0 (G2
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G.0.2 Conservation of energy

Reynolds theorem for control volumes supports the finite difference methodology showcased
above and, thus, the same can be done for the rate of energy (%) change in a fixed, non-
deforming control volume:

D d
ﬁ/epdvsys = g/epde +/epV-ndA (G.22)

From the first law of Thermodynamics energy can only change form and have to be conserved.
The above equation states that the rate of change in energy of a system (5; [ epdvsys), must be
equal to the sum of the rate of change of energy in the control volume (% [ epd¥.,), and the net

rate at which energy leaves and enters the control volume through its surfaces ([ ¢pV - nd A).

The 2 [ epd¥,,; term of Equation G.22 refers to energy additions taking place by method of
heat transfer or work done by the system or on the system. Thus this term can be rewritten as:

D : . , .
ﬁ /Edvsys = (Z Qin - ZQout)sys + (Z Win - Zwout)sys (G23)

However, in this case study, no work is done on the system or by the system. Energy is mainly
transferred through heat transfer. In the detailed simulation, however, the work performed on
the fluid by the pumps (Wymps) are taken into account. Although in both detailed and reduced
simulations, the energy is transferred mainly by conduction and convective heat transfer. Fi-
nally, energy addition is mainly taking place utilizing the ASHP and to a lesser extent, the

SWH. Thus for the reduced simulation:

(Z Qin - Z Qout)sys = Z Qconvective + Z Qconductive (G.24)

Consequently, for the detailed simulation:

(Z Qin - Z Qout)sys + Z Wpumps = Z Qconvective + Z Qconductive + Z eriction + Z Wpumps
(G.25)

In Equation G.22, % [ ed¥e, refers to the rate of energy added to the control volume. Ther-
mal capacitance was neglected (% [ edV¢, = 0) for components with high mass flow rates and
small volumes in the reduced simulation. Mostly on the various pipe control volumes. This
was mainly assumed as the smallest volume in a simulation generally restricts the maximum
numerical time step. Consequently, slowing down simulation times. Furthermore, the capac-
itance of these components is relatively low when compared to the sensible storage vessels.
These components will be referred to as quasi-steady.

The reduced simulation does, however, take into account the thermal capacitance of the large
storage vessels. In the detailed simulation that was developed, all components have thermal
capacitance, and the thermal capacitance was never assumed as zero.

The final term in Equation G.22, refers to the energy fluxes crossing the control volume. Thus
for all of the components in both simulations; the nett energy flux can be expressed as the
energy times the average mass flow crossing the system control surfaces:
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/eV -ndA = Zmouteout — Zminein (G.26)

Elevation energy is ignored in the reduced and detailed simulations, and it was consequently
assumed that the energy could be approximated by the total enthalpy:

e=u+Po+V?/2+gz (G.27)
ex~xh+V?/2=hy (G.28)

From classical Thermodynamics, enthalpy can be expressed as the internal energy plus the
pressure energy. Whereas the pressure energy refers to total pressure energy:

h=u+ Po (G.29)

Thus to conclude, for components with thermal capacitance in the reduced simulation; the
energy equation in Euler integrand form reduces to:

hig1—h

Z Qconvective + Z Qconductive = 5t ivcv + (2 outCout — Z minein) (G-SO)

In the detail simulation, the work exercised by pumps are taken into account, and Equation
G.30 is rewritten as:

hit1 — h;

Z Qconvective + Z Qconductive + Z eriction + Z Wpumps = 5t

vcv + (Z 7'iflout‘eout - Z minein)
(G.31)

For quasi-steady components in the reduced simulation, the energy equation reduces to:

Z Qconvective + Z Qconductive = (Z Tlouteout — Z inCin ) (G.32)

G.0.3 Conservation of linear momentum

Mass and energy equations have been linked in the previous paragraphs; an expression is to
be obtained for the drop in pressure energy of the enthalpy term. This expression will only be
required for the detailed simulations, as the reduced model explicitly enforces mass flows in
the various branches.

The linear momentum equation will be critical to determine the flow distribution in the pipe
network by establishing a relationship between continuity of linear momentum, mass and en-
ergy. If a small mass particle pdV is observed, then the linear momentum for this particle can be
expressed as VpdV. If the same control volume approach is followed for the linear momentum,
then the following equation from Reynolds theorem is obtained:

D 9
e / Vpdd,,, = = / Vpdv., + / VpV - ndA (G.33)

Combining Equation G.33 with Newton’s law of motion, the following is obtained:
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D
o / VodV,,, = Y Fys (G34)

Equation G.34 is divided into surface and body forces. In this study, body forces such as grav-
ity are neglected. Surface forces on the control volume are inertial, non-deforming and can be
approximated as steady flow. The assumption is that the change in linear momentum is not of
significant difference between the various time steps. Thus phenomenon such as water ham-
mer is neglected. Also, the control volumes of most of the pipes do not change in diameter
significantly as to allow for momentum to accumulate in these control volumes significantly
when the flowrate changes. Furthermore, the study focuses on incompressible flow. Thus it is
assumed that the change in linear momentum of the control volume can be expressed as:

;t / Vpdv, ~ 0 (G.35)

Consequently, Equation G.33 reduces to the change in momentum fluxes over the various con-
trol surfaces:

[ VoV nda = YV (G.36)

Under the assumptions of the previous paragraphs and Equations G.34, G.35 and G.36; Equa-
tion G.33 reduces to:

Y Fys =Y mV (G.37)

External forces (3 Fsys) includes wall shear stresses and the forces of the component wall on
the fluid element. As the developed simulation will mostly deal with hydrodynamic problems,
the focus will fall on flow within pipes. The detailed simulation takes the friction forces into
account that offers resistance in the various pipes. The reduced model does not take these into
account as the mass flow in the network is defined in an explicit manner. Thus from Equation
G.37, the following is obtained:

Ry + pindA - PoutdA = 1i1in Vin — Mout Vout (G.38)
under the assumptions of a,%# ~0
|: Vin = Vout
Equation G.38 reduces to
Ry + pindA — pourdA =0 (G.39)

The total pressure is quantified as p = p, +1/20V?. R, in Equation G.39 refers to the shear
stresses incurred on the fluid. Reynolds theorem (as a control volume approach) only estab-
lishes that such a force exist but does not aid in quantifying this force. The assumptions in
the following paragraph will lead to an expression that can be used to calculate the resistance
force.

Consider the viscous flow through a horizontal circular tube with radius (R) Figure G.3. Fur-
thermore, it is assumed that the flow is parallel to the pipe walls with v, = 0 and vy = 0.
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FIGURE G.3: A differential annular ring in a pipe.

Also, it is assumed that the flow is asymmetric steady and that the flow velocity (v;) in the
z-direction is independent of ¢ and 6 so that the velocity of the flow is only a function of the
radial coordinate on the flow v, = f(r). Thus from the famous Navier-Stokes equations for
cylindrical polar coordinates in the r direction, that can be written as:

(%_’_0%4_@%_254_0%)—_%_}_ + (li(y«%)_ﬂ_'_l@_g%_’_azvr)
o T T T T T o RTINS T T 200 T 290 T a2
(G.40)
From the assumptions expressed in the former paragraph, Equation G.40 reduces to:
1 z
0= 9 ,d2,0, (G.41)

0z ror or

One can assume that for a given length of pipe (L) that the pressure drop (g—Z) is constant. Thus
Equation G.41 is integrated twice to obtain the following two equations:

do: _ 1 9p,
"o T Zy(azr J+a (42
_ 1 9p >
z = @(E)” +eciln(r) +c2 (G.43)

The shape op the velocity profile is dependant on the constants of integration c; and c;. With
the boundary conditions chosen the flow (Q) through a pipe can be determined by multiplying
the averaged flow velocity (Vierage) and the flow area (A). It can be shown from the former two
equations and dimensional analyses that:

f=ApD*

Q= AVavemge = }ll

(G.44)

Where C has been determined theoretically and experimentally for selected geometry. Rewrit-
ing Equation G.44 into the famous Darcy-Weisbach form Equation G.33 under the assumptions
made reduces to:

1 V2
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[ pV?
By coupling, Equation G.46 with the conservation of energy (Equation G.31) and mass equa-
tion (Equation G.20) the flow distribution in the pipe network can be determined. The energy
expended in the friction flow (Qjyiction) Of a pipe forms part of the rate of energy added to the

control volume term (% f epdV,, ), and can be expressed as:

sys )

. Apm

eriction = Z (G.47)
. I pVZ 1t
Qfriction = f = X — (G.48)

Equation G.48, in effect, implies that pressure differences move at the speed of sound. Thus fric-
tion losses incurred reduces the pressure energy. Mechanical work exerted on the fluid by the
method of centrifugal pumps rises this energy to combat the friction losses and consequently
pressure term in enthalpy. Considering it can be assumed that the fluid is incompressible, the
specific volume does not change (avg# ~ 0). Thus mechanical work leads to a relatively large
change in pressure energy (Pv) rather than internal energy in the fluid enthalpy. Leading to the
mathematical coupling between mass, momentum and energy equations. The main equations
derived from this section are listed in Table G.1. The difference between the reduced and de-
tailed simulation also is easily illustrated from this table (G.1). With the fundamental equations
and assumptions discussed, the focus will shift to the implementation of these equations in the
following sections.

TABLE G.1: Reduced and detailed 1D model fundamental continuity equations.

Reduced 1D model Detailed 1D model
Continuity of mass

0 =Y ritin — Zmoutj 0 =) ritin — Zmoutj
Continuity of energy

Quasi-steady components: All components

Zminez:n - quuteout Z minein‘_ Zmoutegut + % f.epde

= (E Qin - Z Qout)sys = (Z Qin - Z Qout)sys + Wpump - eriction

For tank components:
Zminez:n - ZmQLtteout + % f E,dew
=(EQmn—X Qout)sys

Continuity of linear momentum

Energy expression
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TABLE G.2: Reduced and detailed 1D model fundamental equations of compo-

nents.

Reduced 1D model Detailed 1D model

Pipe component
m(”igi_”i) %.0 ”1+1 i) 75 0
= Xrith = Qconvection ) = W = Xrith — Qheatloss
m(u,-_giru,-) = Yrith — Qconvection - eriction + Wpump

Storage tank component
hig1—hi . i1~ Ui . -

% = Xrith + 2. Qheatloss . w = Xrith + Z‘Q.heai‘loss
X Qheatioss = X Qconvection 2 Qneatloss = LQconvection — Zericl‘ion

Pump component
mpump—steady—state =b Wpump = mg(ﬂ1(%3600)2 + 52(%3600) + a3)

mpump = mpumpfsteadyfstateé(a — 1)

Heat Pump component

mhp = mpump—steady—state Whp—pump = mhpg(al(%3600)2 + ‘ZZ(%?&OO) + 03)
Qashpfavuilible = f(Tdbz ¢, mlet) Qashp availible = f(Tdb/ ¢, inlet)
Qashp availible — mhpcp(szxed Tinlet) Lrith = mhpcp(Tflxed Tinlet)
Z|‘Qashp availible — Qashp availible Z‘QHP - Qashp availible 1 Whp pump erzction
%%O erzctlon—fDTXF
Yrith = Qashpfuvailible w = Xrith + QHP — Qheatloss
T-piece component
W ~0 erzctlon ~0
Qheat—loss ~0 w + Xrith = Z‘Qheai‘loss
Ymh =0
Solar water heater component
A = f(L, Tav, Tintet) A = f(L, Tap, Tintet)
Usolar = alAz + lle + a3 ﬂgolur = alA2 + ‘ZZA + a3
Qsolar = Nsolar X Iy X A ) Qsolur = Wsolar X Iy X Ac
Qheatloss = ( Wsolur) X Irr X Ac Qheatloss = ( 7’/501111’) X Irr X AC
Yrith = msthP( solar — Tinlet) . Yrith = msthP( solar — Tinlet)
Mpump = mpumpfsteadyfsmteé(a —-1) Wswhfpump mszuhg(al(mswh 3600) + ﬂ2(m;)wh 3600) + a3)
W = Xrith — Qheatloss + Qsolar W = Xrith — Qheatloss + Qsolar + Wswh—pump
Extra restrictions

Y =20 Y =0
Yrth =0 Yrith =0
n/a XAp =0
Runge-Kutte MOL solver Euler solver
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ASHP Regression Model

This appendix will illustrate the derivation of the ASHP regression equation employed in the
1%t law energy balance and the simulation programs developed in the study. The appendix is
divided into the following sections:

¢ The system-level analyses on heat pumps are presented, and the determination of inde-
pendent variables influencing system performance (H.1).

¢ The psychrometric analyses on relative humidity and its impact on ASHP performance
are discussed(H.2).

* The statistical analyses on the proposed regression equation for the coefficient of perfor-
mance is presented (IH.3).

* The statistical analyses on the proposed regression equation for electrical consumption is
presented (H.4).

H.1 Basic principles of the ASHP

The fundamental workings of the ASHP will be presented to showcase the main factors influ-
encing ASHP performance. From the third law of thermodynamics, the entropy of a system is
minimum at absolute zero. From this, it can be noted that the possibility to extract energy from
air is theoretically possible for all temperatures above absolute zero. However, this is hindered
by the practical limitations imposed by heat transfer and boundary conditions near the source
and sink of the heat pump. Heatpumps, using the second law of thermodynamics, uses work
input to transport energy by the method of heat transfer in the direction of opposing thermal
gradient.

The ASHP works on the principles of utilising the latent heat and phase change properties
of a refrigerant to transport heat between two spatial locations. The main components of an
ASHP are the compressor, evaporator, condenser and capillary tube. Figure H.1 illustrates
the typical vapour compression cycle employed in ASHP’s with an accompanying typical T-s
diagram. The condenser is connected to the cycle sink (points 3 and 4) and the evaporator to
the cycle heat source (points 7 and 8). The refrigerant is at low pressure and temperature in
the evaporator. (points 6 and 7). This consequently ensures that the relative warmer ambient
air heats the refrigerant in the evaporator to superheated vapour (points 8 and 1) due to the
favourable heat gradient. A compressor compresses the vapour to a higher operating pressure
(point 2). The higher operating pressure in the condenser allows the higher specific volume of
the refrigerant to create a favourable temperature gradient to the heat sink of the cycle. It was
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allowing heat to be extracted from the sink to the source (points 3 and 4). The pressure at the
outlet of the condenser has to be reduced to match the evaporator pressure (points 5 and 6) to
create a closed cycle. A capillary tube is thus employed that creates a pressure drop, and due to
irreversibility, the refrigerant enters at a higher entropy (points 6 and 7). For the ideal cycle, the
HP is characterised mainly by the discharge pressure of the compressor and the heat transfer
characteristics between the evaporator and the cold space.

The ASHP used in this study was designed to deliver a fixed outlet temperature. By utilising a
system-level approach, it can be noted that the heat pump performance will be highly determi-
nate on the heat source and sink conditions (Carnot efficiency). This will depend on the mass
flow and thermal properties of the refrigerant and ambient air. Psychrometrics help illustrates
the impact of relative humidity on heat pump performance and its eventual inclusion in the
regression model. Thus from this section, one can conclude that for a specific heat pump, the
following factors will impact the performance of the machine:

¢ Psychrometrics (Ty,, RH) thus (Points 7 and 8)
¢ Inlet water temp (Tj,.) thus (Point 3 and 4)

The dry and wet bulb conditions determine the available enthalpy at the source (evaporator).
Furthermore, the inlet water conditions determine the system conditions at the sink (con-
denser). The following section will aid in explaining the impact of relative humidity on the
available energy to an ASHP cycle.
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FIGURE H.1: Basic ASHP system schematic with typical T-s diagram.

H.2 Psychrometry and the evaporator of the ASHP

The properties of ambient air are dependant on the dry and wet bulb temperatures along with
the atmospheric pressures. For a single installation, the atmospheric pressure can be assumed
constant. Therefore the dry and wet bulb temperatures will influence the thermal characteris-
tics of the air and the ease at which the energy is to be extracted. Using Dalton’s law of ideal
gas mixtures and the concept of partial pressures one, can rewrite the energy equation for a
fixed volume of ambient air as:

m X hyiy = (ma X ha) + (mv X hv) (H.1)
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=ho=f(T =Ty, P=P,)
=hy=f(x=1,P=P,)

The relative humidity (¢) is given as the ratio of the mole fraction of vapour in the mixture to
the mole fraction of vapour in a saturated mixture at the same temperature:

B, = By(:5) (H2)

Whereas the various partial pressures are given by:
Pv = f(T = Tdb,x = 1)
P, = Patw — Py (H.3)

Which leads to the humidity ratio (w) defined as the ratio of water mass to vapour mass in the
gas-vapour mixture and the consequent equivalent enthalpy of the gas-vapour mixture:

Mwwater X Pv

_ H.4

v MWgir X Py ( )
wXhy)+h

By = (wj_)lu (H.5)

From the above analyses, it can quickly be recognised that the enthalpy of the gas-vapour mix-
ture increases as the dry bulb temperature (T;,) and consequently enthalpy of the dry air in-
creases (h,;). With the increase in relative humidity (¢), the enthalpy of the gas-vapour mixture
at the evaporator of the heat pump increases. Nevertheless, higher enthalpy at the evaporator
does not guarantee increased performance as the energy has to be transferred to the evaporator
by heat transfer.

Three types of heat transfer conditions can manifest at the evaporator of an ASHP unit based
on the ambient dry bulb temperature, relative humidity, atmospheric pressure and evaporator
temperature:

¢ Frosting
¢ Condensation
* Dry air heat transfer

The influence of these parameters on ASHP performance is of intensive research, and some
observations have been made:

It is well established from literature and industry that frosting is not beneficial to ASHP perfor-
mance, and consequently, lower the COP of ASHP systems (Wu et al., 2020; Li et al., 2017). The
frosting creates a significant thermal resistance that inhibits heat transfer to take place to the
evaporator—lowering the heat input to the ASHP. These conditions generally correspond with
low dry bulb temperatures (T, < 7[°C]) and high relative humidities. Recent studies aim to
use methods to reduce frosting at these conditions by using desiccant coated heat exchangers
or active dehumidification (Wang et al., 2018; Zhang, Hihara, and Saikawa, 2012). To conclude,
from literature, it could be seen that for dry bulb temperatures lower than 7 [°C|, higher relative
humidities led to reductions in ASHP performance and COP.

173



Appendix H. ASHP Regression Model

Condensate can form on the evaporator coil of a heat-pump once the evaporator temperature
is colder than the dew point temperature. From literature, droplet condensation has been es-
tablished as a heat transfer enhancer with the heat transfer coefficient orders of magnitude
larger than film condensation (Bergmain et al., 2013; Eimann et al., 2020). Furthermore, stud-
ies have shown that increased relative humidity leads to increased condensate forming on the
sub-cooled surface and increase in total heat transfer Danilo, Dominique, and Frédéric, 2016.
However, studies have also shown that if the condensate that forms on the evaporator, is not
removed with a high enough rate, then the droplets might grow and even form film condensa-
tion (El Fil, Kini, and Garimella, 2020). Consequently, creating an increase in thermal resistance
and reduction in ASHP performance. To reduce the build-up of condensate is therefore ben-
eficial to HVAC equipment, and a recent study have proposed alterations in the surfaces to
enhance condensate removal (Chung, Kadala, and Taylor, 2020). Thus it can be concluded that
for some conditions an increase of relative humidity will increase COP, but once condensate
build-up is severe, a reduction in heat transfer will occur.

For non-frosting, frosting and condensing regions the following conditions do always hold:
Higher dry-bulb (T,;,) temperatures generally lead to increases in ASHP performance (Under-
wood, Royapoor, and Sturm, 2017; Wu et al., 2020; Li et al., 2017). Furthermore, decreases in
inlet water temperatures decrease the performance of ASHP units (Guo and Goumba, 2018;
Vega and Cuevas, 2018).

To conclude, the following findings with regards to the impact of ambient conditions on ASHP
performance can be made:

* For frosting conditions, an increase in relative humidity leads to a reduction in the COP
of an ASHP (Wu et al., 2020; Liet al., 2017; Wang et al., 2018; Zhang, Hihara, and Saikawa,
2012; Underwood, Royapoor, and Sturm, 2017).

e It has been shown that for non-frosting conditions; an increase in relative humidity in-
creases the rate of dropwise condensation. Dropwise condensation, in turn, increases
heat transfer under conditions outlined from literature (Danilo, Dominique, and Frédéric,
2016). It can thus be argued that higher relative humidity will increase ASHP perfor-
mance under these conditions as relatively higher energy heat (opposed to dry-air) is
available at lower thermal resistance (Eimann et al., 2020). However, condensation build-
up can degrade heat transfer, and consequently, performance (Chung, Kadala, and Tay-
lor, 2020). Thus, from heat transfer literature, and thermodynamics, one can argue that
increased relative humidity will generally increase ASHP COP for ambient conditions
where condensation occurs.

e Higher water inlet temperatures degrade COP performance (Guo and Goumba, 2018;
Vega and Cuevas, 2018).

e Higher dry bulb temperatures, based on ASHP and heat transfer literature, increase COP
performance for frosting, condensing and non-condensing regions (Tabatabaei, Treur,
and Waumans, 2016; Underwood, Royapoor, and Sturm, 2017; Guo and Goumba, 2018;
Kinab et al., 2010).

Based on the findings, the study resumed deriving a performance map based solely on OEM
and experimental data. Deriving an expression that will accurately describe ASHP perfor-
mance in all of the conditions outlined above falls out of the scope of the study with the data
and experimental setup that was available. The following section will describe the statistical
analyses on the proposed regression formulas for COP (H.3) and electrical consumption (H.4).
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Scatterplot matrix on main variables of ASHP

20 [ Smam e amew ol T TS
L] - L ] » B|e L N 1 *s 88N
10 e o o ool * o o0 * sne
DB Temp e o o o ole * ese esosee
D L L ] L ] e & & ¥ =N
ls_e o » ) s soslmess |
e e & v 9 T se8 SES ET |
& & & @ & @ . & S EEES BN
40
© oo o e Water Temp|® e soe sese oo
s o s o o @ . e ses| seee 0w
20
s o o o o o o s ses oo o9 oo
T I T 3T IR 3 T 1T (Te®s "a™ s
E'I.D. & & ® & 8 L ] [ ] [ N | [ B ] [ ] [ ]
® o o o o oe o o o0 . s e o o o
70
G0le » » o o oo o o o = >® & & & |
EEE—
s Bls . - -
4 . ¥ [ ] . ™ [ ]
" g9 ’- - ™ o g L |
3 H e g e 3 o et e 8 COP
l t e - L ] ... ..
] * . H '-. bt .,
2 s I_'m . b
0 10 20 40 60 7O 80 2 3 4

FIGURE H.2: Scatter-plot matrix on ASHP variables from MATLAB®.

H.3 Statistical Analyses on the Coefficient of Performance

From conventional mathematical modelling practises, the primary factors have been identi-
tied that influence the behaviour of the process which one is attempting to predict. Secondly,
the tentative relationships between the variables have to be established. From the previous
sections, the following primary independent variables where identified:

e Inlet water temperature (Tj,e)
e DB temperature (Ty,)
e Relative humidity (¢)

The regression aims to predict the ASHP usable heat energy transferred, electrical consumption
and COP (p). The regression analyses of the COP will now be illustrated; the other regressions
followed the same method. For simplicity, it is assumed that a linear multi-variate relationship
exists between the variables mentioned above and COP:

B =ao+ (a1 X Tap) + (2 X Tinger) + (a3 X ) + € (H.6)

With e representing the error between the actual and predicted COP (B) value. Using the man-
ufacturer data in Appendix D and the MATLAB function fitnlm a regression was conducted
on the data with the software estimating the coefficients of g, a1, a2 and a3 respectively. From
Figure H.2, the scatterplot of the various variables against COP was plotted. It can be seen that
the dry bulb temperature has a somewhat positive relation to COP. The inlet water temperature
has a negative correlation with COP. The relative humidity, however, was not varied enough
by the manufacturer to assume its effects on the COP. However, it seems to have a 214 order
effects on the COP. To make an accurate fit, the RH has to be varied over the full extent of the
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performance space to avoid extrapolation. This observation was also noted by the studies of
Simon and Underwood (Simon et al., 2016; Underwood, Royapoor, and Sturm, 2017).

Consequently, the RH coefficient was tuned using in-field test data. The estimated coefficients
are tabulated in Table H.1 with regards to the OEM data and that obtained from MATLAB.
The main statistical parameters for the fitness of the regression is tabulated in Table H.2, also
regarding the OEM data.

TABLE H.1: Statistical coefficient output of fitnlm function on OEM data.

Coefficient | Estimate SE tStat pValue
X 3.456e+00 | 1.435e-01 | 2.408e+01 | 2.636e-19
aq 7.5934e-02 | 2.088e-03 | 3.636e+01 | 7.973e-24
) -3.0275e-02 | 1.4120e-03 | -2.142e+01 | 4.796e-18
o3 -7.520e-04 | 1.689e-03 | -4.452e-01 | 6.598e-01

TABLE H.2: Statistical goodness-of fit output of fitnlm function on OEM data.

Term Symbol Value
Number of observations N 30
Root mean squared error RMS 0.0977
Coefficient of multiple determination R? 0.985
Adjusted coefficient of multiple determination | adjusted R? 0.984
P-value p 5.81e-24

The P-value (p) is small for all of the coefficients except for a3, which represents the RH co-
efficient. In this instance, the null hypothesis (Hp) states that there is no linear relationship
between the coefficient and variable pair to that of the COP. It can thus be concluded that the
null hypothesis is valid for the last coefficient. Thus extra data or further analyses are required
to make use of the linear COP to RH relationship. One can note, however, that the there is a
significant probability that a test statistic will not be obtained to support the null hypothesis
(Ho) on the first three coefficients (xo, a1, a2) with regards to the test data (OEM) used.

Figure H.3 plots the residual error to that of the fitted values. These type of plots can aid in
revealing patterns in the data and support or contradict the assumptions made on the relations
between the independent and dependant variables. From the previously mentioned Figure,
it can be noticed that it appears to showcase a U shape with the residuals. The COP was
under-predicted near a COP of three. By contrast, COP was over-predicted on the lower and
upper extremities of the variable space. The former and latter usually demonstrates non-linear
relationships in the data. By increasing the linear relationship to a higher degree relationship,
the same plot was obtained. Leading towards the rationale that the RH term might have been
responsible. Therefore the model was over-fitted with regards to RH using the manufacturer
data. The regression was mitigated with in-field test data and the 1% law energy balance.
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Case order plot of leverage

Plot of residuals vs. fitted values
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Figure H.4 illustrates the energy balance when the humidity coefficient to the regression equa-
tion has not been added. It was noted that there appears to be a relationship between the RH
and the energy flux. The ASHP is by far the broadest energy flux term in the system and apart
from this carries nearly 97 [%] of total energy contribution. As the regression equation ex-
presses ASHP performance, a relatively small error can pose a devastating effect on the energy
balance. By using in-field test data, the regression equation was used, and the a3 coefficient
was adjusted to minimise the Q;,/Qout relationship. Thus the dry and inlet coefficients were
obtained from the regression analyses in MATLAB. With the RH coefficient derived from the
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FIGURE H.3: Left: The leverage plot for the fitted values of the manufacturer.

Right: The residual plot for the fitted values.
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FIGURE H.4: The relative humidity to energy flux relationship prior to taking

humidity into account on ASHP regression model.

experimental results. After this final analyses, Figure H.5 was obtained.

Thus, in a nutshell, take the OEM data (Appendix D) and assume a linear multivariate rela-

tionship according to Figure H.2:
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B~ ao+ (a1 X Tap) + (a2 X Tinger) + (3 X ¢p) (H.7)

Analyse the data from Tables H.1 and H.2 as well as Figure H.4. Concluding the null hypothe-
ses for (n3), the parameter is tuned using in-field data to obtain the correct fit.

Guess a3

|: (ﬁ - ,Bexperiment) —0
Vi e E

Where E is the calibration period of the experimental data. After fitting («3) against the in-
field data, Figure H.5 was obtained opposed to Figure H.4. Showcasing a good fit in all of
the variables and therefore concluding the statistical analyses. This equation was consequently
used in energy balance and simulations.
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FIGURE H.5: The relative humidity to energy flux relationship after taking hu-
midity into account on regression model.

H.4 Statistical Analyses Electrical Consumption

From the previous section, a regression equation was derived for the prediction of ASHP per-
formance based on the experimental data. However, the simulation programs have no source
for electrical consumption. The COP has to be multiplied by the electrical consumption to
calculate the available energy. Therefore, a regression equation was devised for the power con-
sumed by the compressor. This enabled the simulation to predict electrical consumption on the
ASHP and the COP depending on the environmental conditions.
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Scatterplot matrix on main variables of ASHP
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FIGURE H.6: Scatter-plot matrix on ASHP variables from MATLAB.

From Figure H.6, one can note a second-order relation between the electrical consumption and
the inlet water temperature of the machine. This relation can be circumscribed since the ma-
chine has favourable drivers for heat transfer potential (to the sink) when the inlet water tem-
perature is cold. As the water becomes increasingly warmer, the temperature difference be-
tween the set-point and the sink temperature decreases. Decreasing the amount of energy that
needs to be transferred. The flow rate on the water circuit is increased to transfer the same
amount of energy (within the set-point temperature range). Additionally, the refrigerant mass
flow in the ASHP also needs to increase to enable the cycle to operate within the design and
set-point parameters. This consequently leads to higher consumption of electricity. From the
same Figure (H.6), the relative humidity seems to follow no apparent profile to that of the elec-
trical consumption. The wet bulb and dry bulb temperatures vary the electrical consumption
sinusoidally for fixed inlet conditions. From the above, a non-linear multivariate regression
equation was proposed in the following format:

Pelectrical = bl + bZ X Tz‘znlet + COS(b3 + Tdb) + COS(b4 + wa) (H8)
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TABLE H.3: Statistical coefficient output of fitnlm function on OEM data.

Coefficient | Estimate SE tStat pValue
bo 1.713e+01 | 1.629e-01 | 1.051e+02 | 1.020e-35
by 2.862e-03 | 1.032e-04 | 2.772e+01 | 7.726e-21
by 1.004e+00 | 1.350e-01 | 7.440e+00 | 6.699e-08
b3 -1.383e+00 | 1.190e-01 | -1.162e+01 | 8.460e-12

TABLE H.4: Statistical goodness-of fit output of fitnlm function on OEM data.

Term Symbol Value
Number of observations N 30
Root mean squared error RMS 0.479
Coefficient of multiple determination R? 0.967
Adjusted coefficient of multiple determination | adjusted R? 0.964
P-value p 1.95e-19

Using Matlab® fitnlm, the coefficients in Table H.3 was obtained, and the goodness-of-fit is
showcased in Table H.4. In this instance, the null hypothesis states that the relationship show-
cased in the above equations do not hold between the dependant and independent parameters.
From Table H.3, it can be noted that the p value remains small for all of the parameters and that
the null hypothesis is invalid for all the fitted coefficients. Table H.4 illustrates that a reasonable
good coefficient of multiple determination was obtained given the number of observations.
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FIGURE H.7: Left: The leverage plot for the fitted values of the manufacturer.
Right: The residual plot for the fitted values.

From the leverage plot in Figure H.7; it can be noted that none of the data points has a high
influence potential. The data set is thus adequately influential. With no outliers in the data set
the model could be fitted robustly. From the residual plot in the same Figure, a slight pattern
can be recognised. In the regression model showcases a higher residual near full electrical load
on the ASHP. The pattern is a six-point data set groupings (17.5, 19, 20.5, 23, 24.5[kW]) that cor-
responds with the five inlet temperature conditions (15,25, 35,45, 50[°C]). It can be seen that
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the residual spread increases as electrical consumption increases. With the model having a ab-
solute residual spread of 0.6 [kW] up to 24 [kW] consumption and 1 [kW] above 24 [kW]. This
could indicate that the machine is more sensitive then what the model predicts to dry and wet
bulb temperature variations at the warmest inlet temperatures. Furthermore, from the OEM
data and the top right corner of Figure H.6, it can be noted that at the higher inlet temper-
atures, the ASHP electrical consumption is more sensitive to variations in dry and wet bulb
temperatures. The variation could be explained by the fact that the machine has to apply in-
creased flow rates to ensure that the target outlet water temperature is attained. Consequently,
higher electrical consumption is required by the compressor. As the purpose of the study is to
evaluate system performance and not the analyses of sub-components within the heat pump,
the regression equation was deemed adequate for use in the developed simulations.
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MATLAB Simulink simulations

This appendix will showcase the MATLAB simulation models that were used for verification
against the developed EES® simulations. During the study, various simulations were con-
ducted in MATLAB ®Simulink ®to conduct the verification studies for the comparisons to
the developed EES models. These models used the following libraries from Simscape ® and
Simulink ® to simulate the ASHP/SWH environment:

e Simscape® Thermal Liquid Library
¢ Simscape® Thermal Element Library
¢ Simulink® Block Library

The boundary conditions that were used in the tree case studies are reported in Table I.1. The
following sections will discuss, by method of various screenshots; the Simulink models that
were developed. The MATLAB Simulink model for the first and second case study uses the
same architecture with the only difference that the heat losses have been activated for the sec-
ond and third case study as per the boundary specifications in Table I.1.

TABLE I.1: Test case conditions for the validation simulations

Casel Case2 Case3

Description Parameter Value Unit
System mass in Hitsystem;n 0.3 1 1 kgs™1]
System temperature in Tsystemn 20 20 20 [°C]
Ambient dry bulb temperature Ty, 1191 1191 1191 [°C]
Ambient wet bulb temperature Ty 0.33 0.33 0.33 [°C]
Relative humidity RH 4941 4941 4941 [%]
Initial system temperature T system 11.91 11.91 11.91 [°C]
Initial tank temperatures T tankil..5 1191 1191 1191 [°C]
Irradiance G 0 0 850  [W/m?|
Heat loss active U Asystem 0 1 1 [dim]
ASHP active ASHP,tive 0 1 1 [dim]
SWH active SWH,ctive 0 1 1 [dim]
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I.1 Case study one and two

From Figure I.1 the different subsystem of the MATLAB® Simulink® program has been marked
and will be discussed in the following paragraphs. The paragraphs were divided as follows:

* A - Municipal inlet sub-component (I.1.1)
¢ B - Stratified storage vessels (1.1.2)
¢ C-Ring-main circuit (I.1.3)

¢ D - System outlet (I.1.4)
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I.1.1 Municipal inlet sub-component

The municipal supply subsystem (Figure 1.2) consisted of the Controlled reservoir thermal liquid
block with the inlet temperature specified as reported in Table I.1. The mass flow was enforced
by the Controlled Mass Flow Rate Source (TL) component and resembled the extracted mass flow
through the system. The mass flow component enforces no pressure differential between the
inlet and outlet of the component and the fluid is not compressed. The Thermal Liquid Settings
(TL) block used 2-D pressure and temperature data to simulate the properties of liquid water
throughout the network.

f(x)=0 p
A
8 <o
< M Municipality_in
"
=
N
293.15 » 5 PS J
—
Inlet_temperature Inlet_temperature_ps
0.3 S PS Thermal Liguid
— Settings {TL)

Inlet_mass_flow  Inlet_mass_flow_ps

FIGURE [.2: MATLAB® Simulink® municipal inlet subsystem model.

I.1.2 Stratified storage vessel

Each tank in the stratified storage vessel arrangement (Figure 1.3) was simulated by using the
2-Port Constant Volume Chamber (TL) that assumes negligible flow resistance and the accumu-
lation of energy and mass. The heat loss on these components was simulated using the Con-
vective Heat Transfer block. For the first case study, the heat transfer coefficient was taken as
h < 0.0001 to establish adiabatic conditions. For the second case study, the true heat transfer
values were inputted. For the heat transfer network, a Temperature Source component was used
that resembles the thermal sink to the system, and ambient temperatures were inputted for the
component.

~»]B
UA_sides
Al-»]B
2=

~\ Ambient temperature

¥

FIGURE [.3: MATLAB® Simulink® municipal inlet subsystem model.
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I.1.3 Ring-main circuit

For the ring-main circuit (Figure 1.4), the mass flow on the return was enforced by the Mass
Flow Rate Source (TL) component. For this component, no compression takes place and there is
no pressured difference between the inlet and outlet of the component. The piping trough the
system is simulated by the Pipe (TL) component. The Pipe (TL) component, takes the resistance
of the tubes into account; fluid compressibility and the heat losses to the environment via the
Convective Heat Transfer introduced in the previous paragraph. Mass flow measurements at the
supply of the ring-main and inlet of the coldest storage vessel were measured by the Controlled
Mass Flow Rate Source (TL) component.

<o

System_outlet

Mass_flow_ringmain_supply

Ringmain_supply

A Ringmain_return_flow <IPhi
- - A
s M A
B B
H B A ; P2
R i oivet UA1D
ingmain_pipe ) N
Al ]B ﬂﬁ;-ﬂ Ringmain_pipe2
| BI*1A
UAT1
Ambient_conditions
Storage_vessel_mass_flow_signal
Storage_vessel_mas_flow
A <JPhi
a2 M A 5> 0
Municipal_inlet ; 555 8 B Tank_1_inlet_bottom Tank_5_outlet_top
Pyp 1

Heat_loss_inlet_pipe

FIGURE [.4: MATLAB® Simulink® ring-main subsystem model.

I.1.4 System outlet

The outlet the various wards (Figure 1.5) was simulated using the Reservoir (TL) block that
maintains the sink at a fixed temperature and pressure. As the mass flow was always into the
thermal reservoir, the temperature that was used as input had no effect on the system. The
mass flow leaving the system was measured by the Mass & Energy Flow Rate Sensor (TL) and
used for analyses and debugging.
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Hospital_wards
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FIGURE 1.5: MATLAB® Simulink® outlet subsystem model.

I.2 Case study three

From Figure 1.6, the different sections of the MATLAB® Simulink® program have been marked
and will be discussed sequentially in the following paragraphs. For the third case study, the

SWH and ASHP have been added. All of the other subsystems outlined in Section I.1 remain

the same for this simulation apart from the inputs to some of the components. Consequently,

these components will not be reintroduced in these sections. The paragraphs were divided as

follows:

e A - Solar water heater (1.2.1)

* B - Air source heat pump (1.2.2)

I.2.1 Solar water heater

The SWH subsystem model 1.7 used the 2-Port Constant Volume Chamber (TL) block for the
SWH manifold along with an inlet and outlet pipe for the SWH simulated by making use of
the Pipe (TL) component. Heat losses on these components were taken into account by using
the Convective Heat Transfer component to a constant ambient temperature source Temperature
Source. With the physical ports and components defined; the simulation requires two control
logic network blocks to control the following variables:

e SWH energy - The amount of heat energy that needs to be added to the 2-Port Constant
Volume Chamber (TL) component have to be determined from the measured ambient con-
ditions.

¢ SWH mass flow - The mass flow through the SWH have to be determined based on the
set-point temperatures and the internal temperature of the SHW.

For the heat addition of solar energy to the SWH manifold, the Controlled Heat Flow Rate Source
controllable heat flux component was used to add energy. The heat energy, in turn, was driven
by various Simulink® blocks that make use of the SWH efficiency curve, as presented in Chap-
ter 3.5.2. The fcn block was used to contain the SWH efficiency curve. The curve, as one might
recall, requires solar irradiance, SWH inlet temperature and the ambient temperature to pre-
dict performance. Therefore, the Pressure & Temperature Sensor (TL) components were used to
obtain the inlet temperature of the SWH subsystem.
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FIGURE 1.6: MATLAB Simulink verification model - third case study.

For the control logic to determine the SWH mass flow; temperature measurements were re-
quired along with the Memory, previous time step block. The simulation compares the set-point
temperature to the previous time-step temperature or initial condition to determine if the fixed
mass flow has to be enforced through the SWH or not. Consequently, the storage vessel tem-
perature of the middle storage tank was fed into the SWH control logic. If this temperature was
higher than the set-point; then the boolean gate would multiply this value with the constant
SWH mass flow and feed the output to the Controlled Mass Flow Rate Source (TL) mass flow
controller. Consequently, the methodology outlined above determined the mass flow that is
forced through the SWH manifold.
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Appendix I. MATLAB Simulink simulations

I.2.2 Air source heat pump

The waterside of the ASHP evaporator (Figure 1.8) was modelled by a 2-Port Constant Volume
Chamber (TL) component with the heat transfer components the same as that of the SWH, as
outlined in the previous section. For the ASHP component, there are two types of variables
that need to be controlled by Simulink® logic gates:

* Heat energy - The amount of heat energy transferred to the waterside of the ASHP evap-
orator (2-Port Constant Volume Chamber (TL)) have to be calculated according to the envi-
ronmental conditions and the control logic.

* Mass flow - The mass flow through the ASHP have to be determined and enforced ac-
cording to the controller of the AHSP.

The maximum available heat energy that can be extracted from the environment is calculated
according to the regression equation presented in Appendix H and Chapter 3.5.1. The equa-
tion is housed in the user-defined function block (Fcn). Consequently, the temperature of the
previous time-step at the inlet of the ASHP is obtained from a Memory block. Control gates
determine from the inlet temperature, and maximum available energy; the mass flow that is
required to obtain the set-point temperature (as discussed in Chapter 4.1.2.1).

The calculated mass flow is compared to the maximum OEM specified mass flow. If the mass
flow is smaller than the maximum mass flow; then the maximum available heat energy is trans-
ferred to the control volume. If the calculated mass flow is higher than the OEM specified mass
flow; then only a fraction of the maximum heat energy is transferred.

The calculated mass flow is enforced by a Controlled Heat Flow Rate Source component from a
fixed reference temperature component Temperature Source. Accordingly, the mass flow through
the ASHP is enforced by the Controlled Mass Flow Rate Source (TL) component.
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Appendix ]

Pump information and curves

The Appendix lists the applicable information regarding the water circulation pump (CCG 08-
25¢) used in the SWH circuit. As recalled from Chapter 3.5.2.2, the pump curves for only the
high-speed setting was supplied by the manufacturer. By using the pump similarity laws, the
low and medium speed settings were obtained along with the power curves.

The SCADA monitored electrical voltage on the second phase of the ASHP. The SWH pump’s
electrical connection was on the same electrical phase of the ASHP. An electrical current mea-
surement was taken while the pump was operational to determine the typical electrical current
that the pump uses. Consequently, the CT and HOBO logger was only used to determine if the
pump was active or not (Chapter A.3). The measured voltage, steady-state current, and an as-
sumed power factor were used to calculate the electrical power used by the circulation pump.
Finally, the flow through the pump could be determined by using the power curve derived
from the similarity laws. The SWH pump information was as follows:

* OEM supplied table with a singular operating point on the three-speed settings (Table
J.1).
* Picture pertaining to the installed circulation pump (Figure J.1)

¢ Pump curve with head to volumetric flow (Figure J.2)

¢ Electrical consumption curve with electrical consumption to volumetric flow (Figure ].3)

TABLE ].1: The SWH (CCG 08-25¢) circulating pump information.

Speed Power [W] Amps [A] Max head [m] Max flow [m°/h]

High 165 0.61 8 4.8
Medium 115 0.42 7 29
Low 75 0.3 5 1.5

192



Appendix ]. Pump information and curves
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Appendix K

Computer code (EES): Detailed system
simulation

{THSE - Thermal Hydroulic Simlation Enviroment

02/2020 by Jean-Pierre de Villiers
24875252

}

Module Pyp_komponent(teller ,m_poortl, T_poortl,T_poort2,m_element, T_internal ,deltaT ,f,D_i,D_o,L,UA, T_db,Q pomp, Head_pomp, m_out,
T_out, T_internal_new ,deltaP,T_poort_gebruik, Q_losses,Q_in_pyp, Q_toets_in, Q_toets_uit)
m_out = m_poortl

vloei_area = (pi# / 4 )+ D_i
buite_area = (pi#)+ D_oxL

rho = Density (Water, T=T_internal ,P=80 [kPa])
Cp = Cp(Water, T=T_internal ,P=80 [kPa])

Q = m_out/rho

delta_P = f+(~L/D_i)*(rho/2)+(((Q/(((D_i/2)"2)*pi#)))~2){+maalFaktor}
deltaP = delta_P + (Head_pompx*rhoxg#)

T_internal = T_out
T_poort_gebruik = toetsVloei(m_poortl,T_poortl,T_poort2)
maalFaktor = If (m_poortl,0,-1,1,1)

UA_gebruik = if (T_internal ,T_db,0,0,UA)

Q_heat_loss = UA_gebruik+(T_db-T_internal)

Q_hydroulic_loss = ((delta_P/rho)*m_out)

Q_vloei = ((m_poortl+cp*T_poort_gebruik) — (m_out+cp+T_internal))+maalFaktor
safe = 1 {steadyStateTester(T_internal ,T_internal_new ,0.001)}

Q_losses = Q_heat_loss + Q_hydroulic_loss

Q_in_pyp = Q pomp

Q_thermal_mass = (m_element+Cp+(T_internal_new - T_internal )/deltaT)

Q_toets_in = (m_poortl*cp+T_poort_gebruik) + Q_pomp
Q_toets_uit = (m_out*cp*T_internal) + Q_heat_loss + Q_hydroulic_loss

Q_thermal_mass = Q_vloei + Q_heat_loss + Q_hydroulic_loss + Q_pomp
End

Module SWH_komponent( teller ,m_poortl, T_poortl ,m_element, T_internal ,deltaT ,f,D_i,D_o,L,UA, Area_collector ,T_db,Q pomp, Head_pomp,
m_out, T_out, T_internal_new ,deltaP,Q_solar ,G, Q_heat_loss,Q_vloei,activateLoop_SWH , Q_in_solar , Q_uit_solar ,Q_in_swh,
Q_uit_swh)

m_out = m_poortl

m_poortl = if (activateLoop_SWH,0,0.0000001,0.0000001,0.1577)

vloei_area
buite_area

(pi# / 4 )+ D_i
(pi#)* D_osL

rho = Density (Water, T=T_internal ,P=80 [kPa])
Cp = Cp(Water,T=T_internal ,P=80 [kPa])
h_inlaat = Enthalpy(Water, T=T_poortl ,P=80 [kPa])

Q = m_out/rho

delta_P = f+(-L/D_i)+(rho/2)«(((Q/(((D_i/2)"2)+pi#)))"2)
deltaP = delta_P + (Head_pompxrhoxg#)

T_internal T_out

UA_gebruik if (T_internal ,T_db,0,0,UA)

eta_solar = eta_swv(T_db,G, h_inlaat,b80)
eta_solar_gebruik = if(eta_solar,0,0,0,eta_solar)
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Q_heat_loss = UA_gebruik+(T_db-T_internal)

Q_hydroulic_loss = ((delta_P/rho)*m_out)

Q_vloei = (m_poortl+cp+(T_poortl-T_internal))

Q_thermal_mass = (m_element*Cp+(T_internal_new - T_internal )/deltaT)
Q_solar = eta_solar_gebruik+G+Area_collector

(m_element+Cp+(T_internal_new - T_internal )/deltaT) = Q_vloei + Q_heat_loss + Q_hydroulic_loss + Qpomp + Q_solar

Q_in_solar = Qpomp + Q_solar + (m_poortlscpx(T_poortl))
Q_uit_solar = Q_heat_loss + Q_hydroulic_loss + (m_poortlxcp+(T_internal))

Q_in_swh = Q pomp + Q_solar
Q_uit_swh = Q_heat_loss + Q_hydroulic_loss

End

Module ASHP_komponent(teller ,m_poortl, T_poortl ,m_element, T_internal ,deltaT ,D_i,D_o,L,UA, T_db,RH,Q pomp, Head_pomp, m_out, T_out,
T_internal_new ,deltaP_total , T_set_point,f,activateLoop_ASHP ,Q_hp,Q_hp2,Q_hp_losses ,T_wb,Q_hp3,Q_in_ashp, Q_uit_ashp,
Q_ashp_pomp)

m_poortl = m_out

vloei_area
buite_area

= (pi# / 4 )+ D_i

= (pi#)+ D_oxL

polisie = nullTester (m_poortl)
polisie2 = nullTester (Q_beskikbaar)

rho = Density (Water, T=T_internal ,P=80 [kPa])
Cp = Cp(Water, T=T_internal ,P=80 [kPa])

Q = m_out/rho

{delta_P = f+(-L/D_i)=*(rho/2)=(((Q/(((D_i/2)"2)+pi#)))"2)+polisie+activateLoop_ASHP
deltaP_total = delta_P + (Head_pompxrho+g#)+*polisie=+activateLoop_ASHP}

{delta_P = f+(-L/D_i)=*(rho/2)«(((Q/(((D_i/2)"2)+pi#)))~"2)+activateLoop_ASHP
deltaP_total = (delta_P + (((Head_pomp+rhoxg#))))=+activateLoop_ASHP}

delta_P_resistance = fx(-L/D_i)*(rho/2)*(((Q/(((D_i/2)"2)*pi#)))"2)
delta_head_pomp = (((Head_pompxrhoxg#)))

{RK = activateLoop_ASHP*(delta_P_resistance + delta_head_pomp)}
deltaP_total = delta_head_pomp + (delta_P_resistance)

T_internal = T_out

{Q_beskikbaar_toets = Q ECDHIOMT nuwe(T_db,RH, T_internal)+1000[w/kw]"Kyk wat is die beskikbare energie wat vannuit die lug
getrek kan word"}

Q_beskikbaar_toets = Q ECDHIOMT nuwe(T_db,RH,( T_internal+T_poortl)/2,T_wb)+1000[w/kw]"Kyk wat is die beskikbare energie wat
vannuit die lug getrek kan word"

hp_mass_flow_limit = 0.522 [kg/s]

m_out = ashpThrottle (hp_mass_flow_limit, Q_beskikbaar_toets , T_internal , T_set_point ,Cp,activateLoop_ASHP)

Q_beskikbaar = ashpHeatThrottle(T_internal , T_set_point, T_set_point,Q_beskikbaar_toets ,hp_mass_flow_limit,activateLoop_ASHP) "
Kyk of die delta T baie klein begin raak dan sit die hitte af maar hou die vloei aan"

UA_gebruik = if (T_internal ,T_db,0,0,UA)

Q_heat_loss = UA_gebruik+(T_db-T_internal)

Q_hydroulic_loss = ((delta_P_resistance/rho)x*m_out)

Q_vloei = ((m_poortl+cp*T_poortl) — (m_outxcp+T_internal))
Q_thermal_mass = (m_element+Cpx(T_internal_new - T_internal )/deltaT)
Q hp = -Q_vloei

Q_hp2 Q_beskikbaar

Q_hp3 = Q_beskikbaar_toets~activateLoop_ASHP

Q_ashp_pomp = Q pomp

{(m_element+Cp»(T_internal_new - T_internal )/deltaT) = Q_vloei + Q_heat_loss + Q_hydroulic_loss + (Q_pomp=activateLoop_ASHP)
+ Q_beskikbaar}

Q_hp_losses = Q_heat_loss + Q_hydroulic_loss + Q_pomp

(m_element+Cp+(T_internal_new - T_internal )/deltaT) = Q_vloei + Q_heat_loss + Q_hydroulic_loss + (Qpomp) + Q_beskikbaar

{Qnew = -Q_vloei - Q_heat_loss - Q_hydroulic_loss - Q _pomp}

Q_in_ashp = Q pomp + Q_beskikbaar + (m_poortl+cp*T_poortl)
Q_uit_ashp = Q_hydroulic_loss + Q_heat_loss - (m_out:cp*T_internal)

End

Module T_stuk_komponent(teller ,m_poortl, m_poort2, m_poort3, T_poortl, T_poort2,T_poort3 ,m_element, T_internal , deltaT ,UA, T_db,
T_internal_new ,Q_losses)

0 = m_poortl + m_poort2 + m_poort3

rho = Density (Water, T=T_internal ,P=80 [kPa])
Cp = Cp(Water, T=T_internal ,P=80 [kPa])

UA_gebruik = if (T_internal ,T_db,0,0,UA)

Q_heat_loss = UA_gebruik+(T_db-T_internal)

{Q_hydroulic_loss = ((delta_P_resistance/rho)+m_out}

T_gebruik_3 = if (m_poort3,0,T_internal ,0, T_poort3)

T_gebruik_2 = if (m_poort2,0, T_internal ,0,T_poort2)

T_gebruik_1 = if (m_poortl,0, T_internal,0,T_poortl)

Q_vloei = ((m_poort3+cp*T_gebruik_3) + (m_poort2+cp*T_gebruik_2) + (m_poortl+cp+T_gebruik_1))
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throttle = if (abs(Q_vloei),0.0001, 0,0,1)
Q_thermal_mass = (m_element+*Cp+(T_internal_new - T_internal )/deltaT)

Q_losses = Q_heat_loss

(m_element+Cp+(T_internal_new - T_internal )/deltaT) = (Q_vloeixthrottle) + Q_heat_loss
End

module Pomp_komponent(m_poortl, T_poortl,al,a2,a3,Q_hydroulic_gain ,Head)
m_out = m_poortl

Head = (al*Q”"2) + (a2+Q71) + a3 {m}

Q = m_poortl/rho=*3600

rho = Density (Water, T=T_poortl ,P=80 [kPa])

Q_hydroulic_gain = ((rho sHeadxg#)/rho)+*m_poortl

End

Function Q ECDHIOMT nuwe(T_db,RH, T_inlaat ,T_wb)

Q ECDHYOMT _nuwe =(3.45693852134674 + ((0.075939057244308 )xT_db) + ((-0.0302670035556761 )=T_inlaat)+(-0.0171650168580766+RH)
)*((1.73939260105266e+01) + ((2.52005071301143e-03)+T_inlaat”2)+ (cos(T_wb+(-1.30006073814026e+00)))+ (cos(T_wb
+(9.34619431336624e-01))))

End

{ Function Q ECDHIOMT nuwe(T_db,T_wb, T_inlaat)

Q ECDHYOMT = (((5.21360306967587e+01) + ((-7.25366503289549e-02)*T_inlaat) + (( -3.77401257644041e-03)+T_inlaat”2) +
((7.15089269079599e-05)+T_inlaatA3) + ((1.80183230654392e+00)+T_db) + ((-2.49616311303084e—01)+T_wb)))+1.3

End}

{ ashpThrottle (hp_mass_flow_limit , Q_beskikbaar_toets , T_internal , T_set_point ,Cp,activateLoop_ASHP) }

Function ashpThrottle (hp_mass_flow_limit , Q_beskikbaar , T_internal , T_set_point ,Cp, activate_ASHP)

IF (activate_ASHP = 1) then {mag die HP aan wees}

if (Q_beskikbaar = 0) THEN {limit floei as daar wel die masjien aan mag wees}

ashpThrottle = hp_mass_flow_limit

ELSE

m_toets = Q_beskikbaar/(Cp+abs(T_set_point-T_internal)) {Bereken wat die massafloei moet wees}

if ((m_toets > hp_mass_flow_limit)) then

ashpThrottle = hp_mass_flow_limit

else

ashpThrottle = m_toets

endif

ENDIF

else

ashpThrottle = 0.0001

endif

End

{Function ashpThrottle (hp_mass_flow_limit, Q_beskikbaar , T_internal , T_set_point ,Cp, activate_ASHP)
IF (activate_ASHP = 1) then
if (T_internal >= T_set_point) THEN {limit floei as daar wel die masjien aan mag wees}
ashpThrottle = hp_mass_flow_limit
ELSE
m_toets = Q_beskikbaar /(Cp+(T_set_point-T_internal)) {Bereken wat die massafloei moet wees}
if ((m_toets > hp_mass_flow_limit) OR (Q_beskikbaar = 0)) then
ashpThrottle = hp_mass_flow_limit
else
ashpThrottle = m_toets
endif
ENDIF
else
ashpThrottle = 0.0001
endif
End}

{ ashpHeatThrottle(T_internal , T_set_point+3,T_set_point ,Q_beskikbaar_toets ,hp_mass_flow_limit ,activateLoop_ASHP) }
Function ashpHeatThrottle (T1,T_maks, T_set_point,Q_in, hp_mass_flow_limit, activate_ashp)

Cp = Cp(Water,T=T1,P=80 [kPa])

if ((T1 >= T_set_point) OR (activate_ashp = 0)) THEN
ashpHeatThrottle = 0

ELSE

m_toets = Q_in / (4200+ (T_maks— T1))

if (m_toets > hp_mass_flow_limit) then
ashpHeatThrottle = Q_in { hp_mass_flow_limit+Cp* (T_maks— T1)} { Q_in*(hp_mass_flow_limit/m_toets)}
else

ashpHeatThrottle = Q_in

endif

ENDIF

End

{Function ashpHeatThrottle (T1,T_maks, T_set_point,Q_in)
if ((T1 >= T_maks) OR ((T_set_point — TI1) < 2)) THEN
ashpHeatThrottle = 0
ELSE
ashpHeatThrottle = Q_in
ENDIF
End}

Function steadyStateTester (T1,T2, tollerance)
toetsWaarde = abs(T1 - T2)

if (toetsWaarde < 0.002) THEN
steadyStateTester = 0

ELSE

steadyStateTester = 1

ENDIF

End
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Function nullTester (M1)
if (M1 = 0) THEN
nullTester = 0

ELSE

nullTester = 1

ENDIF

End

"Bepaal die massavloei wat deur die HP moet vloei"

Function hpMassaVloei(h_inlet ,Q _hp, T_set_point ,P_druk, activate_heat_pump)

if (activate_heat_pump = 1) then "Indien die HP nie op tydskakelaar is nie bereken die volgende"
h_outlet = Enthalpy(Water, T=T_set_point ,P=P_druk) "Bereken die verlangde uitlaat entalpie"”

if (h_outlet = h_inlet) then

hpMassaVloei = 0.001 [kg/s]

else

hpMassaVloeiToets = Q _hp/(h_outlet — h_inlet) "Bereken die gestadigde massavloei wat deur die stelsel benodig word"
if (hpMassaVloeiToets >0.522) then

hpMassaVloei = 0.522

else

hpMassaVloei = hpMassaVloeiToets

endif

endif

else

hpMassaVloei = 0.001

endif

End

Function toetsVloei(M1,T1,T2)
if (M1 >= 0 ) THEN

toetsVloei = T1

ELSE

toetsVloei = T2

ENDIF

End

Module T_piece_komponent (M1, T1_f,T1_b,M2,T2_f, T2 b ,M3,T3_f,T3_b)

{Neem aan dat 2 en 3 in vloei}

{Massabehoud tel altyd}

M3 = M2 + Ml

{Vir die energiebalaans hang dit af van waar energie verkry word}
(IF(M3,0,T3_b, T3_f, T3_f)«M3) = (IF(M2,0,T2_b,T2_f, T2_f)=+M2)+(IF(M1,0,T1_b,T1_f, T1_f)«Ml)
end

Function Lyn_VorigeToetser(teller ,vorigeWaarde, tabel$)

if (teller = 1) then

Lyn_VorigeToetser = vorigeWaarde

else

Lyn_VorigeToetser = tablevalue (TABLENAME$ ,teller —1,tabel$)
endif

End

function NodeTemp (M1,T1,M2,T2,M3,T3) {M3 = M2 + M1}
if (M1 >= 0) and (M2 >= 0)) then

NodeTemp = T3

endif

if (ML >= 0) and (M2 > 0)) then

NodeTemp = T3

endif

end

Function eta_swv(T_amb,G,h_inlaat ,P_atm)
{I_inlaat_water - Inlaat temperatuur van die SWV

T_amb - Die omgewings temperatuur

G - Sonbestraling

A_col - Die area van die kollektor}
{’Die energie wat by die tank gevoeg moet word as die tank temperatuur daal’}
if (G> 80) THEN
T_inlaat_water = Temperature(Water ,P=P_atm ,h=h_inlaat)
A = (T_inlaat_water-T_amb) /G
{eta_son = (m_dot(h_uitlaat-h_inlaat))/(G+A_col)}
{eta_swv =(-(4072+a”2) + (359.07+a) + 52.334)+1.92/100}
eta_swv = (-(6250+a”2) + (12.5%a) + 53.125)%1.63/100
ELSE
eta_swv = 0
ENDIF
End

Function swv_controller (T_intern ,T_2,T_3,T max,P_atm, T_delta_hoog, T_delta_laag)
if ((T_intern - T_2)>T_delta_hoog) then

if (T_3 > T_max) then

swv_controller = 0

else

swv_controller = 1

endif

else

if ((T_intern-T_
swv_controller =
else
swv_controller = 0
endif

endif

End

2) > T_delta_laag) Then
1
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Function hpTimerControlFunc(T_probe, T_probe_set_piont, teller ,timer_hp_oud, activate_timer_hp_oud , t_set_point_2)
"Indien die program ’'n 1 terugstuur dan moet die timer loop en die HP aangeskakel word"

if (T_probe < T_probe_set_piont) then "Indien die toetsnode se temperatuur kouer is as die set point begin aftel"
hpTimerControlFunc = 1

else

{if (teller >1 ) then "Indien ons verby die eerste tydstap is."}

if (activate_timer_hp_oud = 1) then

if ((timer_hp_oud > (900)) AND (T_probe >= t_set_point_2 )) then

hpTimerControlFunc = 0

else

hpTimerControlFunc= 1

endif

else

hpTimerControlFunc = 0

endif

{endif}

endif

end

Function hpTimerCounterFunc(hpTimerControlPar, tydstap_grootte ,timer_hp_oud)
if (hpTimerControlPar =1) then

hpTimerCounterFunc = tydstap_grootte + timer_hp_oud
else

hpTimerCounterFunc = 0

endif

end

{Globale simulasie waardes}
delta_tyd = 1[s]
AFLOOP_TYD = delta_tyd = (teller -1)

T_delta_hoog = 12[C]
T_delta_laag = 8 [C]

T_max = 63 [C]

T_set = 52 [C]

T_set2 = 55 [C]
timer_hp_oud_init = 0 [s]
activate_timer_hp_oud_init = 0

activateLoop_ASHP =hpTimerControlFunc(Lyn_VorigeToetser(teller , T_intern_aanvanklik_4,’T_internal_4_new ") ,T_set, teller ,
Lyn_VorigeToetser (teller ,timer_hp_oud_init, ' timer_hp_oud’) ,Lyn_VorigeToetser(teller ,activate_timer_hp_oud_init,’
activate_timer_hp_oud ") ,T_set2)

activate_timer_hp_oud = activateLoop_ASHP

timer_hp_oud = hpTimerCounterFunc (activateLoop_ASHP , delta_tyd ,Lyn_VorigeToetser(teller ,timer_hp_oud_init, ' timer_hp_oud "))

activateLoop_SWH = swv_controller (Lyn_VorigeToetser(teller ,T_intern_aanvanklik_SWH, ' T_internal SWH_new ") ,Lyn_VorigeToetser (
teller , T_intern_aanvanklik_5, ' T_internal_5_new ") ,Lyn_VorigeToetser(teller , T_intern_aanvanklik_7,’ T_internal _7_new "),
T_max,85 [kPa],T_delta_hoog, T_delta_laag)

[nsnsnsnssssssssssstrtrtnsssststsesssnsnssssssssrssrnsnsrerses(Pyp komponente)
AR AR R R AR A ]

{Pyp 1 konneksie}

m_poort_aanvanklik_1 -0.222 [kg/s]

T_poort_aanvanklik_1 46.61 [C]

T_intern_aanvanklik_1 = 46.61 [C]

m_1 = 50 [kg]

f1 =0.1 [dim]

D_i_1 = 0.08 [m]
D.o.1 = 0.1 [m]

L1 =10 [m]

UA_1= 4.78{ 3.9 [dim]}

{Pyp 2 konneksie}
m_poort_aanvanklik_2 = 0.3247 [kg/s]
T_poort_aanvanklik_2 = 46.76 [C]
T_intern_aanvanklik_2 = 46.76 [C]

m2 = 50 [kg]
f .2 =0.1 [dim]
D_i_ 2 = 0.08 [m]
D_o2 = 0.1 [m]
L2 =10 [m]
UA2= 4.78 [dim]

{Pyp 3 konneksie}
m_poort_aanvanklik_3 -0.1973 [kg/s]
T_poort_aanvanklik_3 50 [C]
T_intern_aanvanklik_3 = 50 [C]

f3 = 0.4 [dim]
D_i_3 = 0.5 [m]
D o3 = 0.51 [m]
L3 =1 [m]

UA 3= 15.11 [dim] { 18.23 }

{Pyp 4 konneksie}
m_poort_aanvanklik_4 = -0.1973 [kg/s]
T_poort_aanvanklik_4 = 52 [C]
T_intern_aanvanklik_4 = 52 [C]

m_4 = 3000 [kg]

f 4 = 0.4 [dim]
D_i_4 = 0.5 [m]
D_o 4 = 0.51 [m]
L4=1 [m]
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UA_ 4= 15.11 [dim]

{Pyp 5 konneksie}
m_poort_aanvanklik_5 -0.1973 [kg/s]
T_poort_aanvanklik_5 54 [C]
T_intern_aanvanklik_5 = 54 [C]

m.5 = 3000 [kg]

f5 = 0.4 [dim]
D_i5 = 0.5 [m]
D_o5 = 0.51 [m]
L5 =1 [m]
UA_5= 15.11 [dim]

{Pyp 6 konneksie}
m_poort_aanvanklik_6 -0.1973 [kg/s]
T_poort_aanvanklik_6 56 [C]
T_intern_aanvanklik_6 = 56 [C]

m_6 = 3000 [kg]

f 6 = 0.4 [dim]
D_i_6 = 0.5 [m]
D_o_6 = 0.51 [m]
L6 =1 [m]

UA_6= 15.11 { 18.23 [dim]}

{Pyp 7 konneksie}
m_poort_aanvanklik_7 .1973 [kg/s]
T_poort_aanvanklik_7 8 [C]
T_intern_aanvanklik_7 = 58 [C]

3000 [kg]

0.4 [dim]

= 0.5 [m]

= 0.51 [m]

1 [m

15.11 {18.23 [dim]}

=0
=5

—“oggm™8
Gl Ny
N~

UA_7=

{Pyp 8 konneksie}
m_poort_aanvanklik_ 0.522 [kg/s]
T_poort_aanvanklik_ 46.81 [C]
T_intern_aanvanklik_8 = 46.81 [C]
= 50 [kg]

= 3 [dim]

_i_8 0.08 [m]

_0_8 0.1 [m]

8 = 10 [m]

_8= 4.78 [dim]

8 =
8 =

~ B

_8
_8

—og

g |

{Pyp 9 konneksie}
m_poort_aanvanklik_9 0.522 [kg/s]
T_poort_aanvanklik_9 46.16 [C]
T_intern_aanvanklik_9 = 46.16 [C]

m9 = 50 [kg]
f 9 = 3 [dim]
D_i_9 = 0.08 [m]
D_o 9 = 0.1 [m]
L9 = 10 [m]

UA 9= 4.78 [dim]

{Pyp 10 konneksie}
m_poort_aanvanklik_10 0.3247 [kg/s]
T_poort_aanvanklik_10 54.82 [C]
T_intern_aanvanklik_10 = 54.82 [C]
m_10 = 500 [kg]

£.10 = 20 [dim]

D_i_10 = 0.08 [m]

D o010 = 0.1 [m]

L_10 = 100 [m]

UA_10= 90 [dim] {77}

{Pyp 11 konneksie}
m_poort_aanvanklik_11 = 0.02487 [kg/s]
T_poort_aanvanklik_11 = 50 [C]
T_intern_aanvanklik_11 = 50 [C]

m_11 = 500 [kg]

f11 = 20 [dim]

D_i_11 = 0.08 [m]

D_o_11 = 0.1 [m]

L_11 = 100 [m]

UA_11= 90 [dim] {77}

U o

{Pyp 12 konneksie}
m_poort_aanvanklik_12 0 [kg/s]
T_poort_aanvanklik_12 15.45 [C]
T_intern_aanvanklik_12 = 15.45 [C]
m_12 = 30 [kg]

f_12 = 0.32 [dim]
D_i_12 = 0.08 [m]
D_o_12 = 0.1 [m]

L_12 = 10 [m]
UA_12=0.001{ 5.63 [dim]}

{Pyp 13 konneksie}
m_poort_aanvanklik_13 0 [kg/s]
T_poort_aanvanklik_13 15.44 [C]
T_intern_aanvanklik_13 = 15.44 [C]
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m_13 = 30 [kg]

f 13 = 0.32 [dim]
D_i_13 = 0.08 [m]
D_o_13 = 0.1 [m]

L_13 = 10 [m]

UA_13= 0.001{5.63 [dim]}

R R R R R bk ke xtak ok ok (T—stukke)
Y |

{T_stuk A konneksies}

m_poort_aanvanklik_a = 0 [kg/s]

T_poort_aanvanklik_a = 27.37 [C]

T_intern_aanvanklik_a = 27.37 [C]

m_a =5 [kg]

UA_a = 2 [dim]

{T_stuk B konneksies}
m_poort_aanvanklik_b = 0 [kg/s]
T_poort_aanvanklik_b = 46.68 [C]
T_intern_aanvanklik_b = 46.68 [C]
mb =5 [kg]

UADb = 2 [dim]

m_poort_aanvanklik_c 0 [kg/s]
T_poort_aanvanklik_c 46.81 [C]
T_intern_aanvanklik_c = 46.81 [C]
m_c = 5 [kg]

UA_c = 2 [dim]

{T_stuk C konneksies}

m_poort_aanvanklik_d 0 [kg/s]
T_poort_aanvanklik_d 47.27 [C]
T_intern_aanvanklik_d = 47.27 [C]
md =5 [kg]

UAd = 2 [dim]

{T_stuk d konneksies}

{T_stuk e konneksies}
m_poort_aanvanklik_e
T_poort_aanvanklik_e
T_intern_aanvanklik_e = 59 [C]
me =5 [kg]

UA_e = 2 [dim]

m_poort_aanvanklik_f
T_poort_aanvanklik_f
T_intern_aanvanklik_f = 53 [C]
m_f = 5 [kg]

UA_f = 2 [dim]

{T_stuk f konneksies}

[44SR A AR AR AR AR x %A s xtkxxxtxer s ( Ander komponente)
R A ]

{SWH 4 konneksies}

m_poort_aanvanklik_SWH 0 [kg/s]

T_poort_aanvanklik_SWH 4.823 [C]

T_intern_aanvanklik_ SWH = 4.823 [C]

mSWH = 30 [kg]

area_SWH_collector = 7.4[m"2]

D_i_swh = 0.05

D_o_swh = 0.06

L_swh = 15
UA_swh = 30
{f_swh = 1.5}
{f_swh = 0.5}

{ASHP konneksies}
m_poort_aanvanklik_ASHP 0.522 [kg/s]
T_poort_aanvanklik_ASHP 60 [C]
T_intern_aanvanklik_ASHP = 60 [C]
mASHP = 5 [kg]
area_ASHP_collector = 7.44 [m"2]
D_i_ashp = 0.05 [m]

D_o_ashp = 0.06 [m]

L_ashp = 10 [m]

UA_ashp = 0 {2 [W/K]}
Q_oud_losses_aanvanklik = 0 [W]

T_set_point_ASHP = 60 [DEG]

{44544 %A %A AR XA AR AR A Ak xrdtaxtaxtanrarrnraness(Konneksies tussen komponente)

|

{Drukval vir die verskeie loops}
{ASHP loop }
Drukval_ASHP_A = deltaP_8 + deltaP_ASHP + deltaP_9
Drukval_ASHP_B = deltaP_1 + deltaP_2 + deltaP_3+ deltaP_4+ deltaP_5+ deltaP_6+ deltaP_7
0 = Drukval ASHP_A + Drukval_ASHP_B
{0 = if (activateLoop_ASHP ,0,m_out_9,m_out_9,Drukval ASHP_A + Drukval ASHP_B)
0 = if (activateLoop_ASHP ,0,F_ASHP,F_ASHP,dummy) }
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{T-stuk konneksies}

CALL T_stuk_komponent(teller ,m_system_in,-m_dot_1,-m_dot_8, T_system_in , Lyn_VorigeToetser(teller ,T_intern_aanvanklik_1,’
T_internal_1_new ') ,Lyn_VorigeToetser(teller ,T_intern_aanvanklik_8 ,’T_internal_8_new ') ,m_a, Lyn_VorigeToetser(teller ,
T_intern_aanvanklik_a ,’T_internal_a_new ') ,delta_tyd ,UA_a,T_db, T_internal_a_new ,Q_loss_A)

CALL T_stuk_komponent(teller ,m_out_1,-m_dot_2,-m_dot_12,Lyn_VorigeToetser(teller ,T_intern_aanvanklik_1,’T_internal_1_new ),
Lyn_VorigeToetser(teller , T_intern_aanvanklik_2,’T_internal_2_new ") ,Lyn_VorigeToetser(teller , T_intern_aanvanklik_12,"’
T_internal_12_new ") ,m_b,Lyn_VorigeToetser(teller , T_intern_aanvanklik_b ,’T_internal_b_new ) ,delta_tyd ,UA_b,T_db,
T_internal_b_new ,Q_loss_B)

CALL T_stuk_komponent(teller ,m_out_2,m_out_11,-m_dot_3,Lyn_VorigeToetser(teller ,T_intern_aanvanklik_2,’T_internal_2_new "),
Lyn_VorigeToetser (teller ,T_intern_aanvanklik_11,’T_internal_11_new ") ,Lyn_VorigeToetser(teller ,T_intern_aanvanklik_3,’
T_internal_3_new ") ,m_c, Lyn_VorigeToetser(teller ,T_intern_aanvanklik_c,’T_internal_c_new ") ,delta_tyd ,UA_c,T_db,
T_internal_c_new ,Q_loss_C)

CALL T_stuk_komponent(teller ,m_out_4,-m_dot_5,m_out_13,Lyn_VorigeToetser(teller ,T_intern_aanvanklik_4 ,’ T_internal_4_new '),
Lyn_VorigeToetser (teller ,T_intern_aanvanklik_5,’T_internal_5_new ") ,Lyn_VorigeToetser(teller ,T_intern_aanvanklik_13,”’
T_internal_13_new ") ,m_d,Lyn_VorigeToetser(teller , T_intern_aanvanklik_d ,’T_internal_d_new ") ,delta_tyd ,UA_d,T_db,
T_internal_d_new ,Q_loss_D)

CALL T_stuk_komponent(teller ,m_out_9,-m_dot_10,m_out_7,Lyn_VorigeToetser(teller ,T_intern_aanvanklik_9 ,’T_internal_9_new '),
Lyn_VorigeToetser(teller ,T_intern_aanvanklik_10,’T_internal_10_new ") ,Lyn_VorigeToetser(teller ,T_intern_aanvanklik_7,”’
T_internal_7_new ') ,m_e, Lyn_VorigeToetser(teller ,T_intern_aanvanklik_e ,’T_internal_e_new ") ,delta_tyd ,UA_e, T_db,
T_internal_e_new ,Q_loss_E)

CALL T_stuk_komponent(teller ,m_dot_10,-m_dot_11,-m_dot_system_out, Lyn_VorigeToetser (teller , T_intern_aanvanklik_10,’
T_internal_10_new ") ,Lyn_VorigeToetser(teller , T_intern_aanvanklik_11,’T_internal_11_new ") ,Lyn_VorigeToetser(teller ,
T_intern_aanvanklik_f,’T_internal_f_new ’) ,m_f, Lyn_VorigeToetser (teller ,T_intern_aanvanklik_f ,’ T_internal_f_new "),
delta_tyd ,UA_f, T_db, T_internal_f_new , Q_loss_F)

{Pyp_konneksies}

CALL Pyp_komponent(teller ,m_dot_1,Lyn_VorigeToetser(teller ,T_intern_aanvanklik_a,’T_internal_a_new '), Lyn_VorigeToetser(teller
,T_intern_aanvanklik_b ,’ T_internal_b_new ") ,m_1, Lyn_VorigeToetser(teller ,T_intern_aanvanklik_1,’T_internal_1_new ),
delta_tyd ,f_1,D_i_1,D_o_1,L_1,UA_1,T_db,0,0,m_out_1,T_out_1,T_internal_1_new ,deltaP_1,T_gebruik_in_1,Q_losses_1,
Q_in_pyp_1,Q_toets_in_1,Q_toets_uit_1)

CALL Pyp_komponent(teller ,m_dot_ 2 , Lyn_VorigeToetser(teller ,T_intern_aanvanklik_b,’T_internal_b_new '), Lyn_VorigeToetser (
teller , T_intern_aanvanklik_c,’T_internal_c_new ’) ,m_2, Lyn_VorigeToetser(teller ,T_intern_aanvanklik_2,’T_internal_2_new
") ,delta_tyd ,f 2,D_i 2,D 0.2,L_2,UA2,T_db,0,0,m_out_2,T_out_2,T_internal_2_new ,deltaP_2,T_gebruik_in_2,Q_losses_2,
Q_in_pyp_2,Q_toets_in_2 ,Q_toets_uit_2)

CALL Pyp_komponent(teller ,m_dot_3, Lyn_VorigeToetser(teller ,T_intern_aanvanklik_c,’T_internal_c_new "), Lyn_VorigeToetser (
teller , T_intern_aanvanklik_4 , ' T_internal_4_new ') ,m_3, Lyn_VorigeToetser(teller ,T_intern_aanvanklik_3,’ T_internal_3_new ")
,delta_tyd ,f_3,D_i_3,D_0.3,L_3,UA3,T_db,0,0,m_dot_4,T_out_3,T_internal_3_new ,deltaP_3,T_gebruik_in_3,Q_losses_3,
Q_in_pyp_3,Q_toets_in_3 ,Q_toets_uit_3)

CALL Pyp_komponent(teller ,m_dot_4, Lyn_VorigeToetser(teller ,T_intern_aanvanklik_3,’T_internal_3_new '), Lyn_VorigeToetser (
teller ,T_intern_aanvanklik_d ,’T_internal_d_new ’) ,m_4, Lyn_VorigeToetser(teller ,T_intern_aanvanklik_4,’T_internal_4_new
") ,delta_tyd ,f_4,D_i_4,D_o 4,L_4,UA4,T_db,0,0,m_out_4,T_out_4,T_internal_4_new ,deltaP_4,T_gebruik_in_4,Q_losses_4,
Q_in_pyp_4,Q_toets_in_4 ,Q_toets_uit_4)

CALL Pyp_komponent(teller ,m_dot_ 5 , Lyn_VorigeToetser(teller ,T_intern_aanvanklik_d ,6’'T_internal_d_new '), Lyn_VorigeToetser (
teller ,T_intern_aanvanklik_6 , ' T_internal_6_new ') ,m_5, Lyn_VorigeToetser(teller ,T_intern_aanvanklik_5,’T_internal_5_new
") ,delta_tyd ,f_5,D_i_5,D_o_5,L_5,UA5,T_db,0,0, m_dot_ 6,T_out_5,T_internal_5_new ,deltaP_5,T_gebruik_in_5,Q_losses_5,
Q_in_pyp_5,Q_toets_in_5,Q_toets_uit_5)

CALL Pyp_komponent(teller ,m_dot_6, Lyn_VorigeToetser(teller ,T_intern_aanvanklik_5,’ T_internal_5_new "), Lyn_VorigeToetser (
teller , T_intern_aanvanklik_7 ,’T_internal_7_new ') ,m_6, Lyn_VorigeToetser(teller ,T_intern_aanvanklik_6,’T_internal_6_new
") ,delta_tyd ,f_ 6 ,D_i_6,D_o0_6,L_6,UA6,T_db,0,0,m_dot_7,T_out_6,T_internal_6_new ,deltaP_6 ,T_gebruik_in_6,Q_losses_6,
Q_in_pyp_6,Q_toets_in_6 ,Q_toets_uit_6)

CALL Pyp_komponent(teller ,m_dot_7 , Lyn_VorigeToetser(teller ,T_intern_aanvanklik_6, T_internal_6_new '), Lyn_VorigeToetser (
teller , T_intern_aanvanklik_e , ' T_internal_e_new ') ,m_7, Lyn_VorigeToetser(teller ,T_intern_aanvanklik_7,’ T_internal_7_new ")
,delta_tyd ,f_7,D_i_7,D_0_7,L_7,UA_7,T_db,0,0 ,m_out_7,T_out_7,T_internal_7_new ,deltaP_7 ,T_gebruik_in_7,Q_losses_7,
Q_in_pyp_7,Q_toets_in_7 ,Q_toets_uit_7)

CALL Pyp_komponent(teller ,m_dot_ 8 , Lyn_VorigeToetser(teller ,T_intern_aanvanklik_a,’T_internal_a_new '), Lyn_VorigeToetser(
teller ,T_intern_aanvanklik_ASHP ,’T_internal ASHP_new ’) ,m_8, Lyn_VorigeToetser(teller ,T_intern_aanvanklik_8,k~
T_internal_8_new ") ,delta_tyd ,f_8 ,D_i_8,D_o0_8,L_8,UA_8,T_db,0,0,m_dot ASHP, T out_8,T_internal_8_new ,deltaP_8,
T_gebruik_in_8 ,Q_losses_8 ,Q_in_pyp_8,Q_toets_in_8 ,Q_toets_uit_8)

CALL Pyp_komponent(teller ,m_out ASHP , Lyn_VorigeToetser(teller ,T_intern_aanvanklik_ASHP ,’T_internal ASHP_new "),
Lyn_VorigeToetser(teller , T_intern_aanvanklik_e,’T_internal_e_new ') ,m_9, Lyn_VorigeToetser(teller ,T_intern_aanvanklik_9
,'T_internal_9_new ’) ,delta_tyd ,f_ 9,D_i 9,D_0.9,L_9,UA9,T_db,0,0,m_out_9,T_out_9,T_internal_9_new ,deltaP_9,
T_gebruik_in_9,Q_losses_9 ,Q_in_pyp_9,Q_toets_in_9 ,Q_toets_uit_9)

m_out_9 = m_dot_9

CALL Pyp_komponent(teller ,m_dot_10, Lyn_VorigeToetser(teller ,T_intern_aanvanklik_e,’T_internal_e_new ") ,Lyn_VorigeToetser (
teller , T_intern_aanvanklik_f ,’T_internal_f_new ’) ,m_10, Lyn_VorigeToetser(teller ,T_intern_aanvanklik_10,’
T_internal_10_new ") ,delta_tyd ,f_10,D_i_10,D_o_10,L_10,UA_10,T_db,0,0,m_out_10,T_out_10,T_internal_10_new ,deltaP_10,
T_gebruik_in_10,Q_losses_10,Q_in_pyp_10, Q_toets_in_10, Q_toets_uit_10)

CALL Pyp_komponent(teller ,m_dot_11 , Lyn_VorigeToetser(teller ,T_intern_aanvanklik_f,’ T_internal_f_new "), Lyn_VorigeToetser(
teller ,T_intern_aanvanklik_c,’T_internal_c_new ’) ,m_11, Lyn_VorigeToetser(teller ,T_intern_aanvanklik_11,"’
T_internal_11_new ") ,delta_tyd ,f_11,D_i_11,D_o_11,L_11,UA_11,T_db,Q_pomp_Ring ,H_pomp_Ring, m_out_11,T_out_11,
T_internal_11_new ,deltaP_11,T_gebruik_in_11,Q_losses_11,Q_in_pyp_11,Q_toets_in_11,Q_toets_uit_11)

CALL Pyp_komponent(teller ,m_dot_12 , Lyn_VorigeToetser(teller ,T_intern_aanvanklik_b,’T_internal_b_new "), Lyn_VorigeToetser (
teller ,T_intern_aanvanklik_SWH , ' T_internal SWH_new ") ,m_12, Lyn_VorigeToetser(teller ,T_intern_aanvanklik_12,”’
T_internal_12_new ") ,delta_tyd ,f_12,D_i_12,D_o_12,L_12,UA_12,T_db,0,0 ,m_dot SWV,T_out_12, T_internal_12_new , deltaP_12,
T_gebruik_in_12,Q_losses_12,Q_in_pyp_12,Q_toets_in_12 ,Q_toets_uit_12)
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CALL Pyp_komponent(teller ,m_out SWH , Lyn_VorigeToetser(teller ,T_intern_aanvanklik_SWH , ’T_internal SWH_new ") ,Lyn_VorigeToetser
(teller ,T_intern_aanvanklik_D,’T_internal_D_new ") ,m_13, Lyn_VorigeToetser(teller ,T_intern_aanvanklik_13,”’
T_internal_13_new ) ,delta_tyd ,f_13 ,D_i_13,D_o_13,L_13,UA_13,T_db,0,0, ,m_out_13,T_out_13,T_internal_13_new ,deltaP_13,
T_gebruik_in_13,Q_losses_13 ,Q_in_pyp_13,Q_toets_in_13 ,Q_toets_uit_13)

{Pomp konneksies}

{CALL Pomp_komponent(m_dot SWV,Lyn_VorigeToetser(teller , T_intern_aanvanklik_12,’T_internal_12_new ") ,0.6492,-0.31638,4.4474,
Q_pomp_SWH, H_pomp_SWH) {SWH pomp }}

CALL Pomp_komponent(m_dot SWV,Lyn_VorigeToetser (teller , T_intern_aanvanklik_12,’T_internal_12_new ") ,-0.1579,-0.5788,7.9989,
Q_pomp_SWH, H_pomp_SWH) {SWH pomp |

CALL Pomp_komponent(m_dot_8,Lyn_VorigeToetser (teller , T_intern_aanvanklik_ASHP , ' T_internal ASHP_new ") ,-0.1579,-0.5788,7.9989,
Q_pomp_ASHP,H_pomp_ASHP) {ASHP pomp}

CALL Pomp_komponent(m_dot_11 ,Lyn_VorigeToetser(teller , T_intern_aanvanklik_11,’T_internal_11_new ") ,-0.0414,-1.4047,5.5923,
Q_pomp_Ring, H_pomp_Ring) {Ring-main pomp}

{SWH]}

CALL SWH_komponent( teller ,m_dot SWV, Lyn_VorigeToetser (teller ,T_intern_aanvanklik_12,’T_internal_12_new ") ,m SWH,
Lyn_VorigeToetser(teller ,T_intern_aanvanklik_SWH, ' T_internal SWH_new ") ,delta_tyd ,f_swh,D_i_swh,D_o_swh,L_swh,UA_swh,
area_SWH_collector , T_db,Q pomp_SWH,H_pomp_SWH, m_out SWH, T_out_SWH, T_internal SWH_new , deltaP_swh , Q_solar ,G,
Q_heat_loss_solar,-Q_solar_contribution ,activateLoop_SWH , Q_in_solar , Q_uit_solar ,Q_in_swh, Q_uit_swh)

{ASHP component}

Q_potential = Q ECDHY0MT nuwe(T_db,RH, Lyn_VorigeToetser (teller , T_intern_aanvanklik_8 ,’ T_internal_8_new ") ,T_wb)+1000[w/kw]

CALL ASHP_komponent( teller ,m_dot_ASHP, Lyn_VorigeToetser (teller ,T_intern_aanvanklik_8 ,’T_internal_8_new ’) ,m_ASHP,
Lyn_VorigeToetser (teller ,T_intern_aanvanklik_ASHP , ' T_internal ASHP_new ") ,delta_tyd ,D_i_ashp ,D_o_ashp,L_ashp ,UA_ashp,T_db
,RH,Q_pomp_ASHP,H_pomp_ASHP, m_out_ASHP, T_out_ASHP, T_internal_ASHP_new ,deltaP_ASHP , T_set_point_ASHP ,F_ASHP,
activateLoop_ASHP ,Q_hp,Q_hp2,Q_hp_losses ,T_wb,Q_hp3,Q_in_ashp , Q_uit_ashp ,Q_ashp_pomp)

{Q_losses_new = 0}

{SWH loop }

Drukval_SWH_A deltaP_12 + deltaP_SWH + deltaP_13

Drukval_SWH_B deltaP_2 + deltaP_3 + deltaP_4

0 =Drukval SWH_A + Drukval SWH_B

{0 = if (activateLoop_SWH,0,m_out SWH, m_out SWH, Drukval SWH_A + Drukval SWH_B) }

{Ring-main loop}

Drukval_RL_A = deltaP_3 + deltaP_4 + deltaP_5 + deltaP_6 + deltaP_7 + deltaP_10
Drukval_RL_B = deltaP_11

0 = Drukval RL_A + Drukval_RL_B

{Enegieterme}

Q_in = m_dot_system_out+Cp(Water, T=T_system_in ,P=80 [kPa])+T_system_in

Q_uit = m_dot_system_out+Cp(Water,T=Lyn_VorigeToetser(teller , T_intern_aanvanklik_f,’T_internal_f_new ") ,P=80 [kPa])*
Lyn_VorigeToetser (teller ,T_intern_aanvanklik_f, ' T_internal_f_new ")

Q_user = Q_uit - Q_in

Q_losses_tank = Q_losses_3 + Q_losses_4 + Q_losses_5 + Q_losses_6 + Q_losses_7 + Q_loss_C + Q_loss_D + Q_loss_E

Q_losses_pipe = Q_losses_1 + Q_losses_2 + Q_losses_8+ Q_losses_9 + Q_losses_12 + Q_losses_13 + Q_heat_loss_solar

Q_losses_pipe_2 = Q_losses_1 + Q_losses_2 + Q_losses_8+ Q_losses_9 + Q_loss_B + Q_loss_A

Q_losses_solar = Q_losses_13+ Q_losses_12+ Q_uit_swh

Q_pipe_losses_solar = Q_losses_13+ Q_losses_12

Q_pompe = Q_in_pyp_1 + Q_in_pyp_2 + Q_in_pyp_3+ Q_in_pyp_4 + Q_in_pyp_5+ Q_in_pyp_6 + Q_in_pyp_7 + Q_in_pyp_8 + Q_in_pyp_9 +
Q_in_pyp_10 + Q_in_pyp_11 + Q_in_pyp_12 + Q_in_pyp_13

Q_solar_energy = Q_solar_contribution

Q_ringmain_losses = m_dot_11 * Cp(Water, T=Lyn_VorigeToetser(teller ,T_intern_aanvanklik_11,’T_internal_11_new ") ,P=80 [kPa]) =* (
Lyn_VorigeToetser(teller , T_intern_aanvanklik_e,’T_internal_e_new ")-Lyn_VorigeToetser(teller , T_intern_aanvanklik_11,”’
T_internal_11_new "))

Q_ringmain_losses2 = Q_losses_10 + Q_losses_11 + Q_loss_F

Q_netto = Q_in_ashp + Q_uit_ashp

Q_netto2 = Q_in_solar+Q_uit_swh

Q_netto3 =Q_hp + Q_ashp_pomp +Q_losses_pipe_2+Q_ringmain_losses2-Q_user+Q_in_swh+Q_losses_solar+Q _pompe + Q_losses_tank

Q_in_total = Q_hp + Q_ashp_pomp + Q_in_swh + Q pompe + Q_in

Q_uit_total = Q_uit -Q_losses_pipe_2-Q_ringmain_losses2-Q_losses_solar-Q_losses_tank
Q_verskil = Q_in_total - Q_uit_total
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Computer code (EES): Reduced system
simulation

{WaterTank_stratifikasie_model_rev31 (test data) rev 6

09/2019 by Jean-Pierre de Villiers

24875252

}

Procedure stratifikasieTank3 (activate_heat_pump , electrical_element ,T_set_aux,n,P_atm, q_element,T_hp, T_munispaliteit_koud ,
T_ringfeed_return ,T_wb_i, T_db_i, k_water ,h_kante ,h_top ,h_onder, rho_water ,cp_water ,h_node, area ,area2 ,T_aanvangs[1..5],
m_dot_return_i, m_dot_swv_aanvanklik ,m_dot_hp_aanvanklik ,m_dot_in, m_dot_poort_i ,m_dot_return,n_step, tydstap_grootte,
teller ,G,A_col,T_delta_hoog, T_delta_laag ,L_d,d_o,K_d,N_drawoffs,1_dl,d_d, T_indoors , T_probe_hp ,RH, UA_solar,
UA_solar_manifold ,UA_tank_pipes ,N_hp, N_solar ,T_swv_i, m_solar_bank , T_swv_pype_i, m_solar_pype , density_ratio ,m_dot_ashp_max
,ashp_ratio:tyd, stratifikasieTank [1..5],stratTankEntalp [1..5], T_return ,m_dot[1..5] ,m_dot_hp_probe, h_poort_1 ,m_swv_nou,
M_dot_1,M_dot_2,M_dot_3,M_dot_4,M_dot_5,h_swv_nou, eta_swv , konduksie_term[1..5] , konveksie_term [1..5] , geforseerdeVloed
[1..5],Q_dot_munispaliteit , T_aftap ,Q_losses_d ,q_probe_hp, Q_losses_dead_end , Q_son_probe, Q_return,Q_top,T_meng, T_top_meng,
m_dot_hp, m_dot_poort, m_dot_swv, timer_hp , activate_timer_hp ,Q_netto, m_dot_ringfeed ,T$, cycle$ ,Q_hp_probe,
hp_timer_control_internal ,Q_losses_tank ,Q_user,Q_user2,Q_ringmain_normal , Q_losses_tank_pype ,COP_hp, Q_elektries_hp,
COP_hp_potential , Stelsel_entalpie ,T_swv,T_room, Q_hp_probe_test,Q_netto2,Q_netto3, Q_solar_losses ,Q_hello_ashp ,die_probe,
m_dot_hp_swh, m_hello_ashp , diagnose_condition ,Q_supplies_energy ,Q_in,Q_out, Q_nett, Q_ringmain_test ,Q_heat_pump_loop_test,
Sigma_ringmain_massflux ,Sigma_ashp_loop , Q_tester ,Q_tester_2 ,Q_tester_3 ,Q_tester_4 ,mass_balance_tanks_top,
mass_balance_tanks_bottom ,Q_tank_top ,Q_tank_bottom , Q_nett_laaste ,kode_blok ,h_swv_new, Q_son_probe2, Q_son_losses_manifold ,
h_swv_pype, T_swv_pype)

(Massavloei en energie vergelykings)

T$=concat$ ('The time is now ', TIMES$)
{ Time_function$ (1)}
IF (teller >=2) then

h_oud_1 = tablevalue (TABLENAMES, teller —1,"stratTankEntalp [1] ")
h_oud_2 = tablevalue (TABLENAMES, teller —1,"stratTankEntalp [2] ")
h_oud_3 = tablevalue (TABLENAMES, teller —1,"stratTankEntalp [3] ")
h_oud_4 = tablevalue (TABLENAMES, teller -1, stratTankEntalp [4] ")
h_oud_5 = tablevalue (TABLENAMES, teller —-1,"stratTankEntalp [5] ")
T_oud_1 = Temperature(Water ,h=h_oud_1,P=P_atm)
T_oud_2 = Temperature(Water ,h=h_oud_2,P=P_atm)
T_oud_3 = Temperature(Water ,h=h_oud_3,P=P_atm)
T_oud_4 = Temperature(Water ,h=h_oud_4,P=P_atm)
T_oud_5 = Temperature(Water ,h=h_oud_5,P=P_atm)

T_aftap_oud = tablevalue (TABLENAMES, teller —1,’T_aftap ")

{m_dot_poort tablevalue (TABLENAMES, teller —1,’m_dot_poort”) }
m_dot_return tablevalue (TABLENAMES, teller ,’m_dot_return’)
T_omgewing_db = tablevalue (TABLENAMES, teller ,’T_omgewing_db ")
T_omgewing wb = tablevalue (TABLENAMES, teller ,’T_omgewing wb ")
m_dot_swv_oud = tablevalue (TABLENAMES, teller =1, ’m_swv_nou’)
{h_meng_oud = tablevalue (TABLENAMES, teller -1, ’m_swv_nou”) }

h_swv_oud = tablevalue (TABLENAMES, teller -1, h_swv_new )
h_swv_pype_oud = tablevalue (TABLENAMES$, teller -1, h_swv_pype )
T_swv_pype = Temperature(Water ,h = h_swv_pype_oud,P=P_atm)

timer_hp_oud = tablevalue (TABLENAMES, teller -1, timer_hp ")
activate_timer_hp_oud = tablevalue (TABLENAMES, teller -1, activate_timer_hp ")

else

T_oud_1 = T_aanvangs[1]
T_oud_2 = T_aanvangs[2]
T_oud_3 = T_aanvangs[3]
T_oud_4 = T_aanvangs[4]
T_oud_5 = T_aanvangs[5]

h_oud_1 = Enthalpy(Water, T=T_oud_1,P=P_atm)
h_oud_2 =Enthalpy(Water,T=T_oud_2,P=P_atm)

h_oud_3 = Enthalpy (Water, T=T_oud_3,P=P_atm)
h_oud_4 = Enthalpy (Water, T=T_oud_4,P=P_atm)
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h_oud_5 =Enthalpy(Water,T=T_oud_5,P=P_atm)

T_omgewing_db = T_db_i
T_omgewing_ wb = T_wb_i

T_aftap_oud = T_oud_5-2
m_dot_swv_oud = m_dot_swv_aanvanklik
m_dot_poort = m_dot_poort_i
timer_hp_oud = 0
activate_timer_hp_oud = 0
m_dot_ringfeed = m_dot_return
{m_swv_nou = m_dot_swv_aanvanklik}

h_swv_oud =Enthalpy(Water,T = T_swv_i,P=P_atm)

h_swv_pype_oud =Enthalpy (Water, T = T_swv_pype_i,P=P_atm)

T_swv_pype = T_swv_pype_i

EndIf

"Inisitaliseer die stelsel entalpie vir die verskeie"

h_hp = Enthalpy(Water, T=T_hp ,P=P_atm) "Vaste entalpie vir alle waardes"

h_munispaliteit = Enthalpy(Water, T=T_munispaliteit_koud ,P=P_atm) "(Berekening)"

" (HP aktiewe logika berekeninge)

"Die HP se vergelykings"

"Bepaal vannuit die vorige berekeninge of dit charged on non charged vloei is"
"Gebruik die vorige entaplie en massavloeie en bepaal die inlaat kondisies van die HP"
"Indien die strome meng bepaal die gemengde entalpie op die inlaat kant van die HP"
"Bepaal die HP se massavloei vannuit die kondisies"

"Bereken die stelsel se nuwe massavloeie"

"Bereken die stelsel se nuwe energie vergelykings"

"Bepaal of die HP aan geskakel moet word"

T_swh_max = T_set_aux + 8
t_probe_hp_2 = T_probe_hp

hpTimerControl = hpTimerControl(T_oud_2,T_probe_hp-3,teller ,timer_hp_oud, activate_timer_hp_oud ,t_probe_hp_2+1)
{pre_COP = Q ECDHYM_COP (T_omgewing_db,RH, Temperature (Water ,P=P_atm,h=h_oud_1))
hpTimerControl = hpTimerControl_nuwe(T_oud_2,T_probe_hp, teller ,timer_hp_oud, activate_timer_hp_oud ,pre_COP) }

if (hpTimerControl =1) then
timer_hp = tydstap_grootte + timer_hp_oud
activate_timer_hp =1
hp_timer_control_internal = 0
else

timer_hp = 0
activate_timer_hp = 0
hp_timer_control_internal = 0
endif

if (timer_hp > 900) then
hp_timer_control_internal = 1
endif

h_swv = h_swv_oud {h_uitlaat_swv (T_omgewing_db,G, A_col,h_poort_1,P_atm, m_dot_swv_aanvanklik) }

T_swv = Temperature(Water ,P=P_atm ,h=h_swv)

T_swv_oud = Temperature(Water,P=P_atm ,h=h_swv_oud)

m_swv_activate = m_swv_activate(h_swv,T_oud_3,T_oud_5,T_swh_max,P_atm, T_delta_hoog, T_delta_laag ,m_dot_swv_oud)

{(T_db,RH,T_wb, h_munispaliteit , T_set_point ,P_druk, activate_heat_pump ,N_hp, m_dot_user , m_dot_ring_return ,m_dot_swv,N_solar,
h_poort, m_dot_in)}

m_dot_poort_a = m_poort_calc (T_omgewing_db,RH, T_omgewing_wb, h_munispaliteit ,T_hp,P_atm, hp_timer_control_internal ,N_hp,
m_dot_in, m_dot_return , m_swv_activatexm_dot_swv_aanvanklik ,N_solar ,h_oud_1,m_dot_in, density_ratio ,m_dot_ashp_max,
ashp_ratio)

if (m_dot_poort_a <= 0) THEN "Laai — Siklus / Charge Cycle vir die ASHP en die SWH"

cycle$ = ’Charge’
h_poort_1 = h_oud_1
if (m_dot_poort_a = 0) THEN "Indien die water vir die SNH en ASHP nie getrek word van die stelsel kry hy dit direk van die
munispalitiet af"
{if (m_dot_swv_oud > 0) then
h_meng = h_oud_1

else
h_meng = h_munispaliteit
endif}
h_meng = h_munispaliteit
h_meng_son = h_munispaliteit

die_probe = 22

ELSE
if (m_dot_in >= 0) then "Daar kom water in"
if ((-m_dot_poort_a > ((m_swv_activatexm_dot_swv_aanvanklik)+N_solar))) THEN "Die water word verby die SWH getrek"

if ((m_dot_in + (-m_dot_poort_a-((m_swv_activate*m_dot_swv_aanvanklik)*N_solar))) >0.1) then "M_ashp > 0"
h_meng = ((m_dot_in» h_munispaliteit) + ((-m_dot_poort_a—-((m_swv_activate+*m_dot_swv_aanvanklik)*N_solar))+h_poort_1)) /(
m_dot_in + (-m_dot_poort_a-((m_swv_activatexm_dot_swv_aanvanklik)*N_solar)))

else

h_meng = h_oud_1

endif

h_meng_son = h_oud_1

{h_meng_calc (T_omgewing_db,RH, T_omgewing_wb, h_munispaliteit ,T_hp,P_atm, activate_heat_pump ,N_hp, m_dot_in, m_dot_return,
m_dot_swv_oud, N_solar ,h_oud_1,m_dot_in)} { ((m_dot_in+ h_munispaliteit) - ((m_dot_poort+(m_dot_swv_oud*N_solar) )+
h_poort_1))/(m_dot_in - (m_dot_poort+(m_dot_swv_oud+*N_solar)))} "h_meng is die inlaat entalpie van slegs die hittepomp"

die_probe =44
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ELSE

h_meng_son = ((-m_dot_poort_a+h_oud_1) + ((m_dot_poort_a+((m_swv_activate+m_dot_swv_aanvanklik)*N_solar))+ h_munispaliteit)) /(
m_swv_activate*m_dot_swv_aanvanklik=N_solar)

h_meng = h_munispaliteit

die_probe = 33
ENDIF
endif
ENDIF

T_meng = Temperature (Water ,P=P_atm , h=h_meng)

q_probe_hp = Q ECDHI0MT nuwe(T_omgewing_db,RH, Temperature (Water ,P=P_atm ,h=h_meng) ,T_omgewing_wb, density_ratio ,ashp_ratio)
if (hp_timer_control_internal >= 1) then

m_dot_hp = hpMassaVloei(h_meng, q_probe_hp ,T_hp,P_atm,activate_heat_pump ,m_dot_ashp_max)

else

m_dot_hp = 0

endif

Q_hp_probe_test = m_dot_hp *(h_hp-h_meng)

if (T_swv_pype > T_omgewing_db) then

Q_solar_losses = UA_solar » (T_swv_pype- T_omgewing db)+N_solar {SWH supply pipe losses}
else

Q_solar_losses = 0

endif

eta_swv = eta_swv(T_omgewing_db,G, h_poort_1,P_atm)

Q_son_probe = m_dot_swv_aanvanklik »(h_swv-h_meng_son)*N_solar»m_swv_activate {SNH vloei energie}

if (eta_swv > 0) then

Q_son_probe2 = (eta_swvsG+A_col*N_solar) /1000 {SWV - inkomende energie}

Q_son_losses_manifold= ((1-eta_swv —((100-(53.125%1.63))/100))*G+A_col+N_solar) /1000 {SWV - inkomende energie — optical losses
have been added}

else

Q_son_probe2 = 0

if (T_swv_oud > T_omgewing_db ) then

Q_son_losses_manifold = UA_solar_manifold * (T_swv_oud- T_omgewing_db)x*N_solar
else

Q_son_losses_manifold = 0

endif

endif

h_swv_new = h_uitlaat_swv_new (T_omgewing_db,G, A_col ,h_meng_son,P_atm, m_dot_swv_aanvanklik ,h_swv_oud , UA_solar_manifold ,
m_swv_activate, tydstap_grootte ,m_solar_bank)

m_dot_swv = m_dot_swv_aanvanklik*sm_swv_activate

h_swv_pype = h_uitlaat_swv_pype(T_omgewing_db,h_swv_oud,P_atm,m_dot_swv,h_swv_pype_oud, UA_solar, tydstap_grootte , m_solar_pype
)

m_dot_hp_probe = m_dot_h;
COP_hp_potential = Q ECDHYM_COP(T_omgewing_db ,RH, Temperature (Water ,P=P_atm ,h=h_meng) ,density_ratio)

ELSE "Nie laai Siklus / Non -charge cycle - validated geen probleem met energie balans”

die_probe = 0

cycle$ = 'Non-Charge”’

h_poort_1 = h_munispaliteit

h_meng = h_munispaliteit "Eintlik uitkomentaar"

h_meng_son = h_munispaliteit

q_probe_hp = Q ECDHOMT nuwe(T_omgewing_db,RH, Temperature (Water ,P=P_atm ,h=h_munispaliteit) ,T_omgewing_wb, density_ratio ,
ashp_ratio)

T_meng = Temperature (Water ,P=P_atm , h=h_meng)

if (hp_timer_control_internal >= 1) then

m_dot_hp = hpMassaVloei( h_munispaliteit,q_probe_hp,T_hp,P_atm,activate_heat_pump ,m_dot_ashp_max)
else

m_dot_hp = 0

endif

m_dot_hp_probe = m_dot_hp

Q_hp_probe_test = m_dot_hp *(h_hp-h_meng)

h_swv = h_swv_oud {h_uitlaat_swv (T_omgewing_db,G, A_col,h_poort_1,P_atm,m_dot_swv_aanvanklik) }
T_swv = Temperature(Water ,P=P_atm ,h=h_swv)

T_swv_oud = Temperature(Water ,P=P_atm ,h=h_swv_oud)

if (T_swv_pype > T_omgewing_db) then

Q_solar_losses = UA_solar » (T_swv_pype- T_omgewing db)+N_solar {SWH supply pipe losses]

else

Q_solar_losses = 0

endif

eta_swv = eta_swv(T_omgewing_db,G, h_munispaliteit ,P_atm)

m_swv_activate = m_swv_activate (h_swv,T_oud_3,T_oud_5,T_swh_max,P_atm,T_delta_hoog, T_delta_laag ,m_dot_swv_oud)

Q_son_probe = m_dot_swv_aanvanklik «(h_swv-h_meng_son) *N_solar»m_swv_activate

if (eta_swv > 0) then

Q_son_probe2 = (eta_swvx*G+A_col+N_solar) /1000

Q_son_losses_manifold= ((1-eta_swv —((100-(53.125%1.63))/100))*G+A_col+N_solar) /1000 {SWV - inkomende energie}
{SWV - inkomende energie}

{SWV - inkomende energie}

else

Q_son_probe2 = 0

if (T_swv_oud > T_omgewing_db ) then

Q_son_losses_manifold= UA_solar_manifold * (T_swv_oud- T_omgewing_db)+N_solar
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else

Q_son_losses_manifold= 0

endif

endif

h_swv_new = h_uitlaat_swv_new (T_omgewing_db,G, A_col ,h_meng_son,P_atm, m_dot_swv_aanvanklik ,h_swv_oud, UA_solar_manifold ,
m_swv_activate, tydstap_grootte ,m_solar_bank)

m_dot_swv = m_dot_swv_aanvanklik*m_swv_activate

h_swv_pype = h_uitlaat_swv_pype(T_omgewing_db,h_swv_oud,P_atm,m_dot_swv,h_swv_pype_oud, UA_solar, tydstap_grootte ,m_solar_pype

m_dot_hp_probe = m_dot_hp

COP_hp_potential = Q ECDHYM_COP(T_omgewing_db ,RH, Temperature (Water ,P=P_atm ,h=h_meng) ,density_ratio)

ENDIF

"Alle massavloei berekeninge"

"Koue water toevoer wat by die onderkant van die tank invloei"

m_dot_hp_swh = m_dot_in - (m_dot_hp+N_hp) "################[ Massavloei vergelyking [10]############# "

m_dot_uit = m_dot_in

m_dot_poort = m_dot_hp_swh - (m_dot_swv+N_solar) "################[ Massavloei vergelyking [6]############# ""Die koue water
temperatuur wat onder by die water kan invloei"

m_dot[1] = m_dot_poort + m_dot_return "################] Massavloel vergelyking [1]############# "
M_dot_1 = m_dot[1]

m_dot[2] = m_dot[1] "################][ Massavloei vergelyking [2]############# "

M_dot_2 = m_dot[2]

m_dot[3] = m_dot[2] + (m_dot_swvxN_solar) "################[ Massavloei vergelyking [3]#########H#### "
M_dot_3 = m_dot[3]

m_dot[4] = m_dot[3] "################ Massavloei vergelyking [4]############4 "
M_dot_4 = m_dot[4]

m_dot[5] = m_dot[4] "#########H#H##H##[ Massavioei vergelyking [S|############E "
M_dot_5 = m_dot[5]

h_swv_nou
m_swv_nou

= h_swv

= m_dot_swv

if (m_dot_in > 0) then

Q_dot_munispaliteit = m_dot_in+h_munispaliteit

else

Q_dot_munispaliteit = 0

endif

m_dot_ringfeed = (m_dot_hp+N_hp) + m_dot[5] "################] Massavloei vergelyking [7]############E "

"Energie vergelyking 6"
if (m_dot_poort >= 0) THEN "As dit nie ’'n laai siklus is nie sal die verskafde water 'n mengsel wees"

h_ringfeed_top = (m_dot[5]+h_oud_5 + (m_dot_hp+h_hp*N_hp))/m_dot_ringfeed"Geen verliese in die ringmain word in ag geneem"

Q_hello_ashp = (m_dot_hpx(h_hp)+N_hp) + (m_dot[5]+h_oud_5) - (h_ringfeed_top * m_dot_ringfeed )

m_hello_ashp = (m_dot_hp*N_hp) + (m_dot[5]) - (m_dot_ringfeed )

Q_tank_top = —(m_dot[5]+h_oud_5)

h_poort_bo = h_oud_5

diagnose_condition = 11

else

if ((m_dot_poort < 0) AND (m_dot_hp > 0) ) then "As dit nie ’'n laai siklus is nie sal die verskafde water hoofsaaklik HP water
wees"

"Maar daar moet wel bepaal word of die vloei op die node 5 inwaarts of uitwaarts is."

if (m_dot[5] < 0) then

h_ringfeed_top = h_hp " ((m_dot[5]+h_hp) + (m_dot_hpxh_hp=2))/m_dot_ringfeed"

h_poort_bo = h_hp {h_oud_5}

diagnose_condition = 221

else

h_ringfeed_top = (m_dot[5]+h_oud_5 + (m_dot_hp+h_hp+N_hp))/m_dot_ringfeed

h_poort_bo = h_oud_5

diagnose_condition = 500

endif

Q_hello_ashp = (m_dot_hpx(h_hp)+N_hp) + (m_dot[5]+h_hp) - (h_ringfeed_top * m_dot_ringfeed )
m_hello_ashp = (m_dot_hp*N_hp) + (m_dot[5]) - (m_dot_ringfeed )
Q_tank_top = —(m_dot[5]+h_hp)

else "Anderste is dit 'n laai siklus waar die HP niks bydra nie want hy is nie aan nie maar die SWH werk dalk"
m_dot_ringfeed = m_dot[5] {+ (m_dot_swv+N_solar)}

h_ringfeed_top = h_oud_5 " ((m_dot[5]+h_hp) + (m_dot_hpxh_hp=2))/m_dot_ringfeed"

h_poort_bo =h_oud_5

Q_hello_ashp = (m_dot_hpx*(h_hp)+*N_hp) - (m_dot[5]+h_oud_5) + (h_ringfeed_top * m_dot_ringfeed )

m_hello_ashp = (m_dot_hp*N_hp) —(m_dot[5]) + (m_dot_ringfeed)

diagnose_condition = 33

Q_tank_top = —(m_dot[5]+h_oud_5)

endif

endif

T_top_meng = Temperature(Water ,P=P_atm ,h=h_ringfeed_top)

Q_top = (m_dot_ringfeed)+h_ringfeed_top

Q_losses_d = k.d » 1_.d » (T_aftap_oud - (T_indoors) ) / 1000[W/kW]"verliese na die omgewing op die las kant"{k_d * 1_d = (
T_top_meng - (T_omgewing_db +T_indoors) ) / 1000[W/KW]}
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Q_losses_dead_end =((( pi# * Cp(Water, T=T_aftap_oud ,P=P_atm) =+ (d_d~2) + 1_dl )/4)+ density(Water, T=T_aftap_oud ,P=P_atm) =
N_drawoffs =+ (T_aftap_oud - (T_indoors)))/ tydstap_grootte

{((( pi# » Cp(Water,T=T_aftap_oud ,P=P_atm) = (d_d”2) * 1_dl )/4)* density (Water, T=T_aftap_oud ,P=P_atm) » N_drawoffs = (
T_top_meng - (T_omgewing_db+T_indoors)))/ tydstap_grootte}

T_room = T_indoors {(T_omgewing_db+T_indoors)}

h_ringfeed_return = (h_ringfeed_top*(m_dot_return + (m_dot_in/2)) - Q_losses_dead_end - Q_losses_d)/(m_dot_return + (m_dot_in
/2)) {h_ringfeed_aftap - ((Q_losses_d/m_dot_ringfeed)/2)}

h_ringfeed_aftap = (h_ringfeed_top+h_ringfeed_return)/2

T_aftap = Temperature(Water ,P=P_atm, h=h_ringfeed_aftap)

T_return = Temperature (Water ,P=P_atm ,h=h_ringfeed_return)

{T_swv_nou = Temperature (Water ,P=P_atm ,h=h_swv) }
{T_ringfeed_return = T_return }

if (m_dot_poort <= 0) THEN "Charge cycle — Laai siklus"

if ((m_dot_hp > 0) and (m_dot[5] < 0)) then
kode_blok = 1

"Node 1 se energie"

tyd = tellers tydstap_grootte

digtheidl = Density (Water,T=T_oud_1,P=P_atm)
digtheid_oudl = digtheidl

m_1 = h_nodexareaxdigtheid1l

Q_return = (m_dot_return+h_ringfeed_return)

{ stratTankEntalp[1]= h_oud_1 +((h_kantexarea2*(T_omgewing_db-T_oud_1)+((k_water=area)/h_node)x(T_oud_2 -
T_oud_1)+(m_dot_poort+h_poort_1)+(m_dot_return+h_ringfeed_return)—-(m_dot_1+h_oud_1)+(h_onderxarea »(T_omgewing_db-T_oud_1
)))/(rho_waterxarea+h_node))* tydstap_grootte}

{stratTankEntalp[1]= h_oud_1 +(((m_dot_poort+h_poort_1)+(m_dot_return+h_ringfeed_return)—-(m_dot[1]+h_oud_1))/(m_1))+
tydstap_grootte}

energy_corrector_nodel = upwindFunction(m_dot[1],0,-h_oud_1,-h_oud_2)

konduksie_term[1] = (((k_waterxarea)/h_node)*(T_oud_2 - T_oud_1))

konveksie_term[1] = (h_kanterarea2+(T_omgewing_db-T_oud_1))+(h_onder+area*(T_omgewing_db-T_oud_1))+(h_top+area*(T_omgewing_db-
T_oud_1))

tank_pyp_verlies[1] = ((UA_tank_pipes/5)+(T_omgewing_db-T_oud_1))

geforseerdeVloed[1] = (m_dot_poort+h_poort_1)+(m_dot_return+h_ringfeed_return)+(m_dot[1]+energy_corrector_nodel)

k_nodel_1= ((geforseerdeVloed[1] +konveksie_term[1]+konduksie_term[1] +tank_pyp_verlies[1])/(m_1))+ tydstap_grootte
k_nodel_1_Tn = Temperature(Water ,h=((k_nodel_1%0.5)+h_oud_1) ,P=P_atm)
k_nodel_1_T = k_nodel_1_Tn

"Node 2 se energie"

digtheid2 = Density (Water,T=T_oud_2,P=P_atm)

digtheid_oud2 = digtheid2

m_2 = h_node+areaxdigtheid2

{ stratTankEntalp [2] = h_oud_2 +((h_kante+area2«(T_omgewing_db-T_oud_2)+((k_water+area)/h_node)+(T_oud_3 -
T_oud_2) +((k_water+area)/h_node) *(T_oud_1 — T_oud_2)+(m_dot_1+h_oud_1)—(m_dot_2+h_oud_2)) /(rho_water+areaxh_node))*
tydstap_grootte}

{stratTankEntalp[2] = h_oud_2 +(((m_dot[1]+h_oud_1)-( m_dot[2]+h_oud_2))/(m_2))+ tydstap_grootte}

energy_corrector_node2_1
energy_corrector_node2_2

= upwindFunction(m_dot[1],0,h_oud_1,h_oud_2)

= upwindFunction(m_dot[2],0,-h_oud_2,-h_oud_3)

konduksie_term[2] = (((k_waterxarea)/h_node)*(T_oud_1 — T_oud_2))+(((k_waterxarea)/h_node)+(T_oud_3 - T_oud_2))

konveksie_term[2] = (h_kantexarea2*(T_omgewing_db-T_oud_2))+(h_onder+area*(T_omgewing_db-T_oud_2))+(h_top+area *(T_omgewing_db-
T _oud_2))

geforseerdeVloed [2] = (m_dot[1]+energy_corrector_node2_1)+( m_dot[2]+energy_corrector_node2_2)

tank_pyp_verlies [2] = ((UA_tank_pipes/5)+(T_omgewing_db-T_oud_2))

k_node2_1= ((geforseerdeVloed[2]+konveksie_term[2]+konduksie_term[2]+tank_pyp_verlies[2]) /(m_2))+ tydstap_grootte

k_node2_1_Tn = Temperature(Water ,h=((k_node2_1%0.5)+h_oud_2) ,P=P_atm)

{k_node2_1_T = T_oud_2 + k_node2_1_Tn}

k_node2_1_T =k_node2_1_Tn

"Node 3 se energie"

digtheid3 = Density (Water,T=T_oud_3,P=P_atm)

digtheid_oud3 = digtheid3

m_3 = h_nodexareaxdigtheid3

{ stratTankEntalp [3] = h_oud_3 +((h_kantexarea2*(T_omgewing_db-T_oud_3) +((k_water+area)/h_node)*(T_oud_4 -
T_oud_3) +((k_waterxarea)/h_node) *(T_oud_2 - T_oud_3)+(m_dot_2+h_oud_2)—(m_dot_3+h_oud_3) +(m_dot_swvs+h_swv)) /(rho_waterx
areaxh_node))* tydstap_grootte}

{stratTankEntalp[3] = h_oud_3 +((( m_dot[2]+h_oud_2)-(m_dot[3]+h_oud_3)+(m_dot_swv+h_swv))/(m_3))+ tydstap_grootte}

energy_corrector_node3_1 upwindFunction (m_dot[2],0 ,h_oud_2,h_oud_3)

energy_corrector_node3_2 upwindFunction (m_dot[3],0, -h_oud_3,-h_oud_4)

konduksie_term [3] (((k_water=area)/h_node) *(T_oud_4 - T_oud_3))+(((k_water+area)/h_node)+(T_oud_2 - T_oud_3))

konveksie_term[3] (h_kantexarea2 +(T_omgewing_db—T_oud_3) ) +(h_onderxarea *(T_omgewing_db-T_oud_2) ) +(h_top+area *(T_omgewing_db—
T_oud_2))

geforseerdeVloed [3] = ( m_dot[2]xenergy_corrector_node3_1)+(m_dot[3]+energy_corrector_node3_2)+(m_dot_swvs+h_swv_pype_oud*
N_solar)

tank_pyp_verlies [3] = ((UA_tank_pipes/5)+(T_omgewing_db-T_oud_3))

k_node3_1 = ((geforseerdeVloed[3]+konveksie_term[3]+konduksie_term[3]+tank_pyp_verlies[3]) /(m_3))+ tydstap_grootte

k_node3_1_Tn = Temperature(Water ,h=((k_node3_1+0.5)+h_oud_3) ,P=P_atm)

{k_node3_1_T = T_oud_3 + k_node3_1_Tn}

k_node3_1_T = k_node3_1_Tn

"Node 4 se energie"

digtheid4 = Density (Water,T=T_oud_4,P=P_atm)
cp_water_4 =Cp(Water,T=T_oud_4,P=P_atm)
digtheid_oud4 = digtheid4

m_4 = h_nodexareaxdigtheid4
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q_aux_4 = Q_aux(T_set_aux, T_oud_4, q_element, cp_water_4, m_4, tydstap_grootte,6 electrical_element ,m_dot[3],h_oud_4,-m_dot[4],
h_oud_5,h_kante ,area2 ,T_omgewing_db,0,area ,T_oud_3,T_oud_5,h_node, k_water)

{ stratTankEntalp [4] = h_oud_4 +((h_kantexarea2+(T_omgewing_db-T_oud_4)+((k_waterxarea)/h_node)*(T_oud_5 -
T_oud_4) +((k_water+area)/h_node) *(T_oud_3 - T_oud_4)+(m_dot_3+h_oud_3)—(m_dot_4+h_oud_4)+q_aux_4)/(rho_water+area+h_node
))* tydstap_grootte}

{stratTankEntalp[4] = h_oud_4 +(((m_dot[3]+h_oud_3)-(m_dot[4]+h_oud_4)+q_aux_4)/(m_4))* tydstap_grootte}

konduksie_term[4] = (((k_water+area)/h_node)*(T_oud_5 — T_oud_4))+(((k_waterxarea)/h_node)*(T_oud_3 - T_oud_4))

konveksie_term[4] = (h_kantexarea2*(T_omgewing_db-T_oud_4))+(h_onder+area*(T_omgewing_db-T_oud_4))+(h_top+area *(T_omgewing_db—
T_oud_4))

geforseerdeVloed [4] = (m_dot[3]+h_oud_4)-(m_dot[4]+h_oud_5)

tank_pyp_verlies [4] = ((UA_tank_pipes/5)+(T_omgewing_db-T_oud_4))

k_node4_1 =((geforseerdeVloed[4] +q_aux_4+konveksie_term[4]+konduksie_term[4]+tank_pyp_verlies[4]) /(m_4))x tydstap_grootte

k_node4_1_Tn = Temperature(Water h=((k_node4_1%0.5)+h_oud_4) ,P=P_atm)

{k_node4_1_T = T_oud_4 + k_node4_1_Tn}

k_node4_1_T = k_node4_1_Tn

"Node 5 se energie"

{m_dot_ringfeed = m_dot[5] + (m_dot_hp=2)}

digtheid5 = Density (Water,T=T_oud_5,P=P_atm)

cp_water_5 =Cp(Water,T=T_oud_5,P=P_atm)

m_5 = h_nodexareaxdigtheid5

q_aux_5 = Q_aux(T_set_aux, T_oud_5, q_element, cp_water_5, m_5, tydstap_grootte,6 electrical_element ,m_dot[4],h_oud_5,-m_dot[5],
h_poort_bo,h_kante ,area2 ,T_omgewing_db,h_top ,area,T_oud_4,T_oud_5,h_node, k_water)

{q_aux_1 = Q_aux(T_set_aux, T_oud_5, q_element, cp_water_5, m_5, tydstap_grootte)}

{T_meng = ((T_hp*m_dot_hp)+(T_oud_5 * m_dot[5]))/m_dot_ringfeed}

{ stratTankEntalp [5] = h_oud_5 +((h_kantexarea2«(T_omgewing_db-T_oud_5)+((k_waterxarea)/h_node)+(T_oud_4 -
T_oud_5) +(m_dot_4+h_oud_4) —(m_dot_5+h_oud_5) +(h_top+area *(T_omgewing_db-T_oud_5) )+q_aux_5) /(rho_water+area+h_node) ) *
tydstap_grootte}

{stratTankEntalp [5] = h_oud_5 +(((m_dot[4]+h_oud_4)-(m_dot[5]+h_oud_5)+q_aux_5)/(m_5))* tydstap_grootte}

konduksie_term[5] = (((k_water+area)/h_node)*(T_oud_4 — T_oud_5))

geforseerdeVloed [5] = (m_dot[4]+h_oud_5)—-(m_dot[5]+h_poort_bo)

konveksie_term[5] = (h_kantexarea2+(T_omgewing_db-T_oud_5))+(h_onder+area+(T_omgewing_db-T_oud_5))+(h_top+area (T_omgewing_db—
T_oud_5))

tank_pyp_verlies[5] = ((UA_tank_pipes/5)(T_omgewing_db-T_oud_5))

k_node5_1 = (konduksie_term[5] + q_aux_5 + konveksie_term[5] + geforseerdeVloed[5]+tank_pyp_verlies[5] )/(m_5)*
tydstap_grootte

k_node5_1_Tn = Temperature(Water ,h=((k_node5_1%0.5)+h_oud_5) ,P=P_atm)

{k_node5_1_T = T_oud_5 + k_node5_1_Tn}

k_node5_1_T = k_node5_1_Tn

k_nodel_2= ((((UA_tank_pipes/5)+(T_omgewing_db-k_nodel_1_T))+(m_dot_poort+h_poort_1)+(m_dot_return+h_ringfeed_return)+(m_dot
[1]#(energy_corrector_nodel +(0.5+k_node2_1)))+(h_kantexarea2+(T_omgewing_db—((k_nodel_1_T))))+(h_onderxarea *(
T_omgewing_db—((k_nodel_1_T))))+(h_top*areax(T_omgewing db—-((k_nodel_1_T)))) +(((k_water=area) /(h_node/2)) «(((k_node2_1_T
)) — ((k_nodel_1.T)))))/(m_1/2))+ tydstap_grootte

k_node2_2= ((((UA_tank_pipes/5)+(T_omgewing_db-k_node2_1_T))+(m_dot[1]+(energy_corrector_node2_1+(0.5+k_node2_1)))+(m_dot
[2]+(energy_corrector_node2_2+(0.5xk_node2_1)))+(h_kantexarea2»(T_omgewing_db—-((k_node2_1_T))))+(h_topxarea =(
T_omgewing_db—((k_node2_1_T))))+(h_onderxarea =(T_omgewing_db—((k_node2_1_T)))) +(((k_water+area) /(h_node/2)) = (((
k_node3_1_T)) —( (k_node2_1_T))))+(((k_water=area)/(h_node/2))*(((k_nodel_1_T)) - ((k_node2_1_T)))))/(m_2/2))=
tydstap_grootte

k_node3_2 = ((((UA_tank_pipes/5)+(T_omgewing_db—k_node3_1_T))+( m_dot[2]+(energy_corrector_node3_1+(0.5+k_node3_1)))+(m_dot
[3]+(energy_corrector_node3_2+(0.5+k_node4_1)))+(m_dot_swv+h_swv_pype_oud+N_solar)+(h_kante+area2 +(T_omgewing_db —((
k_node3_1_T))))+(h_topxarea +(T_omgewing_db-((k_node3_1_T))))+(h_onder+area*(T_omgewing_db~-((k_node3_1_T)))) +(((k_water=
area)/(h_node/2))*(((k_node4_1_T)) - ((k_node3_1_T))))+(((k_waterxarea)/(h_node/2))*(((k_node2_1_T)) - ((k_node3_1_.T))))
)/(m_3/2))+ tydstap_grootte

k_node4_2 =((((UA_tank_pipes/5)+(T_omgewing_db-k_node4_1_T))+(m_dot[3]+(h_oud_4+(0.5+k_node4_1)))—(m_dot[4]+(h_oud 5+(0.5+
k_node5_1)))+q_aux_4+(h_kantexarea2*(T_omgewing_db-((k_node4_1_T))))+(h_topxarea+(T_omgewing_db—((k_node4_1_T))))+(
h_onder+area *(T_omgewing_db—((k_node4_1_T)))) +(((k_water+area) /(h_node/2)) *(((k_node5_1_T)) - ((k_node4_1_T))))+(((
k_waterxarea) /(h_node/2)) *(((k_node3_1_T)) - ((k_node4_1.T)))))/(m_4/2))* tydstap_grootte

k_node5_2 = ((((UA_tank_pipes/5)+(T_omgewing_db-k_node5_1_T))+(m_dot[4]+(h_oud_5+(0.5+k_node5_1)))—(m_dot[5]+(h_poort_bo))+
q_aux_5+(h_kantexarea2 »(T_omgewing_db—((k_node5_1_T)))) +((h_top+areax(T_omgewing_db—-((k_node5_1_T)))))+(h_onderxarea=(
T_omgewing_db—((k_node5_1_T)))) +(((k_waterxarea) /(h_node/2)) +(((k_node4_1_T)) - ((k_node5_1_.T)))))/(m_5/2))=
tydstap_grootte

k_nodel_2_Tn = Temperature(Water ,h=((h_oud_1+(0.5+k_nodel_2))),P=P_atm) "Verandering in entalpie"

{k_nodel_2_T T_oud_1 + k_nodel_2_Tn}

k_nodel_2_T = k_nodel_2_Tn

k_node2_2_Tn = Temperature(Water ,h=((h_oud_2+(0.5+k_node2_2))) ,P=P_atm)
{k_node2_2_T = T_oud_2 + k_node2_2_Tn}

k_node2_2_T = k_node2_2_Tn
2_T Temperature (Water ,h=((h_oud_3+(0.5+k_node3_2))) ,P=P_atm)
- 2 T_oud_3 + k_node3_2_Tn}
k_node3_2_T = k_node3_2_Tn
2_T Temperature (Water ,h=((h_oud_4+(0.5+k_node4_2))) ,P=P_atm)
_ 2 T_oud_4 + k_node4_2_Tn}
k_node4_2_T = k_node4_2_Tn
_ 2. T Temperature (Water ,h=((h_oud_5+(0.5+k_node5_2))) ,P=P_atm)
{k_node5_2_T T_oud_5 + k_node5_2_Tn}
k_node5_2_T = k_node5_2_Tn

k_nodel_3= ((((UA_tank_pipes/5)+(T_omgewing_db-k_nodel_2_T))+(m_dot_poort+h_poort_1)+(m_dot_return+h_ringfeed_return)+(m_dot
[1]+(energy_corrector_nodel +(0.5+k_node2_2)))+(h_kantexarea2*(T_omgewing_db—((k_nodel_2_T))))+(h_onderxarea = (
T_omgewing_db—((k_nodel_2_T))))+(h_top+areax(T_omgewing_db—-((k_nodel_2_T)))) +(((k_water=area) /(h_node/2)) *(((k_node2_2_T
)) — ((k_nodel_2_T)))))/(m_1/2))= tydstap_grootte

k_node2_3= ((((UA_tank_pipes/5)+(T_omgewing_db-k_node2_2_T))+(m_dot[1]+(energy_corrector_node2_1+(0.5+k_node2_2)))+(m_dot
[2]+(energy_corrector_node2_2+(0.5+k_node3_2)))+(h_kantexarea2+(T_omgewing_db—((k_node2_2_T)))) +(((k_water+area) /(h_node
/2))*+(((k_node3_2_T)) - ((k_node2_2_T))))+(h_onderxarea+(T_omgewing db—((k_node2_2_T))))+(h_top+area+(T_omgewing_db—((
k_node2_2_T)))) +(((k_waterxarea) /(h_node/2)) +(((k_nodel_2_T)) - ((k_node2_2.T)))))/(m_2/2))+ tydstap_grootte

k_node3_3 = ((((UA_tank_pipes/5)+(T_omgewing_db-k_node3_2_T))+( m_dot[2]+(energy_corrector_node3_1+(0.5+k_node3_2)))+(m_dot
[3]+(energy_corrector_node3_2+(0.5+k_node4_2)))+(m_dot_swv+h_swv_pype_oud*N_solar)+(h_kantexarea2 *(T_omgewing_db —((
k_node3_2_T))))+(h_onderxarea «(T_omgewing_db—((k_node3_2_T))))+(h_top+areax(T_omgewing db—-((k_node3_2_T)))) +(((k_water=
area)/(h_node/2)) *(((k_node4_2_T)) - ((k_node3_2_T))))+(((k_waterxarea)/(h_node/2))=(((k_node2_2_T)) - ((k_node3_2_.T))))
)/(m_3/2))% tydstap_grootte
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k_node4_3 =((((UA_tank_pipes/5)+(T_omgewing_db-k_node4_2_T))+(m_dot[3]+(h_oud_4+(0.5+k_node4_2)))—(m_dot[4]+(h_oud_5+(0.5+
k_node5_2)))+q_aux_4+(h_kantexarea2*(T_omgewing_db-((k_node4_2_T)))) +(((k_waterxarea)/(h_node/2)) +(((k_node5_2_T)) - ((
k_node4_2_T))))+(h_onderxarea +(T_omgewing_db—((k_node4_2_T))))+(h_top+areax(T_omgewing_db-((k_node4_2_T)))) +(((k_water=
area) /(h_node) /2) *(((k_node3_2_T)) - ((k_node4_2.T)))))/(m_4/2))+ tydstap_grootte

k_node5_3 = ((((UA_tank_pipes/5)*(T_omgewing_db-k_node5_2_T))+(m_dot[4]+(h_oud_5+(0.5xk_node5_2)))—(m_dot[5]+(h_poort_bo) )+
q_aux_5+(h_kantexarea2 »(T_omgewing_db-((k_node5_2_T)))) +((h_top+area(T_omgewing db—-((k_node5_2_T)))))+(h_onderxareax(
T_omgewing_db—((k_node5_2_T)))) +(((k_waterxarea)/(h_node/2)) *(((k_node4_2_T)) - ((k_node5_2.T)))))/(m.5/2))*
tydstap_grootte

k_nodel_3_Tn = Temperature(Water h=((h_oud_1+(k_nodel_3))),P=P_atm) "Verandering in entalpie"

{k_nodel_3_T T_oud_1 + k_nodel_3_Tn}

k_nodel_3_T = k_nodel_3_Tn

k_node2_3_Tn = Temperature(Water ,h=((h_oud_2+(k_node2_3))) ,P=P_atm)
{k_node2_3_T = T_oud_2 + k_node2_3_Tn}

k_node2_3_T = k_node2_3_Tn

3_T Temperature (Water ,h=((h_oud_3+(k_node3_3))) ,P=P_atm)
_ _3_ T_oud_3 + k_node3_3_Tn}
k_node3_3_T = k_node3_3_Tn

3_T Temperature (Water ,h=((h_oud_4+(k_node4_3))) ,P=P_atm)
_ _3_ T_oud_4 + k_node4_3_Tn}
k_node4_3_T = k_node4_3_Tn

3_T Temperature (Water ,h=((h_oud_5+(k_node5_3))) ,P=P_atm)
_ _ T_oud_5 + k_node5_3_Tn}
k_node5_3_T = k_node5_3_Tn

k_nodel_4= ((((UA_tank_pipes/5)+(T_omgewing_db-k_nodel_3_T))+(m_dot_poort+h_poort_1)+(m_dot_returnxh_ringfeed_return)+(m_dot
[1]#(energy_corrector_nodel+(k_node2_3)))+(h_kante+area2+(T_omgewing_db—((k_nodel_3_T))))+(h_onderxarea (T_omgewing_db
—((k_nodel_3_T))))+(h_topxarea=(T_omgewing_db—-((k_nodel_3_T))))+(((k_water+area) /(2+h_node)) *(((k_node2_3_T)) - ((
k_nodel_3.T)))))/(2+*m_1))* tydstap_grootte

k_node2_4= ((((UA_tank_pipes/5)«(T_omgewing_db-k_node2_3_T))+(m_dot[1]+(energy_corrector_node2_1+(k_node2_3)))+(m_dot[2]=(
energy_corrector_node2_2+(k_node3_3)))+(h_kantexarea2»(T_omgewing_db-((k_node2_3_T)))) +(((k_water=area)/h_node) = (((
k_node3_3_T)) - ((k_node2_3_T))))+(h_onderxarea«(T_omgewing_db—((k_node2_3_T))))+(h_top+area=(T_omgewing_db—((
k_node2_3_T))))+(((k_water=area) /(h_node=2)) *(((k_nodel_3_T)) - ((k_node2_3_T)))))/(2+m_2))+ tydstap_grootte

k_node3_4 = ((((UA_tank_pipes/5)+(T_omgewing_db-k_node3_3_T))+( m_dot[2]+(energy_corrector_node3_1+(k_node3_3)))+(m_dot[3]+(
energy_corrector_node3_2+(k_node4_3)))+(m_dot_swv+h_swv_pype_oud+N_solar) +(h_kante+area2 +(T_omgewing_db-((k_node3_3_T)))
) +(h_onder+area*(T_omgewing_db-((k_node3_3_T))))+(h_top*area*(T_omgewing_db-((k_node3_3_T)))) +(((k_water+area) /(h_node
%2)) *(((k_node4_3_T)) - ((k_nodel_3_T))))+(((k_water+area)/(h_node*2))*(((k_node2_3_T)) - ((k_node3_3_T)))))/(m_3%2))=*
tydstap_grootte

k_node4_4 =((((UA_tank_pipes/5)+(T_omgewing_db-k_node4_3_T))+(m_dot[3]+(h_oud_4+(k_node4_3)))—(m_dot[4]+(h_oud_5+(k_node5_3)))
+q_aux_4+(h_kantexarea2 *(T_omgewing_db—((k_node4_3_T)))) +(((k_water+area)/(h_node*2)) «(((k_node5_3_T)) - ((k_node4_3_T))
)) +(h_onderxarea *(T_omgewing_db—((k_node4_3_T))))+(h_top+area*(T_omgewing_db-((k_node4_3_T)))) +(((k_waterxarea)/(h_node
*2)) *(((k_node3_3_T)) - ((k_node4_3_T)))))/(m_4x2))+ tydstap_grootte

k_node5_4 = ((((UA_tank_pipes/5)+(T_omgewing_db-k_node5_3_T))+(m_dot[4]+(h_oud_5+(k_node5_3)))—-(m_dot[5]*(h_poort_bo))+q_aux_5
+(h_kante+area2 = (T_omgewing_db—((k_node5_3_T)))) +((h_topxarea =(T_omgewing_db—-((k_node5_3_T))))) +((h_onder=+area x(
T_omgewing_db—((k_node5_3_T))))) +(((k_water+area) /(h_node=2)) »(((k_node4_3_T)) - ((k_node5_3_T)))))/(m_5%2))=
tydstap_grootte

stratTankEntalp[1]= h_oud_1

+ (1/6+(k_nodel_1+(2+k_nodel_2)+(2+k_nodel_3))+k_nodel_4)
stratTankEntalp[2]= h_oud_2 + (1/6+(k_node2_1+(2+k_node2_2)+(2+k_node2_3))+k_node2_4)
stratTankEntalp [3]= h_oud_3 + (1/6+(k_node3_1+(2+k_node3_2)+(2+k_node3_3))+k_node3_4)
stratTankEntalp [4]= h_oud_4 + (1/6+(k_node4_1+(2+k_node4_2)+(2+k_node4_3))+k_node4_4)
stratTankEntalp [5]= h_oud_5 + (1/6+(k_node5_1+(2+k_node5_2)+(2+k_node5_3))+k_node5_4)

"Bereken die tempeartuur van die nuut berekende entalpie”

stratifikasieTank [1] = Temperature(Water ,h=stratTankEntalp [1],P=P_atm)
stratifikasieTank [2] = Temperature(Water ,h=stratTankEntalp [2],P=P_atm)
stratifikasieTank [3] = Temperature(Water ,h=stratTankEntalp [3],P=P_atm)
stratifikasieTank [4] = Temperature(Water ,h=stratTankEntalp [4],P=P_atm)
stratifikasieTank [5] = Temperature(Water ,h=stratTankEntalp [5] ,P=P_atm)

else

"Node 1 se energie"

kode_blok = 2

tyd = teller+ tydstap_grootte

digtheidl = Density (Water,T=T_oud_1,P=P_atm)
digtheid_oudl = digtheidl

m_1 = h_nodexareaxdigtheidl

Q_return = (m_dot_return+h_ringfeed_return)

corrector = maalFaktor (m_dot[2],0)

{ stratTankEntalp[1]= h_oud_1 +((h_kantexarea2*(T_omgewing db-T_oud_1)+((k_water+area)/h_node)*(T_oud_2 -
T_oud_1)+(m_dot_poort+h_poort_1)+(m_dot_return+h_ringfeed_return)—(m_dot_l+h_oud_1)+(h_onderxarea *(T_omgewing_db-T_oud_1
)))/(rho_water+area+h_node) )+ tydstap_grootte}

{stratTankEntalp[1]= h_oud_1 +(((m_dot_poort+h_poort_1)+(m_dot_returnxh_ringfeed_return)—-(m_dot[1]+h_oud_1))/(m_1))*
tydstap_grootte}

energy_corrector_nodel = upwindFunction(m_dot[1],0,-h_oud_1,-h_oud_2)

konduksie_term[1] = (((k_water+area)/h_node)*(T_oud_2 — T_oud_1))

konveksie_term[1] = (h_kantexarea2«(T_omgewing_db-T_oud_1))+(h_onder+area+(T_omgewing_db-T_oud_1))+(h_top+area (T_omgewing_db—
T_oud_1))

tank_pyp_verlies[1] = ((UA_tank_pipes/5)(T_omgewing_db-T_oud_1))

geforseerdeVloed[1] = (m_dot_poort+xh_oud_1)+(m_dot_return+h_ringfeed_return)+(m_dot[1]+energy_corrector_nodel)

k_nodel_1= ((geforseerdeVloed[1] +konveksie_term[1]+konduksie_term[1] +tank_pyp_verlies[1])/(m_1))+ tydstap_grootte

k_nodel_1_Tn = Temperature(Water ,h=((k_nodel_1%0.5)+h_oud_1) ,P=P_atm)

k_nodel_1_T = k_nodel_1_Tn

"Node 2 se energie"
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digtheid2 = Density (Water,T=T_oud_2,P=P_atm)

digtheid_oud2 = digtheid2

m_2 = h_nodexareaxdigtheid2

{ stratTankEntalp [2] = h_oud_2 +((h_kantexarea2x(T_omgewing_db-T_oud_2)+((k_waterxarea)/h_node) *(T_oud_3 -
T_oud_2) +((k_waterxarea)/h_node) *(T_oud_1 - T_oud_2)+(m_dot_1+h_oud_1)—-(m_dot_2xh_oud_2))/(rho_water*area*h_node))*
tydstap_grootte}

{stratTankEntalp[2] = h_oud_2 +(((m_dot[1]+h_oud_1)-( m_dot[2]+h_oud_2))/(m_2))* tydstap_grootte}

energy_corrector_node2_1 = upwindFunction(m_dot[1],0,h_oud_1,h_oud_2)

energy_corrector_node2_2 = upwindFunction(m_dot[2],0,-h_oud_2,-h_oud_3)

konduksie_term[2] = (((k_waterxarea)/h_node)*(T_oud_1 - T_oud_2))+(((k_waterxarea)/h_node)*(T_oud_3 - T_oud_2))

konveksie_term[2] = (h_kantexarea2«(T_omgewing_db-T_oud_2))+(h_onder=area *(T_omgewing_db-T_oud_2))+(h_top+area *(T_omgewing_db—
T_oud_2))

geforseerdeVloed [2] = (m_dot[1]+energy_corrector_node2_1 )+( m_dot[2]xenergy_corrector_node2_2 )

tank_pyp_verlies[2] = ((UA_tank_pipes/5)*(T_omgewing_db-T_oud_2))

k_node2_1= ((geforseerdeVloed[2]+konveksie_term[2]+konduksie_term[2]+tank_pyp_verlies[2]) /(m_2))+ tydstap_grootte

k_node2_1_Tn = Temperature(Water ,h=((k_node2_1+0.5)+h_oud_2) ,P=P_atm)

{k_node2_1_T = T_oud_2 + k_node2_1_Tn}

k_node2_1_T =k_node2_1_Tn

"Node 3 se energie"

digtheid3 = Density (Water,T=T_oud_3,P=P_atm)

digtheid_oud3 = digtheid3

m_3 = h_nodexareaxdigtheid3

{ stratTankEntalp [3] = h_oud_3 +((h_kantexarea2*(T_omgewing db-T_oud_3) +((k_water+area)/h_node)*(T_oud_4 -
T_oud_3) +((k_waterxarea)/h_node) *(T_oud_2 - T_oud_3)+(m_dot_2+h_oud_2) —(m_dot_3+h_oud_3) +(m_dot_swvs+h_swv)) /(rho_water=
area+h_node))* tydstap_grootte}

{stratTankEntalp[3] = h_oud_3 +((( m_dot[2]+h_oud_2)—-(m_dot[3]+h_oud_3)+(m_dot_swv+h_swv))/(m_3))+ tydstap_grootte}

energy_corrector_node3_1 = upwindFunction(m_dot[2],0,h_oud_2,h_oud_3)

energy_corrector_node3_2 = upwindFunction(m_dot[3],0,-h_oud_3,-h_oud_4)

konduksie_term [3] = (((k_waterxarea)/h_node)*(T_oud_4 — T_oud_3)) +(((k_waterxarea)/h_node)*(T_oud_2 - T_oud_3))

konveksie_term[3] = (h_kantexarea2«(T_omgewing_db-T_oud_3))+(h_onder=area *(T_omgewing_db-T_oud_2))+(h_top+area *(T_omgewing_db—
T_oud_2))

geforseerdeVloed [3] = ( m_dot[2]+energy_corrector_node3_1)+(m_dot[3]+energy_corrector_node3_2)+(m_dot_swv+h_swv_pype_oud+
N_solar)

tank_pyp_verlies[3] = ((UA_tank_pipes/5)(T_omgewing_db-T_oud_3))

k_node3_1 = ((geforseerdeVloed[3]+konveksie_term[3]+konduksie_term[3]+tank_pyp_verlies[3])/(m_3))+ tydstap_grootte

k_node3_1_Tn = Temperature(Water ,h=((k_node3_1+0.5)+h_oud_3) ,P=P_atm)

{k_node3_1_T = T_oud_3 + k_node3_1_Tn}

k_node3_1_T = k_node3_1_Tn

"Node 4 se energie"

digtheid4 = Density (Water,T=T_oud_4,P=P_atm)

cp_water_4 =Cp(Water,T=T_oud_4,P=P_atm)

digtheid_oud4 = digtheid4

m_4 = h_nodexareaxdigtheid4

q_aux_4 = Q_aux(T_set_aux, T_oud_4, g_element, cp_water_4, m_4, tydstap_grootte,6 electrical_element , m_dot[3],h_oud_4,-m_dot[4],
h_oud_5,h_kante,area2 ,T_omgewing_db,0,area,T_oud_3,T_oud_5,h_node, k_water)

{ stratTankEntalp [4] = h_oud_4 +((h_kante+area2+(T_omgewing_db-T_oud_4)+((k_water+area)/h_node)+(T_oud_5 -
T_oud_4) +((k_water+area)/h_node) +(T_oud_3 — T_oud_4)+(m_dot_3+h_oud_3)—(m_dot_4+h_oud_4)+q_aux_4) /(rho_waterxarea+h_node
))* tydstap_grootte}

{stratTankEntalp [4] = h_oud_4 +(((m_dot[3]+h_oud_3)—-(m_dot[4]+h_oud_4)+q_aux_4)/(m_4))+ tydstap_grootte}

energy_corrector_node4_1 = upwindFunction(m_dot[3],0,h_oud_3,h_oud_4)
energy_corrector_node4_2 = upwindFunction(m_dot[4],0,-h_oud_4,-h_oud_5)

konduksie_term[4] = (((k_waterxarea)/h_node)*(T_oud_5 — T_oud_4))+(((k_waterxarea)/h_node)+(T_oud_3 - T_oud_4))
konveksie_term[4] = (h_kantexarea2+(T_omgewing_db-T_oud_4))+(h_onder+area*(T_omgewing_db-T_oud_4))+(h_top+area *(T_omgewing_db-
T_oud_4))

geforseerdeVloed [4] = (m_dot[3]+energy_corrector_node4_1)+(m_dot[4]*energy_corrector_node4_2)

tank_pyp_verlies [4] = ((UA_tank_pipes/5)+(T_omgewing_db-T_oud_4))

k_node4_1 =((geforseerdeVloed[4] +q_aux_4+konveksie_term[4]+konduksie_term[4]+tank_pyp_verlies[4]) /(m_4))+ tydstap_grootte
k_node4_1_Tn = Temperature(Water h=((k_node4_1%0.5)+h_oud_4) ,P=P_atm)

{k_node4_1_T = T_oud_4 + k_node4_1_Tn}

k_node4_1_T = k_node4_1_Tn

"Node 5 se energie"

{m_dot_ringfeed = m_dot[5] + (m_dot_hp=2)}

digtheid5 = Density (Water,T=T_oud_5,P=P_atm)

cp_water_5 =Cp(Water,T=T_oud_5,P=P_atm)

m_5 = h_nodexareaxdigtheid5

q_aux_5 = Q_aux(T_set_aux, T_oud_5, q_element, cp_water_5, m_5, tydstap_grootte,6 electrical_element ,m_dot[4],h_oud_5,-m_dot[5],
h_poort_bo,h_kante ,area2 ,T_omgewing_db,h_top ,area,T_oud_4,T_oud_5,h_node, k_water)

{q_aux_1 = Q_aux(T_set_aux, T_oud_5, q_element, cp_water_5, m_5, tydstap_grootte)}

{T_meng = ((T_hp*m_dot_hp)+(T_oud_5 * m_dot[5]))/m_dot_ringfeed}

{ stratTankEntalp [5] = h_oud_5 +((h_kantexarea2x(T_omgewing_db-T_oud_5)+((k_waterxarea)/h_node) +(T_oud_4 -
T_oud_5) +(m_dot_4+h_oud_4) —(m_dot_5+h_oud_5) +(h_top+area *(T_omgewing_db-T_oud_5) )+q_aux_5) /(rho_water+area+h_node) ) *
tydstap_grootte}

{stratTankEntalp [5] = h_oud_5 +(((m_dot[4]+h_oud_4)-(m_dot[5]+h_oud_5)+q_aux_5)/(m_5))* tydstap_grootte}

konduksie_term [5] = (((k_waterxarea)/h_node)*(T_oud_4 - T_oud_5))

geforseerdeVloed [5] = (m_dot[4]+h_oud_4)-(m_dot[5]+h_oud_5)

konveksie_term[5] = (h_kantexarea2s(T_omgewing_db-T_oud_5))+(h_onder=area *(T_omgewing_db-T_oud_5))+(h_top+area *(T_omgewing_db—
T_oud_5))

tank_pyp_verlies[5] = ((UA_tank_pipes/5)(T_omgewing_db-T_oud_5))

k_node5_1 = (konduksie_term[5] + q_aux_5 + konveksie_term[5] + geforseerdeVloed[5]+tank_pyp_verlies[5] )/(m_5)+
tydstap_grootte

k_node5_1_Tn = Temperature(Water ,h=((k_node5_1+0.5)+h_oud_5) ,P=P_atm)

{k_node5_1_T = T_oud_5 + k_node5_1_Tn}

k_node5_1_T = k_node5_1_Tn

k_nodel_2= ((((UA_tank_pipes/5) *(T_omgewing_db-k_nodel_1_T))+(m_dot_poort*(h_oud_1+(0.5+k_nodel_1)))+(m_dot_return=
h_ringfeed_return)+(m_dot[1]+(energy_corrector_nodel +(0.5+k_nodel_1)))+(h_kantexarea2+(T_omgewing_db—((k_nodel_1_T))))+(
h_onder+area *(T_omgewing_db—((k_nodel_1_T))))+(h_topxarea *(T_omgewing_db-((k_nodel_1_T))))+(((k_water+area) /(h_node/2))
*(((k_node2_1_T)) - ((k_nodel_1.T)))))/(m_1/2))+ tydstap_grootte
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k_node2_2= ((((UA_tank_pipes/5)+(T_omgewing_db-k_node2_1_T))+(m_dot[1]+(energy_corrector_node2_1+(0.5+k_nodel_1)))+(m_dot
[2]+(energy_corrector_node2_2+(0.5+k_node2_1)))+(h_kantexarea2*(T_omgewing_db~-((k_node2_1_T))))+(h_top*area =(
T_omgewing_db—((k_node2_1_T))))+(h_onderxarea *(T_omgewing_db—((k_node2_1_T)))) +(((k_water+area) /(h_node/2)) * (((
k_node3_1_T)) —( (k_node2_1_T))))+(((k_waterxarea)/(h_node/2))*(((k_nodel_1_T)) - ((k_node2_1.T)))))/(m_2/2))+
tydstap_grootte

k_node3_2 = ((((UA_tank_pipes/5)+(T_omgewing_db—k_node3_1_T))+( m_dot[2]+(energy_corrector_node3_1+(0.5+k_node2_1)))+(m_dot
[3]+(energy_corrector_node3_2+(0.5xk_node3_1)))+(m_dot_swvx+h_swv_pype_oud*N_solar)+(h_kantexarea2 *(T_omgewing_db —((
k_node3_1_T))))+(h_topxarea=(T_omgewing_db—((k_node3_1_T))))+(h_onder+area(T_omgewing_db—((k_node3_1_T)))) +(((k_water=
area) /(h_node/2)) *(((k_node4_1_T)) — ((k_node3_1_T))))+(((k_waterxarea)/(h_node/2))«(((k_node2_1_T)) — ((k_node3_1.T))))
)/(m_3/2))+ tydstap_grootte

k_node4_2 =((((UA_tank_pipes/5)+(T_omgewing_db-k_node4_1_T))+(m_dot[3]+(energy_corrector_node4_1+(0.5+k_node3_1)))+(m_dot[4]x(
energy_corrector_node4_2+(0.5+k_node4_1)))+q_aux_4+(h_kantexarea2 «(T_omgewing_db—((k_node4_1_T))))+(h_top+areax(
T_omgewing_db—((k_node4_1_T))))+(h_onderxarea =(T_omgewing_db—-((k_node4_1_T)))) +(((k_water+area) /(h_node/2)) = (((
k_node5_1_T)) - ((k_node4_1_T))))+(((k_waterxarea)/(h_node/2))*(((k_node3_1_T)) — ((k_node4_1_T)))))/(m_4/2))=
tydstap_grootte

k_node5_2 = ((((UA_tank_pipes/5)+(T_omgewing_db-k_node5_1_T))+(m_dot[4]+(h_oud_4+(0.5+k_node4_1)))—(m_dot[5]+((h_oud_5+(0.5+
k_node5_1))))+q_aux_5+(h_kantexarea2*(T_omgewing_db-((k_node5_1_T)))) +((h_top+area*(T_omgewing_db~-((k_node5_1_T)))))+(
h_onder+area*(T_omgewing_db—((k_node5_1_T)))) +(((k_water+area)/(h_node/2)) +(((k_node4_1_T)) - ((k_node5_1_T)))))/(m_5/2)
)+ tydstap_grootte

k_nodel_2_Tn Temperature (Water ,h=((h_oud_1+(0.5+k_nodel_2))) ,P=P_atm) "Verandering in entalpie"
{k_nodel_2_T T_oud_1 + k_nodel_2_Tn}
k_nodel_2_T = k_nodel_2_Tn
k_node2_2_Tn Temperature (Water ,h=((h_oud_2+(0.5+k_node2_2))) ,P=P_atm)
_ 2 T_oud_2 + k_node2_2_Tn}

k_node2_2_T = k_node2_2_Tn

2_T Temperature (Water ,h=((h_oud_3+(0.5+k_node3_2))) ,P=P_atm)
2 T_oud_3 + k_node3_2_Tn}
k_node3_2_T = k_node3_2_Tn

2T Temperature (Water ,h=((h_oud_4+(0.5+k_node4_2))) ,P=P_atm)
2 T_oud_4 + k_node4_2_Tn}
k_node4_2_T = k_node4_2_Tn

2_T Temperature (Water ,h=((h_oud_5+(0.5+k_node5_2))) ,P=P_atm)
_ T_oud_5 + k_node5_2_Tn}
k_node5_2_T = k_node5_2_Tn

=1
[} o I

=1
o

k_nodel_3= ((((UA_tank_pipes/5)+(T_omgewing_db-k_nodel_2_T))+(m_dot_poort*(h_oud_1+(0.5+k_nodel_2)))+(m_dot_return=
h_ringfeed_return)+(m_dot[1]+(energy_corrector_nodel+(0.5+k_nodel_2)))+(h_kantexarea2+(T_omgewing_db—((k_nodel_2_T))))+(
h_onder+area *(T_omgewing_db—((k_nodel_2_T))))+(h_topxarea *(T_omgewing_db-((k_nodel_2_T))))+(((k_water+area) /(h_node/2))
*(((k_node2_2_T)) - ((k_nodel_2.T)))))/(m_1/2))+ tydstap_grootte

k_node2_3= ((((UA_tank_pipes/5)+(T_omgewing_db—k_node2_2_T))+(m_dot[1]+(energy_corrector_node2_1+(0.5+k_nodel_2)))+(m_dot
[2]+(energy_corrector_node2_2+(0.5xk_node2_2)))+(h_kantexarea2 »(T_omgewing_db—-((k_node2_2_T)))) +(((k_water=area) /(h_node
/2)) *(((k_node3_2_T)) - ((k_node2_2_T))))+(h_onderxarea*(T_omgewing_db-((k_node2_2_T))))+(h_top+area*(T_omgewing_db —((
k_node2_2_T)))) +(((k_waterxarea) /(h_node/2)) »(((k_nodel_2_T)) - ((k_node2_2_T)))))/(m_2/2))+ tydstap_grootte

k_node3_3 = ((((UA_tank_pipes/5)+(T_omgewing_db-k_node3_2_T))+( m_dot[2]+(h_oud_2+(0.5+k_node2_2)))+(m_dot[3]*(
energy_corrector_node3_2+(0.5+k_node3_2)))+(m_dot_swv=h_swv_pype_oud*N_solar) +(h_kantexarea2 »(T_omgewing_db —((
k_node3_2_T))))+(h_onderxarea (T_omgewing_db—((k_node3_2_T))))+(h_top+areax(T_omgewing_db—-((k_node3_2_T)))) +(((k_water=
area) /(h_node/2)) *(((k_node4_2_T)) — ((k_node3_2_T))))+(((k_waterxarea)/(h_node/2)) =(((k_node2_2_T)) - ((k_node3_2_T))))
)/(m_3/2))+ tydstap_grootte

k_node4_3 =((((UA_tank_pipes/5)+(T_omgewing_db-k_node4_2_T))+(m_dot[3]+(energy_corrector_node4_1+(0.5+k_node3_2)))+(m_dot[4]+(
energy_corrector_node4_2+(0.5+k_node4_2)))+q_aux_4+(h_kantexarea2 +(T_omgewing_db—((k_node4_2_T)))) +(((k_water=area) /(
h_node/2)) #(((k_node5_2_T)) - ((k_node4_2_T))))+(h_onderxarea+(T_omgewing_db—((k_node4_2_T))))+(h_top=xarea=(
T_omgewing_db-((k_node4_2_T)))) +(((k_waterxarea)/(h_node)/2) *(((k_node3_2_T)) - ((k_node4_2.T)))))/(m_4/2))*
tydstap_grootte

k_node5_3 = ((((UA_tank_pipes/5)*(T_omgewing_db-k_node5_2_T))+(m_dot[4]*(h_oud_4+(0.5+k_node4_2)))—(m_dot[5]*(h_oud_5+(0.5%
k_node5_2)))+q_aux_5+(h_kantexarea2 *(T_omgewing db-((k_node5_2_T))))+((h_top+areax(T_omgewing_db-((k_node5_2_T)))))+(
h_onder+area *(T_omgewing_db-((k_node5_2_T)))) +(((k_waterarea) /(h_node/2)) *(((k_node4_2_T)) - ((k_node5_2_T)))))/(m_5/2)
)+ tydstap_grootte

k_nodel_3_Tn = Temperature(Water ,h=((h_oud_1+(k_nodel_3))),P=P_atm) "Verandering in entalpie"
{k_nodel_3_T = T_oud_1 + k_nodel_3_Tn}

k_nodel_3_T = k_nodel_3_Tn

k_node2_3_Tn = Temperature(Water ,h=((h_oud_2+(k_node2_3))) ,P=P_atm)
{k_node2_3_T = T_oud_2 + k_node2_3_Tn}

k_node2_3_T = k_node2_3_Tn

k_node3_3_Tn = Temperature(Water ,h=((h_oud_3+(k_node3_3))) ,P=P_atm)
{k_node3_3_T = T_oud_3 + k_node3_3_Tn}

k_node3_3_T = k_node3_3_Tn

k_node4_3_Tn = Temperature(Water ,h=((h_oud_4+(k_node4_3))) ,P=P_atm)
{k_node4_3_T = T_oud_4 + k_node4_3_Tn}

k_node4_3_T = k_node4_3_Tn

3_T Temperature (Water ,h=((h_oud_5+(k_node5_3))) ,P=P_atm)
_ _ T_oud_5 + k_node5_3_Tn}
k_node5_3_T = k_node5_3_Tn

k_nodel_4= ((((UA_tank_pipes/5)+(T_omgewing_db—k_nodel_3_T))+(m_dot_poort*(h_oud_1+(k_nodel_3)))+(m_dot_return=
h_ringfeed_return)+(m_dot[1]+(energy_corrector_nodel+(k_nodel_3)))+(h_kantexarea2+(T_omgewing_db—((k_nodel_3_T))))+(
h_onder+area »(T_omgewing_db—((k_nodel_3_T))))+(h_topxarea =(T_omgewing_db—-((k_nodel_3_T))))+(((k_water+area) /(2+h_node))
*(((k_node2_3_T)) - ((k_nodel_3_T)))))/(2*m_1))+ tydstap_grootte

k_node2_4= ((((UA_tank_pipes/5)«(T_omgewing_db-k_node2_3_T))+(m_dot[1]+(energy_corrector_node2_1+(k_nodel_3)))+(m_dot[2]x(
energy_corrector_node2_2+(k_node2_3)))+(h_kantexarea2»(T_omgewing_db—((k_node2_3_T)))) +(((k_water=area)/h_node) = (((
k_node3_3_T)) - ((k_node2_3_T))))+(h_onderxarea*(T_omgewing_db-((k_node2_3_T))))+(h_top=*areax(T_omgewing_db —((
k_node2_3_T)))) +(((k_water=area) /(h_nodex2)) *(((k_nodel_3_T)) - ((k_node2_3_T)))))/(2*m_2))x tydstap_grootte

k_node3_4 = ((((UA_tank_pipes/5)+(T_omgewing_db-k_node3_3_T))+( m_dot[2]+(energy_corrector_node3_1+(k_node2_3)))+(m_dot[3]*(
energy_corrector_node3_2+(k_node3_3)))+(m_dot_swv+h_swv_pype_oud+N_solar) +(h_kantexarea2 +(T_omgewing_db—((k_node3_3_T)))
) +(h_onderxarea *(T_omgewing_db—((k_node3_3_T))))+(h_top+area+(T_omgewing_db—-((k_node3_3_T)))) +(((k_waterxarea) /(h_node
%2)) *(((k_node4_3_T)) - ((k_nodel_3_T))))+(((k_waterxarea)/(h_node*2))*(((k_node2_3_T)) - ((k_node3_3_T)))))/(m_3%2))*
tydstap_grootte

k_node4_4 =((((UA_tank_pipes/5)+(T_omgewing_db-k_node4_3_T))+(m_dot[3]+(energy_corrector_node4_1+(k_node3_3)))+(m_dot[4]+(
energy_corrector_node4_2+(k_node4_3)))+q_aux_4+(h_kante+area2 +(T_omgewing_db-((k_node4_3_T)))) +(((k_water+area) /(h_node
*2)) *(((k_node5_3_T)) - ((k_node4_3_T))))+(h_onderxarea+(T_omgewing_db-((k_node4_3_T))))+(h_top+area*(T_omgewing_db —((
k_node4_3_T)))) +(((k_waterxarea) /(h_nodex2)) +(((k_node3_3_T)) - ((k_node4_3_T)))))/(m_4+2))x tydstap_grootte
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k_node5_4 = ((((UA_tank_pipes/5)+(T_omgewing_db-k_node5_3_T))+(m_dot[4]*(h_oud_4+(k_node4_3)))-(m_dot[5]+(h_oud_5+(k_node5_3))
)+q_aux_5+(h_kante+area2 *(T_omgewing_db—((k_node5_3_T)))) +((h_top+area*(T_omgewing_db-((k_node5_3_T)))))+((h_onderxarea
+(T_omgewing_db—((k_node5_3_T))))) +(((k_waterxarea) /(h_node=2)) «(((k_node4_3_T)) — ((k_node5_3_T)))))/(m_5+2))+
tydstap_grootte

stratTankEntalp [1
stratTankEntalp [2

]= h_oud_1

I
stratTankEntalp [3]

I

I

+ (1/6+(k_nodel_1+(2+k_nodel_2)+(2+k_nodel_3))+k_nodel_4)
h_oud_2 + (1/6x(k_node2_1+(2+xk_node2_2)+(2xk_node2_3))+k_node2_4)
h_oud_3 + (1/6+(k_node3_1+(2+k_node3_2)+(2+k_node3_3))+k_node3_4)

+

+

stratTankEntalp [4
stratTankEntalp [5

h_oud_4 (1/6x(k_node4_1+(2+k_node4_2)+(2+k_node4_3))+k_noded_4)
h_oud_5 (1/6x(k_node5_1+(2xk_node5_2) +(2+k_node5_3))+k_node5_4)

"Bereken die tempeartuur van die nuut berekende entalpie”

stratifikasieTank[1] = Temperature(Water h=stratTankEntalp [1],P=P_atm)
stratifikasieTank [2] Temperature (Water ,h=stratTankEntalp [2],P=P_atm)
stratifikasieTank [3] Temperature (Water ,h=stratTankEntalp [3],P=P_atm)
stratifikasieTank [4] Temperature (Water ,h=stratTankEntalp [4],P=P_atm)
stratifikasieTank [5] Temperature (Water ,h=stratTankEntalp [5] ,P=P_atm)

endif

ELSE "Nie laai suklus”

kode_blok = 3

"Node 1 se energie"

tyd = tellers tydstap_grootte

digtheidl = Density (Water,T=T_oud_1,P=P_atm)

digtheid_oudl = digtheidl

m_1 = h_nodexareaxdigtheid1l

{ stratTankEntalp[1]= h_oud_1 +((h_kantexarea2*(T_omgewing_db-T_oud_1)+((k_water=area)/h_node)x(T_oud_2 -
T_oud_1)+(m_dot_poort+h_poort_1)+(m_dot_return+h_ringfeed_return)—-(m_dot_1+h_oud_1)+(h_onderxarea »(T_omgewing_db-T_oud_1
)))/(rho_waterxarea+h_node))* tydstap_grootte}

{stratTankEntalp[1]= h_oud_1 +(((m_dot_poort+h_poort_1)+(m_dot_return+h_ringfeed_return)—-(m_dot[1]+h_oud_1))/(m_1))+
tydstap_grootte}

Q_return = (m_dot_return+h_ringfeed_return)

konduksie_term[1] = (((k_water+area)/h_node)*(T_oud_2 — T_oud_1))

konveksie_term[1] = (h_kantexarea2x(T_omgewing_db-T_oud_1))+(h_onder+areax(T_omgewing db-T_oud_1)) +(h_top+area (T_omgewing_db
-T_oud_1))

geforseerdeVloed [1] =(m_dot_poort+h_poort_1)+(m_dot_return+h_ringfeed_return)-(m_dot[1]+h_oud_1)
tank_pyp_verlies[1] = ((UA_tank_pipes/5)+(T_omgewing_db-T_oud_1))

k_nodel_1= ((geforseerdeVloed[1]+konveksie_term[1]+konduksie_term[1]+tank_pyp_verlies[1])/(m_1))+ tydstap_grootte
k_nodel_1_Tn Temperature (Water ,h=((0.5+k_nodel_1)+h_oud_1) ,P=P_atm)

{k_nodel_1_T T_oud_1 + k_nodel_1_Tn}

k_nodel_1_T = k_nodel_1_Tn {T_oud_1} {k_nodel_1_Tn}

"Node 2 se energie"

digtheid2 = Density (Water,T=T_oud_2,P=P_atm)

digtheid_oud2 = digtheid2

m_2 = h_nodexareaxdigtheid2

{ stratTankEntalp [2] = h_oud_2 +((h_kante+area2+(T_omgewing_db-T_oud_2)+((k_water+area)/h_node)+(T_oud_3 -
T_oud_2) +((k_waterxarea)/h_node) *(T_oud_1 - T_oud_2)+(m_dot_1+h_oud_1)—-(m_dot_2+h_oud_2))/(rho_water*area*h_node))*
tydstap_grootte}

{stratTankEntalp [2] = h_oud_2 +(((m_dot[1]+h_oud_1)-( m_dot[2]+*h_oud_2))/(m_2))* tydstap_grootte}

konduksie_term[2] = (((k_waterxarea)/h_node)*(T_oud_3 - T_oud_2))+(((k_waterxarea)/h_node)+(T_oud_1 - T_oud_2))

konveksie_term[2] = (h_kantexarea2(T_omgewing_db-T_oud_2)) +(h_onderxareax(T_omgewing_db-T_oud_2)) +(h_top+areax(
T_omgewing_db-T_oud_2))

geforseerdeVloed [2] =(m_dot[1]+h_oud_1)-( m_dot[2]+h_oud_2)

tank_pyp_verlies [2] = ((UA_tank_pipes/5)+(T_omgewing_db-T_oud_2))

k_node2_1= ((geforseerdeVloed[2]+konveksie_term[2] +konduksie_term[2]+tank_pyp_verlies[2]) /(m_2))+ tydstap_grootte
k_node2_1_Tn = Temperature(Water ,h=((0.5+k_node2_1)+h_oud_2) ,P=P_atm)
{k_node2_1_T = T_oud_2 + k_node2_1_Tn}

k_node2_1_T = k_node2_1_Tn {T_oud_2} {k_node2_1_Tn}

"Node 3 se energie"

digtheid3 = Density (Water, T=T_oud_3,P=P_atm)

digtheid_oud3 = digtheid3

m_3 = h_nodexareaxdigtheid3

{ stratTankEntalp [3] = h_oud_3 +((h_kantexarea2*(T_omgewing_db-T_oud_3) +((k_water+area)/h_node)*(T_oud_4 -
T_oud_3) +((k_waterxarea)/h_node) *(T_oud_2 - T_oud_3)+(m_dot_2+h_oud_2) —(m_dot_3+h_oud_3) +(m_dot_swvs+h_swv)) /(rho_waterx
areaxh_node))* tydstap_grootte}

{stratTankEntalp[3] = h_oud_3 +((( m_dot[2]+h_oud_2)—(m_dot[3]+h_oud_3)+(m_dot_swv+h_swv))/(m_3))+ tydstap_grootte}

konduksie_term [3] =(((k_waterxarea)/h_node)+(T_oud_4 - T_oud_3)) +(((k_waterxarea)/h_node)*(T_oud_2 - T_oud_3))

konveksie_term[3] = (h_kantexarea2(T_omgewing_db-T_oud_3))+(h_onder+area*(T_omgewing db-T_oud_3)) +(h_topxarea*(T_omgewing_db
-T_oud_3))

geforseerdeVloed [3

tank_pyp_verlies[3

=( m_dot[2]+h_oud_2) —(m_dot[3]+h_oud_3) +(m_dot_swv+h_swv_pype_oud+N_solar)
= ((UA_tank_pipes/5) *(T_omgewing_db-T_oud_3))

k_node3_1 = ((geforseerdeVloed[3]+konveksie_term[3]+konduksie_term[3]+tank_pyp_verlies[3]) /(m_3))* tydstap_grootte
k_node3_1_Tn = Temperature(Water ,h=((0.5+k_node3_1)+h_oud_3) ,P=P_atm)

{k_node3_1_T = T_oud_3 + k_node3_1_Tn}

k_node3_1_T = k_node3_1_Tn {T_oud_3} { k_node3_1_Tn}

"Node 4 se energie"

digtheid4 = Density (Water,T=T_oud_4,P=P_atm)

cp_water_4 =Cp(Water,T=T_oud_4,P=P_atm)

digtheid_oud4 = digtheid4

m_4 = h_nodexareaxdigtheid4

q_aux_4 = Q_aux(T_set_aux, T_oud_4, q_element, cp_water_4, m_ 4, tydstap_grootte,6 electrical_element ,m_dot[3],h_oud_3,-m_dot[4],
h_oud_4,h_kante ,area2 ,T_omgewing_db,0,area,T_oud_3,T_oud_5,h_node, k_water)

konduksie_term[4] =(((k_waterarea)/h_node)+(T_oud_5 - T_oud_4))+(((k_water=area)/h_node)+(T_oud_3 - T_oud_4))
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konveksie_term[4] = (h_kantexarea2x(T_omgewing_db-T_oud_4))+(h_onder+areax(T_omgewing db-T_oud_4)) +(h_top+area*(T_omgewing_db
-T_oud_4))

geforseerdeVloed [4] =(m_dot[3]+h_oud_3)—-(m_dot[4]+h_oud_4)

tank_pyp_verlies [4] = ((UA_tank_pipes/5)+(T_omgewing_db-T_oud_4))

{ stratTankEntalp [4] = h_oud_4 +((h_kantexarea2x(T_omgewing_db-T_oud_4)+((k_waterxarea)/h_node)*(T_oud_5 -
T_oud_4) +((k_water+area)/h_node) *(T_oud_3 - T_oud_4)+(m_dot_3+h_oud_3)—(m_dot_4+h_oud_4)+q_aux_4)/(rho_water+area+h_node
))+ tydstap_grootte}

{stratTankEntalp[4] = h_oud_4 +(((m_dot[3]+h_oud_3)-(m_dot[4]+h_oud_4)+q_aux_4)/(m_4))+ tydstap_grootte}

k_node4_1 =((geforseerdeVloed[4]+q_aux_4+konveksie_term[4]+konduksie_term[4]+tank_pyp_verlies[4] )/(m_4))* tydstap_grootte

k_node4_1_Tn = Temperature(Water h=((0.5+k_node4_1)+h_oud_4) ,P=P_atm)

{k_node4_1_T = T_oud_4 + k_node4_1_Tn}

k_node4_1_T = k_node4_1_Tn {T_oud_4} {k_node4_1_Tn}

"Node 5 se energie"

{m_dot_ringfeed = m_dot[5] + (m_dot_hp=2)}

digtheid5 = Density (Water,T=T_oud_5,P=P_atm)

cp_water_5 =Cp(Water,T=T_oud_5,P=P_atm)

m_5 = h_nodexareaxdigtheid5

q_aux_5 = Q_aux(T_set_aux, T_oud_5, q_element, cp_water_5, m_5, tydstap_grootte,6 electrical_element ,m_dot[4],h_oud_4,-m_dot[5],
h_oud_5,h_kante ,area2 ,T_omgewing_db,h_top ,area,T_oud_4,T_oud_5,h_node, k_water)

konduksie_term [5] =(((k_waterxarea)/h_node)+(T_oud_4 - T_oud_5))

konveksie_term[5] = (h_kantexarea2+(T_omgewing_db-T_oud_5))+((h_top+area+(T_omgewing_db-T_oud_5)))+(h_onder+area (
T_omgewing_db-T_oud_5))

geforseerdeVloed [5] =(m_dot[4]+h_oud_4)—-(m_dot[5]+h_poort_bo)

tank_pyp_verlies [5] = ((UA_tank_pipes/5)+(T_omgewing_db-T_oud_5))

{q_aux_1 = Q_aux(T_set_aux, T_oud_5, q_element, cp_water_5, m_5, tydstap_grootte)}

{T_meng = ((T_hp*m_dot_hp)+(T_oud_5 » m_dot[5]))/m_dot_ringfeed}

{ stratTankEntalp [5] = h_oud_5 +((h_kantexarea2«(T_omgewing_db-T_oud_5)+((k_waterxarea)/h_node)*(T_oud_4 -
T_oud_5) +(m_dot_4+h_oud_4) —(m_dot_5+h_oud_5) +(h_top+area +(T_omgewing_db-T_oud_5) )+q_aux_5) /(rho_waterxarea+h_node) ) *
tydstap_grootte}

{stratTankEntalp [5] = h_oud_5 +(((m_dot[4]+h_oud_4)—-(m_dot[5]+h_oud_5)+q_aux_5)/(m_5))+ tydstap_grootte}

k_node5_1 = ((geforseerdeVloed[5]+q_aux_5+konveksie_term[5]+konduksie_term[5]+tank_pyp_verlies[5]) /(m_5))+ tydstap_grootte

k_node5_1_Tn = Temperature(Water ,h=((0.5+k_node5_1)+h_oud_5) ,P=P_atm)

{k_node5_1_T = T_oud_5 + k_node5_1_Tn}

k_node5_1_T = k_node5_1_Tn {T_oud_5} {k_node5_1_Tn}

k_nodel_2= ((((UA_tank_pipes/5)+(T_omgewing_db-k_nodel_1_T))+(m_dot_poort+h_poort_1)+(m_dot_return+h_ringfeed_return)—(m_dot
[1]*(h_oud_1+(0.5+k_nodel_1)))+(h_kante+area2 +(T_omgewing_db—((k_nodel_1_T))))+(h_onder=+area »(T_omgewing_db —((
k_nodel_1.T))))+(h_topxarea+(T_omgewing_db—((k_nodel_1_T))))+(((k_water+area) /(h_node/2)) »(((k_node2_1_T)) - ((
k_nodel_1.T)))))/(m_1/2))* tydstap_grootte

k_node2_2= ((((UA_tank_pipes/5)+(T_omgewing_db-k_node2_1_T))+(m_dot[1]+(h_oud_1+(0.5+k_nodel_1)))—(m_dot[2]+(h_oud_2+(0.5+
k_node2_1)))+(h_kantexarea2 «(T_omgewing_db—((k_node2_1_T)))) +(((k_water=area) /(h_node/2)) »(((k_node3_1_T)) —((
k_node2_1.T))))+(h_onderxarea «(T_omgewing_db—((k_node2_1_T))))+(h_top+areax(T_omgewing db—-((k_node2_1_T)))) +(((k_water=
area) /(h_node/2)) »(((k_nodel_1_T)) - ((k_node2_1.T)))))/(m_2/2))+ tydstap_grootte

k_node3_2 = ((((UA_tank_pipes/5)+(T_omgewing_db-k_node3_1_T))+( m_dot[2]+(h_oud_2+(0.5+k_node2_1)))—(m_dot[3]+(h_oud_3+(0.5*
k_node3_1)))+(m_dot_swv+h_swv_pype_oud+N_solar) +(((k_water+area) /(h_node/2)) = (((k_node4_1_T)) - ((k_node3_1_T))))+(
h_kantexarea2 »(T_omgewing_db—((k_node3_1_T))))+(h_onder+area*(T_omgewing_db—((k_node3_1_T))))+(h_top+area+(T_omgewing_db
—((k_node3_1_T)))) +(((k_water+area) /(h_node/2)) *(((k_node2_1_T)) - ((k_node3_1_T)))))/(m_3/2))+ tydstap_grootte

k_node4_2 =((((UA_tank_pipes/5)+(T_omgewing_db-k_node4_1_T))+(m_dot[3]+(h_oud_3+(0.5+k_node3_1)))—-(m_dot[4]+(h_oud_4+(0.5+
k_node4_1)))+q_aux_4+(h_kantexarea2*(T_omgewing db-((k_node4_1_T)))) +(((k_water+area)/(h_node/2)) +(((k_node5_1_T)) - ((
k_node4_1_T))))+(h_onderxarea +(T_omgewing_db-((k_node4_1_T))))+(h_top+area(T_omgewing_db-((k_node4_1_T)))) +(((k_water=
area) /(h_node/2)) *(((k_node3_1_T)) - ((k_node4_1.T)))))/(m_4/2))+ tydstap_grootte

k_node5_2 = ((((UA_tank_pipes/5)*(T_omgewing_db-k_node5_1_T))+(m_dot[4]*(h_oud_4+(0.5+k_node4_1)))—(m_dot[5]*(h_poort_bo+(0.5%
k_node5_1)))+q_aux_5+(h_kantexarea2 »(T_omgewing db-((k_node5_1_T))))+((h_top+areax(T_omgewing_db—-((k_node5_1_T)))))+(
h_onder+area *(T_omgewing_db-((k_node5_1_T)))) +(((k_water+area) /(h_node/2)) *(((k_node4_1_T)) - ((k_node5_1_T)))))/(m_5/2)
)+ tydstap_grootte

k_nodel_2_Tn Temperature (Water ,h=((h_oud_1+(0.5+k_nodel_2))) ,P=P_atm) "Verandering in entalpie"

{k_nodel 2T T_oud_1 + k_nodel_2_Tn}

k_nodel_2_T = k_nodel_2_Tn {T_oud_1} {k_nodel_2_Tn}

k_node2_2_Tn = Temperature(Water h=((h_oud_2+(0.5+k_node2_2))) ,P=P_atm)
{k_node2_2_ T = T_oud_2 + k_node2_2_Tn}

k_node2_2_T = k_node2_2_Tn {T_oud_2} {k_node2_2_Tn}

2_T Temperature (Water ,h=((h_oud_3+(0.5+k_node3_2))) ,P=P_atm)
_ 2 T_oud_3 + k_node3_2_Tn}
k_node3_2_T = k_node3_2_Tn {T_oud_3}{ k_node3_2_Tn}

2_T Temperature (Water ,h=((h_oud_4+(0.5+k_node4_2))) ,P=P_atm)
_ 2 T_oud_4 + k_node4_2_Tn}
k_node4_2_T = k_node4_2_Tn { T_oud_4}{ k_node4_2_Tn}

2_T Temperature (Water ,h=((h_oud_5+(0.5+k_node5_2))) ,P=P_atm)
- _ T_oud_5 + k_node5_2_Tn}
k_node5_2_T = k_node5_2_Tn {T_oud_5} {k_node5_2_Tn}
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k_nodel_3= ((((UA_tank_pipes/5)+(T_omgewing_db-k_nodel_2_T))+(m_dot_poort+h_poort_1)+(m_dot_returnxh_ringfeed_return) —(m_dot
[1]#(h_oud_1+(0.5+k_nodel_2)))+(h_kante+area2 (T_omgewing_db—((k_nodel_2_T))))+(h_onder=+area »(T_omgewing_db —((
k_nodel_2_T))))+(h_topxarea=(T_omgewing_db—((k_nodel_2_T))))+(((k_water=area) /(h_node/2)) »(((k_node2_2_T)) - ((
k_nodel_2.T)))))/(m_1/2))* tydstap_grootte

k_node2_3= ((((UA_tank_pipes/5)(T_omgewing_db-k_node2_2_T))+(m_dot[1]*(h_oud_1+(0.5+k_nodel_2)))—(m_dot[2]*(h_oud_2+(0.5%
k_node2_2)))+(h_kantexarea2 = (T_omgewing_db—((k_node2_2_T)))) +(((k_water+area) /(h_node/2)) »(((k_node3_2_T)) - ((
k_node2_2_T))))+(h_onder=area «(T_omgewing_db—((k_node2_2_T))))+(h_top+areax(T_omgewing_db—-((k_node2_2_T)))) +(((k_water=
area) /(h_node/2)) *(((k_nodel_2_T)) - ((k_node2_2_T)))))/(m_2/2))+ tydstap_grootte

k_node3_3 = ((((UA_tank_pipes/5)+(T_omgewing_db-k_node3_2_T))+( m_dot[2]+(h_oud_2+(0.5+k_node2_2)))—(m_dot[3]+(h_oud_3+(0.5+
k_node3_2)))+(m_dot_swv+h_swv_pype_oud+N_solar)+(h_kante+area2 «(T_omgewing_db—((k_node3_2_T))))+(h_onder=area *(
T_omgewing_db—((k_node3_2_T))))+(h_top+area=(T_omgewing_db—((k_node3_2_T)))) +(((k_water+area) /(h_node/2)) «(((k_node4_2_T
)) = ((k_node3_2_T))))+(((k_water+area) /(h_node/2)) *(((k_node2_2_T)) - ((k_node3_2_T)))))/(m_3/2))+ tydstap_grootte

k_node4_3 =((((UA_tank_pipes/5)+(T_omgewing_db-k_node4_2_T))+(m_dot[3]+(h_oud_3+(0.5+k_node3_2)))—(m_dot[4]+(h_oud_4+(0.5+
k_node4_2)))+q_aux_4+(h_kantexarea2*(T_omgewing_db—((k_node4_2_T)))) +(((k_waterxarea)/(h_node/2)) +(((k_node5_2_T)) - ((
k_node4_2_T))))+(h_onderxarea «(T_omgewing_db—((k_node4_2_T))))+(h_top+areax(T_omgewing db—-((k_node4_2_T)))) +(((k_water=
area) /(h_node/2)) *(((k_node3_2_T)) - ((k_node4_2.T)))))/(m_4))+ tydstap_grootte
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Appendix L. Computer code (EES): Reduced system simulation

k_node5_3 = ((((UA_tank_pipes/5)+(T_omgewing_db-k_node5_2_T))+(m_dot[4]*(h_oud_4+(0.5+k_node4_2)))—(m_dot[5]*(h_poort_bo+(0.5%
k_node5_2)))+q_aux_5+(h_kantexarea2 *(T_omgewing_db—-((k_node5_2_T)))) +((h_top+areax(T_omgewing_db-((k_node5_2_T)))))+(
h_onder+area *(T_omgewing_db-((k_node5_2_T)))) +(((k_water+area) /(h_node/2)) *(((k_node4_2_T)) - ((k_node5_2_T)))))/(m_5/2)
)+ tydstap_grootte

k_nodel_3_Tn Temperature (Water ,h=((h_oud_1+(k_nodel_3))) ,P=P_atm) "Verandering in entalpie"

{k_nodel_3_T T_oud_1 + k_nodel_3_Tn}

k_nodel 3_T = k_nodel 3 _Tn {T_oud_1} {k_nodel 3 _Tn}

k_node2_3_Tn = Temperature(Water ,h=((h_oud_2+(k_node2_3))) ,P=P_atm)
{k_node2 3. T = T_oud_2 + k_node2_3_Tn}

k,nodergf"I" = k_node2_3_Tn {T_oud_2} {k_node2_3_Tn}
k_node3_3_T Temperature (Water ,h=((h_oud_3+(k_node3_3))) ,P=P_atm)

W

_ _3_ T_oud_3 + k_node3_3_Tn}
k_node3_3_T = k_node3_3_Tn {T_oud_3} {k_node3_3_Tn}
3_T Temperature (Water ,h=((h_oud_4+(k_node4_3))) ,P=P_atm)
_ _3_ T_oud_4 + k_node4_3_Tn}
k_node4_3_T = k_node4_3_Tn {T_oud_4} {k_node4_3_Tn}
Tn = Temperature (Water ,h=((h_oud_5+(k_node5_3))) ,P=P_atm)
{k_node5_3_T = T_oud_5 + k_node5_3_Tn}
k_node5_3_T = k_node5_3_Tn {T_oud_5}{ k_node5_3_Tn}

k_nodel_4= ((((UA_tank_pipes/5)+(T_omgewing_db-k_nodel_3_T))+(m_dot_poort+h_poort_1)+(m_dot_return+h_ringfeed_return)—(m_dot
[1]#(h_oud_1+(k_nodel_3)))+(h_kantexarea2 *(T_omgewing_db—-((k_nodel_3_T))))+(h_onder+area*(T_omgewing_db-((k_nodel_3_T)))
) +(h_top+area *(T_omgewing_db—((k_nodel_3_T)))) +(((k_waterxarea)/(h_node*2)) *(((k_node2_3_T)) - ((k_nodel_3_.T)))))/(m_1
+2))* tydstap_grootte

k_node2_4= ((((UA_tank_pipes/5)+(T_omgewing_db-k_node2_3_T))+(m_dot[1]+(h_oud_1+(k_nodel_3)))—-(m_dot[2]+(h_oud_2+(k_node2_3))
) +(h_kantexarea2 «(T_omgewing_db—((k_node2_3_T))))+(h_onder+area »(T_omgewing_db—((k_node2_3_T))))+(h_topxarea=(
T_omgewing_db—((k_node2_3_T)))) +(((k_waterxarea) /(h_node*2)) = (((k_node3_3_T)) - ((k_node2_3_T))))+(((k_water=area) /(
h_node=*2)) = (((k_nodel_3_T)) - ((k_node2_3.T)))))/(m_2+2))* tydstap_grootte

k_node3_4 = ((((UA_tank_pipes/5)«(T_omgewing_db-k_node3_3_T))+( m_dot[2]+(h_oud_2+(k_node2_3)))—-(m_dot[3]+(h_oud_3+(k_node3_3)
)) +(m_dot_swvxh_swv_pype_oud+N_solar) +(h_kantexarea2 (T_omgewing_db—((k_node3_3_T)))) +(h_onder=area »(T_omgewing_db —((
k_node3_3_T))))+(h_top+area+(T_omgewing_db—((k_node3_3_T)))) +(((k_waterxarea)/(h_node=2)) «(((k_node4_3_T)) — (T_oud_3+(
k_nodel_3_T))))+(((k_water+area) /(h_node=2)) *(((k_node2_3_T)) - ((k_node3_3_T)))))/(m_3+2))+ tydstap_grootte

k_node4_4 =((((UA_tank_pipes/5)+(T_omgewing_db-k_node4_3_T))+(m_dot[3]+(h_oud_3+(k_node3_3)))—-(m_dot[4]+(h_oud_4+(k_node4_3)))
+q_aux_4+(h_kantexarea2+(T_omgewing_db—((k_node4_3_T)))) +(((k_water+area)/(h_nodex2)) +(((k_node5_3_T)) - ((k_node4_3_T))
))+(h_onderxarea *(T_omgewing_db—((k_node4_3_T))))+(h_top+area*(T_omgewing_db-((k_node4_3_T)))) +(((k_waterxarea)/(h_node
#2)) *(((k_node3_3_T)) - ((k_node4_3_T)))))/(m_4x2))+ tydstap_grootte

k_node5_4 = ((((UA_tank_pipes/5)*(T_omgewing_db-k_node5_3_T))+(m_dot[4]*(h_oud_4+(k_node4_3)))—(m_dot[5]+(h_poort_bo+(
k_node5_3)))+q_aux_5+(h_kantexarea2 »(T_omgewing db-((k_node5_3_T))))+((h_top+areax(T_omgewing_db-((k_node5_3_T)))))+(
h_onder+area *(T_omgewing_db—((k_node5_3_T)))) +(((k_waterxarea) /(h_nodex2)) *(((k_node4_3_T)) - ((k_node5_3_T)))))/(m_5+2)
)+ tydstap_grootte

stratTankEntalp[1]= h_oud_1 + (1/6+(k_nodel_1+(2+k_nodel_2)+(2+k_nodel_3))+k_nodel_4)
stratTankEntalp[2]= h_oud_2 + (1/6+(k_node2_1+(2+k_node2_2)+(2+k_node2_3))+k_node2_4)
stratTankEntalp[3]= h_oud_3 + (1/6x+(k_node3_1+(2+k_node3_2)+(2+k_node3_3))+k_node3_4)
stratTankEntalp[4]= h_oud_4 + (1/6x+(k_node4_1+(2+k_node4_2)+(2+k_node4_3))+k_node4_4)
stratTankEntalp [5]= h_oud_5 + (1/6+(k_node5_1+(2+k_node5_2)+(2+k_node5_3))+k_node5_4)

"Bereken die tempeartuur van die nuut berekende entalpie”

stratifikasieTank [1] Temperature (Water ,h=stratTankEntalp [1] ,P=P_atm)
stratifikasieTank [2] Temperature (Water ,h=stratTankEntalp [2] ,P=P_atm)
stratifikasieTank [3] Temperature (Water ,h=stratTankEntalp [3] ,P=P_atm)
stratifikasieTank [4] Temperature (Water ,h=stratTankEntalp [4] ,P=P_atm)
stratifikasieTank [5] Temperature (Water ,h=stratTankEntalp [5] ,P=P_atm)

ENDIF

if (m_dot_hp > 0) then
Q_hp_probe = q_probe_hp+N_hp
{Q_hp_probe_test = m_dot_hp+(h_hp-h_meng) }
{COP_hp = Q ECDHYM_COP(T_omgewing_db ,RH, Temperature (Water ,P=P_atm ,h=h_munispaliteit) )}
{if (q_probe_hp > q_hp_probe_test) then
Q_elektries_hp = Q_hp_probe_test/COP_hp_potential +( q_hp_probe_test/q_probe_hp)

else}
Q_elektries_hp = Q_hp_probe_test/COP_hp_potential
{endif}
else

Q_hp_probe = 0 [W]
{Q_hp_probe_test = 0 [W]}

COP_hp = 0
Q_elektries_hp = 0 [W]
endif

Q_losses_tank = konveksie_term[1] + konveksie_term[2] + konveksie_term[3] + konveksie_term[4] + konveksie_term[5]
Q_losses_tank_pype = tank_pyp_verlies[1] + tank_pyp_verlies[2] + tank_pyp_verlies[3] + tank_pyp_verlies[4] + tank_pyp_verlies
[5]

Q_supplies_energy = ((h_hp*m_dot_hp*N_hp) + (h_swvsm_dot swv+N_solar) + (h_poort_l+m_dot_poort) -Q_dot_munispaliteit —
Q_son_probe) *( hp_timer_control_internal)

Q_tank_bottom = (m_dot_poort+h_poort_1)+(m_dot_return+h_ringfeed_return)

Q_user2 = Q_top - Q_return - Q_losses_d — Q_losses_dead_end - Q_dot_munispaliteit
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Q_user = m_dot_in+(h_ringfeed_aftap-h_munispaliteit)

{Q_user = Q_top — Q_return — Q_losses_d - Q_losses_dead_end}

{Q_user2 = m_dot_in}

Q_ringmain_normal = Q_losses_d + Q_losses_dead_end

Stelsel_entalpie = stratTankEntalp[1] + stratTankEntalp[2] + stratTankEntalp[3] + stratTankEntalp[4] + stratTankEntalp[5]
Cop_hp = 0

Q_netto = Q_hp_probe_test + Q_son_probe + Q_losses_tank + Q_losses_tank_pype - Q_user —Q_ringmain_normal

Q_netto2 = Q_supplies_energy + Q_son_probe + Q_losses_tank + Q_losses_tank_pype - Q_user — Q_ringmain_normal -
Q_solar_losses {-Q_top + Q_return + Q_hp_probe_test +Q_dot_munispaliteit + Q_losses_tank + Q_son_probe}

Q_in = Q_hp_probe_test + Q_son_probe

Q_out = Q_losses_tank + Q_losses_tank_pype - Q_solar_losses — Q_user — Q_ringmain_normal

Q_nett = Q_hp_probe_test*N_hp + Q_son_probe+N_solar + Q_losses_tank + Q_losses_tank_pype - Q_user —Q_ringmain_normal

Q_netto3 = Q_hp_probe_test+*N_hp + Q_son_probe + Q_losses_tank + Q_losses_tank_pype - Q_user —Q_ringmain_normal -
Q_solar_losses

Q_ringmain_test = Q_top - Q_return - Q_ringmain_normal - (m_dot_in+h_ringfeed_aftap)
Q_heat_pump_loop_test = ((h_hp*m_dot_hp+N_hp) + (h_swvsm_dot_swv+N_solar) + (h_poort_1+m_dot_poort) -Q_dot_munispaliteit —
Q_son_probe) - (Q_hp_probe_test+N_hp)

Sigma_ringmain_massflux = m_dot_ringfeed -m_dot_in - m_dot_return
Sigma_ashp_loop = (m_dot_hp*N_hp) + m_dot_swv + m_dot_poort — m_dot_in
Q_tester = -Q_dot_munispaliteit + (h_poort_1+m_dot_poort) + (m_dot_hp+h_meng)
Q_tester_2 = (h_poort_l1+m_dot_poort) + (m_dot_hp+h_meng+N_hp)

Q_tester_3 = (m_dot_hp+h_meng)

Q_tester_4 = (h_poort_1+m_dot_poort)

mass_balance_tanks_top = (m_dot_hp*N_hp) - m_dot_ringfeed + m_dot_5
mass_balance_tanks_bottom = m_dot_poort + m_dot_return-m_dot_1

Q_nett_laaste = Q_tank_top + Q_tank_bottom+Q_losses_tank+Q_losses_tank_pype

end

"Funksie wat die elektriese element simuleer”

Function Q_aux(T_set_aux, T_tank, Q_heat, Cp_water, massa_water, tydstap 6 elektriese_elementActive ,m_oudl,h_oudl,m_oud2,h_oud2,
h_kante ,area2 ,T_omgewing_db,h_top,area, T_tank2,T_tank3, h_node, k_water)

{’Die energie wat by die tank gevoeg moet word as die tank temperatuur daal’}

if (elektriese_elementActive = 1) then

If T_tank < T_set_aux Then

antwQ = (((massa_water = Cp_water = (T_set_aux - T_tank)))/tydstap —((m_oudl+h_oudl)+(m_oud2+h_oud2))+(h_kantexarea2x(
T_omgewing_db-T_tank))+(h_top+area«(T_omgewing_db-T_tank)))=tydstap {+(((k_water+area)/h_node) «(T_tank2 — T_tank))+(((
k_waterxarea)/h_node) »(T_tank3 — T_tank)) }{[kg]+[ k] /(kgxk)]*[K] = [k]J] maar [KW] = [k]/s]}

If antwQ > (Q_heatxtydstap) Then

Q_aux = Q_heat

Else

Q_aux = antwQ/(tydstap)

EndIf

Else

Q_aux = 0

EndIf

else

Q_aux = 0

endif

End

Function Time_function$ ()
{’Die energie wat by die tank gevoeg moet word as die tank temperatuur daal’}

Time_function$ = concat$(’The time is now ’,TIME$)

End

"Funkise wat die hittepomp simuleer"”

Function Q ECDHIOMT nuwe(T_db,RH, T_inlaat ,T_wb, density_ratio ,ashp_ratio)

"Die ou vergelyking"

{Q_ECDHI9OMT nuwe = (51.3346731853813) + ((1.58865575624804)+T_db) + (( -0.0737514686869437)+T_inlaat)+(-0.59115919832997900+
RH) +(0.00170073734429347+RH"2) }

"Die nuwe vergelyking"
Q ECDHYOMT nuwe =(3.45693852134674 + ((0.075939057244308 )=T_db) + ((-0.0302670035556761 )=T_inlaat)+(-0.00967840826037918+RH
))*((1.71332505730209e+01) + ((2.86265884650667e—-03)*T_inlaat”2)+ (cos(T_db+(1.00463893485746e+00)))+ (cos(T_wb
+(-1.38353732325251e+00 ))))+density_ratioxashp_ratio
End

Function Q ECDH9OM_COP (T_db,RH, T_inlaat ,density_ratio)
Q ECDHO9OM _COP = (3.45693852134674 + ((0.075939057244308 )=T_db) + ((-0.0302670035556761 )=T_inlaat)+(-0.00967840826037918+RH))
+density_ratio
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End

Function h_meng_calc (T_db,RH,T_wb, h_munispaliteit , T_set_point ,P_druk,activate_heat_pump ,N_hp, m_dot_user , m_dot_ring_return,
m_dot_swv,N_solar ,h_poort, m_dot_in, density_ratio)

teller =1

repeat_control = 0
h_meng_oud =h_munispaliteit
Repeat

if (teller = 1) then

m_dot_ashp = hpMassaVloei(h_munispaliteit ,Q ECDHIOMT nuwe(T_db,RH, h_munispaliteit ,T_wb, density_ratio), T_set_point ,P_druk,
activate_heat_pump ,)

m_dot_5 = m_dot_ring_return + m_dot_user - (m_dot_ashp * N_hp)

m_dot_2 = m_dot_5 - (m_dot_swv=N_solar)

m_dot_poort = m_dot_2 — m_dot_ring_return

if ((m_dot_ashp > 0) AND (m_dot_poort < 0)) then

h_meng_predict = ((m_dot_inxh_munispaliteit) +((-m_dot_poort—(m_dot_swv+N_solar))+h_poort))/(m_dot_ashp * N_hp)
else

h_meng_predict = h_poort

endif

else

m_dot_ashp = hpMassaVloei(h_meng_oud,Q ECDHIOMT nuwe(T_db,RH, h_meng_oud,T_wb, density_ratio ,ashp_ratio),T_set_point ,P_druk,
activate_heat_pump ,m_dot_ashp_max)

m_dot_5 m_dot_ring_return + m_dot_user — (m_dot_ashp * N_hp)

m_dot_2 m_dot_5 - m_dot_swv*N_solar

m_dot_poort = m_dot_2 - m_dot_ring_return

if ((m_dot_ashp > 0) AND (m_dot_poort < 0)) then

h_meng_predict = ((m_dot_in+h_munispaliteit) +((-m_dot_poort—(m_dot_swv+N_solar))+h_poort))/(m_dot_ashp * N_hp)
else
h_meng_predict = h_poort
endif
endif
{ if (abs ((h_meng_predict — h_meng oud)) < 0.01) then
repeat_control =1
teller = 10000
else}

teller = teller +1
h_meng_oud = h_meng_predict

verskil = h_meng_predict - h_meng_oud

verskil2 = (m_dot_ashp+h_meng_predict) - (m_dot_in+h_munispaliteit) + (m_dot_poort+h_poort)
{repeat_control = 0}

{endif}

20)

Until (teller =
= h_meng_predict

h_meng_calc
End

Function m_poort_calc (T_db,RH,T_wb, h_munispaliteit, T_set_point ,P_druk,activate_heat_pump ,N_hp, m_dot_user , m_dot_ring_return,,
m_dot_swv,N_solar ,h_poort, m_dot_in, density_ratio ,m_dot_ashp_max,ashp_ratio)

teller =1

repeat_control = 0
h_meng_oud =h_munispaliteit
Repeat

if (teller = 1) then

Q_ashp = Q ECDHYOMT _nuwe(T_db,RH, Temperature (Water ,P=P_druk ,h=h_munispaliteit) ,T_wb, density_ratio ,ashp_ratio)
m_dot_ashp = hpMassaVloei(h_munispaliteit ,Q_ashp, T_set_point ,P_druk, activate_heat_pump ,m_dot_ashp_max)

m_dot_5 = m_dot_ring_return + m_dot_user - (m_dot_ashp * N_hp)

m_dot_2 = m_dot 5 - (m_dot_swvxN_solar)

m_dot_poort = m_dot_2 - m_dot_ring_return

if (m_dot_poort < 0) then "Charge"

if (m_dot_ashp > 0) then

h_meng_predict = ((m_dot_in+h_munispaliteit) +((-m_dot_poort—(m_dot_swv+N_solar))+h_poort))/(m_dot_ashp =+ N_hp)
else

h_meng_predict = h_poort

endif

else "m_dot_poort > 0 and m_ashp > 0 Charge"

h_meng_predict = h_munispaliteit

endif

else

Q_ashp = Q ECDH9OMT nuwe(T_db,RH, Temperature (Water ,P=P_druk,h=h_meng_oud) ,T_wb, density_ratio)
m_dot_ashp = hpMassaVloei(h_meng_oud,Q_ashp, T_set_point ,P_druk, activate_heat_pump ,m_dot_ashp_max)
m_dot_5 = m_dot_ring_return + m_dot_user - (m_dot_ashp * N_hp)

m_dot_2 = m_dot_5 - m_dot_swvx*N_solar

m_dot_poort = m_dot_2 - m_dot_ring_return

if (m_dot_poort < 0) then "Charge"
if (m_dot_ashp > 0) then

h_meng_predict = ((m_dot_in+h_munispaliteit) +((-m_dot_poort—(m_dot_swv+N_solar))+h_poort))/(m_dot_ashp =+ N_hp)
else
h_meng_predict = h_poort
endif
else "m_dot_poort > 0 and m_ashp > 0 Charge"
h_meng_predict = h_munispaliteit
endif
endif
{ if (abs ((h_meng_predict — h_meng oud)) < 0.01) then
repeat_control =1
teller = 10000
else}

teller = teller +1

verskil = abs(h_meng_predict - h_meng oud)
h_meng_oud_vergelyk = h_meng_oud
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verskil2 = abs((m_dot_ashp+*h_meng_predict+ N_hp) - (m_dot_in+h_munispaliteit) + (m_dot_poort+h_poort))
h_meng_oud = h_meng_predict

{repeat_control = 0}

{endif}

Until (verskil < 0.0001)

m_poort_calc = m_dot_poort

T_meng_predict = Temperature (Water ,P=P_druk,h=h_meng_predict )
End

Function h_uitlaat_swv_new (T_amb,G, A_col,h_inlaat ,P_atm,m_dot,h_son_oud, UA_solar, activate_solar , tydstap ,m_bank)
{I_inlaat_water - Inlaat temperatuur van die SWV
T_amb - Die omgewings temperatuur
G - Sonbestraling
A_col - Die area van die kollektor}
{’Die energie wat by die tank gevoeg moet word as die tank temperatuur daal’}
conversion = 0.001 [KW/w]
T_inlaat_water = Temperature(Water ,P=P_atm ,h=h_inlaat)
T_son_oud = Temperature (Water ,P=P_atm,h=h_son_oud)

eta_son = eta_swv(T_amb,G, h_inlaat ,P_atm)
if ((G>80) AND (eta_son>0)) then

{eta_son = (m_dot(h_uitlaat-h_inlaat))/(G+A_col)}

g_son = (eta_son*G+A_col+conversion)
else

q_son = 0

endif

if (T_son_oud <= T_amb) then
hitteverlies = 0

else

if ((T_amb < 0) AND (T_son_oud < 3)) then
hitteverlies = 0

else

if (eta_son>0) then

hitteverlies = (1-eta_son)=*G+A_col*conversion

MODE = 1

else

hitteverlies = UA_solar*(T_son_oud — T_amb )

MODE = 2

endif

endif

endif

{h_uitlaat_swv_new =h_son_oud + ((g_son - (activate_solar*m_dot*(h_son_oud-h_inlaat)) —(hitteverlies+UA_solar*(T_son_oud -
T amb )))=tydstap)/(m_bank) }

h_uitlaat_swv_new =h_son_oud + ((q_son - (activate_solarsm_dot*(h_son_oud-h_inlaat)) -hitteverlies)xstydstap)/(m_bank)

End

Function h_uitlaat_swv_pype(T_amb, h_inlaat ,P_atm,m_dot,h_son_oud, UA_solar, tydstap ,m_bank)
{I_inlaat_water - Inlaat temperatuur van die SWV
T_amb - Die omgewings temperatuur}
{’Die energie wat by die tank gevoeg moet word as die tank temperatuur daal’}
conversion = 0.001 [KW/w]
T_inlaat_water = Temperature(Water ,P=P_atm ,h=h_inlaat)
T_son_oud = Temperature (Water ,P=P_atm,h=h_son_oud)

if (T_son_oud<T_amb) then

hitteverlies = 0

else

if ((T_amb < 0) AND (T_son_oud < 3)) then
hitteverlies = 0

else

hitteverlies = UA_solar*(T_son_oud — T_amb )

endif

endif

{h_uitlaat_swv_new =h_son_oud + ((q_son - (activate_solar*m_dot*(h_son_oud-h_inlaat)) -(hitteverlies+UA_solar*(T_son_oud -

T_amb )))=+tydstap)/(m_bank) }
h_uitlaat_swv_pype =h_son_oud + (( -m_dot+*(h_son_oud-h_inlaat)-hitteverlies)+tydstap) /(m_bank)
End

Function m_swv_activate (h_uitlaat ,T_2,T_3,T_max,P_atm,T_delta_hoog, T_delta_laag ,m_dot_swv_oud)
if (h_uitlaat >0) then

T_swv =Temperature(Water ,P=P_atm ,h=h_uitlaat)
if ((T_swv - T_2)>T_delta_hoog) then
if (T_3 > T_max) then

m_swv_activate = 0

else

m_swv_activate = 1

endif

else

if (m_dot_swv_oud > 0) then

if ((T_swv-T_2) > T_delta_laag) Then
m_swv_activate = 1

else

m_swv_activate = 0

endif

else

m_swv_activate = 0

endif

endif

else
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m_swv_activate = 0
endif
End

Function eta_swv(T_amb,G,h_inlaat ,P_atm)
{I_inlaat_water - Inlaat temperatuur van die SWV
T_amb - Die omgewings temperatuur
G - Sonbestraling
A_col - Die area van die kollektor}
{’Die energie wat by die tank gevoeg moet word as die tank temperatuur daal’}
if (G> 80) THEN
T_inlaat_water = Temperature(Water ,P=P_atm ,h=h_inlaat)
A = (T_inlaat_water-T_amb) /G
{eta_son = (m_dot(h_uitlaat-h_inlaat))/(G+A_col)}
{eta_swv = (-(4072%a”2) + (359.07+a) + 48)x1.66/100}

{eta_swv (-(4072+a”2) + (359.07xa) + 40)=1.8/100)
eta_swv = (—(6250%a”2) + (12.5%a) + 53.125)%1.63/100
ELSE

eta_swv = 0

ENDIF

IF (eta_swv < 0) THEN

eta_swv = 0

ENDIF

End

Function m_swv(h_uitlaat,T_2,T_3,T_max,P_atm, T_delta_hoog, T_delta_laag ,m_dot_swv)
if (m_dot_swv >0) AND (h_uitlaat >0) then
T_swv =Temperature(Water ,P=P_atm ,h=h_uitlaat)
if ((T_swv - T_2)>T_delta_hoog) then

if (T_3 > T_max) then

m_swv = 0[kg/s]

else

m_swv = m_dot_swv

endif

else

if ((T_swv-T_2) > T_delta_laag) Then
m_swv = m_dot_swv

else

m_swv = 0 [kg/s]

endif

endif

else

mswv = 0 [kg/s]

endif

End

Function hpTimerControl (T_probe, T_probe_set_piont, teller ,timer_hp_oud, activate_timer_hp_oud , t_set_point_2)
"Indien die program ’'n 1 terugstuur dan moet die timer loop en die HP aangeskakel word"

if (T_probe <= T_probe_set_piont ) then "Indien die toetsnode se temperatuur kouer is as die set point begin aftel"
hpTimerControl = 1

else

{if (teller >1 ) then "Indien ons verby die eerste tydstap is."}

if (activate_timer_hp_oud = 1) then

if (T_probe >= t_set_point_2 ) then

hpTimerControl = 0

else

hpTimerControl = 1

endif

else

hpTimerControl = 0

endif

{endif}

endif

end

Function hpTimerControl_nuwe (T_probe, T_probe_set_piont, teller ,timer_hp_oud, activate_timer_hp_oud ,COP)
"Indien die program ’‘n 1 terugstuur dan moet die timer loop en die HP aangeskakel word"

if (T_probe < 53 ) then

if ((T_probe < T_probe_set_piont) OR (COP >3)) then "Indien die toetsnode se temperatuur kouer is as die set point begin aftel”
hpTimerControl_nuwe = 1

else

{if (teller >1 ) then "Indien ons verby die eerste tydstap is."}
if (activate_timer_hp_oud = 1) then

if ((timer_hp_oud > (900)) ) then
hpTimerControl_nuwe = 0

else

hpTimerControl_nuwe = 1

endif

else

hpTimerControl_nuwe = 0

endif

{endif}

endif

else

hpTimerControl_nuwe = 0

endif

end

"Bepaal die massavloei wat deur die HP moet vloei"

Function hpMassaVloei(h_inlet ,Q_hp, T_set_point ,P_druk, activate_heat_pump ,m_dot_ashp_max)

if (activate_heat_pump = 1) then "Indien die HP nie op tydskakelaar is nie bereken die volgende"
h_outlet = Enthalpy(Water, T=T_set_point ,P=P_druk) "Bereken die verlangde uitlaat entalpie"

if (h_outlet = h_inlet) then
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hpMassaVloei = 0 [kg/s]

else

if ((h_inlet < h_outlet) and (Q_hp > 0)) then
hpMassaVloeiToets = Q_hp/(h_outlet — h_inlet) "Bereken die gestadigde massavloei wat deur die stelsel benodig word"
if (hpMassaVloeiToets>m_dot_ashp_max) then
hpMassaVloei = m_dot_ashp_max

else

hpMassaVloei = hpMassaVloeiToets

endif

else

hpMassaVloei = m_dot_ashp_max

endif

endif

else
hpMassaVloei = 0
endif

End

Function maalFaktor(m_1,m_2)
if (m_1 > m_2) then
maalFaktor = 1

else

maalFaktor = -1

endif

end

Function upwindFunction(m_1,m_2,u_1,u_2)
if (m_1 > m_2) then

upwindFunction = u_1

else

upwindFunction = u_2

endif

end

(Die stelsel inset )

rho_water = Density (Water, T=T_aanvangs[1],P=P_atm)
cp_water = Cp(Water,T=25[C],P=P_atm)
k_water =Conductivity (Water, T=T_aanvangs[1],P=P_atm) /1000[W/kW] "Konduksie koeffisient van die water"

"Vaste veranderlikes"
{h_node = 2 [m] "Hoogte van die nodus"}
{radius = 0.6084 [m] "Radius van die tank"
{Vol_tank = 3000 [1] "Volume van 'n enkele node"}
Vol_node = 3 [m”3] "Volume van 'n enkele node"}
area = pix*(radius”2) "Deursnit area"
area2 = 2+pi*radius+h_node "Omtrek area"
Vol_node = areaxh_node "Bereken die hoogte van die nodus"”
col = (((m_dot_poort_i+m_dot_return)/(areaxrho_water))*tydstap_grootte)/h_node "Colesky factorization"
aantalNodusse = 5

"Die loop se berekninge"

n_step = 120 {1950}"Aantal n_step waardeur die kode moet hardloop"
tydstap_grootte = 60[s] "Die lengte van 'n enkele tydstap"

n_sek = tydstap_grootte = n_step

n_ure n_sek / 3600 [s/h]

n_dae n_ure / 24 [h/d]

"Aanvangs temperatuur parameters vir die verskeie ure"

T_aanvangs[1] = 47 [C]
T_aanvangs[2] = 49 [C]
T_aanvangs[3] = 51 [C]
T_aanvangs[4] = 55 [C]
T_aanvangs[5] = 60 [C]

rhp_aanvangs[1]
rhp_aanvangs[2]
rhp_aanvangs[3]
rhp_aanvangs[4]
rhp_aanvangs[5]

Density (Water ,T=T_aanvangs[1] ,P=P_atm)
Density (Water , T=T_aanvangs[2] ,P=P_atm)
Density (Water , T=T_aanvangs[3] ,P=P_atm)
Density (Water , T=T_aanvangs[4] ,P=P_atm)
Density (Water , T=T_aanvangs[5] ,P=P_atm)

h_aanvangs[1]
h_aanvangs[2]
h_aanvangs|[3]
h_aanvangs[4]
h_aanvangs|[5]

Enthalpy (Water , T=T_aanvangs[1] ,P=P_atm)
Enthalpy (Water , T=T_aanvangs[2] ,P=P_atm)
Enthalpy (Water , T=T_aanvangs[3] ,P=P_atm)
Enthalpy (Water , T=T_aanvangs[4] ,P=P_atm)
Enthalpy (Water , T=T_aanvangs[5] ,P=P_atm)

T_wb_i
T_db_i

0.03633
4.99

(Die stelsel inset massavloeie)

"Die massavloei in en uit die stelsel"
m_dot_in_i = 0.024 [kg/s] "############### Inset [1]############# — Die massavloei in die stelsel in"
m_dot_uit = m_dot_in "################[ Massavloel vergelyking [8]############# — Behoud van massa"

"Massavloei deur die SWV"
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"Word op die stadium deur die Diagram window beheer"
{m_dot_swv = 0.1 [kg/s |} "################ Inset [2]############# — Die massavloei in die stelsel in"{0.069 [kg/s] }"Die
massavloei deur die vakuumbuise"

"Dinamiese funksie wat die massavloei deur die HP bepaal”

h_munispaliteitl = Enthalpy(Water, T=T_munispaliteit_koud ,P=P_atm)

m_dot_hp_aanvanklik = hpMassaVloei(h_munispaliteitl ,Q ECDHIOMT nuwe(T_omgewing_db,RH, T_munispaliteit_koud ,T_omgewing_wb,
density_ratio ,ashp_ratio) ,T_hp,P_atm,activate_heat_pump ,m_dot_ashp_max) «N_hp "################ Inset [S|#####HHHH#HHHS —
Die massavloei in die stelsel in"

"Koue water toevoer wat by die onderkant van die tank invloei"

m_dot_hp_swh_i = m_dot_in — m_dot_hp_aanvanklik "################[ Massavloei vergelyking [10]#############” "m_dot_hp_swh =
m_dot_in - (m_dot_hp*2) "

m_dot_swh = 0 [kg/s]

m_dot_poort_i = m_dot_hp_swh_i — m_dot_swh"################ [ Massavloei vergelyking [6]############# " "Die koue water
temperatuur wat onder by die water kan invloei"

"Die ringmain terugvoer massavloeie"

m_dot_las = m_dot_uit "################][ Massavioei vergelyking [8|############# " "Die massavloei wat deur die hospitaal
gebruik word"

m_dot_return_i = 0.2 [kg/s] "Die ringfeed se warm water return"”

{ m_dot_ringfeed = m_dot_return + m_dot_las "Die massavloei deur die ringfeed"}

m_dot_aanvangs_1 = m_dot_poort_i + m_dot_return "################[ Massavloei vergelyking [1]############# "

m_dot_aanvangs_2 = m_dot_aanvangs_1 "################][ Massavloei vergelyking [2]############E "

m_dot_aanvangs_3 = m_dot_aanvangs_2 + (m_dot_swv_aanvanklik+«N_solar) "################[ Massavloei vergelyking
[3]############H "

m_dot_aanvangs_4 = m_dot_aanvangs_3"################][ Massavloei vergelyking [4]############E "

m_dot_aanvangs_5 = m_dot_aanvangs_4 "################ Massavloei vergelyking [S]###########HH "

(Die stelsel inset temperature)

T_delta_hoog = 38.5
T_delta_laag = 29.5
T_ringfeed_return = T_hp - T_ringfeed_delta

T_ringfeed_delta = 10 [C]

{T_swh = 45 [C]}

T_hp = 62[C]

T_probe_hp = 52 [deg]

{G= 1000 [W/m~2]}

A_col =7.6 [m"2]

T_indoors = 23 [C] "Gemmidelde temperatuur van die hospitaal aan die binnekant"
{T_set_aux = 60 [C]} "Word gestel in Diagram window"

h_hp = Enthalpy(Water, T=T_hp,P=P_atm) "Vaste entalpie vir alle waardes"

{h_swv = Enthalpy(Water, T=T_swh,P=P_atm) "Vaste entalpie afhangend van die beheerprogram"}
h_ringfeed_return = Enthalpy(Water,T=T_ringfeed_return ,P=P_atm) "(Berekening)"
h_munispaliteit = Enthalpy(Water, T=T_munispaliteit_koud ,P=P_atm) "(Berekening)"

(Die stelsel inset areas en hitteverlieskoeffisiente)

h_kante = 0.001394 [kW/@m"2 » K)]
h_top =0.001437 [KW/(m"2+k) ]
h_onder = 0.001437 [KW/(m"2x+k) ]
q_element = 45 [kW]

Q_losses = 0.2[kW]

P_atm = 86.92 [kPa]
P_target = 86.92 [kPa]
{P_target = 101.058 [kPa] {Durban}

(OmgewingsOmstandighede)

P_target = 101.05 [kPa] {pe}
P_target = 101.46 [kPa] {cpt}
P_target = 85.59 [kPa] {bloem}
P_target = 83.06 [kPa] {whk}
P_target = 87.33 [kPa] {pta}}

density_target =Density (Air_ha,T=25,P=P_target)

density_ref = Density (Air_ha,T=25,P=P_atm)

density_ratio = density_target /density_ref

n=>5

" (ASHP Specs) "
ref_ashp_specs = 90 [kW]

target_ashp_specs = 90 [kW]

ashp_ratio = target_ashp_specs/ref_ashp_specs

m_dot_ashp_max = 0.522 [kg/s]

{TIMESTAMP$="00:00 "
maand$ = ‘1"
dag$ = "1’}

TWH Supply system losses'

L_d = 250 [m]"Pipe delivery length"

d_o = 0.028 [m] "Outside diameter of pipe"

k_d = (2.6+d_o )+0.2 "Heat loss coeffcient of pipe"
N_drawoffs = 7 "Number of draw of pypes"

1_dl = 4 [m] "dead leg length"

d_d = 0.01 [m] "inside diameter of dead leg"
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T_swv_i = 20 [deg]
T_swv_pype_i = 20 [deg]
m_solar_bank = 25 [kg]
m_solar_pype = 20

"Die verliese tussen al die verskeie pype’
UA_solar_manifold = 0.015 [kW/k]

UA_solar = 0.08{ 0.058[kW/k]}
{UA_solar_pipes = 0.02 [kW/k]}
UA_tank_pipes = 0.01826 [KW/k]

{N_hp = 1
N_solar = 1}

"Parametriese tabel berekeninge"
tydverloop = teller xtydstap_grootte
{teller = 1}

CALL stratifikasieTank3 (activate_heat_pump , electrical_element ,T_set_aux,n,P_atm,q_element,T_hp, T_munispaliteit_koud,
T_ringfeed_return ,T_wb_i, T_db_i, k_water ,h_kante ,h_top ,h_onder, rho_water ,cp_water ,h_node, area ,area2 ,T_aanvangs[1..5],
m_dot_return, m_dot_swv_aanvanklik , m_dot_hp_aanvanklik ,m_dot_in, m_dot_poort_i, m_dot_return_i ,n_step, tydstap_grootte,
teller ,G,A_col,T_delta_hoog, T_delta_laag ,L_d,d_o,k_d,N_drawoffs,1_dl,d_d, T_indoors , T_probe_hp ,RH, UA_solar,
UA_solar_manifold ,UA_tank_pipes ,N_hp, N_solar , T_swv_i, m_solar_bank , T_swv_pype_i, m_solar_pype , density_ratio ,m_dot_ashp_max
,ashp_ratio:tyd, stratifikasieTank [1..5],stratTankEntalp [1..5],T_return ,m_dot[1..5] ,m_dot_hp_probe, h_poort_1 ,m_swv_nou,
M_dot_1,M_dot_2,M_dot_3,M_dot_4,M_dot_5,h_swv_nou, eta_swv , konduksie_term [1..5] , konveksie_term [1..5], geforseerdeVloed
[1..5],Q_dot_munispaliteit , T_aftap ,Q_losses_d ,q_probe_hp, Q_losses_dead_end , Q_son_probe, Q_return,Q_top,T_meng, T_top_meng,
m_dot_hp, m_dot_poort, m_dot_swv, timer_hp , activate_timer_hp ,Q_netto, m_dot_ringfeed ,T$, cycle$ ,Q_hp_probe,
hp_timer_control_internal ,Q_losses_tank ,Q_user, Q_user2,Q_ringmain_normal , Q_losses_tank_pype ,COP_hp, Q_elektries_hp,
COP_hp_potential , Stelsel_entalpie ,T_swv,T_room, Q_hp_probe_test,Q_netto2,Q_netto3, Q_solar_losses ,Q_hello_ashp ,die_probe,
m_dot_hp_swh, m_hello_ashp , diagnose_condition ,Q_supplies_energy ,Q_in,Q_out, Q_nett, Q_ringmain_test ,Q_heat_pump_loop_test,
Sigma_ringmain_massflux ,Sigma_ashp_loop , Q_tester ,Q_tester_2 ,Q_tester_3 ,Q_tester_4 ,mass_balance_tanks_top,
mass_balance_tanks_bottom ,Q_tank_top ,Q_tank_bottom , Q_nett_laaste ,kode_blok ,h_swv_new, Q_son_probe2, Q_son_losses_manifold ,
h_swv_pype, T_swv_pype)

partone$=CONCAT$( ' Pretoria_HP ', String$ (N_hp) )

parttwo$=CONCAT$( partone$ , '_SWH")

partthree$ = CONCAT$(parttwo$ ,String$ (N_solar))

filepath$ = 'C:\ Users\userl\Documents\Meesters\1.) 1D EES model\1) Real data simulations\4) Jan 2020\3) Parametric study\1)
Pretoria’

partfour$ = CONCAT$(filepath$ ,partthree$)

endof$ = “.csv’

file$= CONCAT$( partfour$ ,endof$)

{$Export file$ tyd,stratifikasieTank[1..5],stratTankEntalp[1..5],T_return,m_dot[1..5],m_dot_hp_probe, h_poort_1,m_swv_nou,
M_dot_1,M_dot_2,M_dot_3,M_dot_4,M_dot_5,h_swv_nou, eta_swv , konduksie_term [1..5] , konveksie_term [1..5], geforseerdeVloed
[1..5],Q_dot_munispaliteit , T_aftap ,Q_losses_d ,q_probe_hp, Q_losses_dead_end , Q_son_probe, Q_return, Q_top,T_meng, T_top_meng,
m_dot_hp, m_dot_poort, m_dot_swv, timer_hp ,activate_timer_hp ,Q_netto, m_dot_ringfeed ,T$, cycle$ ,Q_hp_probe,
hp_timer_control_internal ,Q_losses_tank ,Q_user,Q_ringmain_normal , Q_losses_tank_pype ,COP_hp, Q_elektries_hp ,
COP_hp_potential , Stelsel_entalpie ,T_swv,T_room, Q_hp_probe_test,Q_netto_2}
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Appendix M

Computer code (EES): Tank heat losses

"Geometry of tank"

Diameter_tanks = 1.22 [m]

Volume_tanks = 3 [m”3]

Volume_tanks = ((Diameter_tanks”2)/4)+pi#+Height_tanks

A_outside_cylinder = Diameter_tanksxpi#+Height_tanks

A_inside_cylinder = (Diameter_tanks —((Insolation_thickness+Insolation_thickness_alli)«2))x*pi#xHeight_tanks
A_top = ((Diameter_tanks”2)/4)+pi#

Geometry_ratio = Diameter_tanks/Height_tanks
Geomtery_ratio2 = 35/Grasshoff~0.25

A_total_tank = A_outside_cylinder + A_top + A_top
A_total_tanks = A_total_tank % 5

Radius_tanks_outside = Diameter_tanks/2
Radius_tanks_inside = (Diameter_tanks/2)-Insolation_thickness_alli
Radius_tanks_inside_in = (Diameter_tanks/2)-Insolation_thickness-Insolation_thickness_alli

"Thermal and geometric properties of tanks"
Insolation_thickness = 0.05[m]
Insolation_thickness_alli = 0.0006[m]
Insolation_conductivity = 0.085 [W/(mxk)]
Insolation_conductivity_alli = 205 [W/(m=k)]

"Convective properties inside and outside"
h_outside = 10 [W/(k*m"2)]

h_inside = 22.56 [W/(k*m"2)]}

h_inside_pipes = h_pipe_inside{ 7411 [W/(ksm"2)]}

"Temperature properties”
T_inside = 55
T_outside = 11.91 [C]

"Thermal resisitances sides"
R_conv_in = 1 /(h_inside*A_inside_cylinder)
R_conv_out = 1 /(h_outside*A_outside_cylinder)

R_conv_top_out = 1 /(h_outsidexA_top)
R_conv_top_in = 1 /(h_inside*A_top)

R_cond = In(Radius_tanks_inside/Radius_tanks_inside_in) /(2+pi#+Insolation_conductivity »Height_tanks)
R_cond_al = In(Radius_tanks_outside/Radius_tanks_inside) /(2+pi#+Insolation_conductivity_allixHeight_tanks)

R_cond_top = Insolation_thickness/(Insolation_conductivity*A_top)
R_cond_top_al = Insolation_thickness_alli/(Insolation_conductivity_alli=A_top)

R_cond_bottom =Insolation_thickness /(Insolation_conductivity =A_top)
R_cond_bottom_al =Insolation_thickness_alli/(Insolation_conductivity_alli*A_top)

Regime_raio = Grasshoff / (Re_tanks”2)

"Heat loss"

q_heat_loss_sides = (T_inside-T_outside) /(R_conv_in+R_conv_out+R_cond+R_cond_al)

q_heat_loss_sides = (T_inside-T_s_i)/(R_conv_in)

q_heat_loss_sides = (T_inside-T_s_i_whool) /(R_conv_in+R_cond)

q_heat_loss_sides = (T_inside-T_s)/(R_conv_in+R_cond+R_cond_al)

q_heat_loss_top = (T_inside-T_outside)/(R_conv_top_in+R_cond_top+R_cond_top_al+R_conv_top_out)
q_heat_loss_bottom = (T_inside-T_outside)/(R_conv_top_in+R_cond_bottom+R_cond_bottom_al+R_conv_top_out)
QTOTAL = (q_heat_loss_sides+q_heat_loss_top+q_heat_loss_bottom) = 5

UA_sides = q_heat_loss_sides/(T_inside-T_outside)
U_sides =UA_sides / A_outside_cylinder

UA_top = q_heat_loss_top /(T_inside-T_outside)
U_top =UA_top / A_top

UA_bottom = q_heat_loss_bottom /(T_inside-T_outside)
U_bottom =UA_bottom / A_top
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Appendix M. Computer code (EES): Tank heat losses

UA = QTOTAL/((T_inside-T_outside))
U_tanks = UA/A_total_tanks

"Reynolds and Grashoff calculaton”
m_dot = 0.387 [kg/s]

rho =Density (Water,T=60,P=80000)
Q_flow = m_dot/rho

V = Q_flow/A_top

mu = Viscosity (Water,T=60,P=80000)
Re_tanks = (rhoxVxDiameter_tanks)/mu
k=Conductivity (Water ,T=40,P=80000)

h = (3.66) *(k/Diameter_tanks)
beta=VolExpCoef (Water ,T=55,P=80000)
beta2=VolExpCoef (Air_ha ,T=55,P=80000)

anw = (mu/rho)”1

Grasshoff = (g#+betas(T_inside -T_s_i )+ (((Diameter_tanks/2)73)))/(mu/rho)”2
Raleigh = GrasshoffsPrandtl

{Nusselt_tank = (4/3)*((Grasshoff/4)~(0.25))*g#+Prandtl}

Nusselt_tank = (0.023) *((Re_tanks)”~(4/5))+Prandtl~0.4

h_tank_inside= (k/Height_tanks)+Nusselt_tank

Grasshoff2 = (g#xbetax(T_inside —T_s_i) #((( Diameter_tanks /2)”3))) /(mu/rho)"2
Raleigh2 = Grasshoff2+Pr2

Nusselt_tank2 = (0.825 + ((0.387xRaleigh2~(1/6))/((1 +(0.492/Pr2)~(9/16))"(8/27))))"2
h_tank_inside2= (k/Height_tanks)x*Nusselt_tank2

Pr2=Prandtl (Water ,T=50,P=120000)

"Pump calculations”
Q_hour = (m_dot * 3600 [s/h])/rho

"Pipe length calulations"

swh_length_pipe = 34.28[m]

swh_pipe_diameter_i 0.030 [m]

swh_pipe_diameter_o = 0.055 [m]

swh_vloei_area = pi#+(swh_pipe_diameter_i"2)/4
swv_pyp_volume = swh_vloei_area * swh_length_pipe
swv_pyp_buite_area = swh_pipe_diameter_o+pi#+swh_length_pipe
swv_pyp_binne_area = swh_pipe_diameter_i+pi#+swh_length_pipe

"Pipe length calulations"

tank_length_pipe = 30[m]

tank_pipe_diameter_i = 0.030 [m]

tank_pipe_diameter_o = 0.055 [m]

tank_vloei_area = pi#x+(tank_pipe_diameter_i"2)/4
tank_pyp_volume = tank_vloei_area + tank_length_pipe
tank_pyp_buite_area = tank_pipe_diameter_oxpi#+tank_length_pipe
tank_pyp_binne_area = tank_pipe_diameter_ixpi#+tank_length_pipe
m_dot_ringmain = 1.25[kg/s]

Cp = Cp(Water,T=50,P=80000)
Prandtl = (cp* mu)/k

Q_flow_pipe = m_dot_ringmain/rho

V_pipe = Q_flow_pipe/swh_vloei_area

Re_pipe = (rho*V_pipe*swh_pipe_diameter_i)/mu
Nusselt_pipe = 0.023 » (Re_pipe”(4/5) )+(Prandtl)”~0.3
h_pipe_inside = (k/swh_pipe_diameter_i)*Nusselt_pipe

"Pipe losses"

R_conv_in_pipe = 1 /(h_inside_pipes sswv_pyp_binne_area)

R_conv_out_pipe = 1 /(h_outsides*swv_pyp_buite_area)

R_cond_pipe = In(swh_pipe_diameter_o/swh_pipe_diameter_i) /(2+pi#*Insolation_conductivity *swh_length_pipe)
R_cond_pipe_tank = In(tank_pipe_diameter_o/tank_pipe_diameter_i) /(2+pi#xInsolation_conductivity+tank_length_pipe)
Q_heat_loss_pipes = (T_inside-T_outside)/(R_conv_in_pipe+R_conv_out_pipe +R_cond_pipe)

Q_heat_loss_pipes_tank = (T_inside-T_outside)/(R_conv_in_pipe+R_conv_out_pipe +R_cond_pipe_tank)

UA_pipes = Q_heat_loss_pipes/((T_inside-T_outside))

UA_pipes_tank = Q_heat_loss_pipes_tank /((T_inside-T_outside))
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