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Abstract

Due to excessive fossil fuels consumption, the concentration of carbon dioxide is predicted to be
approximately 500 ppm by 2050, impacting global biodiversity for generations. Increasing the
percentage of recent solar energy use—sun, wind, hydro, and biomass—to address our global
energy needs is of fundamental importance. With buildings representing nearly 38% of global
emissions, solar energy can contribute to reduce impact: increasing the productive use of solar
insolation from building grounds using reflective tracking mirrors, referred to as Sunflower, is a
critical component. To this effect, a Sunflower model is developed from first principles to evaluate
the productive use of low-level solar magnification from building grounds and roof tops. This
model predicts the solar insolation incident onto a user chosen target with many Sunflowers to
contribute to net-zero buildings. The model inputs are flexible, for example, change in number of
Sunflower mirrors and their target specifications, including seasonal relocation to optimally reduce
energy demand in a building, are part of user inputs. The model utilizes a single ray-tracing method
to evaluate the solar irradiation redirected onto the building using low-cost solar tracking mirrors.
This model developed in Python is based on solar angles and weather data to calculate the
redirected hourly solar flux onto a chosen target. Using NREL’s Solartrace program based on the
Monti-Carlo method, model results are validated within an error of 2.35%. The Sunflower model
is then applied to predict the displaced energy in an outdoor pool heating application. The pool
heating approach using Sunflower bypasses second law inefficiencies as the pool is heated by the
irradiations directly from sun without the use of an intermediate thermal fluid. Multiple case
scenarios are established to evaluate the optimal mirror angles to increase the solar intensity for a
given seasonal configuration. The Sunflower model predictions for applications in Winnipeg,
Manitoba (Latitude 49.9°) using 10 Sunflowers shows that seasonal pool heating load can be
reduced by 67%, with a yearly GHG savings of 5.1 tons of CO2eq. For this case, the average yearly
solar intensity ratio for a single Sunflower with a horizontal target is 1.81, and averages 1.50 during
summer months when solar insolation is higher. For a similar application in the remote community
of Arviat, Nunavut (Latitude 61.1°), currently depending on diesel fuel, pool water heating

requirements can be reduced by 40% using 15 Sunflowers.
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1. Introduction

1.1.  Global energy scenario

The world population is estimated to be 9.7 billion by 2050, which represents a 33% increase from
the 2016 population census of 7.7 billion [1]. Rapid development and industrialization are
increasing energy demand. Future global energy consumption is depended on the development of
technology, economic trends, demographic change, and availability of resources that drive energy
use. The United States Energy Information Administration forecasts that the increase in global
energy consumption is expected to surge up to 30%, from 575 BTU Quadrillion (169 PWh) in
2015, to 736 BTU Quadrillion (216 PWh) in 2040 [2]. A considerable percentage of this upsurge
will be from Non-Organization for Economic Co-Operation and Development (Non-OECD)
nations than Economic Co-Operation and Development (OECD) nations, due to economic growth,
easy access to the energy market, and increased population [16]. Figure 1 represents the energy
demand growth by OECD and Non-OECD.

World energy consumption
quadrillion Btu

2015
800

600

non-QECD
400
20 J I b
0 T

1990 2000 2010 2015 2020 2030 2040

o

Figure 1: Past and projected global energy demand by OECD and Non-OECD from 1990-2040

According to the International Energy Agency, the total primary energy supply in 2018 was mainly
from oil, coal, natural gas, representing 84% of the energy supply [3]. Figure 2 shows the
breakdown of energy resources. Most of the energy is driven by fossil fuels and there is growing

concern about its impact on the environment and sustainability. The global average atmospheric
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carbon dioxide in 2018 was 407.8 parts per million (ppm) [3]. Carbon dioxide levels are much

higher now than at any point in almost 1 million years.

World total primary energy
consumption by fuel in 2018(2]

B coal 27%)

[ Natural Gas (24%)

- Hydro (renewables) (7%)
. Nuclear (4%)

. Oil (34%)

- Others (renewables) (4%)

Figure 2: World total energy consumption by fuel in 2018

In 1980, the ppm concentration of carbon dioxide was nearly 340 ppm and presently the
concentration is 418 ppm [4], as shown in Figure 3. The expected ppm concentration of carbon
dioxide in 2050 is 500 ppm [4]. We are entering an era where human caused carbon dioxide will
decisively impact every aspect of life and biodiversity. Since our increased dependency on fossil
fuel will boost the concentration of CO2, we may exceed as high as 685 ppm in the next few
decades [6]. Increasing the reliance for renewable energy, enhancing the efficiency of energy
systems, and lastly lowering the energy demand can decrease the concentration of CO. The most
feasibly and viable solution to curb the emission levels is to further explore and implement the
usage of renewable energy resources (solar, wind, hydro, and biomass), improved efficiency of the
power-systems, battery storage developed systems, and other related technologies to reduce carbon

emissions.
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arbon Dioxide Abundance (ppm)|
o

310

1085 1000 1005 2000 2005 2010

Year

Figure 3: Part per million of carbon dioxide from 1975 to 2020

1.2.  Renewable energies

As the global increase in energy consumption continues this will result in energy security and
environmental sustainability issues unless either energy demand decreases, or there is a switch to
renewable energies. Peak oil production and subsequent exhaustion of reserve will add pressure
on the oil-exporting [2]. Policy makers need to take practical measures to eliminate the reliance on
fossil fuels. Surpassing a critical concentration of CO> will affect developing countries more than
developed ones due to higher populations. Some studies showed that if all fossil fuels on the earth
are combusted then the ice of Antarctica will disappear, hypothetically resulting in the 200 feet

rise in the sea levels [4], enough to submerge most of the major cities.

The world energy demand is projected to increase by 30% by 2040 [2]. Due to the rising concern
of greenhouse gases (GHG) and fossil fuel depletion, the world needs transition to alternative
resources of energy and technology, which would be more efficient, environment-friendly,
economical, and available than fossil fuels. Renewable energies such as solar, wind, biomass, and
hydro present a solution to reduce the amount of GHG emission and guarantee future energy
security. Renewables can replace fossil fuels [2]. However, there is some debate on the reliance,
cost, and life span of renewable energies being encouraged by topics on economic viability, fuel
compatibility with present technologies, and even environmental consideration. Further research

needs to be done to suppress these debates.
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However, to solve climate change problem, it is important to focus on the Renewable Energy Ratio
(RER), as the benchmark which qualifies the percentage of primary energy is derived from recent
solar radiation. The Renewable Energy Ratio is defined as the ratio of percent of renewable energy
to the total energy. Our research group focuses on THE RED CUP approach to increase RER to

solve climate change where:

e THE are the energy requirement for Transportation, Heating and cooling, and Electricity.
e RED are the levers that can increase RER by adding Renewables, increasing energy
Efficiency, and decreasing energy Demand.

e CUP are the scales to apply change which stands for Community, Utility, and People.

For example, THE RED CUP approach finds it relevant to apply small concentrating mirrors for
buildings to solve climate change as it increases Renewables and improves Efficiency of current

technologies at the People scale.

1.3.  Lowe-level solar concentrators mirrors

Low concentrating solar reflectors referred as “Sunflower”, are two-axis solar tracking reflective
mirrors that redirect sunlight onto a user-selected target to obtain solar intensity/magnification of
about 1.5x to 10x for building applications. Such mirrors are yet to be in use. The Sunflower is a
two-axis solar tracking device. Unlike current solar magnification technologies, both the target
and Sunflower can literally be placed at any location, as per user selection and constraints, even if
far from being optimal. Small solar reflectors are made viable, in part, by the considerable cost
decrease in electronic components like motor controllers, and 3-D printer technology
advancements, and small direct current stepper motors. These reflectors work by redirecting the
Direct Normal Irradiance (DNI) onto a selected seasonal target surface allowing new distributed
solar applications to address climate change at the people scale. It can be used for numerous
applications, including residential pool heating and space heating by intensifying the solar energy
on Phase Change Material (PCM) windows. The development of such Sunflower device is being
developed within our research group in renewable energy at the University of Manitoba with

numerous potential applications found.
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A Sunflower comprises of a dome shaped tracking device and moving mirrors to reflect the suns’
irradiation onto a fixed target. The firmware is uploaded to an Arduino board which activates two
direct current (DC) motors to enable the device to track the sun using the variation of light intensity
onto six low-cost optic-sensors arranged around a vertical stem. One motor is for zenith solar
tracking, and the other motor is for azimuth solar tracking. Each motor’s powers a cylindrical
worm screw shaft. Each worm shaft is mated with a worm gear that matches with the motion of
Sunflower for each axis. As each motor tracks the sun in the two polar axes, the mirror is directly
geared to move 2:1 in the azimuth and 1:1 in the zenith to remain focused onto the target. The
plane mirrors, as shown in Figure 4, are the major components which turn to keep reflecting
sunlight toward a pre-determined target, compensating the sun’s apparent motion in the sky. The
circular area of all four mirrors is presently 1 m2. The mirror material is Macao SAR Aluminium
with a reflective efficiency of 95% [17]. To redirect the light towards the target, the reflective
surface of the mirror is kept perpendicular to the bisector of the angle between the direction of the
sun and the target, as seen from the mirror. The target is stationary relative to the heliostat, so the
light is reflected in a fixed direction [19]. The unique reflector our research group designed, while
not yet completed, accomplishes the design goal. The manufacturing cost target is $50 per unit.

==
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Figure 4: Sunflower during prototype configuration with 4 smaller mirrors. The system uses 2
motors to move the stem that tracks the sun and move the mirror using direct gearing. Mirrors are
made of flexible reflective fabric to reduce weight and shipping package size. Such a design
approach reduces costs but limits the mirrors to be constrained to a relatively small-scale in the
order of 1 m?. The four mirrors can be adjusted to approximate a concave of convex reflection
surface.
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1.4.  Problem statement and hypothesis

The extra-terrestrial solar flux that intersects the earth's surface is 1351 W/m?[27], which globally
means that 4.3 quintillion joules [5] of solar radiation intersects the earth's every hour, which is
nearly 10,000 times more energy than the world presently consumes. Direct solar radiation energy
can be used to address our transportation, heating/cooling, and electricity needs (THE). Various
technologies use direct solar radiation to generate usable energy. The problem is the relatively low
energy density of direct solar radiation. The usefulness of many solar technologies could be
increased if the solar radiation was increased. The hypothesis of this research is that redirecting
sunlight using small 2-D tracking mirrors to achieve relatively low solar concentration ratios onto
a chosen building target to increase the solar intensity can contribute to solve climate change. Our
research group has found at least 20 building applications of Sunflower mirrors to contribute to
climate change. However, nothing can be achieved until a Sunflower model with flexible inputs is
developed. Such model does not yet exist. Moreover, this is the only application in renewable
energy where the application changes with seasons allowing to optimize the use of each Sunflower
depending on building requirements.

In this research, once the Sunflower model is developed the analysis will be restricted to a pool
heating application to demonstrate how small-scale mirrors can contribute to net-zero buildings.
Canada has about 600,000 residential pools, and 60% of ground pools are heated. The typical
period of pool heating is from May to September. The yearly energy usage of a swimming pool
varies from 600 kWh/m?to 6,000 kWh/m? depending on pool area, period of operation, location,
and weather [8]. Different types of active and passive technologies are used to achieve the required
temperature. The active methods comprise electric, heat pumps, natural gas, propane, and solar
heaters. Phase change materials and thermal insulation covers are examples of passive pool heating
methods. Heat pumps are a popular method to heat pools [8], but pools are mainly heated using
natural gas [9]. Approximately 10% of pool heating is done using solar heaters in Canada [10]. A
worthwhile goal to address climate change is to determine by way of example the extent to which
small-scale reflecting mirrors can reduce the energy requirement for pool heating in Canada. This
can then be applied to many other applications, from heating greenhouses to increasing

photovoltaic output of solar panels in winter months, to light pipes.
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Objectives of research

The three objectives of this research are:

a)

b)

1.6.

Develop a versatile predictive model using the Python coding language to calculate the
solar intensity ratio obtained using small reflective mirrors assuming no objects are in the
path of the solar rays and validate the model against Solartrace software that allows objects
in the path. The model must be able to easily change the location, target, and application
of each Sunflower.

Quantify the impact of Sunflower location, orientation, seasons, latitudes, and longitudes
on the intensity ratio and magnification ratio.

Investigate the energy savings and GHG reduction possible using Sunflowers for pool
heating in Winnipeg and Arviat locations.

Research methodology

The research methodology is schematically shown in Figure 5. A Sunflower model is required to

be developed from first principles to predict the solar insolation for each seasonal application onto

a target. The approach is to first

use the formulation of equation of solar time including solar and local standard time, solar
declination angle, hour angle, solar zenith angle, solar azimuth angle, incidence angle to
track sun rays hourly at location of interest,

allow to easily change inputs i.e., latitude and longitude of target, day, number of
Sunflowers by developing a reusable library,

change the Sunflower mirror position at any time during the year,

calculate the intensity and magnification ratio, and

validate the Sunflower model using the open-source program Solartrace, a Monti-Carlo ray

tracing model developed by NREL which allow objects like trees in the path.

To be more specific, based on the sunlight vector, the direct normal irradiance data collected by

Canadian Weather Energy and Engineering Datasets (CWEED) is given in the units of kJ/m2. To

redirect this normal irradiance towards the target, the angle of reflection is calculated assuming

each Sunflower is focused onto the target by the user. The intensity ratio and the magnification

7
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ratio of the energy on the target with and without a Sunflower is calculated. The model is then
validated against NREL’s Solartrace simulations. Furthermore, the horizontal surface is a target at
0’ to the ground surface which is a pool in this application. Some solar irradiation is directly falling
onto the target; some solar irradiations is redirected by the Sunflower mirrors onto the target.
Figure 6 and Figure 7 show how the intensity of solar energy falling onto the target is increased

by using a single Sunflower 2-D tracking mirror.

To calculate the total energy required for pool heating, the parameters for the pool target is given
as an input to the Sunflower model. The developed Sunflower model calculates the total incident
energy. The losses such as convection, conduction, radiation, and evaporation are included in the
pool model to determine the total energy required to heat up the pool. Tables, graphs, and contour

plots are automatically generated for each simulation case as part of the Sunflower model.

1.7.  Research contributions

The research contribution is a flexible and validated model to predict the solar magnification using
small-scale mirrors to contribute to net-zero buildings. To easily calculate the total energy gain by
using Sunflower mirrors for many potential applications is the goal of this research. The research

is performed into 2 steps.

e Step 1: Developing the generic Sunflower model to calculate the energy intensity, which
can be applied to many applications to increase the solar intensity for net-zero buildings.
e Step 2: Apply the Sunflower model to residential pool heating to calculate the energy and

GHG emission savings.

In Step 1, the developed solar energy tracking model allows the user to change the inputs as
discussed in Section 1.6 for any applications, which vary seasonally. The Sunflower model can be
applied, for example, to melt the paraffin wax in Phase Change Material (PCM) window for
efficient space heating and provide sunlight in greenhouses to reduce power consumption and
increase solar PV outputs. It is beyond the scope of this thesis to explain all the applications

possible to address climate change using Sunflower mirrors.
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Conception, and modeling of a pool heating system using low level solar concentration

L

Literature review on renewable energy with special consideration for solar energy, solar pool
water heating, and concentrated solar energy

Y

Developed Sunflower model in Python for solar calculations and defination of constants

Y

Developed Solartrace model for the result validation with Sunflower model

Y

Compared the ratios by developing various
case scenarios in Sunflower model

Introduced heat transfer equations and calculate the resulting energy and fuel savings

Y

Determined the total GHG emission avoided by utilizing the system

Y

Conducted financial feasibility of the system with market research and assumed costs for inhouse
manufactured units

Figure 5: Research methodology to complete the project
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4 Sunflower

il

Water Target

Figure 6: Using small-scale mirror to concentration sunlight onto a swimming pool water surface

Figure 7: Visualization of the direct beam of the sun (with diffuse) and the redirect sunlight by one
Sunflower mirror (without diffuse) as calculated using Solartrace program. Solar reflection is
ignored. The lower green section is part of the pool surface, and the other green object is the
Sunflower mirrors that redirects the direct beam onto the target while it tracks the sun using only
2 motors in total. The total solar energy onto the target is the direct beam from the sun and the
reflected radiation from 1 to many Sunflowers.

In Step 2, the model is applied to demonstrate how to use Sunflowers for a residential pool heating
application—the predictive model estimates the heating energy reduction and GHG emissions.
The Sunflower model needs to give stakeholders insight of energy savings for implementing this
type of pool heating system. Note that Step 2 must be repeated for every new application while

Step 1 remains invariant.
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Unlike any prior renewable energy applications, implementation of Sunflower allows user to
change the application and thus the number of variables and unknowns are significant. Future
optimization requires to develop a Sunflower model which assumes no interferences like trees so
it can perform numerous calculations in a timely manner for all the potential applications. When

obstacles are present then an add-on library similar to NREL’s Solartrace is required.

1.8.  Outline of thesis

In Chapter 2, the literature review is discussed. Some current applications based on heliostat are
reviewed, including heat losses from a pool. Chapter 3 develops the methodology and explains the
Sunflower model formulation. Subsequently, the validation of the results is investigated.
Furthermore, the validated Sunflower model is used to investigate various scenarios such as
different angles to find out the optimum combination of horizontal and vertical angles of each
Sunflower with respect to the target. In Chapter 4, the assumptions and the characteristics of the
pool water heating model are presented. The calculations and results of required energy, heat
losses, total GHG savings, and cost analysis are shown. Lastly, the research conclusions, and

recommendations established on the outcomes are presented in Chapter 5.
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2. Background literature

2.1.  Introduction

Concentrated solar energy is a promising approach to reduce fossil fuel consumption. It uses
mirrors or lenses to concentrate the larger areas of low-density sunlight onto smaller areas of high-
intensity sunlight. Figure 8 shows the tracking mechanism of a heliostat [22]. The orientation of
the heliostat is determined by obtaining the normal vector of the heliostat. The normal vector of
heliostat is calculated by the incident sunlight vector coming from the sun and the redirected

sunlight vector from the heliostat going to the target.
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Figure 8: Tracking mechanism of heliostat from Reference [22]

Unlike traditional manually controlled heliostats, modern heliostats are controlled by computer
programs. The direction of movement of a heliostat is defined by the equations based on the angle
of Direct Normal Irradiance (DNI) relative to the earth’s surface. Furtherly, these heliostat systems
use astronomical theory to calculate the sun’s direction with respect to the mirrors. The embedded
program calculates the direction of required angle bisector for the given direction of the target.
The control signals of the calculated angle by embedded program are then sent to the motors for
the alignment of heliostat’s mirrors. This process is repeated to keep mirrors effectively
oriented [20]. For a Sunflower, tracking is performed using a trial-and-error approach to eliminate
the shadow cast by a vertical step onto six low-cost optical sensors. During the sun tracking, the

four light-weight mirrors are also moved as the motors are directly linked to the Sunflower mirrors.
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2.2.  Mechanical heliostat structure design

Zhang et al. [21] discussed the design of a high-performance heliostat having a motor gearbox
drive system. The wind and gravity load on heliostats are accomplished by placing a heliostat
isolated in a Concentrated Solar Power (CSP) plant. The schematic structure of a heliostat with
forces and moments is shown in Figure 9. For the mirror and dimension design procedure, the
suitable size, heliostat curvature, and area format of the heliostat are required to be considered.
The mechanical guide structure is designed considering those parameters of low-cost and
robustness to withstand the wind stress at a higher angle of attack. The motor-gearbox device is
built on the electric drive ratings found from the former load analysis. This is because the product
of the gearbox ratio and the motor’s-built torque should be able to overcome the maximum wind
load torque while driving the heliostat to accomplish precise solar tracking. Furthermore, the cost
of heliostat can be higher compared to conventional means of power generation. However, such

system offers thermal storage to increase load flow, making the technology more attractive.
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Figure 9: Illustration of hinge, azimuth moment of heliostat

Due to the multi-physics nature of the heliostat and the wide range of its design parameters, the
designing of heliostats is a heuristic process. It requires simulation studies during the designing
stages: validating the wind load analytical model, having access to the mechanical deformation of
the heliostat’s structure, and verifying its electrical motor-gearbox power performance, as shown

in Figure 10. The following objectives are presented for low cost, high-performance heliostat.
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e Robust: Capable of withstanding the wind load
e Precise: Efficient tracking operation
e Low-cost: Low cost of production, installation, maintenance of components

e Efficient: Providing energy savings with minimal power loss

[ Heliostat Design Process ]
+ Wind loads + Size of mirror + Movement design + Gear system
+ Gravity loads + Mimor deflections « Pedestal design + Motor torque,
+ Fatigue, vibrations + Heliostat curvature + Glass support speed, power
and oscillations + Heliostat field layout structure + Motor dimension
Y Y ) 4 L 4

Load analysis Mirm.r design Mechanical suppc-rt Motqr &
and dimension structure design transmission

Figure 10: Flow chart of heliostat design process for concentrated solar power plants from
Reference [21].

2.3.  Cosine effect

Zhang et al. [22] defined the cosine effect of a heliostat as the cosine angle a formed between the
solar radiation and the mirror normal line that reduces the effective sunlight receiving area of each
heliostat mirror. This cosine effect is one of the critical reasons that causes energy loss in solar
energy concentration systems. The cosine angle represents the ratio of the effective area to the real
area of the heliostat’s mirror. Figure 11 shows the schematic representation of the cosine angle.
For Sunflower applications, cosine losses will be more prevalent as the end user selects the position
of each Sunflower, and for building applications, there are numerous constraints: trees, garden,

driveway.
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Incidence line

Mirror

Figure 11: Cosine angle between incident line of solar radiation and normal line to the mirror. Here
a is also the zenith angle of the sun that varies from +90° to -90° at sunrise and sunset and never
crosses 0° at higher latitudes from Reference [22].

G. Lopez et al. [23] described the cosine effect loss in a rotating and static heliostat field. The
cosine loss can be minimized with the optimal arrangement of the heliostat. The study states that
during the morning and the evening hours the cosine efficiency of the static and rotating field is
81% and 95% respectively. Table 1 shows the percentage amount of power loss due to

misalignment or cosine effect [23].

Table 1: Percentage loss for misalignment of different angles [23]

Hours ‘ o L ost o Lost
1 0° 0% 23.4° 8.3%
2 1° 0.02% 30° 13.4%
3 3° 0.14% 45° 30%
4 8° 1.00% 60° >50%
5 15° 8.30% 75° >75%

2.4.  Low-cost heliostat
Pfahl et al. [24] discussed the advantage of light-weight heliostat equipped with a rim drive. To
achieve the required energy supply and controlled system, a 8 m?-facet was developed. Figure 12

shows the low-cost heliostat structure balanced by using rim drives and horizontal axis for the
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movement of mirrors. The heliostat structure consumes less energy due to the weight balanced
moving parts and little shifting of the sandwich mirror. Further, the precise and efficient winch
wheel cable drive system is used to move the rims. The diameter of the rims is kept large to achieve
precise tracking with low-cost gears and motors. During night and in case of emergency, the linear
stepper motor and actuators are incorporated with each rim drive to allow heliostat to stay
powerless. An adjustable pin is installed at the shaft of the linear actuator to avoid the need of
power during periods of no movements of rim. The primary advantage of this heliostat is its high

energy efficiency as compared to many other models. Therefore, it requires smaller PV-cells.

Figure 12: (a) Rim drive prototype with 8 m? mirror surface, and (b) winch cable drive system,
locking position of the smaller rim drive with the red circle showing the adjustable pin, taken from
Reference [24].

2.5.  Wind loads on heliostats
Peterka et al. [25] discussed the structural and fatigue failures of heliostats due to the wind loads.
The fatigue load of the heliostat is caused by the heavy wind loads than exceed the material
capacity. Heliostats in power stations can be protected from wind loads by using upwind protection
fences. The conclusions from the experiments are listed below:
e The effect of upwind blockage on the heliostat or wind fences can be accounted for by
outlining a generalized blockage area. Therefore, the specific geometry can be ignored.
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e Both mean and peak wind loads decrease significantly by increasing the generalized
blockage area.

e The wind fences perpendicular to the wind are more effective than the fences at 45° to the
approaching wind.

e Wind blockage structures of smaller length are more efficient than a single long fence.

e Wind drag and lift on single heliostat shows a remarkable sensitivity to wind turbulence
within the expected scope for open fields.

e Square and circular heliostat have similar mean and peak wind load coefficients.

Such wind loads are an important issue for heliostat that remain yet unresolved. It has been
suggested to use small, perforated holes in the fabric to reduce the drag which would affect the

reflective coefficient.

2.6.  Optical performance of concentrators

Algarue et al. [26] discussed that small-scale concentrator with moderate concentration ratios has
the capability to replace expensive PV cells without compromising the overall output. The
advantages of small-scale concentrators are light weight, modest size, and simple to install with
no need of tracking. The authors utilized either refractive or reflective optical devices to
concentrate the sun light on the target surface. By using advanced ray techniques, the research
concluded that refractive and reflective concentrators have the same efficiency for concentration
ratio up to ten, while in case of higher concentration ratio beyond ten, the performance of reflective

concentrators is not efficient as compared to refractive concentrators.

Figure 13 shows the transparent cover of polymethyl methacrylate (PMMA) material of 1 mm

thickness with 88% of transmissivity, and 95% reflectivity for all 3 reflective concentrators.
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Figure 13: Three reflective concentrators of different shapes from Reference [26]

It is observed that in case of squared and hexagonal concentrators, the average flux of 3,500 W/m?
is evenly distributed over the sunlight receiving area. However, for the circular concentrators, the
average 20,000 W/m? flux distribution is concentrated at the centre and nearby area. Figure 14

represents the flux distribution over all three different shaped surfaces.
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Figure 14: Flux distribution on the different shape receiver surfaces from Reference [26]

2.7.  Low and high magnification

Concentrated solar power is based on several fundamental laws of physics and Second Law of
Thermodynamics. Theoretically, the solar thermal efficiency of a heliostat is considerably higher
because many reflecting mirrors are redirecting the solar energy. Heat losses from any surface are
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directly relative to its surface area [27]. The heat losses are reduced if the mirror surface area is

reduced.

Approximately 1,351 W/m? of solar radiation reaches the outer surface of earth’s atmosphere,
while a maximum of 1,000 W/m? reaches the earth’s surface [27]. A heliostat can gather direct
beam irradiation and transmit the energy over considerable distance without losses. Some of the
major advantages of using low magnification concentrator are:

e Low magnification heliostat is cheaper in cost because it requires less amount of material
to build.

e Since the height of low magnification heliostats is less than 5 feet, it is comparatively less
probable to be destroyed by wind loads as compared to higher magnification heliostats that
are taller in height. Here, wind forces can be addressed with fencing.

e Smaller sized heliostats can reflect solar concentrations at smaller sites irrespective to the
conventional solar energy systems.

e Small heliostats are easy to install and relocate.

It is such advantages that Sunflower seeks to employ to permit the over 1 billion residential and
commercial houses/buildings worldwide to productively use distributed solar radiation more

effectively.

2.8.  Residential pool heating methods

Mousia and Dimoudi [28] stated that every season, the average energy required to heat up a pool
is 2456 kWh/m?, and 1,827 kWh/m?when the pool is covered by a thermal insulated material [28].
The author concluded that the energy required is higher in traditional pool heating methods as

compared to advanced methods by using phase change materials for pools.

Table 2 shows the thermal properties of various materials used in thermal insulation covers from
Reference [43, 44, 45].
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Table 2: Thermal properties of material used in thermal insulation covers

Names Density Thermal conductivity Specific heat
(kg/m?) (W/m-K) (kJ/kg-K)

Polyvinyl chloride 1100 - 1450 0.13-0.28 1.0 [43]
High-density polyethylene 930 - 970 0.46 - 0.52 2.3 [43, 44]
Low-density polyethylene 910 - 940 0.33 2.3 [43, 44]
Unnamed plastic - 0.08 [45] -

The technologies utilized for pool heating are categorized into two categories: active and passive
heating technologies. The different types of pool heating technologies are discussed in the

following sections.

2.8.1. Conventional pool heating techniques

The commonly used conventional techniques in pool heating are electric and oil/gas heaters.
Electric pool heater converts electric energy into heat energy to increase pool water temperature,
whereas oil/gas heater use oil or gas to heat the pool [29]. Figure 15 demonstrates the schematic

diagram of electric and oil/gas heaters for pool heating.
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Figure 15: Schematic diagram of (a) electric and (b) oil/gas heaters for swimming pool heating
applications from Reference [29]
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For oil/gas heaters, heat exchanger, fan, and burner are included. The ambient air is the input into
the burner and mixed with the oil. After this mixture is burnt, and heat is transmitted to the pool

through a heat exchanger via a pumped fluid like glycol.

2.8.2. Solar collector technology

Solar collector technology is also widely used for pool heating systems due to its lower operating
cost as compared the other pool heating methods. The solar energy works as an input to heat up
the water in this system. To adopt this method, various studies have been conducted over the years.
Croy et al. [30] conducted a study using solar collector in Germany. This research showed that
solar collector system is more economically competitive than conventional systems [30]. In India,
a study shows that the cost savings by using solar collector are up to 53.3% compared to
conventional systems [31]. However, research conducted in the United States, concluded that the

system might not be economically feasible over a period of 10 years [32].

2.8.3. Heat pump technology

Heating the pool water by using a heat pump is also a commonly used technology. This system
consists of a fan, evaporator, condenser, compressor, and expansion valve. The ambient air is
cycled by the fan which exchanges the heat with refrigerant in the evaporator. The compressor
increases the pressure of refrigerant from the evaporator. This high pressurized refrigerant is the
input to the condenser that further transfers the heat to the cold pool water. The refrigerant leaving
the condenser will be the input to the expansion valve and thus the pressure of refrigerant will be

reduced for the next cycle. Figure 16 shows the schematic of heat pump system.

21



Chapter 2: Literature review

CI: condenser HE: heat exchanger EX: expansion valve P: pump
CP: compressor  EV: evaporator FN: fan SP: swimming pool
-+ CP -+
Y A
P-1
HE CDh EV - FN

Figure 16: Pool heating system with air-source heat pump from Reference [29]

Greyvenstien et al. [33]. designed a heat pump system for pool heating purpose in South Africa.
The writers concluded that the heat pump pool system is more cost-effective than solar panels. It
might be due to the initial cost of solar panels. Chan et al. also claimed that based on their study
for a five-star hotel in Hong Kong, the energy cost for pool heating system using heat pump with
a Coefficient of Performance (COP) of 3.5 can be reduced by HK $275,700 in a ten-year cycle as

compared to other conventional pool heating systems [34].

2.8.4. Phase change material storage technology

Phase change materials (PCM) is an energy storage system used in passive pool water heating
technology. It stores energy during minimal demand and peak renewable generation period and
discharge the energy during high demand and low renewable generation period [35, 36, 37].
Compared to other energy storage mediums, PCMs have a high energy storage capacity and
approximately steady temperature during transition. Zsembinszki et al. [38] compared the two
ways of applying PCMs in pool heating systems; PCM panels are installed in the swimming pool
walls, and PCM storage tanks are used to supply heat for pool water. The writers concluded that
the later method is more effective since the discharging time of stored heat can be managed
effectively [29, 38].
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2.9.  Cost comparison of pool heating methods

Table 3 and Table 4 compares the estimated initial cost and operating cost per year of different
pool heating methods [12]. Here, the preferable average pool size is considered between 3 to 6 m
wide, 6 to 12 m in length, and 1.2 m in depth [11]. The initial cost and the operating cost of pool

heating is the total cost of pool operation for its lifetime.

Table 3: Estimated pool-heater installation cost for 5 m 10 m pool

Type of heater Heater cost ($) Additional material Total cost ($)
and labour ($)

4,900

Heat pump 5,900 500 6,400

Solar 3,200 1,800 5,000

Table 4: Typical pool-heater operating cost for 5 m 10 m pool per year

Type of heater Heater cost ($) Additional material Total cost ($)
and labour ($)
1,200
Heat pump 400 100 500
Solar 0 50 50

2.10. Challenges with solar panel heating systems

To reduce environment impact and to reduce operating costs, users are adopting solar heating
systems. Solar panels are installed either on the roof or on the surrounding ground area of the
building. To achieve 15% to 20% of efficiency, the sunlight collector surface area of solar panels
is normally 80% [13] of pool surface area for effective heating of the pool water [7]. Additionally,
to accomplish the most effective tilt angle in case of flat roofs, angle mounts are required to incline
tilt of the solar collectors [14].

Furthermore, there is no global warming emission directly linked to energy production from solar
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panels, but there are GHG production at various stages of the solar panels’ life cycle, including
during manufacturing, material transportation, installation, maintenance, discharging and

dismantlement [15].

2.11. Heat transfer losses

A comprehensive heat transfer model is a requirement to analyse the performance of pool heating
system. The required energy to increase the temperature of pool water is considerably higher than
the specific heat value over the operating period. To achieve a thermal equilibrium state, heat
transfer from high temperature mediums to low temperature mediums are required to be balanced.
The followings are the various forms of heat loss in pool heating systems [39].

e Evaporative heat loss: The conversion from pool liquid water into water vapour to
establish a mass equilibrium with the unsaturated air at the given partial pressure leads to
evaporation heat losses. In this process, water molecules absorb heat which is used to
evaporative pool water. Windy days increase the evaporative heat loss. Furthermore, the
water must be replaced with colder city water when the pool water level becomes too low.

e Convective heat loss: The velocity of the air on windy days result in convective heat loss.

e Conductive heat loss: For below ground pools, the conductive heat loss occurs due to heat
transfers from the water to the surrounding ground and air above the pool surface. Studies
observed that conductive losses can be ignored but Govaer et al. [40] state that the
conductive losses must be considered in case of moist air, and moist soil or ground.

e Radiation heat loss: The radiative heat loss is generated by the heat transfer between the

pool water and the surrounding air in form of long-wave radiation.

A detailed discussion of heat losses is further addressed in Chapter 3.

2.12. Net-zero buildings

Net zero buildings require net zero energy consumption. It indicates that the total amount of energy
used by the building is equivalent to the renewable energy produced on site. In some cases, energy
is produced off-site with renewable sources. These buildings emit much less greenhouse gases as
compared to conventional buildings. However, there is a need to cost-effectively increase the
energy efficiency of buildings by retrofitting these buildings, and designing new buildings with

24



Chapter 2: Literature review

increasing Leadership in Energy and Environmental Design (LEED) ratings [18]. The installation
of Sunflower or reflecting mirrors can contribute to reducing the need of energy from fossil fuels.

Moreover, the reflective mirrors will be simple to install and replace.
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3.  Numerical methodology and preliminary results

A Sunflower model is developed in Python 3.6 version based on the fundamentals of direct beam
solar radiation [61] to evaluate the benefits of implementing small scale reflecting mirrors to
contribute to net-zero building buildings. Step 1 requires calculating the solar intensity ratio onto
a target when using multiple Sunflowers to evaluate the solar insolation supplied by first assuming
there are no objects in the path of the solar rays. The model then is validated by comparing results
with the NREL Solartrace model which applies a Monti-Carlo method and can handle obstacles
by linking to Google Sketch-Up. The Sunflower model developed in Python regards sunlight as a
single solar energy ray, compared to Solartrace model that considers multiple solar rays and check
if the are impacted by other surfaces, then the target. The results from these two models are the
same when there are no obstacles and allow to validate results. The Sunflower model calculates
the impact of Sunflower locations and their orientation with respect to the target for given latitudes,
longitudes, solar angles, and insolation data. User inputs are developed by using a flexible
approach that allows multiple seasonal changes to later optimize the energy contributions of
Sunflowers to net-zero buildings. Applications in renewable energy are not normally subjected to
changing applications throughout the year. It is important to develop the model to account the

multiple applications as part of the Sunflower model methodology for Step 1.

The Sunflower model needs flexibility to calculate each application in Step 2. Applications
examples include:

e Pool heating

e Heating rooms through windows with the option of using PCM

e Provide sunlight in greenhouses to reduce power consumption

e Separate the solar spectrum and optimize applications for various frequencies

e Increase solar PV output

e Increase solar thermal panel output

In this thesis, only the residential pool heating application is considered where the target is in a
horizontal position. Here, the pool model calculates the pool heat losses such as conduction,
convection, evaporation, and radiation. Further, the required heat energy to obtain the desired
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temperature, the natural gas replacement, and GHG emissions for Winnipeg and Arviat are

calculated. To develop the Sunflower pool model as an example of Step 2, assumptions are made

to reduce the complexity of the model without significantly sacrificing the accuracy of the solution.

Note that unlike other methods, pool heating using Sunflowers is not subject to the second law of

thermodynamics until the solar rays hit the water surface.

3.1.

3.2.

Assumptions

All the DNI are collimated, that the Sunflower always tracks the sun properly, all the
reflected rays from the Sunflower reach the target, and that all reflection on the Sunflower
surface is specular— mirror-like reflection of light from the surface—and the user input
reflectivity factor accounts for rays lost due to diffusion, transmission, and absorption.
The model also assumes that the Sunflower is a flat surface and that the values found based
on the rays going from the centre of the Sunflower to the centre of the target are the same
as the values across the area of each.

It is assumed that there are no obstacles between each Sunflower and the target.

The pool surface is assumed flat without waves.

The four Sunflower mirrors are coplanar.

Step 1: Calculating the solar intensity

To develop the Sunflower model, the relation between the sun’s position and mirrors traction is

calculated. The global centre is considered as target location. The solar energy that falls onto the

target is comprised of:

Direct beam and diffuse solar insolation are falling onto the target. Solar reflection is not

considered in the model.

. The direct beam energy is redirected onto the target by each Sunflower to increase the

intensity of solar energy onto the target.

The sun’s apparent position in the sky is caused by the orbiting phenomenon of earth, and thus

various equations have been developed to accurately describe the sun’s position. This position

depends on factors including location of the observer, observer’s latitude and longitudinal site,
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time of the day, and the day of year. By using these parameters, a series of solar angles can be
calculated to estimate the sun’s location in the sky. The solar angle equations such as equation of
time, hour angle, zenith angle, and sunset and sunrise times are based on the developed formulation
of solar insolation. Equations of the solar angles were implemented as functions in Python code

for the Sunflower model.

3.2.1. Equation of time (EOT)
The EOT equation is used to calculate the solar time. This is a correction factor in minutes for the
inconsistent spin of the earth that varies day by day throughout the year. It can be calculated by:

EOT = 9.87sin(2B) — 7.53cos(B) — 1.5sin(B) (3.1)
where B is defined by:

(d —81)
— Al 3.2
B =360 T (3.2)

where d represents the number of days of the year.

3.2.2. Solar time and Local Standard Time (LST)
Solar time is based on the sun’s position in the sky and the location of observer on ground, whereas
LST is the time based on the time zone of observer’s location. A conversion from LST to solar

time in hours is as follows:

EOT 4Liocar

t=LST+———+

60 60 lzone = DS 33)

where DS is daylight saving hour. If daylight savings time is considered for a location, then DS is

equal to 1.
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3.2.3. Solar declination angle (6)
The solar declination angle locates where the sun’s irradiations are normal to the longitude angle

between Tropic of Cancer to Tropic of Capricorn to mark the year. There are many variations for
these approximate equations. The Sunflower model used Spencer’s formula for its high accuracy

having an error less than 0.035°.

180
6 = — [0.006918 — 0.399912 cos(I") + 0.070257 sin(I") — 0.006758 cos(2I') (3.4)

+ 0.000907 sin(2I') — 0.002697 cos(3I") + 0.00148 sin(37)]
where I' is calculated in radians and is calculated by:

_2n(d-1)

365 (3.5)

3.2.4. Hour angle (a)
The hour angle is based on the earth’s rotation each day. This means that since the earth rotates by
360° in 24 hours, the hour angle changes by 15° per hour. The hour angle is defined to be negative

in the morning, 0° at solar noon, and positive in the afternoon.

o= %(t —12) = 15(¢t — 12) (3.6)

3.2.5. Solar zenith angle (x)
The solar zenith angle is the angle between the vertical and the direct beam solar rays and is
calculated by:

cos y = sinéd sin® + cos® cosé cosa (3.7)

The inverse of cosine can be used to find the solar angle between the ground and the direct beam.
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3.2.6. Solar azimuth angle ({)

The solar azimuth angle is defined as the angle clockwise between the projection of the sunlight’s
vector onto the horizontal plane and due to south direction. It is also defined as the clockwise angle
from the south, but the model uses the north as the 0° point. The azimuth angle is calculated in

degrees by:

cos ysin¢ —sin g
{ = 180° + [sign of a]cos™! xsing

sin y cos ¢ (38)

3.2.7. Incidence angle (8;)
The incidence angle is the angle between the normal of the flat target and the sunlight vector. The

cosine of this angle is defined by:

cos 0; = sin§sin ¢ cos B + sin § cos ¢ sin  cos { + cos § cos ¢ cos ff cos a

3.9
—cosdsingsinfcos{ cosa— cosdsinfsind sina (3:9)
The simplified version is:
cos B; = cos y cos 8 + sin y sin B cos({ — () (3.10)

3.2.7.1. Sunrise and sunset hours
The time of sunrise and sunset for each day is calculated by considering that during sunrise and
sunset the zenith angle is equal to 90°. From this, the hour angle for sunset is calculated by:

a; = | cos™![—tan § tan ¢] | (3.11)

It is the absolute value because the hour angle at sunset is always positive. The hour angle at

sunrise can be calculated by:

a, = —a 3.12)
T S (
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Using Equation 3.6, the solar time at sunrise and sunset can be calculated. Equation 3.3 can be

used to calculate the LST at sunrise and sunset.

3.2.8. Sunlight vector (S)

The vector of sunlight directing from the origin of the target to the sun is calculated as follows:

Xs sin{ sin y
S =|¥s|=|cos{siny
Zs] cos y (3.13)

Because of the way the components are calculated, it is a unit vector. The magnitude should

therefore be equal to one where:

|S| = vx2 +y2 + 22 (3.14)

3.3.  Step 1: Location and orientation of target and Sunflower

Given the position of the face of the target, the directed beam energy from the sun, the direction
of the direct solar rays, and the solar energy incident onto the target can be calculated. This incident
energy onto the target surface and each Sunflower’s mirror surface is required to be calculated

hourly.

The energy from the sun is into three parts: DNI, diffuse irradiance, and reflected irradiance. Using
meteorological data collected for the area of interest, these three components can be calculated to
varying degrees of accuracy. Direct beam irradiance is simply the component of DNI incident to
the surface that can be calculated by multiplying DNI by the incidence angle. The diffuse
irradiance is calculated by considering horizon brightening, circumsolar diffuse, and isotropic
diffuse. The ground reflected irradiance is calculated by using the isotropic model. For calculating
the energy incident on the Sunflower’s surface, only the DNI component is considered to redirect
the energy as mirrors cannot redirect diffuse (circumsolar and isotropic). Reflection energy from

the ground is ignored for the Sunflower.
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3.3.1. Target position (Tp)

The following equations are used in the Sunflower model to calculate the target position relative
to the origin (global centre). The input file contains vertical distance (vy), horizontal distance (hr)
and azimuth angle of target ({;) for the current target. The azimuth angle of target is the angle
measured from the north and increases by ging clockwise. This angle represents in which
horizontal direction the target is located relative to the origin. The target position in [east-north-
height] coordinate system is calculated in the model as:

For ¢ <90°:
X hy  cos(90 — {7)
TP = yT] = h’T Sln(90 - {T) (315)
ZT vT
For ¢ > 90°:
Xr hy cos(450 — {r)
TP = yT] = hT Sln(4‘50 - (T) (316)
ZT vT

3.3.2. Sunflower position (SF)

The position of the Sunflower is based on the target positioning. The input file contains vz, hgr
and (s for the Sunflower relative to the target. The azimuth angle of Sunflower is the angle
measured from the north and increases by ging clockwise. This angle represents in which
horizontal direction the Sunflower is located relative to the target The Sunflower position in [east-
north-height] coordinate system is calculated in the model similarly to the target position, except
for an additional step of adding the coordinates of the target position to the calculate the

coordinates.

For {sr <90°:

XSF hsr €0s(90 — {sr)
SF = [ySF = hsp Sln(90 - (SF) + Tp (317)
ZsF VUsr
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For {5z > 90°:

SF = |Ysr| = hSF Sin(4‘50_(sp) + Tp (318)

XSF] hsp cos(450 — {gf)
ZSF USF

3.3.3. Vertical (0,,) and horizontal angle (8,) of Sunflower Location

The sunflower position can also be defined by using another method. The inverse tangent of
vertical distance and horizontal distance between target and Sunflower can be used to find the
vertical angle. The angle between the horizontal surface and the vector directing from the

Sunflower to the target is calculated as follows:

v
6, = tan~! (hS—F) (3.19)
SF

Figure 17 shows, the target is located at the centre. The horizontal angle (6;) is measured from
the south of the target which is located at 0°. The angle increases counterclockwise. The vertical
angle (6,) is between the horizontal ground and the centre of Sunflower. It increases with the
increment in the height of Sunflower and decreases by lowering the height of Sunflower. The

Sunflower does not follow the same reference points as the solar angles.

Sunflower mmp

l,-': Pool .-‘-‘.
{Target)
|

W 270" [t 1| 90* E
| |

. ’ Pool
- ] '_ Sunflower (Target)
8,
1/ )

Figure 17: Horizontal angle 6;, and vertical angle 8,, of Sunflower location
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The horizontal angle (8,,) of Sunflower’s location is defined as the angle measured from the line
between the south of the target and the pool and the line between the centre of Sunflower and the
pool. The angle increases by going counterclockwise. It differs from the azimuth angle of
Sunflower by 180°. The concept of horizontal angle of Sunflower location originates from the
facing direction of Sunflower to the sun. For example, when the azimuth angle of Sunflower is
180° (or at south of target), the horizontal angle of Sunflower location is 0°, and the Sunflower
faces north where the target is located. When the sun is located at south of the target ({=180°), the

Sunflower is highly effective when located at north of the target (6, =180°).

3.3.4. Direction vector between Sunflower and target (F)

The direction vector from the Sunflower to the target is calculated by:

XF X1 —XsF
F = YF] =Tp—SF = [yT_ySF] (3.20)
Zp Zr —Zsfp

The magnitude of this vector is determined by:

|F| = /x,% + yZ + 72 (3.21)

The unit vector is:
F=— (3.22)

3.3.5. Angle of reflection (6,)

The angle of reflection is the angle at which the direct beam solar irradiance is reflected off from
the Sunflower mirror to reach the target. To find the angle of reflection, the angle between two
vectors (20), i.e., the sunlight vector and the vector between Sunflower and the target is calculated
by using linear algebra. For the reflection the angle of incidence (6;) between the sunlight vector

(S) and the normal vector on the Sunflower mirror plane (SF_o) is equal to the angle of reflection
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(6,)) between the normal vector of Sunflower and the target (F) vector. Figure 18 shows the angle

of incidence (6;) and angle of incidence (8;). Therefore, the angle of reflection is calculated by:
6, =1/2 cos™*(S-F) (3.23)

3.3.6. Vector of Sunflower’s orientation (S/Fj))

The orientation of the Sunflower is the normal vector of the Sunflower mirror plane. The normal
vector of Sunflower is half of the vector sum of two vectors, i.e., vector $ (sunlight vector) and
F (vector between the location of target and location of Sunflower). Using this relationship
between the normal vector of the Sunflower and the two vectors S and F, the vector of

Sunflower’s orientation is defined by:

(x5 +xp)]
*er 2 * cos 6,
SFo = yﬁ:] _|Ost+ye)
ZsF; 2 % cos 6, (3.24)
(zs+2zp)
| 2 x cos 8, |
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Figure 18: Demonstration of Sunflower orientation vector

By using the Sunflower orientation vector, the Sunflower can reflect sunlight onto the target
without misalignment of redirected sunlight from Sunflower. The orientation vector allows

Sunflower to focus onto the target all the time a sit tracks the sun.

3.3.7. Projected areas (A4, 43, 43)
To calculate the flux on the target, the projected area for three different locations is required. A, is

the projected area of sunlight that reaches the Sunflower. It is calculated by:

Al = ASF COS 60 (325)

A, is the projected area of sunlight rays reflected off from the Sunflower and is equal to the

projected area of incidence light onto the Sunflower. It is calculated by:

A3 is the projected area of sunlight rays reflected off from the Sunflower that reaches the target’s
surface. It is calculated by:
36
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A,

sin(B + agg) (3.27)

A3=

3.4.  Step 1: Meteorological data

For this research, CWEEDS 2014 hourly data is used to determine the solar irradiance throughout
the year. CWEEDS data records various meteorological conditions for a location for each hour of
single day over the course of many years. Here, 2014 is the most recent year considered. However,
the year can be changed through the user input files. The data of interest is the solar irradiance data
for Winnipeg. The hours recorded in the CWEEDS data are LST, not solar time. The irradiance
data is broken up into four different components to estimate the solar energy on a surface. Each of
these components are collected for the hour at which they are recorded, for example the data at
hour 5 is the total irradiance collected from hour 4 to hour 5. When determining the solar angles
for this time interval, the time used is the halfway point, so for the example, a LST of 4.5 would
be used. Note that if sunrise and sunset occur during a one-hour time interval, the data still
represents the average during that one hour.

The solar components are all measured in kJ/m? and consists of the extra-terrestrial irradiance
(Iext), Global Horizontal Irradiance (GHI), Diffuse Horizontal Irradiance (DHI), and Direct
Normal Irradiance (DNI):

1. I, represents the horizontal component of the irradiance received outside of the earth’s

atmosphere,

2. GHI represents the total irradiance received by a horizontal surface,

3. DHI represents the total diffuse irradiance received by a horizontal surface, and

4. DNl represents the total direct normal irradiance received on a surface perpendicular to the

sun’s rays.
3.4.1. Direct normal irradiance (Ip)

The data collected by CWEEDS is given in the units of kd/m? integrated over one hour. This needs

to be converted into W/m? to be used for the calculations by:
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_ G,(1000J/k]) Gy

= =— 3.28
b 3600 s/hr 3.6 (3:28)
3.4.2. Global horizontal irradiance (I, 4)
The I, is calculated from the CWEEDS data similarly to how I, was calculated.
Gqn(1000J/K])  Ggn
_ 24 =9 3.29
gn 3600 s/hr 3.6 (3:29)
3.4.3. Diffuse horizontal irradiance (I4 )
The I, is calculated from the CWEEDS data similarly to how I, and I, ,, was calculated.
G4 ,(1000]/k G
_ an( J/k]) _ban (3.30)

ah 3600 s/hr 3.6

3.5.  Step 1: Solar energy from sun and Sunflower
The equations used to calculate the solar energy from the sun and Sunflower on the target are

shown as follows:

3.5.1. Solar energy from Sunflower (Qgr)
For the solar rays that contact the Sunflower face to hit the target, 8, must be less than 90°. If it is

greater than 90° it means that the sun is past sunset.

If 6, <90°:
Qsr = Ip(rsp)(ar)(Asr) cos 6, (3.31)

If 6, > 90°:
Qsr =0 (3.32)
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3.5.2. Solar flux from Sunflower (Isr)
The solar flux that is redirected to the target from the Sunflower is not calculated in the Sunflower
model. However, to calculate the solar intensity in flux maps, the Solartrace model is calculating

the solar flux The following equation can be used:

Qsr
Jon = =5 )
SF =, (3.33)

3.5.3. Direct normal solar energy on target (Qp)
The direct normal sunlight rays only hit the surface of the target if 6; is less than 90°. If 6; is greater
than 90° it means that the sunlight rays are hitting at the back of target surface. Therefore, the

energy obtained from direct normal irradiance is calculated based on the incidence angle.

If 6; <90°:
Qp = (Ar)(ar)Iy cos b; (3.34)

If 6; > 90°:
Q=0 (3.35)

3.5.4. Diffuse and reflected solar energy on target (Q,,)

The diffuse solar energy hitting the target is estimated from the CWEEDS data of the diffuse on a
horizontal surface using the HDKR model (HDKR combines the Hay, Davis, Klutcher, and Reindl
models). This model incorporates circumsolar, horizon brightening, and isotropic diffuse energy.

The diffuse solar energy is calculated by:

Qu = () (anlan ] - A(cos?(8/2)) [1 + fsin® (P, )| + 4irs)} (3.36)
where A; is the anisotropy index calculated when I, is not equal to zero by:

In—1I
A = M (3.37)
ext,h
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If I, , 1s equal to zero, then A is set equal to zero and f is the modulating factor calculated when

I 4 is not equal to zero by:

I,—1
f= |[onTidn (3.38)

Ign

If I, is equal to zero, then f is set equal to zero. Ry, is the beam radiation tilt factor calculated

when cos y is not equal to zero by:

cos 6,
cos y

, = (3.39)

If cos y is equal to zero, then R, is set equal to zero.

The reflected solar energy (Q,) from the surroundings is estimated to hit the target from the
CWEEDS data is based on the isotropic sky model, which is the most used model to estimate this
value. This model is defined by:

0, = U@ P)gnsin® (P/) (3.40)

3.5.5. Total irradiance on target without Sunflower (Qr_sr)
The total irradiance energy on the target is comprised of direct normal (Q,), diffuse (Q,), and
reflected (Q,) except the energy redirected from the Sunflower onto the target. The irradiance

energy is calculated by:

Qr-sr = Qp +Qq + Qr (3.41)
3.5.6. Total irradiance on target with Sunflower (Qr.,sr)

The total irradiance energy (Qr_sr) On the target including the energy redirected from the

Sunflower (Qr) onto the target is calculated by:
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Qr+sr = Qr-sr + Qsr (3.42)

3.5.7. Intensity ratio (Q,atio)
The intensity ratio is defined as the ratio of the energy on the target with Sunflower and without

the Sunflower. It is the total gain of energy and is calculated by:

_ Qrisr

Qratio - (3-43)
QT—SF
If Qr_gr is equal to 0, then Q,.4+;, 1S defined by:
Qratio =0 (3.44)

3.6.  Step 1: Energy intensity estimation using ray-tracing method in Solartrace

NREL Solartrace is a software that models concentrating solar power systems using Monte-Carlo
ray-tracing methods. The Monte-Carlo method uses the approach of projecting the large number
of particles into a confined region. Since each particle follows its own arbitrary path, it is a
statistical method. For solar energy analysis, sunlight can be described as a combination of large
number of solar rays. Monte-Carlo method can be applied by considering the solar rays as particles.
In ray-tracing, the analysis of each solar ray’s behaviour is available, therefore more complex
interactions of rays with multiple objects can also be analyzed. In Solartrace ray-tracing, an
assigned number of rays are projected from the sun and are traced through the defined system.
Depending on requirements, the obstacles can be added and removed in ray-tracing. As the rays
are traced through, various optical interactions such as reflection and refraction occur. Depending
on the angle of the solar rays, the reflectivity, refraction index number, and energy intensity on

any specific portions in any surface area can be estimated.

To define the Solartrace ray-tracing model for energy intensity estimation, firstly, the direction of
the solar rays is defined, followed by the setting of optical properties, aperture shape, and surface
contour for different optical objects in Solartrace. Further, the location and orientation of the
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objects in the model are also to be defined in Solartrace. Finally, the number of rays to project and

the number of rays to interact with the optical objects are assigned.

Seeding is the distribution of solar rays when the solar rays are projected. There are more than
1,000 different seeding methods available in the Solartrace. For this research only one seeding
method is selected because analysis of using multiple seeding methods requires large amount of

computational time to run the ray-tracing model to obtain results.

Using the built-in feature of the script engine for automation of ray-tracing, an algorithm is
developed to calculate the solar energy intensity for redirected sunlight and direct sunlight onto
the target for the whole year. The equations used in Solartrace are the same as the equations as
used in Sunflower model. However, for the Solartrace model, the built-in functions of the
Solartrace script engine are used for the equations to calculate the solar energy intensity for the

whole year

3.6.1. Optical properties of objects

Optical properties are defined before creating each object in the Solartrace model. After creating
each object, optical properties can be assigned for each object, i.e., aperture shape, surface contour,
location, and orientation. The Solartrace model uses Fresnel equations for the calculation of
reflection and refraction at surface interfaces [41]. Reflectivity can vary anywhere between 0

and 1. For reflective mirrors, since most of light is reflected away, 0.95 reflective value is selected.

3.6.2. Solar ray direction

The model considers the position of Sunflower with respect to the target, the orientation of the
target, and the position of the sun and its DNI as an input. To determine the most effective usage
of Sunflower reflective mirrors, the position and number of reflective mirrors required to provide
the amount of solar energy are determined. Further, the model was adapted to calculate the
combined concentrating effect of up to 20 Sunflowers. The position of each Sunflower can be
changed independently by using the three parameters, i.e., the Sunflower’s azimuth angle, view

angle of observer, and the Sunflower’s horizontal distance from the target.
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To define a unit vector of solar rays, the following equations are introduced in the Solartrace
program manually.
Ssotrace = arcsin(0.39795 * cos(0.98563(d — 173))) (3.45)

(3.46)
Wsoltrace = 15(t - 12)

Asoitrace = arCSin(Sin(6Soltrace) * Sin(L) + COS((SSoltrace) * COS(wSoltrace) (3-47)
x cos(L))
Vsoltrace
<Sin(6Soltrace) * COS(L) - C05(6501trace) * Sin(L) * COS((‘)Soltrace)> (3'48)
= darccos
cos(@sortrace)

The direction unit vector of solar rays is defined as

X == Sin(VSoltrace) * COS(aSoltrace) (349)
Yy = Sin(“Soltrace) (3-50)
zZ = COS(VSoltrace) * COS(aSoltrace) (3-51)

3.6.3. Aperture shape and surface contour of objects
In Solartrace, different aperture shapes and surface contours can be created. All the objects in the

Solartrace model are selected to be square and flat.

3.6.4. Ray-tracing parameters
To perform the ray-tracing, the number of rays is to be selected. By default, the number of rays is
10,000. However, as the number of ray intersections increases, the result becomes more accurate

and closer to reality. Therefore, in the Solartrace model, 100,000 positive ray intersections are
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selected for validation. Note that during sunrise and sunset, the aperture area of the reflective
surface of mirror and the surface of pool water is close to zero. To make sure 100,000 rays hit the

small aperture area, a maximum of 10,000,000,000 rays are selected to be generated.

3.6.5. 3D scatter plot of ray intersections, flux map and statistical information

Before running the model in the script engine of Solartrace to estimate energy intensity for the
year, ray-tracing can be run by selecting a certain time to confirm if the automation of ray-tracing
IS operating as intended. The result of running ray-tracing for a selected hour is visualized using a

3D scatter plot of ray intersections with various objects, and flux map on planar objects.

The 3D scatter plot of ray intersections shows how each solar ray is projected from the sun to the
reflective surface of mirror and to the pool surface. Figure 19 shows the scatter plot at a certain
hour. This flux map also shows the distribution of power per unit area flux over the planar surface

of objects. The unit of flux is in W/m?,
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01,1 Surf'f' (0 hits)
[J1,2: surf't' (0 hits)
[1,3: Surf. 4 (0 hits)
[]1,4: Surf'f (93601 hits)
[J1,5: Surf.'f' (0 hits)
[J1,6: Surf'f' (0 hits)
[01,7: Surf'f (0 hits)
[1,8: Surf.f' (0 hits)
[11,9: Surf.f' (0 hits)
11,102 Surf. ' (0 hits)
1,112 Surf. (0 hits)
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[11,13: Surf. ¥ (86040 hits)
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Figure 19: Flux map of pool water surface including solar rays from the reflected surface of mirror
using Solartrace
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Under the flux map, the statistical information with peak flux and average flux can also be
observed. For estimation of energy density, the average flux is used. In Figure 19, the orange
region shows higher flux compared to the blue region due to the projection of the reflective surface
of reflective mirror. However, the average flux shown in the flux map shows the blue region that
only includes rays directly from the sun. To find the average flux in the orange region, the
coordinates of the flux map need to be changed into the centre region where the blue region is not
included. Therefore, the average flux is calculated only in the centre region where -0.05 < x < 0.05
and -0.05 <y < 0.05. By using Equation 3.31, the average flux is multiplied by the projection area
of the reflected solar rays coming from the reflective surface of mirror to calculate the intensity or
energy. The resolution difference is because of the number of bins. Bin is a block cell of the flux
map. When the number of bins in the flux map are smaller, the number of solar rays available
entering each bin are greater because each bin is larger in size. The flux intensity value in the flux
map is the average intensity of solar rays from each bin. Therefore, the colour variation depends
on the size of each bin. The variation is more uniform when the number of bins is small. Despite
the variation, the average flux intensity of solar rays is not affected because the average flux
intensity value is the average of average values of each bin.

3.6.6. Location and orientation of reflective surface of mirror and target
To visualize the location and orientation of each object in the Solartrace model, Google SketchUp

provides Solartrace plug-in to create Solartrace objects as shown in Figure 20.

Figure 20: Google SketchUp for Solartrace geometry setting
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As done in the Sunflower model, the reference coordinates (0, 0, 0) are assigned to be at the centre
of the target. Based on the reference, the orientation of the reflective surface of the mirror is
determined by Equations 3.14, 3.21, and 3.23. The coordinates of every Sunflower in the model to
locate near the target is defined. Figure 21 from Sunflower model demonstrates all three

coordinates of the Sunflowers.

Segment 0
Location latitude [degrees] 49.9
Location longitude [degrees] -97.14
Application None
Day range 121 to 274
Position of target [x,y,z] [0.0, 0.0, 0.0]
Number of sunflowers 10
Position of sunflower 0 [x,y,z] [-2.39, 6.58, 0.5]
Position of sunflower 1 [x,y,z] [-1.22, 6.89, 0.5]
Position of sunflower 2 [x,y,z] [0.0, 7.0, 0.5]
Position of sunflower 3 [x,y,z] [1.22, 6.89, 0.5]
Position of sunflower 4 [x,y,z] [2.39, 6.58, 0.5]
Position of sunflower 5 [x,y,z] [-2.57, 7.05, 1.5]
Position of sunflower 6 [x,y,z] [-1.3, 7.39, 1.5]
Position of sunflower 7 [x,y,z] [0.0, 7.5, 1.5]
Position of sunflower 8 [x,y,z] [1.3, 7.39, 1.5]
Position of sunflower 9 [x,y,z] [2.57, 7.05, 1.5]

Figure 21: Position coordinates of 10 Sunflowers in Solartrace. A segment is a unique set of data
entries that do not change during a period.
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The position of Sunflower 0 can be located by going to -2.39 units on x-axis or east-west distance,
6.58 units on y-axis north-south distance, and 0.5 units on z-axis. Figure 22 shows the top view of

the model. The target is set to 1 m? for the purpose of demonstrating the model.
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Figure 22: Top view of the placement of Sunflowers and target in Solartrace

3.7. Canadian solar resource

The solar resource is the essential factor in understanding the scope of solar energy production.
The solar energy production is directly related to the solar irradiance at any location [42]. The
potential of solar energy shifts as the season changes. Figure 23 shows the daily and yearly DNI
and GHI values of Canada: annual range of DNI is from 584 kWh/m?to 1,899 kwh/m? whereas
the yearly values of GHI ranges from 803 kWh/m?to 1387 kWh/m?.
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Figure 23: Solar resource maps representing annually average of daily DNI (top) and GHI (bottom)

values of Canada from Reference [42]

Table 5 to Table 7 shows the daily and monthly average data for Winnipeg, Arviat, and Vancouver

calculated by using RETScreen validation software.
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Table 5: Daily and monthly solar irradiation in Winnipeg

Daily total

Winnipeg Monthly total
kWh/m?/d kJ/m?/d kJ/m?/month MJ/m?/month
January 1.4 5040 156240 156.2
February 2.36 8496 237888 237.9
March 3.76 13536 419616 419.6
April 4.9 17640 529200 529.2
May 5.77 20772 643932 643.9
June 6.15 22140 664200 664.2
July 6.33 22788 706428 706.4
August 5.26 18936 587016 587.0
September 3.61 12996 389880 389.9
October 2.21 7956 246636 246.6
November 1.3 4680 140400 140.4
December 1.05 3780 117180 117.2
Table 6: Daily and monthly solar Irradiation in Arviat
Arviat Daily total Monthly total
kWh/m?/d kl/m?/d kJ/m?/month MJ/m?/month

January 0.3 1080 33480 33.5
February 0.92 3312 92736 92.7
March 1.94 6984 216504 216.5
April 3.59 12924 387720 387.7
May 5.07 18252 565812 565.8
June 6.03 21708 651240 651.2
July 5.57 20052 621612 621.6
August 4.16 14976 464256 464.3
September 2.55 9180 275400 275.4
October 1.4 5040 156240 156.2
November 0.49 1764 52920 52.9
December 0.12 432 13392 13.4
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Table 7: Daily and monthly solar Irradiation in Vancouver

Vancouver Daily total Monthly total

kWh/m?/d kJ/m?/d kJ/m?/month MJ/m?/month
January 1.13 4068 126108 126.1
February 2.03 7308 204624 204.6
March 3.13 11268 349308 349.3
April 4.53 16308 489240 489.2
May 5.37 19332 599292 599.3
June 5.66 20376 611280 611.3
July 5.97 21492 666252 666.3
August 5.18 18648 578088 578.1
September 3.99 14364 430920 430.9
October 2.2 7920 245520 245.5
November 1.27 4572 137160 137.2
December 0.92 3312 102672 102.7

3.8. Input files

The variable inputs developed for the Sunflower model allow to change the application and
positions of Sunflowers. In the Sunflower model, there are three major inputs: solar data,
Sunflower position, and target position. Figure 24 shows the main input data file for the Sunflower
model. The inputs of CWEEDS data for the location of interest and number of Sunflowers in the
main input file are defined. Figure 25 shows the inputs for the range of days and the reflective
index of the ground. Figure 26 and Figure 27 shows the location, orientation, properties of

Sunflower, and target.
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Cweed,
year,
Type,
lat,

L,

tz,
N_of_Seg,
N_of_S,
segh,
run,

1D,
saved
NSrange,
EWrange,
project,
plot_type,

Figure 24:

n_start,
n_end,
LST,

refl,
LocSF,
Loctarget,
Ds,
n_prepare,
T_desired,

./SolarData/Cweed/Winnipeg_CWEEDS.WY3,
2014,
CweedType,

./InputData/Segment_0_case_vl.0pool.seg,
case_levell,
case_levell,

20,

20,
Caseslevell,
html jpeg png,

121,

274,

0,

9.8 165 0.2 385 .8,

./InputData/SF_loc_case_vl.8.dat,
./InputData/None_case_vl.@pool.app,

Chapter 3: Numerical methodology and intensity ratio

#cweed data file

#year of cweed data

#only CweedType supported currently

#latitude

#longitude

#time zone

#number of different segments

#number of sunflowers in each segment
#path to segment file 1

#Purpose of run (in the title of each plot)

#Unigue set of letters and/or numbers to separate different runs in how the files are

#Distance North-South for map plot in meters

#Distance East-West for map plot in meters

#name of project for folder inside results

#file types to save the plots as (choose html, png, or jpeg or any combo)

Main input data file: weather data, location, number of Sunflowers are determined.

#starting day of the year of sunflower use for segment
#ending day of year of sunflower use for segment
#local standard time tht segment use starts
#reflective index of the ground and day that it changes
#SF location file path
#target/application data file path

e, #Daylight savings correction (if not used, put @)
3, #Days to prepare pool water temperature to be desired temperature
25, #Desired temperature of pool water in deg C

Figure 25: Input data file for selecting the time period and reflective index
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A_SF, 1, #Area of SF [m™2]
r_5SF, @8.95, #reflectivity of SF
#vertical distance from target to sunflower 8

|
PFRERRPERODOO®
[ R W, IV RV R IV W ]

#horizontal distance from target to sunflower @

o

]

il

L
e B M B B L B BN B e |
[NV IV, W V)

#sunflower azimuth angle for sunflower @

|
'
(]
o

%]
Rl
5]
™
L
= e
o -

SF_azd, 28,

W
T T T T
O W oW o W@
| I
W00~ Ohoun
M= @

@ @ 2
e o @

Figure 26: Sunflower location, orientation, and property input data file

abs, 1, #absorbability of target (aborbs all)

T_a, 32, #area of target

angle, a, C#tilt angle of target

app, None, #application of the target (PV, None, Pool, Distill)

T h, a, #horizontal distance from this target to target © (always positive)

T v, a, #vertical distance from thsi target to target @ (up is positive, down is negative)

T_az, e, C#azimuth angle of target surface in degrees (if no azimuth angle because horizontal, put @)
T_azTe, a, #azimuth angle of target in degrees from target 8 (if same position/is target @, put @)

Figure 27: Target location, orientation, and property input data file

3.9. Step 1: Intensity ratio with multiple reflective mirrors

Intensity ratio is defined as the summation of direct energy and redirected energy by the Sunflower
mirrors of equal area to the target divided by the direct solar energy on the same surface. It is the
output of the Sunflower reflective mirrors that how many times it is intensifying the solar energy
based on the geographical location in that current hour. Large intensity ratios calculated near sunset
and sunrise offer negligible contributions as the solar insolation are low at that time. The given set

of equations listed in previous sections are used to calculate the intensity ratio for Winnipeg by
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using CWEEDS 2014 solar data to demonstrate the output of the Sunflower model. The area of
Sunflower mirrors and target is set to 1 m?with the Sunflower located 4 m north of the target, or
180° horizontally of the target facing south, and at 2 m above from ground to form an angle of
26.5° by using Equation 3.19. This is the base configuration and comparisons are often made with
this arrangement to assist the user to optimize the usage of Sunflower effectively with a Sunflower
target retail price of $50 per m?, maximising seasonal fossil fuel displacement and renewable

energy generation for net-zero buildings is a priority.

3.9.1. Direct and redirected energy

The Sunflower model calculates the solar energy from the sun and redirected solar energy from
each Sunflower. The sun rise hour, sunset hour, DNI, GHI are calculated by the Sunflower model.
The reflected irradiations are zero in case of a horizontal target because there is no tilt between
ground and horizontal target. The irradiations reflected from the ground are the reflective
irradiations. The average intensity of direct solar energy per hour on target from the sun is 148 W.
However, the average summation of direct solar energy from the sun and redirected energy from
the Sunflower reflective mirror is 269 W, which is approximately 1.81 times more than the direct

solar energy. Figure 28 shows the contribution of the sun and sunflower onto the target.
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Figure 28: Direct and redirected solar energy from a single Sunflower when placed in the north of
target, facing south, and forms an angle of 26.5° from the ground in Winnipeg

The redirect solar energy is almost double than the direct energy in winter months whereas the
direct energy in summer months is higher than the redirected energy. The sun during the winter
season is closer to the earth than during summer. Due to horizon of sun and the location of the
Sunflower mirrors on earth’s surface with respect to the sun, the output energy results increase

during winter season.

3.9.2. Validation of intensity ratio

To validate the results from the Sunflower model, the location of the Sunflower is the same as the
Solartrace model. Figure 29 shows the intensity ratio calculated by both models are close to each
other. The yearly average ratio from Sunflower model is 0.897, which is validated by the Solartrace
by giving the intensity ratio of 0.876. It is less than 1 because it includes the night-time hours
where the intensity ratio is 0. After excluding the night-time hours consideration, the intensity ratio
results by Sunflower and Solartrace models are 1.81 and 1.76 respectively. The percent error is

2.35%. The yearly average intensity ratio over the period is calculated from Equation 3.42.
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Possible source of error is in the flux intensity analysis in ray-tracing. As previously mentioned in
Section 3.6.5, the average flux intensity of solar rays can slightly change if the number of bins is
changed. The greater number of incoming solar rays in ray-tracing model gives closer results to
the Sunflower model calculations. In this case the selected number of solar rays was 100,000,
whereas the result difference was even more when the selected number of solar rays was 10,000.
The average intensity ratio in winter/spring month is noticeably greater than summer/fall months.
Figure 29 shows the hourly intensity ratio from the Sunflower model and Solartrace over selected
days.
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Figure 29: Validation of intensity ratio

Figure 30 shows the hourly intensity ratio from May 1 to October 1 where the intensity ratio
reaches a maximum value of 1.6 for a few days during the selected period. However, for most of
the days, the intensity ratio is near 1.3. Further, the intensity ratio decreases during sunrise and
sunset time hours and on cloudy days. Overall, the average intensity ratio for the selected period
is 1.5.
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Figure 30: Hourly intensity ratio on target from May 1 to October 1 when Sunflower is placed in
the north of target, facing south, and forms an angle of 26.5° from the ground

3.10. Step 1: Intensity ratio on different orientation of target

In the previous section, the hourly intensity ratio calculations are done on the horizontal surface.
To increase the scope of the Sunflower for various energy applications, the calculations of average
intensity ratio for each day are also performed at a tilted surface target at 50° to the earth’s surface,
vertical surface target, and horizontal surface target. Figure 31 shows the average intensity ratio
on the different oriented targets. Here also, the Sunflower location is north of the target at 2 m

height from ground level to form an angle of 26.5°.
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Figure 31: Average intensity ratio on (a) horizontal surface, (b) vertical surface, and (c) tilted
surface at 50° to the ground surface, when Sunflower is placed in the north of target, facing south,
and forms an angle of 26.5° from the ground

The intensity ratio for different target orientation varies due to the difference in direct and
redirected energy from the sun on the different locations of the target surface. In case of the
horizontal target, the average intensity in the fall/winter is sometimes greater than 3. The results
shows that the increase in daily average intensity is due to the high intensity ratios in mornings
and evenings hours. Since the horizontal target is flat, but the Sunflower is at an angle of 26.5° or

2 m above from ground level, the solar insolation on the target is low as compared to redirected
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rays from the Sunflower. As the summer season begins, the intensity ratio for the morning and

afternoon hours starts decreasing due to the lowering of the sun zenith.

The average intensity on tilted target is almost the same throughout the year, whereas the average
intensity ratio is more during summer months compared to the winter months for vertical targets.

Table 8 shows the average intensity ratio on different target positions.

Table 8: Average intensity ratio on different target positions when Sunflower is placed in the

north of target, facing south, and forms an angle of 26.5° from the ground

Target position Average intensity ratio [W/W]

Horizontal surface 1.81
Tilted surface at 50° to the ground 1.63
Vertical surface 1.77

3.11. Step 1: Magnification ratio

Magnification ratio of Sunflower is defined as the summation of direct energy and redirect energy
by using multiple sunflowers divided by the direct energy on the same surface. To achieve the goal
of making the Sunflower model user friendly, the effect of multiple Sunflower mirrors needs to be
calculated. The case study has been divided into two different categories for horizontal surface,

tilted surface, and vertical surface by using these target orientations:

e Target area of 1 m?with 10 m? Sunflower mirror area

e Target area of 10 m?with 1 m? Sunflower mirror area
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Figure 32: Average magnification ratio of 10 m2 Sunflower on (a) 1 m2 horizontal surface, (b) 1
m2 tilted surface, and (c) 1 m2 vertical surface when Sunflower is placed in the north of target,
facing south, and forms an angle of 26.5° from the ground

The trend of average magnification ratio is same as the intensity ratio, but when the ten Sunflowers
redirects energy onto the target, the magnification ratio increases by 10 times as shown in Figure
32. The second case scenario was established by keeping the target area ten times bigger than the
actual Sunflower mirror area. The Sunflower mirror area is 1 m? whereas now the target area is
10 m?. The average magnification ratio is same throughout the year. Figure 33 and Table 9 shows

the average magnification ratio for all three targets.
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Figure 33: Average magnification ratio of 1 m2 Sunflower on (a) 10 m2 horizontal surface, (b)
10 m2 tilted surface, (c) 10 m2 vertical surface when Sunflower is placed in the north of target,
facing south, and forms an angle of 26.5° from the ground

Table 9: Average magnification ratio for different target positions when Sunflower is placed in

the north of target, facing south, and forms an angle of 26.5° from the ground

Target position Average magnification ratio of 10 Average magnification ratio of 1
Sunflowers on 1 m?target [W/W] Sunflower on 10 m?target [W/W]
Horizontal surface 9.79 1.08
Tilted surface at 50° to 7.84 1.06
the ground
Vertical surface 9.35 1.07
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3.12. Step 1: Impact of Sunflower location on intensity ratio

Each Sunflower can be placed in various locations with respect to the target. It has been found that
the maximum output or the most optimum location of Sunflower as expected is when it is placed
north of the target. However, since Sunflower applications are diverse and the landscape around
buildings can make Sunflower placement difficult, it is important to include all possible locations.
Moreover, each Sunflower can be placed significantly above or below the target. To find the
difference, a case study has been conducted by placing the Sunflower on south, east, and west to
the target. Figure 34 shows the daily average intensity ratio. It must be made clear that the user is
restricted by elements like trees, buildings, fences, and gardens so that Sunflowers will often be

located where they can rather than where they should.
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Figure 34: Average intensity ratio of Sunflower located at (a) south of horizontal target facing
north, (b) east of horizontal target facing west, and (c) west of horizontal target facing east forms
an angle of 26.5° from the ground
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After finding the considerable difference among average intensity ratios by placing the Sunflower
at different locations, the Sunflower is now placed 10° towards east and west from north of the
target to further examine the difference in average ratio. Figure 35 shows the new average intensity
ratio values after making the minor change in the location of Sunflower. Table 10 shows the

intensity ratio for various Sunflower locations.

w/W]

Average intensity ratio
Average Intensity ratio [W/W]
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Day of year
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Figure 35: Average intensity ratio of Sunflower located at 10° towards east (left), and 10° towards
west from north of horizontal target (right) forms an angle of 26.5° from the ground

Table 10: Average intensity ratio for various Sunflower locations

Sunflower location Average intensity ratio on horizontal target [W/W]
North of target 1.81
South of target 1.39
East of target 1.59
West of target 1.60
10° east from north of target 1.79
10° west from north of target 1.80
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3.13. Step 1: Impact of Sunflower height on intensity ratio

As described in the previous section, the location of Sunflower makes an impact on the intensity
ratio. Figure 36 shows the total energy of redirected sunlight by the Sunflower at different heights
or angles to the ground placed on south of horizontal target on a certain day. Before noon, the total
energy on target is highest when the Sunflower is placed at 0.5 m height and 4 m horizontally from
the centre of the target or at an angle of 7.1°, but after hour 14, the total energy on target increases
when the Sunflower is placed at 2 m above ground level or an angle of 26.5°. This pattern follows
throughout the year. It is concluded that the relation between Sunflower location and DNI direction
impacts the output results. The lower height of sunflower is also beneficial as the wind loads are

comparatively less than at higher heights as discussed in literature review section.
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Figure 36: Total energy in W of redirected sunlight by the Sunflower at different heights placed

on south of horizontal target on certain day when Sunflower is placed in the north of target, facing
south, and forms an angle of 26.5° from the ground

It is found that the intensity ratio is higher when Sunflower is place at a lower height. Table 11

shows the average intensity ratio at different heights.

63



Chapter 3: Numerical methodology and intensity ratio

Table 11: Average intensity ratio at different heights placed on south of horizontal target on

Height of Sunflower [m]

certain day

Average intensity ratio [W/W]

0.5 1.84
2 1.81
6 1.70

3.14. Step 1: Overall trend of intensity ratio

It is demonstrated in the previous section that intensity ratio is impacted by changing the vertical

angle (height/length) of Sunflower location. To further investigate the overall changes in the

intensity ratio, the Sunflower is set to different combinations of vertical and horizontal angles for

each month of 2014. The definition of both angles is described in Figure 17.
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Figure 37: Average intensity ratio in January (left), and February (right) for various vertical and
horizontal angles of Sunflower location
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Figure 38: Average intensity ratio in March (left), and April (right) for various vertical and
horizontal angles of Sunflower location
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Figure 39: Average intensity ratio in May (left), and June (right) for various vertical and horizontal
angles of Sunflower location
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Figure 40: Average intensity ratio in July (left), and August (right) for various vertical

horizontal angles of Sunflower location
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Figure 41: Average intensity ratio in September (left), and October (right) for various vertical and

horizontal angles of Sunflower location
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Figure 42: Average intensity ratio in November (left), and December (right) for various vertical
and horizontal angles of Sunflower location

Figure 37 to Figure 42 demonstrates that when the horizontal angle of Sunflower location is 0°and
the vertical angle is -80°, the average intensity ratio for January is approximately 2.3. This location
of Sunflower would be useful in the case of space heating by increasing the solar radiation onto
windows that have phase change material to heat up a room during winter season. When the
vertical angle is 0° this means the target is at the same height as the Sunflower, the sunlight vector
and the plane of Sunflower are parallel to each other and there is no redirected energy onto the
target. For this combination the average intensity ratio on target is 1.0 for all months. In the cooler
months the intensity ratio is considerably more than the warmer months for all possible

combinations of vertical and horizontal angles.

3.15. Step 1: Intensity ratio at different latitude and longitude

To do the comparison of intensity ratios for different latitude and longitude, Vancouver (49.2°)
and Arviat (61.1°) locations are compared to Winnipeg site. Additionally, these cities were also
selected due to their different climate and weather conditions compared to Winnipeg. In the
previous section the results for Winnipeg demonstrated the change in results due to change in
Sunflower location and orientation. Figure 43 to Figure 45 demonstrates the daily average intensity
of different target locations at Arviat and Vancouver. Table 12 shows the average intensity ratio
on different target surfaces in Winnipeg, Arviat, and VVancouver.
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Figure 43: Average intensity ratio on horizontal target in Vancouver (left), and Arviat (right) when

Sunflower is placed in the north of target, facing south, and forms an angle of 26.5° from the
ground
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Figure 44: Average intensity ratio on tilted target in Vancouver (left), and Arviat (right) when

Sunflower is placed in the north of target, facing south, and forms an angle of 26.5° from the
ground
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Figure 45: Average intensity ratio on vertical target in Vancouver (left), and Arviat (right) when
Sunflower is placed in the north of target, facing south, and forms an angle of 26.5° from the
ground.

Table 12: Average intensity ratio on different targets in various locations when Sunflower is

placed in the north of target, facing south, and forms an angle of 26.5° from the ground

Location Horizontal target Tilted target Vertical target
Winnipeg 1.81 1.63 1.77
Arviat 1.87 1.65 1.77
Vancouver 1.71 1.60 1.79

It is demonstrated that for Winnipeg, the highest intensity is for a horizontal target and least for
the tilted target. As the average intensity ratio is the ratio of total energy on the target to the direct
energy on the target, the results show that on average 1 m? of the horizontal target receives 148 W/h
whereas 1 m? of the vertical target receives 156 W/h energy. The total average energy from sun
and Sunflower on 1 m? of the horizontal target is approximately 269 W/h and vertical target
receives about 277 W/h.

On the other hand, Vancouver has the greatest average intensity ratio for vertical target and least
for tilted target. The 1 m? of the vertical target receives direct energy of 134 W/h and tilted target
receives of 175 W/h. The total energy on 1 m? of the vertical target is 241 W/h and the tilted target

receives 281 W/h. However, in all cases the differences are relatively small.
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3.16. Step 1: Comparison of intensity ratio for each month for different latitude and
longitude

To optimize the usage of Sunflower for various applications, the monthly intensity ratio is
calculated and compared again for Winnipeg, Arviat, and Vancouver. Figure 46 to Figure 51

demonstrates the average daily intensity ratio for each month.
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Figure 46: Intensity ratio comparison in January (left) and, February (right) when Sunflower is
placed in the north of target, facing south, and forms an angle of 26.5° from the ground
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Figure 47: Intensity ratio comparison in March (left), and April (right) when Sunflower is placed
in the north of target, facing south, and forms an angle of 26.5° from the ground
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Figure 48: Intensity ratio comparison in May (left), and June (right) when Sunflower is placed in
the north of target, facing south, and forms an angle of 26.5° from the ground
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Figure 49: Intensity ratio comparison in July (left), and August (right) when Sunflower is placed
in the north of target, facing south, and forms an angle of 26.5° from the ground
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Figure 50: Intensity ratio comparison in September (left), and October (right) when Sunflower is
placed in the north of target, facing south, and forms an angle of 26.5° from the ground
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Figure 51: Intensity ratio comparison in November (left), and December (right) when Sunflower
is placed in the north of target, facing south, and forms an angle of 26.5° from the ground

The average intensity ratio for fall and winter months are similar for Winnipeg and Arviat.
However, there is substantial difference between intensity ratio of fall/winter and intensity ratio of
summer/spring for both the cities. Table 13 shows that VVancouver has more consistent average
intensity ratio throughout the year. High monthly values occur when the sun is lower in the horizon

in winter months. The impact of clouds needs to be better understood as shown next.

73



Chapter 3: Numerical methodology and intensity ratio

Table 13: Monthly average intensity ratio for different locations when Sunflower is placed in the

north of target, facing south, and forms an angle of 26.5° from the ground

Month Winnipeg Arviat Vancouver
January 2.78 3.38 1.86
February 2.46 2.94 1.88

March 1.91 2.73 1.49

April 1.66 2.17 1.52

May 1.39 1.46 1.48
June 141 1.52 1.46
July 1.55 1.55 1.55
August 1.54 1.55 161
September 1.65 1.48 1.69
October 1.90 1.72 1.54
November 2.37 3.87 2.15
December 2.65 3.04 1.98

3.17. Step 1: Intensity ratio on sunny and cloudy day

As Sunflower can contribute to net-zero buildings, it is also important to find the difference
between intensity ratio during sunny and cloudy days as Sunflower cannot reflect diffuse radiations
in such weather conditions. Figure 52 demonstrates the DNI and intensity ratio on cloudy day and

sunny day.

Day number 165 (cloudy) and 169 (sunny) in June are selected from the 2014 data set for Winnipeg
to compare the intensity ratio of cloudy and sunny day. The intensity ratio on cloudy day is
nearly 1. However, on sunny day, the intensity ratio is considerably higher during
morning/evening hours, and nearly constant for remaining hours of the day. There is approximately
60% difference in intensity ratio for both the days. The diffuse irradiations are almost the same on
both days.
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This completes the description of Step 1 which is required before any net-zero building application
is considered. The pool application will now be addressed in Step 2. Recall that Step 2it is different
for each Sunflower applications and a custom add-on model is required. However, the Sunflower
model for Step 1 is identical for all applications.
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Figure 52: DNI in W (left), and intensity ratio (right) on cloudy day, and sunny day when
Sunflower is placed in the north of target, facing south, and forms an angle of 26.5° from the
ground

3.18. Step 2: Pool model key assumptions
For the pool model here are a list of key assumptions before the model is presented.
1. The temperature of the water for filling the pool is 25°C.
To decrease the heat losses, the material of the pool walls is fiberglass.
A pool cover is installed when the pool is not in use.
The pool is below ground.
The sky temperature is considered equal to air temperature to calculate radiation losses.
The hourly outside air temperature and wind speed is provided by the CWEEDS database.
Heat losses are dominated by evaporation.

© N o o B~ DN

The goal is to calculate the ratio of natural gas required with and without using Sunflower

mirrors rather than trying to improve the accuracy of pool heat loss models.
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3.19. Step 2: Pool model

The Sunflower model is now applied for heating the water of an outdoor below-ground pool which
is a seasonal application with the target in a horizontal position and an application not subject to
second law analysis. The developed Sunflower model calculates the heating energy requirement
from May 1 to October 1 using in part the Engineering toolbox [62]. The total amount of direct
and redirected energy onto the target is used to raise the temperature of the pool water. It is
important to note here that there is no obstacle between direct and redirect solar energy from the
Sunflower and pool. Based on the average residential pool dimension in Canada [46], Table 14

shows the parameters of the pool assumed for the Step-2 pool model.

Table 14: Parameters used for the pool model

Length 8.0m

Width 4.0m

Height (deep) 1.2m
Volume of water 3,840 m?

The total amount of energy required to raise the temperature is governed by [47].

Qrequired = Cwater * Myater * (Tdesired - Tinitial) (3-52)

Qrequirea 1S the amount of energy needed to achieve the required temperature change of the water.
The constant (c,,q¢er) i the heat capacity of water, which is approximately 4.184 kJ/kg'C. The
mass of the pool water is represented by m,, .. It IS considered that the pool is filled with tap
water at 25°C and the initial temperature of the water is 15°C. During operation, the air temperature
is taken form CWEEDS dry bulb temperature of the location. The AT (Tiesirea — Tinitiar) 1S the
temperature difference between desired temperature and the surrounding air temperature of the

location. The desired temperature of water is set to 25°C. Since the pool is outside in an open area,

76



Chapter 3: Numerical methodology and intensity ratio

there is a temperature difference between the surroundings and the pool water. Figure 53 shows

the pool energy losses.

Q evap Q conv Qrad

A

Qcond <:|

Figure 53: Various heat losses from below ground pool surface

Conduction heat losses: The conduction heat losses can be considered as transfer of energy from
more energetic to the less energetic particles due to interactions between them. The heat loss rate
by conduction through the pool walls and bottom with the ground is calculated by [48]:

AT
(3.53)

Qconduction = kfiberglass * Apool tube surface * L
thickness

where Qonguction IN W/m? is the amount of heat loss through conduction. The parameter k is a
constant thermal conductivity in W/mK. To reduce the conduction losses, the material for pool
walls and floor is set to fiberglass in the Sunflower model with conductivity (kfipergiass) Of
0.04 W/mK [49]. The pool surface area (Apoo1 tube surrace) iNCludes the four walls and surface of

pool. The AT is the temperature difference between desired pool water temperature and dry
bulb temperature from CWEEDS of the location. The Linickness OF wall is 0.95 cm. Since the pool
is 1.2 meter deep below the ground, it is important to consider soil temperature to calculate the
losses. It is assumed that the soil temperature up to 1 m depth is the same as the air temperature.
Therefore, the air-dry bulb temperature is taken to calculate the losses through the ground, making

this calculation apply to above ground pools also.
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Convection heat losses: The heat losses in the form of energy between the surface and moving
fluid due to temperature difference are convention heat losses. The convection heat loss happens
because of the air velocity at upper interface and induced water flow due to buoyancy forces [50]
which is ignored. The convection losses can be calculated by:

Qconvection = he ¥ A x AT (3-54)

where Qconvection 1S heat transferred per unit time in W/m?2. The convective heat transferred
constant is k. in W/(m?#'C) and AT is the temperature difference between the fluid and surrounding

surface. The convective heat transfer constant (h,) is calculated by [51]:

h, =12.12 — 1.16v + 11.6 v'/? (3.55)

The velocity of wind is represented by v and taken from the CWEEDS data to calculate the

convection heat losses.

Radiation heat losses: Matter emits energy in the form of thermal radiation by virtue of its
temperature. While the other mode of heat transfer requires the presence of medium material,
radiation losses are transported by electromagnetic waves. The radiation losses occur on the
surface of water to the surrounding by:

Qradiation = 80(T54 - Tstr) (3-56)

where € is the emissivity constant. It is a radiative property of the surface which provides a measure
of how much energy is emitted by surface compared to a black body. The emissivity value of water
is 0.95. The term, o, is a Stephan Boltzmann constant with a value of 5.67 x108 W/m?K*[52]. T,
is the pool water temperature and Ty, is the surrounding temperature which is the temperature of
the sky. There are various types of equations for the relationship between sky temperature and air
temperature [63]. Due to the complexity of various factors such as sky cloud cover, altitude of
clouds, it’s hard to estimate the sky temperature. According to Energy Star [64], the sky
temperature can be assumed as the surrounding air temperature. Therefore, the developed
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Sunflower model for pool heating considers dry bulb temperature taken from the CWEED for Ty,

to calculate radiation losses.

Evaporation losses: As per the Engineering toolbox [60], evaporation occurs on the pool water
surface for unsaturated air. During the evaporation, the water molecules absorb the heat from the
pool water surface because the water molecules go through phase change from liquid to gas. The
evaporation of pool water depends on the pool temperature, air temperature, air humidity, and air
velocity above the water [53]. The maximum saturation pressure of the water vapor in moist air is
dependable on the temperature of the air vapor mix [54]. The water vapor saturation pressure can
be found by:

Pus = 100 (77.3450 +0.0057 T - 7235/T)/T8.2 (3.57)

where p,,¢ IS water vapor saturation pressure in Pa, T is the dry bulb temperature of the moist air
in "C. To know how much water can be evaporated, the relative humidity, the ratio of water vapor
partial pressure to the water vapor saturation pressure is required. Since the partial pressure of
water vapor is unknown, the following numerically curve-fitted empirical equation demonstrating

the relation to find the relative humidity, RH, is used [55]:

cb(TD-T)
RH = 100 e(c+TD)(c+T) (3.58)

TD is dew pressure in degrees Celsius. Constants ¢ and d have values of 17.62 and 243.0,
respectively. The humidity ratio can be expressed as the partial pressure of vapor in air to the
partial pressure of the dry air. The water vapor pressure is modest as compared to the atmospheric
pressure and the relation between the humidity ratio and the saturation pressure is almost
linear [56]. The maximum saturation humidity ratio of saturated air at the same temperature as the

water surface (XS), can be expressed as follows:

Xs = 0.62198py,s/ (Da-Pws) (3.59)
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where p,,¢ IS saturation pressure of water vapor and p,, is atmospheric pressure in pa. The humidity

ratio of air ( X) is calculated by:

X = 0.62198py,sRH /[pa- (pwsRH)] (3.60)

In addition, the amount of evaporated water can be found by:

gs = OA(Xs — X)/3600 (3.61)

where g, is amount of evaporated water per second (kg/s) and ® = (25 + 19v) is an evaporation
coefficient (kg/m?h) where v is the wind velocity taken from CWEEDS, A is the water surface

area in m. Finally, the evaporation losses can be calculated by:

Qevaporation = hweds (3.62)

where h,,, is the enthalpy of water for phase change from liquid to gas set at 2,442 kJ/kg at 25°C.
Because of the evaporation on the pool surface, as the water temperature decreases, the water depth
also decreases. To maintain the water depth, water is required to be supplied by a pump. The effect
of water supplied by the pump to the pool water temperature is negligible because it is assumed
that the temperature of the supplied water by pump is the same as the pool water temperature. It is
appropriate to make this assumption because the focus of this research is on the comparison of
energy savings of pool heating by Sunflower to natural gas. This assumption is made in both
systems: pool heating by Sunflower and pool heating by natural gas, so the overall output is not
affected. The model calculates the energy requirements to achieve the desire temperature in the

beginning of operating period, after that, the required energy is equal to the pool heat losses.

3.20. Step 2: Natural gas requirement and GHG savings for pool heating application
To accomplish the required energy to heat the pool the direct energy and Sunflower redirected
energy is incorporated into the model calculated in Step 1. Furthermore, results are compared to
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heating with natural gas and a heat pump. The required energy is taken from the natural gas to

achieve the desired amount of energy and is calculated by:

1
HHV,  turagas X ef ficiency

Heat energy = (3.63)

With the high heating value of natural gas taken as 55 kJ/kg [57] and the efficiency of the heat
pump is taken as 90% [58].

The greenhouse gases (GHG) savings reduces as the fossil fuels are replaced by solar energy. The
GHG savings are calculated by:

CH,+ 20, - CO, + 2H,0 + energy (3.64)

This completes the description of the Step-2 pool heating model application.

81



4. Results and discussion

4.1. Heat losses and required energy to heat up the pool

The heat losses from the pool water are due to the temperature difference between surrounding air
and pool water occurs in different heat transfer forms. The model shows that evaporation heat
losses dominate compared to other means of heat losses, as described in the literature review. The
radiation and conduction losses are minimal as compared to convection and evaporation. Figure

54 demonstrates the different types of heat losses on July 15.
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Figure 54: Different types of pool heat losses for July 15 in Winnipeg

Figure 55 shows the heat losses per hour throughout the operating period of pool heating from
May 1 to Oct 1 for Winnipeg. To prevent high losses due to high velocity of wind, it is considered
that the pool is located near to the fencing area in the backyard. The wind speed is decreased by
3 m/s from the CWEED 2014 wind data. Additionally, it is recommended that the pool must be
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covered with insulated pool covers when not in use. The heat losses are set to zero during night-

time, sunset, and sunrise hours.
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Figure 55: Heat losses per hour throughout the operating period of pool heating between May 1
to Oct 1.

The total amount of energy required to heat up the pool is the sum of initial energy to get the
desired temperature and the heat losses. For Winnipeg, the model is simulated with several case
scenarios. It is found that by using 10 Sunflowers, a desirable result can be achieved. Figure 56
shows the daily required energy, natural gas requirement, direct energy, and redirect energy from
10 Sunflowers to satisfy the energy demand. The required natural gas is below zero (negative)
because the provided direct and redirected energy is more than the requirement to get the desired

pool temperature.
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Figure 56: Hourly heat losses, total energy provided by 10 Sunflowers, and required natural gas

In the beginning of May, the energy demand is maximum and decreases by June/July. The total
energy required to heat up the pool is 45.7 MW seasonally and the energy provided by 10
Sunflowers is 30.05 MW. The total energy replacement is 67%. Figure 57 demonstrates heat

losses, the direct and redirect energy from 10 Sunflowers, and extra energy.
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Figure 57: Average monthly heat losses, required energy and extra energy for pool heating

4.2.  Natural gas and GHG emissions

The proposed system utilizes solar energy to heat the pool water. The system has also been
compared with the natural gas usage for pool heating. It is found that the 48% of natural gas is
replaced with solar energy. Figure 58 shows the average monthly natural gas usage with and

without proposed model.

The comparison analysis of both the case scenarios, when only natural gas is heating the pool and
when Sunflower is primary source to heat the pool is conducted. The GHG savings are calculated
by the Sunflower model. The natural gas is producing 9.6 tCO2q seasonally, but when the natural
gas and solar energy are heating the pool water, it produces the 5.1 tCO2¢q throughout the period.
Figure 59 demonstrates the comparison of CO generated when Sunflower is used and when it is

not used.
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Figure 58: Natural gas usage comparison when Sunflower is used and not used to heat the pool

water
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Figure 59: Comparison of CO; generated between when Sunflower is used and when not
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Table 15 highlights the key findings of the proposed system. To achieve the maximum energy
output of the system, the number of Sunflowers is increased to 15 and 20 respectively. Table 16
shows the output results with different numbers of Sunflowers incorporated in the Sunflower
model.

Table 15: Key findings of proposed system for Winnipeg

Characteristics Percent

Total energy gain 67%
Total natural gas replacement 48%
Total GHG savings 48%

Table 16: Comparison of different number of Sunflowers for Winnipeg

Number of Sunflowers ‘ 10 15 ‘ 20
Total energy gain 67% 71% 75%
Total natural gas replacement 48% 51% 56%
Total GHG savings 48% 51% 56%

After increasing the number of Sunflowers to 15, the energy production increases as well. The
total surface area of pool is 32 m? and the mirror area of 1 Sunflower is 1 m?. It is a magnification
ratio when the target area is not equal to Sunflower area. Additionally, as the number of Sunflowers
increases, the output energy beyond the required energy also increases. This is another reason of

less increment in fuel and GHG emission savings percentage.

Furthermore, the proposed system is also conducted for Arviat, Nunavut location. The pool size,
the target location, orientation, and location of Sunflowers set-up is the same as for Winnipeg. Due
to cooler temperature in Arviat than Winnipeg, it is found that the 15 Sunflowers are more suitable
to get the pool water temperature 25°C. Table 17 shows the energy calculations for the city of
Arviat.
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Table 17: Energy calculations for Arviat for pool energy use

Required energy and heat loss Direct and energy from Percent energy savings

Sunflowers
62.5 MW 28.5 MW 46%

The Sunflower model for pool heating in Arviat demonstrated that for some hours, the energy
provided by the proposed system is more than required. After not including this extra energy, the
natural gas and GHG emission savings are 40%. The difference between energy savings and
natural gas savings is significantly less for Arviat as compared to Winnipeg because of the
difference in weather conditions for both the locations.

4.3. Cost analysis
The final assembled system will consist of parts that are designed and manufactured in-house and
purchased from local part shops. Table 18 shows the parts needed for a Sunflower system.

Table 18: Part items and manufacturers

~ Manufacturer |
Sunflower 3D printed In house developed
Fence pole Galvanized steel Master Halco
Pool insulator cover | Bubble polycarbonate insulator Qingdao Taiyue Composite
Material Co., Ltd.

The cost analysis of the project is conducted for a system that can function independently. The
system cost with more or fewer Sunflowers can be calculated by comparison with given system
cost. Table 19 lists the list of items available in the market and the forecasted expenses for the

parts designed and manufactured in house.
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Table 19: Purchase/make prices of item

ltem ‘ Quantity Price Unit total

10 $50.00 $500.00
F. Pole 10 $20.00 $200.00
Pool insulator cover 1*32 m? $50 $50
System total $750

The fuel comparison for the proposed project of pool heating with and without Sunflowers is
conducted with natural gas. The residential average price of natural gas in Manitoba is $0.25/kg

as per Manitoba Hydro [59]. Table 20 shows the fuel cost saving analysis of the system.

Table 20: Fuel cost saving analysis

Natural gas without Sunflowers Natural gas with Sunflowers

$880/season $468/season

The financial analysis of the project shows that the project yields 48% gain per season. It is
concluded that this is a profitable project. The operating cost of natural gas pool heating system
without using Sunflower is $880/season which reduces to $468/season when Sunflower system is
being used. The projected lifetime of Sunflower is 25 years. The lifetime fuel cost savings for the
pool heating using Sunflower in Winnipeg is $11,700.
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5.  Conclusion and recommendation

Conclusions: There is no information on the performance of small-scale reflective mirrors in the
literature to contribute to building net-zero applications. Such systems do exist for large-scale
applications that are optimized. For large-scale applications there is no restrictions on mirror
placement, there is no redeployment of mirrors by the user, and the target is always north above
the mirrors, and never below. A Sunflower model was developed which calculates the solar energy
ratio allowing the user flexibility in placement of the mirrors and focus on seasonal applications.
The Sunflower model was validated using Solartrace. The model was then used to investigate how
Sunflower can be applied for heating a pool where it heats the water without the need of a heat
transfer fluid, saves fuel costs, and reduces GHG emissions. Such a Sunflower application is
aligned with THE RED CUP as it produces renewable heat at the personal scale (H-R-P) to help

solve climate change.

The Sunflower model is developed in 2-steps:
e Step 1: Used for any applications and calculates the intensity and magnification ratio for
user inputs for a given Sunflower project for different targets and seasonal relocation

e Step 2: A customized pool model required to be developed for pool heating application

The Step 1 of Sunflower model calculates the average direct energy from sun on a horizontal target
is 148 W per meter of target area and the average redirect energy from Sunflower is 121 W per
meter of target area. The total gain of energy is 81%. Furthermore, the base model results were
validated with Solartrace calculations within an error of 2.35%. The total gain for a vertical surface
is 77% and tilted surface at 50° to the ground is 63% for Winnipeg. Furtherly, the impact of
different latitude and longitude on intensity ratio has been calculated. The total energy intensity
gain for a horizontal target is 71% for Vancouver and 87% for Arviat. The total energy intensity

gain for a vertical target is almost the same for all three cities.

When comparing the average intensity ratio for each month, the maximum intensity ratio in colder

months is noticeably more than the warmer months for Winnipeg and Arviat. However, for
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Vancouver the intensity ratio is almost the same throughout the year due to climate and sun’s
azimuth angle. The results demonstrated that the intensity ratio is more when place at a lower
height or lower angle as compared to a higher height. The intensity ratio is highest when the
Sunflower is placed in the north of the target and facing south. When the Sunflower is placed in
the south of target and facing north, the average intensity ratio is approximately 23% lower as
compared to the highest average intensity ratio. The average intensity ratio is approximately 1.60
when the Sunflower is placed in the east and north of the target. Additionally, the average intensity
ratio is approximately 60% more on sunny days as compared to cloudy days due to only availability

of only diffused solar energy.

Furthermore, the average magnification ratio of a Sunflower in Winnipeg is calculated by keeping
either mirror area or the target area 10 times bigger than the other. The magnification ratio for 1
m? horizontal target with 10 m? of Sunflower mirror area, is 9.79 and is almost the same for a 1 m?
vertical target. In case of the tilted target, the magnification ratio is 7.84 when the target area is
1 m? and the Sunflower mirror area is 10 m?. The average magnification ratio is approximately

1.08 for all the target positions when the target area is 10 m?and mirror area is 1 m?.

The overall trend of average intensity ratio is calculated by orienting the Sunflower at various
combinations of vertical angles and horizontal angles for each month of 2014 for Winnipeg. The
best combination to get most average intensity is when the Sunflower is placed in the south of the
target, which is 180° horizontally and vertical angle is -30° in cooler months. Whereas the efficient
combination of angles of Sunflower in summer is 180° horizontally and vertical angle of -50° for
the horizontal target. The combination of angles of Sunflower location also depicts that there is no
average intensity gain when the Sunflower is at the same height as the target because the sunlight
vector is parallel to the plane. As the warmer months getting started the higher vertical angles give

the lower average intensity ratio for all combinations with horizontal angle.

In step 2, the proposed pool heating application provides 67% of the required energy using 10
Sunflowers leading to 48% of the natural gas savings for Winnipeg. For Arviat, the total energy
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saving is 46% and 40% of natural gas savings with 15 Sunflowers. The usage of 10 Sunflowers in
Winnipeg provides 48% of financial gain per year without any need of operation cost. The
projected life of this project is considered for 25 years. The GHG emission in Winnipeg is the 9.6
tCO2eq seasonally to heat the pool by using natural gas but it deescalated to 5.1 tCO2eq, When pool

heating is done with Sunflowers.

The pool heating approach using Sunflower bypasses second law inefficiencies as the pool is
heated by the irradiations directly from sun without the use of any intermediate thermal fluid. The
temperature of pool water is raised by direct sun rays so there are no thermal losses. The heat from

the solar rays is completely transferred to the pool water.

The evaporation losses are high as compared to the other losses. Additionally, for the cooler area
like Arviat the heat transfer losses are more than Winnipeg, so the total gain for Arviat is more
than Winnipeg as the extra energy is not much. The further research for reducing the heat losses
due to evaporation, which is mainly due to high wind, can be done.

Recommendations: Additional Step-2 models need to be developed to allow users to redeploy
Sunflower seasonally to optimize the energy generated to contribute to net-zero buildings:

e Heating windows with phase change materials

e Increase solar radiation into a greenhouse to reduce energy use and increase luminance

e Increase solar PV output

e Develop a single solar capture device and use multiple sunflowers to reduce cost for solar

heating

Of research interest is to:
e Use fabric mirror filters to remove
o UV to reduce skin cancer for applications involving people in the building like a
sunroom

o UV and IR leaving only PAR photons for growing plants
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Modify the mirror fabric to separate frequencies (diffraction) so that the target receives
separated frequencies so that multiple applications can be used simultaneously at optimize
the use of frequency ranges to better contribute to net-zero buildings.

Estimate the contribution such mirrors can help building chive net-zero worldwide.
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