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ABSTRACT

Testing was conducted for a solar assisted water heater and conventional
all-electric water heater for the purpose of investigating the advantages of utilizing solar
energy to heat up water. The testing conducted simulated a four person household living
in the Phoenix, Arizona region. With sensors and a weather station, data was gathered
and analyzed for the water heaters. Performance patterns were observed that correlated to
ambient conditions and functionality of the solar assisted water heater. This helped better
understand how the solar water heater functioned and how it may continue to function.
The testing for the solar assisted water heater was replicated with the all-electric water
heater. One to one analyzes was conducted for comparison. The efficiency and
advantages were displayed by the solar assisted water heater having a 61% efficiency.
Performance parameters were calculated for the solar assisted water heater and it showed
how accurate certified standards are. The results showed 8% difference in performance,
but differed in energy savings. This further displayed the effects of uncontrollable

ambient conditions and the effects of different testing conditions.
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CHAPTER 1

INTRODUCTION
With the increase of pollution to the world’s atmosphere and the continuous need of
energy, comes a desire to minimize the impact on the environment without compromising
daily needs. One of these needs come in the form of domestic hot water. Hot water within
the residential sector accounts for about 3% of the nation’s energy consumption (Rapp
13). Given that Arizona is one of the hottest states in the country, and even one of the
hottest places in the world, it would only seem appropriate to use solar energy for
domestic hot water. This is further validated with Figure 1, showing that Arizona as a
whole receives more solar flux than any other state in the country. Leaving states like

Alaska in the dust, most of Arizona on average receives more than 7.5 KW-hrs/m? a day.
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Figure 1. Concentrating solar resource of the United States (Roberts/NREL). This is a
map of the United States showing the daily average concentration of solar flux and how it

is disbursed throughout the country.



The idea of obtaining hot water from solar energy is not something new or
innovative today. There are many systems that have been developed to extract solar
energy into the water and replace electric and gas powered systems. With these solar
systems raises the question of how useful it really is to use solar energy. Using this form
of alternative energy requires technology that is newer or not as well developed, resulting
in having an initial investment that economically discourages people from obtaining these
systems. To help counteract the problem brought from initial cost investment, these solar
systems are made to last long to give back on investment in the long run. One can only
wonder how these systems will stand the test of time. In the Polytechnic campus of
Arizona State University there is a facility that has been testing a domestic solar assisted
water heater and a domestic all-electric water heater. These two water heaters has been
continuously operating since April 2013. The objective of this research is to continue
testing of the water heaters and observe its performance. This can be done by quantifying
both the energy and costs of the water heaters. A typical household of four is used for
what is considered to be the average household and the platform for setting the tests.
With that in mind the objectives for this research are as followed:

e Quantify parameters of the water heaters pertaining to its functionality and
uncontrollable ambient condition

e Observe performance and characteristics patterns produced though testing

e Analyze energy usage and costs and develop annual models representing the
results

e Evaluate performance of the solar assisted system, validate and compare results

with certified ratings



CHAPTER 2
BACKGROUND RESEARCH
2.1 Flat Plate Collectors
One main aspect of this research is that the testing will involve a flat plate
collector. The flat plate collector was developed by Hottel and Woertz in the 1950’s
(Sayigh 106-107). The flat plate collector is amongst one of the simplest form of solar
collectors, along with being one of the most economical. This makes it popular when it
comes to solar energy collection. Typically this type of system is designed for operation
in low temperature ranges (from ambient to 140°F) or medium temperature ranges (from
ambient to 212°F) (Hough 65).
A flat plate collector consists of four different components. The first component is
a plate which is used to absorb the incident solar radiation. Typically this part is black to
reduce the amount of reflectivity. The Heat that is absorbed by this component will
escape mostly through convection. The second component would be an insulated
container. The purpose of the container is to minimize the amount of heat loss through
conduction. The third component is a transparent plastic or a plate of glass, which may
consist of more than one layer. This component is set on top and it allows radiation from
the sun rays to enter, but aids in entrapping heat through convection or conduction. The
last component of the solar collector is the tube or channels which circulate the liquid or
gas that will be used to remove the heat entrapped in the flat plate collector (Sayigh 105-
106). In the following page Figure 2 shows a diagram of what a typical solar collector

looks like.



Inlet connection Cover: protecting the absorber plate

and preventing loss of heat

Collector housing: made from
alumnium alloy or galvanized steel
- fixes and protects the absorber plate

Flow tubes
Insulation: to the bottom and sides of Absorber plate: usually biack chrome absorbing
the collector to reduce the loss of heat coating to maximise heat collecting efficiency

Figure 2. Diagram of flat plate collector (“Solar Hot Water Collectors™)

Solar collectors that heat water use two different types of methods for the water
heating. The type of collectors use either direct or indirect water heating. When direct
water heating is used, water flows through the solar collector. The advantage of this
results in the water heating up much more efficiently. The issue comes with the weather
and the geographical location. When the temperature get to cold, the water inside the
collector may freeze, rendering it useless till the water heats up. This may also cause
damage to the solar collector as well, if viewed from a logical stand point. Water expands
when freezing, which would cause pressure. The second method involves using indirect
heating towards the water. A heat transfer fluid (HTF) is circulated through the solar
collector instead. The HTF has a lower freezing temperature than that of water. The HTF
absorbs the heat from the sun rays and is then used to heat up the water. The disadvantage
to using indirect water heating is that only a portion of the solar energy is transferred to

the water.



2.2 Solar Rating and Certification Corporation

The SRCC is an organization that facilitated the national certification and rating
of solar energy systems and equipment, which are often referred to as the Solar Rating
and Certification Corporation (SRCC ratings). These performance ratings for each energy
system have an overall rating based on a set geographical location and ambient
conditions, but the ratings are also available for different geographical locations such as
Phoenix, Arizona. For every certified solar system SRCC will present three performance
ratings which are the Solar Energy Factor (SEF), Solar Fraction (SF), and Solar Energy
Savings (QsoLaRr).

The SEF is defined as the energy delivered by the system divided by the electrical
or gas energy put into the system. The SEF is a unitless value that is used to determine
the solar energy input into the system. The equation to solve the SEF of the system is as

follows (“Solar Rating & Certification Corporation - Certification & Listing Directory”):

SEF = __ Qoer (1)

Qaux+Qpar

Where:

QoeL Energy delivered to the hot water load (kJ/day)

Qaux Daily Amount of energy used by the auxiliary water heater or backup
electric water heater with the solar system operating (kJ/day)

Qrar  Parasitic energy, which is defined as daily amounts of AC electrical
energy used to power pumps, controller, shutters, trackers (kJ/day)

The SEF is used to be converted into the equivalent SF. The SF is the rating that

shows how the system compares to its conventional water heating system, whether it is

electrical or gas powered. The closer the SF approaches 1, the more efficiently it is
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compared to its conventional counterpart. SEF is a unitless value. The equation for
solving the SF is as follows (“Solar Rating & Certification Corporation - Certification &
Listing Directory”):

SF=1-— )

Where:

EF  The Energy Factor (EF) is the ratio of the delivered energy to input energy
for the reference electric auxiliary tank without solar contribution. Energy
is lost to surrounding due to standby losses and conversion efficiency

The QsoLar is defined as the total energy delivered to the hot water load by solar

energy and excluding the energy delivered by the auxiliary and parasitic loads. The units

for QsoLar is in kJ/day. The equation for Qsovar is defined as followed (“Solar Rating &

Certification Corporation - Certification & Listing Directory”):

Qsorar = QpEL * (é - SELF) = SF* Qconv @)

Where:
Qconv Daily energy utilized by the auxiliary water heater or back up electric
water heater of which does not utilize solar elements (kJ/day)

2.3 Energy Analysis

In this thesis there is energy analysis that is conducted. Working with a solar
assisted water heater and an al electric water heater, there are three different forms of
energy involved. The forms of energy come from energy in the water, energy from the
electrical input, and solar energy. Energy into the water and energy from the electricity

are main concern when it comes to calculations. The main concern with solar energy



comes from the energy savings. This can be obtained from the energy into the water and

electrical energy. To obtain energy values from the water using flow rates, inlet and

outlet water temperature, a slightly modified version of the simplified steady-flow

thermal energy equation is used. The equation is shown as follows (Bergman, Incropera,

Lavine, and Dewitt 17):

q=Vsp*cyx (Tour = Tin) * (26i.T:gal) * (1:(1)1:) * (95KR)
Where:
q The thermal energy delivered to water load, which is used for solving QpeL (kJ)
\% Volumetric flow rate (gal/min)

p Density which 1,000 kg/m? is used for water (kg/m®)

Cp Specific heat which 4.186 kJ/kg-K is used for water (kJ/kg-K)
Touwt  Temperature at the outlet (°R)

Tin Temperature at the inlet (°R)

The energy produced by the electricity uses a much simpler equation. With the
water heaters, there is varying current with a constant voltage source. To obtain energy
the use of Ohm’s law is required. To solve the energy the following equation was used
("Ohm's Law and Ohms Law Calculator."):

P=1xV
Where:

P Electrical energy [J]
I Amperage [A]

\Y/ Voltage [V]

(4)

(5)



CHAPTER 3
SYSTEM OVERVIEW

3.1 Facility Overview

The facility is located in Mesa, Arizona in the Arizona State University
Polytechnic campus. In the facility there are a two domestic water heater types in testing
and evaluation. The first is the conventional all-electric water heater that would normally
be seen used in a typical household and the second is the solar assisted water heater.
These two water heaters are each set up with flow meters, temperature sensors, and
amperage meters. There is also a weather station installed on the rooftop of the facility.
These sensors are all connected to a data acquisition system which records data
continuously.
3.2 Electric Water Heater

The electric water heater in the facility is considered as the conventional storage
water heater that is seen in a typical household. For that reason, this water heater acts as
the baseline for comparison. It has an insulated storage tank that retains water and it uses
electricity as its main source of energy to heat up the water. The all-electric system in the
facility contains a 50 gallon water storage tank. It uses a two copper type immersion
elements for its water heating. This system also includes an automated temperature
control that works in a master/slave relationship where the bottom element only turns on
if the top element is on. This system runs on a 240 voltage supply and can run on a
maximum of 4,500 watts (“Residential Upright Energy Saver Electric Water Heater”).

There are a total of 4 sensors attached to the electric water heater system. It has a
flow meter connected to an outlet pipe of water flow, temperature sensors inserted in the

8



inlet and outlet pipes of water flow, and it has amperage meter attach to voltage supply.
Lastly there is a flow control valve at the outlet of the electric water heater with the
functions of being open or closed. Figure 3 shows the all-electric water heater and Figure

4 displays a basic diagram of the electric water heater system with the sensors.

Figure 3. All-electric water heater. This water heater is located inside the facility.

Hot Water

Out Cold Water

In

<+

Electric Water Heater

Figure 4. Diagram of all-electric water heater system.



3.3 Solar Assisted Water Heater

The solar assisted water heater has a glazed and insulated solar flat-plate collector
installed on the rooftop with an 80 gallon water tank. The solar collector has the
approximate area of 40.9 ft? which is exposed to the sun rays (“HESolar Heat Exchanger,
Solar Tank, or Electric Storage Water Heater”). The solar collector is installed at a 30°
angle and is set facing south. Figure 5 shows the solar collector that is mounted on the
rooftop. This system uses energy absorbed from solar radiation to indirectly heat up the
water and uses electricity to heat up the water when there is not enough solar energy to
heat up the water. Specifically it circulates HTF through the solar collector when there is
enough energy provided by the sun rays. The HTF is composed of 30% propylene glycol
and 70% water, which prevents the HTF from freezing above 9°F. While the HTF is
being circulated and extracting energy from the sun, it also provides energy to the water.
This is provided by circulating the HTF through a wrap-around coil made from L type
copper. The coil has a 5/8 inch diameter and is approximately 120 feet in length. The coil
wraps around the lower part of the outside of the water tank and spans 24 inches of the
tank. The HTF is circulated with a pump that requires a 120 Volt power source

(“HESolar Heat Exchanger, Solar Tank, or Electric Storage Water Heater”).

Figure 5. The flat plate collector from solar assisted water heater (Thomas de Fresart)
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The HTF is mainly used to preheat the water. When there is not enough heat
provided to the water, an electric backup heater activates. This system includes an
immersed copper element inside the water tank. This element heats up water when
needed and has a 240 voltage energy supply that can run on a maximum of 4,500 Watts
(“HESolar Heat Exchanger, Solar Tank, or Electric Storage Water Heater”).

The solar assisted water heater is equipped with a temperature differential
controller that uses temperature sensors within the system to help regulate the
temperature of the water. One temperature sensor is inserted at the rooftop to measure the
temperature of the HTF, and the second one installed at the bottom of the water tank to
measure the water temperature. The controller has three different modes which are on,
auto, and off. When the system is set to on, the pump will be turned on and will continue
circulating the HTF until this setting is changed. When the system is set to manual, it
begins to work using the temperature sensors. It will automatically start the pump when
the temperature of the HTF is 16°F greater than the water temperature. When the HTF is
hotter than the water, but the temperature difference is less than 8°F, the pump will stop.
When the temperature sensor at the bottom of the water tank reaches its maximum set
temperature, which is set to 150°F, it will stop the pump as well. The HTF has a boiling
point of 266°F. To prevent damage to the system, controller will stop the pump if the
HTF reaches the boiling temperature. It will turn back on once the temperature of the
HTF lowers to 261°F. The backup electrical heater is set to keep the temperature of the
water at 125°F (“Steca TR0301 U Instruction EN”). The temperature differential

controller is connected to a 120 voltage supply and in addition it provides energy to the
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HTF pump. Figure 6 shows the solar assisted water heater tank, and on it the controller

as well.

Figure 6. Solar assisted water heater tank and controller

There are a total of 8 sensors attached to the solar assisted water heater. It has one
flow meter connected to the outlet pipe of water flow and one for the HTF at the inlet of
the flat-plate collector. There are two temperature sensors inserted in the inlet and outlet
pipes of water flow. There are also two temperature sensors at both the inlet and out of
the solar collector. There is also one amperage meter attached to voltage supply of
electric backup heater and one at the voltage supply of the temperature differential
controller. Lastly there is a flow control valve at the outlet of the electric water heater that
only works by being closed or fully open. A simple diagram of the solar assisted water

heater is seen in Figure 7.
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Figure 7. Diagram of all-electric water heater system.
3.4 Weather Station

A weather station is installed on the rooftop of the facility and is used to
constantly provide meteorological data. The weather station has sensors that are used to

obtain ambient temperature, relative humidity, wind speed, wind direction, and solar flux.

Figure 8 shows the weather station that is installed at the facility.

Figure 8. Weather station. This figure shows weather station installed on the facility.
13



3.5 Data Acquisition

The data acquisition used in the facility is a CR3000 Micrologger from
Campbell® Scientific. The CR3000 has all of the sensors connected to and runs 24 hours
a day. It is accessed through a computer that is installed inside the facility using a DB9 9
serial pin connector. This data acquisition requires CRBasic coding installed within the
system to run. To implement this type of coding and monitor the data acquisition system
a software called LoggerNet, version 3.4.1 is installed in the computer that is connected
to the data acquisition. With the LoggerNet program it is possible to create graphical user
interface (GUI) that allows constant monitoring and manual override activation of the
flow control valves. The CR3000 is not required to be connected to the computer to be
running, stores months of data, has a backup battery supply for emergencies, and outputs
data as a Text Document that can be imported to Excel. The CR3000 at the facility is

shown in Figure 9.

Figure 9. Data acquisition. This figure show the data acquisition installed in the facility.
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CHAPTER 4
TESTING AND PROCEDURES

4.1 Water Draws

When programming the water draws for the water heaters it was desired to get the
systems to reflect a typical household with a family of four. The SRCC rating conditions
have 64.3 gallons for a typical household (“Solar Rating & Certification Corporation -
Certification & Listing Directory”). According to the Florida Solar Energy Center, the
average household of four uses approximately 63.1 gallons of hot water with strong
seasonal variation. In the winter 45.2 gallons per day and in the summer 65.7 gallons per
day (Parker, Fairey, Solar, & Lutz, 2015). For that reason, the water draws were planned
to be set a minimum of 65 gallons, while being kept within a reasonable range. Since the
solar assisted water heater stored 80 gallons of water, it was decided that drawing close to
80 gallons a day would be more appropriate for performance analysis. Essentially every
day the solar assisted water heater would be emptied throughout the course of the day.
The second thriving factor when setting up the testing was to set the water draws
disbursed throughout the entire day. This would mean that there would be water draws
during the day time and at night as well. The reason for getting the draw rates scattered
through the day was to have further data on how the system performs depending on the
time of day, though the main objective was still to evaluate the performance of the solar
assisted system.

Between the years of 2014 and 2015, the water heaters were set up to have 4
water draws a day, being 12 AM, 6AM, 12PM, and 6PM. Each water heater had a flow
rate close to 5 gallons per minute. This flow rate was reduced to have more control of

15



how much water would be drawn. There is a limited control on the water drains because
the data acquisition’s program is structured to have the capacity to turn on or off once at
the start of every minute on the clock. A valve located on a pipe where the outlets of the
water heaters are all connected to, was partially closed. This was done manually, and the
valve was closed to have all the water heaters dump water at rates between 1.3 and 1.4
gallons per minute. Doing this allowed to have more control in the volume of water
drawn with the data acquisition. For the systems to draw close to 80 gallons each, each
would require to have the flow control valve opened for a grand total of 60 minutes. To
make each water draw evenly, the system was set up to have 15 minutes of water draw
for each of the scheduled draws. First the solar assisted water heater was set to dump
water. When done, the proceeding water heater followed in order to reduce any static,
false readings, and have better monitoring capabilities. Table 1 shows the draw schedule

for the water heaters.

Table 1

Daily Water Draw Schedule with Four Water Draws

Time Start Time Finish
12:00AM 12:15AM
6:00AM 6:15AM
12:00PM 12:15PM
6:00PM 6:15PM

On the second half of December 2015, the water draw schedule was modified.
The water heaters were set to resemble those of SRCC test condition for the rating
system. This meant that six water draws were set up starting from 9:30AM and recurring

every hour. The approximate draw per day had to be as close to 64.3 gallons as possible,
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and had to have the same amount drawn every hour. It was decided to set it up to run 8
minutes every hour, which would result in values closer to 70 gallons of water a day.
Table 2 displays the water draw schedule that was implemented to better imitate the
SRCC testing. These new results would be for future work and it would give the
advantage of observing the impact of having different water draw schedules and seeing
what changes in performance patterns occur. Tests have occurred for the months of

December 2015 to February 2016, and test will continue to occur.

Table 2
Daily Schedule Implemented December 2015 With Six Water Draws
Time Start Time Finish
9:30AM 9:38AM
10:30AM 10:38AM
11:30AM 11:38AM
12:30PM 12:38PM
1:30PM 1:38PM
2:30PM 2:38PM

4.2 Data Acquisition Programming and Functionality

A CRBasic code is installed into the data acquisition to run the tests and extract
data. It was formatted to loop every minute, thus extracting data from the sensors on the
minute mark. The code was structured to set up a table with headers per column upon
initiation of running the code. After initial initiation the data acquisition extracts data
from the sensors every minute in an organized way that matches the table format. Upon
extraction of the data with the computer, it extracts the structured table and attaches the
saved data in the data acquisition under the structured table. This is extracted onto a text

file which can be imported onto excel. While extracting the data on the minute, the data
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acquisition code is set up to check if the current time of day meets certain criteria. An
example of this would be if the time happens to be 6:00 AM, the code would check the
criteria set up and open the outlet valve for the solar assisted water heater. Throughout
the testing, only very minor adjustment were made to code that may not be worth
mentioning. Adjustments such as removing unnecessary spaces, changing variable name,
or restructuring for logical consistency.

There is a GUI installed the computer for the data acquisition that provides live
monitoring and allows manually override the outlet valves. A screenshot of the GUI set
up is displayed in Figure 10. One disadvantage of running the data acquisition with data
extraction on the minute mark is that there is a lag when monitoring the data live. This is
because data is first extracted and then the data acquisition applies changes to the water
heaters. The lag is minimized by having the computer set up to check the status of the
data acquisition and sensors every second, as opposed to waiting for the next extraction

of data at the end of the minute.

WEATHER STATION | WATER TEMPS/FLOW | POWER | SunEarth | Fafco [ Control [ Drain Temp. | outh
342712016 9:15:24 PM

SUN EARTH DISCHARGE VALVE

Figure 10. Graphical use interface (GUI) installed in computer. Figure shows GUI used

to monitor and overwrite control valves with the data acquisition.
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4.3 Data Extraction and Organization

An important aspect of obtaining performance results was the process used to
convert the data obtained into information that could be easily interpreted. Figure 11 is a
diagram that show the general process used to go from energy sources to the analysis. At
this point in the process solar data and electric data have been extracted from the data

acquisition and the next progress would be to organize all of the data.

Solar
Assisted
Water
Heater

All Electric
‘Water Heater

.
Data Data
Acquisition Acquisition

/ \

‘ Solar Data Electric

Data /

_b[ Data Organization ]

]

Energy Analysis

Figure 11. Diagram of process to go from energy to data analysis.

Every minute there are 21 relevant values gathered by the data acquisition. For
every day there are a total of 1,440 times that the data acquisition records and adds new
sets of data since the system runs 24 hours a day. The system within the facility is
running majority of the year and this produces a large amount of data. Data is extracted
as a Text Document from the data acquisition and is converted into information with the

usage of a computer and Excel. This Text Document has to be imported and separated
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into columns in Excel. Each months’ worth data is then imported individually to a new
Excel file. The data within each Excel file is separated into days through the addition of
tabs. For each day there are performance values obtained. Finally, a tab is created with a
summary of the monthly performance data. At the initiation of the testing these processes
were developed to organize the data.

Along with these processes and format, a few modules were used through Visual
Basic (VBA) to work in conjunction with the processes. One issue within the data was
that there would be false values extracted from the flow meters after the water heater
flow control valves were closed. The reason for this is because the rotor within the flow
meter would still be rotating after the flow stopped, as it lost momentum. The VBA
module would take into account of the value, and if it was significantly lower, it would be
removed. Another VBA module is used as a function to convert current values into
energy values for the water heaters. There was also a VBA module that would
automatically extract the data from each day and insert it into the summary tab.

This process has since been vastly improved to reduce the amount of time it took
to organize the data and fit it into the same format. This was accomplished with the
development of VBA modules and a GUI in Excel. The developed excel file is
implemented after extracting the Text Document from the data acquisition and saving it
onto the computer. The user then opens the developed Excel File. The GUI is set up so
the user understands how the buttons work chronologically with number inserted one
through four, representing each step. The first button is clicked, a screen appears that
allows the user to select the saved Text document. The second button is clicked which
organizes the data and only the valuable columns are extracted. With the third step, the
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user fills in the required month and year for extraction and organization. Lastly the user
clicks on the third button, which is number the fourth step, and an Excel File is created
for the desired month with the same format as the original processes required. If more
than one month is being organize the third and fourth step can be repeated, assuming the
text document has the required data. There are also additional tabs that are included in the
developed Excel File. These tabs allow the user to make modifications to the format
without having to make any modifications to the VBA modules. The developed Excel
File requires almost no labor to work with and no knowledge in VBA to run. Figure 12
shows a diagram that goes through this process, which would represent the data reduction

block from Figure 11.

Select Raw Data Text
Document

Convert Raw Data to Yes
Excel File and Organize
Columns

L |

Choose Month and Extract Selected Data
Year to be Extracted and Summary

Figure 12. Block diagram showing process of Data Organization

More
Months
to
Extract?

Close
Developed
Excel File
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CHAPTER 5
RESULTS AND DISCUSSION

5.1 Lab Results

Data was collected with the four water draws a day for the months of March to
December. For six water draws a day, so far data has been recorded for the months of
December to February. Some months had more days’ worth of data than other due to
maintenance and repair that occurred throughout the testing. Test were conducted for
every day possible to obtain results that would be seen in a household, regardless of the
weather.
5.1.1 Results for Four Water Draws

The average daily water draw for the solar assisted system was 83 gallons per
day, at an average temperature 115°F with a standard deviation 2.72°F. There are two
main causes for the variability in the outlet temperature. First reason of the temperature
variability is a result of the temperature not being evenly distributed in the water tank.
Since the heat exchanger of HTF to water is at the bottom of the tank, the water
temperature does not get distributed evenly from top to bottom. On top of that, if the
water is not hot enough, the electric water heater will turn on and heat the water. This
sometimes happens midway through the water draw, and the temperature is increased by
one to two degrees Fahrenheit. The second reason is due to the combination of energy
available from the sun and inlet temperature. The daily inlet temperature based on testing
came out at 75°F with a standard deviation of 7.88°F. During the summer the inlet
temperature is greater, data showing temperature around 85°F. While in the winter the
temperatures come close to 65°F. This means less energy is required to heat up water in
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the summer than it is during the winter, but at the same time more energy is available
from the sun during the summer than the winter. The solar assisted water stay on the
higher side of the temperature when it comes to the energy extracted from the rays and on
the lower side when it comes to using the electrical backup heater. This is done to
maximize the solar energy and minimize electrical energy and it is reflected on the
temperature outlet. The electrical energy usage for the solar assisted water heater resulted
at 3.10 kW-hrs per day, with a standard deviation 2.54 kW-hrs. The standard deviation is
so large because there is so much difference in performance between summer and the
winter. Most of the electrical energy comes from the electric water heater. During the
summer it is rarely used and the electrical energy comes out less than 1.00 kW-hr per
day, while in the colder months electrical energy is above 5.00kW-hrs per day.

The all-electric water heater had a slightly higher average annual water draw,
averaging at 87.1 gallons per day with an average temperature of 112°F. The temperature
has a standard deviation of 1.17°F. The variability in temperature is lower with the
all-electric water heater because the temperature within the tank is more evenly
distributed due to the two copper type immersion elements that heat the water. Also, the
water is heated in a more consistent matter since only uses one energy source. The
average water inlet temperature is lower than the solar assisted water heater coming up at
77°F. The main reason why there is a difference in inlet temperature has to do with the
first minute of data obtained per water draw on each system. There is a delay on the water
draw between the control flow valve for the solar assisted water heater opening up and
the all-electric water heater opening up. This delay allows the majority of the water that
has been standing still within the air conditioned facility to go through the solar assisted
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water heater and not evenly distributed between both. The electrical energy usage for the
all-electric water heater resulted at 7.59 kW-hrs per day, with a standard deviation 2.01
kW-hrs. The variation in energy is a result of the change in inlet temperature. The
summary of the test data with the four water draw schedule is displayed in Table 6 which
can be found in Appendix A.

From testing there was an effect in performance displayed due to change in total
horizontal solar flux from day to day. When there was a decrease of total horizontal solar
flux, the effect of this would carry over to the next day. In particular, the 12:00 PM and
6:00 AM water draws had the biggest impact. Figure 13 exemplifies the impact of total
horizontal solar flux. The total horizontal solar flux was obtained directly from the data.
The solar energy added to the water was solved by finding the difference in thermal
energy found within the water and the electrical energy that is used from the backup
electric water heater within the system. The assumption that all of the energy from the
electric backup water heater goes into the water. For the 2" of June it is seen that the
solar flux is lower than the days they are surrounded by. Yet the 3 of June, having a
higher total solar flux, had less solar energy added to the water. The same thing happens
on the 26" and 27" of June where the 27" has a lower result than that of the 26™. This is
also displayed in the 15" where the total horizontal solar flux is noticeably lower. Since
the 14'™ and the 16™ have some of the highest solar flux in the month, the impact of the
lower solar flux is mitigated and distributed with the 17™. This just comes to show that
the performance for the particular day is influenced by the water draw times and by the

previous day solar flux.
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Figure 13. Bar graph of test results for June. This figure shows the amount of energy
added to the water from solar radiation and the total horizontal solar flux for each day.
For each of the months, the energy that is obtained in the water from solar flux
was calculated from the testing. The results were averaged out for its respective month
and the standard deviation was added for its respective month. These results were then
plotted and the outcome is shown in Figure 14. As expected, the summer months had the
most consistency when it came to standard deviation. This was expected because this
time of year the sun is exposed the most amount of time with the least amount of
interruption. Toward the winter months there is a great increase in variety with results.
This is mainly due to the increase of cloudy days. An example of this would be the results
obtained from October. October 8 of 2014 was a mostly overcast day, where only
1.44 KW-hrs of energy was added into the water from the solar flux. In that same month

on the 4™, one of the clearest days of the month, 6.72 kW-hrs of energy was added into
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the water from the solar flux. These two days are confirmed to be conditions were
confirmed by Weather Underground (“"Historical Weather"). Figure 14 also shows that
more solar energy was added to the water than in April and May than June and July. A
big contributing factor to this is that during April and May the temperature of water going
into the water heater was lower. This meant that more energy was required to heat at the

appropriate temperature pushing the water heater performance closer to its limits.
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Figure 14. Bar graph of annual summary for solar energy added to water. Each bar

Average Energy Per Day (kW/hrs)

represents an average day in that particular month.
5.1.2 Results for Six Water Draws

There has been data obtained with six water draws for the months of December of
2015 through February of 2016. For December of 2015, only the second half of the
month actually had the six water draws per day, and the first half had the original four
draws. For the first half of the month the total horizontal solar flux averaged at

2.9 kW-min/m?, the second half was 2.7 KW-min/m?. This equates to a 7% decrease
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between the first and second half of the month. It was also observed that the average
temperature for the second half of the month was approximately 4°F colder. The main
advantage of using the data from the six water draws is that they could be normalized to
be used with the data from the four water draw for comparison for both of the systems.
5.2 Solar Assisted and Electrical Comparison

With the data from the four water draws and data from the six water draws, a plot
was developed that showed energy consumption of both water heater systems. The
current data from the water heaters were converted into electrical energy using Equation
5 for both water heaters. For each water heater, the electrical energy was added up for
each month and the results were divided by the number of gallons drawn for the
respected month. For the month of January and February, the values had to be normalized
because it was using different water draws. This was accomplished with the data from
December, since both water draw schedules were conducted. It was assumed that the total
horizontal solar flux had linear relation with the electrical energy usage for December. A
constant multiplier was obtained using Equation 6 that was used to convert the values
from January and February to match the four water draw schedule values. Equation 6 is

as shown below:

DPss | X4

K=—"2x2%

Psy * Xe (6)
Where:
K is constant multiplier (unitless)

dse is the average total horizontal solar heat flux for the 6 water draw schedule

(kW-hrs/m?)
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dse is the average total horizontal solar heat flux for the 4 water draw schedule
(kW-hrs/m?)
Xs is the same parameter as the desired to be normalized, except December’s
averaged value with the six water draw schedule
X is the same parameter as the desired to be normalized, except December’s
averaged value with the four water draw schedule
The multiplier constant was calculated to be approximately 1.01. The electrical
energy obtained for both water heaters from January and February were each multiplied
by the multiplier constant, and thus there was a value obtained from each month of the

year. The results that were plotted are displayed by Figure 15.
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Figure 15. Bar graph of annual electricity consumption per gallon. This figure shows the
results for the solar assisted water heater and the all-electric water heater.

As expected, the graph show a parabolic curve for both systems. The only
exception would be for the electrical system in the month of April. The reason why the

all-electric water heater value for April does not fit within the curve is because only one
28



day worth of data was obtained to represent this month. It was a result of lack of data and
this does not imply that there is an anomaly occurring during this month. This plot also
show that the solar assisted water heater works more efficiently during the summer and
requires more energy during the winter. Using the solar assisted system would save
0.0152 kW-hrs per gallon on average, which would equal a savings of 1,200 kW-hrs a
year if 64.3 gallons of hot water were used daily. With this being said, when compared to
the all-electric water heater, the savings would be about 61% on electricity throughout the
year.

Using the same data as the one for Figure 15, the cost for of electrical energy for
each month was solved. Electricity rates were obtained through the Salt River Project

website and are displayed in the table below ("SRP Basic Price Plan™).

Table 3
Electricity Rates by Month
Duration Cost (¢/kW-hrs)
Nov-April 7.92
May-June 11.02
July-August 11.68
Sept-Oct 11.02

The electrical energy consumption values for each water heater was converted
into cost per gallon for each month. Each month was converted to a single price per
month by making the assumption that each day 80 gallons of hot water were used and
that each month consisted of 30 days. Figure 16 shows the bar graph that resulted from

this information. From this graph it shows that the electric water heater cost stay fairly
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consistent throughout the year. The graph also shows that the warmer months have the
biggest cost savings throughout the whole year. Based on the results, it was calculated

that the annual savings was $142 for the entire year.
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Figure 16. Bar graph of annual energy cost. This figure show the results for the solar
assisted water heater and the all-electric water heater.
5.3 SRCC Ratings Comparison

One of the main purposes for this testing was to compare the performance of the
solar assisted water heater. As explained in Chapter 2, SRCC has their set standards to
provide performance ratings for solar energy systems and equipment. The results that
were obtained through the testing were used to calculate performance parameters that
SRCC uses. With these results, it is possible to have a one to one comparison with the
SRCC results. If the results are similar, it would also have an implication that the testing

with the four water draws was a valid form of testing.
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Before any calculations, the SRCC ratings were obtained and the EF was reverse
engineered with the use of Equations 1 to 3. The results from this are displayed in table 4

as followed:

Table 4

Performance Ratings For Solar Assisted System From SRCC
EF SEF SF Qsolar (kW-hrs)
0.87 5.1 0.83 2890

For each day of testing the QpeL was obtained using Equation 4, while Qaux and
Qrar Were obtained using Equation 5. For the months of January and February the six
water draws schedule had been used. The values were normalize using Equation 6. The
days were averaged out with other days in the same month, and each average value
obtained represented an average day of that month. For each month, the SEF was
obtained using Equation 1, and all 12 values of SEF were averaged out to represent the
SEF of the solar assisted system. The same EF was used to have a consistent parameter
value for comparison. With the EF of 0.87, the SF was obtained with Equation 2. The
same process used for the SEF was used for the QsoLar, except that Equation 3 was used
and the end value had to be converted from a daily value to an annual value. The results

were organized into a table with the SRCC results just under it and Table 5 was created.

Table 5

Performance Ratings From Testing and SRCC

Reference Water Heater SEF  SF  QsorLar (KW-hrs)
ASU Solar Hybrid 5.52 0.84 2261
SRCC  Solar Hybrid 5.10 0.83 2890
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There two observations made from the results that came about from the testing.
The first is that the SEF and the SF for the solar assisted system were very close to those
of SRCC. This implied that the testing done to the systems was within line of
appropriateness. Having the four water draws with two conducted at 12PM and 6AM
would have a negative impact during the colder months. Yet the result show that the
performance SEF from the testing is approximately 8% higher. This can be explained
with the second observation which was seen by QsoLar. As it shows in Table 5, the
Qsorar from SRCC is 2890 kW-hrs. This value is 629 kW-hrs higher than the results
obtained from the test. A reason for this is because the inlet water temperature was a
controlled value for the SRCC ratings. The inlet water value was lower, which caused the
energy required to heat up the water to increase. This would aide help increase energy
savings, but also reduce the SEF and SF. The inlet temperature for the testing in the
facility is something that cannot be controlled, as it is supposed to play a role in
simulating the typical household. These two differences help each other balance out for

the SEF and the SF.

32



CHAPTER 6
CONLUSION

The solar assisted water heater performed as it was expected to. The effects of having the
four water draws were displayed in the performance values obtained from the solar
assisted water heater. There was a greater amount of consistency of performance during
the summer months, the variation increased as it approached winter. The all-electric
water heater had much more consistency in performance, largely due to the weather
impacts on the solar assisted water heater. When graphing both the solar assisted water
heater and all-electric water heater annual energy usage, it was seen that the patterns
followed the parabolic curve that it was predicted to. The efficiency of the solar assisted
water heater was the greatest during the summer months. When compared to the all-
electric water heater, the solar energy water heater showed an energy savings of 61% for
the entire year. The costs were the most economical during the warmer months and an
estimated savings of $147 for the entire year was calculated.

The SRCC have performance ratings the match the results obtained the test data.
With their Solar Energy Factor being 5.10, and the test results showing an SEF of 5.52.
This is an 8% difference between SRCC results and the test data. This not only helps
confirm that the SRCC ratings are appropriate source for getting performance
information from solar energy systems and equipment, but it also helps validate that the
testing was adequate for its purpose. Although the energy savings values differed from
those of SRCC, this is widely due to the temperature of the water going in and not the
solar assisted water heater itself. This research has resulted in a better understanding of
the solar assisted system, and the performance advantages of it.
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Table 6

Summary of Data Gathered With Four Water Draws

Annual Avg
Mar Apr May Jun Jul Aug Sep Oct Nov Avy STDEV
Avg Environmental Temperature [°F] 67 70 81 91 94 90 86 76 59 53 73 14
Max Environmental Temperature [°F] 81 84 93 104 106 101 97 90 74 69 87 126
Min Environmental Temperature [°F] 52 54 66 74 82 78 76 64 47 40 60 145
Avg Room Temperature [°F] 67 67 72 76 76 76 75 77 69 63 71 49
Total Horizontal Solar Flux (KW-hrs/m?) 62 7 76 82 71 64 55 46 36 29 55 17
Solar-Avg Outlet Water Temperature [°F] 113 113 114 119 120 119 117 114 113 113 115 27
Solar-Avg Inlet Water Temperature [°F] 70 71 78 84 86 85 83 8 70 63 75 7.9
Solar-Water Volume Draw [gal] 83 81 82 81 81 80 80 81 87 89 83 32
Solar-Avg Water Draw Rate [Gal/min] 14 14 14 13 13 13 13 14 14 15 14 0.05
Solar-Energy From Electricity [KW-hrs] 27 18 09 06 06 06 09 16 53 83 31 254
Solar-Energy Into Water [KW-hrs] 86 84 74 69 6.7 66 66 68 92 108 82 144
Solar-Auxiliary Energy (KW-hrs) 21 12 04 01 01 02 05 11 49 79 26 257
Solar-Energy Into Water From Solar (kwW-hrs) 65 7.1 69 6.7 65 64 6.1 57 44 29 55 131
Electric-Avg Outlet Water Temperature [°F] 111 111 112 113 114 114 113 112 111 110 112 12
Electric-Avg Water Temperature [°F] 71 71 78 84 8 85 84 83 75 69 77 65
Electric-Water Volume Draw [gal] 85 86 84 83 82 82 83 8 93 94 87 44
Electric-Avg Water Draw Rate [Gal/min] 13 14 13 13 13 13 13 13 15 15 14 0.07
Electric-Energy From Electricity [KW-hrs] 89 93 71 55 49 51 55 64 88 104 76 201
Electric-Energy Into Water [kW-hrs] 83 85 7 6 57 57 59 62 83 96 74 143
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APPENDIX B

NREL END USER IMAGE LICENSE AGREEMENT
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IMPORTANT- PLEASE READ CAREFULLY: This End User License Agreement
("Agreement”) is a legal agreement between you (in your capacity as an individual and as
an agent for your company, institution or other entity) (collectively, "you" or "Licensee")
and the Alliance for Sustainable Energy, the Department of Energy (A“DOEA™) contract-
operator of the National Renewable Energy Laboratory ("NREL"). Downloading,
displaying, using, or copying of the Image (as defined below) by you or by a third party
on your behalf indicates your agreement to be bound by the terms and conditions of this
Agreement. If you do not agree to these terms and conditions, do not download, display
or use the Image.

1. License Grant. Subject to receipt by NREL of any required DOE approvals, NREL
grants you, and you hereby accept, a non-exclusive, royalty-free revocable license to
download, display, use and copy the image selected by you and provided by NREL
(collectively, the "Image™), subject to the following terms and conditions:

(@) You may use the Image in any media for any purpose except pornographic,
defamatory, libelous or otherwise unlawful purposes.

(b) You may copy the Image to the extent reasonably necessary to exercise the foregoing
license; provided however that all copies of the Image shall be subject to the terms of this
Agreement;

(c) NREL retains the rights to terminate this Agreement and withdraw its consent to the
continued use, display or reproduction of the Image in any work, and expressly when the
purpose of such use does not advance the educational or scientific mission of NREL.

2. U.S. Government Rights. The Image was developed under funding from the DOE and
the U.S. Government consequently retains certain rights as follows: the U.S. Government
has been granted for itself and others acting on its behalf a paid-up, nonexclusive,
irrevocable, worldwide license in the Image to reproduce and display publicly. The U.S.
Government is granted for itself and others acting on its behalf a paid-up, nonexclusive,
irrevocable, worldwide license to reproduce, prepare derivative works, distribute copies
to the public, perform publicly and display publicly the Image, and to permit others to do
SO.

3. Warranty Disclaimer. The image is supplied "as is" without warranty of any kind.
NREL, the U.S. Government, the DOE, and their employees: (1) disclaim any warranties,
express or implied, including but not limited to any implied warranties of
merchantability, fitness for a particular purpose, title or non-infringement, (2) do not
assume any legal liability or responsibility for the accuracy, completeness, or usefulness
of the Image, and (3) do not represent that use of the Image would not infringe privately
owned rights. Reference herein to any specific commercial product, process, or service
by its trade name, trademark, manufacturer, or otherwise, does not necessarily constitute
or imply its endorsement, recommendation, or favoring by NREL, the U.S. Government,
the DOE, or any agency thereof.

4. Limitation of Liability. In no event will NREL be liable for any indirect, incidental,
consequential, special or punitive damages of any kind or nature, including but not
limited to loss profits, for any reason whatsoever, whether such liability is asserted on the
basis of contract, tort (including negligence or strict liability), or otherwise, even if NREL
has been warned of the possibility of such loss or damages.
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5. Indemnity. You shall indemnify, defend, and hold harmless NREL, the DOE, the U.S.
Government, the creators of the Image, sponsors, and their agents, officers, and
employees, against any and all claims, suits, losses, damages, costs, fees, and expenses
arising out of or in connection with this Agreement. You shall pay all costs incurred by
NREL in enforcing this provision, including reasonable attorney fees.

6. Term and Termination. The license granted to you under this Agreement will continue
perpetually unless terminated by NREL in accordance with this Agreement. If you breach
any term of this Agreement, and fail to cure such breach within thirty (30) days of the
date of written notice, this Agreement shall immediately terminate. Upon any such
termination, you shall immediately cease using the Image, return it, and all copies to
NREL, or destroy, all copies of the Image, and provide NREL with written certification
of your compliance with the foregoing. Termination shall not relieve you from your
obligations arising prior to such termination. Notwithstanding any provision of this
Agreement to the contrary, Sections 3 through 8 shall survive termination of this
Agreement.

7. Export Control. You shall observe all applicable United States and foreign laws and
regulations (if any) with respect to the export, re-export, diversion or transfer of the
Image, related technical data and direct products thereof, including, without limitation,
the International Traffic in Arms Regulations (ITAR) and the Export Administration
Regulations. The export of any technology from the United States, including without
limitation the Image and related technical data, may require some form of export control
license from the U.S. Government and, pursuant to U.S. laws, and failure to obtain any
required export control license may result in criminal liability under U.S. laws.

8. General. This Agreement shall be governed by the laws of the State of Colorado,
excluding its rules governing conflicts of laws. This Agreement is binding upon and shall
inure to the benefit of NREL, its successors and assigns. This Agreement represents the
entire understanding of the parties, and supersedes all previous communications, written
or oral, relating to the subject of this Agreement.

9. By downloading, displaying, using, or copying the Image, and/or clicking the "I
Agree" button, you are indicating your acceptance of the terms and conditions herein.
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